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Abstract: The co-gasification of coal and biomass offers numerous benefits, including improved
gasification efficiency, reduced pollution emissions, and the utilization of renewable resources. How-
ever, there is a lack of comprehensive research on the synergistic effects of, and influence parameters
on, coal-biomass co-gasification. This study employs Aspen Plus simulations to investigate the
co-gasification behavior of coal and corn straw, focusing on the synergistic effects and the impact of
various operating conditions. A synergistic coefficient is defined to quantify the interactions between
the feedstocks. Sensitivity analyses explore the effects of gasification temperature (800-1300 °C), coal
rank (lignite, bituminous, anthracite), biomass mass fraction (0-50%), oxygen-to-carbon ratio, and
steam-to-carbon ratio on the synergistic coefficients of effective syngas content (CO + Hy), specific
oxygen consumption, specific fuel consumption, and cold gas efficiency. The results reveal an optimal
biomass mass fraction of 10% for maximizing cold gas efficiency, with the syngas primarily consisting
of Hy (36.8%) and CO (61.6%). Higher gasification temperatures (up to 1200 °C) improve syngas
quality and process efficiency, while higher-rank coals exhibit better gasification performance com-
pared to lignite. Optimal oxygen-to-carbon and steam-to-carbon ratios are identified for maximizing
syngas yield and quality. These findings provide valuable guidance for the design and optimization
of industrial coal-biomass co-gasification processes, enabling the maximization of syngas quality,
process efficiency, and resource utilization.
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1. Introduction

The urgency to reduce greenhouse gas (GHG) emissions and mitigate climate change
has led to an increased focus on the use of renewable energy sources such as biomass.
According to the International Energy Agency (IEA), the share of renewables in global
electricity generation reached 29% in 2020, with bioenergy accounting for 5.9% [1]. However,
to achieve the Paris Agreement’s goal of limiting global warming to well below 2 °C, the
share of clean energy must increase significantly. The Intergovernmental Panel on Climate
Change (IPCC) has stated that to limit warming to 1.5 °C, CO, emissions must decline by
about 45% from 2010 levels by 2030 and reach net zero by around 2050 [2]. Increasing the
use of biomass for energy production can play a crucial role in achieving these targets [3].

The co-gasification of coal and biomass offers several benefits compared to the in-
dividual gasification of these feedstocks. Biomass has low energy density, high volatile
content, high tar content, and strong seasonality, which can be effectively compensated by
co-gasification with coal [4]. Additionally, biomass has low sulfur content and is considered
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carbon neutral, as the CO; released during gasification is offset by the CO, absorbed during
plant growth. By combining biomass with coal, the overall gasification efficiency can be
improved while reducing pollution emissions [5,6]. Recent studies have shown that coal
and biomass co-gasification can significantly reduce GHG emissions compared to coal-only
systems. Li et al. [7] demonstrated that a co-gasification combined cycle system with 20%
biomass and carbon capture and storage (CCS) achieved negative carbon emissions of
—144.76 kg/MWh, while a pure coal system with CCS still had positive emissions. Sha-
habuddin and Bhattacharya [8] also found that increasing the biomass ratio decreased
emissions of pollutants like HyS and HCN.

The co-gasification of coal and biomass is a complex reaction process in which biomass
is converted into gas mixtures [9]. Recent research has employed various analytical tech-
niques and modeling approaches to investigate the synergistic effects between coal and
biomass during co-gasification. Numerous studies have focused on the role of alkali and al-
kaline earth metals (AAEMSs) in biomass, with Jiao et al. [10] observing that the combination
of low-ash coal and biomass rich in potassium/sodium exhibited the best synergistic effects.
Ash melting is a common issue in high-temperature gasification, leading to reduced effi-
ciency and operational problems. To mitigate this, strategies, such as blending feedstocks
with lower ash content, using additives to increase the ash fusion temperature, controlling
the gasification temperature below the ash fusion point, employing advanced gasifier
designs that minimize ash melting, and implementing efficient ash removal systems, can
be considered. Addressing ash melting is crucial for maintaining the performance and
longevity of gasification systems, particularly when processing high-ash feedstocks. Ding
et al. [11] proposed that AAEMs could form low-temperature eutectic materials that cover
the surface of coal char and promote gasification reactions, while Wei et al. [12] found that
co-gasification reactivity increased with temperature but could be offset when AAEMs
were present in excess. Wu et al. [6] utilized synergistic factors to quantify the interaction
degree between biomass and coal.

Several researchers have employed Aspen Plus models to simulate the co-gasification
process and investigate the effects of various operating parameters. For example, Wang
etal. [13] used Aspen Plus to model the co-gasification of coal and biomass in a fluidized
bed reactor, focusing on the effects of temperature, biomass ratio, and the steam-to-biomass
ratio on syngas composition and gasification efficiency. Similarly, Kartal et al. [14] utilized
Aspen Plus to simulate the co-gasification of coal and biomass in a pressurized, circulating
fluidized bed gasifier, investigating the impacts of the fuel blending ratio, gasification
temperature, and steam-to-fuel ratio on syngas quality and process performance. Barontini
et al. [15] developed an Aspen Plus model to study the co-gasification of coal and biomass
in a downdraft gasifier, examining the influence of the biomass ratio, moisture content, and
equivalence ratio on syngas composition and gasification performance [16,17]. Recent stud-
ies have also focused on quantifying the synergistic effects and investigating the influence
of a wide range of operating parameters in coal-biomass co-gasification. Diao et al. [18]
investigated the synergistic effects and kinetic parameters of coal-biomass blends using
thermogravimetric analysis, covering a wide range of biomass ratios and heating rates.
Zhang et al. [19] quantified the synergistic effects and kinetic parameters of coal-biomass
co-gasification in a CO, atmosphere, examining the influence of various biomass ratios
and temperatures. Dhrioua et al. [16] explored the synergistic effects of coal-biomass
co-gasification at high temperatures, investigating the impacts of biomass ratio and coal
rank on gasification reactivity. These modeling studies provide valuable insights into the
synergistic effects and optimal operating conditions for coal-biomass co-gasification. How-
ever, there is still a lack of comprehensive research on the co-gasification behavior of coal
and biomass, particularly in terms of quantifying the synergistic effects and investigating
the influence of a wide range of operating parameters.

Hence, the objectives of this study are to simulate the co-gasification of coal and
corn straw using Aspen Plus and to investigate the synergistic effects between these
feedstocks. A synergistic coefficient is defined to quantify the interactions between coal
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and biomass during co-gasification. Sensitivity analyses are performed to explore the
effects of gasification temperature, coal rank, biomass mass fraction, oxygen-to-carbon
ratio, and steam-to-carbon ratio on the synergistic coefficients of effective syngas (CO + Hp)
content, specific oxygen consumption, specific fuel consumption, and cold gas efficiency.
The comprehensive analysis of syngas composition and performance indicators across a
wide range of operating conditions contributes to a better understanding of the complex
interactions in coal-biomass co-gasification. The study provides valuable insights and
guidance for the optimization and industrial application of this technology.

2. Methods
2.1. System Description

This study focuses on corn straw (cs) and Shenmu bituminous coal from Shanxi
province as biomass and coal feedstocks, chosen for their abundant availability in China
and South-East Asian countries. The characteristics of these feedstocks are detailed in
Table 1. The co-gasification process was simulated using Aspen Plus to establish material
balances, estimate energy requirements, and examine the impact of different factors on the
synergistic coefficient.

Table 1. Proximate and ultimate analyses and HHV of the individual samples [20].

Samples Proximate Analysis (wt%, ad) Ultimate Analysis (Wt%, ad) HHV
P M A \% FC© C H oc N St (k] kg~1)

coal 1.51 9.20 32.37 56.92 72.36 452 11.06 0.95 0.40 28,867

Corn straw 4.05 2.10 76.63 17.22 43.21 5.95 43.39 0.62 0.68 17,488

ad, air-dried; €, calculated by difference; t total content; M: moisture; A: ash; V: volatile matter; FC: fixed carbon.

The gasification process is modeled using the following two integrated reactor models:
RYIELD and RGIBBS. The RYIELD model converts unconventional coal into conventional
components such as Hy, Np, Oy, S, HyO, Cl,, and ash. The yield distribution of these
components is programmed using Fortran, based on the ultimate analysis of biomass and
coal. The RGIBBS model, a chemical equilibrium model that utilizes Gibbs free energy
minimization, calculates the co-gasification of coal and biomass. Figure 1 depicts the
pyrolysis and gasification processes, as modeled in Aspen Plus. Validation of the model is
achieved by comparing simulated syngas compositions with engineering data from the
literature, as shown in Table 2, demonstrating close agreement and confirming the model’s
reliability [21].

RYTELD

<_

CALCULATOR
COAL

DECOMP

DECOMP2

SEPARATE

Figure 1. Flowsheet of co-gasification process between coal and biomass in Aspen Plus.
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Table 2. Comparison of the simulation results and the industrial results [21].

Composition/Vol % Industrial Results Simulation Results
CHy - -
H, 30 29.7
Cco 60.3 61
CO, 1.6 1.3
H,S 12 12
COos 0.1 0.1
N, 3.6 3.7
Ar 1.1 0.9
H,0 2 2
Others 0.1 0.1
Sum 100 100

COS: carbonyl Sulfide.

To explore the synergistic coefficient, defined as a measure of the interactions between
coal and biomass, key process parameters and conditions are outlined in Table 3. Commer-
cial operations are conducted at pressures around 4.0 MPa and gasification temperatures
ranging from 800 to 1300 °C. The steam-to-coal and biomass mass ratio varies between 0.01
and 0.11, while the oxygen to mass ratio for coal and biomass ranges from 0.66 to 1.13.

Table 3. Basic conditions for the gasification simulation.

Item Values
Coal feed flow rate, kg/h 495-250
biomass feed flow rate, kg/h 5-250
Gasification pressure, MPa 4.0
Temperature range, °C 800-1400
Steam to coal (STc) mass ratio: 0.1-0.3
Oxygen to coal (OTc) mass ratio: 0.1-1.1
Oxygen feed composition (vol%):
(O)) 95.0
N, 1.0
Ar 4.0

2.2. Evaluation Indicators

The main evaluation indicators for coal and biomass gasification include specific
oxygen consumption, specific coal consumption, syngas lower heating value (LHV), cold
gas efficiency, and the content of effective syngas (CO + Hy) in the product gas. Cold gas
efficiency (CGE, %) is defined as follows [22]:

LHYV of the syngas x syngas flow rate

CGE (%) = LHYV of coal x coal flow rate

x 100 (1)

The LHV (MJ/Nm?) of syngas can be calculated using the formula [23]:

(CO x 126.36 + Hy x 107.98 + CH, x 358.18)

1000 @

LHV =

where CO, Hp, CHy represent the volume fraction from gasification production gas.
The specific oxygen consumption (SOC) measures the oxygen required per volume of
effective syngas produced, given by:

SOC = Nm? 0,/(CO + Hy) kNm? (3)

The specific coal consumption (SCC) is the ratio of coal or macerals used per volume
of effective syngas produced during gasification:
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SCC = kg coal/(CO + Hy) kNm? 4)
Synergetic coefficient (4;;) quantifies interactions among macerals and is defined
as [24]:
g = U 5)
Ty

where i is number of simulated coal, i = 1 to i; j represents gasification products and
evaluation parameters such as the mole fraction of CO, H, and the value CGE, etc. x
denotes the numerical values of gasification products and indicators calculated in Aspen
Plus. y represents theoretical values derived from a simple addition algorithm considering
the mass weight fraction of coal and biomass:

3
Vi = Yy _ 1 ZikVkj (6)

where z indicates the mass concentration of the kth independent maceral in the ith simu-
lated coal.

3. Results and Discussion

Utilizing the data from Tables 2 and 3, along with the simulation conditions listed in
Table 4, gasification performances for different feedstocks were calculated and compared
under identical operating conditions. The benchmark parameters for these comparisons set
the gasification temperature at 1200 °C, with oxygen-to-coal and steam-to-coal /biomass
mass ratios at 0.7 and 0.2, respectively. The study also examines the relationships between
synergistic coefficients and key performance indicators across various coal and biomass
ratios. Furthermore, the impact of gasification temperature, oxygen-to-coal mass ratio,
and steam-to-coal mass ratio on the performance of coal and biomass, as well as on the
synergistic coefficients, was analyzed.

Table 4. Syngas composition and performance indicators for various biomass mass fractions (Wg, %).

Wg (%)
Composition
1 10 20 30 40 50
CH,4 0.0306 0.0301 0.0014 0.0005 0.0003 0.0002
H, 37 36.8 36.6 36.3 36.1 35.9
CO 61.3 61.6 60.1 59.7 58.6 57.7
CO, 0.0413 0.0417 0.8 2.3 3.6 4.7
H,S 0.1 0.1 0.1 0.2 0.2 0.2
COs 0.0094 0.0099 0.0103 0.0101 0.0116 0.0122
N, 0.6 0.6 0.6 0.6 0.6 0.6
Ar 0.9 0.8 0.8 0.8 0.8 0.8
Others 0.0187 0.0183 0.0883 0.0894 0.0881 0.0876
Sum 100 100 100 100 100 100
Performance evaluation
Syngas flow rate, Nm?/h 1110.14 1143.54 1131.29 1092.46 1063.14 1036.92
SOC 320.45 320.12 325.75 328.13 332.63 336.54
SCC 503.56 457.32 434.33 400 376.98 355.77
Syngas LHV, MJ/h 11.75 11.77 11.55 1146 11.3 11.17
CGE, % 91.06 97.43 96.9 95.9 94.25 92.82
(CO + Hy) vol% 98.3 98.4 96.7 96 97.7 93.6

3.1. Simulation Results

The syngas composition and performance indicators for various biomass mass frac-
tions (Wp, %) in the feedstock are presented in Table 4. H, and CO are the primary syngas
components, accounting for over 93% of the total volume. As Wp increases, the (CO + Hy)
content slightly decreases from 98.3% to 93.6%, with the CO content showing a decreasing
trend and the Hj, content exhibiting a minor decrease. Notably, the CO, content signifi-
cantly increases from 0.0413% to 4.7% with increasing W3, likely due to the higher oxygen
content in the biomass compared to coal [25]. The performance indicators reveal the impact
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of Wp on the co-gasification process. SOC increases from 320.45 to 336.54 with increasing
W3, indicating higher oxygen requirements for biomass gasification. Conversely, SCC
decreases from 503.56 to 355.77 as Wy increases, which is attributed to the lower carbon
content in biomass. CGE exhibits an interesting trend, initially increasing from 91.06% at
W5 = 1% to a maximum of 97.43% at Wg = 10%, then decreasing to 92.82% at Wg = 50%,
suggesting an optimal Wy for maximizing gasification efficiency. This trend is explained by
the variation in syngas LHV, which slightly decreases with increasing Wg due to the lower
energy density of biomass [26]. The syngas flow rate follows a similar trend to CGE, further
confirming the existence of an optimal Wg for maximizing syngas yield. In summary, the
simulation results suggest that the optimal biomass mass fraction for achieving the highest
syngas yield and cold gas efficiency in the co-gasification process is around 10%. Higher
biomass fractions lead to increased oxygen consumption and decreased syngas heating
value, while lower biomass fractions result in lower gasification efficiency. These find-
ings provide valuable insights for optimizing the feedstock composition in coal-biomass
co-gasification systems.

Table 5 presents the syngas composition and performance indicators for Tg ranging
from 800 °C to 1300 °C. The syngas primarily consists of Hy and CO, with their combined
volume percentage (CO + Hj) remaining above 93% across all temperatures. As Tg in-
creases, the CO content shows a slight increase from 56.1% to 61.6%, while the H, content
remains relatively stable around 36.7%. The CO, content decreases significantly from 4.7%
at 800 °C to 0.0188% at 1300 °C, likely due to enhanced reverse water—gas shift reactions at
higher temperatures. The performance indicators reveal the impact of T on the gasification
process. The SOC decreases from 338.71 to 320.12 as T increases, indicating improved
gasification efficiency at higher temperatures. Similarly, the SCC decreases from 483.87 to
457.32 with increasing T, suggesting that less coal is required to produce the same amount
of syngas at higher temperatures. The syngas flow rate exhibits an increasing trend with
Tg, from 1033.25 Nm?/h at 800 °C to 1144.58 Nm?/h at 1300 °C, indicating enhanced
gasification reactions and improved syngas yield at higher temperatures. The CGE also
increases with Tg, from 84.44% at 800 °C to 97.48% at 1300 °C, demonstrating the positive
impact of higher temperatures on gasification performance. The syngas LHV shows a slight
increase from 11.29 MJ/h at 800 °C to 11.76 M] /h at 1300 °C, which can be attributed to the
increasing CO content and decreasing CO; content in the syngas at higher temperatures.

Table 5. Syngas composition and performance indicators of various gasification temperatures (Tg, °C).

. Tg (°C)
Composition
800 900 1000 1100 1200 1300
CHy 0.6 0.2 0.1 0.0545 0.0301 0.0178
H, 36.9 36.6 36.7 36.7 36.8 36.8
CO 56.1 60.4 61.2 61.6 61.6 61.6
CO, 4.7 1.1 0.3 0.1 0.0417 0.0188
H,S 0.1 0.1 0.1 0.1 0.1 0.1
COSs 0.0106 0.0103 0.0101 0.0099 0.0099 0.0098
N, 0.6 0.6 0.6 0.6 0.6 0.6
Ar 0.9 0.9 0.9 0.8 0.8 0.8
Others 0.0894 0.0897 0.0899 0.0356 0.0183 0.0536
Sum 100 100 100 100 100 100
Performance evaluation
Syngas flow rate, Nm3/h 1033.25 1111.34 1133.97 1141.01 1143.54 1144.58
SOC 338.71 324.74 321.76 320.45 320.12 320.12
SCC 483.87 463.92 459.65 457.78 457.32 457.32
Syngas LHV, MJ/h 11.29 11.65 11.73 11.77 11.77 11.76
CGE, % 84.44 93.78 96.32 97.19 97.43 97.48

(CO + Hy) vol% 93 97 97.9 98.3 98.4 98.4
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Table 6 presents the syngas composition and performance indicators for various coal
ranks: lignite, bituminite, and anthracite. The syngas primarily consists of H, and CO,
with their combined volume percentage (CO + Hj) varying slightly among the coal ranks,
from 90.7% for lignite to 96.9% for anthracite. The CO content increases from 59.3% for
lignite to 62% for anthracite, while the H, content shows a similar trend, increasing from
31.4% for lignite to 34.9% for anthracite. The CO, content varies significantly among the
coal ranks, with lignite having the highest at 6.8% and bituminite the lowest at 0.0417%.
The performance indicators reveal the impact of coal rank on the gasification process. The
SOC decreases from 347.3 for lignite to 325.08 for anthracite, indicating that higher-rank
coals require less oxygen for gasification. Similarly, the SCC decreases from 496.14 for
lignite to 464.39 for anthracite, suggesting that less coal is required to produce the same
amount of syngas when using higher-rank coals. The syngas flow rate varies among the
coal ranks, with bituminite having the highest at 1143.94 Nm3/h and lignite the lowest at
922.86 Nm?3/h. This trend can be attributed to the differences in the chemical composition
and reactivity of the coal ranks. The CGE increases from 84.41% for lignite to 92.48% for
anthracite, demonstrating the positive impact of using higher-rank coals on gasification
efficiency. The syngas LHV shows a slight increase from 10.88 MJ/h for lignite to 11.6 M] /h
for anthracite, which can be attributed to the increasing CO and H; content in the syngas
when using higher-rank coals.

Table 6. Syngas composition and performance indicators of various coal ranks.

Coal Rank
Composition
Lignite Bituminite Anthracite
CH, 0.0001 0.0301 0.001
H, 314 36.8 34.9
CcO 59.3 61.6 62
CO, 6.8 0.0417 1.1
H,S 04 0.1 0.3
COs 0.032 0.0099 0.0216
N, 0.1 0.6 0.8
Ar 0.1 0.8 0.8
Others 1.8679 0.0183 0.0784
Sum 100 100 100
Performance evaluation
Syngas flow rate, Nm3/h 922.86 1143.94 1072.86
SOC 347.3 320.12 325.08
SCC 496.14 457.32 464.39
Syngas LHV, MJ/h 10.88 11.77 11.6
CGE, % 84.44 93.97 92.48
(CO + Hy) vol% 90.7 98.4 96.9

Table 7 presents the syngas composition and performance indicators for various OTC
ratios ranging from 45 to 495. The syngas primarily consists of Hy and CO, with their
combined volume percentage (CO + Hjy) decreasing from 98.9% at OTC =45 to 86.3% at
OTC = 495. As the OTC ratio increases, the H, content decreases significantly, from 56.8%
to 27.8%, while the CO content initially increases from 42.1% to 61.6% at OTC = 315 and
then decreases to 58.5% at OTC = 495. The CO; content increases with the increasing OTC
ratio, from 0.0195% at OTC =45 to 11.2% at OTC = 495, likely due to enhanced combustion
reactions at higher oxygen levels. The performance indicators reveal the impact of the
OTC ratio on the gasification process. The SOC increases significantly from 45.501 at
OTC =45 to 573.58 at OTC = 495, indicating that more oxygen is required for gasification
at higher OTC ratios. In contrast, the SCC decreases from 455.01 at OTC = 45 to 521.44 at
OTC = 495, suggesting that less coal is required to produce the same amount of syngas at
higher OTC ratios. The syngas flow rate shows an increasing trend with the OTC ratio,
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from 739.84 Nm? /h at OTC = 45 to 1028.49 Nm?/h at OTC = 495, indicating enhanced
gasification reactions and improved syngas yield at higher oxygen levels. However, the
CGE decreases from 61.48% at OTC = 45 to 77.39% at OTC = 495, demonstrating the
negative impact of higher OTC ratios on gasification efficiency. The syngas LHV decreases
from 11.48 MJ /h at OTC =45 to 10.39 M]/h at OTC = 495, which can be attributed to the
decreasing H, content and increasing CO; content in the syngas at higher OTC ratios.

Table 7. Syngas composition and performance indicators of various oxygen-to-carbon ratios.

OTC (kg/h)
Composition
45 135 225 315 405 495
CH,4 0.0719 0.0515 0.0387 0.0301 0.0002
H, 56.8 50.5 41.6 36.8 324 27.8
CcO 42.1 48.1 56.8 61.6 60.9 58.5
CO, 0.0195 0.0282 0.0355 0.0417 48 11.2
H,S 0.2 0.2 0.2 0.1 0.1 0.1
COSs 0.007 0.0083 0.0092 0.0099 0.0115 0.0135
N, 0.6 0.6 0.6 0.6 0.7 0.8
Ar 0.2 0.5 0.7 0.8 1.1 15
Others 0.0016 0.012 0.0166 0.0183 0.0885 0.0865
Sum 100 100 100 100 100 100
Performance evaluation
Syngas flow rate, Nm?/h 739.84 874.39 1008.96 1143.94 1092.41 1028.49
SOC 45.501 136.92 228.66 320.12 438.79 573.58
SCC 455.01 456.39 457.32 457.32 487.54 521.44
Syngas LHYV, MJ/h 11.48 11.55 11.68 11.77 11.19 10.39
CGE, % 61.48 73.11 85.34 97.46 88.53 77.39
(CO + Hy) vol% 98.9 98.6 98.4 98.4 92.3 86.3

Table 8 presents the syngas composition and performance indicators for various STC
ratios ranging from 22.5 to 135. The syngas primarily consists of H; and CO, with their
combined volume percentage (CO + Hj) remaining relatively stable around 96-98% across
all STC ratios. As the STC ratio increases, the Hy content increases from 34.2% at STC =22.5
to 38.1% at STC = 135, while the CO content decreases from 63.9% to 58.8%. The CO,
content increases with increasing STC ratio, from 0.0448% at STC =22.5 to 1.6% at STC =135,
likely due to enhanced water—gas shift reactions at higher steam levels. The performance
indicators reveal the impact of the STC ratio on the gasification process. The SOC remains
relatively stable, increasing slightly from 321.1 at STC = 22.5 to 325.08 at STC = 135,
indicating that the oxygen requirement for gasification is not significantly affected by the
STC ratio. Similarly, the specific coal consumption (SCC) shows a minor decrease from
458.72 at STC = 22.5 to 464.39 at STC = 135, suggesting that the coal consumption is not
greatly influenced by the STC ratio. The syngas flow rate shows an increasing trend with
the STC ratio, from 958.23 Nm3/h at STC = 22.5 to 1187.64 Nm3/h at STC = 135, indicating
enhanced gasification reactions and improved syngas yield at higher steam levels. The
cold gas efficiency (CGE) also increases from 81.71% at STC = 22.5 to 99.26% at STC = 135,
demonstrating the positive impact of higher STC ratios on gasification efficiency. The
syngas LHV remains relatively stable, with a slight decrease from 11.78 MJ /h at STC = 22.5
to 11.54 M]/h at STC = 135, which can be attributed to the increasing H, content and
decreasing CO content in the syngas at higher STC ratios.
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Table 8. Syngas composition and performance indicators of various steam-to-carbon ratios.
Composition STC (kg/h)
22.5 45 67.5 90 112.5 135
CHy 0.0261 0.0276 0.0289 0.0301 0.0018 0.0007
H, 34.2 35.2 36 36.8 37.5 38.1
cO 63.9 63 62.3 61.6 60.3 58.8
CO, 0.0448 0.0437 0.0426 0.0417 0.7 1.6
H,S 0.2 0.1 0.1 0.1 0.1 0.1
COs 0.013 0.0117 0.0107 0.0099 0.0093 0.0088
N> 0.7 0.6 0.6 0.6 0.5 0.5
Ar 0.9 0.9 0.9 0.8 0.8 0.8
Others 0.0422 0.1446 0.0467 0.0183 0.0907 0.0912
Sum 100 100 100 100 100 100
Performance evaluation
Syngas flow rate, Nm3/h 958.23 1020.01 1081.77 1143.53 1175.84 1187.64
SOC 321.11 320.77 320.45 320.12 322.09 325.08
SCC 458.72 458.25 457.78 457.32 460.12 464.39
Syngas LHV, MJ/h 11.78 11.77 11.77 11.77 11.67 11.54
CGE, % 81.71 86.93 92.18 97.43 99.34 99.26
(CO + Hy) vol% 98.1 98.2 98.3 98.4 97.8 96.9

3.2. Synergistic Effect Analysis

The synergistic effect suggests that the outputs and performances resulting from the
co-gasification of simulated coal and biomass either exceed or fall short of the aggregate
of their individual parameters. A synergistic coefficient different from 1 indicates that the
interactions among various parameters affect the co-gasification performance indicators.
Table 9 provides a summary of the matrix elements for the synergistic coefficients related
to various composition and performance indicators in the co-gasification process. The Wy
ranges from 1% to 50%. For the syngas composition, the synergistic coefficients for CHy, Hj,
and CO remain close to 1 across all biomass mass fractions, indicating minimal synergistic
effects. However, the synergistic coefficients for CO, and H,S increase significantly with
increasing biomass fraction, reaching values of 84.1637 and 1.8254, respectively, at Wg = 50%.
This suggests strong positive synergistic effects for these components, where the presence
of biomass enhances their formation beyond what would be expected from the individual
contributions of coal and biomass.

Table 9. Summary of the matrix elements for the synergistic coefficients.

Biomass Mass Fraction (Wg), %

Composition, vol%

1 10 20 30 40 50

CHy4 0.9725 0.9565 0.0436 0.0155 0.0094 0.0062

H, 1.0049 1.0031 1.0023 1.0013 1.0007 1.0001

CO 1.0009 1.0026 0.9984 0.9967 0.9933 0.9908
CO, 0.7760 0.7835 14.7590 41.9118 65.1515 84.1637

H,S 0.9259 0.9259 0.9174 1.8254 1.8254 1.8254

COs 0.8951 0.9427 0.9713 0.9522 1.0856 1.1331

N> 1.0164 1.0164 1.0246 1.0246 1.0246 1.0246

Ar 1.0112 0.8989 0.8989 0.8989 0.8989 0.8989

Others 0.2139 0.2082 0.9935 1.0031 0.9875 0.9808

Performance evaluation

Syngas flow rate, Nm?3/h 1.0078 1.0371 1.0291 0.9969 0.9753 0.9539
SOC 0.9988 0.9978 100,166 1.0244 1.0376 1.0502

SCC 0.9832 0.9041 0.8679 0.8096 0.7713 0.7410
Syngas LHV, MJ/h 1.0002 1.0019 0.9835 0.9758 0.9625 0.9512
CGE, % 0.9815 1.0454 1.0439 1.0369 1.0236 1.0132

(CO + Hy), vol% 1.0023 1.0035 0.9860 0.9827 0.9758 0.9677

The synergistic coefficients for performance indicators in a co-gasification process
in Figure 2, such as syngas flow rate (a), SOC (b), SCC (c), syngas LHV (d), and CGE
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(e), are plotted against the biomass mass fraction (WB) in the range of 1-50%. The syn-
ergistic coefficients for SOC and SCC remain close to 1 across the range of biomass mass
fractions, with slight increasing trends reaching approximately 1.04 and 0.97, respectively,
at WB = 50%. This indicates minimal synergistic effects on these indicators, suggesting
that the co-gasification process performs as expected, based on the proportions of coal
and biomass. However, the synergistic coefficient for syngas flow rate shows a decreasing
trend with increasing biomass fractions, reaching about 0.96 at WB = 50%, indicating a
slight negative synergistic effect, where the actual syngas flow rate is lower than predicted
based on the individual contributions of coal and biomass. The synergistic coefficients for
syngas LHV and CGE remain close to 1 across all biomass mass fractions, with values of
0.9964 and 0.9939, respectively, at WB = 50%, suggesting minimal synergistic effects on
these parameters.
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Figure 2. Synergistic coefficients for various performance indicators at different biomass mass
fractions: (a) syngas flow rate; (b) syngas yield; (SOC); (c) solid carbon conversion (SCC); (d) syngas
lower heating value (LHV); (e) syngas yield (SOC); and (f) CO + H; concentration.
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3.3. Effect of Gasification Temperature

Figure 3 shows various performance indicators and syngas composition as a function
of gasification temperature (Tg) during the co-gasification of coal and biomass. As the Tg
increases from 800 °C to 1300 °C during the co-gasification of coal and biomass, the graph
reveals several notable trends in the syngas composition and performance indicators. The
CGE exhibits a significant improvement with increasing T, rising from approximately 84%
at 800 °C to nearly 98% at 1300 °C. This trend indicates that higher gasification temperatures
lead to more efficient conversion of the feedstock into syngas. The syngas flow rate also
increases with T, from around 1030 Nm?/h at 800 °C to over 1140 Nm?3/h at 1300 °C.
This suggests that higher temperatures promote the formation of more syngas from the
given feedstock. In contrast, the SOC and SCC both decrease as TG increases from 800 °C
to 1200 °C, after which they plateau. This indicates that higher temperatures lead to more
efficient utilization of oxygen and coal in the co-gasification process. The syngas LHV
shows a slight increase from approximately 11.3 MJ/h at 800 °C to 11.8 MJ /h at 1200 °C,
followed by a minor decrease at 1300 °C. This trend can be attributed to changes in the
syngas composition at different temperatures. Although not shown directly in the graph,
the description mentions that the effective syngas content (CO + Hy) increases from 93% at
800 °C to 98.4% at 1200 °C and remains constant at higher temperatures. This suggests that
higher temperatures favor the formation of CO and Hj, which are the primary components
of syngas. The optimal gasification temperature appears to be around 1200 °C, as further
temperature increases result in diminishing improvements in the performance indicators.
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Figure 3. Effect of gasification temperature on the gasification performance parameters.

3.4. Effect of Coal Rank

Figure 4 demonstrate that coal rank has a significant impact on the co-gasification
performance during the co-gasification of coal and biomass. Higher-rank coals, such as
bituminous coal and anthracite, exhibit better gasification efficiency, higher syngas quality,
and lower oxygen and coal consumption compared to lower-rank coals like lignite. The
CHy4 content is highest for bituminous coal at 0.0301%, followed by anthracite at 0.001%
and lignite at 0.0001%. Similarly, the H, content is highest for bituminous coal at 36.8%,
followed by anthracite at 34.9% and lignite at 31.4%. In contrast, the CO content increases
with increasing coal rank, ranging from 59.3% for lignite to 61.6% for bituminous coal
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and 62% for anthracite, while the CO, content is highest for lignite at 6.8%, followed by
anthracite at 1.1% and bituminous coal at 0.0417%. The syngas flow rate is highest for
bituminous coal at 1143.94 Nm? /h, followed by anthracite at 1072.86 Nm3/h and lignite at
922.86 Nm? /h. The syngas LHV is highest for bituminous coal at 11.77 MJ /h, followed by
anthracite at 11.6 MJ/h and lignite at 10.88 MJ/h. The CGE is also highest for bituminous
coal at 93.97%, followed by anthracite at 92.48% and lignite at 84.44%. Furthermore, the
effective syngas content (CO + Hj) is highest for bituminous coal at 98.4%, followed by
anthracite at 96.9% and lignite at 90.7%. These findings provide valuable insights into the
selection of appropriate coal ranks for industrial co-gasification applications, considering
factors such as syngas quality, process efficiency, and resource utilization.
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Figure 4. Effect of coal rank on the gasification performance parameters: (a) CHy, Hy, CO, and CO,
content in the syngas; (b) sSyngas flow rate; (¢) SOC and SCC; (d) LHV of the syngas; (e) CGE of the
gasification process; and (f) cCombined CO and H; content in the syngas.

3.5. Effect of Oxygen to Coal Mass Fraction

Figure 5 shows significant changes in the syngas composition and performance indica-
tors as the OTC ratio is varied from 45 to 495 kg/h. Figure 5a shows that the CO content
initially increases from approximately 42% at OTC = 45 kg/h, reaching a maximum of 62%
at OTC = 315 kg/h, and then decreases to 59% at OTC = 495 kg/h. Figure 5b indicates
that the CO, content remains low (<0.1%) at OTC values below 315 kg/h but increases
significantly to 4.8% at OTC =405 kg/h and 11.2% at OTC = 495 kg/h. Figure 5c demon-
strates that the H, content exhibits a substantial decrease, dropping from nearly 57% at
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OTC =45 kg/h to 28% at OTC = 495 kg/h. Figure 5d shows that the CH4 content decreases
from 0.0719% at OTC = 45 kg/h to 0.0002% at OTC = 405 kg/h, indicating that higher
oxygen input favors the oxidation and decomposition of methane. Figure 5e illustrates that
the syngas LHV follows a trend similar to the syngas flow rate, increasing from 11.48 MJ/h
at OTC =45 kg/h to a maximum of 11.77 MJ /h at OTC = 315 kg/h, and then decreasing
to 10.39 MJ/h at OTC = 495 kg/h. This behavior is consistent with the variation in syn-
gas composition, particularly the decrease in H; and CO contents at higher OTC values.
Figure 5f indicates that the CGE exhibits a similar trend, increasing from approximately
61% at OTC = 45 kg/h to a maximum of 97% at OTC = 315 kg/h, and then decreasing
to 77% at OTC = 495 kg/h. This trend further confirms the existence of an optimal OTC
value for maximizing gasification efficiency. Although not shown directly in the graphs,
the description mentions that the syngas flow rate initially increases with increasing OTC
ratio, reaching a maximum at OTC = 315 kg/h, and then decreases at higher OTC values.
Additionally, the SOC increases significantly with increasing OTC ratio, while the SCC
remains relatively stable at lower OTC values but increases at higher OTC values.
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Figure 5. Effect of OTC mass ratio on the gasification performance parameters: (a) CHy and Hj
content in the syngas; (b) CO and CO, content in the syngas; (c) combined CO and H; content
in the syngas; (d) syngas flow rate; () SOC and SCC; and (f) LHV of the syngas and CGE of the
gasification process.

3.6. Effect of Steam to Coal Mass Fraction

Figure 6 compares various syngas composition and performance indicators for differ-
ent STC mass ratios during the co-gasification of coal and biomass. Results reveal moderate
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changes in the syngas composition and performance indicators as the STC ratio is varied
from 22.5 to 135 kg /h. Figure 6a shows that the CO content decreases steadily from approx-
imately 64% at STC = 22.5 kg/h to 59% at STC = 135 kg/h. In contrast, Figure 6b indicates
that the CO, content remains low (<0.1%) at STC values below 90 kg/h but increases to
0.7% at STC = 112.5 kg/h and 1.6% at STC = 135 kg/h. Figure 6¢c demonstrates that the H,
content increases steadily from about 34% at STC = 22.5 kg/h to 38% at STC = 135 kg/h,
indicating the positive effect of steam on hydrogen production. Figure 6d shows that the
CH, content exhibits a slightly increasing trend, rising from 0.0261% at STC = 22.5 kg/h to
0.0301% at STC =90 kg/h, and then decreasing to 0.0007% at STC = 135 kg/h. Figure 6e
illustrates that the syngas LHV shows a slight decrease from approximately 11.8 MJ/h
at STC = 22.5 kg/h to 11.5 MJ/h at STC = 135 kg/h, which can be attributed to the de-
crease in CO content and the increase in CO, content at higher STC values. Figure 6f
indicates that the CGE increases from about 82% at STC = 22.5 kg/h to a maximum of 99%
at STC = 112.5 kg/h, and then slightly decreases to 99% at STC = 135 kg/h. This trend
suggests that moderate steam input enhances the gasification efficiency, while excessive
steam input may have a minor negative impact on the CGE. The syngas flow rate increases
steadily with increasing STC ratio, indicating the positive effect of steam on syngas yield.
Additionally, the SOC and specific SCC remain relatively stable across the investigated STC
range, suggesting that the steam input does not significantly affect these parameters.
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Figure 6. Effect of STC mass ratio on the gasification performance parameters: (a) CHy, Hy, CO, and
CO, content in the syngas; (b) syngas flow rate; (c) SOC and SCC; (d) LHV of the syngas; (e) CGE of
the gasification process; and (f) combined CO and H, content in the syngas.
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These changes in CO and H; content could be caused by a preference for the water-gas
shift reaction at higher steam input levels. The water—gas shift reaction is described as: CO
+ HyO = CO; + Hy. This reaction is favored at higher steam concentrations, which would
explain the decrease in CO content and the corresponding increase in Hy content as the
STC ratio increases. To further support this hypothesis, it would be helpful to examine
similar works focusing on the effect of steam flow in biomass or coal gasification. Such
studies could provide additional insights into the role of the water—gas shift reaction in
the observed changes in syngas composition. For example, a study by Shahbuddin and
Bhattacharya [27] investigated the effect of the steam-to-biomass ratio on the performance
of a fluidized bed biomass gasifier. They found that increasing the steam-to-biomass ratio
led to an increase in H;, content and a decrease in CO content in the syngas, which they
attributed to the enhanced water—gas shift reaction at higher steam levels. Similarly, a study
by Gohar et al. [28] explored the effect of the steam-to-carbon ratio on the gasification of
coal in a pressurized entrained-flow gasifier. They also observed an increase in H; content
and a decrease in CO content with increasing steam-to-carbon ratio, which they explained
by the promoted water—gas shift reaction under higher steam input conditions. These
studies provide supporting evidence that the changes in CO and H; content observed in
the current paper can indeed be attributed to a preference for the water—gas shift reaction
at higher steam input levels during the co-gasification of coal and biomass.

4. Conclusions

This study investigated the synergistic effects and influence parameters in the co-
gasification of coal and biomass in Aspen Plus. The results revealed that the optimal
biomass mass fraction for maximizing cold gas efficiency was approximately 10%, with
the syngas primarily consisting of H; (36.8%) and CO (61.6%), and their combined content
remaining above 93% across the investigated range of biomass mass fractions (0-50%).
Gasification temperature played a crucial role in determining syngas quality and process
efficiency, with higher temperatures up to 1200 °C improving CO content (56.1% to 61.6%),
gasification efficiency (84% to 98%), and reducing oxygen consumption (338.71 to 320.12)
and coal consumption (483.87 to 457.32). Coal rank significantly influenced co-gasification
performance, with higher-rank coals (bituminous and anthracite) exhibiting better gasifica-
tion efficiency (93.97% and 92.48%, respectively), syngas quality (98.4% and 96.9% CO + H,
content), and lower oxygen and coal consumption compared to lignite (84.44% efficiency,
90.7% CO + Hj content). An optimal oxygen-to-carbon ratio of 315 kg/h was found to
maximize syngas yield (1143.94 Nm?3/h), heating value (11.77 MJ /h), and cold gas effi-
ciency (97.46%). Increasing steam input improved syngas yield and hydrogen production
(34.2% to 38.1%), while maintaining stable gasification efficiency (99.34%) and oxygen con-
sumption (320.45 to 325.08). These findings provide valuable guidance for designing and
optimizing industrial coal-biomass co-gasification processes, enabling the maximization of
syngas quality, process efficiency, and resource utilization. Future research should focus on
experimental validation, techno-economic analysis, lifecycle assessment, and supportive
policies to encourage the development of efficient, sustainable, and economically viable
co-gasification technologies, ultimately supporting the transition towards a low-carbon
energy future.
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