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Abstract: The co-pyrolysis of biomass and fossil fuels has been the subject of studies on sustainable
energy. Co-feeding oil shale with woody biomass can contribute to a transition into carbon neutrality.
The present study analysed the thermal decomposition behaviour of oil shale and biomass blends (0:1,
3:7,1:1,7:3,9:1, and 1:0) through thermogravimetric analysis (TGA) at 80-630 °C with a heating rate
of 10 °C/min in CO, and N; atmospheres. A comparison of theoretical and experimental residual
mass yields of oil shale-biomass mixtures indicated no significant interactions between the fuels.
The blends contributed to a decrease of up to 34.4 wt% in solid residues compared to individual
pyrolysis of oil shale, and the TGA curves were shifted from up to 10 °C to a lower temperature
when the biomass ratio increased. The use of a CO, atmosphere resulted in the production of solid
residues, comparable to the one obtained with the N, atmosphere. CO, atmosphere can be used in
oil shale-biomass co-pyrolysis, without affecting the decomposition process or increasing the yield
of residues. A kinetic model method is proposed based on TGA data at 10, 20, and 30 °C/min. The
apparent activation energies for a temperature range of 200-520 °C were in the order of 139, 155, 164,
197, 154, and 167 k] /mol for oil shale-biomass 0:1, 3:7, 1:1, 7:3, 9:1, and 1:0 blends, respectively. From
the isoconversional kinetic analysis, a two-stage pyrolysis was observed, which separated biomass
and oil shale pyrolysis. A simulation of biomass and oil shale co-pyrolysis was conducted in Aspen
Plus® using TGA-derived kinetic data. The model prediction resulted in a close match with the
experimental thermogravimetric data with absolute errors from 1.75 to 3.78%, which highlights the
relevance of TGA analysis in simulating co-pyrolysis processes.
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1. Introduction

The production of clean and sustainable fuels is one of the current worldwide priorities
for the mitigation of climate change, the reduction of the human-made environmental
impact, and the depletion of natural resources. Conventional energy technologies and fossil
fuels have led to an increase in emissions of CO, and other pollutant gases [1]. Co-feeding
renewable, conventional, and alternative fuels is a technologically feasible solution expected
to continue into a transition to full implementation of renewable technologies. Co-feeding
biomass (BM) (a carbon-neutral fuel) and oil shale (OS) can provide a partial solution
to the sustainable energy need in countries where these fuels are abundant. Particularly,
employing a thermochemical conversion such as co-pyrolysis of OS and BM is one good
example, which can contribute heavily to achieving some of the sustainable development
goals [2].

BM, generally a highly volatile and low ash-content fuel, can be thermochemically
converted into bio-oil, biogas, and activated carbon, and, as a renewable carbon-neutral
resource, it can potentially provide around 14% of the world’s energy demand [3]. Pyrolysis
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of BM yields a high share of bio-o0il (50-75% yield of liquids), permanent gases (20-25%),
and solids (10-25%) [2]. On the other hand, OS, a sedimentary rock, composed of a share
of kerogen (organic matter) is found in deposits all over the world—in China, Estonia,
Jordan, and the United States, among others—exceeding the crude oil reserves. OS can be
converted into shale oil (5-20%) and shale gas (5-20%) through thermochemical conversion
processes, including pyrolysis [4,5]. The individual conversion of each fuel has been widely
studied. BM pyrolysis has vast potential to produce sustainable fuel and energy. However,
there have been some challenges in its conversion, particularly with regards to its physical
and chemical properties such as low energy density due to high moisture content, and
high diversity of available species, which eventually require diverse conversion techniques,
followed by the upgrading and refining of the produced fuels due to stability issues [6].
Similarly, pyrolysis of OS leads to a high share of semicoke and ashes (>60%), which
commonly results in waste and causes adverse environmental effects through high sulphur
and CO, production [7,8]. As with the upgrading and refining requirement of BM-derived
fuels, shale oil also requires additional upgrading or refining prior to utilisation, depending
on the purpose. Additionally, different oil shales yield different shale oil. The main
difference comes from the concentration of different heteroatoms [9].

During the co-pyrolysis of OS and BM, the two fuels can go through thermal degrada-
tion while interacting with different stages of chemical reactions and heat transfer to yield
products with enhanced properties, as compared to the individual pyrolysis of each fuel.
Co-feeding BM with fossil fuels, including OS, can result in a reduction in the emission of
pollutant gases while improving the decomposition of the fuels and the yield and compo-
sition of the co-pyrolytic products [10]. The high hydrogen content and H/C ratio of BM
allow the fuel to act as a hydrogen donor, enhancing pyrolysis decomposition [11], and
reducing the activation energy of the co-pyrolysis blend [12]. BM and OS pyrolysis process
typically occurs within the temperature range of 200-500 °C [13]. While the largest part
of woody BM pyrolyzes at 200—400 °C for OS, the main pyrolysis occurs in the tempera-
ture range of 350-550 °C [14]. Co-pyrolysis of OS and BM has been observed to enhance
the decomposition process, reduce the environmental impact, and enhance the yield and
properties of pyrolysis products [15,16].

Thermogravimetric analysis is a commonly used method to study the thermochemical
behaviour of fuels and feedstock, as well as the co-pyrolysis of two fuels. Typically,
individual pyrolysis of OS and BM has been studied in inert atmospheres, such as Nj
and Ar. Using alternative atmospheres, such as CO,, H,O, H; or CHy, can contribute
to enhanced pyrolysis by improving product properties, enhancing devolatilization, and
char reforming [17] through decreased char production, increasing condensable gas yield
and improving bio-oil properties [18]. Particularly, in OS pyrolysis, CO, atmospheres are
shown to decrease activation energy, increase interactions between the kerogen and mineral
content, and decrease the yield of semicoke [19]. However, despite its potential benefits,
CO; atmospheres have not been widely considered for OS and BM co-pyrolysis, and there
have been only a few studies reported on BM and/or OS co-pyrolysis so far [13,20].

This paper studied the co-pyrolysis behaviour of Estonian woody BM and OS in N,
and CO, atmospheres. The addition of small ratios of BM to OS pyrolysis was studied to
determine the potential benefits of co-feeding both fuels while preserving the operational
conditions typically used during individual OS and BM pyrolysis. The co-pyrolysis of
OS and BM can potentially enhance the decomposition of OS while contributing to the
reduction of environmental effects. In addition, the current study aimed to determine
the effect of introducing CO, atmospheres to the co-pyrolysis process as a path to further
improve the pyrolytic behaviour of OS, as well as increase the yields of usable products.
The experiments were carried out in TGA equipment at temperatures up to 630 °C. A
kinetic study using the Coats—Redfern and Kissinger methods and isoconversional Vya-
zovkin and Friedman methods were implemented to determine the kinetic parameters of
OS:BM pyrolysis and co-pyrolysis. The kinetic parameters, calculated using isoconversional
methods with values closest to those found in the literature, were utilised for modelling
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the conversion of OS and BM and their blends, using Aspen Plus® software version 12.1.
The novel aspect of this study includes making use of kinetic data obtained from TGA in
the Aspen simulation, allowing for the incorporation of actual kinetic data to predict the
co-pyrolytic behaviour of different blends. The obtained experimental and kinetic results
plus the model will be used to continue further research on the co-pyrolysis of OS and BM
in larger-scale equipment.

2. Materials and Methods
2.1. Materials

The wood of the trunks without bark of four of the most common Estonian BM
species was used in co-pyrolysis: Norway spruce (Picea abies), grey alder (Alnus incana),
Scots pine (Pinus sylvestris), and silver birch (Betula pendula). The chemical, physical, and
thermodynamic properties of the BM species were previously obtained through elemen-
tal analysis, according to ISO 16948:2015 [21] and 16994:2016 [22], proximate analysis,
based on ISO 18134-2:2017 [23] and 18122:2022 [24], and calorific values, according to ISO
18125:2017 [25,26], respectively. To obtain a representative sample of a mixture of Estonian
BM species, each species was ground and sieved into a particle size below 0.125 mm,
following ISO 14780:2017 [27]. The sieved samples were mixed in equal parts (25 wt% of
each wood species). Estonian OS was characterized in terms of elemental analysis and
calorimetry, according to ISO 29541:2010 [28] and ISO 1928:2020 [29], respectively. The ash
content was determined following EVS 669:2022 [30]. The OS sample was sieved into a
particle size below 0.125 mm. For the co-pyrolysis experiments, 6 ratios of OS-BM were
prepared and mixed manually: 1:0, 9:1, 7:3, 1:1, 3:7, and 0:1 (100, 70, 50, 30, and 10 wt% BM)
with a deviation of +1%.

2.2. Experiment Set-Up

TGA co-pyrolysis experiments of BM and OS mixtures were conducted using a Netzsch
STA 449F3 thermal analyser (NETZSCH Instruments North America, Burlington, United
States). The equipment has a temperature resolution of 0.001 K and a balance resolution of
0.1 pg. The samples are pyrolyzed in aluminium oxide crucibles, using two gases, namely
N, and CO,, as the atmosphere, supplied with a flow rate of 0.05 L/min. The mass of
the samples was 5 mg £0.4 mg. The co-pyrolysis experiments were carried out with an
initial purging stage from ambient temperature until 80 °C for 30 min, followed by the
experimental segment with a heating rate of 10 °C/min, from 80 to 630 °C, for a total of
55 min, an isothermal segment of 20 min, and, finally, a cooling segment of around 60 min
until the temperature of the samples was below 90 °C.

The residual mass curves of OS:BM 9:1, 7:3, 1:1, and 3:7 blends obtained experimentally
were compared to the theoretical residual mass of OS:BM blends, calculated from the
experimental TGA data for individual pyrolysis of OS and BM, which allowed us to
determine the existence of interactions, including the inhibitory and promoting effects of
co-processing OS and BM. The theoretical TGA curves of blends were calculated using
Equation (1), where mo, is the mass percentage of OS, m,, is the mass percentage of
BM, and x is the fraction of OS. The OS:BM blend ratios were selected to observe the effect
of adding a share of BM in OS retorting in similar retorting conditions used in the industry,
considering the calorific values and densities of each fuel.

M%y 0o = MP%ogX + My (1-x) 1)

2.3. Kinetic Studies

The thermal decomposition of BM and OS can be studied through non-isothermal
kinetic methods [31]. For the current research, kinetics methods were used to determine
the apparent activation energy in the pyrolytic stage of BM and OS. The kinetic parameters
were obtained using the TGA data in CO, atmospheres, at 10, 20, and 30 °C/min, from
200-520 °C. Based on these data, the conversion degree « was calculated. The conversion
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degree is the ratio of actual mass loss to total mass loss, which was calculated using the
mass loss data as shown in Equation (2):

my —m

o= 0T )

mpy — Meo
where my is the initial mass of the sample, m, is the final mass of the sample, and m; is the
actual mass of the sample at the time t. The rate of pyrolysis is a function of the reaction
conversion function (f(«)) (Equation (3)) and the temperature-dependent rate constant
K(T), as described by the Arrhenius equation (Equation (4)).

do
5t — K(Df() (3)
K(T) = Ae Rt (4)

At a constant heating rate 3 for non-isothermal conditions, Equations (3) and (4) can
be expressed as Equation (5):

T = gK(DH(e) = Fe Hi(w) ®)

A is the pre-exponential factor (min~1), E is the activation energy (kJ/mol), R is the
universal gas constant (k] /mol K), and T is the temperature at time t. The integral form of
Equation (5) can be solved through different approximations [32]. For the current study, the
Coats—Redfern method [33] was implemented, describing the reaction conversion function
(f(er) = (1 — o)), where n is the reaction order, as shown in Equation (6).

da A & n
ﬁ—ge RT (1 — o) (6)
The Coats—Redfern Equation (6) can be written for n = 1 and n # 1, as follows
(Equations (7) and (8)):

1-(1-w"™\ | (AR(} ORT\) E
ln( T2(1—n) _ln(BE<1 E>) RT,n;«rél (7)

() () f

Equations (7) and (8) can be expressed as a linear regression y = mx + b, where
the value of the activation energy E was calculated as the slope m of the equation. For
Coats—Redfern, the reaction orders used for the calculations were from 0 to 2 at a step
increase of 0.1. The reaction orders with the highest correlation coefficient R? in all heating
rates were selected for the calculation of the activation energy E of the pyrolysis of all the
OS:BM blends.

In addition to the Coats—Redfern method, isoconversional models including Friedman,
widely used for BM kinetics, and Vyazovkin were used to evaluate the kinetics of BM
and OS. The Kissinger model was also used as a first estimation of the kinetic parameters.
The kinetic parameters for these models were determined using the free open-source
thermokinetic software THINKS Version 31.10.21 for isoconversional analysis developed
by Muravyev et al. [34]. These models are shown in Equations (9)-(11).

Friedman [35]

In B(%) =In(f(x)A) — == )
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Vyazovkin [36]
I(E, Tecs) B
n 0(1
Yo 12#11 ET.)6 (10)
here I(E, T - —E Vg 11
where S, T(ta)) = / e — |dt
ETC) = | s Xp(RT(t)) v
Kissinger [37]
B (AR) E
In= =In B — (12)
T2 E ) RT,

The Vyazoykin model is based on a minimisation procedure of Equation (10) for each
value of &, using the temperature integral on Equation (11). For the Kissinger model, Ty,
is the temperature at the maximum of the reaction exothermic peak. For all four models,
the temperature range considered was between 200 and 520 °C as the starting and ending
temperatures for pyrolysis and co-pyrolysis.

2.4. Process Modelling

Based on the experimental TGA data and the kinetic analysis from OS and BM, a com-
putational model was made, using Aspen Plus®. The model uses the activation energies, E
and pre-exponential factors, A, for OS, and the BM structural components (i.e., hemicellu-
lose, cellulose, and lignin). From TGA calculations, the E and A for the components can be
estimated employing Equations (2) and (3), with the additional consideration of the mass
of ash me as an inactive part of both materials. Based on this, the kinetic equation used for
the model is shown in Equation (14).

dm
dtt = K(m¢ — my) (13)
dm . . .
T Km, considering ash as inactive (14)
K=AXx _E dm=m;— (15)
= exp| — g ) and m = m; — me

2.4.1. Oil Shale

OS decomposition is studied based on stoichiometry, using the dry ash-free (daf)
basis results from the elemental and the proximate analyses. The chemical formula of
OS is estimated as shown in Equation (16), calculated with stoichiometry based on the
OS composition.

C4.265H523207.47N0,013450.117 (16)

The proximate analysis (on a daf basis) is used to determine the molar amount of
carbon that goes into char while the rest of the elemental components go into volatiles. The
moles of C in char are derived from the mass fraction of fixed carbon, assuming a mass
basis of 100 g. The stoichiometry of OS pyrolysis was based on the modification of the
approach made by Baliban et al. [38], where OS decomposes into C(s), CO, CO,, Hy, CHy,
N>, HS, and NHj3. Water is assumed to exist only as free water (moisture) in the oil shale,
and is therefore not considered among the products in the stoichiometric equation. The
formulation of objective function and objectives was conducted as follows:

Sets: The set of all atoms Agjj shale 1S

ae Aoil shale = {C/ H,O,N, S} (17)

The set of all gaseous species produced from the pyrolysis step is given as follows:

S € Soil shale = { C(s), CO, COs, Ha, CHy, Np, FaS, NH; } (18)
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Assuming inter-relationships between gas species CO, CO,, H, and CHy, the follow-
ing rations as shown in Equations (19)—(21) can be given. The ratios (1), (2), and (3) were
estimated from the gas composition reported by Mozaffari et al. [39].

ratio(1) = CO/CO, (19)
ratio(2) = CO,/CHy (20)
ratio(3) = CO/H; (21)

Defining parameters are the following:

W 0il shale—Weight fraction of atom a in OS sample (daf);
AW,—atomic weight fraction of atom a;

FC,—fixed carbon weight fraction in OS sample (daf);
E, s—number of a atoms in species s;

xs—moles of species s;

Mol shale—Weight of OS (on daf basis);

MWs—molecular weight of species s.

Based on the formulation, the proposed model is a nonlinear optimisation model and
takes the following form, as shown in Equation (22).

s
min [Moil shale — Z MWy x XS} ,subject to : (22)
s=1
Wa of FC
C balance: My shale( aAoé\;hale - AV\; > = ZSESOH _ (Easxs), a=C (23)
a a

H and O balance: Mol shale <Vvi:i\l/\;hale) = Zse (EarSXS)r a € Ao shale(a 7é C), a 7é C (24)

a

Hemicellulose: CsHgOy4 — 2.2C () + 1.898H; + 0.71CO + 0.525CHy + 1.284CO; + 0.092C,Hy +

Solving the model in MATLAB results in the stoichiometric equation for the decompo-
sition of the organic fraction of OS and becomes:

C4.265H523202.479N0.013450.117
— 1.6744C(s) + 0.3058CO + 0.987CO, + 0.0046H, + 1.29661CHy (25)

+0.0000663N, + 0.013456NH3 + 0.117H)S

2.4.2. Biomass

The stoichiometry of BM is calculated based on the structural components: cellulose,
hemicellulose, and lignin. The detailed derivation of the stoichiometric pyrolysis coeffi-
cients is based on Ranzi et al. and Baliban et al. [38,40]. This derivation considers BM
components as cellulose (C¢H19Os5), hemicellulose (CsHgOy), and lignin monomers: Lig-C
(Cy5H1404), Lig-H (C2pH280g) and Lig-O (C20H201p), and models char as solid carbon, C,
and considers all tar components to decompose into hydrocarbons. Based on this derivation,
the stoichiometric equations for all components are as shown in Equations (26)—(30).

0.049C,Hg + 0.722H,0 (26)
Cellulose: C¢H1pO5 — 0.877(:(5) + 0.889H; + 2.163CO + 1.488CH,4 + 1.067CO; + 0.175C,Hy+ 27)
0.028C,Hg + 0.703H,0
Lig-C: C;5H1404 — 9.675C(s) + 3.685H; + 1.95CO + 0.234CHy + 0.403CO; 4 1.136CoHy+ (28)
0.234C,Hy + 1.24H,0
Lig-H: CypHg09 — 11(:(5) +5.507H; 4 4.9CO + 1.443CH,4 + 1.05CO;, + 1.804C,H4 + 2H,0 (29)

Lig-O: CyoH220q1 — 11C(s) +5.721H; 4 4.9CO + 0.729CH, + 1.55CO; + 0.911C,Hy + 2H,0 (30)
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3. Results and Discussion
3.1. Fuel Characterisation

The composition of the studied samples of Norway spruce, grey alder, scots pine, silver
birch, and OS are provided in Table 1, including elemental analysis, proximate analysis, and
calorific values. As shown, the four studied BM samples have the same range of elemental
composition, as well as ash content, moisture, heating values, and fixed carbon with the
exception of silver birch, whose FC content is slightly lower than the rest (Table 1). On
the contrary, the OS sample contains a significantly higher share of ash, with 52.5 wt%
compared to 0.3 wt% for BM. Table 1 indicates how the OS’s elemental composition in
terms of C, H, and O differs from those of BM, as well as the share of volatiles, which are
significantly lower.

Table 1. Elemental, proximate analysis, and calorific value for BM and OS.

Woody Biomass [26]

Composition Oil Shale
Norway Spruce Grey Alder Scots Pine Silver Birch

C 50.3 49.9 50.1 49.3 27.2
H 6.6 6.6 6.6 6.6 2.8

Elemental
analysis [wt%] N 0.1 0.2 0.2 0.1 <0.1
S n.d. n.d. n.d. n.d. 2.0
O+ 42.7 43.0 43.1 44.0 154
H/C 1.6 1.6 1.6 1.6 1.3
Molar ratio 0/C 0.6 0.6 0.6 0.7 0.4
Ash content 0.3 0.3 0.3 0.3 524
Proximate Moisture ** 6.9 7.6 8.5 7.7 0.9
analysis [wt%] g o4 carbon 14.2 14.0 14.5 12.8 15
Volatile matter 85.5 85.7 85.2 86.9 46.1
Calorific value LHV 18.6 18.5 18.4 18.0 8.7
[M]/kg] HHV 20.0 19.9 19.8 18.1 9.7

* Calculated, n.d.—not detected. ** Moisture content for room dry sample.

3.2. TGA Behaviour

The TGA behaviour of individual pyrolysis of OS and BM and OS:BM blends can be
observed in Figure 1. The temperature range from 80 to 520 °C was selected according
to the individual pyrolysis temperature of BM (250-500 °C) [2] and OS (350-550 °C) [41].
A temperature of 520 °C was chosen, as for both fuels a temperature greater than 550 °C
favour more gas yield than oil [42].

The TGA curve of BM pyrolysis started with a pre-pyrolysis stage from 100 to 250 °C,
followed by the most significant mass loss at the temperature range of 250-400 °C, with
a smaller loss in mass continuing after 400 °C. As expected, there was no considerable
mass loss between 80 and 120 °C. The BM pyrolysis temperature range is explained by its
main components, cellulose, hemicellulose, and lignin, which decompose at 350-400 °C,
220-315 °C, and 250-800 °C, respectively [3]. The mass loss curve and temperature range
in BM pyrolysis agreed with the decomposition pattern of its three major components: cel-
lulose, hemicellulose, and lignin (40-50%, 15-30%, and 10-25% respectively). As observed,
the majority of the mass loss occurred in the decomposition temperature range of cellulose
and hemicellulose, and the partial decomposition of lignin [43]. At temperatures above
500-520 °C, the last stage of BM decomposition occurred, which included the decomposi-
tion of lignin and residues from incomplete pyrolysis. The final mass losses for BM were
79.5 to 78.8 wt% in Ny and COy, respectively, which are comparable to mass losses obtained
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in the TGA of woody BM at different heating rates studied by Garcia-Perez et al. [44], who
also observed the minimal changes in the mass loss at temperatures above 450-500 °C.

(1| T — 100 pu——gr——

90
80

TG, %

100

e = —— B
\,\\\ ........ \ A 90 \.\\\\\ e \
KRR \\ 80 | O, \\
N2 atmosphere ‘.\\\ \ = 20 CO2 atmosphere \\ =
‘\ N =— ) 60 ,\ N *evvverees
— —1:0 0S:BM g ' °.50 | ——1:00S8:BM ——
""""" 9:1 OS:BM '\-\. S~——- :»10 weenee 9°1 OS'BM Se. -
-7:3 0S:BM pEeee 30 | ===730S:BM ==
——-1:1 OS:BM 50 | ----1:1 0S:BM
- - 3:70S8:BM lo | == 370SBM
0:1 OS:BM 0 0:1 OS:BM
200 300 400 500 100 200 300 400 500
Temperature, °C Temperature, °C

Figure 1. TGA curves of OS:BM co-pyrolysis in (A) N, atmosphere and (B) CO, atmosphere.

The individual pyrolysis of OS is shown in Figure 1A,B. The mass loss started at
temperatures above 300 °C, having the highest mass loss at a range from 350 to 510 °C,
which resulted in a final mass loss from 32.1 to 32.3 wt% in N and CO,, respectively.
Likewise, with BM, there was no significant amount of moisture in the OS sample. A
one-stage mass loss in the range of 350-510 °C can be attributed to the endothermic
transformation of OS kerogen into volatile hydrocarbons and semicoke, as also observed
by Wang et al. [45]. Decomposition above 600 °C, which was not covered in this study,
would be related to the decomposition of inorganic matter, residual organic matter, and
carbonates, as explained by Tiwary et al. [46] and Lin et al. [47]. Compared to OS, BM had
a significantly higher share of mass loss (79 vs. 32 wt%). This was due to lower ash content
in BM samples (0.3% in BM vs. 52.4% in OS) (Table 1).

The co-pyrolytic behaviour of OS and BM blends 9:1, 7:3, 1:1, and 3:7 in Ny and CO,
atmospheres is shown in Figures 1A and 1B, respectively. The experiments for all the
samples including pyrolysis of only OS (1:0 OS:BM) and only BM (0:1 OS:BM) were carried
out at a temperature range between 80 and 550 °C. For the 9:1 OS:BM blend, the TGA
decomposition curve had a profile comparable to the curve of individual pyrolysis of
OS. However, the addition of 10 wt% of BM accelerated the decomposition of the blend,
reducing the initial pyrolysis temperature to around 260 °C for both gas atmospheres.
Additionally, the presence of BM caused a higher mass loss in the range of 250400 °C,
resulting in 11-12 wt% mass loss, compared to 4-5 wt% in individual co-pyrolysis of OS.
After 400 °C, the decomposition curve followed the same pattern of individual pyrolysis
of OS, but the curve was shifted from 1 to 3 °C to the left, resulting in a decomposition
of the blend at a slightly lower temperature. Overall, the 9:1 OS:BM blend resulted in a
higher final mass loss (from 35.1-36.2 wt%). The 7:3 OS:BM blend had a more pronounced
initial decomposition stage, which also started at a lower temperature, close to 250 °C, and
increased the mass loss to 23.5-24 wt% in the range of 250-400 °C. At temperatures above
400 °C, the decomposition curve followed a similar behaviour to individual pyrolysis of
OS and 9:1 OS:BM co-pyrolysis, but the curve was shifted around 3-5 °C to the left for both
gas atmospheres. The 7:3 OS:BM blend had a final mass loss between 43.8-44.1 wt%. As
the share of BM increased to 50 and 70 wt% (OS:BM 1:1 and 3:7), the main decomposition
started between 200 and 220 °C, with a mass loss of 44 and 60 wt%, respectively, in the
range of 250-400 °C. The share of OS decomposed above 400 °C, starting at 8-10 °C lower
than individual OS pyrolysis. The final mass loss was 57.0-57.2 and 66.4-66.7 wt% for
OS:BM 1:1 and 3:7, respectively. The residual mass of OS:BM blends are mostly composed
of Char and ashes from BM pyrolysis and semicoke (char and organic matter) from OS [48].
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The DTG curves in N, and CO; are shown in Figure 2A,B for OS and BM and OS:BM
blends. The temperatures where the highest loss of mass occurred varied based on the TGA
behaviour of each fuel and the blend ratio. Individual pyrolysis of BM had the highest
DTG peak at 355-358 °C, while the same for OS reached 443-446 °C. The OS:BM blends
had two temperature peaks as a result of an additive pyrolytic behaviour of both fuels.
The higher ratios of BM shifted the TGA curve, and DTG peaks to the left up to 10 °C in
OS:BM blends, towards a behaviour more similar to the pyrolysis of BM, including the
temperature ranges where the most significant share of OS pyrolysis occurred. Therefore,
the DTG peaks of OS:BM blends varied due to their combined thermal decomposition, and
the heat transfer interactions between OS and BM. The addition of BM to OS contributed to
enhanced pyrolysis. This was maybe due to and higher volatile content of BM (Table 1),
which potentially led to the production of a higher yield of liquid (oil) and gaseous prod-
ucts [49]. The addition of BM and the pyrolysis temperature shift can reduce the activation
energy [50]. Higher ratios of BM can increase the yield of products [51] and accelerate
thermal decomposition [20]. A probable reason for the enhanced OS pyrolysis when adding
BM is the catalytic effect of fuel elements, such as ash alkali and alkaline earth metals,
which can promote pyrolysis, enhance organic matter decomposition, and promote the
production of oil and gas [16,42,51]. Higher hydrogen content of BM (6.6 vs. 2.8 wt% in
OS) can also contribute to an increased number of hydrogen-free radicals promoting OS
pyrolysis and enhancing liquid and gaseous pyrolytic products [52].

Temperature, °C Temperature, °C
0 100 200 300 400 500 0 100 200 300 400 500
0 b TN T — — > 0 R O ~ )
‘Q\‘f‘b SN = = «_\\\.\ T\ T
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Figure 2. DTG curve of OS:BM co-pyrolysis in (A) N atmosphere and (B) CO, atmosphere.

From the co-pyrolytic curves in Figure 1A,B and Figure 2A,B, it can be seen that the
TGA decomposition was a result of an additive behaviour of individual pyrolysis of OS and
BM, as the final weight loss increased with the addition of BM, as also observed by Kilig
et al. [53]. Figure 3 displays the residual mass vs. OS:BM blends in all N, and CO,. For
both gas atmospheres, the additive behaviour is evidenced by a linear increase in mass loss
as the BM ratio increases, with a linear coefficient of determination R? from 0.994 to 0.996.
The TGA behaviour of OS:BM blends follow a two-stage decomposition, the first stage
from 200 to 380400 °C, which is predominantly attributed to BM pyrolysis, and the second
stage, from 380-400 to 490-500 °C, which primarily corresponds to OS pyrolysis. The
temperature range, where the largest share of mass loss occurred for both pyrolysis blends,
was from 200 to 500 °C, as also noted by Chen et al. [20]. An earlier thermal degradation
occurred as the BM ratio increased, which was also noted by Dai et al. [51]. This was mainly
due to a shift of the mass loss in all decomposition stages towards a lower temperature
region, which can lead to improved pyrolysis characteristics of OS, as explained previously
by Jiang, et al. [16].
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Figure 3. Final residual mass of OS:BM blends.

The co-pyrolytic behaviour of OS and BM is also shown in Figure 1A,B for pyrolysis in
Ny and CO; atmospheres. At first glance, it can be visualised that the TGA curves for indi-
vidual pyrolysis, as well as for OS:BM blends, have almost identical behaviour under both
gas atmospheres. There were few differences in pyrolysis in CO, atmospheres compared to
Ny. The differences in the final residual mass between CO; and N, atmospheres for OS:BM
1:0,9:1,7:3, 1:1, 3:7, and 0:1 were 0.2, 1.2, 0.2, 0.2, 0.2, and 0.7 wt%, respectively. The effect
of CO; could in all likelihood be more noticeable at higher temperatures (above 500 °C), as
the gas can contribute to gasification reactions, enhancing thermal cracking and increasing
the gas yield, while decreasing the solid yield [54,55]. Even though CO, atmospheres did
not have considerable improvement in the pyrolysis of OS and BM from a TGA point of
view, using CO; can be potentially beneficial, as the decomposition behaviour and the mass
losses are not inhibited and the outcome is comparable to N pyrolysis, while having the
advantage of using this pollutant gas to be stored through Carbon Capture, Utilisation and
Storage Technologies (CCUS) [56].

3.3. Interactions in Co-Pyrolysis

A detailed comparison is shown in Figure 4A,B, displaying the experimental and
theoretical TGA (from Equation (1)) curves obtained for co-pyrolysis of OS:BM 9:1, 7:3, 1:1,
and 3:7 blend ratios in N, and CO, atmospheres.

100 ror— 100
90 N> at | 90
2 sohere = s
20 2 atmosphere go | CO2 atmosphere
70 70
- 60 | ——9:1 OS:BM o 60 | ——9:1 0S:BM
°. 50 | ——7:3 0S:BM 250 |——7:30S:BM
2 o | ——110SBM £ 40 |—1:1 0SBM —
3:7 0S:BM etz 3:7 0S:BM
30 | e 9:1 OS:BM theoretical 30 Eew 9:1 OS:BM theoretical
20 | 7:3 OS:BM theoretical bl 7:3 OS:BM theoretical
10 | 1:1 OS:BM theoretical 10 |z 1:1 OS:BM theoretical
""""" 3:7 OS:BM theoretical A 0 3:7 OS:BM theoretical B
0 100 200 300 400 500 0 100 200 300 400 500
Temperature, °C Temperature, °C

Figure 4. Comparison of theoretical and experimental TGA curves of OS:BM co-pyrolysis in (A) Ny
atmosphere and (B) CO, atmosphere.

The theoretical and experimental TGA curves of OS:BM co-pyrolysis displayed slight
differences in the residual mass for all the OS:BM blends in both gas atmospheres. The TGA



Energies 2024, 17, 1055

11 0f 18

9%}

curves shown in Figure 4A,B indicate that the experimental curves behaved as an additive
process from individual pyrolysis of OS and BM, as also demonstrated in the theoretical
curves, which had almost identical behaviour. However, there were some slight differences
between the theoretical and experimental curves, which can be observed in Figure 5A,B. In
the temperature range from 80 to 250 °C, the TGA experimental and theoretical residual
mass differed by less than 0.5 wt% for all blends, with the majority of the experimental
residual mass being higher than the theoretical for all blends in both gas atmospheres. The
behaviour was different at temperatures from 250 to 370 °C, where most BM decomposition
occurred. For Nj pyrolysis, the experimental residual mass was higher than the theoretical
residual mass, reaching the maximum difference at 350-360 °C, with up to 1.4, 2.8, 1.8,
and 2.4 wt% difference for OS:BM 9:1, 7:3, 1:1, and 3:7, respectively. The blends in the
CO;, atmosphere at the same temperature range had higher experimental residual mass
for OS:BM 9:1 and 7:3 (up to 1.0 and 2.8 wt% difference, respectively) and lower residual
mass with less than 1 wt% difference for OS:BM 1:1 and 3:7. After 370400 °C, OS:BM 1:1
and 3:7 blends had a final experimental residual mass of 2.2-2.3 and 0.7-1.8 wt% lower
than the theoretical residual mass. The 9:1 and 7:3 blends had the opposite behaviour, with
a higher experimental residual mass, from 1.2 to 1.9 and 1.4 to 1.5 wt%, higher than the
theoretical residual mass. Overall, the residual mass difference between experimental and
theoretical decomposition was no greater than 3 wt%, with an uncertainty of +1 wt%, with
the highest differences at temperatures from 350 to 370 °C and >450 °C, and the lowest
differences at temperatures below 250 °C.

=] 0 [ - = A ¥ \\
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O - ke
~ ¥ 7
300 1400 500 < -2 ‘-\_ H
. D —— 3 --0S:BM 9:1 Vil
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OS:BM 3:7 ’ T
Temperature, °C Temperature, °C

Figure 5. Difference between experimental and theoretical (Exp-Theo) TGA curves of OS:BM co-
pyrolysis in (A) Nj atmosphere and (B) CO, atmosphere (right).

From the comparison of experimental and theoretical TGA curves, it was observed
that at temperatures below 250 °C there were negligible or no interactions between OS and
BM. At temperature ranges of 350-370 °C and >450 °C, there were some slight interactions
between OS and BM, with a predominantly inhibiting effect on the mass loss for OS:BM
9:1 and 7:3 blends, and a mass loss promoting effect for OS:BM 1:1 and 3:7 blends in
both atmospheres, indicating improved pyrolysis as the BM ratio raised. The peaks of
interactions were identified to coincide with the highest DTG temperature peaks, where
BM and OS were going through the most significant stage of decomposition, indicating
the existence of interactions during the main pyrolytic stage for each fuel. Nonetheless,
in all cases, the promotion or inhibition effects were not too significant to conclude the
presence of a strong synergistic effect during co-pyrolysis. Similar results have been
obtained by Kili¢ et al. [53] in the co-pyrolysis of OS and E.rigida, and Janik et al. [15]
in the co-pyrolysis of OS and Terebinth berries, who noted an additive behaviour from
individual pyrolysis of OS and BM. Johannes et al. [57] also noted minimal synergistic
effects, only in the initial decomposition stage. On the contrary, other research has found
promoting synergistic interactions between OS and different BM, which increased the
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liquid product yields, decreased the solid yields and the activation energy, and improved
the pyrolysis product properties [13,20,51]. It should be noted that, in most research, the
synergistic effects were observed in the yields and/or composition of products and mostly
in larger-scale equipment.

3.4. Kinetic Studies

The experimental and theoretical mass losses of OS, BM, and OS:BM blends in co-
pyrolysis at 10, 20, and 30 °C/min are shown in Table 2, where it can be observed that the
theoretical mass loss differs from the experimental mass loss in blends with larger ratios
of BM. However, the differences are lower than 2 wt% in most blends and heating rates,
except for the OS:BM blend 3:7 at 30 °C/min. The TGA data at heating rates of 10, 20, and
30 °C/min were used to calculate the apparent activation energy using the Coats—Redfern
model, as shown in Table 3.

Table 2. Experimental (exp.) and theoretical (th.) mass losses of BM and OS blends at 10, 20, and
30 °C/min.

Heating Rate, °C/min
10 20 30
Blend Mass Loss, wt% Mass Loss, wt% Mass Loss, wt%
OS:BM exp. th. exp. th. exp. th.
0:1 78.8 - 79.7 - 80.9 -
3.7 66.7 64.8 65.4 66.0 62.3 66.9
1:1 57.1 55.5 58.7 56.9 54.9 57.1
7:3 43.9 46.2 48.2 47.8 46.9 47.3
9:1 36.2 36.9 39.3 38.7 37.7 37.5
1:0 323 - 34.1 - 32.6 -

Table 3. Activation energies of co-pyrolysis of BM and OS obtained through the Coats-Redfern method.

OS:BM E, kJ/mol RSD, % R? n
0:1 96.73 1.82 0.9926 1.7-1.8
3.7 85.33 1.26 0.9945 1.6-1.7
1:1 77.44 1.47 0.9901 14-15
7:3 69.90 0.48 0.9878 1.0-1.2
9:1 66.13 2.50 0.9854 0.3-1.0
1:0 58.89 7.80 0.9388 0.1

From Table 3, the deviation in the activation energy for all OS:BM blends at different
heating rates was below 2.5%, except for 7.8 for OS:BM 1:0. Therefore, the calculation of
the activation energy is considered reliable as the deviation is well below 10%. It is also
observed that the R? values are close to 1, especially for 100 wt% BM and for OS:BM blends
with higher ratios of BM. As the BM ratio increased, the reaction order n that resulted in
the best correlation was also raised. The activation energies obtained with Coats—Redfern
agree with some other research, for BM [58,59] and OS [60]. It should be considered that
the values of activation energies vary, depending on the temperature range studied. The
current study calculated the activation energy for a temperature range where pyrolysis of
BM and OS occurred, at 200-520 °C. However, the activation energies calculated using the
Coat—Redfern model are considerably lower than those found in most of the results from
the literature. Therefore, the Kissinger, Friedman, and Vyazovkin models were applied,
and the results obtained through these methods are shown in Table 4.
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Table 4. Activation energies of co-pyrolysis of BM and OS.

Coats—Redfern

0OS:BM

Kissinger

Friedman

Vyazovkin

E, kJ/mol

RZ

E, kJ/mol

RZ

E, kJ/mol

RZ

A, min—1

E, kJ/mol

Q

0:1

96.7

0.9926

147.4

0.984

139.3

0.99101

295 x 10°

140.4

30.0138

3.7

85.3

0.9945

179.4

0.997

154.7

0.97557

5.95 x 10°

156.8

30.2506

1:1

774

0.9901

152.9

0.997

164.3

0.97786

5.25 x 101

163.1

30.1756

7:3

69.9

0.9878

145.9

0.947

197.3

0.89704

7.39 x 101!

193.0

30.9744

9:1

66.1

0.9854

172.9

0.988

153.6

0.80934

2.94 x 108

153.4

21.1926

1:0

58.9

0.9388

160.2

0.979

167.4

0.95007

2.34 x 10°

171.5

30.1077

While Coats—Redfern resulted in activation energies of 96.7 kJ/mol for BM and
58.9 k] /mol for OS, the results from the Kissinger, Friedman, and Vyazovkin models
shown in Table 4 are significantly different. Even though the Coats—Redfern model pro-
vided a higher R?, Vyazovkin, and Friedman are advanced isoconversional models that
determine the kinetic parameters at different stages of conversion, which resulted in a
more detailed analysis of the pyrolysis and co-pyrolysis of OS and BM. From Kissinger,
Friedman, and Vyazovkin models, the activation energy range was 139.3-147.4 kJ/mol
for BM and 160.2-171.5 k] /mol for OS. The apparent activation energy for OS:BM blends
ranged from 145.9 to 197.3 k] /mol. These values are in accordance with most studies from
the literature on OS and BM [20,51,61-63]. The apparent activation energy for OS and
BM and OS:BM blends at different stages of conversion based on the Friedman model are
shown in Figure 6A,B and Figure 7, respectively.
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From the apparent activation energies shown in Figure 6A,B, it can be observed that
both OS and BM have activation energy in the range of 100-200 kJ/mol at most degrees of
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conversion, which tend to decrease as the conversion degree increases. However, the most
significant result is observed in Figure 7. For all OS:BM blends, there is a clear two-stage
decomposition based on the activation energy at different stages of conversion. Lower
activation energy at the first stage corresponds mostly to BM pyrolysis, while the second
stage of higher activation energy corresponds for the most part to OS pyrolysis. The two-
stage decomposition varies based on the ratio of OS:BM. The higher ratio of OS results in
a wider second stage of conversion, with a higher activation energy. These results agree
with the additive behaviour obtained in the TGA analysis and the analysis of interactions
between OS and BM in Section 3.2. A two-stage decomposition with two different sections
of apparent activation energies could explain the additive behaviour and low interactions
in the residual mass of OS:BM co-pyrolysis. Based on the kinetic results from the Friedman
model from Figure 7, the average activation energy for OS and BM was calculated based
on the conversion ranges of the two-stage decomposition observed. The results are shown
in Table 5.

Table 5. Activation energies of co-pyrolysis of BM and OS at different stages of conversion.

Blend OS:BM Feedstock Conversion, « Friedman
E. [k]J/mol]

BM 0.05-0.8 146.6

7 0S 0.8-0.95 192.6

BM 0.05-0.7 150.1

! 0S 0.7-0.95 1981

BM 0.05-0.45 200.9

7:3 oS 0.45-0.95 194.1

BM 0.05-0.25 114.0

- 0S 0.8-0.95 1701

3.5. Process Modelling

In the Aspen Plus® environment, OS was modelled as a non-conventional component,
while the BM components (i.e., cellulose, hemicellulose, and lignin) were entered as conven-
tional components, and their thermophysical properties were estimated using the approach
proposed by Gorensek et al. [64]. The kinetic parameters used in the model for BM and
OS are shown in Table 6. The biochemical composition of BM, i.e., cellulose, hemicellulose,
lignin-C, lignin-H, and lignin-O, was estimated from the elemental analysis of wood using
the method proposed by Debiagi et al. [65]. The Peng—Robinson Equation of State with
Boston-Mathias (PR-BM) modification was used to estimate the thermodynamic properties
of conventional components. Figure 8 displays the Aspen Plus® process schematics used.

Table 6. Kinetic parameters of BM and OS used in Aspen Plus® model.

A E (kJ/mol)
) Hemicellulose 241 x 108 141
Biomass
Cellulose 242 x 10° 147
Lignin 3.90 x 108 157

Qil shale - 2.03 x 10° 161




Energies 2024, 17, 1055

15 of 18

| ppr—|

DRYER

BIDYIELD

MOIST

RCTR

TRANSFER

0s

CALCULATO]

Figure 8. Process schematic in Aspen Plus®.
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With the first-order reaction mechanism, the kinetic parameters estimated by the TGA
kinetic models were optimised to fit with the experimental data as shown in Figure 9. There
was a close match between the model prediction and the experimental TGA data of the
individual pyrolysis of BM and OS, and the co-pyrolysis of BM and OS. The mean absolute
errors for BM and OS of 3.78% and 1.81%, respectively, and 2.89, 2.60, 1.75, and 2.53% for
OS:BM 9:1, 7:3, 1:1, and 3:7, were obtained by comparing the simulated and experimental
TGA data. A sensitivity analysis revealed that the exponential factor, A, and reaction order,
n, have a greater influence on the mass loss curve than the activation energy.
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Figure 9. TGA behaviour vs. mass loss curve modelled in Aspen Plus®.

4. Conclusions

500

e  The obtained TGA and DTG curves for OS:BM blends demonstrated an improved
pyrolysis process, as the TGA curves were shifted from up to 10 °C to a lower temper-
ature when the BM ratio increased. The addition of BM could enhance the pyrolysis of
OS by increasing the mass loss and reducing the decomposition temperature. There
was a linear relationship between the mass loss and the ratio of BM.

e  The different two gas atmospheres resulted in an almost identical pyrolytic behaviour
for all OS and BM blends. Nonetheless, the use of a CO, atmosphere resulted in
the pyrolysis of OS and BM blends comparable to the N, atmosphere, showing its
potential use in pyrolysis and co-pyrolysis as an alternative gas atmosphere obtained
from CCUS technologies.
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e The interactions between BM and OS were mostly negligible, particularly at low
temperatures (<250 °C), while some slight interactions were observed at 350-370 °C
and >500 °C, resulting in additive co-pyrolytic behaviour of OS:BM blends, which
was further confirmed with the two-stage decomposition observed in the apparent
activation energies at different stages of conversion.

e  The Aspen Plus® model can be useful in optimising the TGA pyrolysis experiments,
and further studies involving a comparison with experimental data from larger-scaled
fixed-bed reactors would unlock the opportunity to directly apply TGA kinetic data in
the reactor design.

e  Experiments in larger-scale equipment, such as fixed beds or fluidized bed reactors,
are proposed as a follow-up path to study the co-pyrolytic behaviour of OS and BM,
possible interactions, and the effect of CO; as a gas atmosphere.
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