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Abstract

The Ph.D. thesis presents the results of experimental research on the solar pyrolysis
of waste biomass carried out on a bench-scale test stand designed by the Author. The first
chapters of the work present a literature review of solar pyrolysis and the basic theoretical
issues of the process itself. In the work, the author presented a design of a solar pyrolysis
reactor powered by artificial solar radiation, according to the original concept of indirect
heating of biomass, responding to the problems of heat loss in reactors made of transparent
materials described in the literature. Laboratory experiments were carried out for samples
of three types of waste biomass: waste wood, waste straw, and sewage sludge.

On the designed test stand, the course of the biomass pyrolysis was examined and
described, taking into account: the shares and quality of pyrolysis products, measurement
of temperature profiles, the actual heating rates of samples during the process, and the
formation of the main gas products. The shares of the products together with the determined
values of the heat of combustion based on their elemental composition allowed to determine
the chemical energy conversion factors of the fuel (biomass). Apart from the experimental
results, the paper also presents the methodology for determining the parameters of the
kinetics of the pyrolysis reaction of the tested fuels based on thermogravimetric
measurements (TGA). Based on the latest literature, the current kinetic methods such as
model-fitting, deconvolution, and model-free, isoconversional techniques were used.

The studies for all types of biomass showed the dominant share of the liquid
fraction, the so-called bio-oils in products. Thanks to the adopted measurement
methodology, it was possible to obtain pyrolysis gas rich in hydrogen, however, with a low
share in the final products, with a mass fraction of less than 12%. The thesis was confirmed
that solar pyrolysis may be an original method of producing high porosity char, depending
on the process parameters and the type of feedstock. In the case of straw, exceeding the
melting temperatures of ash during pyrolysis resulted in a significant loss of the porous
surface. The increase in calorific value of solid products of solar pyrolysis of lignocellulosic
biomass was denoted, concerning the primary chemical energy of biomass. Determination
of the biomass chemical energy conversion indexes allowed to state that only the solar
pyrolysis of wood resulted in a measurable increase in the chemical energy content in
products (+ 12%), in the case of other biomass samples only the opposite effect was noted.

The proposed methodology for determining the parameters of the kinetics of the
pyrolysis reaction is based on a combination of isoconversional methods and traditional
methods based on reaction models. Friedman's method provided valuable information on
the complexity of the pyrolysis process and the values of initial parameters for further
calculations. As a result of kinetic computations, it was shown that the pyrolysis of waste
wood and straw was subject to the mechanism of 3 independent reactions, the so-called
pseudo-components whose physical meaning is attributed to the independent breakdown of
cellulose, hemicelluloses, and lignin. The same methodology was used to select the
mechanism of sewage sludge pyrolysis kinetics - a model of 10 independent reactions, the
assignment of which to the decomposition of substances is problematic due to the
complexity of the composition of the sludge itself. The kinetic models determined based on
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the obtained parameters made it possible to predict the behavior of biomass samples in the
reactor during experiments on a laboratory scale.

Streszczenie

W pracy doktorskiej przedstawiono wyniki badan eksperymentalnych procesu
solarnej pirolizy biomasy odpadowej realizowanych na zaprojektowanym przez Autora
stanowisku badawczym napgdzanym sztucznym promieniowaniem stonecznym.
W pierwszych rozdziatach pracy przedstawiono przeglad literatury badan pirolizy solarnej
oraz podstawowe zagadnienia teoretyczne samego procesu. W pracy Autor zaprezentowat
projekt reaktora pirolizy solarnej wedtug oryginalnej koncepcji posredniego ogrzewania
biomasy przez przegrode, odpowiadajac na opisane w literaturze problemy strat ciepta w
reaktorach wykonanych z materialdw transparentnych. Eksperymenty laboratoryjne
przeprowadzono dla probek trzech rodzajéw biomasy odpadowej: drewna odpadowego,
stomy odpadowej oraz osadow $ciekowych.

Na zaprojektowanym stanowisku badawczym, zbadano i opisano przebieg pirolizy
biomasy z uwzglednieniem: udzialow i jakosci produktow pirolizy, pomiaru profili
temperatur, szybko$ci nagrzewania probek w trakcie trwania procesu oraz formacji
glownych produktow gazowych. Udzialy produktéw wraz z wyznaczonymi wartosciami
ciepta spalania na podstawie ich sktadu pierwiastkowego pozwolity na wyznaczenie
wspbtczynnikéw konwersji energii chemicznej paliwa (biomasy). Oprocz wynikow
eksperymentalnych w pracy przedstawiono réwniez metodyke wyznaczania parametrow
kinetyki reakcji pirolizy badanych paliw na podstawie pomiarow termograwimetrycznych
(TGA). Na podstawie informacji z najnowszej literatury wykorzystano aktualne metody
kinetyczne ang. model-fitting, deconvolution oraz techniki izokonwersji.

W badaniach dla wszystkich rodzajow biomasy wykazano dominujacy udziat
frakcji ciektej tzw. bio olejéw w produktach. Dzieki przyjetej metodyce pomiaréw w pracy
zdotano uzyska¢ gaz pirolityczny bogaty w wodor, jednakze o niskich udziatach w
produktach procesowych, z udzialem masowym ponizej 12 %. Potwierdzono teze, ze
piroliza solarna moze by¢ oryginalng metoda produkcji karbonizatow o duzej porowatosci
zaleznej od parametrow prowadzenia procesu oraz rodzaju surowca wsadowego. W
przypadku stomy przekroczenie temperatur topnienia popiotu w trakcie pirolizy
spowodowato znaczng utrate powierzchni porowatej. Odnotowano réwniez Wzrost
kaloryczno$ci statych produktow pirolizy solarnej biomasy lignocelulozowej w stosunku
do pierwotnej energii chemicznej biomasy. Wyznaczenie wskaznikow konwersji energii
chemicznej biomasy pozwolito stwierdzi¢, ze jedynie piroliza solarna drewna zaowocowata
wymiernym wzrostem zawartosci energii chemicznej w produktach (+12%).

Proponowana metodyka wyznaczania parametrow kinetyki reakcji pirolizy oparta
jest o pofaczenie metod izokonwersji oraz tradycyjnych metod opartych o modele reakcji.
Metoda Friedmana dostarczyla cennych informacji na temat ztozonosci procesu pirolizy,
oraz wartosci parametrow poczatkowych do dalszych obliczen. W wyniku obliczen
kinetycznych wykazano, ze piroliza drewna odpadowego i stomy podlegata mechanizmowi
3 reakcji niezaleznych rozktadow celulozy, hemiceluloz oraz ligniny. Ta sama metodyka
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postuzyta do rozpoznania mechanizmu kinetyki pirolizy osadéw $ciekowych - modelu 10
niezaleznych reakcji, ktorych przypisanie do rozktadu substancji jest problematyczne
zuwagi na zlozono$¢ sktadu samego osadu. Wyznaczone na podstawie otrzymanych
parametréw modele kinetyczne pozwolily przewidzie¢ zachowanie si¢ probek biomasy
w reaktorze podczas eksperymentéw w skali laboratoryjne;.

Thesis organization

Presented doctoral dissertation is organized according to the main research tasks
of the National Science Center, Poland, OPUS 12 project “Study on the solar pyrolysis
process of the waste biomass” on which the very same thesis is based on. Main chapters of
the work reflect research objectives, which were determined by the Supervisor during
writing a proposal for OPUS 12 project call, granted at the fall of 2016. The Research Tasks
designated for the Ph.D. candidate were constructed as follows:

1. Performing technical, chemical and elemental analysis of analyzed fuels.

2. Building an original research stand will allow to study the influence of the temperature
of the solar pyrolysis process of selected species of waste biomass on the composition
and yield of process products - liquid fraction (bio-oil), solid fraction (bio-carbon) and
gas (pyrolysis gas).

3. Determination of the measurement methodology for the parameters of the kinetics of
the waste biomass pyrolysis process.

4. Investigation of energy distribution in the products of the pyrolysis process.

5. Determination of the rate of conversion of the chemical energy of biomass into
chemical energy of useful products.

As a result, presented dissertation is organized in 6 main chapters with a
comprehensive summary, critically reviewing the whole work. Chapter 1 General
introduction is a comprehensive analysis of the current statues of the EU climate and energy
policies, renewable energy sector, bioenergy utilization and potential, with a brief
characterization of the biomass and waste thermochemical conversion methods. Number of
doctoral theses already investigated a problem of biomass conversion field, especially
pyrolysis, torrefaction and gasification, so only latest studies, updates and state-of-the-art
findings on the solar pyrolysis are presented. Chapter 2 Materials used in the study focuses
on Research Task |, as a brief presentation of the investigated feedstock with emphasis on
motivation of its choice, energetic potential, fuel properties presentation, and the need of
the further study. Chapter 3 Design and construction of the solar pyrolysis laboratory
reactor summarizes the entire venture of designing and assembling a reliable bench-scale
solar pyrolysis reactor. The Chapter is based on two scientific articles published by S. Sobek
and S. Werle in the first years of the Ph.D. in 2018-2019, namely “Solar pyrolysis of waste
biomass: Part 1 reactor design”, and “Comparative Review of Artificial Light Sources for
Solar-Thermal Biomass Conversion Research Applications”, published in Renewable
Energy (Impact Factor, IF=6.274) and Ecological Chemistry and Engineering S. (IF=1.488)
respectively. The chapter summarizes Research Task Il, with complex review of the
available light sources for solar-thermal research applications, motivation of the reactor
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design, geometry and materials, ideas for the collection of the products, and latest data
acquisition system and measurements implementation. Within the chapter, all of the
necessary information about measurement techniques and further experimental procedures
are presented and discussed. Chapter 4 Thermogravimetric analysis of the feedstock
behavior during pyrolysis describes the techniques and methodology of the TGA
measurements carried out for the study. Additionally, the importance of reliable TGA data
for kinetic computations, and potential errors one might denote are highlighted, all within
the International Confederation for Thermal Analysis and Calorimetry (ICTAC) Kinetic
Committee recommendations. Chapter 5 Kinetic analysis of the solar pyrolysis process of
the waste biomass, focused on Research Task Ill, presents a novel approach to biomass
thermochemical conversion kinetics in general. Proposed methodology implements latest
finding within the field of the model-based and model-free, isoconversional kinetics,
resulting in a complex kinetic schemes (mechanisms) of the solar pyrolysis of the
investigated feedstock. Chapter presents a latest literature review, current state of the
knowledge on pyrolysis kinetics, with presentation of the latest techniques, both analytical,
and numerical i.e., master-plot method, deconvolution techniques, and kinetic predictions
The theory presented within Chapter 5 is based mostly on Sergey Vyazovkin book
“Isoconverisonal kinetic of thermally stimulated processes” extended with Ph.D. candidate
key-findings from the articles published. Chapter 6 Results presents all of the key-findings
of the experimental and kinetic tasks carried out during the Ph.D. study. Kinetic models for
the waste straw, wood, and sewage sludge, along with results of the TGA, are presented and
methodologies developed for its determination are extensively discussed. Apart from
traditional model-based kinetics, original approach to isoconversional rate modelling of the
waste biomass pyrolysis, with own-determination of the apparent reaction models profiles
specific for each feedstock decomposition. The input for calculation was provided by the
isoconversional analysis results for each of the analyzed biomass type. After kinetic
computations, the results of experimental campaign of the solar pyrolysis process of the
waste biomass are presented. In this part of the thesis, based on Research Tasks IV and V,
all the experimental finding are presented, including solar pyrolysis products distribution
and quality, denoted pyrolysis heating rates, temperature profiles, pyrolysis gas quality,
with high hydrogen content, and correlation of the gaseous compounds formation to the
kinetic predictions.

During the Ph.D. study, a Candidate, Szymon Sobek was listed in 14 scientific articles
published in high impact factor Journals, with 6 papers as a leading author. According to
the Scopus database the total number of citations from 2018 is 78, with the Hirsh index h-
index = 6 (access on February 23t", 2021). The publications list is given below:

1. Trinh TT, Werle S, Tran K-Q, Magdziarz A, Sobek S, Pogrzeba M. Energy crops for
sustainable phytoremediation — Fuel characterization. Energy Procedia 2019;158:873-8.
https://doi.org/10.1016/j.egypro.2019.01.224.

2. Trinh TT, Werle S, Tran KQ, Magdziarz A, Sobek S, Pogrzeba M. Energy crops for
sustainable phytoremediation - Thermal decomposition kinetics. Energy Procedia
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1. General introduction

1.1 Background

In 2016, despite being continuously diminished by the rising growth rate of modern
renewables, nearly 80% of the world’s total energy consumption was still provided by fossil
fuels. The increase in renewable energy deployment continued in 2017, especially in the
power sector, owing to factors such as: improved access to financing, global concerns about
energy security, human health and the environment, growing energy demand in young and
developing economies, urgent need for emission-free electric energy, clean cooking
facilities, and dedicated policy initiatives and support for ambitious targets [1]. With
continuous economic and social growth, the global energy demand is rising while available
fossil fuels resources are slowly approaching exhaustion. In 2014, the world’s primary
energy demand was estimated at 13 000 megatons of oil equivalents (1 Mtoe = 41,868 GJ),
representing an increase of 22% and 54%, compared to 2004 and 1994, respectively [2].
This rapidly-rising energy demand has begun the alarmingly intensive exploitation of
natural environments in the search for new renewable energy sources. Greenhouse gasses
(GHG) comprise more than 80% of global anthropogenic emissions, so decisive action in
the energy sector is needed to mitigate the effects of global warming [3].

111, Current status of the EU Climate and Energy

The European Green Deal for the European Union (EU) sets a new course,
addressing climate and environmental-related challenges for the future years. A new growth
strategy aims to “ transform EU into a fair and prosperous society, with a modern, resource-
efficient and competitive economy with zero-net emissions of greenhouse gases in 2050,
and where economic growth is decoupled from resource use” [4]. Expectations for efficient
and sustainable waste-derivatives and biomass conversion are growing every year.
Worldwide biomass and waste potential is considered as a possible solution for the future
problems related to the depletion of fossil fuel reserves and corresponding environmental
problems [5-8]. The EU policy framework for climate and energy in the period from 2020
to 2030 sets a goal for at least 40% cuts in greenhouse gas emissions (GHG) in reference to
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1990, at least 32% share of renewable energy share in final energy consumption with 32.5%
increase in overall energy efficiency [9]. Therefore, the development of waste-to-energy
scenarios needs to be focused on searching for alternative fuels for effective
thermochemical conversion based on locally available Renewable Energy Sources (RES),
minimizing negative carbon footprint impact.

In recent years, researchers and power engineers attention was drawn to Municipal
Solid Waste (MSW) due to its availability, its alarming growth rate and energy potential
[10-12]. However, the feedstock turned out to be problematic in energy handling, especially
due to its heterogeneity, inconsistent fuel properties and a lack of uniform thermal behavior
[13,14]. One method of overcoming this problem involves converting MSW to refuse-
derived fuel (RDF), which became more competitive comparing its combustion behavior to
fossil fuels in terms of energy production [15,16], and even increased it plastic, textile and
non-recyclable waste potential for gasification [17-19] and pyrolysis [20-22]. RDF is a
promising fuel, however, without efficient household waste sorting implementation costs
are too high to compete with already used fossils. A different approach to alternative fuels
is available, with recognition of the local biomass and waste biomass potential. In Poland
one of the biomass key-suppliers are agriculture, wood industry and municipal economies.
A variety of locally available biomass and waste with huge energetic potential sets a need
for experimental studies for specific feedstock conversion to recognize its potential first.
With specification of the desirable conversion routes and supply chains, efficient and
universal kinetic methodologies able to evaluate different types of processes based on the
lowest use of thermoanalytical measurement techniques and savings in computational effort
must be considered.

1.1.2. Biomass as a source of renewable energy

One of the most promising renewable energy sources in terms of energetic
potential and availability for Poland is biomass. According to the European Environment
Agency (EEA), the biomass potential in Europe is estimated at 225 Mtoe per year from key
suppliers, such as agriculture, wood industries, and municipal economies [7]. In Poland, the
annual biomass energy potential is equal to >20 million Mg of waste straw, approx. 4
million Mg of waste wood, and approx. 6 million Mg of sewage sludge [8]. Having in mind
the Green Deal agreement and goals associated with carbon-neutrality until 2050, a straight
forward combustion of biomass must be reconsidered. Apart from biomass energy
utilization for heat, a number of alternative conversion routes is available e.g., pyrolysis,
hydrothermal liquefaction, aimed for sustainable bio-carbon materials, chemicals, and bio-
active compounds production.
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1.1.3.

Bioenergy utilization

A very large number of biomass species has been and still is considered as a renewable
energy source. These are divided into several conventional groups, depending on crop type,
and on the type of the fuel which it is to be converted into, classified in 1996 by Marten G.
Grenli [23]:

The first group — perennial lignocellulosic plants, mainly woody species, both long
term (15-50 year rotation) and short term (6-15 year rotation), multiple stem
coppicing of perennial crops. Willow and poplar are the two species that were
considered for energy production in northern and temperate zones of Europe at the
end of the XX century.

The second group — herbaceous annual crops, including Miscanthus and sweet
sorghum, still with considerable interest as a waste renewable energy source from
phytoremediation process of the contaminated soils [24].

The third group — high sugar/starch crops, mainly used for bioethanol production
in some countries e.g., Brazil. Examples are sugar-cane, maize, and sugar beet,
couples with a large number of conventional food crops e.g., wheat.

The fourth group — oil-containing crops such as rape and sunflower, from which
vegetable oil can be extracted and further processed into bio-diesel.

Beside those four conventional groups, a number of more unconventional sources can be
distinguished, especially interesting with implementation of the Circular Economy concept.
Circular Economy idea aims for low carbon footprint, local economy, where resources are
supplied from local industries, both products and wastes:

Residues from conventional forestry and wood industry, comprising branches,
sawdust, planner shavings and off-cuts, generally understood as a waste wood and
its derivatives.

Solid agricultural residues, mainly straw from cereal crop, a waste straw.
Municipal and industrial solid wastes and products of the waste water treatment
plants i.e., sewage sludge.

Residues from brewing industry i.e., spent grain, highly moist and rich in
lignocelluloses, currently utilized as a feed for livestock.

Refuse derived fuel (RDF) is produced from domestic and business waste, which
includes biodegradable material as well as plastics. Non-combustible materials
such as glass and metals are removed, and the residual material is then shredded.
Refuse derived fuel is used to generate energy at recovery facilities, many of them
in Europe where they produce electricity and hot water for communal heating
systems.
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e Solid recovered fuel (SRF) is a standardized (PN-EN 15357:2011 for Polish
scenario) alternative to fossil fuel and is produced from mainly commercial waste
including paper, sludge, card, wood, textiles and plastic, with criteria of the higher
heating value (HHV) > 6 MJ/kg of the dry mass.

Presented resource base is highly diverse in terms of its availability and its physical and
chemical properties. In comparison to fossil fuels, biomass and waste has usually lower
energy content, higher moisture and different ash composition, usually harmful for
industrial boilers. In general, without processing and segregations, the physical form of
biomass and waste is highly heterogenous, causing substantial problems and difficulties in
use applications without modification of the feed supply line, dryers and milling systems.
However, technologies for converting biomass into more convenient energy forms, namely
liquid and gaseous fuels, as well as upgraded solid, can be introduced to adapt the fuel to a
specific end use. Three principle classes of conversion processes which can be used for
biomass and waste upgrade: biochemical via microbiological action (for organic, non-
lignocellulosic matter), thermochemical via heat treatment under different atmospheres, and
physicochemical processing.

1.1.4. Thermochemical conversion of biomass

Conversion via thermal methods is still one of the most popular ways to release
the energetic potential of biomass. In years 2005-2015, co-firing biomass with coal in
industrial power plants has been quite successful in the case of fulfilling the share of
renewable energy in total production, and reaching appropriate emission gauges for
industry. However, despite the renewability of biomass, when combusted, it releases
significant amounts of greenhouse gases (GHG), particulate matter (PM), and its alkaline
nature causes devastating corrosion on low-temperature exhaust gas sequences. Recently
released national legislations have limited the support for co-firing and have identified
operational problems caused by adding biomass to industrial boilers, originally fueled with
coal and have shown that further co-firing must be reconsidered. However, there are thermal
conversion methods which not only generate reduced emissions, but also provide high
biomass energy conversion rates, as well as an overall biomass energetic competitiveness
upgrade.

The general goal of biomass thermal conversion methods is to produce renewable
fuels from low calorific, waste organic matter. The conversion can be proceeded in several
ways, where the most popular are: gasification, pyrolysis, hydrothermal carbonization
(HTC) and liquefaction (HTL), and torrefaction. Potential application of the mentioned
processes based solar-heat implementation opens up the possibilities of storing solar energy
in the form of usable chemical energy of post-process products, without any GHG released,
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due to emission-free nature of the concentrated solar power (CSP) and significantly lowers
the heat acquisition cost [25].

Carbonization

Carbonization is probably the oldest method of biomass conversion known to
human kind. The process is thousands of years old and it’s based on the very slow decom-
position of woody biomass under partially inert atmosphere at temperature approx. 300-600
°C in piles or retort furnaces. Carbonization characterizes itself by significant release of
volatiles from biomass. The main purpose of the process is minimization of hydrocarbon
content with maximization of fixed carbon, thus the heating value and energy density.

Gasification

The gasification process is the partial oxidation of the biodegradable material in an
oxidant-restricted atmosphere. The gasification reactors i.e., gasifiers, can be divided into
three main types [26]: fixed bed (FBG), fluidized bed (FLBG), and entrained bed gasifiers
(EBG). The aim of the gasification process is conversion of solid fuel into a combustible
gas by thermal treating of the feed in a generator with gasification agent, being usually air,
or steam [27,28]. The heating value of the gasification gas, being the mixture of CO, H,,
and lower hydrocarbons, varies around a value of 4 MJ/m? [26]. Gasification of the solid
feedstock results also with generation of the solid fraction, being a carbon rich, ash-like
residue [29]. Gasification gas is commonly used as a fuel, not rarely for local energy
purposes where abundant waste material can be found e.g., municipal economies or farms.
It can be utilized in mechanical or electrical power generation processes. Sometimes it can
be utilized as a second fuel in diesel engines working in “dual fuel” operations [30]. The
main advantage of gasification process, justifying it’s wide applications is the maturity of
the process and the following technologies, with numerous successful studies and
applications, even during the World War 1l theater.

Pyrolysis

Undoubtedly, less mature process in terms of basic studies, and non-less attractive
considering potential applications is the pyrolysis. Pyrolysis is thermal degradation
of carbonaceous material in oxygen-free atmosphere [31-34]. During the pyrolysis three
useable products are always produced i.e., bio-oil, pyrolysis gas, and carbon-rich, highly
porous solid residue, called the bio-char, so all the initial energy is converted into useful
chemical energy of the products. Numerous pyrolysis studies proved that pyrolysis process
parameters, like temperature and heating rate, dictate the final product yields [32,35].
Generally the lower the energy supply, the higher the solid fraction yield with the lowest
decomposition rates. The higher the temperatures and especially heating rates, first the more
liquid and eventually gaseous fraction yields are denoted [2]. It is uncommon to distinguish
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pyrolysis as a biomass pre-treatment method. Pyrolysis rarely is orientated for upgraded
biomass char i.e., biochar, yields, much more often the tendency to a more valuable oil and
gas production is observed. Due to the high temperatures of the process and the isolated,
inert reaction zone, pyrolysis is a suitable and safe method for the conversion of toxic and
contaminated biomass e.g., crops collected after phytoremediation of contaminated soils, or
municipal sewage sludge, where the toxins are utilized and decomposed, and heavy metals
which are trapped in the solid residue of the pyrolysis process [36]. The conventional
implementation of all of the listed methods requires a significant amount of heat to carry
out the reaction, which is usually obtained from burning fossil fuels, which indirectly
generates GHG emissions, thus diminishing the pro-ecological effect of the entire process.
The idea of a solar-driven pyrolysis process is a promising way to produce
environmentally- clean renewable energy from low-calorific biomass. Not only does it
reduce the cost of necessary heat, but it also significantly reduces GHG emissions and
provides a novel storage method of solar energy in the form of stable pyrolysis products.

Torrefaction

Torrefaction is low-temperature thermochemical conversion under inert
conditions, which aims for biomass pre-treatment (upgrade) [37—39]. Low temperatures and
heating rates prevents feedstock from intense decomposition in order to achieve dry, stable,
more homogenous and hydrophobic solid torrefied fuel [40,41]. The main clue why
torrefaction is separated from traditional pyrolysis is the process destination and it’s
ideology. While pyrolysis goal is to release the most of energy from biomass, the aim of
torrefaction is to keep, upgrade and expose its energetic potential [42]. Temperature ranges
to carry out the process are lower than in the case of carbonization, approx. 200-300 °C.
High energy density post-process product shows much greater behavior during milling and
energy handling, thus it’s application for industrial boilers is viable. Torrefied pellets
obtained from biomass with lower heating value varying from 16-29 MJ/kg are competitive
candidate for coal replacement. It is plausible, that biomass torrefaction has great
application potential in many energy sectors i.e., heating sector, power generation
(co- iring) or for gasification and steel production (reducing agent), the only issue is a still
high net fuel production cost.

Hydrothermal carbonization (HTC) and liquefaction (HTL)

Widely understood hydrothermal treatment (HT) is considered as a promising
method for organic waste and biomass upgrade method. The main advantage of the HT is
the ability to directly treat wet feedstock, since medium of the reaction is liquid water. The
HT is especially promising for the most abundant lignin conversion, showing potential for
solid, carbonic rich second-generation solid fuel, as well as valuable aromatics and
phenolics, with numerous successful experimental studies reported so far. Two main routes
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of the HT are carried out: HTC and HTL. HTC is a thermochemical process to convert wet
biomass into a coal-like material, called hydrochar; and a liquid, rich in organic acids
(acetic, formic, levulinic, or lactic acid). HTC occurs in the aqueous phase in a closed
reactor at long residence time (1-12 h) and temperatures corresponding to autohydrolysis
(150-260 °C). Over the years numerous studies investigated HTC biomass processing,
providing insight into solid product quality, yields, and its correlation to the experimental
conditions [43]. Comparing the HTC process to a more traditional dry-torrefaction, also
producing carbonized, high-energy-density solid, hydrothermal processing seems already
to provide some advantages e.g., ability to omit (or save) latent heat supply, lower
devolatilization at comparable temperatures, enhanced ash removal, or relatively shorter
reaction times due to higher general reactivity of liquid phase [40].

The second route, HTL takes place at higher temperatures and heating rates,
leading a process into more liquid-rich product yields regimes. HTL also refers to as
hydrous pyrolysis, is a thermochemical depolymerization process in an enclosed reactor to
convert wet biomass into biocrude oil and chemicals at moderate temperature, 300—400°C,
and high pressure typically 10-25 MPa [44]. Protein-containing feedstock such as food
processing waste, manure, and municipal sludge typically having high moisture content,
makes HTL an appropriate process for its conversion for further energy, or chemical
industry purposes.

Sub-critical water plays a crucial role during HT, acting both as a reaction catalyst
and as a solvent, with a significant shift of its polarity due to a drastic decrease of dielectric
constant, comparing to water at standard conditions [45,46]. To illustrate, water at 25 °C
and 0.1 MPa has a dielectric constant of 78, being a polar solvent not suitable for organic
compounds, which most is non-polar. However, in the region near the critical point (374 °C,
22.1 MPa) water acts as a non-polar solvent, being an extremely effective reaction medium
for organics, thanks to the new properties, similar to e.g., methanol, acetone, or even
methylene chloride, with the increase of the temperature at a hot compressed liquid state.
This change in the density correlates with other properties of water such as solvation power,
degree of hydrogen bonding, polarity, dielectric strength, molecular diffusivity, and
a viscosity [47]. Another property of hot compressed water is its ion product, presenting
a maximum at around 250 °C under saturation vapor pressure. Interestingly, a sharp drop
in the water ionization products (HsO*, OH") occurs when exceeding the critical point.
Overall, depending on the temperature and pressure hydrothermal media may support either
ionic or free radical reactions. At high densities below the critical temperature or in
supercritical water at very high pressures, ionic reactions dominate. At high temperatures
and low densities, free-radical reactions are superior. Higher temperature reactions reduce
char formation, producing more oil or a biocrude, but simultaneous free radicals promote
the formation of coke. On the other hand, the solubility of inorganic compounds, mostly
polar, in ambient and hot compressed water is completely different from organics. The
solubility of inorganic compounds is very high in ambient water, but almost none in
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subcritical conditions. All these phenomena must be taken into account, as a one of the main
challenges during the design of the efficient fast HTL system [47].

1.2. Solar pyrolysis

1.2.1. Solar energy potential

Considering renewable energy sources such as solar energy, wind energy,
geothermal, biomass, and hydropower, the crucial parameters that determine
implementation of an energy source are its availability and acquisition cost. Solar energy
could be a promising option for the future world because of several reasons. First, solar
energy is the most abundant renewable energy source, 1.8-10'* kW is intercepted by the
earth. Second, it’s completely and sun emits 3.8-10% kW of energy, of which approximately
free and environmentally-clean. Third, there are plenty of efficient solar energy acquisition
methods with parabolic-trough collectors, point-focus parabolic dish concentrators, and
Fresnel lenses, with numerous reports on successful implementation of these technologies
for biomass thermochemical conversion [48-50].

1.2.2.  Complexity of the pyrolysis process

Pyrolysis process consists of many simultaneous reactions, such as dehydration,
decarboxylation, charring, vapor formation, as well as secondary cracking and
repolymerization reactions, that along with and mass transfer phenomena. Complexity of
pyrolysis complicate the determination of consistent and universal process mechanism or
definition. Despite the difficulties, pyrolysis can be divided into several steps. Drying
occurs as soon as external heat is applied, and when moisture is released, the initial
decomposition takes places through the release of volatiles. During the first stage of
pyrolysis, which occurs between 100 °C and 250 °C, some internal structural
rearrangements occur, such as chemical bond breakages and the formation of carbonyl
groups. Primary pyrolysis starts after reaching 250 °C and ends depending on the feedstock
type, at approximately 450-500 °C, which results in the largest mass loss and the release of
primary condensable and non-condensable volatiles. The solid residue of the pyrolysis
reaction, char, is continually generated during the process [13]. Pyrolysis, apart from
implementation as a sustainable method for biomass and waste conversion, is a substantial
component of combustion and gasification process. What’s more, recognition of pyrolysis
mechanism can give valuable insight into phenomenon of wildfire spread for preventing
and emergency life-saving purposes.
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1.2.3. Pyrolysis products

As it was already mentioned, the pyrolysis of any carbonaceous feedstock
generates three usable products i.e., condensable tars called bio-oil, dry pyrolytic gas, and
solid carbon-rich, coke-like residue — the char. Bio-oil is a mixture of mainly oxygenated
and nitrogenated high molecular weight aromatic compounds, such as phenols, ketones,
alcohols, amides, and nitriles, among others [5]. Recent reports have focused on bioactive
compound production from liquid products of biomass thermal conversion i.e., bio-
replacements of synthetic substances used in the chemical industry [6] or pharmacy and
healthcare [7]. Numerous studies have already described compositions of various bio-oil
samples from different feedstock pyrolysis processes using gas chromatography (GC) and
gas chromatography mass spectrometry techniques (GC-MS) [8]. In 2020, D. Chen et al.
[9] presented bio-oil composition from solar pyrolysis with over 50% valuable phenols
content, <30% acids, 30 and <20% furans, from three types of biomass originally pre-
treated with aqueous phase bio-oil instead of traditional acid washing. Pyrolytic gas is a
mixture of low-molecular-weight gaseous species i.e., CO, CO, CHa, Hy, and lower
hydrocarbons, which are relatively easy to detect via infrared (IR) spectra absorption in gas
analyzers with Nondispersive Infrared Sensor (NDIR). The char collected after pyrolysis is
a carbon-rich, highly porous coke-like residue, with numerous potential applications such
as filtering materials, adsorbents, activated carbon source, and sustainable fossil fuel
replacement for combustion [10]. Recently, coal based poly-generation technology has been
shown to produce electricity, synthetic fuels, and chemical products, and is regarded as a
promising alternative for fossil fuels i.e., lignite, utilization with low CO; emissions. In this
system, coal is firstly fed into a pyrolyzer (550-750 °C), where the autothermic system is
executed using heat provided by the combustion from pyrolysis of char, as a fossil solid
fuel alternative [11]. Moreover, N. Gao et al. [12] critically reviewed thermochemical
conversion methods of SS, and stated that pyrolysis is advantageous for the decomposition
of organic pollutants, neutralization of pathogens, and reduction of the volume of the waste.
The actual properties of the pyrolysis products i.e., calorific values of gas and char, bio-oil
composition, or product yields, are highly dependent on pyrolysis heating conditions, and
final particle residence times. Feedstock type, particle size, and even bed type play a crucial
role in pyrolysis process, which is supported by A. Mlonka-Megdrala et al. [13]. Usually, the
lower the heating rates and process temperatures over time, the more char will be obtained
in the final products due to minimal devolatilization and decomposition of the carbon
structures of the feed. As heating rates and temperatures increase, enhancement of
devolatilization is observed, with two main fractions releasing condensable vapors forming
the bio-oil and non-condensable pyrolytic gas, where secondary and even tertiary reactions
may occur.
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1.2.4.  The “speed” of the pyrolysis: main process technologies

Over the years, pyrolysis has been categorized in one of three ways: slow, fast
(sometimes called intermediate or medium), and flash [2]. The differentiation between these
categories is based on the heating rates at which the reacting feedstock is heated, and the
resulting product yields and process temperatures. As previously stated, slow pyrolysis
mainly generates highly carbonized char with somewhat equal shares of the rest of the
products, while fast pyrolysis with heating rates do not exceed 200 K/s and temperatures
400-600 °C, possessing superiors release of bio-0il vapors, yielding more liquid products.
In flash pyrolysis, the most severe heating rates with thousands of Kelvins per second cause
immediate cleavage of chemical bonds in the feedstock, in which devolatilization is
followed by instant thermal cracking of almost any vapors to lower weight molecules.
During 58 flash pyrolysis mainly H, and CH4 are produced, yielding the highest gas shares
in the products, with almost no solid residue left after the process [15].

Table 1: Pyrolysis technologies classification.
. Process conditions Product yields
Pyrolysis technology
Heating rate, S Process time, ¢ Temperature, T Solid Liquid Gas
Slow <50 K'min! 5-30 min 400-600°C  <35% <30% <40%
Fast 10-200 K-s* <5s 400-600°C  <25% <75% <20%
Flash ~1000 K-s* <0.1s 600-900°C  <20% <20% <70%

Table 1 lists the ranges of key-parameters of major pyrolysis technologies at which the
specification is based on. Slow pyrolysis, with the lowest heating rates, and thus the longest
reaction times, results in a relatively uniform product distribution, with a slight skew
towards higher char yields [32]. Longer reaction times favours char formation and
secondary tar-cracking reactions, increasing the final solid yield and secondary-gas
formation. Generally, the lower the heating rate and the longer the biomass exposure time
during heating, the higher the yield of final solid products.

Fast pyrolysis, despite having the same temperature range as slow pyrolysis, is
gaining attention in bio fuels and chemical production, due its high liquid yields. The main
reason for the latter is the short reaction time, which is too short to cause char formation
due to the high amount of heat supplied with heating rates reaching up to 200 K/s. The high
amount of heat supplied meets the endothermal requirements to form condensable vapours,
which when combined with the short vapours residence time and rapid cooling, maximizes
the final liquid yield [2].
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Flash pyrolysis, which has the most intensive heating rates, also has the highest
temperatures and shortest reaction times, typically less than 1 s [51]. In this method,
concentrated radiation is directly focused on a biomass sample which causes almost instant
decomposition, and incident heat fluxes at the reaction zone are often higher than 7 MW/m?.
At higher temperatures, primary vapour secondary reactions are more likely to happen,
which leads to higher gas production (up to 75%) than in fast pyrolysis [52].

1.2.5. Pyrolysis energy balance and problems with heat of reaction determination

The evaluation of heat of pyrolysis through the simple energy balance allows for a rough
estimation of the heat necessary to perform the pyrolysis process. The energy balance of the
pyrolysis takes into consideration the difference between the total enthalpies of the
pyrolysis products and the feedstock [53,54].
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Fig. 1.1. Adiabatic scheme of energy balance for a pyrolytic reactor.

Fig. 1.1 presents a simple scheme of the energy balance for an adiabatic pyrolysis
reaction zone, further described with the Eg. (1.1). When considering only a thermodynamic
energy balance, the endothermic character of pyrolysis can be explained through the heat
of reaction, Qy, defined as Eq. (1.2) being the simplified sum of the chemical heat of the
reaction, 4H;, and physical enthalpy of the reactants heating to a destined process
temperature.
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When applying the first law of thermodynamics to the pyrolysis reaction, a
significant difference can be denoted between the total enthalpies of reagents and the
products. H. Yang et al. 2013 [53] proposed the energy balance for a pyrolysis reaction that
was defined as the difference between the sums of enthalpies of products and the enthalpy
of the feedstock biomass, Eq. (1.3).

Ext.Heat+H,  =—-AHr+H +H +H, (1.2
Q. = Ext.heat + AH (1.2)
Qr = Hgas T + Hoﬂ T + char |T,, - Hféed T (13)

The specific enthalpy of the i-th reactant is calculated as a sum of the standard enthalpy of
formation and the physical enthalpy increase between the initial and outlet temperature.

T
H=m, [AH;* + ij,dTJ
T;

1

(1.4)

The specific enthalpy of each of the reactants is defined as a sum of the increase in physical
enthalpy from standard parameters to a desirable process temperature and the specific
standard enthalpy of formation. Most of the necessary data needed to evaluate the heat of
pyrolysis reaction can be found in engineering databases e.g., EES. In fact, the energy
balance method requires previous experimental results that measure product yields and
compositions to estimate product enthalpies properly in Eq. (1.4).

1.2.6.  Enthalpy of the biomass, pyrolysis gas, and char

The calculation of enthalpy for gas and char is relatively simple. The enthalpy of
a pyrolytic gas is defined as the weighted (or molar, depending on the balance reference)
average of all the physical and standard formation enthalpies of the components in Eq. (1.4).
To evaluate char enthalpies, numerous empirical formulas allow Cp and the heat of
formation to be estimated based on the process temperatures, which resulted in a HHV.
The feedstock enthalpy is calculated based on the biomass elemental composition and a
simple conversion of heat of combustion to heat of formation [55].
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1.2.7.  Enthalpy of pyrolytic oil (bio-oil)

An estimation of the pyrolytic oil enthalpy using the same method as presented is
quite problematic due to numerous organic compounds and simultaneous secondary
reactions that occur between them. Yang et al. 2013 [53] presented a method to estimate the
empirical pyrolytic oil enthalpy. The two equations proposed in his work allows an
estimation of the standard enthalpy of formation, as well as the difference of the physical
enthalpy between 25 °C and a desirable process temperature. The two formulas are only
based on the total C, H, and O content of crude bio-oil, when the N and S contents are lower
than 0.5 and 0.1 wt.% respectively. Otherwise, using a simple energy balance that involves
making many assumptions may cause significant errors in computations, making the entire
process balancing worthless.

Pyrolysis heat of reaction denoted in recent studies

Based on experiments, researchers have noted that during pyrolysis, both
exothermic and endothermic reactions occur [56]. The final nature of the pyrolysis reaction
depends on the competition between parallel formation reactions of different products:
endothermal volatiles release and exothermal char formation.

In J. Rath et al. study [54], an experiment to determine the heat of pyrolysis for
spruce wood was carried out at 550 °C, with a heating rate of 10 K/min and showed that the
heat of pyrolysis varied from 2.4 to 3.4 MJ/kg with an 18-21% char yield. H. Yang et al.
[53] estimated the heat of pyrolysis of cedar chips at varied heating rates, from 32 to 320
K/min, to be 1.1-1.2 MJ/kg and 1.3-1.6 MJ/kg for process temperatures between 500 and
550 °C, respectively, with a char yield of 38-48 wt.%. M. Stenseng et al. [57] measured the
heat of pyrolysis reaction for Avicel cellulose to be 0.63-0.71 MJ/kg for samples of 2 and 5
mg, and about 0.560 MJ/kg for samples of 10 and 20 mg. Again, the difference could be
partially explained by the differences in char yield. As mentioned before, the heat of
pyrolysis is a simplification of the bound energy that needs to be overcome to initiate a
reaction. An approximation of the nature of pyrolysis with a simple energy balance is an
oversimplification. Eq. (1.1) is a rough estimation of the heat of the pyrolysis reaction that
could be generally used for a comparative evaluation of an energy supply for a different
type of feedstock. To more accurately calculate the energy supply for a reaction, a kinetic
analysis is necessary, and the heat of pyrolysis is one of the parameters used in Kinetic
computations e.g., temperature correction factors [58].

1.3. Literature review of the latest solar pyrolysis studies

According to the literature, solar pyrolysis has emerged as a mature topic among
the scientific community, with a number of comprehensive studies and review papers
already published. Various reports have described the impact of heating conditions, reactor
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types, and solar heat acquisition performance on the overall solar-driven biomass
conversion efficiency through product characterization and thermodynamic balance
equations [59]. K. Zeng et al. showed a series of complex solar pyrolysis studies, as well as
areview paper [2], addressing the majority of process key-aspects and challenges. The latest
solar pyrolysis review published by M.C. Ndukwu [60] addresses the benefits of solar
pyrolysis of biomass, summarizing available optical concentrating devices and conceptual
heating modes, the existing configuration of solar-thermal and reactor orientations,
highlighting solar pyrolysis availability and potential for technology application within the
nearest future. In the most recent study from 2020 [61], K. Zeng et al. focused on solid
products characterization obtained from heavy metal contaminated biomass.
Immobilization of contaminants inside the char particles was confirmed, and a significant
increase of char Brunauer-Emmett-Teller (BET) area from 5.3 to 161.0 m2g for
temperatures of 600-1000 °C and fast heating rates of 50 K/s was shown. Final char shares
were between 22-27 wt.%, and high pyrolysis temperature resulted in reduced porosity due
to plastic deformation of carbon structures. The other study published by the same group
presented solar pyrolysis experiments of beech wood under temperatures 900-2000 °C and
fast heating rates 10-50 K/s, as well as investigation of Computational Fluid Dynamics
(CFD) modelling. The study proposed a pyrolysis process kinetic scheme and validation of
numerical modelling with experimental data obtained using 2 kW vertical solar furnace
setup. It was revealed that at higher temperature and heating rate, higher gas yield was
obtained [62]. The emphasis of intra-particle tar secondary reaction into gas for pyrolysis
of a large sized sample under severe heating conditions was highlighted. In the case of
sample size and intra-particle reactions, J. Soria et al. [63] presented an excellent study on
biomass pellets size impact on solar pyrolysis gas quality. They showed that large biomass
particles may provide sufficient residence time for tar to decompose both homogeneously
and heterogeneously inside a porous structures, producing secondary gas, tar, and char.
Furthermore, due to biomass low thermal diffusivity it may lead to thermal gradients inside
the particle during pyrolysis. This influences intra-particle heat transfer mechanism and tar
secondary reactions, which combined with particle size, plays an important role in product
distribution from pyrolysis. A. Ayala-Cortés et al. [64] investigated the impact of solar
pyrolysis operating parameters on various characteristics of carbon materials e.g., specific
surface area, capacitance or conductivity. The experimental results indicated that solar
pyrolysis temperature (500-900 °C) and heating rate (4-30 K/min) had insignificant effect
on carbon composition, which were in contrast to structure, surface area, and
electrochemical response. This reported revealed a well-designed concept of 5 K-type
thermocouples temperature measurement of alumina crucible containing the biomass, but
with limited information about the biomass behavior during pyrolysis. L. Arribas et al. [65]
reported solar-driven pyrolysis and gasification of different waste feedstock types i.e.,
micro-algae, wheat straw, and sewage sludge, and examined the processes of gases
generated by different feed type, however, no additional details were given regarding other
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products. The experimental setup consisted of a solar-simulator, 7 kW xenon lamp, and
fixed bed reactor. The highest gas yields were obtained for straw with very high hydrogen
content in each type of gas produced (30-45 vol.%), in which the particles were heated to
800 °C with an average heating rate of 3.5-4.0 K/s. K. Zeng et al. [31] focused on precise
recognition of all solar pyrolysis products, solar-fuels, obtained from beechwood treated at
temperatures 600-2000 °C and heating rate 50 K/s. The report examined the influence of
temperature on product shares. The liquid products were precisely analyzed using GC-MS
and up to 75 different chemical species were detected across studied temperature range,
proving the immensely complex nature of bio-oil. All products chemical energy content
was characterized, and compared to raw biomass lower heating value (LHV) gave 38-53%
energy upgrade factor. A.H. Rony also presented an extensive study of artificial solar
pyrolysis [66], where a novel pyrolysis process mechanism was proposed. It showed that
bio-oil obtained from solar pyrolysis of pinewood could be separated into useful fuels and
chemicals, while focused solar light improved phenolic compound production. Solar
pyrolysis technology was found to be applicable for renewable fuels production, as well as
self-activated bio-derived carbons used also for electronics. D. Lobato-Peralta [67] et al.
investigated solar pyrolysis of abundant waste biomass solar pyrolysis for bio-derived
carbons, and described that properties of obtained products could be utilized in
supercapacitor technology.

1.3.1. Solar pyrolysis reactor technologies

Solar pyrolytic reactors can be divided into two categories based on the adapted
light source: natural and artificial. This work is focusing on solar pyrolysis powered by
artificial light sources. Artificial reactors adapt artificial light sources to simulate solar
radiation, which then is directed through a concentrator on a target area. Light sources
include solar simulators adapted from photovoltaic testing units, where the lamp radiation
simulates natural solar radiation with uniformity, power, and spectral match.

Solar pyrolytic reactors powered by natural sunlight

There have been a number of recently-published studies on solar pyrolysis where
the experimental section was powered by natural sunlight. In one study, Zeng, et al. 2017
[31,62] investigated solar pyrolysis on a vertical solar furnace, and their device was
constructed at CNRS, France, and allowed them to control the plateau temperature and
heating rate using a dedicated shutter. In this device, solar radiation was first directed to a
parabolic mirror by a movable heliostat and then focused on the reactor surface. In the
presented study, the summary areas of the collector and concentrator were significantly
higher than the surface of the reactor. The presented experimental rig collected 1.5 kW of
solar thermal power with a heat flux density of 12 MW/m?, operating at 1,000 W-m? direct
normal irradiation (DNI). The biomass sample reached temperatures up to 2 000 °C, which

30
Szymon Sobek, Ph.D. Thesis



General introduction Chapter 1

classifies the experiment as flash pyrolysis. Zeng’s study investigated the product yields at
four final temperatures: 600, 900, 1 200, and 2 000 °C. These experiments showed that as
the pyrolysis temperature increased, the bio-oil and bio-char yields decreased, for higher
yields of pyrolytic gas.

S. Morales et al. 2014 [68] designed a parabolic-trough solar reactor for bio-oil
production via orange peel pyrolysis. The presented design was a combination of a radiation
concentrator with a thermochemical conversion system, whose final performance was
evaluated by a Monte Carlo ray-tracing method. The tubular, glass reactor was placed in a
focal line of a parabolic trough solar concentrator, reaching average temperature of 290 °C,
with a peak temperature of 465 °C, along with an average and peak heat flux of 12,553
W/m? and 27 088 W/m?, respectively. Experiments were carried out at 965 W/m? DNI.
Morales’ work highlighted a potential problem for industrial application of solar pyrolysis.
A 79 wt.% biomass sample was converted to 77.64 wt.% liquid, 20.93 wt.% char, and 1.43
wt.% gas. This study showed that the operating temperature of a highly-transparent
parabolic-trough reactor significantly drops as the reactor’s length increases. A second
problem was heat loss from high biomass reflectance.

The study by H. Grassman et al 2015 [69] addressed the solar pyrolysis of agro-
waste biomass using Linear Mirror Il. The constructed reactor reached operating
temperatures of 350-500 °C after approximately 90 minutes, gathering up to 50 kWh of
solar energy. The retort pyrolytic reactor was filled with 5 kg of straw and exposed to the
concentrated solar radiation. The authors focused on solar bio-char production, whose
yields were investigated as a function of temperature at 300, 400, and 500 °C. The
experiment resulted in solid residual mass yields of 51.5%, 39.6%, and 31.2% with bio-coal
HHYV of 22.6, 27.5, and 28.5 MJ-kg!, respectively.

Another study by M. Sanchez, et al. 2017 [49] focused on the precise evaluation
of ideal operating parameters of a pyrolytic reactor for maximized char production. The
proposed computational model integrated pyrolysis kinetics, sun-earth geometry relations,
and solar-thermal performance calculations. Using this model and Linear Fresnel
Technology for solar radiation concentration, the authors predicted the ideal parameters to
be a temperature of 308 °C and a heating rate of 4 K-min"* with 149 minutes of process
time. The authors reported a maximum char yield of 40.8 wt.% being in good agreement
with other yield values reported in the literature for slow pyrolysis.

V. Chintala et al. 2017 [70] presented a study focused on the conversion of non-
edible Jatropha seeds biomass to biofuels i.e., liquid, solid, and gaseous fuels via a solar
pyrolysis process. A circular fixed bed reactor was prepared for a batch pyrolysis process
with a maximum biomass intake of 15 kg. Solar radiation was concentrated by a 16 m?
parabolic dish on the reactor surface. The incident solar flux was in the range varying from
0.03-0.07 MW-(m?) with an average reactor temperature of 250-320 °C. The maximum
bio-oil yield was about 20%, along with 51% biochar, and 29% pyrolytic gas, which are
typical values for slow pyrolysis.

H. Weldekidan et al. 2018 [71] published study in which pyrolysis of rice husk
was performed at different temperatures using concentrated solar radiation. The system
consisted of a parabolic dish with an aperture diameter of 1.8 m, coated with an 88%
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aluminium reflective material. The reactor, a silica glass tube with a length of 35 cm and a
diameter of 13 mm, was loaded with a sample of 100 mg of biomass. The solar pyrolysis of
rice husk mainly yielded bio-oils (20.6-43.13 wt.%), followed by bio-char, and pyrolysis
gases. The pyrolysis gas was observed to increase with temperature from 14 wt.% at 500
°C to a maximum yield of 25.48 wt.% at 800 °C. The study noted that the highest bio-char
yield was found to be 43 wt.% at 500 °C.

Solar pyrolytic reactors powered by an artificial light source

For researchers willing to study solar pyrolysis in regions that lack an abundance
of natural solar-thermal potential, adapted artificial light sources can serve as sunlight
simulators. The main reason for using an artificial light source is independence from natural,
adverse conditions that may occur during experiments using natural sunlight. The second
reason is to compensate for the lack of natural irradiance in locations like Poland. The sun
emits radiation with a spectral wavelengths between 300 to 2,500 nm, with a relative
spectral irradiance distribution maximum in the visible light (VL) range (400-700 nm) and
a colour temperature of 5 900 K [72,73]. In order to simulate solar light in laboratory
conditions, the artificial light source should match the mentioned parameters with the
closest approximation possible. V. Esen et al. 2017 [74] presented a way to
comprehensively classify solar simulators based on their light sources and their history and
technological development. Among the history (starting from 1960s), the most popular light
sources adapted for solar simulation were: carbon arc lamps, sodium vapour lamps, argon
lamps, quartz-tungsten halogen (QTH) lamps, mercury xenon lamps, xenon arc and flash
lamps, metal halide lamps, light emitting diodes (LED), and finally super continuum lasers.
The presented study showed that as light technology developed, the efficiency of light
sources increased, as well as life cycle of simulators, which are becoming more economical
and effective. The final choice of the light source match would be determined by the goal
of the study, as well as desirable characteristics and parameters of the light source, with
regards to the final cost of the device. In the present study, the authors would like to focus
on xenon-arc and QTH lamps as the most commercially-available light sources that possess
good thermal power and desirable spectral characteristics.

1.3.2. Solar pyrolysis studies based on artificial light sources

O. Boutin et al 2002 [51] used a 5 000 W xenon lamp and a set of elliptical mirrors to
generate up to 7.4-108 W/m? incident radiant heat flux. In their presented image furnace, a
quartz-made cylindrical reactor contained pelletized cellulose powder. The sample was
located in the furnace focal zone, where radiation was concentrated at the circular target
area with a diameter of 5-10-3 m. The incident heat flux heated the reactor to 800-1 000 °C
with enormous heating rates around approximately 4 000 K/s.

Rony et al. 2018 [66] presented a novel pyrolysis reaction system, based on a concentrated
solar simulator powered by a modified 5 000 W xenon arc cinema projector, along with
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supporting components. Modelling and testing for the generation of bio-based materials,
including fuels and chemicals in a quartz glass reactor, was investigated. The lamp radiation
was collected and focused on a single pine sawdust sample with two parabolic dishes,
generating an available heat flux from 2-7 - 10®W/m?, reaching operating temperatures from
750 to 900 °C. Researchers showed that for the presented experimental setup, the optimal
temperature for bio-oil production was 750 °C.

In 2000, Grenli and Melaaen [75] published results of experimental and modelling
work on the solar pyrolysis of wood under regimes controlled by heat and mass transfer. In
a single-particle, bell-shaped Pyrex reactor, one face of a uniform and well-characterized
Norwegian spruce cylinder was one-dimensionally heated using a xenon-arc lamp as the
radiant heat source. In the work, the effect of applied heat flux on the product yield
distributions were investigated.

In 2013, O. Authier et al. [76] presented an image furnace as an efficient laboratory
device to study the fundamental aspects of high temperature reactions involving a solid.
The basic principle relies on solid heating by concentrated 5 000 W xenon-arc lamp
radiation in very clean conditions. The experimental section consisted of a single cylindrical
pellet placed inside a transparent quartz reactor with an adjusted focal point of an elliptical
mirror. Under these conditions, the values of available heat fluxes varied between 80 and
850-10% W/m? over a surface of 78.5-10 m2. The study included the values of heat flux
densities 200-900-10° W/m? which are typically available at the surface of a wood pellet
entering a pilot dual fluidized bed (DFB) operating at a temperature of about 850 °C.
Pozzobon et al. 2014 [77] presented an image furnace that was developed to study the
radiative properties of solids at high temperatures. The proposed furnace consisted of an
elliptical mirror which directs every ray coming from the 750 W tungsten halogen lamp at
first focus to the sample at second focus. The heat flux on the sample surface is theoretically
not uniform because the elliptical reflector is a non-imaging optical device. The presented
device could reach average heat flux values as high as 1.8-10° W/m? on single 5 mm
diameter samples, at temperatures up to 800 °C.
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Table 2: Summary of recently-developed solar pyrolysis reactors based on artificial light
sources with an emphasis on the operating parameters, i.d. — inside diameter, 0.d.- outside
diameter, h- height, a, b-semi-major and semi-minor ellipse axis, | — length, h — height, w

— width.
Reactor Radiation source
Concentration ~ Heat flux, o B,
Dim method MW/m? T.°c Ki/time Ref.
Material Shape ' Type P, W
mm
id.
30- ~ . ~ _ O. Boutin
Quartz  Cylinder Xenon-arc g, Twoelliptical -, 5, , 800 4000 ) 2002
lamp mirrors 1000 K/s [51]
h 50
. A.H. Rony
Quarz  Cylinder od.10 XeMomac 5o,y Deep-dish 02-07 750000 - etal 2018
lamp parabolic mirror [66]
Pyrex  Bellshaped i.d. 20 xelna‘::]";am - Lampreflector 0080.13 300550 - ol
PR 0. Authier
Quarz  Cylinder 030 Xemonarc g, Parabolicdish 564 g5pg50 . eral2013
h 50 lamp mirror [76]
V.
- a 150 Tungsten Two elliptical Pozzobon
- Ellipsoidal b 50 lamp 750 mirror 0.06-0.18 700-800 25 K/s etal. 2014
[771
Rectangular 1180 -
Copper  (4drilled  hgo  EMOMAC g4 Elliptical 17,020 700000 3925 1his stuay
lamp reflector K/min

channels) w 20

Table 2 presents the operating parameters of recently-published solar pyrolytic
reactors based on artificial light sources. Researchers chose xenon arc and tungsten halogen
lamps as the radiation sources for the pyrolysis reactors. As it can be seen, despite the same
nominal power, total reactor performance depends on the method of radiation concentration.
The highest temperatures 800-1 000 °C, and heating rate 4 000 K-s- 1, was shown for an
image furnace using two elliptical mirrors to concentrate the radiation. For the same lamp
power and basic radiation through the lens, the reported temperatures were almost twice as
low, reaching 300-550 °C. All the listed reactors are made of highly transparent and
transmissive materials, designed to decompose a single particle of biomass. In this study,
the authors would like to propose a multi-particle solar pyrolytic reactor. Transparent
reactors are problematic in terms of thermal insulation and biomass reflectance losses, what
has the dealt with in order to design bigger scale installations. Thermal insulation is crucial
to stabilize thermal conditions of decomposition, which in case of slow pyrolysis can lasts
for 30-60 minutes. None of presented reactors have investigated multi-particle pyrolysis. A
multi-particle device should highlight the issues of parallel pyrolysis in a biomass bed, what
is crucial to increase the final product amount, and thus final technology implementation.
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1.4. Theses and objectives of the doctoral study

Having in mind literature presented on solar pyrolysis so far, focusing mainly on fast
and flash pyrolysis, a basic research on slow solar pyrolysis of different waste biomass
feedstock is presented. The first objective of the dissertation is presentation and discussion
of the main solar pyrolysis principles, evolving into experimental bench-scale reactor
design. Next, the complex evaluation of the process kinetics is presented, with emphasis on
universality and wide range of the kinetic approaches chosen. The feedstock decomposition
kinetics are evaluated using latest isoconversional techniques as well as traditional model-
based kinetics and deconvolution methods. At last, results of the bench-scale solar pyrolysis
experimental campaign are discussed. Experimental investigation of the process is aimed
for precise recognition of the feedstock behavior during the decomposition, and complex
analysis of the solar pyrolysis products.

Doctoral dissertation hypotheses

1) Solar pyrolysis process conditions favors uniform solar pyrolysis products
distribution.

2) Carbonization and repolymerization reactions occurring during charring process
of biomass during solar pyrolysis can produce hydrogen-rich dry gas.

3) Solar pyrolysis is a method for highly porous biochar production with
specifications depending on the feedstock type and process conditions.

4) Model-free kinetic predictions can provide information about the actual process
behavior on bench-scale experimental solar pyrolysis reactor.
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2. Feedstock characterization

Materials chosen for the solar pyrolysis study are designated as the key-representatives
of highest waste biomass potential in Poland, namely: wood industry, agriculture, and
municipal economies. In Poland, the annual biomass energy potential is equal to >20
million Mg of waste straw, approx. 4 million Mg of waste wood, and approx. 6 million Mg
of sewage sludge [8]. The feedstock collected was prepared for the experimental
investigation as pellets, due to several reasons: (1) to provide uniform particle size
distribution for the CFD modelling purposes, (2) to increase equality of the thermal
diffusivity of the samples, and (3) to increase homogeneity of the biomass within the
samples.

Fig. 2.1. Feedsock selected for the study (from left to right) pelletized WS, WW, and SS.

2.1. Characterization of the investigated feedstock

6.1.1.  Experimental techniques and standards applied for feedstock properties
determination

Ultimate and proximate analysis of ash composition was performed using plasma
spectrometer Thermo iCAP 6500 Duo ICP. Investigated fuel properties and elements were
determined according to norms: I1SO 18134-2:2017-03 for moisture, 1ISO 18122:2016-01
for ash and volatile matter content, 1SO 16948:2015-07 for carbon, hydrogen, and nitrogen,
ISO 16994:2016-10 for sulfur and chlorine, 1B TL 53 02 from 27.05.2015 for fluor, and
EPA Method 7473:2007 for mercury. Ash mineral composition with heavy metals content
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was determined according to IB TL 21 07 from 28.05.2013 standard. Lignocelluloses,
namely: cellulose, hemicelluloses, and lignin, were recognized with the extraction system
Ankom A200 and FOSS Fibertec 2010 and 2011 according to application note FOSS 3434
— AOAC 2002:04/1SO 16472:2005.

2.1.2.  C, H, Nanalysis of solid and liquid products

Simple ultimate analysis of collected char samples and averaged bio-oil samples
for each feedstock type was conducted. The weight fraction of carbon C, hydrogen H, and
nitrogen N were determined using Truspec CHN628 Leco analyzer. The simultaneous
determination of C, H, N was based on Dumas method, also known as the high-temperature
oxygen combustion method. The high temperature (950 °C) combined with the flow of pure
oxygen provided fast and efficient combustion of the analyzed fuel. The contents of the
individual elements were marked using infrared absorption detectors for C and H, and
thermoconductive detector for N, where oxygen content O was calculated from the balance.
Based on experimentally determined elemental composition of the liquid and solid
products, a higher heating value (HHV), MJ/kg, was calculated according to Jenkins-
Ebeling empirical formula:

HHV =-0.763+0.301-C +0.525-H + 0.064-0 (1.5)

2.2. Fuel properties of the investigated biomass types

Investigated feedstock was extensively analyzed in terms of the fuel properties as
well as chemical composition concerning lignocellulosic components shares, namely:
cellulose, hemicellulose and lignin. Beside obvious characteristics e.g., moisture (M),
volatile matter (VM), ash content (AC), elemental composition, or fixed carbon (FC), shares
of different lignocellulosic components can give valuable information about expected
feedstock behavior during pyrolysis. Numerous studies reported kinetic behavior of specific
lignocelluloses with recognition of the Arrhenius parameters and decomposition
temperatures, usually as a single-step reaction. Having in mind data presented in Table 2,
three pseudo-components model for kinetic analysis of the WW and WS analysis seems
reasonable as significant shares of the cellulose, hemicellulose and lignin are denoted. In
case of the SS, this theory do not apply, due to the total shares of the lignocelluloses less
than 10 wt.%, and requires different kind of approach for kinetics evaluation.
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2.2.1. Ultimate and proximate analysis with lignocellulosic components recognition

Basic proximate analysis with elemental composition and lignocellulosic
components shares for WW, WS, and SS are presented in Table 3. Regarding proximate
analysis results, analyzed feedstock presented typical characteristics among its species
reported in the literature. WW pellets, with 9.0 wt.% of moisture, <1 wt.% of ash and up to
83.3 wt.% of volatiles well related with pinewood samples presented by Hu et al. [78] on a
study investigating lignocellulosic biomass pyrolysis kinetics. WW lignocellulosic
components share were denoted as follows: 54.8 wt.% of cellulose, 11.8 wt% of
hemicellulose, and 27.9 wt.% of lignin, with a high content of the latter comparing to other
reported wood- derived samples [79,80]. WS elemental composition is well correlated to
wheat straw composition published in interesting study on waste tire additive impact on
pyrolysis bio-oil yields [81]. Attention drawing is a high content of Cl, 0.234 wt.% what
can cause devastation in low-temperature flue gas convective parts of boilers during its
combustion for power generation. SS fuel properties are differing significantly from
presented lignocellulosic biomass samples. The first difference occurs in much higher ash
content, 33.44 wt.%, significantly higher comparing to 0.75 wt.% and 6.69 wt.% for the
WW and WS respectively. This phenomenon can be explained by the high content of
inorganic matter (CaO, Fe;Os) present in the sludge listed in Table 4, consisting on the final
ash. Regarding elemental composition, SS contains less C, with increased content of the O,
and N, possibly coming from organic matter like proteins or lipids. A significant amount of
phosphorus, in the form of P,Os, 24.5 mg/kg, being one of the most valuable minerals now,
proves priority in its recovery from SS [82,83]. What’s more, heavy metals present in ash
(Table 5), in the case of lignocellulosic biomass, proved to influence thermal decomposition
behavior: shifting cellulose peaks towards lower temperatures [84,85].
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Table 3: Fuel properties of the investigated feedstock.
Proximate analysis, Elemental Lignocelluloses, HHVA", BET,
wt.% composition, wt.%? wi%¢ MJ/kg m?/g
Ma-- ACY vMm¢ FC! Cc H Qi N S c h |
Ww 9.0 0.8 83.3 159 496 59 444 0.06 0.02 548 118 279 18.19 0.224
WS 738 6.7 751 182 470 5.7  46.6 06 02 497 316 6.0 16.81 0.522
SS 16.6 334 606 59 359 5.0 515 56 20 21 41 15 13.02 0.552
Table 4: Mineral ash composition of the investigated feedstock.
Ash mineral comp., wt.%
Si02  Fe203 ALOs Mn3Os TiO2 CaO MgO SOs P:0s NaO KO BaO SrO Cl  CO2
wWw 39.5 2.56 4.8 242 035 184 294 6.23 1.01 121 739 034 006 05 11.98
WS 50.6 0.23 0.4 0.07 0.03 9.66 2.18 3.16 293 053 241 0.09 003 26 331
SS 20.4 20.9 5.0 019 0.87 148 3.55 3.28 245 061 132 0.14 007 0.01 345
Table 5: Heavy metals present in ash samples.
Heavy metals present in ash (mg/kg)
Zn Cu Pb Ni Cr Cd As Hg Se W
WW 11.0 0.978 <0.7 0.783 2.45 0.069 <1.0 0.011 <1.0 <1.0
WS 10.3 3.0 0.74 0.94 2.35 0.069 <1.0 0.013 <1.0 <1.0
SS 880.0 517.0 121.0 33.3 51.2 1.22 25.6 1.56 <1.0 7.67
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3. Experimental investigation of the solar
pyrolysis of waste biomass

Within the Chapter, focused on Research Task Il of the presented doctoral
dissertation, all the efforts of design and construction of the solar pyrolysis laboratory
reactor are presented and discussed. First, the motivation of the reactor design is discussed
with emphasis on the interdisciplinary goals of the whole project. Second, the light sources
diverse range and availability on the market is presented, with a conclusion of the final
xenon-arc lamp choice for the study. As last, the comprehensive presentation of the solar
pyrolysis reactor is described along with measurement techniques and data acquisition
system.

3.1. The need to develop a bench-scale, slow solar pyrolysis reactor

During the very first project meeting with the research group, the need to develop
a reliable bench-scale solar pyrolysis setup was intensely discussed. The need of the new
and original design originated as an outcome of the recent published studies on solar
pyrolysis, focusing mainly on the fast and flash pyrolysis reactors, with minimum insight
into reacting feedstock. During fast and flash pyrolysis the reacting particle, being usually
very small <1 mm, reacts in a matter of second into almost solely dry-gas, thus chances to
capture decomposition nature or insight into process mechanism are limited. Within the
thesis, slow solar pyrolysis is studied as a sustainable method for waste biomass conversion
into diversified products. As slow solar pyrolysis reaction times are much higher, a
possibility to capture complex pyrolysis nature during extensive measurements opens up.
Besides, as designated heating rates, aimed for couple of Kelvines per minute, provide
decomposition slow enough to form complex measured temperature profiles of the reacting
feedstock, and related heating rates profiles, allowing to form temperature correlations to
gaseous compounds formation, and even thermoanalytical measurements of the pyrolysis
kinetic behavior. On the one hand, the reactor should provide reliable experimental
conditions i.e., temperatures, heating rates, ease to collect the products, with simultaneous
demand for reliable measurements techniques implementation. One the other hand, having
in mind CFD modelling tasks within the project, the setup should also provide reliable data
for numerical model validation. Comprising demands on both sides i.e., experimental
convenience as well as CFD modelling, the final design emphasizes artificial sunlight as a
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light source with a constant, pre-defined and variable intensity, ease of product collection
and feeding of the reactor, multi-thermocouple temperature measurement of the bed, with
thermocouples located inside the reacting particles, rapid quenching of the bio-oil vapors
and infra-red analysis of the dry-pyrolysis gas composition. Material adapted for the reactor
body, copper, allows to uniformly distribute heat across the bed, where reacting pellets are
formed, allowing axis-symmetrical model implementation for the modeling, reducing
computational effort.

3.2. Review of the artificial light sources for solar-thermal applications

3.2.1. Solar simulator versus artificial light source

The application and design of solar radiation sources falls into two main
classifications, non-concentrating, uniformly distributed solar simulators used mainly in the
testing of photovoltaic cells and solar hot water collectors and high flux concentrators used
to generate high temperatures exceeding 1000 °C [86].

The solar simulators used for simulation of daily normal irradiation
(DNI) are classified in order to spectral distribution, beam uniformity and temporal stability
(according to the IEC 60904-9, ASTM E927 & JIS C8912 standards) [87]. The grades are
awarded in presented order for each parameter, based on the deviation of offered parameters
from standardized values. Solar radiation emissive spectrum consist of wavelength from
250 to 2500 nm with spectral distribution maximum in visible light regime [88]. The best
match is awarded with grade A, while the poorest is granted with grade C. The better the
match, the higher the grade e.g. best match is granted with AAA, for simulators with worse
beam uniformity ABA or ACA accordingly. Proper terrestrial solar simulators are designed
to produce stable 1000 W-m radiant flux, which is internationally standardized as 1 sun
[89].

Solar devices used for studies that demand high temperatures at the target area and
high radiant fluxes, are usually called light sources. The differentiation has been made due
to omission of American Society for Testing and Materials (ASTM) standards, mainly
because of intense radiation concentration, high output power, poor beam uniformity, and
secondary approach to spectral match. The output power of artificial light sources,
depending on design, can vary from 2 to 10 000 suns [2,50,90]. In mentioned devices, the
lamps are crucial factor influencing final device performance [90].
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3.2.2. Light sources characterization

Commercially available light sources consists of the lamp, being the heart of whole
device, housing containing reflector, optics and cooling system, and finally the power
supply [91]. The aim of this paragraph is comparative review of popular lamp types for
high-powered light sources with secondary approach to the rest of the equipment. In this
paragraph, the comparison of xenon, metal halide lamps and tungsten halogen will be
presented. Each of mentioned lamps differs in terms of emissive spectrum, irradiance
distribution, luminous efficiency and operational issues (Fig. 3.1.). Choice of final lamp
type for declared research goal is crucial part of whole planning progress. Besides technical
aspects, lamp type determines final cost of device, which can exceed 11 000 $ in case of
xenon light source [92].
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Fig. 3.1. Emissive spectrum range for three presented lamp types: Quartz-tungsten halogen, metal
halide and xenon-arc lamps.

3.2.3. Quartz-tungsten halogen

Quartz-tungsten halogen is much cheaper than arc-type and efficient lamp, with
spectral characteristics quite similar to natural sunlight, however, with maximum emissive
power significantly shifted towards IR [74,93]. Halogen lamps were widely popular in
commercial use of the last decades e.g., for domestic and urban illumination or in the car
industry. Nominal power of commercially available tungsten halogen lamps varies from 1,
10 to 1 000 W. Despite some of the spectral differences with natural sunlight, tungsten
halogen found use in numerous solar thermal research applications [2,73,74,77,90].
Pozzobon et al. [77] presented study of experiments and modelling of wet wood
decomposition. Proposed image furnace was powered by 750 W Tungsten halogen with
two parabolic mirrors.
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Lamp construction

A halogen lamp is a type of incandescent lamp, where a tungsten filament is
surrounded by halogen gas in the form of bromine or iodine, heated with an electric current
(Fig. 3.2.). [90]

L il

Fig. 3.2. Tungsten halogen lamp structure (1-base, 2-tungsten filament, 3-tungsten atoms, 4-halogen
atoms, 5-oxygen atoms, 6-quartz bulb).

Burning of tungsten filament is simple and stable process, the lower the electric
current, the lower the filament temperature and its emissive power. This fact provides major
advantage of halogen-type lamps over arc lamps, being the simplicity of emissive power
control in wide range, just with adjustment of the power supply. Simplicity of construction
and low requirements for power supply, allow to easily arrange halogen lamps in multi-
filament light sources to provide more output power. Kongtragool et al. [94] arranged
4-1000 W Tungsten halogen lamps to power gamma-configured Stirling engine. Total
maximum solar input power has been estimated at 1378 W, with heater temperature of 439
K.

Tungsten halogen emissive spectrum

Tungsten halogen lamps provide smooth emissive power distribution with color
temperature of 3400 K, with emissive maximum shifted towards infra-red (IR) regime, with
lower ultra-violet (UV) range [73,90,95]. Quartz-tungsten halogen, presents smooth and
stable spectrum in visible and near IR with very little UV regime. It can be said, that the
lower the halogen nominal power, the shorter the UV emissive range.

3.2.4. Xenon arc lamp

Xenon arc lamps can be found in most of today’s high-power light sources for
biomass conversion research reactors, due to close matching natural sunlight with intensity
and spectrum [31]. Boutin et al. [96] and Authier et al. [76] presented image furnaces for
flash pyrolysis of biomass, powered by 5 kW xenon-arc lamp with two parabolic mirrors.
Grenli [75] investigated intermediate pyrolysis of single biomass pellet with direct sample
heating by xenon arc lamp radiation. Lédé [97] investigated ablative pyrolysis of biomass
particles with xenon arc lamp, as a source of high-density heat flux in image furnace. With
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proper arrangements and concentration method, xenon lamps can easily produce incident
heat fluxes as high as 106-10” W/m? at the focal point.

Lamp construction

Xenon-arc lamp is typical example of discharge lamp. In presented lamp type, the
source of radiation is the ionized xenon arc. Quartz bulb contains xenon gas under very high
pressure, up to 4 MPa (Fig. 3.3.) [90]. Ignition of xenon arc demands very high direct
current (DC) impulse (20 000 to 50 000 V), with continuous care for stable power supply,
in order to stabilize the arc and prevent any flicking or gleams. Once arc is formed, the lamp
operates at lower voltages with higher electric current, reaching up to 50 A, emitting bright
light with significant amount of emitted heat, so the need of cooling occurs. Cooling is
usually carried out by forced convection of air or with cooling liquid system. Xenon arc
lamps are highly energy-consuming, and demand stable and smooth characteristic of the
supplied power, what leads to conclusion, that almost 50% of total device cost stands for
power supply only. Due to fragility of plasma arc, adjusting power supply parameters in
order to regulate output power can vary between 70-100% in order to provide stable plasma
arc. Further regulation must be done with regulation of the focal point position, external
shutters or AM filters to cut out some of the power from emitted spectrum.

()
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Fig. 3.3. Construction scheme of xenon-arc lamp (1- positive terminal, 2- cathode, 3-discharge arc,
4-anode, 5-negative terminal, 6-quartz bulb, 7-xenon).

Xenon arc lamp spectrum

Xenon arc emits bright radiative flux (3 000 cd for 1 000 W lamp), that shows a
good spectral fit with the natural sunlight, with color temperature reaching 6200 K [74].
Presented lamps benefit from an excellent quality and stable spectrum in the UV and visible
regimes. Their emission peaks in the IR range can be filtered if required [90].

3.2.5. Metal halide lamp

In a metal halide lamp, the light is produced by an electric arc which is generated
through a gaseous mixture of vaporized mercury and metal halide compounds under a high
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pressure, ranging from 1 to 3.5 MPa [90]. Metal halide lamps are commonly used in
industrial illumination and they are still under development as light sources in high-powered
light sources instead of xenon arc lights, whose tend to have high power consumption and
high electronic driver costs [74]. Presented lamps has been a subject of numerous studies
on solar simulators for photovoltaic studies, yet hardly powered any reactor for biomass
conversion [86,88,98].

Lamp construction

The construction of metal halide lamp is somehow similar to halogen and xenon-
arc lamp as well (Fig. 3.4.). The idea is based on arc-lamp enclosed in outer bulb, mounted
in one socket with two electrodes. Metal halide lamps are perceived as efficient radiation
source with long lifetime and low-risk exploitation.

! T) 3
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Fig. 3.4.. Construction scheme of metal halide lamp (1-base, 2-discharge arc, 3-electrode, 4-quartz
bulb, 5-metal halides).

Metal halide lamps spectrum

The metal halide lamp is an artificial light source that emits a radiation spectrum
that closely mimics that of natural sunlight. Metal halide emissive spectrum yields very
close matching with natural sunlight in UV and near visible light regions, with color
temperature varying from 4 000-6 000 K, depending on the lamp construction [90]. The
intense infrared energy spikes that xenon lamps emit require either forced air cooling for
low wattage lamps or water cooling for higher powered lamps [86,88].

3.2.6. Comparison of the lamps technical data

Table 6 lists technical parameters of presented lamp types. From operators point of
view, the crucial parameters are average life time of the burner, internal pressure, as the
safety issue, color temperature and finally conversion efficiency. Tawfik et al. [90]
presented a comprehensive review of lamp types for solar-thermal applications. In his work
conversion efficiency was expressed as a percentage ratio between radiant output power
and nominal electrical power of the lamp.

Table 6: Comparison of technical parameters for the tungsten halogen, metal halide and
xenon-arc lamps [90]
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Criterion Tungsten halogen Metal halide Xenon arc
Average life time, h 35-480 1000-6100 400-3500
Internal pressure, MPa 0.7-1.0 1.0-35 1.0-4.0
Color temperaturg, K 2100-3350 4000-6000 6000
Average conversion efficency, % 10.2 24.6 18.8

Table 7 lists some of the recently developed solar pyrolytic reactors, based on artificial light
sources. Undeniably the most popular lamp type chosen by researchers is xenon-arc lamp,
with no denoted studies using metal halide lamps so far. Both tungsten halogen and xenon
arc lamps provide good thermal performance for the biomass conversion process. In case
of pyrolysis, presented artificial solar reactors proved reaching wide range of temperatures
and heating rates covering slow, intermediate and flash pyrolysis technology requirements
[51,66,75]. Incident heat fluxes listed in are the product of lamp radiant power and radiation
concentration method. The highest incident heat fluxes has been denoted for using elliptical
mirrors concentrating radiation on a very small target area [51,96].

Table 7: Summary of the recently developed solar pyrolysis reactors based on artificial
light sources with emphasis on the operating parameters
Nominal . Incident heat flux Process
Lamp type power, W Concentration method [W/m?] 10° temperature [°C] References
xelr;?:parc 5000 Two elliptical mirrors 1.000-7 400 800-100 [36]
Xelnaﬂpa“’ 5000 Parabolic dish 200-700 750-900 [43]
Xenon arc ; Lamp reflector 80-130 300-550 [35]
lamp
Xelr;?r':parc 5000 Parabolic dish 200-900 550-850 [39]
Tungsten lamp 750 Two elliptical mirrors 60-180 700-800 [32]
Xenon arc 1600 Single elliptical reflector 2200 800-900 This study
lamp (absorbed 170-200)

Fig. 3.6. presents a summarizing diagram of the decisive actions taken during the
choosing process of the light source for the solar pyrolysis study. The most crucial part for
the different lamp types evaluation were criteria’s of: (i) sufficient heat supply and (ii)
match of the lamp emissive spectra and spectral power distribution with natural sunlight.
Based on the presented assumptions, the QTH lamps, despite great aspects of low price and
high availability on the market, had to be disqualified due to the highest emissive power in
the IR. The only lamp types that were able to provide stable radiant heat flux with maximum
emissive power in VL were xenon arc and metal halide light sources. As no metal halides
were available on the Polish/European and even American and Asian markets, the choice
of the lamp was narrowed to the xenon arc lamp suppliers offers. Among numerous offers
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of the different xenon-based light sources suppliers, comprising Canadian, German,
American, Polish, and Japanese suppliers, the final choice was a Canadian 1.6 kW (XLH-
E-1600X® by Sciencetech-Inc.) light source with a single elliptical reflector radiation
concentration method. Chosen offer provided the best ratio of emissive power to price, and
as the only company that have had experience with biomass solar-thermal conversion
applications. According to the documentation, the lamp provides a highly-focused beam
with an estimated power of 288 W and a heat flux density of up to 2.2 MW/m? based on the
average xenon arc lamp efficiency [90].
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3.3. Bench-scale solar pyrolysis reactor project

Fig. 3.7. presents the experimental setup of the laboratory-scale solar pyrolysis
reactor. The general idea of the reactor is to provide indirect heating of biomass with xenon
arc lamp radiation through the opaque, highly-conductive reactor wall. Indirect heating is
innovative approach to solar pyrolysis, as previous studies reported on transparent reactors,
with denoted severe heat losses from the biomass reflective surface. Another factor favoring
opaque reactor wall is potential contamination of the transparent wall during the process,
impeding a radiative heat supply to the feed. General idea of the reactor setup is to heat the
biomass located inside the copper reactor (Fig 3.7. 2) with xenon-arc lamp radiation
(Fig 3.7. 1), and direct the volatile pyrolysis products to the condenser system (Fig 3.7. 4),
where the bio-oil is trapped. Simultaneously, online measurements of the process
parameters are carried out with the programmable logic controller (PLC) controller placed
in the sealed and secured from lamp radiation locket (Fig 3.7. 3). Crucial for the stable
xenon-arc lamp operation during experimental operation, as well as its power regulation is
a dedicated power supply providing stable DC power, preventing xenon arc from any
instabilities (Fig 3.7. 5).

Fig. 3.7. Research stand for a study on the solar pyrolysis of waste biomass (1- xenon arc lamp, 2-
insulated copper reactor, 3- data acquisition system container, 4- reactor outlet, liquid fraction
condenser, 5- arc lamp power supply).

48
Szymon Sobek, Ph.D. Thesis



Experimental investigation of the solar pyrolysis of waste biomass Chapter 3

3.3.1. Reactor bed design

To ensure a uniform temperature field on the reactor walls, and thus uniform
heating of biomass pellets, copper has been adopted as a highly-conductive material.
An untreated shiny copper surface may cause significant losses of incident heat flux due to
the high reflectivity of copper. To provide better black body parameters for the reactor
surface, a highly-absorptive coating for commercial solar application has been
implemented. Heat losses caused by the high temperature of the reactor walls involved using
commercial thermal insulation on the outer reactor wall as well as a reactor copper slab with
4 channels with inner diameters of 10 mm. The reactor outer dimensions are: 160 x 69 x 18
mm (length, width, height) as presented in Fig 3.8.a. Due to the anticipated high temperature
of the reactor surface, thermal insulation needs to be applied to provide a uniform
temperature of the reactor during the experiments. Porogel Plus Pyrogel® (PPP) is an
insulation mat, which is manufactured by a nanotechnology process and mainly used in
power engineering and industry. PPP is used at temperatures from -40 °C to 650 °C, with a
heat transfer coefficient 0.014 W/(mK) at a thickness of 5 mm.
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Fig. 3.8. a) Solar pyrolysis reactor cross section with b) illustrated feedstock thermocouples
location (T1-T6).
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3.3.2. Temperature measurement

Temperature measurement is vital for the study, and is executed by a set of 6 from
16 total k-type thermocouples inside the 6 biomass pellets located in the first two reactor
channels (Fig 3.8.b). The actual process temperature recognition is crucial to build
conclusion of temperature influence on final product yields. Copper net with a wire diameter
of 0.5 mm and quadratic spacing of 0.5 mm was adopted to form and inline pellets, as well
as firmly locate thermocouples inside the particles. Due to the uniform dimensions of the
pellets and their precise arrangements, the temperature will be repeatedly measured at
previously-selected points in a series of experiments. Temperature measurements were
conducted with a set of 6 thermocouple connections located within the pellet bed (Fig.3.8b).
K-type thermocouples, with a measurement range of 0-1200 °C, uncertainty +1.5 K, and
outer diameter of 0.5 mm, were located in precisely drilled holes in 6 feedstock pellets.
Temperatures of the reactor were measured with 4 identical K-type thermocouples located
(axially-symmetrical) between the non-irradiated reactor wall and insulation. The
thermocouples signal was recorded by two 8 socket WAGO thermocouple 750-458 module
and recorded with WAGO PFC100 PLC with the sampling interval of 1 s. The temperature
distribution among 6 uniform pellets within the same feedstock was perceived as a random
test population being heated under uniform conditions. Expected feedstock temperature and
its standard deviation were estimated with Student’s t distribution for n=6 random
temperature observations for 90% confidence interval and degree of freedom v=n-1, for
every second. The confidence interval (Cl) Eq. (3.1) of measured temperature was
calculated as:

_ Sy
Cl=(Tttyy ﬁ) @1
n=6 =2
§2 = zi=1 (Tn —-T) (3.2)
" n—1

Having determined unbiased estimate of the sample variance, S?, one can easily determine
the standard deviation estimate, s, with square rooting of the Eq. (3.2), which will be further
presented as a temperature measurement accuracy criteria.
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3.3.3. Pressure measurement

In order to determine pressure drop in a fixed bed, the smart pressure transmitter
APC-2000G ALW has been adapted. Pressure measurement is carried out between static
pressure points at the reactor inlet and outlet of pyrolysis gasses.

3.3.4. Data acquisition system and methods

For the purpose of measurements data acquisition the WAGO Programmable logic
controller (PLC) equipped with dedicated 2 modules for thermocouples and 1 universal
analog input module were adapted. The heart of the system was WAGO PLC-PFC1000
(series number 750-8100) providing a link between signal gathering modules from
thermocouples (750-458) and analog devices (750-496): pressure transducer and the El-
Flow flow meter. Process data were collected by the laptop with installed WAGO e!Cockpit
software, where own-implemented script based on WAGO Datalogger function block was
directing data to the .csv files each second, while WAGO DataPlotter web-application was
plotting momentary values of the measured quantities onto the computer screen.

3.3.5. Liquid products separation and cooling system

Heavy and condensable bio-oil vapors are naturally directed to the set of 5 quartz-
glass spiral coolers, supplied with cold water from the cryostat. Cooling water temperature
was compromised between the vapor cooling effectiveness and freezing point of the
cryostat evaporator, resulting in a 2.0-3.0 °C dependent on ambient conditions. Cooling
water flow through the spirals was kept at a maximum flow-rate in order to maximize the
forced cooling of the vapors. The cryostat outlet with the lowest water temperature was
connected to the spiral farthest from the reactor outlet (closest to the analyzers), creating
counter-current heat exchange between the cooling water and a process gas. Effective
cooling of the pyrolysis process gas is crucial from the two points: (i) vapors must be
condensed ina 100% in order to determine the mass balance of the process, (ii) IR analyzers
must be protected from any condensation inside the measurement cell. Condensation of any
liquid (especially heavy bio-oil compounds) can damage the reflective surface of the cell
and cause error in the measurement or even damage the device.
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3.3.6. Infrared gas analyzers setup

The unit consists of ABB URAS 2020 and SIEMENS Ultramat 6 gas analysers, an
additional gas cooler, and a heated hose for sampling. The analysers allow for the
measurement of CO; content (range: 0 - 20%), O (range: 0 - 25%), SO (range: 0 - 1%),
NO (range: 0 - 2500 ppm), and CO (range: 0 - 30%). The measurement signals are sent to
the automation system via radio using Satel radio modems, and data acquisition system.
The gas analyzer setup consisted of 4 analyzers based on NDIR technique. Two ABB Uras
14 modules were responsible for CO, CO, and O, detection, while two Siemens Ultramat
6 analyzers measured CH4 and H. formation. Gases measurement range was 0-30 vol.% for
CO and CO», 0-25 vol.% for O, 0-10 vol.% for CH4, and 0-5 vol.% for H,. The sampling
interval of the analyzers was 1 s.

3.3.7. Solar pyrolysis experimental setup

The reactor inlet was connected to the inert gas pressurized bottle through the
pressure reducing valve. After pressure reduction, the inert gas path was divided into two
routes, one supplying the reactor and the second providing a controlled leak of nitrogen to
the atmosphere, whose rate was controlled by another rotameter without affecting the main
inert gas flow. This setup provided a safe outlet for excess pressure to the system that could
be initiated during experiment failure, which otherwise could damage the analyzer cells.
The main inert gas stream was directed into 4 channels through a main inert gas rotameter,
passing through the bed. The reactor outlet was collected gases and vapors passing them to
a condenser consisting of a set of 5 quartz spiral coolers supplied with cold water provided
by the cryostat. Next, the dry, cooled gas was directed through gas analyzers for evolving
species recognition during the process. The gas path was kept as short as possible to provide
quick response of the analyzers to feedstock behavior during the solar pyrolysis process.
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Fig. 3.9. Solar pyrolysis reactor setup.

Measurement uncertainties and errors

Precise recognition of experimental uncertainties and errors was crucial reliable and worthy
experimental data, which could be used for validation of numerical CFD models [99,100].
The highest uncertainty within this study was expected to arise from pyrolysis gas yield
calculations using Eq. (9.3). According to ABB and Siemens NDIR analyzer manuals, even
after calibration, they possess an error of 0.2 and 0.5 % of the maximum measured range
value, respectively. This deviation was taken into account for calibrated ranges of measured
species, in which the maximum deviation of gas yield was calculated. The temperature
measurement uncertainty was £1.5 K according to thermocouple specification, while the
uncertainty of laboratory precision balance used to weight the chars and feedstock was +1
mg.

Table 8: Uncertainties of key measurement instruments.
Measured parameters Uncertainity
Temperature (K-type thermocouple 0-1100°C, Ist class accuracy) +1.5K
N, flow rate (Bronkhorst El-Flow Prestige, FG-111B 0-300 NI/h) +0.40%
Gas composition (ABB A02020 Uras 14 CO, CO,, Oy) +0.20%
Gas composition (Siemens Ultramat 6 CH,, Hy) +0.50%
Mass balance £l mg
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3.4. Experimental procedure for the solar pyrolysis experiments

3.4.1. Sample preparation

For a single experiment a total mass of 20 g of specific biomass type was
decomposed. Feedstock pellets with an outer diameter of 6 mm and total length of 10£0.5
mm, were placed inside the thin copper net, with a wire diameter of 0.25 mm and space size
of 0.5 mm. Six holes with 0.5 mm diameters were drilled (Fig. 3.7.) in centrally located
pellets for thermocouple location. Packing pellets with copper net inside the reactor was
adapted to firmly locate the thermocouples as well as providing easy char collection after
the process. During the process, thermocouple connectors and wires were kept away from
the radiation source to prevent any false heating of the temperature signal path.

Thermocouples Copper net

Reactor [/ [giomass]/ {
channel Q &l pellets “ 2 [g‘\ % l{ ?

Fig. 3.10. Scheme of biomass samples location inside the solar pyrolysis reactor, with denoted
thermocouples joints placement.

3.4.2. Investigated variables

For the study, waste biomass behavior during solar pyrolysis is investigated for the
variable xenon arc lamp power. Due to the technical limitations of the xenon arc lamp
technology, mainly due to the stability of the arc, selected power levels of 90, 95, and 100%
of total 1.6 kW power were adapted.

3.4.3. Main stages of the solar pyrolysis experiments

1) Feedstock preparation: cutting of the biomass pellets to a uniform length, and
uniform distribution of the samples across four reactor channels.
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2) Drilling of the thermocouple ports in 6 selected pellets, and careful placing of the
thermocouple joints inside the drilled samples.

3) Feeding of the biomass pellets with thermocouples into the reactor channels.
Sealing the screw connection with silicone seal-cylinder.

4) Assembly of the gas path line from nitrogen pressurized tank through the reactor,
cooling system and the gas analysers. After the connection is set, a pressure
tightness test is performed.

5) Establishing a steady state: launching a data acquisition system, setting nitrogen
flow rate, 1 I/min, and gas analysers. Steady state is established when
thermocouples, pressure, and flow rate values reach stable level. Purging of the
reactor system is complete, when oxygen indication on the gas analyser drops
below 0.01 vol.%.

6) Ignition of the xenon-arc lamp. Beginning of the of the measured variables record
on PLC.

7) Experiment is finished when gas analysers indications reach initial steady state
values.

8) After cooling the reactor is opened, and solid residue is weighted and stored. Bio-
oil condenser is disassembled and collected liquid is washed out with acetone, and
stored. Recorded data are downloaded from the PLC and stored at the computer’s
memory.

3.4.4. Products collection and yields calculation

Solar pyrolysis products were collected upon cooling of the reactor to room
temperature after the process. Biochars were collected from the reactor in the copper net
and weighted, and then the solid product yield was calculated (gcnar) using Eq. (3.3). Liquid
products were collected from the first dripping condenser and preserved in dark glass for
further chemical and environmental analysis. Gaseous products were released into the
atmosphere via the ventilation system, after passing it through the gas analyzer system. The
pyrolysis gas yield (gqas) calculation was based on the gas analyzer results and partial
densities of the specific species, calculated for the measured temperature of the gas, which
throughout the experiments was kept at ambient temperature, according to Eq. (3.4.).
Volumetric shares were determined by the analyzer in combination with the actual density
of the mixture (pgas), Which in turn allowed the mass of released gas to be calculated. This
was conducted under known analyzer sampling flow rate ¥, determined by both analyzer
rotameter and Bronkhorst El-flow flow-meter that was mounted after the bio-oil condenser
system (Fig. 3.9.). Bio-oil share (goil) was calculated as the difference obtained from the
balance Eq. (3.5). The formulas for product yield calculation are given below.
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Together with product yields, as well as its energy content based on calculated empirical
correlation for HHV (1.3), it is possible to calculate energy upgrade factor (EUF), which
was the ratio of the useful chemical energy difference between solar pyrolysis products and

feedstock, related to the initial chemical energy of feedstock:

3
ZgiHHVi —HHV g
EUF =+,

HHV

feed

(3.6)
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4. Thermogravimetric analysis of the
feedstock behavior during pyrolysis

Thermogravimetric analysis (TGA) is a thermo-analytical method used to
determine the rate of the decomposition process of the specified material under various
atmospheres. The main investigated variable is the mass loss of the sample during
isothermal or non-isothermal conditions. At isothermal conditions, the measurement starts
with pre-heating ramp of the apparatus with the sample to designated temperature, and later,
the balance measures the sample mass loss as a function of time. During non-isothermal (or
dynamic) TGA, the mass loss is determined at a constant heating rate, and the measurement
is terminated at specified temperature. Historically-wise in biomass conversion field, non-
isothermal measurements are leading in terms of reliability over isothermal ones, due to
omission of unavoidable non-isothermal behavior of the sample during pre-heating, and
ability to investigate process rate at a wide temperature range within a single run. In general,
TGA provides information about physical phenomena, such as phase transitions,
absorption, adsorption and desorption; as well as chemical phenomena including
chemisorption, thermal decomposition, and solid-gas reactions (e.g., oxidation or
reduction). The whole process is conducted on an instrument referred to as a
thermogravimetric analyzer. A thermogravimetric analyzer during the measurement
continuously records mass while the temperature of a furnace, and sample is changed over
time. A typical thermogravimetric analyzer consists of a precision balance with a sample
pan located inside a furnace with a programmable temperature control device. During
dynamic measurements, the temperature is generally increased at constant heating rate (or
for some applications the temperature is controlled for a constant mass loss) to incur a
thermal reaction. The thermal reaction may occur under a variety of atmospheres including:
ambient air, vacuum, inert gas, oxidizing/reducing gases, corrosive gases, carburizing
gases, vapors of liquids or "self-generated atmosphere". For the pyrolysis TGA
measurements, the sample decomposition is investigated usually under a nitrogen
atmosphere, rarely using other inert gasses e.g., argon. The thermogravimetric data
collected from a thermal reaction are compiled into a plot of mass or percentage of initial
mass profile over temperature.
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4.1. Obtaining computational-worthy data

Extensive work on recommendations and advice for kinetic data gathering and
further computations was published by International Confederation for Thermal Analysis
and Calorimetry (ICTAC) Kinetics Committee in a series of publications [101-104].
Within this section, only a summary of the ICTAC input will be presented and discussed,
addressing key-issues of the task consisting of the doctoral dissertation.

The most crucial part of the measurement accuracy is to provide an accurate
temperature of the reacting sample. Thermal analysis instruments control precisely the
reference i.e., furnace temperature, while the sample temperature can deviate from it due to
its limited thermal conductivity or due to the thermal effect of the process that may lead to
self-heating/cooling. The severity of this problem increases with larger sample masses and
faster heating rates (or higher temperatures), so the need for preliminary tests to demonstrate
that there is no sample mass dependence is highly advised. This can be easily executed with
a few runs on samples of two markedly different masses, e.g., 10 and 5 mg, and making
sure that the obtained data give rise to the kinetic curves that can be superposed or, in other
words, are identical within the experimental error. Otherwise, the sample mass needs to be
decreased until the superposition is accomplished. Sometimes within the literature, a
tendency can be denoted to favor extremely small sample mass investigated at TGA, even
less than 1 mg. This practice is motivated by the desire to minimize the diffusion effects on
the recorded signal. The diffusion of the reactants through the solid-state sample is
especially crucial for the processes carried out under a reactive atmosphere e.g., oxy-
combustion. In that case, the effort must be focused on obtaining kinetic data not limited by
the diffusion of the oxygen through the sample, by minimizing diffusion resistance, usually
by decreasing the sample mass or increasing the crucible area. However, for such a small
sample mass, some extra non-diffusion deviations or floating of the signal can occur, caused
by strictly technical issues of the insufficient balance resolution or dynamic effect of the
carrier gas flow through the crucible. Luckily, the diffusion effect usually has minimal
impact on the kinetics of the pyrolysis process for samples within 5-10 mg under an inert
atmosphere, where the process is not limited by the inert gas. However, the higher the
particle size and general mass of the investigated sample, temperature errors may occur
caused by thermal conductive resistance, which combined with self-heating can cause
thermal-lag of the sample to reference temperature, causing problems in later kinetic data
interpretation.

4.2. Thermogravimetric analysis setup

Waste biomass behavior during pyrolysis was investigated on STARe System TGA/DSC3
HT 1600 manufactured by Mettler Tolledo. Main conditions of the non-isothermal
(dynamic) TGA analysis are listed below.
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e Single experiment was carried out for the 5 mg of the milled, non-sieved biomass
samples in Al,O3 crucible pans.

e  Pyrolysis conditions were provided by the 50 ml/min nitrogen flow.

e Biomass decomposition was investigated at heating rates from 5-40 K/min.

e Each heating rate was investigated at temperature range 25-700 °C, without
repetitions.
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5. Kinetic analysis of the solar pyrolysis
process of the waste biomass

In this Chapter all the kinetic computations carried out during the Ph.D. are
summarized and presented. For the purpose of the study, the latest techniques were adapted
from the relevant literature comprising model-based and model-free, isoconversional
kinetics. In the forthcoming paragraphs basic principles of the kinetic analysis of the solid-
state reactions are presented with further presentation of the techniques used for pyrolysis
kinetic modeling of the waste biomass.

b.1. Condensed-phase kinetic analysis principles

Kinetics deals with measurement and parameterization of the process rates.
Thermal analysis is concerned with thermally stimulated processes, i.e., the processes that
can be initiated by a change in temperature. The rate can be parameterized in terms of three
major variables: the temperature, T; the extent of conversion, «; the pressure, p as follows
[105]:

%—k(r)f(a)b(m (5.1)

T

The pressure dependence, h(P) is ignored in most of kinetic computational
methods used in the area of thermal analysis. It should, however, be remembered that the
pressure may have a profound effect on the kinetics of processes, whose reactants and/or
products are gases. However, as pyrolysis and gasification is usually carried out at
atmospheric pressure, the pressure addend h(P) can be neglected. A satisfactory
understanding of biomass pyrolysis can result in the dramatic development of a biomass
conversion process [106]. The energy balance present in Eg. (1) does not consider
phenomena such as heat conduction in solids, heterogeneity of reactions, secondary
reactions and diffusion, or density changes in the sample, etc. Over the years, researchers
have attempted to solve the mystery of the pyrolysis mechanism by proposing new reaction
models. There are two main approaches for the calculation of kinetic parameters, depending
on whether the reaction mechanism (model) is known or not. John E. White et al. 2011
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[107] presented a comprehensive review of recently used kinetics estimation methods,
comparing the reaction model approach with iso-conversion. The model-based approach
assumes a known reaction mechanism and is the correlation between the equations of
decomposition functions (models). In case of kinetic modelling of pyrolysis choice of
reaction type and mechanism is crucial. Moukhina [108] presented comprehensive study on
determination of reaction mechanism based on TGA data showing how to recognize system
of consecutive, independent or competitive reactions. In this approach, the appropriate
reaction model is selected on the basis of a best regression fit, or master plot method
described and discussed elsewhere [78]. In the case where the reaction mechanism is fairly
unknown, Vyazovkin et al. [104] reviewed computational methods to estimate Kinetic
parameters based on isoconversional assumptions. The model-free kinetics originated from
an iso-conversional principle that allows the reaction model to be eliminated from kinetic
computations. This principle states that the reaction rate at a constant extent of conversion
is only a function of temperature.

5.1.1. Canonic solid-state rate equation

The rate of virtually any thermally-driven processes can be expressed as a function
of temperature, T, and rate of conversion, a:

da =k(T)f(a) (5.2)
dr

The rate of decomposition, sometimes referred to as the extent of reaction, is defined as the
mass loss of a biomass sample during the decomposition at a certain time, in relation to the
initial feedstock mass:

o= 0 T (53)

5.1.2. Arrhenius formula for the rate constant

In theory, every thermally-driven chemical reaction obeys the Arrhenius equation,
expressing the formula for homogenous reaction constant. When the Arrhenius equation is
applied to Eq. (5.2), a kinetic equation for the isothermal single-step canonical reaction is
obtained:
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da -F
e Aexp(RT]f(a) (5.4)
In kinetic theory, the activation energy is defined as the amount of energy needed for the
formation of products by closing the distance between the reactant molecules or increasing
their kinetic energy, and A is pre-exponential factor, which is defined in kinetic theory as
reaction rate at infinite temperature, or the probability of a successful collision between two
reacting molecules, whose units are the same as the reaction constant.

5.2. Model-free, isoconversional and model-based kinetics

Within this paragraph, a brief presentation of the model-based and model-free,
isoconversional Kkinetics is presented. Along basic introduction, some latest techniques
listing deconvolution and master plot are presented as a supplementary material to enrich
the spectra of the kinetic computations of the dissertation.

5.2.1. Model-based kinetics

In solid-state Kinetics, especially for the non-isothermal degradation of complex
materials, the Arrhenius parameters are highly dependent on the f(a) chosen [109]. When a
thermoanalytical experiment e.g. TGA is conducted under a heating rate, S, K/min, (5.5)
both k(T) and f(a) change simultaneously during the measurement, hence a single run
contains highly correlated information about both the temperature and conversion
dependencies of the process rate [110], Eq. (5.4 and 5.7). During inverse kinetic analysis,
this correlation reveals itself with a drastic change of Arrhenius parameters values with an
assumption of different f(a).

dT
p= (5.5)
da da (5.6)
o Par
da A -E (5.7)
d—T = ﬁexp[mjf(a)

In model-fitting Kinetics the applicability of specific f(a) chosen is determined
based on statistical fit to experimental data [109] or master-plot methods [78,109,111-115].
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The principle equation for the elementary reaction step Eq. (5.7), states that kinetic
parameters are constant for the reaction extent. All the conversion dependency is encrypted
in reaction model, f(a), being a mathematical expression of the conversion function. Big
advantage of model-fitting kinetics is ability to create complex kinetic models, with number
of elementary kinetic steps, having the specific kinetic triplet, bounded by independent,
consecutive or parallel mechanisms [34,108,112,116-118].

The various pyrolysis models can be divided into three principal categories: single-
step global reaction models, multiple-step models, and semi-global models [107]. The
proposed models comprise a pyrolysis reaction as a set of processes that occur globally,
discretely, along, independently, competitively, consecutively, or some combination
thereof, described by non-linear regression fit. The single-step model assumes one global
activation energy for the entire process. The semi-global models assume that the pyrolysis
of biomass can be divided into two or three independent reactions, each with its own rate
of product formation (volatiles and char). This method allows the consideration of
secondary reactions and a lumped analysis of the system, without considering the biomass
structure, where the products are produced through single-step or multi-step reactions. The
most complex multi-step models consider various numbers of formation reactions during
pyrolysis. The final computational effort involves several reaction models, each with its
own Kinetic parameters and a known correlation between them (reaction mechanism),
which is still not entirely known for pyrolysis. Researchers investigating lignocellulosic
biomass pyrolysis have proposed a distributed activation energy (DEAM) model, as
originally proposed by Vand. This model, developed over several years, distinguishes
biomass structure for three main components: cellulose, hemicellulose, and lignin. The
decomposition of each component is described by their own pseudo-nth-order rate integral
form, which leads to a final non-isothermal reaction rate equation through derivation, where
the activation energy is described by Gaussian or Weibull distribution with a specified
standard deviation [119]. Trinth et al. 2019 [84] investigated pyrolysis kinetics of two
energy crops collected from phytoremediated soils. Study established three-
pseudocomponent kinetic model adressing biomass components with activation energies
within 20-103.55 kJ/mol and reaction orders within 1.01-1.99. Mangut et al. 2006 [33]
published kinetic data from the pyrolysis of waste biomass from a tomato processing
factory, and his model consisted of 12 reactions identified from the DTG curves. While
useful in some cases, multi-step models are still limited by the incorporation of several
independent serial reactions [107] which are vulnerable to cascade error from inaccuracies
in single reactions.

Main assumptions of the model-based kinetics

The model-based calculation approach is usually based on selection of the reaction
model a priori. The first assumption for the model-based method is stated that the reaction
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consists of several elementary reaction steps, and the reaction rate of each step can be
described by an own kinetic Eq. (5.8), depending on the concentration of the initial reactant
aj, the concentration of product bj, the pre-exponential factor A; and the activation energy
Ej, specific only for this step with number j.

Within this thesis, a kinetic computations were performed using a licensed software Netzsch
Kinetics Neo. In this software, reaction models are expressed as fj(a;,b;), where a; and b;
stand for normalized concentrations of reactant and product respectively, where the latter is
usually presented in the literature as (1-a;). According to this manner some examples of
known reaction models are: nth order based reaction f = b", Sestak—Berggren f = a™b" or
one-dimensional diffusion f = 0.5/a. At first sight this notation may seem misleading,
however it is extremely convenient during the calculation of multi-step kinetic models,
where each elementary step species has its own reactants extents, a,b,c,d,...

The second assumption for model-based analysis states that all kinetic parameters
like activation energy, pre-exponential factor, reaction orders, and reaction models are
assumed constant during the reaction progress for every individual reaction step.

The third assumption for model-based analysis: total thermoanalytical signal,
Eq.(5.9) is the sum of the signals of the single reaction steps. The effect of each step is
calculated as the reaction rate multiplied by the effect of this step (for example enthalpy
change or mass loss).

dla, —b, -FE

da ) _ 7( 4 ') =A exp| —Z

dr ! dr / RT
k

}f(aj,bl.) (5.8)

m=m,—Am- {Z;’llj(d( b)] T] (5.9)

In the case of single-step reactions, where the reaction model remains constant for the
duration of the process, both model-based and model-free should provide results with the
same Kinetic parameters, which are fixed (for model-based) or almost constant (for
isoconversional) during the reaction. For complex processes, where the kinetic mechanism
is changing, a big difference appears in the interpretation of the two methods results,
provided by different approaches. For isoconversional methods, change of the model is
described by the continuous change of kinetic parameters with the increase of reaction
extent. For model-based methods, the change of the kinetic mechanism is simulated by
several reaction steps, with own kinetic triplets, ranked in a specific order.
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b.2.2. Numerical techniques for the deconvolution of the overlapped signal

Multi-step kinetics commonly manifest themselves in the form of overlapped rate
peaks as measured by differential TGA. In the present context “deconvolution” means
resolution of the overlapped rate peaks into individual rate peaks that can be expected to
represent individual reaction steps [103]. Deconvolution methods are numerical procedures
based on multiparametric optimization procedure of fitting the root function to a designated
signal, usually expressed as da/dz. Lately, an elegant Matlab self-containing function
peakfit.m was provided by the Tom O'Haver (2021) containing a set of functions ready to
treat very complex overlaps in a different kinds of signals. The following various
deconvolution root functions are used in the latest literature [120]:

. 1| x—a, ’
Gasussian: y =a exp| —— (5.10)
2\ a,
. a
Lorentzian: y = ————
_ 5.11
1+ X 31} ( )
32
Weibull:
(1-a,)/a, 1/a, 571 1/a, |®
y=a, a,—1 x-a a,—1 expl— X-a a,-1 +513—1 (5.12)
a3 22 33 aZ a3 23
2
1n(1+2a3X i
Fraser-Suzuki: y = 3 exp{—-In2| —— %2 (5.13)

a4

The last function presented, Fraser-Suzuki function, gains considerable interest in
the latest kinetic literature. M. Hu et al. [78] presented excellent study on lignocellulosic
biomass pyrolysis kinetics with implementation of the Fraser-Suzuki deconvolution. The
special ability of the mentioned function lays in additional parameter, dimensionless
asymmetry, as, and providing excellent fitting ability to complex and overlapped profiles in
multi-step models. However, inverse fitting of the rate equation with traditional reaction
models to the latter is problematic, and usually sets the need to evaluate the most probable
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f(o) functions for separated pseudo-components. This can be done by secondary
isoconversional analysis of the reintegrated pseudo-components conversion profiles
forming pseudo-TGA mass loss profiles of the specific pseudo-components. In the
mentioned study the pyrolysis mechanism of bamboo pseudo components after
deconvolution obeyed the theoretical models, random scission model f{o)=2(a? - @) for
cellulose and third-order model f{a)=(1 — «)® for hemicellulose and lignin.

b.2.3. Isoconversional principle

Thanks to the development and popularization of isoconversional kinetic methods,
conversion dependency of E. can be well estimated without f{a) assumption, previously
assumed arbitrary [84,121] or identified using master-plot methods [78,112]. The latest
work of Vyazovkin [110] showed, that isoconversional Kinetics are well capable of
predicting not only activation energy, yet frequency factors as well as yield information
about the actual reaction models, thus arguably whole kinetic triplets normalized for the
conversion extent, a=(0,...,1).

The isoconversional kinetics takes its origin in the isoconversional principle that
allows one to eliminate the reaction model from kinetic computations. The principle states
that the process rate at constant extent of conversion is only a function of temperature [105].
For the a=const, the following assumptions are easy to derive from Eq. (5.7) by taking the
first logarithmic derivative.

Odln(da / dr) | Olnk(T) N olnf(a) (5.14)
a T_l a=const a T_l a=const a T_l a=const

Further investigation of Eq. (5.14) with a=const assumption leads to a conclusion that
addend consisting reaction model f{a) is zeroed, and the rest reduces to an elegant Eq.
(5.15), revealing the isoconversional (apparent) activation energy specific for
corresponding a.

oln(da / d7) _—E,
6T71 a=const - R (515)

It follows from Eq. (5.15) that the temperature dependence of the isoconversional rate can
be utilized to determine the isoconversional values of the activation energy, E, without
identifying or assuming any form of the reaction model. That is why isoconversional
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methods are frequently called as “model-free” methods. While catchy, this term is not to be
taken literally. It should be kept in mind that although the methods do not have to identify
explicitly the model, they still assume implicitly that there is some f{o) that defines the
conversion dependence of the process rate. The temperature dependence of the
isoconversional rate is obtained experimentally by performing a series of runs at different
heating rates. It usually takes three to five runs at different heating rates or at different
temperatures to determine such dependence.

b.2.4. Model-free, isoconverisonal kinetic methods

Friedman method

Henry L. Friedman in 1963 proposed a method description devised for obtaining
rate laws and kinetic parameters which describe the thermal degradation of plastics from
TGA data [122]. The differential Friedman method formula Eq. (5.16) is rearranged from
Eqg. (5.4):

ln[—j =In[ Af(a)] - £, (5.16)

T

where the subscript i stands for the i-th heating rate; T, is a temperature corresponding to
given (constant) o of i-th heating rate; E,, denotes the apparent activation energy, kJ/mol.
In the linear fittings of In(da/dz) versus -1/T, E« can be determined from the slope of the left
side of Eq.(5.16) against the reciprocal temperature for constant values of a; while the A,f(a)
(sometimes called modified pre-exponential factor [123]) can be calculated from the
intercept values. For kinetic computations, the crucial part is the experimental determination
of computational-worthy data, conversion rate profiles da/dz, and accurate temperatures
corresponding to specific conversion points a. Despite being one of the earliest methods,
Friedman formula is very popular and reliable estimate of the Ea, due to its ability to
evaluate isothermal and non-isothermal data, and the lowest errors, laying only within the
thermoanalytical measurement quality [124-128].

Apart from differential methods, also integral methods are equally popular within
the literature [80,129-131]. Integral isoconversional method originated from a different
approach to E, determination with the integration of equation (5) after simple separation of
variables with respect to a.
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a d T —
gla)=| f(Z) ) EXp[R—ij dt (5.17)

Where g(a) is integral form of the reaction model f{a). Simple application of
isoconversional principle (4.15) to Eq. (5.17) results in:

Int .=1n{g(“)}+i (5.18)
a,l Aa RT;,I'

Where 17,,;, represents the time to reach given reaction extent at different temperature T;.
Eq.(5.18) presents also isoconversional integral method for isothermal conditions, where is
determined from the slope of Int,; versus reciprocal temperature, 1/T, plot. For linear
heating rate introduction, the equation (5.17) unfortunately does not have any analytical
solution due to the arising of problematic temperature integral P(E,T).

g(a) =%LTEXP{%}1T =§~P(E,T ) (5.19)

Many of the temperature integral approximations resulted in linear equations of the general
form:

ll{iJ:]I{iJ-Ci (5.20)
T8 Eg(a) RT,

Where C and B are parameters determined by temperature integral approximation. Solving
the temperature integral issue resulted in many approximation formulas, giving birth
popular integral isoconversional methods:

Ozawa-Flynn-Wall (OFW)

AE E

In(B,)=1n «_|-53305-1.052—*= (5.21)
d Rg(a) RT,

Where Doyle approximation was implemented with B =0 and C = 1.052 and intercept value

-5.3305 [132].
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Kissinger-Akahira-Sunose (KAS)

KAS method offered another popular approximation of P(E,T) with Murray and White
formulas, with B =2 and C = 1 [110].

m[i]:,,{i}i 622
T ? E g(a)) RT,

a,i

Pre-exponential factor estimation

The accurate way to determine the values of actual pre-exponential factors A,
without the assumption of any reaction model was developed based on the use of the
compensation effect [110,133,134]. The kinetic compensation effect is a linear correlation
that is known to exist between any set of Arrhenius parameters InA; and E;. Fitting the
calculated values of InA; and E; e.g., by a Friedman method, to a straight line (5.16) allows
to estimate compensation parameters values, a and b:

InA =ak +b (5.23)

Even if the set of InA; and E; values does not include the correct values, the latter still lies
on the straight compensation line. As isoconversional methods are known to give correct
values of the apparent activation energy, substitution of E, into Eq.(5.23) returns accurate
values of InA,[133,134].

Isoconversional reaction model

When both A, and E, are known one can simply reconstruct actual reaction model
profile governing investigated process by introduction of E, and A, to Eq.(5.24), what is a
significant novelty within the field of biomass pyrolysis (or even combustion) kinetics

[110].
[daj
dr
f(a)= <

e —— 5.24
o[£ (5.24)
X

a p RT
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Isoconversional approach to pyrolysis rate modelling

Having isoconversional kinetic triplets, specific for each feedstock pyrolysis and
oxy-fuel combustion, one can approach modelling the rate of the investigated processes,
being the main hypothesis of the proposed research summarized by the Eq.(5.25).

da -E,
o A, exp[ 2T Jf(a) (5.25)
Fit quality of the modelled da/dz to experimental values can be evaluated with non-linear
R?. Besides that, each of the isoconversional methods rate model will be compared using
the Fisher-Snedecor test, comparing models standard deviation estimates in comparison to
critical F-distribution at selected confidence interval, usually >90%. Fisher-Snedecor test
already proved to be a popular tool for comparison of different kinetic models established
by the least square method [109,112]. For a brief review, F-distribution is a non-
symmetrical distribution that compares the two estimates of models standard deviations, ¢°.
F value for tested models is a ratio of its variance estimates related to minimum variance
estimate denoted within the tested.

52
F=ot (5.26)

where S? and S%min represent the variance estimates for each model and minimum value
from population respectively. Models presenting F value higher than critical F-distribution
are rejected from further calculations, as their variance is unacceptable, too high to fulfill
the zero-hypothesis at selected confidence interval. Finally, the selected statistical methods
will help to answer the question: are isoconversional methods competitive in rate modelling
compared to model-fitting methods, and which method provides the lowest deviations from
experimental data?

b.2.5. Understanding variable activation energy £,

Variable activation energy, i.e., the activation energy that varies with temperature
and/or conversion, would be much easier to appreciate, if it were not for that popular graph
of the ball on the hill found in undergraduate general or physical chemistry texts in sections
dealing with kinetics or, more specifically, with the activated-complex theory [105].
Provided simplification may be appropriate only for homogenous gas-phase reactions and
unfortunately is of little relevance to solid-phase and heterogeneous kinetics. Regarding
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solid-phase Kinetics, the processes take place in the solid medium. In this situation, the
energy barrier becomes dependent on the properties of the medium, thus the size of the
barrier may thus change as the properties of the medium change with either temperature or
reaction progress. An appropriate illustration was given by S. Vyazovkin, with an example
of a single-step reaction A — B such as isomerization. In general, the energetic state of the
reactant A is affected by the molecules that surround it. At the early stage of the reaction,
when o is close to 0, the reactant is surrounded by other molecules of A. As the reaction
nears completion, i.e., a is close to 1, the reactant will be predominantly surrounded by the
product molecules B. If intermolecular forces between A and A are stronger than the forces
between A and B, the molar enthalpy of A will be lower in initial (o = 0) than in final (« =
1) stages of the reaction. By similar argument, in the final stages (« = 1) when the product
B is surrounded by the molecules B, its molar enthalpy is lower than in the initial stages of
reaction (a = 0). Obviously, as this reaction progresses from o = 0 to o = 1, its exothermal
character should increase and its energy barrier should decrease. In other words, the
observed activation energy should progressively decrease as a function of conversion, a. In
case of pyrolysis, and biomass thermochemical conversion in general, differentiation of
specific reactants as A or B is cumbersome. First, the biomass represents a variety of
different organic materials, highly heterogenic, and often non-lignocellulosic. This
complexity led to the widely accepted conclusion that during thermal decomposition
biomass components decompose separately, according to the independent reaction
mechanism [34,135]. Having that in mind, the E, profile obtained for complex material
decomposition can give valuable information about the process behavior and even process
mechanism [108].

5.2.6. Comparing the model-free, isoconversional and model-based kinetics

During numerous occasions including discussions, conferences, papers reviews
and presentations the one thing that especially often occurs is misunderstanding of the terms
model-free and isoconversional Kinetics. The difference can be misleading for any audience,
and further can lead to misunderstandings or even more unpleasant repercussions
addressing experienced chemical-engineering society. The term model-free relates to any
kinetic method that allows to estimate the activation energy E without reaction model
assumptions f(a). Kissinger method is a good representative of the model-free kinetics,
whereas the E is estimated from the regression parameters of the straight line led trough the
maximum conversion rate points (peaks) over reciprocal temperature 1/T, for several
heating runs. Simplicity of implementation, and ease to obtain straight-forward value of E
led this method to popularity in kinetic literature of the waste biomass. However, due to the
limitation of calculation to only da/dz peak-points, the Kissinger method generally should
be avoided in complex bio-material pyrolysis modelling due to significant deviations in the

71
Experimental investigation of the solar pyrolysis of waste biomass



Kinetic analysis of the solar pyrolysis process of the waste biomass Chapter 5

obtained results. Isoconversional kinetics principle is based on analyzing the whole
conversion range, not only conversion rate peaks, so the outcome of the computations is
complex profile of the activation energy as a function of «, thus the isoconversional (or
apparent) activation energy E,. Having accurate profile of the E, allows to gain insight into
the process mechanism, reaction model or even attempt to model the process rate with
adequately decrypted pre-exponential factor A. Model-based kinetics are based on the
reaction model assumed beforehand. Of course, the choice of the f(a) function strongly
influences the rest of the kinetic parameters. On the one hand, variety of the reaction models
chosen results in ambiguities of the kinetic parameters describing biomass pyrolysis in the
literature, on the other hand, model-based allows to determine elementary reactions of the
investigated process, providing arguable superiority over isoconversional methods in that
case. For model-free approaches, the change of the kinetic mechanism is described by the
continuous changing of the activation energy and the pre-exponential factor with the
progress of the reaction. For model-based approaches, the change of the kinetic mechanism
is described by appearing of several reaction steps with own activation energy and with own
reaction model functions. Interestingly, superiorities and inferiorities of the model-based
and isoconversional methods seems to be a subject of discussion, where one tries to prove
or justify a better or more appropriate (or traditional) method to evaluate processes kinetics.
Within presented dissertation, rather than promote pros and cons of different kinetic
approaches, a supplementary value of both model-free, isoconversional and model-based
methods combined is presented. Isoconversional parameters determination is much more
than “art for art’s sake”, what can be sometimes concluded from scientific papers
presenting isoconversional results for specific biomass decomposition motivated by
“enriching pyrolysis kinetic parameters database”. Isoconversional profiles of Eq, and Aa
can provide initial values for the model-based computations, where starting values of E, A,
and f(a) functions are usually assumed arbitrary. Average values of the Eq, and A profiles
can well substitute traditional Arrhenius parameters in model-based analysis, and usually
are in well agreement with each other. Regarding reaction model functions, simple methods
were developed to determine the most probable f(a) for the investigated process based only
on Eq and experimental process rate da/dz, the master-lot (generalized-plot) methods.

5.2.7. Master-plot methods and problems with pyrolysis reaction models
identification

The generalized master plot, A(a), is an analytical method of theoretical reaction
model plots fitting to thermoanalytical data. However, some assumptions should be stated
beforehand: the reaction or process is perceived as a single-step process; isoconversional
activation energy must be known and should not deviate significantly across the reaction
extent to provide meaningful conclusions. The idea of the presented method is a comparison
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of experimental generalized rate plot, being the results of the simple transformation of
kinetic rate equation Eq. (5.4), referred to rate at a=0.5 to theoretical reaction model plots
(Fig. 5.1).

[
(9e) e
_ f(@) _ dt o a
oS T B (5.27)
ar . exp avg.

Aa)

R7:1:0.5

Eq. (5.27) presents a procedure for generalized reaction rate calculation, where variables
are experimental conversion profiles and temperature. Literature data proves that biomass
pyrolysis presents deaccelerating behavior during decomposition with e.g., diffusion-
controlled models for the lignocellulosic biomass [34,78,112] or n™ order models for the
sewage sludge [121,136]. More and more popular are empirical and combined reaction
models [137], with a high degree of freedom within an f{a), however, despite excellent fit
to experimental data, Arrhenius parameters physical meaning is highly arguable due to
significant correlations during optimization with empirical f{a) parameters.

Fig. 5.1 presents A(a) and f{a) profiles for the most widely used reaction models in
solid-state decomposition Kinetics. In theory, experimental generalized rate of the process
obeying a specific reaction model e.g., contracting sphere model (R2) or three-dimensional
diffusion (D3), should present exemplary and unambiguous fit to its theoretical master plot,
what unfortunately rarely happens for biomass pyrolysis. Exact formulas for f(a) profiles
with model names and codes are presented in Table 9.
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Fig. 5.1. A(a) and f{o) profiles for known reaction models.

Table 9: List of the selected reaction models f{a) used in the solid-state kinetics.
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Code Model name fla)

F1 1% order reaction model (1-a)

F2 2" order reaction model (1-a)?

R2 Contracting cylinder 2(1-a)¥?

R3 Contracting sphere 3(1-0)?®

D3 Three-dimensional diffusion 3/2(1-0)?°[1-(1-a)¥°]
D2 Two-dimenstional diffusion [-In(1-a)]*

A2 Avrami-Erofeev 2(1-0)/-In(1-a)]¥?
A3 Avrami-Erofeev 3(1-a)/-In(1-a)]?®
P2 Power law 20V

P3 Power law 30?2

b.2.8. Current trends in kinetic modelling of the solid-phase reactions and
importance of the kinetic parameters determination.

Biomass and waste thermal conversion kinetics are a subject of heated debates,
mainly due to numerous adaptations of homogenous kinetic theory to highly heterogenic
and diversified feedstock degradation modelling [138]. A traditional approach to kinetic
analysis is based on the determination of Arrhenius parameters i.e., activation energy, E,
and pre-exponential (frequency) factor, A, biased with pre-assumption of the reaction model
function f(«) [118,139]. Based on experimental conversion rate profiles, da/dt, obtained for
several heating or temperature programs, Arrhenius parameters can be determined using
numerical fitting techniques involving least squares method, genetic and neural algorithms
[140-142]. However, assumptions of different f{a), for kinetic computations result in
different sets of Arrhenius parameters, even for the very same investigated process
[107,109].

These discrepancies ad contradictions are particularly evident in biomass and
waste thermal degradation kinetics studies, where researchers investigating highly
overlapped conversion profiles lean towards f{a) with a high degree of freedom,
compensating kinetic parameters even more, yet provide a satisfactory fit to experimental
data [78]. Second popular route is to assume a high number of elementary reaction steps
“filling” somehow the complex profiles [126,129]. The inability of known f{a) to explicitly
describe the more and more complex feedstock degradation led the researchers to
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investigate new kinetic approaches and methods. This issue seems to be overcome with the
introduction of isoconversional kinetics for pyrolysis kinetic modelling [131,143,144].
Isoconversional kinetics allow avoiding the huge uncertainty due to omission of f{o)
assumptions, yielding the conversion dependent profiles of activation energy, and even the
information about pre-exponential factors and reaction models [110].

Implementation of the isoconversional principle in practice, originated a number
of isoconversional methods, ready to yield profiles of apparent activation energies, E,, as a
function of reaction extent (or converted fraction) a. Originally, the isoconversional kinetics
were successfully used in applied physical chemistry, to study and recognize complex
processes e.g. crystallization, polymerization and polymers degradation, glass transition, or
curing [125,145-149]. According to latest work of S. Vyazovkin, isoconversional methods
are merely a part of wide isoconversional methodology, ready to provide more kinetic
answers [110]. Bedoi¢ [123] and Sobek [112] published the results of isoconversional rate
modelling of roadside grass and waste wood pyrolysis respectively, however with the
implementation of so-called modified pre-exponential factors, being a correlated product of
A and f{a), obtained by isoconversional Friedman method. Isoconversional kinetics proved
to be a great support for model-fitting kinetics, where the apparent profiles of E, contain
kinetic information about the reaction mechanism or even a specific number of elementary
steps [108]. Mean values of E, are successfully used as initial guess values for optimization
of kinetic models in model-fitting kinetics [112,124,126], proving another example of
isoconversional kinetics supplementary value. In another work of Sobek and Werle [112]
took this approach to assist model-fitting method with isoconversional kinetics, taking into
consideration actual gas evolving species during solar pyrolysis experiments for elementary
pyrolysis steps modelling, detected on a gas analyser, modelling waste wood pyrolysis. This
experience was transduced to another example isoconversionally-assisted modelling of
sewage sludge pyrolysis rate by Sobek and Werle, and resulted in excellent fit to
experimental data, where Friedman method gave even better kinetic predictions comparing
to 10 independent reactions kinetic model based on n'" order reaction f{a) [121]. Regarding
combustion processes, Lopes et al. [117] presented a study on Kinetics of guarana seed
residue applying isoconversional methods, resulting in a recognition and creation of
consecutive reaction scheme with first-order (F1) and two-dimensional diffusion models
(D2). Nevertheless, in most of the studies, researchers publishing isoconversional results
usually provide information about apparent activation energies, and its interpretation for
pyrolysis [132,150-153], leaving behind a 2/3 of the potential Kinetic triplet. Based on
knowledge of apparent activation energy profiles, the apparent pre-exponential factors can
be determined using linear compensation effect, happening between the two Arrhenius
parameters [133,134,145]. Not only that, a concept of determination of derivative reaction
models is proposed within this project, being a theoretical profile of actual, resultant f(«)
values occurring throughout the conversion, therefore a whole kinetic triplets, what best to
Authors knowledge, has not been published for pyrolysis process of waste yet [110].
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In terms of kinetic modeling of lignocellulosic biomass pyrolysis, researchers
usually lean towards three pseudo-component models [84] and more extend reaction
schemes [154]. This approach correctly assumes that pyrolysis reaction is a decomposition
of three main plant components: cellulose, hemicellulose, and lignin [106]. In this model,
the kinetic parameters are established using different optimization methods to provide the
best statistical model fit to experimental data, without actual consideration of the products,
where the kinetic parameters describe the Kinetics of substrates decomposition. According
to Li et al. [155], cellulose during pyrolysis decomposes in the temperature range 240-
350 °C while hemicellulose decomposes earlier, in the range 200-260 °C, resulting in the
characteristic shoulder of differential TGA peak. Lignin is more difficult to dehydrate due
to its physical and chemical properties, it decomposes in the temperature range 280-500 °C.
R. Li et al. in 2016 [155] established, that on the one hand, cellulose turns generally into
condensable vapor (oil) during pyrolysis, whereas in contrast, hemicellulose produces more
non-condensable gas and fewer tars. On the other hand, lignin degrades slowly and forms
char, the carbon-rich residue. Charring reaction is especially an interesting reaction in terms
of kinetic parameters and overall thermodynamic behavior. At temperatures above primary
pyrolysis (250-400 °C), a mass drop of samples drastically slows down and even flattens to
a constant level corresponding to a final solid residue yield. In order to get information
about actual reactions occurring during the char formation period, one should analyze
gaseous products released from the reaction zone at this specific time and temperature.

Regarding already published studies, in 1997 G.Vatirhegyi [85] presented paper
on kinetic modeling of biomass pyrolysis addressing issues, that are still present today.
Highlighted issues were e.g., least square method optimization, biomass component impact
on decomposition, pseudo-order component models, the effect of mineral catalysts or the
Boido-Shafizadech model for cellulose decompositions. Especially interesting conclusion
was that the presence of minerals salts in biomass ashes directs cellulose decomposition
towards lower temperatures, overlapping its peaks with hemicelluloses profiles, what is
especially visible in today's studies, with soils contamination progress [36]. Another
example of heavy metals impact on plant behavior during pyrolysis was the topic of Trinh
phytoremediation study in 2019 [84], where results showed that samples collected from
different presented different TGA profiles at same temperatures regarding peak areas and
overlapping intensity. Also, investigated samples pyrolysis kinetics were modeled in three
pseudo-component manners, adapting n order reaction model f{a)=(1-a)" with reasonable
reaction orders within 1.01-1.99 and activation energies 20-103.55 kJ/mol, however rather
poor fit to experimental data was achieved. On the other hand X. Wang [137] et al. in 2016
studied agricultural residue biomass pyrolysis with an adaptation of combined kinetics.
Combined kinetics are based on empirical reaction model (modified Sestak-Berggren)
fla)=a™(1- o)" [1-In(a)]P determination using isoconversional analysis results. Despite
arguable physical meaning and rather surprising mechanistic conclusions, authors achieved
spectacular fit to experimental data, optimizing the model parameters (n, m, p) and kinetic
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parameters by maximizing the Pearson’s r of linear regression for single-step approach,
later used as initial parameters for three-component model optimized by nonlinear least
squares. Again, study did not evaluate pyrolysis products. In 2015 Z. Ma et al. [156]
investigated lignocellulosic biomass pyrolysis (palm kernel shell) using TGA-FTIR and
FWO and KAS integral methods. E, conversion dependency was associated with
temperature regiemes of biomass components pyrolysis. T Study was supported with
separated TGA analysis of each of biomass components. Two-step decompositon of
cellulose was highlighted, simmilarily to [85]. The major volatile components produced
during pyrolysis of palm kernell shells were CO», ketones, alkanes, aldehydes, phenols and
organic acids, however no reaction model describing species reaction rates was establised.

Regarding sewage sludge pyrolysis kinetics, Nagvi et al. [157] investigated high-
ash SS pyrolysis at different heating rates 5,10 and 20 K/min, using an arguable Coats-
Redfern integral method. The mentioned study divided sewage sludge pyrolysis into three
zones that were described best by the first-order reaction model. The study reported a high
dependence of sewage sludge mass loss on the heating rate, which despite well-separated
reaction peaks disqualified model-free, isoconversional approach. Another study published
by Nagvi et al. [141] was aimed for high-ash SS pyrolysis as well, addressing
thermodynamic parameter estimation based on model-free, isoconversional kinetics using
Friedman, KAS, OFW and Popescu methods. Results were compared to literature data and
an artificial neural network model was created to make mass-loss predictions under
different thermal conditions. Shahbeig and Nosrati [158] presented a study of municipal
sewage sludge for bioenergy production. In their paper, sewage sludge samples were
examined during TGA at four different heating rates 5, 10, 30 and 50 K/min. Sludge
pyrolysis kinetics were evaluated using FWO, KAS and Starnik methods. Furthermore,
Pyrolysis—Gas Chromatography/Mass Spectroscopy (Py-GC/MS) at 700 °C to determine
the chemical products, indicated the presence of a wide range of aromatic and aliphatic
hydrocarbons, furans, alcohols, and sulfur-derived compounds. Hernandez et al. [34]
studied behavior of 25 mg sewage sludge samples during thermochemical conversion,
under different atmospheres (N2, CO; and air), using TGA-FTIR methods. Addressing inert
gas experiments, denoted sewage sludge mass loss profiles were again separated into three
stages, however sludge presented different behavior during pyrolysis than previously cited,
and one investigated in the present study. Examined sewage sludge was sampled from the
East Rand Water Care Association (ERWAT) Hartebeestfontein WWTP.

5.2.9. Kinetic predictions

ICTAC Kinetics Committee recommendations advise to validate Kkinetic
computations via isothermal lifetime predictions being the predicted time dependence of
feedstock converted fraction a(z) based on non-isothermal data [104,105,110]. Eq. (5.28)
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presents the formula for model-free, isoconversional predictions, which for prediction of
time needed to convert a specific fraction of fuel at specific heating conditions specified by
the investigator T’(z), with corresponding specified heating rate f’. To calculated time
needed to reach specific conversion level one needs only to calculate isoconversional
activation energy, E,, and time necessary to reach that same fraction determined at previous
experimental runs, 7" [109]. The model-free term originated from cancellation of the integral
reaction model form g(a) from the nominator. Main justification of the mentioned action is
the assumption that the isoconversional kinetic triplets do not change over the extrapolation
range.

o -E
J.,”" exp| —% dr
T a1 RT(T)
(5.28)

T'a,i = ' _E{Z'i
Pep| or o)

5.2.10. Calculation details and chosen statistical methods for models evaluation

Kinetic computations were conducted using Netzsch Kinetics Neo (v. 2.4.4.6.)
software. First, isoconversional analysis was performed using TGA results presented in
each specific part of the dissertation. Kinetics Neo uses decimal logarithm in
isoconverisonal analysis instead of the standard natural logarithm, so it has to be taken into
account when calculating kinetic parameters from slope and intercept of isoconversional
lines. No data smoothing was used during TGA data preparation. During kinetic analysis
moisture evaporation was skipped, and pyrolysis range from 150 to 700°C was analyzed.
Next, the reaction model analysis using a generalized master-plot method was conducted..
Netzsch Kinetics Neo uses, least squares method to search for optimization of kinetic
parameters to get the best coefficient of determination, R? of calculation to experiment
results. Kinetic parameters range of variation was set to E€(0;300) kJ/mol, log(A)€(0;30).
As the least-squares method was adapted for kinetic models optimization F-test (Fisher-
Snedecor) was chosen as a statistical test amongst the models and additionally to test model-
free methods.

Within the statistical analysis, coefficient of determination R?, residual sum of
squares, S?, and F-test were calculated and tested against critical F-distribution for a right
tail p-value of 0.05. The coefficient of determination definition is well known. The $?is
calculated as the sum of deviation squares Eq. (5.29) between experimental and calculated
data. If the experimental data y; measured at the points x; for the curve i, and the model
function f(x) is calculated at these points, then the regression values are f(x;). The residual
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between the experimental value and model value for it curve is yij — f(xi;), therefore S? can
be expressed as:

Curves Points 2

s =3 3 [y, -fx,)] (5.29)

i

F-test proved to be a good tool for comparison of different models established by the least
square method [109]. F distribution is a sampling, non-symmetrical distribution that
describes the distribution of the ratio of two estimates of standard deviations, o2 [159]. F
value for each analyzed model presents a ratio of its variance estimates (or variance if it’s
known) related to minimum variance estimate denoted in the tested population as Eq.(5.30).
Only models with F-test values within the range of critical F distribution should be taken
into consideration as presenting S? adequate for assumed 95% confidence interval for the
study. Models with higher values of F give a reason to reject the null hypothesis, stating
about equality of standard deviations between j and min model, thus such models should be
rejected. With the introduction of S?, the formula for Fisher-Snedecor test, or simply F-test,
can be expressed as:

F=— (5.30)

wherein S? and S%min represent the variance estimates of ¢ % , o %min for each model and
minimum value from population respectively.

The Mean Residual (MR) is calculated as the average of the absolute residuals Eq. (5.31).
If the experimental data y; measured at the points x; for the curve ;, and the model function
f(x) is calculated at these points, then the regression values are f(x;). The residual between
the experimental value and model value for the iw curve is y;j— f(xi;). The Mean Residual is
given as:
Curves Point s
Doy, -fx,)
MR =——" (5.31)
z nPoints,

i

Where nPoints; are the number of points in the i curve.

If the model curve is drawn exactly through the experimental points, then all residuals are
zero and MR is zero, too. The closer the calculated model curve is to the experimental data,
the closer is MR to zero.
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6. Results

6.1. Investigated feedstock pyrolysis behavior during TGA

Decomposition behavior of investigated feedstock with plotted as temperature
dependency of mass loss and conversion rate is presented in Figs. 6.1-6.3. Average denoted
mass loss during TGA was 83.04+0.54 %, 74.6+0.56, and 59.14+0.59 for WW, WS, and SS
respectively, which low deviations under a range of heating rates favour isoconversional
kinetics calculations. Fig. 6.1 presents the mass loss profile and conversion rate for SS
pyrolysis, presenting similar patterns reported in SS pyrolysis literature with high peaks
overlap and no clear separation between the pyrolysis steps. The first peak of the
decomposition rate occurs at 100 °C identified as moisture release, being immediately
followed by another overlapped peak at around 150°C. For SS the main pyrolysis
decomposition starts at 200 °C with wide and noisy maximum from 300-350 °C. Later
decomposition slows down as clear shoulder approaching minimum rate at 600 °C. This
behavior is typical for SS is a very chemically complex and heterogenic feedstock [160]. A
high number of peaks and overlapping character of conversion rate profiles is an indication
of numerous reactions occurring during the pyrolysis. Usually, each reaction can be
expressed by a single rate Eq. (5.4) if only the step can be identified well. Isoconversional
kinetics results are popular thread amongst literature on SS pyrolysis, however with limited
information about reverse-fitting to experimental conversion profiles [141,151].
Lignocellulosic biomass, on the other hand, WW (Fig. 6.2) and WS (Fig. 6.3) presents well-
separated moisture release step with a high and steep peak of primary devolatilization
(cellulose pyrolysis) at 329-394 °C for WW (at 5-40 K/min) and 291-351 °C for WW and
WS respectively. It should be stated that both WW and WS decomposition is progressing
much “faster” through the time and conversion than SS. Maximum peaks of decomposition
are 44.03, 40.33, and 17.07 %/min for WS, WW, and SS respectively. Pyrolysis of WW at
lower heating rates presented better separation of hemicellulose peaks with shifting towards
lower temperatures. Lignocellulosic biomass pyrolysis kinetics are well explained and
known by this time, however, to test proposed methods comparative evaluation of
calculations according to different biomass types is crucial.
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Fig. 6.1. TGA and conversion rate profiles for SS pyrolysis.
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Fig. 6.3. TGA and conversion rate profiles for WS pyrolysis.

6.2. Model-based kinetics of the waste wood pyrolysis

The idea of the study originated from conclusion of the very first preliminary
experiments on the solar pyrolysis reactor. Simultaneously to TGA measurements of the
WW, actual composition of the dry-pyrolysis gas was determined experimentally for its
general and crude recognition. Denoted similarities in obtained conversion rates and gas
formation profiles gave the idea to try to construct a kinetic mechanism inversely, with
assumption of the specific dry gas components formations as elementary pyrolysis steps.
This experimental approach was later compared to the traditional three-pseudo components
modelling calculated for the same set of TGA data, and discussed. Also, supplementary
value of the isoconversional kinetics as a source of initial kinetic parameters for further
model-based computations is presented.
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6.2.1.  Isoconversional methods as a source of initial parameters for kinetic
computations

As a first step of the study, TGA profiles of the WW pyrolysis were implemented
to the Netzsch Kinetics Neo software for comparative evaluation of the three
isoconversional methods results: Friedman, OFW, and KAS. Starting from the three
methods, to improve the calculation efficiency, the most adequate method was specified,
under condition of the lowest deviations of the results from the experimental data. Solutions
of each method equations resulted in series of isoconversional points (Fig. 6.4), which
regression parameters i.e. slope and intercept, presented in Table 10, contained information
about apparent kinetic parameters.
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Fig. 6.4. Isoconversional analysis plots for a) Friedman, b) OFW and c) KAS methods. (5 K/min
blue, 10 K/min green, 15 K/min red, 20 K/min black) orientated to the decimal logarithm.
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Table 10: Selected isoconversional linear fitting results.
Friedman OFW KAS

a Slope Intercept R? a Slope  Intercept R? a Slope Intercept R?

0.1 -9.3720 13.393 0.9995 0.1 -10.472 19.619 0.9974 0.1 -22.987 30.506 0.9972

0.2 -9.4289 13.073  0.9997 0.2 -9.9332 17.963 0.9995 0.2 -21.701 26.616 0.9994

0.3 -9.5287 12,935 0.9993 0.3 -9.9415 17.539 09998 0.3 -21.689  25.587 0.9997

0.4 -9.3431 12.361 0.9999 0.4 -9.9736 17.143 0.9998 0.4 -21.737 24.863 0.9998

0.5 -9.1545 11.869 0.9999 0.5 -9.9457 16.911 09999 0.5 -21.651  24.064 0.9999

0.6 -8.9668 11.451 0.9999 0.6 -9.8521 16.536 0.9999 0.6 -21.417 23.172  0.9999

0.7 -9.0233 11.402  0.9999 0.7 -9.7518 16.193 0.9999 0.7 -21.171 22.356 0.9999

0.8 -9.4725 11.814 0.9990 0.8 -9.7540 16.006 0.9999 0.8 -21.159 21.9 0.9998

09 -17.720 22.010 0.9863 0.9 -18.500 27939 0.9842 0.9 -41.222  49.266 0.9831

Isoconversional methods resulted in apparent activation energy conversion
dependence, E,, shown in Fig. 6.5. Presented conversion profile of the apparent activation
energy for wood pyrolysis analyzed at full TGA profile range, including moisture
evaporation and the full charring period until the end of the experiment. First activation
energies are related to the moisture release process which after approaching zero values
steps aside and pyrolysis effects are becoming dominant. It can be seen, that all investigated
methods results reached a plateau from ¢=0.15 to 0.85 at around 170-180 kJ/mol value of
activation energy. Enormous activation energy increase at «>0.85 can be explained by the
noisy character of TGA profiles at charring period of pyrolysis experiments or reactions
occurring in mineral ash residue, thus it is recommended to present model-free activation
energy results at a=~0.1 to 0.85 [104], usually where the lowest standard deviations are
present. Presented E, values correlate well with recent literature data. Sonobe et al. [106]
investigated biomass pyrolysis by utilizing a distributed activation energy model (DAEM).
The peaks of activation energy curve for rice straw, rice husk, corncob, and cellulose were
found to be 170,174,183, and 185 kJ/mol, respectively. Rueda-Ordoéfiez and Tannous [25]
studied the kinetics of the thermal decomposition reaction of sugarcane straw. Applying the
Friedman method obtained E, varied from 154.1 kJ/mol to 177.8 kJ/mol. In the case of
woody biomass, Mishra and Mohanty [129] investigated pyrolysis kinetics of three waste
biomass types: pine, sal, and areca nut. Five model-free methods such as KAS, OFW,
Friedman, Coats-Redfern, and distributed activation energy (DAEM) were used to calculate
the kinetic parameters. The activation energy was determined to be 171.66 kJ/ mol, 148.44
kJ/mol, and 171.24 kJ/mol from KAS model; 179.29 ki/mol, 156.58 ki/mol, and 179.47
kJ/mol from OFW model; 168.58 kJ mol, 181.53 kJ/mol, and 184.61 kJ/mol from Friedman
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model; and 206.62 kJ/mol, 171.63 kJ/mol, and 160.45 kJ/mol from DAEM model for pine,
sal, areca nut respectively.

800 195

[ a) O Friedman gé b) o

600 [ o) 185

_ | o0 KAS u] —
o L 6} =}
£ r A OFW 8 £
2400 | 2175
T b) o

P H

: - T »
0 1 1 1 1 1 1 1 1 1 155 1 1 1 1 1 1
0 0.10.20.30405060.70809 1 02 03 04 05 06 07 08
a-

a, - )

Fig. 6.5. Apparent activation energy conversion dependence for Friedman, KAS, and OFW methods
for the WW pyrolysis.

Right hand-side of Fig. 6.5a shows up-close look to activation energy conversion
dependence scaled to an average range of E. at conversion a=0.2 to 0.85. Despite a plateau
and almost constant values of E,, the close look shows the complexity of the pyrolysis
process and possible reaction mechanism as a variation on E, across the conversion range.
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Table 11: Apparent activation energies calculated using Friedman, KAS, and OFW
methods.

Friedman KAS OFW

Conversion
E,, kJ/mol +Error, kJ/mol E, kJ/mol =+Error, kJ/mol E, klJ/mol =+Error, kJ/mol

0.1 185.37 3.95 194.35 6.32 194.29 6.63
0.2 179.61 161 182.74 2.56 182.66 272
03 181.46 1.58 181.31 1.81 181.23 1.94
04 182.20 0.76 181.69 1.44 181.60 1.56
05 178.54 0.28 181.43 0.83 181.34 0.92
06 172.45 1.50 179.20 0.54 179.11 061
07 167.37 353 175.91 115 175.81 1.26
08 171.45 8.75 173.14 2.86 173.04 3.08
0.9 375.56 29.69 33175 32.19 331.69 33.26
Average (0.1-0.9) 199.33 5.74 197.95 5.52 197.86 5.77

Based on Table 11 it can be stated that all investigated model-free methods
provided similar results. According to Fig 6.5, apparent activation energy presented stable
plateau throughout the pyrolysis extent, with a significant increase at o=0.9, denoted by all
isoconversional methods. This phenomenon is widely reported in the literature and usually
commented with highly endothermic charring reactions, resulting in a high increase in
apparent activation energy. Regarding fit quality to experimental data, statistical analysis
results were presented at the end of the Chapter in Table 8, and the Friedman method was
selected as the best description of waste wood pyrolysis in selected heating rates range
amongst investigated model-free methods. Friedman method presented the lowest sum of
residuals squares, resulting in the lowest value of the F-test compared to KAS and OFW
methods. The reason why integral methods can present high deviations (residual squares)
are several: first reason can be a crude approximation of temperature integral, second can
be the nature of the integral methods itself. As biomass TGA profiles tend to present highly
overlapping and noisy character, integral methods evaluate conversion points based on the
average heating rate and temperature dependency, 8 and p/T? for OFW and KAS
respectively, while differential Friedman method evaluates actual process rate, de/dr.
Evaluation of process rate is possible to reason why Friedman method accurately evaluate
nuances and overlaps of conversion profiles more accurately than integral methods,
especially in the case of biomass pyrolysis kinetics. Pre-exponential, or frequency factor
was estimated using apparent activation energy obtained through the Freidman method, as
it presented the best fit to experimental data with the lowest residual squares during fitting
to experimental data), resulting in the lowest F-test value among model-free methods (Table
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15). In order to model the conversion rate profile da/dz with isoconversional methodology,
some reactin model assumption must be made for the elementary process step, usually 1
reaction order, what is acceptable with regards to the iscovonersional principle given by S.
Vyazovkin [105]. With that in mind, the values of conversion dependent pre-exponential
factors are calculated from the intercept values (Table 12) using Eq. (5.16) with the
assumption of 1%t reaction order.

Table 12: Pre-exponential factor conversion dependence calculateed with Friedman
method.
Conversion Log A, Log(1/s) +Error, Log(1/s) Eq, kJ/mol +Error, kJ/mol
0.01 8.23 17.89 117.66 167.57
0.05 16.26 0.96 204.37 9.95
0.1 14.01 0.37 185.37 3.95
0.2 13.10 0.14 179.61 1.61
0.3 13.02 0.14 181.46 1.58
04 12.88 0.06 182.20 0.76
05 12.46 0.02 178.54 0.28
0.6 11.92 0.12 172.45 150
0.7 11.48 0.29 167.37 353
0.8 11.68 0.70 171.45 8.75
0.9 25.79 2.26 375.56 29.69
0.99 30.22 34.44 562.82 592.61
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Fig. 6.6.

The apparent activation energy (blue) and pre-exponential factor (red) interdependency
with related standard errors calculated with Friedman method.
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Fig. 6.6 presents a dependency between apparent A, and E, determined with the
Friedman method for WW pyrolysis. With the assumption of 1% reaction order model, it is
obvious that apparent pre-exponential factors will follow the activation energy trend.
Sudden increase of apparent kinetic parameters, at the end of conversion, ¢>0.9, are usually
justified as a consequence of noisy character of pyrolysis profiles TGA data at the end of
conversion for, or physically as sudden appearance of energy barrier caused by interference
of minerals or heavy metals contained in the WW ash along with rearrangement of ether
group bonds in lignin. In theory known reaction activation energies vary from 40-50 kJ/mol
to approx. 300 kJ/mol, for enzymatic reactions and explosives respectively, and values out
of this range can be problematic to justify and defend.

Constant dependence of A, and E, means that during the process is governed by
one dominant energy barrier followed by one theoretical, pre-exponential factor. In fact,
according to Fig. 6.5b presenting up close E, profile, which proves that in the case of
complex materials, like biomass, some E, fluctuations are almost always present. Changes
in activation energy are the first proof that more than one reaction occurs during
decomposition [108]. However during the investigated process, at a from 0.2 to 0.8, Az and
E, reached a relative plateau with a slightly decreasing tendency throughout the selected
conversion extent. Presence of model-free kinetic parameters variations the presence of
multiple reaction systems. In the investigated o range kinetic parameters were 11.68-14.01
log(1/s) and 174.65- 204.37 kJ/mol for A, and E, respectively (Table 12), which reflects
well data presented for lignocellulosic biomass in the literature [78,84,161]. Constant, or
almost constant, E, and A, mean that in theory pyrolysis could be modeled as a single-step
reaction with above mentioned kinetic parameters, however, the theoretical reaction model
is still unknown. Despite that fact, Friedman's method based on apparent activation energy
and pre-exponential factor is able to evaluate conversion rate (Fig. 6.7), with an assumption
of 1% reaction order for narrow conversion interval. Despite excellent fit to experimental
data, deviations of model-free Kinetic parametres resulted in slight peaks at the beginning
and end of conversion, where the highest errors were denoted resulting in decrease of the
linear fitting quality (Table 10).
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Fig 6.7. Conversion rate modeled using apparent kinetic parameters at heating rates of 5, 10, 15
and 20 K/min using Friedman method.

6.2.2.

Generalized master-plot results

Following the description of generalized master-plot described earlier, Fig. 6.8 has
been presented. Values of f(a)/f(a)os were calculated using the average Friedman model-
free activation energy with experimental da/dzr and temperature profiles denoted during
TGA runs at 5 and 25 K/min. In theory, the choice of reaction is made based on the best fit
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of experimental A(a) to theoretical models. Results shows, that investigated solar pyrolysis
of waste wood may obey in general diffusion, phase boundary, and order based models,
changing during the process, what prooves results of other woody biomass Kinetic studies.
M. Hu et al. (2016) [78] studied pyrolysis of pinewood, rice husk and bamboo (Bambusa
chungii) via the TGA technique under low heating rates. The result of the model-free
procedure showed that the lignocellulosic pyrolysis according to the one-step reaction
model is dominated by the diffusion (D3, D4) effects. However, the complex features of
variations caused by the mechanism changes caused that precise f(a) was hard to determine.
Rueda-Ordénez and Tannous [161] during the investigation the kinetics of the sugarcane
straw pyrolysis also identified the reaction model. The pyrolysis experiments were
conducted at four heating rates (1.25, 2.5, 5 and 10 °C/min) and the reaction model
determined through master plots, corresponding to a two-dimensional diffusion (D2).

A Wood 5 K/min

[¢] Wood 25 K/min

f(a)/f(a)os

05

0.2

Fig. 6.8. Generalized master-plots method for pyrolysis of waste wood at 5,10,15 and 20 K/min.

It is believed that waste wood pyrolysis, according to Fig. 6.8, was governed by
the D3 diffusion model, with a transition towards the R3 model at the end of conversion.
Change of mechanism during the conversion can be explained by more than one reaction
occurrence, where the effect of one reaction e.g., D3, approaching to its end, is substituted
with other reaction e.g., R3 model. For pure polymers and crystals decomposition, the
generalized master-plots should provide one, accurate and incontestable fit [104], what
rarely happens during biomass pyrolysis.
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6.2.3. Experimental master-plot based kinetic model construction

For the kinetic description of pyrolysis gas compounds formation, the proper
approach to the Kkinetic model construction was necessary. The proposed experimental
master-plot (E-MP) kinetic model based on pyrolysis gas formation profiles assumes that
each of the gaseous compounds denoted at the gas analyzer (Fig. 6.9) is described by a
specific reaction step (Eg. 5.4). Reaction models functions for the each step were assumed
accordingly to conclusion from the master-plot presented in Fig. 6.8. As four gaseous
compounds were measured during the experiment no less than 4 steps are expected in the
kinetic model.
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Fig. 6.9. Pyrolysis gas composition presented as a function of temperature for solar pyrolysis
experiment at an average heating rate of 8.3 K/min.

The kinetic model was built gradually, first two main reactions were assumed to be CO and
CO; formations, according to gas analyzer indications. Reaction models were chosen as D3
for CO; and R3 for CO. Observations of experiment allow to assume, that CO,, release was
associated with the most intensive tars formation, indicated by heavy vapors release, and
intensive condensation in the spirals. Next, steps for CHs and H, formation were
implemented using order based models and initial parameters were taken from
isoconversional analysis at the end of the conversion, a = 0.8 (Fig. 6.6). Where all the initial
parameters and mechanisms were implementaed in the Kineitics Neo software, the model
was optimized using least squares methods to maximize the fit quality of the calculated
results to the predicted conversion rate profile of the WW at the same heating rate that was
denoted during the experiments 8.3 K/min.
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Table 13: Kinetic parameters of the wood pyrolysis E-MP model.

Step Kinetic parameter value
Step: A— B
Reaction model: D3
Equation:
d@a=b) _ o @ =
dt 1 a3 P\Rr
E 159.921 kJ/mol
Log(A) 10.439 Log(1/s)
Contribution(a—b) 0.62
Step: B—>C
Reaction model: F2
Equation: d(b > c) —E
T _A-b%-exp|—
dt P\RT E 256.778 kd/mol
Log(A) 19.052 Log(1/s)
Contribution(b—-c) 0.182
Step: D — E
Reaction model: Fn
Equation: d(d - e) = A-d3463 . exp (__E)
dt RT E 249.717 kJ/mol
Log(A) 15.868 Log(1/s)
n 3.463
Contribution(d—e) 0.076
Step: E — F
Reaction model: F1
Equation: d(e_)f)_A‘e.ex (__E
dat P\RT E 162.012 kJ/mol
Log(A) 6.610 Log(1/s)
Contribution(e—f) 0.018
Step: G — H
Reaction model: R3
D) e
a0V P\RT E 180.997 kJ/mol
Log(A) 12.165 Log(1/s)
Contribution(g—h) 0.103
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Final kinetic parameters of the E-MP model were presented in Table 13. First step
A—B governed by the D3 model was expanded by second consecutive step, (F2) resulting
in A—>B—C step associated with CO, formation reaction. A consecutive mechanism in this
step was chosen arbitrary, inversely, to cover the widespan of CO; indication. The first step
having the highest contributing factor was the most dominant step in terms of kinetic
apparency in the overall mass balance (Eg. 5.9) Activation energy and pre-exponential
factor of step A—B being the 159.921 kJ/mol and 10.439 log(1/s) are within the range of
main conversion range of isoconversional analysis presented in Fig. 6.6. CO formation was
identified as R3, single-step G—H model with 180.997 kJ/mol activation energy nad 12.165
log(1/s) pre-exponential factor. The last step of conversion, charring, was described as two-
step consecutive reaction, D—E—F Choice of consecutive reaction mechanism was based
on gas analyzer indications after acknowleding the consecutive mechanism products
formations in extensive work published by E. Moukhina on thermal decompostion kinetic
mechanisms [108]. CH4 indication started at approx. 350 °C with a peak at 456.9 °C, the
same spot where H; indication started. This phenomenon can be roughly assigned to
consecutive reaction ideas, where second product formation starts at the highest
concentration of first product (by-product) with its peak at by-product minimum [108]. CH4
was assigned to step D—E obeying nth-order model with high activation energy 249.717
kJ/mol addressing end of isconversional conversion (Fig. 6.6), pre-exponential factor 15.86
log(1/s) and reaction order equal 3.46. Reaction orders higher than 3 means that reaction is
complex, which rate is probably dependable on more than 3 concentrations. Last step E—F
was assigned to H, formation reaction obeying F1 model, with activation energy 162.012
kJ/mol and pre-exponential factor 6.610 log(1/s). Low contribution factors for last reactions
D—E—F shows that despite the highest activation energies, their impact on total
conversion is very low, yet quantifiable.
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Fig. 6.10. Results of the E-MP model compared with the DTG profile at 5, 10, 15 and 20 K/min
heating rates, R?=0.99995.

Fig. 6.10 presents model results compared with the DTG profile obtained for 5, 10,
15 and 20 K/min heating rates. Regarding model fit to experimental data, the E-MP model
focused on product formations, did not evaluated DTG shoulder well. In literature, the
shoulder is associated with hemicellulose decomposition, which is responsible mostly for
tars formations, which cannot be evaluated properly in this approach using the only dry gas
analyzer. However, reaction formations of CO, CHa, and Hy, related to the gas analyzer
indications, where resembled calculated reaction rates and presented as well.

6.2.4.  E-MP model predictions of solar pyrolysis experimental conditions.

0.004 p
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0.0035 F Peak 3708°C  _ pseudo-CO2'
pseudo-CO2'"
0.003 pseudo-CH4
do-H2
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Peak 343.4 °C
0.002
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Fig. 6.11. Kinetic predictions of solar pyrolysis experimental conditions: modeled reaction rates
compared to dry-gas components formation reactions, predicted for 8.3 K/min.
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Kinetic predictions are used to evaluate process behavior at different thermal
conditions than used for model calculation.Predicted reaction rates at a heating rate of 8.3
K/min (Fig. 6.11) were compared to gas analyzer indications during the solar pyrolysis
experiment presented in Fig. 6.9, where the same average heating rate was denoted. In solar
pyrolysis experiments, gaseous components peaks were denoted at temperatures 392.8°C
for CO», 389.6 °C for CO, 456.9 °C for CHs and 708.7 °C for Ha. During experiments,
influence on gas formation trends had reactor operation, mainly pressure drop change within
the bed, the gas path through the reactor, condenser, and analyzer, and fluctuations of intert
gas due to pressure change caused by tars slagging. Modeled peaks temperatures were 370.8
°C for CO and COg, 454.8 °C for CH4 and 661.14 °C for Hp. CO; formation during
experiments started at 200 °C and lasted throughout most of the experiment, ending
indications at 720 °C. Two-step CO, model evaluated experimental peak with 22K offset,
under the assumption that peak temperatures fit is comparable quantity, as reaction
deacceleration shouldn’t be compared with decreasing gas indications, biased with gas path
interferences and phenomena. The peak for CH, formation was well modeled with only
2.1K offset. Due to the fact, that TGA measurement was carried out until 700°C and peak
of experimental H, was denoted at 708.7°C, the predictions had to overscale hydrogen
formation rate what resulted in a high offset of 47.6K.

6.2.5. Three pseudo-component model.

For comparative purposes, the classical three pseudo-component models (3-PC)
was established. The model assumed three independent, single-step reactions obeying n™"
order. Initial parameters for model optimization were adapted from isoconversional analysis
results (Fig. 6.6). Table 14 presents the kinetic parameters of a final 3-PC kinetic model for
waste wood solar pyrolysis. The presented approach analyses only biomass components
decomposition, while the E-MP model analyzed product formations.
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Table 14: Kinetic parameters and governing equations of the wood pyrolysis 3-PC model.

Step Kinetic parameters value

Step: A— B

Reaction model: Fn

Equation:
d@=b) _, .. (“E/5r)
dt a--exp RT E 180.130 k¥/mol
Log(A) 13.666 Log(1/s)
n 2.399
Contribution 0.262
Step: C—D
Reaction model: Fn
Equation: d )
Cc —
—~ T _A-c". —E
dt <" ew (™ /pr) E 191.785 kJ/mol
Log(A) 13.568 Log(1/s)
n 0.648
Contribution 0.372
Step: E — F
Reaction model: Fn
Equation:
de > f) _E
=4 ep(T%/pr) E 96488 ki/mol
Log(A) 6.469 Log(1/s)
n 5312
Contribution 0.366
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Fig. 6.12. Results of 3-PC model compared with DTG profile at 5, 10, 15 and 20 K/min heating
rates, R2=0.99994.

In Fig. 6.12, the results of the 3-PC model calculation were presented. Model calculations
were compared with the same corresponding DTG profiles. The 3-PC model presented very
high R?=0.99994 and evaluated well kinetic peak and shoulder. Modeled reaction rates were
compared to literature data in order to prove, that kinetic steps reflect biomass components
decomposition.

Regarding biomass components cellulose, hemicellulose, and lignin, to expand
information from the Introduction section, hemicellulose is constituted by sugar monomers.
In contrast to cellulose, hemicellulose is composed of short-chain heteropolysaccharides
and presents an amorphous and branched structure, such as xylan and its derivatives [34].
These monomers are forming shorter chains, which lowers the thermal stability of organics,
while the decomposition range mainly covers 220-315°C. Lignin, the most difficult to
decompose, thanks to aromatic rings constituents e.g., benzene rings connected with ether
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bonds, more stable than B1,4-glycosidic bonds. Thus the rate of lignin decomposition is
significantly slower than hemicelluloses and cellulose, and covers a wider temperatures
regime from 160 to 900 °C. On the other hand, cellulose, a poly-crystal which is linearly
formed by (CsH100s)n [78], with stronger thermal stability and decomposes quickly,
showing steep and narrow peaks, once temperatures reaches of approx. 350°C.

According to above mentioned and literature data, first step A—B with E=180.13
kJ/mol and logA= 13.666 log(1/s) was associated with hemicelluloses decomposition,
second step C—D, E=191.785 kJ/mol and logA=13.568 log(1/s) with cellulose and third
step E—F with E=94.488 ki/mol and logA=6.469 log(1.s) with lignin degradation. Kinetic
steps for hemicellulose and lignin decomposition presented reaction orders higher than 2,
2.399 and 5.312 respectively, showing that in fact, the Fn model simplified the complex
nature of the presented steps.

6.2.6. Discussion of E-MP and 3-PC models.

Despite very high R? in the case of both models, some significant differences can
be spotted. The irony of the statistical evaluation of kinetic models was described by John
E. White et al. [107] in a critical review of recent kinetic studies. Presented models follow
two kinetics evaluation approaches: 3-PC model investigated wood pyrolysis kinetics
addressing reactants decomposition, while the 3-MP model analyzed the product
formations. Analyzing Figs 6.10 and 6.12, some minor and major flaws can be spotted.
First, the 3-PC model evaluated well DTG profile shoulder and slightly undervalued
cellulose peak, while the E-MP model didn’t evaluate shoulder at all, from 200°C went
almost straight to cellulose peak. This can be justified with laboratory station inability to
record and quantify tar formation reactions, which are trapped in a condenser, what’s more
tars present in gas analyzer could cause serious damage to the device. At 400°C when a
transition from the main devolatilization to charring occurs, the 3-PC model provided a
smooth fit without deviations present in that range by the E-MP model. The fluctuation of
calculated with E-MP DTG curve during devolatilization transition to charring was caused
by the reaction mechanism, which was set just based on gas analyzer indications. It has to
be mentioned that in reality, the charring process can be (or even is) much more complex
and the kinetic model can be as accurate as identification methods of pyrolysis effects.
Contribution averaged values of both model kinetic parameters present the same values, as
they were established based on the same TGA profiles, resulting in the same apparent
kinetic parameters and in fact described pyrolysis process, according to R?, adequately
good. Regarding the rest of the statistics, after the optimization process, the E-MP model
resulted in the lowest values of MR and RSS, which states, that despite under-evaluated
DTG profile peak and transition to charring, it still provided better fit to experimental data
than the 3-PC model.
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For both models, contribution factors were compared to experimental data, which
in the case of the E-MP model were gas analyzer indications , and biomass component
shares for the 3-PC model. Contributions of reactions steps assigned to product formations
i.e., 0.802 for CO2, 0.103 for CO, 0.076 for CH4 and 0.018 for H, were compared with gas
components shares denoted in the solar pyrolysis experiment, being the 34.5% CO, 53.1%
CO, 10% CH. and 2.4 % H». As contribution factors are dimensionless and sum to the 1,
the can be compared with percent. Contribution factors for CO and CO, are mismatched,
probably due to the inability of exact tars release indication, a however good match for CH4
and H» was achieved. In the case of a 3-PC model, contributions of reaction steps being
0.262, 0.372 and 0.366 did not meet biomass component shares 11.8% 54.8% 27.9% for
hemicellulose, cellulose, and lignin respectively.

Table 15: Statistical analysis results for Friedman method and E-MP and 3-PC models.

Model MR R2 S2 F-test F(p=0.05v1=4, v2- o)
Friedman 0.232 0.9999 2113 1.649

OFW 1.621 0.9970 12553.8 97.7

KAS 1.726 0.9960 16760.2 130.8 2.21
E-MP 0.0036  0.9999 124.8 1.00

3-PC 0.2653  0.9999 258. 1.816

Within this discussion, the choice of reaction models for both approaches was
crucial. Reaction models significantly influence kinetic parameters, which poor choice can
ruin whole kinetic analysis, laying the basis for false conclusions. In the E-MP approach,
reaction models were established using a generalized-master plot, and in the Kinetic
mechanism was assigned arbitrarily to obtain the best fit. For the 3-PC approach, the
reactions were assigned to n™ order reaction models, which are subject to debates in terms
of their physical meaning. Regarding n" order models, reaction order is a sum of
exponentials of reactants concentrations in classical reaction constant formula. If reaction
order is higher than 2, e.g., 5, and reaction orders are expressed in rational, non-integer
numbers (as reported in the literature) instead of classical natural numbers, than from a
mathematical point of view there is an infinite combination of a number of concentrations
and exponentials that sum will give 5. From a physical point of view, reaction order n=5
means that, according to cumulative 1 order elementary reactions collision theory, one
product molecule is a result of a collision of 5 reactants molecules that occurs at the same
moment of time and space, under the assumption that molecules are currently having total
energies higher than activation energy. In practice, the rate (probability of successful
collision) of such reaction is very low, and gradually approaches 0 with the increase of
reaction order. Thus, in terms of order based kinetics, non-order based models seems to be
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safer from unwanted compensation effects of kinetic parameters values by fit-chasing
adjustments of reaction orders, if only those models are identified well.

Statistical analysis results listed in Table 15 show, that among tested models and
methods, the one model that provided the best R? with the lowest standard deviation, proved
by lowest F-test was arguably the E-MP model. Critical F distribution was adapted for the
level of significance 95% and corresponding for the right tail area p=0.05. Numerator
degree of freedom, vy, related to the number of models tested was equal to 4 while the degree
of freedom of denominator, v, related to the number of observations (experimental points)
was much higher than 100, thus infinity extreme value was adopted. For such a specified
critical point of F-distribution, F=.0sv1-4 v2= ), Was equal to 2.21. Models fulfilling F>
Fp=0.05v1=4, v2= «) give reason to reject them from analysis. It has to be stated, that F-
distribution does only evaluate models considered within the test population. Regarding S?
the E-MP model was the most accurate model to describe waste wood pyrolysis, however,
according to the null hypothesis, Friedman method and 3-PC model gave significantly equal
results, therefore it shows that statistical elimination of kinetic methods is somehow
ambiguous.

6.2.7. Validation of the kinetic models.

According to the ICTAC Kinetic Committee, each kinetic model should be properly
validated. The best validation possible is to good fit between isothermal experiments and
predictions based on the non-isothermal established model. In this study, non-isothermal
predictions were compared with the DTG profile obtained for the same waste wood sample
at 30 K/min (Fig. 38).
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Fig. 6.13. Comparison of conversion rate profiles between kinetic predictions of models: E-MP, E-
PC with Friedman method and DTG profiles at 30 K/min.

Fig. 6.13 presents three kinetic predictions calculated based on the E-MP model,
3-PC model, and model-free Friedman method. The best evaluation of experimental peak
and shoulder was provided by the 3-PC model and Friedman method due to: (1) holistic
approach to decomposition, without consideration of the products and (2) model assessment
was based on the best fit to experimental data. E-MP model overshot profile shoulder,
aiming straight for the maximum of decomposition, as only gaseous compounds were taken
into consideration, without any information about heavy volatiles release. If only bio-oil
vapors release could be parametrized, the E-MP model could be enhanced by additional
steps, which can be a subject of future studies. As profiles in Fig. 6.13 seem to validate each
model adequately, a simple statistical comparison of three kinetic predictions was
established based on R? determination.

Table 16: Summary of fit quality parameters of kinetic predictions to experimental DTG
profile at 30 K/min.

Model/method s R?
Friedman 411.27 0.9947
E-MP 645.93 0.9918
3-PC 1506.25 0.9800

Table 16 lists basic parameters for R? calculation. Among validated models and
methods. The best fit for experimental DTG profile at 30 K/min was provided by Friedman
method prediction. Surprisingly, the second-best model was denoted for E-MP predictions,
which model despite the assumption of gaseous compounds consideration provided a better
fit than predictions of 3-PC.

101
Experimental investigation of the solar pyrolysis of waste biomass



Results Chapter 6

6.3.  Model-based kinetics of the sewage sludge pyrolysis

In this Chapter the kinetic modelling of the SS pyrolysis is presented, with emphasis
on the development of the methodology for the kinetic parameters determination according
to the Research Task 111 of the doctoral dissertation, based on TGA measurements. Proposed
methodology based on isoconversional kinetic results resulted in determination of the 10™
independent reaction model describing SS pyrolysis. Just like in the previous Chapter on
WW pyrolysis Kinetics, the SS kinetic modelling begins with isoconversional analysis of
the non-isothermal TGA data, and the most accurate method is specified based on F-test
criteria.

Table 17: Statistical evaluation of the different isoconversional methods results for SS

pyrolysis.

Method R? s? Degree of freedom,v = F dC_rltlpaI F-
istribution

Friedman 0.99999  9.65 1065 1.00
FWO 098691  19959.9 1065 2518
KAS 098688  15577.1 1065 1856 2.60
10th
independent 0.99999  11.725 1210 1.07

reaction model

For sewage sludge pyrolysis, within the presented study, the best fit to experiment presented
Friedman method results, which from now on will be treated as the most probable data to
describe sewage sludge pyrolysis. Isoconversional integral FWO and KAS methods,
despite R? higher than 0.98, were rejected, as their F-test results, F >> F(p=0.05,v1=3, Vo=

), was unacceptable (Table 17). The proposed conclusion is to always support model

evaluation with an additional statistic, not only with arguable and subjective “high” R2. The
reason why integral methods usually present higher inaccuracies is probably the crude
expression of temperature integral, proving the superiority of differential isoconversional
methods e.g., Friedman method in biomass pyrolysis kinetics evaluation.

6.3.1.  Friedman method results

Table 18 presents supplementary values of Freidman analysis from which slope and
intercept can be easily calculated. Each « has assigned three sets of log(da/dz) and 1000/T
values for three hating rates in order to plot an isoconversional straight line. The deviation
of experimental points from isoconversional lines is evaluated with a coefficient of linear
determination R2.
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Table 18:

quality for each heating rate examined.

Friedman isoconversional regression slope and intercept values with linear fit

20 K/min

30 K/min

40 K/min

Log(da/dz), Log(da/dz), Log(da/dz), R?

a_ 1000/T, 1K Log(1/s) 1000/T, 1/K Log(1/s) 1000/T, 1/K Log(1/s)
0.01 3.092 -3.481 2971 -3.164 2.886 -3.023 0.98
0.05 2.854 -3.269 2771 -3.051 2.684 -2.962 0.93
0.1 2599 -3.383 2526 -3.193 2.439 -3.083 0.96
0.15 2.330 -3.409 2.265 -3.280 2.200 -3.135 0.9
0.2 2.086 -3.434 2033 -3.207 1.989 -3.058 0.9
0.25 1.931 -3.219 1.898 -2.995 1.867 -2.849 0.9
03 1.850 -3.006 1.823 -2.816 1.797 -2.679 0.9
0.35 1.798 -2.895 1.774 -2.709 1.750 -2.568 0.99
04 1.758 -2.857 1.735 -2.665 1.713 -2.523 0.99
0.45 1721 -2.850 1699 -2.668 1678 -2.541 0.9
05 1.686 -2.867 1.665 -2.681 1.644 -2.544 0.9
055 1.651 -2.846 1.631 -2.676 1612 -2.541 0.9
06 1618 -2.864 1.599 -2.682 1.581 -2.548 0.99
0.65 1.586 -2.908 1567 -2.720 1.549 -2.588 0.9
07 1.550 -2.954 1533 -2.768 1516 -2.642 0.9
0.75 1.509 -3.076 1.493 -2.890 1.478 -2.742 0.98
08 1.457 -3.172 1.443 -3.004 1.429 -2.877 0.9
0.85 1.402 -3.253 1.388 -3.062 1.376 -2.946 0.9
0.9 1.342 -3.316 1.329 -3.156 1.318 -3.005 0.99
0.99 1.075 -3.945 1.061 -3.857 1.053 -3.680 0.99
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Fig. 6.14. Selected isoconversional lines obtained during Friedman analysis of TGA profiles.

Based on data presented in Table 18, Fig. 6.14 was created, illustrating
methodology if isoconversional Friedman method. Conversion extent progress is inverted
to reciprocal temperature increase, which has to be taken into account when reading these
plots. First isoconversional lines, at the right-hand side of Fig. 6.14 are assigned to moisture
evaporation, slowly turning into main pyrolysis region at 1.5-2 1000/T. From an
isoconversional line inclination angle to the ordinate axis arguable reaction type can be
decrypted. If the slope of experimental values is lower than the slope of Friedman
isoconversional lines, the reaction presents deaccelerating character (Diffusion models,
Contracting geometry, n™ order models), if the slope of experimental points is steeper than
the constant conversion lines, such process is accelerating throughout the conversion e.g.,
Avrami-Erofeev nucleation model. The case, when the inclination angle of measured points
and isoconversional lines are similar or the same, reaction presents an indifferent character,
usually described by 1% reaction order. In order to get more intuitive insight into the above
mentioned phenomenon, it should be stated that slope comparison provides information
about or rate progress between constant conversion points in series of dynamic
measurements, presented in differential form. In accelerating processes, distances between
constant conversion points plotted at conversion rate profiles are increasing with the heating
rate (accelerating), as the speed of conversion increases, while on the other hand for
deaccelerating reactions, like pyrolysis, this distance is decreasing, like presented SS plots
in Fig. 6.15. For indifferent processes, the distances between the constant conversion points

104
Szymon Sobek, Ph.D. Thesis



Results Chapter 6

should be more or less the same. This information can be useful during reaction models
choice for complex kinetic models.
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Fig. 6.15. SS pyrolysis iso conversion points compared at different heating rates.
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Fig. 6.16. Friedman isoconversional kinetic parameters: activation energy (red) and pre-
exponential factor (blue) with standard regression errors.

Fig. 6.16 shows that both estimated kinetic parameters are strongly correlated with
each other. Isoconversional kinetic parameters gradually increase during pyrolysis, from
42.1 to 250 kJ/mol and from 3.21 to 14.8 log(1/s) for activation energy and pre-exponential
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factor respectively, making it really hard to distinguish plateau regions, corresponding
single reaction step. However, the assumption of this methodology is to assign elementary
reaction occurrence for every plateau (or rather “step”) of isoconversional parameter
profile, adapting E« and A« value specific for a plateau, and finishing kinetic triples with
reaction model denoted in generalized master-plot.

Table 19:_ Isoconve_rsional kinetic parameters calculated using Friedman method at selected
reaction extent points.

a E., kd/mol Skq kJ/mol log(As), log(1/s) Siogeaay, 10g(1/5) Ag, 1/min
0.01 43.51 5.96 3.57 0.93 2.22-10°
0.05 33.04 9.43 1.71 1.37 3.09:10°

0.1 34.47 8.49 1.36 1.12 1.38-10°
0.15 45.81 0.61 2.22 0.07 9.90-10°
0.2 73.20 4.30 4.65 0.46 2.67-108
0.25 106.73 10.56 7.70 1.05 3.00-10°
0.3 121.27 9.05 8.88 0.86 4.53-10%
0.35 129.34 13.31 9.46 1.23 1.72-10%
0.4 135.29 13.62 9.81 1.24 3.85-10%
0.45 135.53 16.13 9.61 1.43 2.47-101
0.5 145.50 14.05 10.27 1.22 1.12-10%
0.55 147.97 9.39 10.28 0.80 1.14-10%
0.6 159.85 12.12 11.06 1.01 6.95-10%
0.65 165.22 14.57 11.25 1.19 1.07-10%
0.7 175.67 24.11 11.80 1.93 3.77-108
0.75 195.49 15.12 12.95 1.18 5.33-10%
0.8 206.47 13.39 13.25 1.01 1.07-10%
0.85 220.19 23.81 13.73 1.73 3.20-10"
0.9 235.25 6.48 14.15 0.45 8.44-10
0.99 226.65 82.47 10.77 458 3.55-10
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Table 20: Comparison of literature reports on SS properties with denoted isoconversional

kinetic parameters.

Sewage sludge property Shahbeig and Nosrati [158] Nagqvi et al. [141] Sobek and Werle*
Pilot-scale membrane
Origin Urban WWTP, Teheran, Iran bi\(j\r/(i/e\l/c_lt_gr’ (&AUB;Z’M Urbz;)r;l\;\:]\gVTP,
Pakistan
Proximate analysis, wt. %
Moisture 9.7¢ 6.5 16.6°
vMme 52.7 44.6 50.54
Al 309 44.6 27.86
Fc¢ 6.7 43 5
HHVY, MJ/kg 16.47 11.50 15.62
LHV¢, M/kg - - 14.59
Elemental composition, wt.%
c 47.4 40.4 37.8
H 6.9 6.2 5.3
Quiff. 36.3 45.7 54.2
N 7.3 6.7 59
S 12 1.0 21
Isoconversional kinetics results, methods and TGA analysis setup
Sample mass, mg 10 6 5
Inert gas type N, N, N>
Inert gas flow rate, ml/min 50 60 50
TGA heating rates, K/min 5, 10, 30, 50 5,10, 20 20, 30, 40
Final temperature, °C 1000 800 700
o range 0.1-0.9 0.1-0.9 0.01-0.99
E,, kd/mol
Friedman - 10.6-306.2 33.0-226.7
FWO 59.3-247.4 45.6-231.7 21.8-289.3
KAS 52.4-235.5 41.4-232.1 21.4-289.0
Starink 52.4-235.9 - -
Popescu - 44.1-241.1 -
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A,, 1/min
Friedman - 1.03-102- 1.49-10°  2.22-105-2.74-10%
FWO 1.32-10% - 1.03-10% 1.04:10°-4.39-10°  8.04-9.14-10%7
KAS 2.94-10%-9.00-10%° 495-10°-438.108  1312:1.02:10%
Starink 2.93-10%9.92-10% - -
Popescu - 2.92-10%-2.96-10% -

When presenting isoconversional Kinetic results for SS pyrolysis, a proper
discussion with regards to the latest studies should be made. The results of this study were
compared to the latest literature [141,158] regarding SS pyrolysis kinetics emphasizing the
implementation of isoconversional methods, and presented in Table 20. The comparison
included complete characterization of each SS investigated, with elemental composition
and proximate analysis, calorific values as well as TGA experiment setup. All of the
selected for presentation isoconversional results were determined by high-quality analysis,
with R? very close to 1.

For comparison purposes, the elemental composition was calculated to dry-ash-
free (daf) state based on reported moisture and ash content. Discussed SS samples from Iran
and Poland were similar in terms of VM and A content, while SS from membrane bioreactor
contained less VM in favour of ash residue. The same tendency was followed by HHV,
16.47 and 15.62 MJ/kg for Iran and Poland respectively, with 11.62 MJ/kg for SS from
Pakistan. Further discussion of SS properties with respect to extraction technology, should
be enhanced with detailed technology characterization and economic aspects, which are out
of the scope of this study.

Isoconversional methods results for three SS samples obtained in wastewater
treatment plants (WWTP) in Iran, Pakistan, and Poland seem to be in good agreement with
each other. Isoconversional activation energies for presented methods i.e., Friedman, FWO,
KAS, Starnik and Popescu (however, the two latter described elsewhere), generally do not
exceed 300 kJ/mol what can be the reasonable boundary for pyrolysis reaction [112]. The
highest disproportions are observed for isoconversional pre-exponential factors, yet it has
to be kept in mind that Ax values strongly depend on its estimation method i.e. f{a)
assumption and compensation effect [110], and furthermore, are specific for each sample
decomposition. Shahbeig and Nosrati stated in their work [158] that pre-exponential factor
values strictly elucidate the reaction chemistry, which is crucial during the pyrolysis process
optimization. It was highlighted that A<10° 1/min, on the one hand, mainly shows the
surface reaction, while A>10° 1/min indicates a complex reaction, not dependent on the
surface area. Addressing the above thesis to this study, pre-exponential factors listed in
Table 19 would indicate that transition point from surface to complex reaction is «=0.25,
which possibly corresponds with the termination of the moisture evaporation.
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Fig. 6.17. Friedman calculation results compared with experimental data: conversion rate and mass
loss profiles.

Regarding Fig. 6.17, presenting fit of modelled by Friedman conversion rate to
experimental data, it can be stated that SS pyrolysis consists of a number of independent
reactions, with highly overlapping peaks. Starting from 25 °C moisture evaporation occurs
with a peak at 90.7 °C followed by first decomposition with a peak at 150-160 °C. Next, at
the main primary pyrolysis region two overlapping reactions occur with temperature peaks
315 and 360 °C respectively. After the highest peaks slower reaction comes out in the form
of curve “shoulder” between 400 and 600 °C. This reaction can be assigned to a complex
carbonization process, releasing volatiles first with parallel charring lasting until the end of
decomposition.

Despite a lack of reaction model assumption, Friedman method well-evaluated
mass loss and conversion rate profiles. Differential approach for isoconversional kinetics
matched experimental results in the most challenging regime, the flat and wide peak at
highest conversion rates, where standard single-step kinetic model based on Eq. (5.4) would
fail. Inability to model high and wide conversion peaks is inevitably connected to
mathematical limitations of the single-step kinetic models. For constant E and A, conversion
rate profile character is mapped by f{e) function, which at least for known models, after
introduction to equation (4.4) inevitably approaches usually sharp maximum (function
extreme). With that in mind, in model-fitting Kkinetics, wide conversion peaks can be
modeled as an integral sum of elementary reaction (kinetic) steps.
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6.3.2. Generalized master-plot, reaction model identification

Results of generalized rate fittings are shown in Fig. 6.18. Investigated sewage
sludge decomposition once again presented deaccelerating behavior during pyrolysis. Such
behavior of the processes was denoted on the basis of on very good fit to high (n>5) order
based model, perceived as a typical example of deaccelerating kinetics [104]. The high
reaction order reaction model is arguable from the physical point of view [112]. On the
other hand, Stolarek and Ledakowicz [135] believe that high reaction orders are typical for
lumped systems containing a number of first-order reactions with gradually increasing
activation energies, what in case of such complex material as sewage sludge seems
reasonable.

3
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Fig. 6.18. Generalized master-plot results plotted against order based reaction models.

6.3.3. Methodology for the kinetic parameters determination, 10 independent
reaction model

Once a range of heating rates, corresponding to the investigated process, is
established, the proposed methodology can be applied. First, isoconversional, model-free
analysis is performed in order to determine isoconversional activation energy and pre-
exponential factor profiles. From isoconversional kinetic curves (Fig. 43) number of
information about reaction model, a number of reaction steps, and reaction mechanism can
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be decrypted [108]. In the case of complex, waste-derived substances e.g., sewage sludge,
each feedstock potential component i.e., hydrocarbons, minerals, fatty acids, proteins,
decomposes with an independent manner so independent reactions mechanism is justified
and popular across the literature [157]. The presented methodology assumes that each
plateau in Fig. 6.16 corresponds a single reaction step. In order to construct kinetic, model
initial parameters were decrypted from plateau areas forming a set of 10 elementary
reactions with own Kinetic triplets. Initial guess values of E, A and assumed n' reaction
order models, and equally distributed contribution factors, c. After establishing initial
parameters (Table 21) optimal parameters were calculated using the Netzsch least square
optimization method, set to provide the best fit with the experimental data. Results of 10
independent reactions kinetic model are presented in Table 22.

Table 21: Initial guess parameters for 10 independent reactions kinetic model.

Step f(a) E, kJ/mol log(A), log(1/s) n c

A—B 421 3.24 1 0.1
C—>D 421 1.64 1 0.1
E—>F 131 9.48 1 0.1
G—H 137 9.58 1 0.1
1-1] Fn 148 10.4 1 0.1
K—L 160 111 1 0.1
M—N 175 11.9 1 0.1
0—P 198 13.1 1 0.1
Q—-R 223 139 1 0.1
S—T 250 14.8 1 0.1

Table 22: Kinetic model parameters of SS pyrolysis consisting of 10 independent

elementary reactions.

Step f(a) E, kd/mol log(A), log(1/s) n c
A—B 30.34 2.28 2.34 0.102
C—-D 61.46 3.97 1.93 0.225
E—F 153.46 11.31 2.34 0.102
G—H 259.67 22.49 3.00 0.092
1-]J Fn 159.99 11.99 2.53 0.119
K—L 182.23 12.98 1.48 0.062
M—N 146.52 8.94 1.89 0.058
O—P 195.03 12.61 2.06 0.05
Q—R 158.30 9.01 1.25 0.042
S—>T 68.77 1.17 1.17 0.066

Experimental investigation of the solar pyrolysis of waste biomass
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Kinetic parameters listed in Table 22 present kinetic triplets for 10 elementary
reactions used to describe sewage sludge pyrolysis. Activation energies of elementary steps
vary from 30.34 to 259.67 kJ/mol, logarithms of pre-exponential factors contain within 1.17
and 22.49 log(1/s) what shows good agreement with other studies SS pyrolysis kinetic
studies [141,157]. Contribution factors, c, describes the total share of the elementary step
in the final integral kinetic formula based on equation (4.10). Reaction orders vary from
1.17 to 3.00, which partially proves the thesis posted by the work of Stolarek and
Ledakowicz [135] that high reaction orders in single-step Kinetics are in fact a product of
lumped approach to a system of a set of elementary reactions. In this case, 10 independent
reactions, with gradually increasing activation energies (Fig. 6.19).
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Fig. 6.19. 10 independent reaction kinetic model results plotted against TGA and DTG experimental
profiles.

Fig. 6.19 presents the results of the kinetic model fit to experimental data. Besides moisture
evaporation region established model presents a satisfying fit for experimental data with R?
higher than 0.9999. If one would like to establish mass loss and conversion profiles only,
isoconversional analysis would be just enough. However, if one would like to acknowledge
elementary reaction rates, the creation of the well-identified kinetic model is crucial.

112
Szymon Sobek, Ph.D. Thesis



Results Chapter 6

+6.3.4. Modelled reaction rates

The product of the kinetic model is a mathematical expression of process (reaction)
rate. When isoconversional methods can evaluate conversion rates only, kinetic models
based on reaction mechanism and specific reaction models can evaluate actual reaction
rates. Well-evaluated Kinetic triplets arranged into kinetic models allow forming a set of
reaction rates, describing the decomposition process from not only mass loss perspective
but product formation as well. Unfortunately, without proper analytical methods for
products identification reactions, blue profiles presented in Fig. 6.20 are only theoretical
rates of alleged sewage sludge components resulting in pyrolysis product formations.
Despite that, a number of information can be retrieved. In order to provide good quality fit
to experimental data, the presented methodology resulted in 10 independent step distinction,
which resulted in 10 reaction rates. Thesis from the introduction stating that sewage sludge
decomposition consists of overlapping peaks can be justified based on rates presented in
Fig. 6.20. Modeled pyrolysis reaction rates align adequately to the mass loss rate curve
shown as they “fill” the place underneath the red profile. First reaction rate A—B can be
assigned to moisture evaporation step.
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Fig. 6.20. Modelled reaction rates plotted against experimental conversion rate profiles.
6.3.5.  Validation procedure

According to ICTAC Kinetic Committee recommendations [104] kinetic models
ought to be validated on the basis of kinetic predictions of model behavior, at different
heating rates than ones used for calculation, and compared to corresponding experimental
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profiles. Within this Chapter, sewage sludge pyrolysis non-isothermal established model
was compared with non-isothermal TGA profiles at slow heating rates of 1, 5 and 10 K/min.

In Fig. 6.21 model predictions were compared to experimental profiles. As can be
seen, the established model, despite excellent fit at faster heating rates (Fig. 6.20), partially
overestimated conversion rate profiles at heating rates used for validation procedure. This
phenomenon can be explained by moving low activation energy steps towards lower
temperatures at lower heating rates, which is clearly shown at temperature 200 °C. It is
plausible, that one of the steps with a peak located in the main decomposition area, around
300 °C, moved back and form the visible shoulder. Another possible explanation is that at
slow heating rates, less than 10 reactions are governing decomposition, as pyrolysis
mechanism is dependent on heating rate, and shoulder is a result of “lack of space” in
decomposition range. On the other hand, isoconversional Friedman method predictions
provided an excellent fit to experimental data without reaction model assumption, where all
kinetic information was encrypted in isoconversional kinetic parameters, valid for
investigated SS sample.
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Fig. 6.21. 10 independent reaction kinetic model and Friedman method predictions compared to
TGA profiles at 1, 5 and 10 K/min.

6.4.  Kinetic analysis of the waste straw pyrolysis based on deconvolution
techniques

Kinetics of the last biomass type pyrolysis, WS, are presented as last after the
introduction to the classical theory of model-fitting kinetics and modern isoconversional
kinetics. The reason for that is to provide a brief comparison of classical approach to kinetic
solution and alternative one, based on solely numerical method. The difference is subtle,
classical kinetic computations still need a numerical method, usually least squares method,
to finally optimize Arrhenius parameters to provide the best fit to experimental data.
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Nevertheless, deconvolution are gaining attention due to significant advantage of providing
unambiguous elementary conversion profiles based on mathematical root functions.
Obtained profiles are later mapped with Arrhenius equation with assumption of simple 1%
or n" order reaction model, yielding accurate values of E, A, and reaction orders. Presented
work was not published in any Journal so far, and is considered as the newest input for this
dissertation.

6.4.1.  Deconvolution results for 3-step Gaussian function independent model

The deconvolution algorithm used for the kinetic analysis of the WS pyrolysis was
peakfit.m user function implemented in the Matlab environment. The first input for the
deconvolution computations is a two-column array forming a conversion profile from a
number of x experimental points of conversion rate as a function of temperature [da/dz :
T]x. Second parameters are a number of elementary steps, type of function to fit, and
potential peaks positions, which can be determined numerically. The algorithm looks for
the parameters fulfilling the criteria of the best fit (R? — max). As soon as peakfit.m input
is provided, the function presents a deconvoluted elementary steps, which sum mimics the
experimental conversion profile.

peakfit.m Version 9.4 No baseline correction
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Fig. 6.22. Plot of the peakfit.m deconvolution results with 3 step Gaussian function (R?>0.99) for
WS pyrolysis at 40 K/min.

Fig. 6.22 presents the output from the peakfit.m function as a plot of numerical deconvoluted
profiles against provided input profile, WS pyrolysis conversion rate. The results for the 3
elementary steps, namely: position, height, and width are a parameters of the Gaussian
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function-based elementary steps, shown as the bright green profiles as a function of the
temperature.

6.4.2. Inverse decryption of Arrhenius kinetic parameters based on simulated

conversion profiles

Having completely determined numerical elementary profiles, once can inversely
determine the actual kinetic parameters governing the process using simple procedure in
any spreadsheet e.g., MS Excel. Now, the plotted Gaussian profiles are the target to the
fitting procedure of the elementary kinetic steps based on Arrhenius rate equation. Variables
are the E, A, and n, while the target function for Solver is minimization of the residual sum
of squares of the Gaussian profiles and modelled kinetic steps.
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Fig. 6.23. Modelled WS pyrolsysis conversion profiles based on Gaussian deconvolution procedure.
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Table 10:

describing WS pyrolysis.

List of deconvolution parameters and corresponding kinetic parameters

£, K/min

10 K/min
20 K/min
40 K/min

B, Kimin

10 K/min
20 K/min
40 K/min

B, Kimin

10 K/min
20 K/min
40 K/min

Step 1: p-hemicellulose

Shape Position, a;
Gaussian 303.83
Gaussian 314.11
Gaussian 320.69

Step 2: p-cellulose

Shape Position, a;
Gaussian 327.91
Gaussian 338.68
Gaussian 350.14
Step 3: p-lignin

Shape Position, a;
Gaussian 339.98
Gaussian 350.63
Gaussian 368.28

Height, ao
6.85
12.88
18.92

Height, ao
7.99
16.80
31.61

Height, ao
1.38
2.61
471

Width, 2-a, E, kd/mol A, min’ n, -
49.00 141.26 1.17E+15 1.44
50.52 150.02 8.47E+14 1.53
59.88 134.72 4.23E+13 1.60
Mean 142.00 6.86E+14 152

+ 6.27 5.81E+14 0.06

Width, 2-a, E, kJ/mol A, min? n, -
24.86 233.94 3.55E+22 111
27.15 251.35 1.15E+23 1.25
37.55 195.93 2.07E+18 1.32
Mean 227.07 5.02E+22 1.23

+ 23.14 4.81E+22 0.09

Width, 2-a, E, kd/mol A, min? n, -

213.59 25.01 3.17E+02 1.02
214.67 23.09 4.02E+02 091
224.01 27.75 1.69E+03 1.00
Mean 25.28 8.02E+02 0.98
+ 191 6.27E+02 0.05

Table 23 lists the deconvolution functions parameters with corresponding classical
Arrhenius parameters governing WS pyrolysis. Interestingly, the algorithm for pre-set 3
steps model presented elementary profiles that corresponds to decomposition regimes of the
cellulose, hemicellulose and lignin, thus steps 1, 2, and 3 are assigned to pyrolysis of p-
hemicellulose (pseudo-hemicellulose), p-cellulose, and p-lignin.

Results of Gaussian deconvolution gave foundation for three step independent

reaction model describing WS pyrolysis with excellent fit quality, presented in Fig. 6.23.
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Gaussian function, due to it’s simplicity and unambiguity of form with minimum number
of random variables, gives unambiguous kinetic results with accurate values of E and A, for
reasonable values of the reaction orders n. What’s more Gaussian function among other root
functions reported in the literature (Weibull, Lorentzian or Fraser-Suzuki) due to it’s
symmetric-bell shape accurately resembles 1% and nth order reaction model based kinetic
conversion profiles, and should be applied to kinetic deconvolution first. This similarity
provides great synergy for optimization procedure, as the shape criteria is fulfilled, solver
algorithm can unambiguously look only for values of E, A, and n. Quite the opposite
situation occurs when deconvolution of overlapped conversion profile is carried out for non-
symmetrical function like Lorentzian or Fraser-Suzuki. Due to higher degree of freedom of
the mentioned root function, ambiguity of the results increases, and issue of stiffening of
the optimization criterion occurs. Simple reaction models based on reaction orders cannot
mimic highly non-symmetrical conversion profiles without arguable values of kinetic
parameters. This phenomenon must be countered with adaptation of more complex f(a)
functions e.g., Diffusion, Avrami-Erofeev (nucleation), or complex power law models. Of
course, some pyrolysis cases of complex materials cannot be effectively solved with
Gaussian function, so the challenge of adaptation of complex root functions is inevitable.
However, if one can, one should aim for the simplest solutions based on the simplest f(«)
functions, trying to provide as unambiguous and uncompensated with complex variables
values of E, and A as possible.

6.5. Isoconversional, model-free pyrolysis rate modelling

6.5.1.  Comparison of the isoconversional kinetic parameters of different feedstock
pyrolysis

Isoconversional methodology for Friedman method calculation consisted of
several steps. First, apparent activation energy E, from the slope of isoconversional lines
presented in Figs. 16, 17, and 18 for SS, WS, and WW respectively. Lines were plotted as
linear regression fitting for constant o for 5 log(da/dr) versus reciprocal temperature for 5
examined heating rates. Apparent pre-exponential factor A, was determined using the
compensation effect [110] for A; values calculated from the intercept of isoconversional
lines with an assumption of 1% order reaction model as f{«) in equation (8). The choice of
1%t order reaction model was based on the isoconversional methodology presented by
Vyazovkin in his book [105] where despite lack of reaction model assumptions beforehand,
isoconversional methods still assume that reaction obeys some f(«) at narrow temperature
interval. Finally, A, values were decoded from a linear equation for the E, argument given
for each feedstock at Figs. 6.27-6.29 for SS, WS and WW respectively.
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Fig. 6.24. Isoconversional lines for a) SS, b) WS, and ¢) WW pyrolysis for selected heating rates 5
(black), 10 (magenta), 20 (lime green), 30 (red) and 40 (blue) K/min.

Linear compensation effect

Figs. 6.25 and 6.26 presents linear compensation plots for investigated pyrolysis
of SS, WS and WW respectively. First, deviations denoted in linear fitting of In(A) and E,
for the SS resulting in R? not exceeding 0.97 with bulk approach are clear sign that process
involves more than one step. Interestingly, 3 steps can be distinguished from the general
linear compensation plot of the SS kinetic parameters, and after separation, the R?
significantly increases for the first two pseudo-stages of the decomposition, while the last
step provides the least accurate fitting with R?=0.8689, at a level of experimental noise
during TGA analysis. Still, the apparent values of pre-exponential factors A,, assumed as
the dominant, apparent frequencies governing the pyrolysis are calculated from linear
fittings and presented in further Figs. 6.27-6.29.
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Fig. 6.26. Linear compensation plot for a) WS, and b) WW pyrolysis evaluated with Friedman
method.

4.2.2. Apparent activation energies and pre-exponential factors

Based on the isoconversional methodology conversion dependency of E, and A,
was determined for each investigated feedstock. Again, the biggest differences can be
denoted comparing feedstock as lignocellulosic (WW and WS) against municipal-waste-
derived SS. E, and A, describing SS pyrolysis are presented in Fig. 22. SS E, profile starts
with 58.1 kJ/mol for moisture evaporation and gradually starts to increase with a pyrolysis
extent. Three bank points can be differentiated, first at «=0.25 profile 178.1 kJ/mol, second
at a=0.77 profile 273.0 kd/mol, and last, at arguable range a=0.95 with 495.1 kJ/mol, having
a very high standard error. The standard error most likely may arise from either the change
of decomposition “step” given by the drastic change of inclination angle of isoconversional
lines or thermoanalytical (instrumental) noise. The following A, profile shows a highly
increasing trend. Minimum values are denoted at the beginning of the conversion, and with
the further reaction extent, values of A, are growing powerfully to a maximum at 1.12-10%
mint. WW and WS kinetic parameters profiles presented in Figs. 23 and 24 respectively
present a somewhat similar pattern. Again, both WW and WS E, profiles start at 52.9 and
49.1 kJ/mol at moisture evaporation step, in which activation energy is similarly
investigated feedstock. Both lignocellulosic biomass types E, profiles reached relatively
plateau at main decomposition, WS with values 153.6-176.1 kJ/mol at conversion range
0.1-0.8 after which E, values drastically increase, followed by a standard error. WW
pyrolysis “primary” decomposition reached a plateau between 164.7-178.3 kd/mol at «
range 0.11-0.55 with slightly decreasing linear trend dropping to 146.7 kJ/mol at a=0.88.
Again, at the E, values increases with pattern following standard error. Especially
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interesting are decrypted values of actual pre-exponential factors A, for WS and WW. Each
profile presented visible maximum at mid-range of the a, with simultaneous low standard
error, what may lead to a conclusion, according to kinetic collision theory, that A, profile
shown a clear maximum rate of the process, with the highest frequency of molecules
collisions. As A, calculation was strictly based on E, values and linear compensation, the
increasing trend at the end conversion is followed as well.

Having both calculated accurate E, and A, values one can start to evaluate the last
of the kinetic triplet, the reaction model f{a). As both isoconversional activation energy and
pre-exponential factor are presented as conversion dependent functions, the f(a) will be no
different, calculated according to Eq.(5.24) as actual or process-resultant value for specific
o for each biomass type.
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Fig. 6.27. a) E. and A, profiles for SS pyrolysis b) with standard regression error.
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6.5.2. Master-plot methods results for the investigated feedstock pyrolysis

Calculated generalized rate plot fittings to known reaction models are presented in
Fig. 6.30 for SS, WS, and WW pyrolysis. Deaccelerating behavior of the processes was
denoted based on good fit to theoretical diffusion models for wood and straw, while sewage
sludge theoretically obeyed order based model Fn, which both are known as a model
example of deaccelerating kinetics [104], yet no unambiguous match was achieved to
describe pyrolysis explicit reaction model. Both lignocellulosic biomass types pyrolysis,
WS and WW, shown similarities with 3-dimensional diffusion (D3) model at the beginning
of the conversion, with deviation from the theoretical profile at a>0.6. Biomass pyrolysis is
widely known as a complex process, involving numerous reactions, which interactions can
cause a change in the course of the master plot fittings. SS analysis resulted in fitting to
controversial high reaction order model, however, Stolarek and Ledakowicz [135] believe
that high-order reaction models are typical for lumped systems being a medium consisting
of a number of first-order reactions, having gradually increasing activation energies, what
in case of such complex material as sewage sludge seems reasonable, and was proved in
previous work [121]. However, no matter high the reaction order, the physical explanation
of 8 or 11 molecules collisions forming a product is rather doubtful. Even with high reaction
order assumption to the complex decomposition of SS pyrolysis, the single-step kinetic
approximation is rather an oversimplification.
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Fig. 6.30. Generalized reaction model fitting to theoretical reaction models for a) SS, b) WS, and c)
WW pyrolysis.

6.5.3. Isoconversional reaction models

Denoted inconsistencies in master plot results describing selected biomass types
pyrolysis led the authors to verify the usefulness of actual isoconversional reaction models
[110]. Again, the f(a) presented in Fig. 6.31 for SS, WS, and WW respectively, were
calculated according to Eq. (5.24) with E, and A, for each « step for specific biomass type.
Virtually, each specific f{o) obtained for a single heating rate covers and compensates each
error fulfilling the ratio of da/dz to isoconversional k(T), Eq. (5.24), providing theoretical
R? fit equal to 1 for each single heating run. Actual f{a) are enhanced with an estimator of
standard deviation calculated for t-Student distribution for a 95% confidence interval, based
on results for each heating rate. Calculated apparent profiles of f{a) consists of a momentary
values of the reaction models governing pyrolysis process at specific moment. Each specific
value contains an information about average f{a) of all reactions occurring or the most
dominant one, just like apparent E, and A,. SS derived f{a) presented a high peak at 6=0.25
with the highest deviations, and two small peaks at the end of conversion at ¢=0.75 and
0=0.93. WS and WW presented similar patterns with high peaks at ¢=0.15 and one smaller
peak at the «=0.85 and ¢=0.89 for WS and WW respectively. Denoted peaks of
isoconversional f{a) at the end of the conversion range strictly follows the standard errors
of the E, presented before in Figs. 6.27-6.29, presenting strong compensating ability. To
verify the usefulness of obtained f(a) profiles, its actual values along with specific
isoconversional E, and A, and substituted to form conversion rate and plotted against
experimental da/dz for each feedstock.
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Fig. 6.31. SS, WS, and WW pyrolysis apparent f{a) profiles with standard deviation given for 95%
confidence interval.

6.5.4.  Isoconversional modelling of biomass conversion rate profiles

As a method of kinetic triplet verification, given in Table 23, the attempt of
modelling SS, WS, and WW pyrolysis conversion rate profiles with comparison to
experimental results is presented in Figs. 6.32-6.34. Each figure consists of 5 plots of
calculation results plotted against experimental de/dr for each heating rate of every
feedstock type, summarized with non-linear R? First, Fig. 6.32 presents modelled by
isoconversional kinetic triplets SS pyrolysis conversion rate profiles. Amongst selected
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biomass types, SS pyrolysis modelling resulted in the highest deviations, thus the lowest
R?=0.9406, yet presented method well evaluated each of the wide and overlapped peaks and
shoulders. The highest errors at the end of the conversion for the lowest heating rates, 5 and
10 K/min are a result of probable instrumental errors araised at the longest TGA
experiments in terms of single run time, and the most complex nature of the feedstock
consisting of fats, carbohydrates, fatty acids, and protein-derived wastes [162]. Significant
overestimation of conversion rate can be observed at the highest heating rate, 40 K/min,
where conversion profile at main decomposition range overcalculated experimental values
by average 2.5 %/min. The excellent fit was achieved for modelled conversion rate profiles
for WS (Fig. 6.33) and WW (Fig. 6.34) with R2 0.9876 and 0.9912 respectively. Information
contained in isoconversional kinetic triplets well-evaluated moisture evaporation (except
high errors denoted for WW pyrolysis at 10 K/min) as well as the main decomposition
range. Marked errors for WW pyrolysis at 10 K/min can be caused by inconsistent
decomposition during TGA resulting with the highest deviation between the expected value
of f(a).

Table 23: Isoconversional kinetic triplets describing pyrolysis of investigated feedstock.
ws wWw SS

o E, kiimol A, 1/min flo) E, kJ/mol A, 1/min flo) E,, kJ/mol A, 1/min flo)
0.01 529 7.2E+06  0.836 496  9.1E+05  1.409 58.1 15E+09  0.032
0.05 481 35E+06  0.052 210  16E+04  0.001 617 23E+09  0.020
0.1 1464 6.1E+12  3.018 156.3  3.2E+12  7.470 786 16E+10  0.063
0.15 168.4 15E+14  4.828 1723 3.0E+13 10.368 1049 33E+11 0322
0.2 172.4 27E+14 3616 1721 29E+13 5875 153.8 9.3E+13  10.580
0.25 1741 35E+14 2794 1723 3.0E+13  3.970 1756 1.1E+15 14.564
03 1761 46E+14 2385 1734  35E+13 2957 1753 11E+15  4.158
0.35 1776 5.8E+14  1.997 1749  44E+13 2285 176.8 13E+15  2.094
0.4 1787 6.8E+14  1.700 1772 6.1E+13  1.889 1813 22E+15 1536
0.45 1783 6.4E+14 1327 1792 8.O0E+13 1587 187.1 4.4E+15 1191
05 1765 49E+14  0.974 1788  75E+13  1.207 1915 7.2E+15  0.772
0.55 1733 3.1E+14 0671 1756  4.8E+13  0.860 1951 1.1E+16  0.465
06 169.6 1.8E+14  0.437 1703  2.3E+13  0.566 2013 22E+16  0.345
0.65 166.0 1.1E+14  0.283 1637  9.0E+12  0.356 2129 B85E+16 0341
07 1640 7.9E+13  0.182 156.6  3.3E+12  0.213 2305 65E+17  0.399
0.75 167.6 13E+14  0.141 1497  12E+12 0121 2672 44E+19  1.092
08 189.2 3.E+15  0.179 1456  6.9E+11  0.072 2824 26E+20  0.428
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0.85 263.0 1.5E+20 0.767 162.1 7.1E+12 0.065 2942  9.9E+20 0.105
0.9 279.8 1.8E+21 0.049 293.8 8.4E+20 0.478 339.1 1.7E+23 0.073
0.95 2943 1.4E+22 0.001 361.8 1.2E+25 0.009 484.3  3.2E+30 0.069
0.99 156.6 2.7E+13 2.4E-06 356.9 6.2E+24 3.9E-07 480.3 2.0E+30 1.5E-06
3 5
a) SS 5K/min

da/dz, %/min
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Fig. 6.32. SS pyrolysis conversion rate profiles calculated using isoconversional kinetic triplets to
experiment results, R?=0.9406, a) for 5 K/min, b) for 10 K/min, c) for 20 K/min, d) for 30 K/min, e)

for 40 K/min.
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Fig. 6.34. WW pyrolysis conversion rate profiles calculated using isoconversional kinetic triplets
compared to experiment results, R?=0.9912.

6.5.5.  Discussion of the isoconversional modelling results

Interestingly, modelled rate profiles for WS and WW pyrolysis resulted in final
temperatures not exceeding 600°C. This phenomenon is strictly connected to the adapted
isoconversional methodology, based on isoconversional triplets discretized over o ranging
from 0.01 to 0.99 (Table 24). As the last modelled point is based on isoconversional triplet
0=0.99, corresponding temperature is considered as a final one, in case of lignocellulosic
biomass 600°C. Virtually each of presented mathematical model describing biomass
pyrolysis presented acceptable or satisfactory fit according to R%. R? calculation is based on
a ratio of a sum of residual squares related to the total variance. In non-linear regression,
the variance estimate Eq. (6.1) is usually much higher than the nominator, which is why

132
Szymon Sobek, Ph.D. Thesis



Results Chapter 6

even poor kinetic models provide non-linear R? fairly high. Supplementing solution is a
calculation of the standard error of the estimate, gest, EQ. (6.2), being a more engineering-
friendly evaluation of the model given as the same unit as the dependent variable. Table 25
lists RZ and oest values for each feedstock pyrolysis at 5 heating rates.

|Bl=5|v|=99 )
, ; ;(f(X),J—y,.J)
A e : ¢
& o (yi./_yavg-)
\N\:% 5
2 (f0,-7,) (6.2)
GE‘S[. = = N

Table 24: The standard error of the estimated conversion rate and R? for isoconversional
pyrolysis model.

A, Kimin Oestws, Y0/Min Oestww, %0/mMin Oestss, Y0/Min
5 0.198657 0.220348 0.131739

10 0.363725 0.692877 0.14025

20 1.305509 0.494788 0.493642

30 1.155443 0.758598 0.394945

40 1.842317 1.437177 1.764176

R? 0.9876 0.9913 0.9406

As oest Values are increasing with the increase of the $, an additional statistical
parameter was formed to consider a simultaneous increase of dependent variable range,
do/dt. Percentage error of the calculation, 4 presents the ratio of oest to an average value of
do/dz denoted at specific g (Fig. 6.35).
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Fig. 6.35. Heating rate impact on the percentage standard error of the estimate related to average
do/dt denoted at each heating rate.

Table 25: Percentage error of calculation for isoconversional modeling of specific

feedstock type pyrolysis.
4, %

B, Kimin WS ww ss

5 5.8% 6.6% 10.2%

10 5.6% 10.3% 5.5%

20 9.8% 4.0% 9.8%

30 5.8% 4.2% 5.2%

40 7.6% 6.2% 17.1%

Data presented in Tables 24 and 25 allow to accurately evaluate prepared
mathematical models for the pyrolysis of WS, WW, and SS samples. Each of the models
presented results with fit quality R? higher than 0.9, respectively 0.9876, 0.9912, and 0.9406
for WS, WW, and SS. However, an additional statistical parameter was calculated to
evaluate model results for each of the heating rate. Fig. 6.35 presented values of model
percentage error, 4, for each heating run, with a very crude exponential trend line, just to
show any trend that would show the heating rate dependency of the model deviations. It can
be said that for WS isoconversional model yields fairly constant deviations, not dependent
on the B, while WW and SS results show some negative and positive g correlation
respectively. First, regarding the model for WS pyrolysis, calculation results deviate from
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experimental values by 5.8-9.8 %, what for differential conversion profile over time is a
very good result. WW pyrolysis model noted even lower deviations, from 4.0 to 6.6% with
one high error at 10 K/min, 10.3%. The oes: for that specific heating rate revealed
deviations in the decomposition route, at low temperatures and conversion , which was
notified earlier, despite even the highest R> among the biomass species pyrolysis models.
The probable explanation of this phenomenon is that sample examined at 10 K/min had
lower actual moisture content, which is most likely results of heterogeneity of selected WW
pellets sample for analysis, which is formed from wide range of waste-derived wood. The
Isoconversional model for SS decomposition provided the lowest R? with gest 5.25% to as
high as 17.1% for the highest heating rate of 40 K/min. SS pyrolysis was the slowest process
with arguably the highest numbers of independent reactions occurrence providing the
biggest signal noise during decomposition. However, the proposed method still provided
meaningful results for even such complex feedstock as SS.

Overall values of the tested isoconversional kinetic model for three different waste
biomass types pyrolysis can form a conclusion that is it possible to accurately recreate the
rate of the pyrolysis as da/dz without reaction model assumptions. It is crucial to mention,
that the presented methodology does not need any significant computational effort, nor a
computational time. Presented solutions can be applied for any type of feedstock in any
environment (atmospheres) that can be evaluated in thermoanalytical measurements e.g.,
TGA.

6.6. Solar pyrolysis experiments results

Within this part of the dissertation, extensive presentation of the solar pyrolysis
experiment results are presented comprising: products characterization, yields, feedstock
heating behavior and original approach actual heating rates profiles. Interestingly, kinetic
results presented in previous part of the work, i.e., model-free kinetic predictions, found
reflection in the pyrolysis gas formation profiles, what has not been reported in the literature
so far.

6.6.1.  Temperature and heating rate profiles of the reacting feedstock

After the experiments, data recorded during three runs for each feedstock type were
collected and evaluated. Recorded temperature profiles for each pellet were statistically
evaluated with t-distribution for 90% CI, to obtain the expected temperature profile and
standard deviation estimate for 6 observations. After expected values of feedstock,
temperatures were obtained where the first temperature derivative over time was calculated
as an actual heating rate of the feedstock (dT/dz) and the temperature profiles are presented
in Figs. 6.36-6.38 for WW, WS, and SS, respectively.
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Fig. 6.36. Temperature profiles with confidence interval (left) and actual heating rates (right)
determined during solar pyrolysis experiments for WW samples.
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Fig. 6.37. Temperature profiles with confidence interval (left) and actual heating rates (right)
determined during solar pyrolysis experiments for WS samples.
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Fig. 6.38. Temperature profiles with confidence interval (left) and actual heating rates (right)
determined during solar pyrolysis experiments for SS samples.

Proposed experimental method resulted in biomass heating from 160-190 min at variable
xenon lamp power, with final feedstock temperatures exceeding 800 °C. Noticeable
deviations of temperature recordings are observed at the beginning of pyrolysis, which is
possibly caused by variations in moisture content of individual pellets. Additionally, during
the primary volatiles release step at temperatures 200-400 °C, the highest mass loss of the
sample is expected according to TGA data previously published [112,121,163]. The reports
state that despite efforts to provide uniformity of samples, random heterogeneity of SS and
random distribution of lignocellulosic structures within the biomass samples WW and WS
can influence random changes in the decomposition behavior during the process. The
highest deviations in thermocouples recording are found for WW decomposition, extending
the confidence interval to 18 K deviation, and considering the complexity of the pyrolysis
process it is reasonable and acceptable. Above 400 °C, the thermocouples deviations reach
a stable level, 1-3 K for variable lamp powers and lasts until the end of the process.

More dynamic insight into pyrolysis behavior was achieved by calculating the
actual heating rate profiles (dT/dz), presented on the right side of Figs. 6.36-6.38.
Differential heating rate profiles present a dynamic course of heating behavior during the
process. During the decomposition process the actual heating rates vary significantly, with
the most intense changes being observed at 100-450 °C during primary volatiles release.
Due to consistent heat supply from the reactor wall to the samples, it is proposed that any
change in heating rate is caused by the chemical phenomena occurring inside the feedstock.
Investigated samples of green-derived biomass cellulose, hemicellulose, and lignin shares
are 54.8 wt.%, 11.8 wt.%, 27.9 wt.%, and 49.7 wt.%, 31.6 wt.%, 6.0 wt.% for WW and WS,
respectively (Table 3). Regarding WW pyrolysis heating rate profiles, presented in Fig.
6.36, each experiment provides similar dT/dz patterns. Momentary peaks of WW samples
occur at the same temperatures, first at 57-63 °C corresponding to moisture evaporation, to
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which extent could be expressed as a additional heat sink that “slowed down” further
heating. After reaching 100 °C the heating rate significantly increases until the second peak
temperatures at 163-174 °C, followed by the second lower peak at 293 °C and third very
sharp peak at 383 °C accompanied by a visible shoulder. The shoulder at 400 °C moves
towards higher temperature at 428 °C during the experiment at the lowest lamp power,
namely 85.5%. Further heating was conducted at a continuously diminishing rate, until the
end of the process. Fig. 6.37 presents WS temperature profiles recorded during solar
pyrolysis experiments. WS samples exhibit similar heating behavior compared to WW. The
first peaks are found at 78-81 °C, followed by a wide peak at 162-173 °C, and then two very
sharp peaks at 291 °C and 335 °C, respectively. The last peak is followed by a significant
drop in the heating rate at 351 °C. According to the literature regarding energy demand in
the course of pyrolysis, cellulose behaves differently from hemicellulose and lignin [164].
The pyrolysis of the former is endothermic, with a very quick decomposition rate due to
polymeric structure. Once the energy barrier is achieved higher yields of CO are produced,
whereas pyrolysis of hemicellulose and lignin is exothermic, in which release of CO,, CHa,
and H» occurs [155,165]. SS heating behavior shown in Fig. 6.38, displays a more random
and less complex dT/dz profile compared to WW and WS, both in terms of peak number
and magnitude. The first wide peak is observed at 61-120 °C, which may be associated with
the significant amount of moisture denoted in the proximate analysis of SS samples (Table
3). Furthermore, the complex moisture release nature for studied sludge was previously
observed in the kinetic study of SS samples decomposition, which was examined at TGA
for the same temperature range [121]. Compared to lignocellulosic biomass, SS heating rate
peaks are non-symmetric and more irregular across the experiments. In the case of SS
heating rates peaks positions, the second and third peak denoted are recorded at 140-170 °C
and 242-250 °C.

Despite the complex pyrolysis behavior of the investigated samples, average
heating rates calculated over the entire pyrolysis time ware similar, but dependent on the
actual specific properties of the biomass types i.e., thermal diffusivity. Actual heating rates
observed for 90, 95 and 100% xenon lamp power are 4.51, 5.32, and 5.49 K/min for WS;
5.10, 5.19, and 5.37 K/min for WW; and 3.95, 4.48, and 5.25 K/min for SS, respectively.

6.6.2.  Solar pyrolysis products shares and their characterization

Fig. 6.39 shows the cumulative results of the solar pyrolysis products distribution
for WW, WS and SS investigated xenon lamp powers that are presented as a function of the
resulting average heating rates. Selected experimental conditions impact on actual product
yields is rather low, where resulting heating rates of the feedstock remains within the slow
pyrolysis conditions with the highest shares of the liquid product [166]. During pyrolysis of
each feedstock type a decreasing trend in the final solid residue is observed, where the
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heating rate increases followed by higher final process temperature and enhanced char
decomposition [31]. Regarding liquid products, by increasing the heating rate during WW
and SS pyrolysis results in increasing trends of the liquid and decreasing final gas dry-yield.
Generally, the gas and liquid product yields are contrasting due to secondary cracking of
the vapors leading to dry, non-condensable gas formation [35]. This phenomenon can be
observed during WS pyrolysis, where increasing heating rate influences enhancement of
gas formation at the expense of liquid products due to catalytic metals present in biomass
[76], as well as high cellulose and hemicellulose content (Table 3), leading to CO and CO,
formation during pyrolysis [165]. In the case of char yields, the heating rate increase causes
a slight decrease in final char yields, where 21.91 wt.%, 21.66 wt.%, and 21.21 wt.% for
WW; 27.45 wt.%, 26.66 wt.%, and 27.08 wt.% for WS; and 39.54 wt.%, 38.53 wt.%, and
38.29 wt.% for SS. The highest char yields are observed for SS, which can be related to the
highest ash content of the feedstock (33.44 wt.%), where that of WW and WS is 21.59 wt.%
and 21.06 wt.%, respectively. The exact values of pyrolysis gas shares for WW solar
pyrolysis are 9.74+0.67 wt.%, 9.20+£0.65 wt.%, and 8.59+0.54 wt.%; for WS 8.77+0.83
wt.%, 11.65£0.96 wt.%, and 11.48+0.92 wt.%; for SS 10.50+1.37 wt.%, 9.15+0.88 wt.%,
and 8.94+0.97 wt.% for increasing heating rates, respectively. The bio-0il yields are the
highest shares denoted in the study, are 68.36 wt.%, 69.14 wt.%, and 70.20 wt.% for WW,
63.78 wt.%, 61.69 wt.%, and 61.43 wt.% for WS, and 49.96 wt.%, 52.32 wt.%, and 52.77
wt.% for SS, at investigated heating rates range.

Denoted product shares are consistent with the literature data. T. Kan et al. [167]
reviewed lignocellulosic biomass pyrolysis focusing on process parameters on humerous
factors, including product shares and bio-oil elemental composition. Product yields of WW
and WS correspond well to the data presented for Hardwood pyrolysis (liquid yields 50-55
wt.%, char 25-27 wt.%, gas not given), and Switchgrass (liquid 60.7 wt.%, char 12.9 wt.%,
and gas 11.3 wt.%), at similar heating rates 6 K/min and temperature ranges. The reports
state that the samples were similar in terms of cellulose, hemicellulose, and lignin content.
Another study referenced the shares of wood slow pyrolysis, however, at isothermal 425 °C
as 27 wt.%, 51 wt.% and 22 wt.% shares for gas, oil, and char respectively [168]. Regarding
SS product yields, similar tendencies were observed by J. Alvarez et al. [169] for SS
pyrolysis at 500 °C using a conical spouted bed reactor. The final shares of char, liquid, and
gas were 45 wt.%, 50 wt.%, and 5 wt.%, respectively. Moreover, a similar elemental
composition of the bio-oil was described.
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Fig. 6.39. Solar pyrolysis products distribution of investigated feedstock.

6.6.3. Biochar

After solar pyrolysis experiments the obtained chars for WW, WS, and SS were
analyzed in terms of elemental composition C, H, N, O, and porosity by BET surface area
measurements. Fig. 6.40 shows the impact of pyrolysis conditions on BET surface area of
the obtained char samples, which are compared to raw feedstock pellets. Due to the
pelletization process, involving relatively high ~60-80 °C temperature formation of the
dense-packing matter in pellets, BET area of the raw feedstock is very low, 0.21, 0.52, and
0.55 m?/g for WW, WS, and SS, respectively. Despite the small change in investigated
heating rates, the adapted method for experiment termination resulted in significant
differences in final feedstock residence times, which may strongly impact the final BET
area of the solid product. Table 26 lists ash deformation temperatures of WW, WS, and SS
using a microscopic — photographic method, according to CEN/TS 15370-1:2007 standard.
The highest specific surface area denoted in the study is observed for WW sample at 5.2
K/min, with BET surface area of 145.09 m?/g from the experiment with 95% xenon lamp
power. SS chars present a slightly increasing trend of BET area with increasing heating rate,
but it did not exceed 43 m?/g. Almost identical values are reported by J. Alvarez for SS
pyrolysis char BET 42.9 m?/g under similar experimental conditions [169]. WS samples
porous structures are probably destroyed during pyrolysis, because the final process
temperatures exceed the ash shrinkage deformation temperatures of WS (Table 26). During
WS solar pyrolysis experiments temperature of ash shrinkage 690 °C is reached after 60-80
min in every experimental run for WS (Fig. 6.40). After reaching shrinkage temperature,
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the temperature of the sample was increasing for more than 1 h towards ash deformation
temperatures, which possibly destroyed any porous structures in WS chars. SEM photos of
the selected bio-chars samples from experiments with 90% of the xenon lamp power are
presented in Fig. 6.41. Resolution of the photographs was set to 100 um. It can be seen that
the WW scanning picture captured the high porosity plant cell wall area what corresponds
to the BET area results presented in Fig. 6.40. Similar patterns can be seen for the SEM
photos of the WS sample, however, no visible pores can be denoted. Interestingly, photos
of the SS chars shows rock-like particles what resembles the is a mineral and ash residue
after devolatilization during the process.
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Fig. 6.40. Impact of heating rate on char BET surface area.

Fig. 6.41. Microstructures SEM photos for WW, WS and SS biochars (from left to right).
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Table 26: Specific ash deformation temperatures under inert atmosphere for the
investigated feedstock.

Ash fusion specific properties ww WS SS
Shrinkage temperature, SST, °C 1140 690 860
Deformation temperature, DT, °C 1180 810 1010

Fig. 6.42 displays changes in the elemental composition of the feedstock with
increasing solar pyrolysis, and expressed by xenon arc lamp power. A significant increase
in C content is observed for lignocellulosic feedstock, WW and WS, with a simultaneous
decrease of O, that significantly improves HHV of chars compared to the raw biomass.
Final shares of elemental C in WW and WS are 87.90 wt.% compared to 49.31 wt.% of raw
WW, and 69.67 wt.% for WS chars compared to 47.02 wt.% raw WS, which displays
significant elemental C content increase. H content in solar pyrolysis chars is lower in
comparison to the raw feedstock by average of 4.04-4.57 wt.%. Elemental N content slightly
increases for chars from WS and WW by 0.3-0.5%, while a significant decrease is observed
for SS chars by average of 4.11 wt.%. This can be explained by N migration to the bio-oil,
whose elemental composition is presented in Fig. 68 [166]. After pyrolysis, the moisture
and volatiles content containing a significant amount of H and O is reduced, increasing the
relative carbon content within the sample. In addition, lignocellulosic biomass during
pyrolysis, due to high initial O and moisture content, loses relatively more O compared to
e.g., coal, increasing the calorific value of the resulting product [170].
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Fig. 6.42. Impact of xenon lamp power on C, H, N, O content of feedstock and char.

The influence of solar pyrolysis on feedstock HHV shows a significant increase of
calorific values in lignocellulosic samples, with exact values listed in Table 27. The highest
HHYV is found for WW chars with an average of 27.09 MJ/kg, calculated based on Jenkins
formula, presented previously in Eq. (1.5). WS chars HHV has an average of 22.72 MJ/kg,
while SS chars show lower HHV than raw feedstock with an average of 12.96 MJ/kg
compared to 16.10 MJ/kg for raw SS. By considering the significant HHV increase of
feedstock compared to raw samples, van Krevelen’s diagram (Fig. 6.43) was constructed
with H/C and O/C atomic ratios calculated based on the elemental composition of raw
feedstock (Table 3) and obtained bio-chars (Table 27), respectively. Impact of the pyrolysis
conditions on the solid product HHV is presented in Fig. 6.44. As solar pyrolysis
dramatically increase, the lignocellulosic samples move into higher carbonization zones,
while SS due to very high O content and low C content compared to raw samples, chars
move into the opposite direction. After solar pyrolysis, H/C ratios of WW and WS reduce
from 1.427 and 1.450 to average 0.185 and 0.231, respectively. Atomic O/C ratios follow a
pattern and reduced from 0.672 and 0.745 to an average of 0.089 and 0.303 for WW and
WS, respectively. For SS samples, H/C ratios with an initial 1.655 reduces to an average of
0.385, however, O/C ratios increase from 1.118 to 1.739. This can be explained by
migration of elemental C from the char with a simultaneous relative increase of elemental
O in SS bio-chars. However, obtained bio-chars of WW samples display very high
carbonization level, with H/C and O/C ratios corresponding to the anthracite atomic ratios
range.
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6.6.4.  Dry pyrolysis gas

Fig. 6.45 shows the final shares of gaseous compounds forming dry pyrolysis gas.
Gas shares were calculated based on numerical integration (rectangle method) of the
recorded formation profiles over time, where the final yield was proportional to the
volumetric area of the specific gas components, related to the total sum of each compound
area. The volumes of gases were quantified from the volumetric percentage of gas
components, with exclusion of the inert gas N2, focusing at the species released from the
biomass only. Then, the molar quantities and masses of each gas component were calculated
based on the ideal gas law as proposed by Zeng et al. [35]. H2 is the most dominant
component in the pyrolysis gas, which is rather unusual for slow pyrolysis according to the
literature [2]. The very high volumetric content of H, stems from the selected experimental
method, with emphasis on the release of a maximum amount of dry gas during the
experiment. Since Hy is the last species to be recorded, its release occurs at a very slow rate
and high temperatures, hence, its formation occurs over a prolonged time period resulting
in the highest yields after the integration of analyzers indications over the experiment time.
H yields in pyrolysis gas are 47.58 vol.%, 51.33 vol.%, and 52.77 vol.% for WW; 48.31
vol.%, 47.53 vol.%, and 49.30 vol.% for WS; and 57.15 wt.%, 54.75 wt.%, and 54.61 wt.%
for SS, for increasing heating rates, respectively. The second most abundant gas in the final
share is CO- with detected yields of 23.57 vol.%, 20.17 vol.%, and 19.63 vol.% for WW;
27.29 vol.%, 28.46 vol.%, and 27.60 vol.% for WS; and 22.65 vol.%, 21.33 vol.%, and
21.31 vol.% for SS, respectively. The intense formation of CO- is due to the oxidation
reactions in the first stages of decomposition, unavoidable given the high oxygen content
of the biomass. CO shares for WW and WS comparable across the experiments with average
yields of 16.17 vol.% and 14.64 vol.%, respectively, whereas SS content in the final gas
varies from 11.86 vol.% for the lowest heating rate to 16.01 vol.% and 16.42 vol.% for 4.5
and 5.3 K/min, respectively. CH4 content is highest for WW pyrolysis, with similar yields
denoted across the experiment with an average of 10.55 vol.% and 8.04 vol.% for WS, and
5.83 vol.% for SS. Hence, due to low formation intensity and rate of CHa4, low
concentrations exhibit considerable uncertainty in the final yield, +1.59-2.39 vol.%. The
released oxygen during pyrolysis experiments did not exceed 2.3 vol.% of the total
composition. The exact values of the final gas components shares with uncertainties are
presented in Table 27.
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Results
Table 27: Final results of the solar pyrolysis study with denoted product shares and characterization.

Process conditions \j/rt(.)‘?/uua vields, Char and bio-oil properties g?’gzg’;i:sgas
Sample g‘fg‘ing Char Eiil"' PYOWHCGaS Mo g oho ono BmEz/Tg W/\I{g co,vol%  COyvol.% 02, vol.% CHavol%  Ha vol% kag EUF, %
WWO0 Raw 0.06 49.61 5.94 44.39 0.21 20.13
WW90 4.5 K/min 21.91 68.36 9.74 +0.67 0.11 87.21 1.66 11.02 6.97 27.06 16.16 +1.35 2357 +1.25 224 +0.64 10.46 +1.69 4758 =+l1.16 13.94 +10.88
WW95 5.0 K/min 21.66 69.14 9.20 +0.65 0.39 88.42 1.21 9.98 145.09 27.13 16.16 +1.19  20.17 +1.17  1.47 +0.53 10.87 +1.65 51.33 +1.33 16.08 +12.08
2)NW10 5.5 K/min 21.21 70.20 8.59 +0.54 0.38 88.17 1.23 10.22 43.06 27.08 16.27 +1.11 19.63 +0.93 0.88 +0.55 1046 +£1.62 5277 +1.31 16.56 +12.29
WwW Bio-oil 0.00 55.55 6.92 37.53 - 21.99
WSO  Raw 0.59 47.02 572 46.67 052 19.38
WS90 4.5 K/min 27.45 63.78 8.77 +0.83 0.77 69.5 1.49 28.24 1.09 22.75 14.55 +1.15 27.29 +2.57 201 +0.50 7.84 +1.59 4831 +£1.17 12.16 -8.45
WS95 5.0 K/min 26.66 61.69 11.65 +0.96 0.8 69.88 1.39 27.93 1.67 22.79 14.76 +1.11  28.46 +2.15 1.01 +047 8.23 +1.74 4753 +£1.28 12.06 -9.34
WS100 5.5 K/min 27.08 61.43 11.48 +0.92 0.96 69.62 1.17 28.25 2.10 22.61 14.63 +1.06 27.60 +2.03 041 +0.47 8.06 +1.73  49.30 =+£1.08 12.61 -9.08
ws Bio-oil 5.24 36.41 526 53.09 - 16.36
SSO Raw 5.57 35.93 4.99 53.51 0.55 16.10
SS90 4.5 K/min 39.54 49.96 10.50 +£1.37 1.67 29.00 1.01 68.32 37.69 12.87 11.86 +2.90 22.65 +1.85 222 +1.03 6.12 +2.32 57.15 +1.23 14.43 -19.16
SS95 5.0 K/min 38.53 52.32 9.15 +0.88 141 29.8 0.94 67.85 40.84 13.04 16.01 +2.72  21.33 +1.14 239 +1.37 5.52 +1.89 5475 +1.18 13.98 -19.14
SS100 5.5 K/min 38.29 52.77 8.94 +0.97 1.30 29.50 0.90 68.30 42.94 12.96 16.42 +3.00 2131 +1.25 181 +1.51 5.85 +2.09 54.61 =£1.30 14.21 -19.22
ss Bio-oil 2.37 1338 9.05 75.19 - 12.83

147

Experimental investigation of the solar pyrolysis of waste biomass



Results Chapter 6

6.6.5. Bio-oil and energy upgrade factor

Comparison of the elemental composition (wt.%) of the bio-oil averaged samples
obtained from WW, WS, and SS solar pyrolysis is presented in Fig. 6.46. Denoted bio-oil
from WW solar pyrolysis can be considered as a quality product, with zero elemental N,
55.55 wt.% of C, 6.92 wt.% of H, and lowest O content amongst investigated samples (37.53
wt.%) with estimated HHV of 21.99 MJ/kg compared to other studies on wood pyrolysis
bio-oil quality [166]. WS pyrolysis bio-oil contains less elemental C 36.41 wt.%, and H
5.26 wt.%, in favor of higher O content 53.09 wt.%, with the highest share of elemental N
5.24 wt.%, giving a final estimated HHV of 16.36 MJ/kg. The lowest quality bio-oil is
observed for the solar pyrolysis of SS samples, with a major share of O 75.19 wt.%, which
is probably due to the highest share of oxygenated compounds in final bio-oil composition,
and content significantly exceeding reported values [171].

Based on estimated HHV values of solar pyrolysis products and determined
product yields, the Energy Upgrade Factor (EUF) was calculated according to Eg. (9.6) and
presented in Table 28. For this study, the solar pyrolysis process of WW feedstock provides
10.88-12.29 % of primal chemical energy of the feedstock upgrade, while WS and WW
EUF value is negative, corresponding to loss of the primal chemical energy during solar
pyrolysis.

Bio-oil element contents, wt.%

WS SS ww

Fig. 6.46. Weight percentages of C, H, N, O of averaged bio-oil samples.
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6.6.6. Correlation of the gaseous products formation to model-free kinetic
predictions

The evolution of gaseous compounds recorded during pyrolysis is presented in
Figs. 6.48-6.50 for WW, WS, and SS. The impact of the heating rate on gaseous compound
formation is very low. The significant novelty of the study is the comparison of model-free
(MF) kinetic predictions and the conversion rate profiles calculated for the observed heating
rates based on isoconversional parameters determined for the same feedstock during
dynamic TGA runs that were previously studied [163]. As E, profiles used for MF
predictions calculation in this study were validated in previous studies that were compared
to the experimental TGA data, the values of predicted de/dz are accurate. Low heating rates
and high-intensity sampling of the gas analyzers allow the generation of high-quality
profiles of gaseous compound formations as a function of time, which is later correlated to
the actual temperature of the feedstock. Significant similarities between MF predicted
conversion rates and gas formation profiles can be observed, however, exact quantification
of the correlation is problematic, and will be a subject of a detailed future study. The
information encrypted in E,, presented and validated previously gives greater insight into
probable do/dz profiles of the reacting feedstock at investigated heating rates. Predicted
conversion profiles in Figs. 6.48-6.50 for WW, WS, and SS first reflect the peak of moisture
evaporation at initial heat supply. Next, the most visible correlation can be observed
between the main predicted devolatilization peaks, which are represented by CO, and CO
formation during solar pyrolysis experiments, as well as monitoring the overlapping
conversion profile shoulders. Predicted conversion profiles of WW (Fig. 6.48) and WS (Fig.
6.49) found little reflection in CH, and H; formation because, as they are related to minimal
mass loss of the samples at high temperatures of the charring pyrolysis regime [42].
Predicted conversion rate profiles of SS (Fig. 6.50) determined the best resemblance in
evolving CO», at the same temperature range as main mass loss denoted during TGA
measurements of the same sample [43]. Contrary to lignocellulosic biomass, SS predicted
pyrolysis conversion rate profiles at temperatures above 500 °C exhibit overlapping peaks
and shoulders that allow monitoring by H,, CHa4, and CO formation, resulting from
secondary and tertiary reaction occurring in the complex structures of the sludge.

Continuing the discussion of gas evolution profiles, the first gas released is CO,,
with first concentrations denoted at 200 °C, followed by very low, however concerning, O>
concentration <0.8 vol.%. To the best of our knowledge, no study has reported oxygen
release during biomass pyrolysis so far. After careful measurement error analysis including
installation tightness test and consultation with gas analyzer specialists, followed by
exclusion of any overlapping spectra, and finally oxygen measuring cell replacement in
ABB A02020 analyzer, certain conclusions can be highlighted for future attention. High
elemental oxygen content in the raw biomass i.e., 44.37, 46.59, and 51.49 wt.% for WW,
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WS, and SS, respectively, despite lack of external oxygen, minor amounts of O, detected
during solar pyrolysis experiments, consistently for each experimental run. Numerous
reactions were identified and presented for biomass gasification by B. Wojnicka et al. [30]
and pyrolysis by Z. Kaczor et. al [100] and H. Weldekidan [172], however, none of which
lead to pure O, formation. Adressing the O, formation issue even more, Fig. 6.47 was
formed, comparing the feedstock heating profiles with the heating rate of the reactor
recorded during the same experiments. As temperature and heating rate profiles are in good
agreement with each other across the investigated lamp power range, only results for the
highest variable are presented and discussed. First, at temperatures below 150 °C feedstock
heating is slower than the reactor, obviously due to moisture evaporation. Interestingly, the
feedstock heating profiles exceed the reactor heating rates, indicating exothermic behavior
of the investigated feedstock during pyrolysis. Despite the absences of oxidizer supplied
externally to the reactor system, the high oxygen content within the biomass acts as an
oxidant boosting the decomposition intensity with increasing feedstock heating rates, which
possibly favors auto-gasification reactions at early decomposition stages. For WW
pyrolysis, O; is released randomly between 250 and 400 °C with CO, and CO. In the case
of WS pyrolysis, each experimental run O release correlates with CO formation. During
SS pyrolysis, O is formed in conjunction with other gaseous components once temperature
reaches 340 °C. After reaching 500 °C, the heating rate profiles of the feedstock converge
with the reactor heating profiles until the end of the experiments, where more passive
reactions occur i.e., charring, leading mainly to CH, and H; formation.
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Fig. 6.47. Comparison of heating rates of the reacting feedstock with indicated gas formation
temperatures, and reactor during experiments with 100% lamp power.

Regarding specific dry-gas formation for each feedstock type, staring from the
WW samples (Fig. 6.48), the first detected gas component is CO; released at 220-250 °C,
while indications of CO, CHa, and H start at the narrow temperature window of ~300-360
°C, which follows the primary pyrolysis rate law presented in, however, the specific
evolution profiles differ from each other [63]. During WW pyrolysis CO; formed a steep
and sharp, symmetric peak, which represents the high reaction rate of the pyrolysis step,
and may reflect the pyrolysis of cellulose [173]. CO peak followed CO. profile at first and
then significantly slows down at 450 °C, where the first peaks of CH4 and H; appeared.
Further heating amplified significantly H, formation that was the most dominant species at
final temperatures, where CH4 release correlated with CO formation and has ended at ~750
°C. The overlapping character of CO, CHy4, and H, formation profiles can correspond to
additional decomposition reaction occurrence that release the same products. Yang et al.
[165] studied pyrolysis characteristics of pure cellulose, hemicellulose, and lignin with
TGA, and found that hemicelluloses consisting of various saccharides e.g., mannose,
xylose, galactose, glucose, decomposes first at 260-300 °C. Due to cellulose’s polymeric
structure it shows a very quick and intense decomposition of long D-glucose chains (n>200)
chains generating levoglucosan via cleavage of 5-1,4-glycosidic bonds upon reaching 300-
400 °C. Lignin slowly reacts throughout the reaction process with a slight increase in
intensity at 200-400 °C. Generally, CO> and CO release is associated with pyrolysis of
cellulose and hemicellulose, especially from cracking of carbonyl (C-O-C) and carboxyl
(C=0) groups [155,165], whose decomposition also yields the majority of bio-ail
compounds compared to lignin [165], whereas CH4 and H; are mainly formed from lignin.
The release of CH4 is mainly due to cracking of methoxy groups (-O-CHs) at temperature
below 600 °C. According to the literature, lignocelluloses releases CH4 during primary and
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secondary pyrolysis at temperatures vary from 200-600 °C, however, lignin dominates
because of high -O-CHs; content [174]. H. reaches highest concentration later than CH4
above 700 °C, which is also consistent with the literature [35,174]. This can be explained
by Hz not only being produced via decomposition of biopolymers but also release from
cracking and deformation of aromatic C-H and C=C bonds, where amorphous lignin
possesses the highest content [175]. Temperature plays a significant role in H, formation
owing to high carbon-hydrogen bond stability that are more prone to cleavage at high
temperatures [176].

Gaseous species evolution during WS pyrolysis are presented in Fig. 6.49, where
the evolving profiles display similar tendencies compared to the obtained WW profiles. The
major differences include symmetrical formation trends of CH4 and H, without overlapping
peaks, which were observed during the solar pyrolysis of WW. CO and CO; formation were
very similar, both supported by a slight shoulder that shifts towards higher temperatures.
The lack of the first peak of CH4 and H, formation in WS pyrolysis that was clearly visible
during WW experiments at 470 °C, what could be partially assigned to much lower lignin
content 6.0 wt.% in WS samples compared to 27.9 wt.% in WW samples.

Finally, Fig. 6.50 shows gas compounds evolution during SS solar pyrolysis,
resulting in very irregular gas formation profiles. Contrary to WW and WS samples, SS as
a feedstock contained very little lignocelluloses and leaving the majority of the components
to lipids, proteins, organic wastes, and inorganic ash [26,121,177]. The thermal
decomposition began at 200 °C with the intense release of CO2 and simultaneous low-
intensity O, formation. At temperatures of 300-330 °C, corresponding to O release, the
intense release of H, and CH4 begins with a simultaneous slow release of CO. CO; release
continued throughout the majority of the process until 750 °C, what could be somehow
associated with bond cleavage of carboxyl groups (-O-C=0) present in the fatty acids [178].
By comparing SS gas evolution to WS and WW, it is revealed that CO generation is
separated from CO; formation. In the case of lignocellulosic biomass origin of CO it is
related to the pyrolysis of cellulose and hemicellulose, in which low content in SS can
influence low-intensity release at temperatures 300-550 °C. Another probable CO origin in
SS pyrolysis is Boudouard reaction, which is the redox reaction of an equilibrium mixture
of COz and char, CO2)+C(s) = COyg), highly endothermic, usually occurring at temperatures
~700 °C [179]. The intense release of H, and following CH4 can be again justified through
rearrangement of the carbon structures in char, occurring at high temperatures.

152
Szymon Sobek, Ph.D. Thesis



Results Chapter 6

7 8 8 8
o co
X6t a) co2 17 w7 7
© 02 S
16 =
Z— 5F CH4 g 6 6
sS4 Ha 1°< < O 5
......... <
5 ;’;/Ir('e:diction 4 % ; 4 4
23T S S
£ 13 =3 3
P 2 L E E
= 123 c 2 2
g s 8
olr . 11 91 1
0 it o arie-t _‘I mn.\.‘_ -l 0 O 0 0
0 100 200 300 400 500 600 700 800 900
T! OC T’ OC
7 8
<L
Se6}| o 17
g 5 F 16
53 ]l c.E
B4t : °E
= . 148
23t : .
£, : =
S i . 12
@1t . {1
O i3 /\'.
0 L= X faalloend
0 100 200 300 400 500 600 700 800 900

T,°C

Fig. 6.48. Gaseous species evolution profiles during WW solar pyrolysis compared to predicted WW
conversion rate profiles for the a) 5.1 K/min, b) 5.2 K/min and c) 5.4 K/min.
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Summary

Summary

As a first part of thesis research, the design of the bench-scale solar pyrolysis
reactor is presented and discussed. A review of the pyrolysis process fundamentals and
existing solar pyrolysis reactors has been presented. Thermal processes with complex
characters and mechanisms, such as pyrolysis, provide a field for further complex
experimental investigation. The design idea comprised latest literature review findings,
focusing on indirect heating of the feedstock. In order to power the solar-driven biomass
pyrolysis, based on the review of artificial light sources for solar-thermal biomass
conversion applications, the 1.6 kW xenon-arc lamp was chosen as the radiation source for
the study.

Simultaneously to experimental work in the laboratory, the thermoanalytical
measurements of the pyrolysis decomposition behavior of the investigated feed was studied
on the TGA. Three waste biomass samples pyrolysis was investigated at the heating rates
5-40 K/min at temperature range of 25-700 °C. Single experiment was carried out for 5 mg
of a milled, non-sieved, sample in alumina crucibles, while the pyrolysis atmosphere was
provided by the 50 ml/min nitrogen flow. Feedstock presented well-corresponding pyrolysis
behavior according to the other results presented in the literature. All of the obtained mass-
loss profiles were in good agreement with each other in terms of peak temperatures and
overall mass-loss, proving analysis quality, and making further kinetic calculations viable.

Model-free, isoconversional Friedman method proved to be a powerful tool for
kinetic analysis of waste biomass pyrolysis, providing apparent kinetic parameters and
quality fit to experimental data. Two approaches were analyzed analyzing WW
decomposition, 3-PC model, and pyrolysis gas compounds formation in E-MP model. Gas
analyzer indications provided vital information for the kinetic model establishment, which
resulted in a good fit for experimental data and kinetic predictions. The generalized master-
plot method proved that pyrolysis of waste wood obeyed diffusion mechanism with a
transition to phase boundary models. Contribution factors of main mass balance equation
for the E-MP model addressed shares of gaseous products especially well during charring.
Charring period, described by two consecutive steps in the E-MP model proved that char
formation is associated with high activation energy reactions 249.71 and 162.01 kJ/mol for
methane and hydrogen formation respectively, yet with a low contribution, so overall
thermal effect of those reactions on total decomposition process was low. 3-PC model
described charring as a single step with lower activation energy 96.49 kd/mol, high reaction
order, and contribution, as average lignin decompaosition reaction. The approach of the E-
MP model originated from an invert modeling idea, engineering perspective, where
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pyrolysis Kkinetic studies should aim for process industrialization, setting the need for
product formations identification for different types of feedstock, in order to allow
maximization of desirable compounds yields. Approach of 3-PC model is already well
described in the literature, over the years identified thermal regimes of biomass compounds
degradation, cellulose, hemicellulose, and lignin, which is useful in the case of biomass
efficient utilization, without consideration of pyrolysis products, or gaining knowledge on
wildfire spread and behavior. It is plausible, that experimentally based models, established
inversely based on the identification of pyrolysis products forming reactions, are valuable
for future process optimization and commercialization, especially using renewable solar
energy, if only the reactions and corresponding reaction models can be identified explicitly.

Regarding SS pyrolysis kinetics, isoconversional analysis yielded initial
parameters for establishing a complex kinetic model consisting of 10 elementary reactions.
Linkage of isoconversional and model-based kinetic methods have been presented and
discussed. Regarding the literature review, the proposed model describes sewage sludge
holistic pyrolysis, without temperature zones separations. Both isoconversional and model-
based kinetics shown a tendency for activation energy increase with conversion progress,
which is typical for the process with deaccelerating kinetic character. A similar conclusion
can be drawn from the master-plot method, resulting in fitting to order-based reaction
models. Friedman method proved to be a fast and effective method (R?=0.9999) of apparent
kinetic parameters estimation, with isoconversional activation energies and pre-exponential
factors E, (31.4-244.9) kJ/mol and A, (1.17-14.4) log(1/s) respectively. Investigated sewage
sludge presented deaccelerating character during pyrolysis, which was confirmed by fitting
to n™ order reaction models and high slope of Friedman isoconversion lines. The kinetic
model was established on plateau regimes of isoconversional parameters, perceived as
actual elementary reaction step. 10 isoconversional “steps” were transduced into kinetic
computations resulting in 10 independent nth order reaction model and optimized using the
least square method for objective R2—max. Stolarek and Ledakowicz's thesis was proved,
that high order reaction models in single-step kinetic modelling are in fact a product of a
set of low reaction orders of elementary steps.

WS pyrolysis kinetics were described using numerical deconvolution method,
based on available peakfit.m Matlab function block. The three-step Gaussian algorithm
resulted in three elementary conversion profiles, which sum evaluated the experimental
decomposition profile with R?=0.99906. The decrypted kinetic parameters of the
elementary pyrolysis steps, correlated again to the independent decomposition of the
cellulose, hemicellulose and lignin. Exact values of the Arrhenius parameters, E, A, and n,
were: 142.0+6.3 kJ/mol, 6.86-10%+5.81-10** min?, 1.52+0.06 for hemicellulose,
227.1+23.1 kd/mol, 5.02-10%2+44.81-10% min, 1.23+0.01 for cellulose, 25.3+1.9 kJ/mol,
8.02:10%:6.27-10% min'! 0.98+0.05 for lignin.

Apart from traditional model-based kinetics, an original approach to model-free
modeling of the waste biomass pyrolysis has been successfully presented. Friedman
isoconversional method provided apparent activation energies as a root for Kinetic
calculations with the values carrying across the conversion: 48.1-294.3 kJ/mol for WS,
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21.0-361.9 kJ/mol for WW and 58.1-484.3 kJ/mol for SS. Isoconversional pre-exponential
factors were determined using linear compensation effect and were 7.2-106-1.8-10% 1/min,
1.6-1%-1.2-10% 1/min, and 1.5-10%-3.2-10% min for WS, WW, and SS respectively, with
corresponding R? equal to 0.9912, 0.9876, and 0.9406. The proposed method can be applied
to any feedstock type not only for pyrolysis, yet for any thermal decomposition process that
can be experimentally evaluated in TGA.

Last but not least, the final results of the solar pyrolysis experimental campaign
are presented. The experimental methodology, including measurement techniques, sample
preparation, and experimental setup are presented. Xenon-arc lamp provided plenty of
radiant power to carry out the solar pyrolysis process, with final temperatures exceeding
900 °C. WAGO PFC100 PLC proved to be effective data acquisition system for the 18
measured variables, however, simultaneous visualization of the recoded values caused
software stability problems, due to limited RAM capacity of the device. Nonetheless, the
PLC-based measurement methodology allowed to record 18 measured variables with 1 s
data resolution for 90 min duration of the single experiment. For the future studies regarding
indirect heating-based solar pyrolysis, copper implementation should be reconsidered, due
to relatively low melting-point comparing to other materials with sufficient conductivity,
e.g., stainless steel. Feedstock temperature measurement, using a set of 0.5 mm K-type
thermocouples packed with copper net, did not cause any major problems, and is highly
advised as a method for reacting feedstock temperature measurement for the future. Thanks
to the over-sized bio-oil condenser, no bio-oil contamination was denoted within the NDIR
analyzer cells. Regarding obtained products and their final shares, the study well responded
for the shortage of basic research within the slow solar pyrolysis field. Original approach to
the actual heating rates of the reacting feedstock are proposed and discussed. The final
heating rate value, on which the very process classification is based on, is highly fragile to
the assumed calculation method. Within this study, final average heating rate did not
exceeded 6 K/min, while actual, momentary values gave a novel insight into thermal
behavior the pyrolysis process.
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1. Hydrogen-rich pyrolysis gas was obtained during the solar pyrolysis processing of
each feedstock with HHV varying from 27.34 MJ/m? for the WS to 30.35 MJ/m3,
what may have been influenced by significant amounts of heavy metals and act as
potential catalysts in the ash samples. Negligible amounts of free oxygen were
released during the most dynamic pyrolysis part, arguably due to elemental oxygen
reactions with possible smaller impact of catalytic thermal degradation of oxides
present within the biomass. Despite high calorific value of the gas, the final shares
of the gaseous fraction in products were low, not exceeding 12 wt.%.

2. Solar pyrolysis proved to be not only a method for highly-porous and highly-
calorific biochar production from waste biomass, yet a promising way to generate
hydrogen-rich pyrolysis gas, even at moderate heating conditions. Obtained chars,
especially after solar pyrolysis of lignocellulosic biomass, showed HHV of 27.09
MJ/kg and 22.02 MJ/kg for WW and WS, respectively, which has significant
potential for renewable solid fuel. Porosity measurements of the solar pyrolysis
chars indicated that process temperature should not exceed ash-fusion
temperatures. Exceeding specified temperatures during the process and cause
significant loss of BET area. An increase of lamp power and long process time
caused degradation of porous structures within the biomass. The highest BET area
was denoted for WW samples at 5.0 K/min with 145.09 m?/g.

3. Each studied feedstock is promising method for solar upgraded bio-oil, with
average Yields of 69.23 wt.%, 62.3 wt.%, and 51.68 wt.% for WW, WS, and SS,
respectively. Bio-oil composition varied for different feedstock types, with major
content of elemental oxygen. The highest quality bio-oil was obtained from WW
pyrolysis with the lowest oxygen to carbon fraction and HHV of 21.99 MJ/kg.
Further studies should focus on the possibility of bioactive compounds extraction
from solar liquid fuels.

4. The average solar pyrolysis product yields (bio-oil, gas, char) were 51.68, 9.53,
and 38.79 wt.% for SS, 69.23, 9.18, and 21.59 wt.% for WW, 62.30, 10.64, and
27.06 wt.% for WS. Investigated slow solar-pyrolysis resulted in liquid-rich
product yields, with dry-gas shares less than 10 wt.%. The SS char yields and
char’s SEM photos resembles to the feedstock ash content and ash mineral
structures.

5. During the laboratory experiments, possible exothermic behavior of the waste
biomass decomposition was observed, interpreted as internal heat generation
within feedstock pellets, resulting in the overtake of the reacting biomass heating
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profiles over the reactor heating profiles. Exothermic reaction could have been
favored by the high elemental oxygen content of the feed, resulting in partial-
oxidation reactions leading to intense formation of the CO», and low amounts of
the free O2. The high elemental oxygen content was observed in the bio-oil and
dry pyrolysis gas, however, the final quantities meet the elemental balance
concerning elemental composition of the feed and the study assumptions.

The 1.6 kW xenon lamp power controlled within 90-100% range provided specific
average heating rates of 4.51, 5.32, and 5.49 K/min for WS; 5.10, 5.19, and 5.37
K/min for WW; and 3.95, 4.48, and 5.25 K/min for SS, respectively. Temperature
measurement inside the reacting particle proved the complexity of the pyrolysis
process, with exothermal character, and significantly higher reactivity of the
lignocellulosic biomass compared to SS.

For this study, the solar pyrolysis process energy upgrade factor EUF was
determined. Amongst the investigated feedstock, and for the specified
experimental conditions, only WW feedstock provides 10.88-12.29 % of primal
chemical energy of the feedstock upgrade, while for the WS and WW processing
EUF value is negative, corresponding to loss of the primal chemical energy during
solar pyrolysis.

Generalized master-plot methods gave insight into the probable reaction model
functions governing the pyrolysis decomposition of the investigated feedstock
during the kinetic analysis. It was confirmed that lignocellulosic biomass generally
obeys deaccelerating kinetics with corresponding reaction models of the diffusion
and contracting geometry. Stolarek’s and Ledakowicz’s hypothesis that high
reaction orders in single-step Kinetics are in fact a product of lumped approach to
a system of a set of elementary reactions was proved for the SS pyrolysis, resulted
in 10 independent, order based models steps, with reaction orders lower than 3.0.
Possible correlation between model-free dynamic predictions and gaseous species
evolution was found, highlighting the value of apparent activation energy profiles
in describing the actual solar pyrolysis process in laboratory reactor. Predicted
conversion profiles, based on isoconversional kinetic parameters extrapolated to
the heating rates and temperatures denoted during laboratory experiments reflected
dry-pyrolysis gas formation profiles.
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