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Abstract: This paper presents the impact of thermal lag on the progress of different coal types’
gasification by CO;. The analysis was performed using thermogravimetry and numerical modeling.
Experiments were carried out at a heating rate of 1-50 Kmin~—! and a temperature ranging from 383
to 1173 K. The developed numerical model enabled the determination of a true sample temperature
considering the gasification process to consist of two single-step consecutive reactions. Analysis
revealed that the average thermal lag in CO; is about 11% greater than that in N, which is related
to the properties of CO; itself and the occurrence of the char—-CO; reaction. The onset temperature
of the reverse Boudouard reaction depends on the type of fuel; however, no simple relationship
with the coal rank was found. Thermal lag has an impact on the kinetic parameter A 4o 5 describing
devolatilization, up to 19.8%, while in the case of the char-CO; reaction, this influence is expected
to be even greater. The performed analysis proved that disregarding thermal lag may significantly
hinder the interpretation of the analyzed processes; thus, TG experiments should be carried out with
a low heating rate, or at the post-processing stage, a thermal lag model needs to be employed.

Keywords: thermal lag; fossil fuels; pyrolysis; TG; thermal analysis

1. Introduction

Nowadays, two thirds of coal is consumed by the electricity sector [1]. Although
the consumption of coal for energy production in 2020 decreased by approximately 8%
compared to 2019, coal-fired power plants are still the dominant source of energy produc-
tion, yielding ca. 36% of the global electrical power [1]. Bearing in mind that the use of
fossil fuels raises numerous concerns related to the environmental cost [2], international
organizations and governments of different countries are undertaking numerous initiatives
such as the “Green Deal”, “Clean Power Plan” or “Carbon Neutrality” that are supposed to
reduce the use of coal for energy purposes. Nevertheless, the world’s forecasted growing
electricity demand is going to require increases in all generation sectors, including renew-
ables, coal and nuclear; thus, it may be expected that coal will continue to play a significant
role in power generation [3].

One of the ways to meet the growing electricity needs while maintaining concern for
the natural environment is the concept of the development of clean coal technology (CCT).
CCT covers a wide range of topics, from coal mining, through its use for heat and power
production, up to the utilization of coal-based wastes, and comprises a variety of pollutant
abatement techniques. The most recent challenges in CCT are related to the need to tackle
the rising CO, emissions, extending CCT to include carbon capture and sequestration
techniques (also called carbon capture and storage, both abbreviated as CCS) or carbon
capture, utilization and storage methods (CCUS) [4,5].

Among the many clean coal technologies integrated with carbon capture, utilization
and storage, the concept of gasification of fossil fuels in reactors in which CO; is the
gasifying agent deserves special attention. This technology enables the highly efficient
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production of electricity from coal fuels while reducing the negative impact on the envi-
ronment. It is part of the circular carbon economy concept (CCE), thanks to which the
carbon cycle could be effectively closed and the rising CO, could be reused within different
processes [6].

Unlike steam and air gasification, which are quite established and well documented,
most CO,; gasification studies are limited to the lab scale and are quite far from industrial
implementation. According to the author’s knowledge, no commercial CO,; gasifier is in
operation at present. Patent research from the past 17 years indicated that until 2021, less
than 190 patents concerning CO, gasifiers were recognized worldwide [7]. As stated in the
comprehensive review papers of [7-9], nowadays, the main challenge to be overcome is to
scale up results obtained at laboratory reactors to the industrial scale.

Analysis of the gasification process in CO; is usually carried out using conventional
methods such as conduction and convection heating. Laboratory-scale experimental ap-
paratuses such as thermogravimetric analyzers (TG) usually employ electrical resistances
to heat up and precisely control the parameters of operation. The use of TG is common,
although it has its limitations [10] and has been criticized for its inability to obtain high
temperatures and high heating rates [11]. Nevertheless, as indicated in [12], kinetic param-
eters determined employing TG can be successfully used to predict fuel behavior on an
industrial scale.

To successfully apply kinetic parameters to describe the course of the process in
industrial conditions, laboratory measurements should be performed in the absence of
mass transfer limitations [13]. According to the recommendations of the International
Thermal Analysis and Calorimetry Society (ICTAC) Kinetic Committee, it is suggested to
analyze a thin layer of the sample, use low heating rates or limit the temperature of the
process [14]. Nevertheless, good practice during the experimental stage may decrease the
mass transfer limitations but not eliminate them. It is impossible to avoid inaccuracies
arising from, for example, the occurrence of endothermic/exothermic reactions or the finite
heat transfer rate between the gaseous environment and the analyzed sample.

As indicated in [15-17], to increase the accuracy of determination of the true sample
temperature (Ts), it is worth using a model that considers the nature of the heat transfer
inside the TG reactor. The numerical analysis presented in [15], supported by experimental
results, showed that in the case of the pyrolysis process in nitrogen, in the heating rate
range from 1 to 80 Kmin~!, the discrepancy between the Ts and the temperature measured
in the close surroundings of the sample (T;), known as thermal lag, might be from 4.8
to 56.2 K. In the work of [18], it was shown that for the heating rate of 40 Kmin !, the
discrepancies reach approximately 35 K, while in [17], it was indicated that for the heating
rate of 10 Kmin !, the maximum thermal lag can be from 51 to over 200 K. Unfortunately,
in the case of the CO, gasification process, despite a detailed literature review, it was not
possible to identify studies devoted to the determination of the impact of thermal lag on
the accuracy of the TG measurement.

The shown inaccuracies in temperature determination affect the reliability of the
measured reactivity of the analyzed samples and their kinetic parameters, which may
lead to a misinterpretation of the nature of the investigated process. According to the
information presented in [18], the discrepancies in the kinetic parameters determined before
and after considering the limited heat transfer may be from 10% to 20%, and according
to [15], they can even reach 40-50%. Please note that the above results are shunted to
pyrolysis in the nitrogen atmosphere. In the case of the carbon dioxide atmosphere, the
author is not aware of any works on this issue, but it seems that due to the different
properties of CO, compared to Ny, including its higher density and heat capacity [19], the
real differences may be even greater.

Therefore, this study aimed to analyze and assess to what extent the heat limitation
affects the measurement of the coal gasification process with CO; in TG conditions. For
this study, a thermal lag model which considers both the nature of the gasifying agent and
the physicochemical properties of the analyzed sample was developed. Experimental and
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model studies were aimed at explaining to what extent the measured temperature of the
sample differs from the true temperature and what the consequences of these differences
are in the context of analyzing the reaction rate, the amount of converted fuel and the
kinetic parameters describing the gasification process. Particular attention was paid to the
reaction of the remaining char with CO,, the so-called reverse Boudouard or Boudouard-
Bell [20] reaction, which will play a key role in terms of the need to scale laboratory results
to an industrial scale if the gasification process is planned to be carried out at temperatures
above 1273 K [21].

2. Experimental Setup and Tests
2.1. Facility and Instrumentation

Thermogravimetric analysis was carried out with a SETARAM Setsys Evolution TGA.
This device can continuously measure weight loss as a function of time and temperature. It
consists of a microbalance connected to a tray, on which lay two crucibles. The investigated
sample filled one of the crucibles, while the reference crucible remained empty and was
used to determine the temperature drift of the device. Both crucibles were located inside a
cylindrical furnace with a programmable control temperature. The device was equipped
with three thermocouples (as shown in Figure 1), of which one was located below the
sample crucible and provided the crucible temperature (T;), the second one measured
the temperature of the reference crucible and the third measured the temperature of the
surrounding gaseous atmosphere.

taflra

sample reference

to microbalance

carrier gas

insulation

heating element

crucible crucible

tray

thermocouples

Figure 1. Scheme of the TG device.

The mass of the sample was limited to ca. 10~° kg, in order to mitigate the impact
of self-heating/self-cooling [14]. At the first stage of the experiments, the sample was
dried at 383 K until its weight became constant. Afterwards, to simulate the gasification
process, samples were heated at a rate of 1, 5, 15, 30 and 50 Kmin~! (to simplify the
notation further, these rates are referred to as HR1, HR5, etc.), with a flow of 32 mL min~?,
in an atmosphere containing 100% CO;, at a temperature ranging from 383 to 1173 K. The
reference measurements were conducted according to a similar heating program, except

that the atmosphere contained 100% Np.

2.2. Sample Properties
The samples analyzed in the experiments were as follows:

- Lignites, LB supplied by Belchatow Coal Mine (Poland) and LT supplied by Turéw
Coal Mine (Poland);

- Hard coals, HJ supplied by Janina Coal Mine located in Libiaz (Poland), HS supplied
by Sobieski Coal Mine located in Jaworzno (Poland) and HZ supplied by Ziemowit
Coal Mine located in Ledziny (Poland);
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- Anthracite, Al mined in Ibbenbtiren Coal Mine (Germany).

The samples were air dried, pulverized to a size below 10 pym and homogenized. The
high fineness of the coal resulted from the requirement to ensure a kinetic gasification
regime and was directly related to the need to obtain the appropriate Biot and external
pyrolysis numbers (for more details, please see 3.2). The necessity to grind the fuel to a
similarly fine fraction is confirmed, among others, in [22]. The remaining determinations
were conducted under the relevant standards, i.e., moisture content was determined
according to [23], volatile matter according to [24] and ash according to [25]. The ultimate
analysis was conducted through LECO TruSpec Micro CHNS following [26,27], while
the higher heating value was analyzed with IKA WERKE C2000, according to [28]. The
obtained results are summarized in Table 1.

Table 1. Proximate and ultimate analysis of samples.

M \Y FC A FR C H N S O* HHV
wt% ar - wt% ar MJ kg1
LB 44 444 350 162 079 552 45 0.7 1.8 17.2 18.9
LT 2.0 46.7 338 175 072 59.0 4.8 0.5 1.3 14.9 21.7

Smp.

HJ 2.1 327 556 9.6 1.70 757 43 1.2 1.2 59 24.7
HS 3.7 33.0 529 104 160 760 4.1 1.3 1.6 29 25.8
HZ 24 349 550 7.7 158 771 4.6 1.2 1.1 59 27.8
Al 1.7 49 90.3 3.1 184  89.0 35 1.2 0.5 1.0 33.2

Where: M—moisture, V—volatiles, FC—fixed carbon (=100%—M/V/A), A—ash, FR—fuel ratio (=FC/V),
C—carbon, H—hydrogen, N—nitrogen, S—sulfur, O—oxygen, ar—on an as-received basis, *—calculated by
difference.

3. Modeling Study
3.1. Thermal Lag Model

This model is a development of works devoted to the pyrolysis of solid fuels in
nitrogen [15-17] and allows determining the thermal lag accompanying the gasification re-
action. Although the gasification process is very complex, and its mechanism is sometimes
described using up to several hundred chemical reactions [29-31], experimental studies
carried out with the use of TG (described in detail in Section 4.1) have shown that, in some
simplifications, the process can be viewed as two consecutive stages. In the first stage, the
volatile matter evolves, while in the second stage, the remaining carbonized residue reacts
with CO; to produce CO, namely:

k )
coal——=  char + volatiles 1
(devolatilization)

i (1)
b volatiles 2 + ash
(reverse
Boudouard reaction)
The rate of the process can be written as

do deg, day,

= _ e - 2

dt x'UUl dt +xch dt ( )

where x,,; and x, satisfy the relationship

Xpol + Xcn + X = 1 (3)
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dT,
dt

—Ea —“b
ATy — Tin) — moAHgep X1 (1 — &g)ko e ¥ — moAHgasXcp (xa — ap) ko pe KT

and the rate of devolatilization and the carbon residue reaction with CO, can be reflected
by first-order reactions:

du —Eq
anH = (1 — ag)koeRm 4)
du —E
dTb = (&g — ap)ko peKTm %)

The energy balance equation was derived taking into consideration the conditions
of the heat transfer inside the TG furnace, in which the sample was spread thinly and
uniformly in the crucible. The stream of the carrier gas flowed from the top of the crucible
to the bottom, sweeping away evolved gases. The heat flux absorbed by the sample (raw
fuel), char, ash and the crucible was assumed to be equal to the difference between the heat
flux supplied to the system, the heat flux accompanying the devolatilization reaction and
the heat flux accompanying the reaction of the carbon residue with CO;:

[(1 - xush) (1 - xch)(l - D‘)mOCPs + xchmOCPch + xashmOCPash + mCCPC] dgl;m
= hA(T, — Tw) — 1oAHgonXoo1 %8 — moAHgas X o, 25

(6)

The change in the sample temperature during the gasification process was obtained
taking into account Equations (4)—(6) and is described as

—E

@)

(1 - xash)(l - xch)<1 - “)mOCPs + xchmOCPch + xashmOCPash + mCCPC

After considering the following boundary conditions, Equation (7) was computed
numerically using Mathcad to determine the sample temperature:

Tw=Toandae =0att =0 (8)

The overall heat transfer coefficient /4, included in Equation (7), describes the amount
of heat transferred to the sample and is affected by, e.g., the sample temperature (T},;) and
temperature-dependent parameters of the gas, such as Ag, vy or Cpg. To determine its value,
the energy balance equation for the reference crucible was proposed:

ATy Ach(T, — Ty)

Zomo_ 9
dt mcCpe ©)

where the surface area A, was assumed to be time-invariant.
Equation (9) was solved numerically with the Mathcad software, taking into account
the same boundary conditions as previously used (Equation (8)).
The heat supplied to the sample was assumed to be transferred by convection and
radiation:
h=h;+h, (10)

Equation (11) presents the formula applied to determine the heat transferred by
convection (), which was derived for the flow around the cylinder with the ratio of the
diameter to height of 1:2 [32]:

Nurg  Ag(1:2564+0.6592Re>/Pr1/3)

he= =5 = T (1)

The heat transferred by radiation (h;) was calculated according to
hy = eo(Ty + Tyy) (TZ + T,i) (12)

The values of the specific heat of the sample, char, ash and crucible, used in Equations (6)—(9),
were dependent on the temperature, according to formulas [33-36]:



Energies 2021, 14, 5569 6 of 22

Cpe = 1.30684-107°T3 — 0.00363T2 + 3.52606T;, + 20.29987 (13)
Cpen = —218 + 3.807T;,, — 0.001758T2 (14)

Cpash = 912 +2.235T,,, — 0.001464T2 (15)

Cps = X Cpepy + (xpo1 — 0.1)(728 + 3.391T,, ) + 0.1(2273 + 2.554T, ) (16)

The properties of CO, constituting the furnace atmosphere, such as the thermal
conductivity (Ag), the density (o), the specific heat (Cp,) or the kinematic viscosity (vg),
required to calculate the number of Nusselt (Nu), Prandtl (Pr) or Reynolds (Re), were
calculated based on the mini-REFPROP [37] and CoolProp [38] databases. The remaining
parameters used for the model are summarized in Table 2.

Table 2. Parameters applied for the thermal lag model.

L, d, dg, my, m, o, AHgey,  AHggs, hd,
m m m kg kg H Wm—2K#% Jkg1 Jkg=1 Wm2K-1
1072 510°% 51072 107° 1.8107* 0.152 5671078  400-103P 604-10*¢ 17.2-79.0

Where: 2—[39], P—the heat of reaction is not the same as the heat measured directly by DSC, but it is reduced by
the heat of the char formation following [40], “—the average heat of Boudouard reaction in a temperature range
of 298-1173 K [21], *—computed from Equation (9).

3.2. Kinetic Regime

To enable a direct scale-up of kinetic parameters determined at the laboratory to the
industrial scale, the measurements should be carried out in conditions where the rate
of reaction is controlled by chemical reactions, in the so-called regime I. To meet these
requirements, the Biot (Bi) and external pyrolysis (Py’) numbers need to be analyzed.

The Bi provides the ratio between heat convection at the surface of the layer and
heat conduction within the layer. For a thin layer filling a cylindrical crucible, it takes the
form [41]
hdly,

B = A+ 1)

(17)

where As (Wm~1K™1) is the thermal conductivity of the sample, assumed to be equal to [42]

As = 1.071 — 0.00884T,, + 3.2939-10°T2 — 5.8083-10 T3 + 4.7875-10 ' T} — 1.4143.10 1T, (18)

The Py’ is the ratio between heat convection and the reaction rate of a particle, and for
a layer, it is given by [41]
I 2hc (ch + lb)
Y AspsCpsdcly

A thermally thin regime is ensured when the Bi number is much smaller than one. In
such conditions, the heat conduction within the layer is a lot faster than the heat convection
away from its surface; thus, the sample temperature can be assumed to be essentially
uniform. Low Py’ numbers correspond to control by external heat transfer, whilst a number
larger than unity represents conditions where heat convection to the particle is a lot faster
than the chemical reactions taking place. To ensure that the process is controlled purely by
kinetics, both requirements need to be met: Bi << 1 and Py’ >> 1 [43]. Kinetic parameters
determined in such conditions are often called intrinsic or true, in order to distinguish
them from apparent kinetics determined under other regimes.

(19)

3.3. Reaction Kinetics

The kinetic analysis was carried out in two variants, model-based and experimental-
based. The model-based variant assumed that the true temperature is equal to the tem-
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perature calculated using the model (Ts = T};), while the experimental variant assumed
that the true temperature follows the temperature measured under the crucible (Ts = T;).
Kinetic results obtained for both variants were compared to illustrate to what extent the
measurement uncertainty related to the determination of the true temperature affects the
kinetic parameters of gasification.

As stated in Section 3.1, the gasification process was divided into two stages, i.e.,
devolatilization, and the char-CO, reaction. Each of these steps can be reflected by a
first-order reaction according to Equations (4) and (5). To determine the kinetic parameters
describing each of the stages, such as the activation energy (E,;) and the pre-exponential
factor (kg 4), @ model fitting approach based on a single non-isothermal TG measurement
was used. The arguments for the choice of the model fitting approach were, inter alia, the
shape of the curves suggesting two single-step consecutive reactions, the non-variability
of the kinetic parameters depending on the range of analyzed temperatures [44] and the
experiences of other authors in applying this type of approach for analyzing thermal
processes [45-47].

For the model fitting purpose, a single first-order reaction model (SFOR) [48] using
the simplifying temperature integral function with the Doyle integral approximate [49]
was employed.

_ 5 (koa/vEasp Ea/p
In[—In(1 oc)]ln(m 1'0518RT5 5.33 (20)

Plotting In[—In(1 — «)] vs. 1/T; returns the activation energy and the pre-exponential
factor from the slope and the intercept, respectively. The results derived at low temperatures
concern devolatilization and were denoted with index a, while the high-temperature
kinetics of the char-CO, reaction were denoted with index b.

4. Results and Discussion
4.1. Progress and Reaction Rate

As mentioned in the introduction, measurement with TG is inextricably subject to
measurement uncertainty related to the heat transfer limitation, which results from the
inability to directly measure the temperature of the sample inside the TG reactor using a
thermocouple. Installing a thermocouple in direct contact with the sample would result in
errors due to, among others, conduction of heat along the thermocouple wire, convection
in the boundary layer around the thermocouple and radiation between the wires and the
external medium [50,51]. Hence, commercially available TG analyzers typically measure
the temperature in the vicinity of the fuel-containing crucible (T¢), and this temperature
is generally taken as the true sample temperature. Figure 2 shows a comparison of the
measured temperature T, with the calculated actual temperature T,,. The difference
between both temperatures, marked as a gray area, is the so-called thermal lag, denoted as
AT =T¢—Ty.

As it can be seen, the thermal lag phenomenon accompanies the gasification process
practically in the entire range (AT is equal to zero only for the 0 s of the experiment). The
analysis carried out for LT at HR50 indicates that in the considered measurement range, the
average thermal lag was 64.0 K, while the maximum thermal lag even reached 91.4 K (309 s
of the process). The nature of the changes in AT was complex, which is well illustrated by
the continuous violet line (thermal lag in CO,) shown in Figure 3.
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Figure 2. Thermal lag determined for LT at HR50.
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Figure 3. Comparison of thermal lag determined in CO, and N2 (LT, HR50).

In the first stage (up to approximately 300 s), the thermal lag determined during the
experiments in CO; increased with time. After reaching the maximum, the AT values
decreased until reaching 800 s of the experiment. Interestingly, the influence of the en-
dothermic devolatilization on the increase in AT was almost invisible. This observation
differs from the observations for the pyrolysis of cellulose in nitrogen presented in [15].
In the author’s opinion, the revealed differences are the result of both a lower proportion
of volatile parts in lignite than in cellulose (46.7% vs. ca. 87-89% [15]) and a different
heat capacity of the surrounding gas atmosphere, raw fuel, char and ash. After reaching
800 s, a third stage should be distinguished in which AT decreased slower than previously.
This phenomenon was directly related to the beginning of the char—CO, reaction. This
observation is confirmed by the correlation between the thermal lag curve in CO; and
the fuel reactivity curve in CO; (red line). As it can be seen from the figure, the reactivity
of the fuel increases during the 800 s as a result of the reverse Boudouard reaction, in
which an increase directly corresponds to the increase in the thermal lag of the temperature
measurement. Moreover, the influence of this reaction on an increase in thermal lag is indi-



Energies 2021, 14, 5569

9 of 22

rectly proved by the shape of the thermal lag curve determined in the nitrogen atmosphere
(dashed violet line). In this atmosphere, the reverse Boudouard reaction does not take place,
and in the range of times and temperatures in which it would occur, a systematic decrease
in the thermal lag value (unlike for the CO, atmosphere) is observed. Such a significant,
compared to devolatilization, influence of the char—-CO, reaction on thermal lag is a direct
consequence of the highly endothermic nature of this process, which absorbs about 15 times
more heat than devolatilization (AH,, = 400 x 103 ]~kg_1 vs. AHgps = 604 X 10* ]-kg_l).

Interesting information is also provided by the comparison of the thermal lag curve
in Ny and CO;. In addition to the already mentioned differences related to the char—-CO,
reaction, the thermal lag values determined in both atmospheres for similar times also
differ. As mentioned earlier, in the case of CO;, the average thermal lag was 64.0 K, and the
maximum thermal lag was even 91.4 K, while for the N; atmosphere, these values were,
respectively, 57.6 K and 81.2 K. These differences are directly related to the occurrence of
the char—CO, reaction and the properties of both gases, such as the thermal conductivity
(Ag), the density (pg), the specific heat (Cp,) or the kinematic viscosity (vg). This observation
explains why, in some papers [52,53], certain differences in the TG profiles recorded during
heating of the same fuels in atmospheres of N, and CO, were recognized. Consideration
of the differences in thermal lag indicates that at low temperatures, CO; is an inert gas
and does not significantly affect the mechanism of coal pyrolysis, which confirms the
reports presented in [54,55]. However, it should be noted that the results obtained do not
exclude that for some materials characterized by properties other than coals [56,57], CO,
may influence the reaction progress even at the early stages of devolatilization. In the light
of the obtained data, it seems valuable to take into account the influence of thermal lag on
the precision of the obtained results when assessing the influence of CO; on the progress
of the gasification reaction.

Figure 4 shows the influence of the heating rate on thermal lag. To better visualize the
behavior of a set of curves, on the x-axis, a logarithmic scale is proposed (which explains
the differences in shape between the HR50 curves presented in Figures 3 and 4).

100

— Co,

90 | ---N,

80 |
70 |
60
50

40 +

Thermal lag AT, K

30

1 10 100 1000 10,000 100,000

Time t, s

Figure 4. Thermal lag determined for LT at different heating rates.

The conducted analyses indicate that the uncertainty of the temperature measurement
in TG increased with the heating rate. In the case of gasification of LT with HR1, the
average value of AT was 1.46 K; for HR5, it was 7.17 K; for HR15, it was 20.8 K; for HR40,
it was 44.0 K; and for HR50, it was 64.0 K. Regardless of the heating rate, AT determined in
the nitrogen atmosphere was always lower by approximately 11-13 percentage points than
that determined for the CO, atmosphere.
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The results presented thus far were obtained for one type of fuel, i.e., LT. Figure 5
shows the influence of the fuel type on the thermal lag. The results are presented for the
selected heating rate, namely, HR5.

8.0

6.0 r

4.0

Thermal lag AT, K

Zoom 2:1

00 1 1 1 1 1
350 500 650 800 950 1100 1250

Crucible temperature 7, K
Figure 5. Thermal lag determined for different fuels at HR5.

The value of the thermal lag in the temperature range up to ca. 800 K is quite similar
for all analyzed fuels and ranges, on average, from 8.81 to 9.30 K. As expected, a slightly
higher value of AT was obtained in this range for fuels with a high content of volatiles (LB:
9.36 K, and LT: 9.07 K) than for those with a low content (Al: 8.81 K), which is a consequence
of the endothermic nature of the devolatilization. The influence of the fuel type on the
value of the thermal lag becomes more visible at high temperatures (above 800 K), i.e., in
the range where the char—CO, reaction is observed. In this respect, fuels with a higher
content of fixed carbon were characterized by higher thermal lag values, e.g., for the Al
sample, containing 90.3% fixed carbon, the thermal lag was 5.72 K, i.e., 14-20 percentage
points more than the thermal lag determined for the other fuels (containing from 33.8% to
55.6% of fixed carbon).

According to Equation (7), thermal lag influences the shape of the conversion curve.
Figure 6 compares the conversion curves obtained for the LT sample, gasified with HR1-
50. Following the adopted nomenclature, in this and the following figures, the curves
determined with the assumption that the temperature T, corresponds to the true fuel
temperature are marked with a solid line, and the curves established for the assumption
that T, corresponds to the true test temperature are marked with a dashed line.

As it can be seen, for HR1, i.e., in conditions where thermal lag played an almost
insignificant role (average AT equal to 1.46 K), both fuel conversion curves (light green
lines) have an almost identical shape. Nevertheless, as the heating rate increased, the
differences in the shape of the conversion curves increased. In the case of HR5, the curve
based on the assumption that the actual test temperature was equal to T, indicated that, e.g.,
30% of the fuel conversion occurred at 680.0 K, and 60% of the fuel conversion occurred at
1149.1 K. Assuming that the true sample temperature was equal to T}, the same conversion
rates were achieved for the temperatures of 688.3 K and 1153.7 K, respectively. For HR15,
30% of fuel conversion was recorded at 717.0 K and 740.8 K, and for HR30, this was at 745.7
K and 782.3 K, while for HR50, this was at 792.5 K and 855.0 K.
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Figure 6. The impact of thermal lag on the conversion curves, determined for LT at different heating rates.

As a consequence of the different shapes of the curves, there were also differences in
the total amount of converted fuel. The experimental results indicate that with the increase
in the heating rate, the amount of reacted fuel was 68.5%, 62.7%, 57.6%, 53.2% and 50.6%,
respectively. The model results obtained for the assumption of measurements carried out
in the conditions of no heat transfer limitations indicate that the amount of converted
fuel should be 68.7%, 63.3%, 58.8%, 54.8% and 52.5%. As it can be seen, the discrepancies
increase with the increase in the heating rate, and for HR50, they reach up to 1.8%.

The obtained results indicate that when analyzing the LT gasification in CO,, the
use of heating rates higher than about a few degrees per minute results in significant
discrepancies in the shape of the fuel conversion curves. Hence, it is recommended to use
the lowest possible heating rates or to recalculate the results obtained at a high HR with a
model that allows the determination of the true sample temperature.

To illustrate how the fuel properties affect the shape of the conversion curve, the
results obtained for LT were compared with those obtained for other fuels. Figure 7a—e
show the profiles obtained during the research with HR30. The profiles are presented on
separate graphs to increase the readability of the presented data. The profile for LT is not
shown as it was previously presented in Figure 6.

As evidenced by the obtained results, for each of the analyzed fuels, a significant
effect of thermal lag on the shape of the conversion curve was found. Comparing the
discrepancies between the temperature characterizing the 30% degree of fuel conversion
determined experimentally (solid line) and with the model (dashed line), it should be noted
that they ranged from 30.5 (Al) to 45.8 K (LT). The discrepancies in the total amount of fuel
reacted significantly differed, depending on the type of fuel analyzed, and ranged from ca.
1% to even 5.3% (in the case of Al).

The results obtained for LB, HJ, HS, HZ and Al confirm the observation based on
LT that carrying out the gasification process with an HR equal to several degrees per
minute results in a thermal lag of several dozen degrees, which may significantly hinder
the interpretation of the analyzed phenomena. As in the case of LT, running the process
with a heating rate equal to a few degrees per minute guaranteed low thermal lag values,
equal to 5.39-8.37 K (at the 30% degree of fuel conversion).
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Figure 7. The impact of thermal lag on the conversion curve, determined for different fuels at HR30. (a) LB; (b) HJ; (c) HS;
(d) HZ; (e) AL

The conversion curves determined employing TG (presented in Figures 6 and 7)
are commonly used to determine the reactivity of the fuel. According to the definition,
reactivity is considered as the rate of mass loss over time or temperature [58-60]. Figure 8
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shows the reactivity curves obtained for LT at HR1-50. As in the case of the previous
figures, the experimental results are marked with a solid line, and the model results are
marked with a dashed line.

3.0

HR1

1.0 |

Reactivity RC, 1000 K-!

1250

Temperature, K

Figure 8. The impact of thermal lag on the reactivity curves, determined for LT at different heating
rates.

The obtained curves show two characteristic peaks: the first occurring at lower
temperatures, illustrating the susceptibility of a sample to undergo devolatilization, and
the second occurring at higher temperatures, showing the susceptibility of the remaining
char to react with CO,. As it can be seen, the second peak is not shown in full because
the measurement was stopped as the temperature increased over 1173 K and the process
approached the transitional regime, in which the rate of reaction was affected by diffusion
phenomena. Work in this area was undesirable from the point of view of the possibility of
further extrapolation of the obtained results (more information is presented in Section 3.2).

It should be noted that the discrepancy between the experimental and model reactivity
curves can be significant, especially for high heating rates. The comparison of the tempera-
ture at which the maximum reactivity was recorded during devolatilization shows that,
for example, for HR50, the discrepancies may be as high as 75.2 K (T (model) = 761.1 K
VS. Tryax (experiment) = 836.3 K). The difference between the Tgy,,, parameters determined
experimentally for HR1 and HR50, denoted as ATRryqy, was 227.3 K, and the same value
determined by the model was 147.1 K. On this basis, it should be concluded that the dis-
crepancies between Tgy,,, determined at different heating rates are, to some extent, affected
by the finite heat transfer rate. However, even after taking into account thermal lag, the
TRmax parameter recorded for different heating rates differs significantly, meaning it cannot
be treated as universal, and when using it, it should be specified under what measurement
conditions it was determined.

The analysis of the peak responsible for the fuel susceptibility to the reaction of char
with CO; leads to an interesting conclusion. Depending on the heating rate, this reaction
starts at the following temperatures: 800.5 K (HR1), 859.4 K (HR5), 910.7 K (HR15), 949.8 K
(HR30) and 997.0 K (HR50). It is generally assumed in the literature that the temperature
range of the reverse Boudouard reaction starts at 953 [61]-973 K [62]. In the case of HR1-15,
the obtained values are lower than those allowed by the literature sources [61,62], which
does not mean that they are incorrect. The possibility of the reaction between char and
CO; at lower temperatures was confirmed by [63], in which the presented equilibrium
calculations indicate that, theoretically, the Boudouard reaction can start at temperatures as
high as approximately 673 K. Moreover, it was experimentally proved in [64] that under
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isothermal conditions, the Boudouard reaction can be observed at temperatures as high as

773 K.
Figure 9 shows the experimental and model curves of reactivity of the different fuels,
determined at HR30.
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Figure 9. The impact of thermal lag on the reactivity curve, determined for different fuels at HR30. (a) LB; (b) HJ; (c) HS;
(d) HZ; (e) AL
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The obtained results indicate that the initial temperature of the char-CO; reaction for
LB was 1080.0 K; for HJ, it was 960.9 K; for HS, it was 964.4 K; for HZ, it was 966.2 K; and
for Al, it was below 923 K. The discrepancies in the results obtained for the different fuels
indicate that the properties and origins of the fuels influence the progress of the reverse
Boudouard reaction. However, no simple relationship between the basic parameters char-
acterizing the fuels, such as the fixed carbon content or elemental carbon content, with the
parameters characterizing the reverse Boudouard reaction has been demonstrated. In the
author’s opinion, the progress of this reaction may be influenced by other physicochemical
parameters of the fuel, such as the distribution and shape of pores, the presence of mineral
matter or the presence of surface functional groups [65].

4.2. Kinetics

To further investigate the influence of thermal lag on the coal gasification process,
a kinetic analysis was performed. As mentioned in Section 3.2, to scale up the kinetic
results to industrial conditions, laboratory experiments should be carried out under the
conditions of the kinetic regime. The Bi number and the Py’ number, determined according
to Equations (17) and (19), ranged from 3.19-10~% to 1.02-102 and from 1.23 to 9.19. As
the Bi number was much lower than unity, and the Py’ number was higher than 1, it was
found that the selected measurement parameters ensured that the gasification process was
controlled by chemical reactions [22].

A Kkinetic study was carried out following the procedure presented in Section 3.3,
separately analyzing the processes of devolatilization and the reaction between char and
COy,. The obtained results are presented in Tables 3 and 4. The results called “experimental”
were calculated assuming that the true sample temperature was equal to T;, and the
so-called “model” results were calculated assuming that it was equal to Tj,.

Table 3. Results of a kinetic study of LT.

Devolatilization Char-CO; Reaction

Sample HR Approach E, ko,a Axos E ko Axo01

kJ mol-1 s—1 s71 kJ mol—1 s71 s~1
Mod. 4142 6.23 x 1071 157 x 10~* 126.4 73.6 256 x 1073
! Exp. 41.86 6.67 x 1071 1.57 x 1074 126.9 76.5 2.56 x 1075
Mod. 43.43 2.03 7.02 x 1074 117.4 85.9 1.18 x 1074
5 Exp. 45.53 2.72 7.17 x 1074 119.2 99.8 1.19 x 1074
IT 15 Mod. 39.94 1.90 1.76 x 1073 112.2 92.6 323 x 1074
Exp. 45.66 416 1.87 x 1073 116.9 1.35 x 102 325 x 1074
Mod. 36.88 1.50 298 x 1072 112.3 1.12 x 10? 6.00 x 10~*
30 Exp. 48.03 6.74 341 x 103 1224 235x 102 6.09 x 1074
Mod. 36.46 1.61 451 x 1073 117.3 2.17 x 102 9.77 x 10~
50 Exp. 53.30 13.1 541 x 1073 130.7 5.91 x 102 1.00 x 1073

Table 4. Results of a kinetic study for HR5.
Devolatilization Char-CO; Reaction

Sample HR Approach E, ko,a Anos Ey kop Ao

kJ mol-1 s1 s1 kJ mol—1 s-1 s-1
LB Mod. 26.18 593 x 1072 437 x 107 135.6 5.32 x 102 1.23 x 1074
Exp. 27.58 735 x 1072 447 x 107* 137.7 6.24 x 102 1.24 x 1074
1y Mod. 53.08 12.4 8.36 x 104 184.2 5.81 x 10* 1.59 x 1074
Exp. 55.49 17.3 8.52 x 10~* 186.7 6.88 x 10* 1.61 x 107*
Mod. 58.59 23.6 8.57 x 1074 124.9 96.8 1.13 x 1074

HS HR5

Exp. 61.10 32.8 8.73 x 10~* 126.7 1.11 x 102 1.14 x 107*
H7 Mod. 66.23 57.5 8.90 x 10* 117.8 429 1.08 x 1074
Exp. 68.84 80.1 9.06 x 10~* 119.5 48.9 1.08 x 1074
Al Mod. nd nd nd 61.58 1.26 x 1071 6.95 x 107°

Exp. nd nd nd 62.95 144 x 1071 7.04 x 1075
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The performed kinetic analysis shows that the activation energy determined based on
the experimental curves for the devolatilization of LT ranged from 41.86 to 53.30 k] mol !
The obtained values are similar to those presented in the literature for other lignites, e.g.,
for the Menzen sample (33.9-40.4 k] mol ! [66]). Moreover, it was noted that the activation
energy value increased with the heating rate. There is no unanimity in the literature on the
influence of the heating rate on the value of the activation energy. A similar tendency to that
described above was noted, among others, in [67] and [68] (for coal Afsin Elbistan). The
reverse observation was shown in [66,69,70], and an observation indicating a lack of a clear
correlation between the activation energy and the heating rate was shown, e.g., in [71-73].
The author of this paper does not attempt to explain the essence of the relationship between
the activation energy and the heating rate but would like to emphasize that after taking
into account the thermal lag, the values of E for different heating rates came closer to each
other and amounted to 36.46-41.42 k] mol~!. Moreover, contrary to the trend observed
for the experimental curves, the activation energies calculated based on the model curves
decreased with the heating rate. The fairly slight discrepancies between the activation
energy obtained for the different heating rates may indicate, unlike in the case of the
analysis of experimental data, that after considering thermal lag, the mechanism of the
observed reaction seems not to change over the studied range of heating rates. Moreover,
the results prove that taking into account the limited heat transfer may be of key importance
for the interpretation and understanding of the mechanism of the reactions under study.

The activation energy determined for the remaining fuels (at HR5) is similar to the data
presented in the literature. In the case of lignite LB, this value is similar to, e.g., the Soma
sample (36.4 k] mol 1) [68], while E for hard coals was comparable to that determined for
the bituminous coals of Azdavay and Karadon (65.0 and 74.2 k] mol ! [74]). As anthracite
contained only 4.9% of volatile matter and its evolution process was difficult to identify
unequivocally, it was not decided to determine the kinetic parameters characterizing it.
A comparison of the model and experimental results for various pyrolyzed fuels with
HR5 shows that at such a low heating rate, considering the measurement uncertainty
related to the determination of the actual temperature of the sample results in a reduction
in the activation energy by 1.40-2.62 k] mol~}, i.e., 4-5 percentage points relative to the
experimental value.

As indicated in [15], the comparison of only one kinetic parameter may lead to
erroneous conclusions due to the existence of the so-called compensation effect [48], i.e.,
the interrelation between E and kj. To avoid misunderstandings, and to unequivocally
define the impact of thermal lag on kinetic parameters, the A, parameter was introduced.
The parameter relates E and kg according to the relation

(21)

This parameter was determined for the temperature corresponding to the stage at
which conversion of an exact amount of fuel took place; thus, for example, the parameter
determined at the conversion of 50% was denoted as A,o5. A comparison of the A, values
obtained for the devolatilization of LT with the different heating rates shows (Table 3) that
not considering thermal lag when studying the kinetics of HR1 leads to an error of 0.4%.
In the case of HR5, the error is 2.1%, and for HR15, it is 6.3%, while for HR30 and HR50,
it is 14.4% and 19.8%, respectively. The comparison of A, for various fuels, determined
for HR5, shows that it is, to some extent, dependent on the type of fuel; however, the
obtained discrepancies between A, remain quite similar, i.e., from 1.7% for HZ to 2.4%
for LB. In light of the above, it seems reasonable to recommend, when analyzing the coal
devolatilization process, limiting the heating rate to a few degrees per minute.

The analysis of the kinetic data obtained for the LT char—CO, reaction (at different
HRs) indicates that the results obtained based on the experimental data ranged from 116.9
to 130.7 kJ-mol~!. The inclusion of the thermal lag model narrowed the scope of the
obtained results to 112.2-126.4 k]-mol~! while no correlation between E and the heating
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rate was recognized. The differences between the A, parameter determined for the char-
CO; reaction, based on the model and experimental curves, were smaller than in the case
of the devolatilization process and amounted to a maximum of 2.7%. However, it should
be remembered that in the case of devolatilization, the A, parameter was determined for
the conversion degree of 50%, and in the case of the char-CO; reaction, it was determined
for the conversion degree of 10%. If the parameter A 405 was used in the case of the reverse
Boudouard reaction, the obtained results indicate that the uncertainty in determining the
kinetic parameters would be greater than in the case of devolatilization. In the case of
the reaction between char and CO,, the differences in activation energies for the different
fuels turned out to be significant. In the case of HR5, the activation energy of the reverse
Boudouard reaction determined based on the model was about 61.58 k]J-mol~! for Al,
117.4-117.8 kJ-mol~! for HZ and LT, 124.9 kJ-mol~! for HS, 135.6 kJ-mol~! for LB and
184.2 kJ-mol~! for HJ. The obtained values are similar to those presented in the literature,
that is, 109.5 [75]-220 kJ-mol ! [76]. They indicate that the influence of the properties of
the coal structure on the progress of the reverse Boudouard reaction is significant; however,
they do not confirm the statement contained in [77] that the activation energy for the
char-CO, reaction generally decreases proportionally to the coal rank. The attempt to
correlate the basic physicochemical parameters of the fuel with an activation energy of
the reverse Boudouard reaction did not bring satisfactory results, which indicates that the
progress of this reaction will depend on other parameters, e.g., the pore distribution, the
content of mineral matter or the presence of individual functional groups on the surface.
The comparison of the obtained kinetic parameters with the content of selected el-
ements in the mineral matter leads to an interesting conclusion. The composition of the
mineral matter of the investigated materials is cited from [78] and presented in Table 5.

Table 5. The content of selected elements in the mineral matter [78].

Sample Kzo CaO A12003 SIOZ P205
wt%

LB 0.11 23.0 17.2 29.1 0.13

LT 0.48 19.1 22.0 324 0.17

HJ 1.92 4.81 26.9 40.6 0.71

HS 1.47 5.31 23.0 44.6 0.93

HZ 0.88 6.97 27.2 36.3 0.55

There is a certain unanimity in the literature [79,80] that potassium (K) is an element
having a positive effect on the gasification rate. The results obtained for lignites show
that in the case of LT, containing about four times more K,O than LB, a higher rate of the
char-CO, reaction was observed (i.e., lower kinetic parameters). No such dependence
could be observed in the case of hard coals. Nevertheless, concerning the low degree of
fuel conversion, it can be assumed that potassium was not concentrated enough to enhance
the catalytic effect [80,81].

Noteworthy is the effect of calcium (Ca) on the rate of the char—-CO; reaction. The
share of CaO in the investigated hard coals was equal to 6.97% (HZ), 5.31% (HS) and 4.81%
(HJ). The CaO content seems to fit the trend in the activation energy required to initiate the
reaction between surfaces of chars derived from hard coals and CO, (H] > HS > HZ). The
observation confirms the remark made in [77] that the catalytic effect of CaO in low-rank
coal causes an increase in the number of active sites and hence the reactivity. Nevertheless,
it should be noted that the influence of CaO on the gasification process is debatable, and,
for example, in the works on gasification of biomass, some authors [81-83] observed an
inverse, i.e., inhibiting, effect of CaO on the gasification rate.

Other elements commonly considered to have a significant impact on the rate of
gasification are, among others, aluminum (Al), silicon (Si) and phosphorus (P). It is believed
that by inhibition of the catalysis from other elements, they decrease the rate of the process.
The obtained results do not show any visible correlation between their content and the
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rate of the char-CO; reaction. The author would like to emphasize that, despite the above-
mentioned relationship between the content of ash components and the reactivity of the
investigated samples, the impact of the mineral matter needs to be deeply analyzed and
further clarified.

5. Conclusions

The impact of the heat transfer limitation on the gasification progress of different types
of coals was investigated using both experimental and modeling approaches. The major
findings and conclusions are as follows:

- Thenature of the changes in thermal lag was complex. Unlike in the case of a nitrogen
atmosphere, the endothermic devolatilization process does not significantly affect it,
while the impact of the char—CO, reaction was visible.

- Asitwas expected, the average thermal lag in carbon dioxide was greater than that in
nitrogen (64.0 K vs. 57.6 K), which is related to both the properties of CO, itself and
the occurrence of the reverse Boudouard reaction.

- Atlow temperatures, CO, is an inert gas and does not significantly affect the mecha-
nism of coal pyrolysis.

- Theslightly higher reactivity of the fuel during devolatilization in CO; than in N, may
be attributed to the properties of gases but not to the change in the process mechanism.

- Fuels having a higher volatiles content were characterized by a slightly higher thermal
lag at the stage of devolatilization, while fuels rich in fixed carbon were characterized
by this at the stage of the char-CO; reaction.

- Thermal lag influences the shape of the conversion curve, e.g., curves determined
using the model show higher reactivity than those obtained experimentally.

- Discrepancies between Tg,,, determined at different heating rates are, to some extent,
affected by the finite heat transfer rate; however, the Try,;» parameter cannot be treated
as independent of the heating rate.

- The onset temperature of the reverse Boudouard reaction depends on the type of
fuel; however, no simple relationship with the basic physicochemical parameters
characterizing fuels was found.

- Disregarding thermal lag may significantly hinder the interpretation of the analyzed
phenomena, e.g., after considering the limitations of heat transfer, the values of the
activation energy describing devolatilization became more similar for different heating
rates, which suggests that the mechanism of the observed reaction seems not to change
as much as previously supposed.

- Thermal lag has an impact on the kinetic parameter A 45 describing devolatilization,
up to 19.8%. In the case of the char—-CO; reaction, this influence is expected to be
even greater.

- There is an influence of the properties of the coal structure on the progress of the
reverse Boudouard reaction; however, it does not decrease proportionally to the
coal rank.

- Arelationship between the content of CaO and reactivity [77] was observed for hard
coals but not for lignites.

Summarizing, the performed analysis indicates that to obtain trustworthy results, it
is desirable to carry out TG experiments with a low heating rate or to recalculate results
obtained at high heating rates with a model that allows the determination of the true
sample temperature.
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Nomenclature

Aol Reaction rate coefficient at the conversion of 10%, s !

Axos Reaction rate coefficient at the conversion of 50%, s !

Ac The outer surface area of the crucible, m?

Bi Biot number

Cpash  Specific heat of ash, J-kg =1 - K1

Cpc Specific heat of crucible material, J-kg =1 -K~!

Cpch Specific heat of char, J-kg~1-K~!

Cpg Specific heat of gas atmosphere surrounding the crucible, J-kg =K1

Cps Specific heat of specimen, J-kg~1- K1

dc Crucible diameter, m

dg Furnace diameter, m

ds Sample grain diameter, m

Ea. The activation energy of devolatilization, J-mol~1

Ey The activation energy of char-CO, reaction, J-mol~!

h Overall heat transfer coefficient, W-m~—2.-K~1

hc Convection heat transfer coefficient, W-m~2.K~!

h, Radiation heat transfer coefficient, W-m—2-K—1

ko a The pre-exponential factor for devolatilization, s !

Kob The pre-exponential factor for char-CO, reaction, s~

I, Height of a layer of sample in a crucible, m

I Crucible height, m

mg The initial mass of the specimen, kg

me Mass of the crucible, kg

Nu Nusselt number

Pr Prandtl number

Py’ External pyrolysis number

R Universal gas constant, J-K~1-mol !

RC Sample reactivity, K—!

Re Reynolds number

t Time, s

T« The temperature corresponding to the conversion of an exact amount of fuel, K

T, Crucible temperature measured by the temperature sensor, K

Tm Sample temperature computed using model, K

T: The reference temperature, K

TRCmax ~ Maximum reactivity temperature, K

Ts True sample temperature, K

Xash Share of ash

Xch Share of char

Xyol Share of volatiles

Greek symbols

o Degree of sample conversion

®a Degree of sample conversion during devolatilization

Op Degree of sample conversion during the char-CO; reaction

[8) Heating rate, Ks1

AHgey  The heat of pyrolysis, J-’kg ™! (assumes positive values when the reaction is endothermic)

AH The heat of the char-CO, reaction, ]-kg*1 (assumes positive values when the reaction
8as is endothermic)

AT Thermal lag, K

ATrmax  The difference between Trmax determined at HR1 and HR50

v8 Emissivity

Thermal conductivity of gas atmosphere surrounding the crucible, W-m~1.K~1
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As Thermal conductivity of the sample
Vg Kinematic viscosity of gas atmosphere surrounding the crucible, m?-s~!
Pg The density of gas atmosphere surrounding the crucible, kg-m =3
Ps Density of sample
o Stefan-Boltzmann constant, equal to 5.670367-1078 W-m—2.K*
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