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Abstract

Coal-conversion technologies, although used ubiquitously, are often discredited due to high pollutant emissions, thereby
emphasizing a dire need to optimize the combustion process. The co-firing of coal/biomass in a fluidized bed reactor has been
an efficient way to optimize the pollutants emission. Herein, a new model has been designed in Aspen Plus® to simultane-
ously include detailed reaction kinetics, volatile compositions, tar combustion, and hydrodynamics of the reactor. Validation
of the process model was done with variations in the fuel including high-sulfur Spanish lignite, high-ash Ekibastuz coal, wood
pellets, and locally collected municipal solid waste (MSW) and the temperature ranging from 1073 to 1223 K. The composi-
tion of the exhaust gases, namely, CO/CO,/NO/SO, were determined from the model to be within 2% of the experimental
observations. Co-combustion of local MSW with Ekibastuz coal had flue gas composition ranging from 1000 to 5000 ppm
of CO, 16.2%—-17.2% of CO,, 200-550 ppm of NO, and 130-210 ppm of SO,. A sensitivity analysis on co-firing of local
biomass and Ekibastuz coal demonstrated the optimal operating temperature for fluidized bed reactor at 1148 K with the
recommended biomass-to-coal ratio is 1/4, leading to minimum emissions of CO, NO, and SO,.

Keywords Biomass cofiring - Fluidized-bed combustion - Advanced process simulation - Flue-gas emissions - Fuel
utilization - Aspen plus

List of symbols E,; Activation energy of reaction i

GHG  Greenhouse gas H,.; Height of bed at minimum fluidization
CFD  Computational fluid dynamics k; Pre-exponential factor of reaction
FBR  Fluidized bed reactor n; Temperature exponent

MSW  Municipal solid waste Re,;  Reynolds number at minimum fluidization
FC Fixed carbon velocity

VM Volatile matter r; Reaction rate of reaction i

CSTR Continuous stirred-tank reactor u Operating velocity

HHV  Higher heating value U Minimum fluidization velocity

TDH  Transport disengagement height Uy, Velocity through the orifice

B Biomass AP, Pressure drop over bed

C Coal AP, Pressure drop over distributor plate

Py Density of a gas g Acceleration of gravity

s Density of solids Q@ Sphericity of particles

u Viscosity Emf Voidage at minimum fluidization

Ar Archimedes number

d, Diameter of a particle

< Dhawal Shah

1 Introduction

Coal-fired energy processes continue to be the dominant
energy sources around the world in the era of rapid urbani-
zation and economic growth. According to the International
Energy Agency, 38.5% of the total energy generation in the
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world is produced by coal (IEA 2018). Despite the maturity
of the technology, coal conversion has a negative reputation
due to the adverse impact on the environment (Kerimray
et al. 2018; Peters et al. 2020). For countries such as Kazakh-
stan, wherein coal-combustion segment takes the highest
portion in the energy mix, environmental consequences such
as greenhouse gas (GHG) emissions, air deterioration, soil
contamination as a result of ash landfilling, are particularly
notable. Even though countries are preparing for the shift in
the energy sector towards environmentally friendly energy
sources, it is still important to consider that the shift can-
not occur instantaneously and therefore a need emerges for
optimization of existing coal conversion. As a member of the
Paris Agreement, Kazakhstan has declared to reduce 25% of
the national GHG emissions by 2030 compared to the level
of 1990 (UNFCCC 2011).

Biomass is a carbon—neutral fuel and considering the
overall life-cycle, biomass conversion has a potential to be
a carbon negative process (Sher et al. 2018). Co-firing of
coal with biomass also claims to reduce emissions of SO,
and NO, due to low content of sulfur and nitrogen in the bio-
mass (Kumar et al. 2018), while maintaining a comparable
heating value (Roni et al. 2017). Experiments conducted by
Kommalapati et al. (2018), demonstrated a decrease in life
cycle emissions for CO, (by 13.45%) and NO, (by 11.70%)
for the blend fuel with 15% of biomass. However, along
with advantages, certain technical issues of biomass/coal
co-firing, such as growth of soot deposition in the reactor,
ash composition, and morphology changes, needs to be con-
sidered (Kumar et al. 2018; Bhuiyan et al. 2018). In addition,
limited literature is available on comprehensive analysis of
efficient integration of biomass into existing coal firing
systems. Even though biomass has a great capacity in the
energy sector, especially when coupled with coal, increased
cost of operation and pretreatment for biomass fuel brings
challenges to quick fuel integration (Khan et al. 2009; Roni
et al. 2017; Lawal et al. 2021). Therefore, an understand-
ing of the behavior of the conversion process at different
biomass to coal ratio in blended fuel is of current interest.

Optimization through modelling requires thorough
analysis and validation. Most of the coal/biomass com-
bustion models in the literature are built on Computa-
tional Fluid Dynamics (CFD), using Eulerian—Eulerian or
Eulerian-Lagrangian approach. The approach often takes
into consideration combustion reaction kinetics and reac-
tor hydrodynamics, as a part of holistic modelling (Lawal
et al. 2021; Bi et al. 2021; Adamczyk et al. 2015). How-
ever, results based on the CFD models strongly depend
on the grid selection and assumption, including improper
modeling of the complex momentum equations. In addi-
tion, the simulation using CFD cannot be referred to as a
user-friendly approach for optimization execution (Xie et al.
2014; Znidar&i¢ et al. 2021). Another modeling approach

@ Springer

mentioned in the literature involves utilization of Aspen
Plus® software. Being one of the leading chemical process
modeling software, Aspen Plus incorporates various attrib-
utes required for comprehensive process modeling along
with the user-friendly interface. However, limited studies
are available for coal/biomass co-firing processes models
built in Aspen plus, especially the ones occurring in Fluid-
ized Bed Reactor (FBR) unit. Complex hydrodynamics of
the combustion reactor and chemical reaction kinetics bring
some challenges to the models and their optimization.

Earlier models developed in Aspen Plus for simulation of
the fuel combustion in FBR have, in general, a limited set
of reactions and were governed by simple reaction kinetics.
For instance, Yang et al. (2011) have built a model using
16 combustion reactions; however, the model was specifi-
cally focused on NO and N,O prediction. In addition, in
their model formation of the SO, was neglected, and tar was
considered as an inert material. In another study by Hu et al.
(2018), the model incorporated six reactions with a focus
on full carbon oxidation and char combustion. At the same
time formation of NO, and SO, gases were not considered
in this particular study, as well. More recent model for the
sewage sludge thermal decomposition in an FBR unit by
Fedorov et al. (2021), adapted a simple reaction kinetics.
In particular, seven reactions were considered for carbon
conversion into carbon monoxide with a further oxidation
to carbon dioxide. In the model, the authors simulated FBR
using RGibbs equilibrium reactor. This equilibrium reactor
neglects the effect of the hydrodynamics and fluidization on
the reactor performance. According to the authors, coal and
wet sewage sludge devolatilization products of the model
were completely reacted. Altogether, even in the recent
Aspen Plus-based models, combustion kinetics is simpli-
fied to basic carbon oxidation or NO, predictions and/or
the modelling of the FBR is performed using equilibrium
reactors.

In our previous work, we simulated combustion of low-
grade bituminous Ekibastuz coal utilizing the Aspen Plus
using the fluid bed unit (Saparov et al. 2021). The model was
validated using the experiments on a pilot-scale circulating
fluidized bed (CFB) coal combustion. The comprehensive
model included detailed hydrodynamics of the fluid bed unit.
However, the combustion reaction was modeled by simple
kinetics of carbon and hydrogen combustion and the effect
of volatiles were neglected. Herein, we aim to expand the
model to implement FLUIDBED unit with a broader reac-
tion set including NO,, SO, and tar combustion including
the effect of volatiles and further incorporate co-combustion
of biomass and coal in the FBR unit.

The advancement in modeling aims to improve the dynamic
operations of the process and maintain high efficiency of co-
combustion (Zhou et al. 2011; Wu et al. 2017). In the follow-
ing sections, the development of the model is discussed in
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detail, followed by the validation using the well-established lit-
erature data provided by researchers (Varol et al. 2018; Peters
et al. 2020) on co-firing of coal and biomass, and also with our
previous experiments on Ekibastuz coal combustion. Lastly,
sensitivity analysis is performed based on the available data
for the Ekibastuz coal and organic fraction of MSW collected
in Nur-Sultan. The scope of current research is to develop and
validate the biomass co-combustion model using Aspen Plus
and examine its adaptability with experimental data available
in the literature.

2 Methodology
2.1 Process development

Combustion of the solid fuel particles in the fluidized bed reac-
tors undergoes three key steps: drying, devolatilization/pyroly-
sis, and combustion, each of which is modeled separately in
Aspen Plus (Liu et al. 2020a). The explanation of each step
pathway is demonstrated in Table 1.

At drying and pyrolysis steps moisture entrapped in the fuel
is evaporated (Aghaalikhani et al. 2019; Awasthi and Bhaskar
2019; Dwivedi et al. 2019). Further, pyrolysis proceeds with
a decomposition of the dry fuel particles to volatiles, char, and
ash. The composition of resulting compounds depends on the
proximate analysis and operating conditions, as we discuss
later. Lastly, devolatilization occurs wherein the obtained vola-
tiles are disintegrated into tar, CH,, CO, CO,, H,, H,O, HCN,
and NH; (Awasthi and Bhaskar 2019). In the current work,
the composition of volatiles was calculated using the theory of
the functional-group dependence on the ultimate analysis for
coal (Serio et al. 1987). The selected approach is based on the
experimental results for the volatile composition of six differ-
ent coal types during pyrolysis that are shown in Table S1 in
Supplementary Material. Using the data set, a linear regression
was performed to obtain a separate equation for each volatile
component as a function of structural elements (Table S2 in
Supplementary Material). The data set consists of loosely cou-
pled and tightly coupled molecules, like H,O; however, these
are combined together during the regression analysis.

Finally, the oxidation of the char and volatile gases in the
reactor develops at 1123-1273 K. The combustion kinetics
were adapted from several papers published on the burning of
the pure coal/biomass and their mixtures, and the main crite-
rion for the selection was the presence of the validation on the

experimental results (Serio et al. 1987; Zhou et al. 2011; Gu
et al. 2020; Liu et al. 2020b). Table 2 demonstrates the reaction
set utilized in the fuel combustion. Combustion reaction Kinet-
ics are included in Table S3 in the Supplementary Material.

2.2 Model assumptions

The model was designed considering the following
assumptions:

(1) Drying and pyrolysis occurs instantaneously and the
process is under steady-state.

(2) The temperature across the FBR is uniform.

(3) The produced tar is reactive, and the produced char is
100% carbon (Merrick 1984).

(4) Functional group distribution of volatiles is correlated
to the ultimate analysis of the fuel.

(5) Coal and biomass have similar volatile components.

(6) Heat transfer throughout the process is not considered.

Instantaneous drying and pyrolysis can be justified by
its relatively fast decomposition rates at high temperatures
present in the FBR. Furthermore, the uniform temperature
distribution in FBR has been observed, for example, by
Zhou et al. (2011), wherein the riser temperature varied only

Table 2 Set of reactions involved in fuel combustion process in FBR

R, CH,+1.5 0,—»CO+2 H,0
R, H,+0.5 0,—H,0

R, H,S+1.5 0,—H,0+S0,

R, HCN +0.75 0,—~CNO+0.5 H,0

R; NH;+1.25 0,—NO+1.5 H,0

R NO+CO—0.5 N, +CO,

R, C0+0.50,—CO,

Ry CNO+0.5 0,—»NO+CO

© C+(é)o2—>(2_§>co+(%_l>c02
Ry, C+C0,—2CO

R, Tar +0.48 0, —0.92 H,0+CO

Ry, CNO+NO—N,0+CO

Notes: @ is a factor of a mechanism governed by particle diameter.
For dp> 1.0mm @ =1 (Zhou et al. 2011).

Table 1 Coal/biomass

combustion stages in FBR as Drying )

taken from (Liu et al. 2020a) Pyrolysis
Devolatilization
Combustion

Wet coal/biomass — dry coal/biomass 4+ moisture (H,0)
Dry coal/biomass — ash + volatiles + fixed carbon (char)

Volatiles — CH, + H,0 +H, + CO, + CO+H,S + HCN + NH + tar
(CH] ,8400,96)

According to combustion kinetics
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slightly (within 50 K). The produced tar during the com-
bustion has often been neglected in developing the process
model, due to its complexities; however, herein we account
for tar combustion using reaction kinetics.

2.3 Process simulation

The developed flowsheet of the simulation, designed in
Aspen Plus V11, is shown in Fig. 1. Coal, biomass, volatiles,
ash, and tar were declared as non-conventional components
and details were specified using HCOALGEN and DCOA-
LIGT property methods. The COALPROC thermodynamics
model was chosen for the simulation. A different approach
was utilized for the tar treatment to avoid the material bal-
ance issues, arising from the fact that molecular weight of
non-conventional solids is specified as 1 g/mol in Aspen
Plus. Hence, tar was specified twice; a) in DEVOL (“TAR”)
block, as a non-conventional component produced after VM
devolatilization and b) in FLUIDBED (“TAR2”) as a pseudo
component that is involved in kinetics governed combustion.
A calculator block was added to convert “TAR” to TAR2,

with proper molecular weight of 29.2 g/mol and chemical
composition of CH; ¢,0 ¢ (Liu et al. 2020b). The CNO
component involved in the reaction set was also declared
as a pseudo component with a molecular weight 42.02 g/
mol to eliminate incorrect properties estimations. A sum-
mary of key sub-processes used for process development is
represented in Table 3.

2.4 Description of unit model

The units are specified with “C” indicates coal and with
“B” indicates biomass. Since coal and biomass undergo
similar process stages, the units for fuel flows are in paral-
lel and perform equivalent tasks. The process model con-
sists of three main units: Drying and Pyrolysis (DAPC and
DAPB), Devolatilization (DEVOLATC and DEVOLATB),
and Combustion (FLUIDBED). In addition, two support-
ive units include: Moisture separator (SEPC and SEPB)
and Tar exchanger (TAREX) and two logical connectors
include: Devolatilization yield calculator (C-1 and C-2) and

Fig. 1 The designed process model for coal/biomass combustion model in Aspen Plus v11

Table 3 Summary of main sub-

: Sub-process
processes for fuel combustion

Applied block (name)

Block function

model Drying and pyrolysis  RYield (DAPC & Adjusting of mass yields according to proximate analysis
DAPB for coal &
biomass)
Devolatilization RYield (DEVOL) VM decomposition based on ultimate analyses of fuel
Combustion FLUIDBED (B3) Gases, char, and ash oxidation with combustion kinetics

@ Springer
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Tar declaration calculator (C-3). The function of each block
is discussed in the sections below.

DAPC & DAPB are modeled by a RYield reactor, based
on proximate analysis of each component in the outlet. Since
the drying and pyrolysis are assumed to have 100% con-
version and occur instantaneously, all coal and biomass are
converted to FC, Ash, VM, and H,O (Serio et al. 1987).
The reactors work at standard operating conditions, namely
101.325 kPa and 298 K. DEVOLATC & DEVOLATB are
modeled by another RYield reactor based on the mass yield
of each component using the correlation (incorporated into
calculator blocks C-1 and C-2) between ultimate analysis of
the fuel and composition of volatiles. Ash and FC are taken
as inert in these reactor units. H,O extracted from fuel at the
drying stage is separated via SEPC and SEPB, respectively,
for each fuel train and added back to the mainstream at the
FLUIDBED inlet. Moisture Separator (SEPC and SEBC)
were used to separate moisture from the fuel, apart from
H,O from the volatiles. Tar exchanger (TAREX) exchanged
non-conventional TAR to pseudo component TAR2. Lastly,
FLUIDBED is based on FLUIDBED unit with the dimen-
sions are based on the literature and governed by combustion
reactions stated in Table 2.

2.5 Reactor hydrodynamics

Selected FLUIDBED unit requires a multiple parameters
adjustment. Firstly, the pressure drop over bed is defined
according to Kunii and Levenspiel (1991)

APy = (pg = pg) X Ly X (1 —5mf) X g/g.

where p; is a density of the solid particles, p, is a density of
gas, L is the height of bed at minimum fluidization veloc-
ity, €, is the voidage. Further next, minimum fluidization
velocity was defined based on the Wen & Yu correlation
(Kunii and Levenspiel 1991):

where p, is a density of gas, u is a viscosity of gas, and ¢
is the sphericity of particles (0.86 for sand). The Reynolds
number herein is defined as:

dp Umfpg
U

Rep’mf =

The proposed approach is generally recommended for fine
particle evaluation (Kunii and Levenspiel 1991). Consider-
ing that the particle size used is typically less than 200 pm
and that the density of the available sand/coal is 1.6 g/cm’, B
type Geldart classification was selected. Lastly, George and
Grace model was utilized for determining the transport dis-
engagement height (TDH) and Tasirin and Geldart’s model
was selected to estimate the elutriation. The hydrodynamic
parameters are computed and reported in Table S4 in the
Supplementary Material.

3 Results and discussion

3.1 Model validation

In order to validate our process model, we begin with the
data available in the recent literature. Varol et al. (2018),
have performed experiments for coal and coal/biomass
combustion on a fluidized bed reactor with diameter 0.1 m
and height 5.1 m and operating under bed temperature of
1123 K, results of which were presented in Table S5 in
Supplementary Material, along with properties of coal and
biomass. Their results reveal molar fractions of the flue
gases for different fuel ratios, which were taken as a basis
for validating in the current model. The operating condi-
tions and the geometry of the rector was kept the same in
the current developed model, as noted above. The model
was further executed for the four runs under same operating
conditions and inlet flows, but with varying fuel composi-
tion (1) 3.88 kg/h of coal flow rate and 18.1 kg/h of air feed,

df)(pS - pg)g g?nfd)z (2) 3.08 kg/h of coal, 0.47 kg/h of biomass, and 18.5 kg/h
m = 150, T—c Re, 1 <20 of air feed, (3) 2.36 kg/h of coal, 1.38 kg/h of biomass, and
19.2 kg/h of air feed and (4) 1.48 kg/h of coal, 2.02 kg/h
of biomass, and 22.1 kg/h of air feed. The model results in
Table 4 The erpission of thie Run CO, (%vol) CO (ppm) NO (ppm) SO, (ppm)
gases of coal/biomass cofiring
in FBR obtained from the exp? Model exp? Model exp® Model exp? Model
developed process model,
compared with the experiments 1 15.5+0.8 17.7 86+12 80 131+13 127 977+130 938
2 15.5+0.8 15.9 59+5 60 144+13 140 806+172 808
3 153+0.7 16.2 30+7 35 120+7 125 410+87 448
4 154+1.2 13.4 56+15 48 12019 131 303 +83 304

Notes: a based on the experiments presented by Varol et al. (2018)

@ Springer



59 Page 6 of 11

D. Zhakupov et al.

terms of CO,, CO, NO, SO, emissions were compared with
the experimental data and are presented in Table 4.

It can be noticed that the model results are in a reasonable
agreement with the experimental data. The mean-absolute
deviation between the emissions of CO,, CO, NO, and SO,
are 1.4%, 5.0 ppm, 6.0 ppm, and 20 ppm, respectively. Given
that results are comparable, the model further was used to
observe behavior of coal and coal/biomass fuel combustion
under different conditions based on the low grade bitumi-
nous Ekibastuz coal and organic MSW samples.

3.2 Implementation on Ekibastuz coal and local
MSW

In our previous work (Saparov et al. 2021), properties of the
Ekibastuz coal were measured according to ASTM require-
ments and modeled under combustion environment using
basic kinetics. This type of bituminous coal is characterized
as low-quality due to the high ash content of up to 40%.
Herein, we evaluate its potential, in terms of gas emissions,
for the fluidized bed co-combustion with biomass. The
parameters for the biomass, particularly taking the organic
fraction of MSW of Nur-Sultan, Kazakhstan, were retrieved
from our previous work (Tokmurzin et al. 2020). The density
of the particles was 1.8 g/cm? and 0.31 g/cm?, for Ekibastuz
coal and organic fraction of MSW. Mean particle size dis-
tribution was in range of 6000—-8000 microns for both fuels.
The detailed information of both coal and biomass thermal
characteristics is incorporated in Table 5.

Evaluation of the thermo-chemical properties of the
biomass (organic fraction of MSW collected in capital city
of Kazakhstan) include ultimate, proximate analysis, and
evaluation of the calorific value. Further, UNICUBE®

Table 5 Fuel properties for Ekibastuz coal and organic fraction of the
MSW. Adapted from (Tokmurzin et al. 2020; Saparov et al. 2021)

Item Ekibastuz coal Organic
biomass from
MSW

Proximate analysis (wt% as received)

FC 40.21 23.35
VM 21.55 59.35
Ash 38.24 13.90
Moisture 1.31 3.40
Ultimate analysis (wt% dry basis)
C 48.10 46.16
H 3.10 6.23
N 1.40 4.18
S 0.60 0.26
(¢} 8.56 43.17
HHYV (kJ/kg, as fired)

19,400 17,770

micro elemental analyzer was used for ultimate analysis.
Proximate analysis was conducted in accordance with ISO
18134-3:2015(E), ISO 18122:2015(E), ISO 18123:2015(E)
standards for solid waste fuels to estimate moisture, vola-
tile matter, carbon, and ash content of the fuel. Bomb calo-
rimeter (Etalon®) was implemented for the calorific value
determination.

As can be observed, biomass has a relatively higher vola-
tile matter content than coal while both ash and fixed carbon
abundance is halved. In order to model Ekibastuz coal and
co-firing of the biomass obtained from the local MSW, the
regression model was applied to obtain constituents of the
volatile matter (results shown in Table S6 in Supplemen-
tary Material). Data from regression analysis was used in
devolatilization units (DEVOLATC and DEVOLATB) using
the RYield reactor to specify mass yields of devolatilization
products. The designed process model was tested again with
combustion of only Ekibastuz coal and the emissions of the
four components were compared with those observed from
the experiments of (Saparov et al. 2021), wherein the reactor
height was 7 m, diameter of 0.18 m and operating tempera-
ture of 1173 K (Table S7 in Supplementary Material), and
as reported by us earlier. The results (Table 6) show a good
agreement between the model prediction and the experi-
ments. This further supports our model parameters and its
flexibility and resilience in varying operating conditions,
fuel changes, and geometry of the reactor.

While the predicted concentrations for CO,/O,/H,0/
N,O gases were in a good agreement, SO, concentration
was approximately two times lower than the experimental
data. There are two key factors that can affect the SO,
emissions in the developed model: In our model, the fuel
devolatilization was carried based on the results of the
fuel’s ultimate analysis, with the final composition of the
volatile matter, as proposed by Serio et al. (1987). The
method implies that sulphur in fuel goes completely in the
form of H,S in the ‘pyrolysis’ block. However, in the com-
bustion experiments, a fraction of sulfur remains as a solid
constituent of the char and thermally decomposes during
the char combustion (Jerzak et al. 2020). This implies that
a long residence time is required for the complete fuel-
S oxidation. As observed from Table 2, the reaction set

Table 6 Validation of the model based on flue gas composition for
Ekibastuz coal combustion

Component Experiment Simulation
CO, (%) 12-15 12.8

O, (%) 3.5-5 52

H,0 (%) 4-6 4.8

SO, (ppm) 350450 157

N,O (ppm) 80-120 108
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involved in the fuel combustion process incorporates only
one reaction for the H,S oxidation with a further forma-
tion of the SO, Another reason for the observed deviation
in SO, composition is that Saparov et al. (2021), experi-
mented on a semi-industrial circulating fluidized bed reac-
tor (CFBR), whereas in the current model solids recircula-
tion was not considered. In CFBR ash, char, and the bed
material (inert sand) from the top of the riser is passed
on to the cyclone, wherein the dense particles were sepa-
rated from flue gases and were directed to the dense zone
of the reactor for increased residence time and complete
combustion. In this context, our work (on bubbling bed
fluidized reactor) is not in complete correspondence with
the earlier experiments of Saparov et al. (2021). However,
for biomass, the predominant fuel-S content is released
during the devolatilization at low temperatures (Knudsen
et al. 2004). Hence our model is able to well-predict SO,
emissions for all cases with biomass combustion, as shown
in Table 4.

Sensitivity analyses were further performed for varying
biomass fraction in blend fuel and operating temperature
to observe the behavior of Ekibastuz coal and biomass in
terms of organic fraction of MSW. The geometry of the
reactor was kept the same as those of Varol et al. (2018).
A series of runs were made based on varying biomass
composition and air flow rate. The total flow rate of the
fuel was kept at 4 kg/h, and the temperature and pressure
were at 298 K and 101.325 kPa, whereas air flow rate was
kept constant at 25 kg/h at 873 K and 101.325 kPa.

The predicted emission results from the model were
plotted in terms of emissions of gases (Fig. 2). Figure 2
shows the effect of varying biomass fraction at constant
reactor temperature of 1073 K, 101.325 kPa. In perform-
ing the sensitivity analysis, air flow rate was kept constant
at 25 kg/h in all six runs. The proportion of biomass was
increased from 2.5% to 97.5% (0.1 kg/h to 3.9 kg/h of
biomass) to examine the flue gas content.

a
180
600 *- 502
B / 175
P
5001 . s 170
_ * g =
g -~ 5
£ 400 < 165 —
-
o / S
Z P 173
e - 160
300
*
155
200
150
0 20 40 60 80 100

Biomass fraction in fuel

Lastly, the effect of combustion temperature on emis-
sions was evaluated based on the process model. The tem-
perature of the fluidized bed was changed from 1073 to
1223 K keeping the air flow at 25 kg/h. Biomass/coal ratio
was gradually changed from 1:4 to 1:1, maintaining the
total fuel flow at 4 kg/h, with biomass fraction changing
from 0.8 to 2 kg/h. Next, we discuss on the emission pro-
files with varying biomass and temperature. A lower limit
of the biomass proportion was set to 1:4 of the overall fuel
weight, as below this limit no significant changes were
observed in the flue gas compositions within the operat-
ing parameters.

3.3 NO emissions

Figures 2a and 3a showed a slight increase of NO molar
fraction, when the mass fraction of biomass extends in the
blend fuel. The same behavior is detected with a tempera-
ture increase. However, after 1173 K in all analyzed B/C
ratios NO content starts to decrease. As stated in literature
(Nordin 1994; Demirbas 2004; Akram et al. 2013), the fluid-
ized bed reactors typically operate at temperatures between
1073 and 1198 K, thus the formation of the thermal and/or
prompt NO gases can be neglected. Hence, the fuel nitro-
gen is predominant for analyzed cases. The above-mentioned
trend can be justified by the intensified formation of NH; and
HCN (devolatilization stage) that depends on the volatile
content in fuel and furnace temperature (Jensen et al. 1995).
Further intensification of the combustion process is observed
at higher furnace temperatures and subsequently, the radi-
cal production is increased resulting in higher conversion of
fuel nitrogen in NO (Kilpinen and Hupa 1991; Duan et al.
2015; Qin et al. 2019). In addition, the highest values for
NO concentrations were 566 ppm (Fig. 3a) and 392 ppm
(Fig. 2a) which is a reasonable according to the literature
(Werther et al. 2000; Nussbaumer and Hustad 1997) values

3000 17
—e-— CO,
2800 | —e—CO
16
2600 |
3 3
£ 2400 | 15 3
() o)
S o
2200 |
14
2000
1800 13
0 20 40 60 80 100

Biomass fraction in fuel

Fig.2 a Effect of biomass fraction on SO, (right scale) and NO (left scale); b CO (left scale) and CO, (right scale) composition in flue gas at

1073 K, 101.325 kPa, 25 kg/h air flow rate
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that suggest that lab-scale and semi-industrial FBR can gen-
erate up to 1000 mg/m? of NO, emissions.

3.4 SO, emissions

The investigation of SO, concentration revealed an increase
with increasing reactor temperature (Fig. 3b); however, the
results at constant temperature (Fig. 2a) had demonstrated
a minor decrease and comparatively SO, concentrations are
very low even at relatively high biomass fraction in fuel
mixture. A similar trend was reported by Khan et al. (2009)
wherein the authors have underlined three possible rea-
sons: (1) total sulfur content of the fuel mixture decreased
when the biomass content was extended(Miles et al. 1996;

@ Springer

Kuznetsov et al. 2021), particularly, in the tested biomass
is two-times lower compared with coal; (2) the presence
of CaO and MgO in biomass ash enhanced the absorption
of sulfur (Fuertes et al. 1992) and (3) enhanced kinetics of
H,S combustion (Suksankraisorn et al. 2004) could affect
the SO, molar fraction in flue gases. The maximum values
of SO, emission were observed to be 145 ppm (Fig. 2a) and
210 ppm (Fig. 3b).

3.5 CO emissions
Figures 2a and 3c indicate the sharp growth of the CO

content in flue gas with increased biomass content in the
blend fuel. This increase is attributed to the fact that the
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MSW has a higher content of volatile gases in the riser,
which contributes significantly to the CO concentration
(Gungor 2013; Xie et al. 2017). Earlier literature (Khan
et al. 2009) underlined that short freeboard and insufficient
residence time are the reasons for high CO concentration
during the operation on small-scale fluidized bed reactors.
Analysis of the contour plot (Fig. 3¢) highlights the trend
of CO emissions decrease with an increase of the furnace
temperature, particularly beyond 1100 K. To optimize the
CO emissions, it is recommended to design a FBRs with
a long riser and supply extra oxygen as it was mentioned
in the literature (Williams et al. 2001; Demirbag 2005).
Moreover, the maximum value for CO concentrations
observed were 2657 ppm (Fig. 2b) and 6180 ppm (Fig. 3c¢).

3.6 CO, emissions

The results interestingly reveal that CO, concentration
does not vary significantly with a change in composition
of the fuel (Fig. 2a). These results are consistent with those
obtained by Varol et al. (Varol et al. 2018), wherein the
authors have observed that biomass concentration in blend
fuel combustion under air conditions do not result in notable
changes in CO, emissions. Lastly, the change of CO, con-
centration with temperature is demonstrated in Fig. 3d. The
compositions were in the range of 16.0%—17.1%, because of
the low air flow rate. The trend of increasing CO, emissions
at higher temperatures for Ekibastuz coal is in agreement
with a previous study presented by Saparov et al. (2021).
CO, concentration reduces with an increase of biomass frac-
tion and this trend justifies the potential of MSW conversion
for GHG reduction. Moreover, at temperatures lower than
1100 K the rate of CO, concentration growth is lower than
at higher temperatures. The highlighted pattern is a result
of interconnection between the rapid decrease of CO and
increase of CO, concentration in the flue gases and has been
discussed earlier (Khan et al. 2009; Bhuiyan et al. 2018;
Saparov et al. 2021).

The optimal parameters for FBR can be proposed based
on the sensitivity analysis results. In the selected range
of temperature, the rate of CO decrease is faster than the
rate of NO increase while the SO, concentration does not
change significantly. Thus, it can be recommended to keep
the optimal reactor temperature at 1148 K, because among
the examined range, the lowest concentration of CO was
observed despite the relatively high NO concentration. CO,
and SO, emissions did not change significantly at the pro-
posed FBR operating temperature. Moreover, the analysis
of the flue gas composition at different blend fuel ratios
demonstrated that at 1/3 and 1/1 biomass/coal ratios: (1)
CO concentration is 26% and 60%, and (2) NO is 50% and
160% higher than in case when biomass presence not exceed
20% of total feed. Thus, for the FBR with abovementioned

geometry, the optimal operation temperature is 1148 K while
the recommended B/C ratio is 1/4.

4 Conclusions

A versatile model has been established in Aspen Plus for
co-firing coal and biomass in a fluidized bed reactor. The
flexibility of the model has been validated primarily using
the recent experiments of co-firing of Spanish lignite and
wood-pellets and further by our previous experiments on the
low-quality Ekibastuz coal. The model has numerous novel
features including (1) the composition of volatiles which was
calculated using the theory of the functional-group depend-
ence on the ultimate analysis for coal, (2) Adaptation of the
FLUIDBED unit in Aspen plus to include hydrodynamics,
which has often been neglected, along with the reaction
kinetics, and (3) detailed kinetics of twelve reactions were
used for the simulation of the combustion process during
co-firing. While the model works well in predicting the
flue emissions, it needs to be further developed to account
for heat transfer within the system. Evaluation of the heat
generation and its dependence on the moisture content is
an interesting field to explore further. Lastly, the sensitivity
analysis presented on co-firing of local biomass and Ekibas-
tuz coal provides detailed guidelines for designing optimum
experiments.
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