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Abstract — To limit global warming to 1.5 °C and adhere to the Paris Agreement’s targets,
urgent action is imperative. The IPCC stresses a 45 % CO2 reduction by 2030 or a 25 %
reduction to cap temperature rise at 2 °C, with failure risking greater challenges and costs.
Enhancing energy efficiency, particularly through hydrogen utilization, is crucial. Gasifiers
offer promise but face efficiency issues, addressed here with external-heating gasifiers
leveraging waste heat. This nonlinear problem is optimized using Taguchi’s method,
facilitated by COMSOL Multiphysics software. The study contributes to environmental
sustainability and carbon reduction efforts, emphasizing the potential of external-heating
gasifiers for a sustainable energy future.
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1. INTRODUCTION

The urgent imperative to limit the global average temperature increase to 1.5 °C, as outlined
in the Paris Agreement [1], demands comprehensive efforts for effective climate change
mitigation [2]. The Intergovernmental Panel on Climate Change (IPCC) stresses the need to
reduce carbon dioxide emissions by 45 % by 2030 or achieve a 25 % reduction to cap the
temperature rise at 2 °C [2]. Failure to meet these targets by 2030 could pose significant
challenges in achieving net-zero emissions, potentially incurring higher costs [2]. This
research aligns with the global commitment to climate change mitigation, contributing to the
broader context of environmental sustainability and carbon reduction.

Recognizing energy efficiency as a key strategy in addressing climate change challenges [3],
hydrogen emerges as a promising solution, known for its high efficiency and zero emissions
during combustion [4]-[5]. However, traditional gasifiers, commonly used to transform
affordable fuels like coal or biomass into hydrogen, face inherent energy-intensive
characteristics [6]. In response, the concept of an external-heating gasifier is introduced,
utilizing waste heat generated by boilers or fuel cells.

The design of an external-heating gasifier presents a classic nonlinear challenge. Achieving
optimal performance requires an innovative approach, with the integration of Taguchi's
method proving significant. This paper leverages advanced methodologies to optimize
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external-heating gasifiers, contributing to the evolution of cleaner and more efficient energy
production methods.

To provide a comprehensive understanding of the current state of the field, this research
draws insights from various studies related to hydrogen production [4]-[7], direct
hydrocarbon fuel cells [7], biofuel production [8], and hydrogen production in nuclear
cogeneration cycles [9]. Additionally, literature on gasification processes [10]-[14], heat
exchanger optimization [15]-[17], and advanced optimization techniques such as neural-
network-based machine learning [18]-[20] serves as a foundation for the proposed
methodology.

This study, focusing on the integration of Taguchi’s method, strives to address the
challenges associated with gasifier optimization. The presented methodology not only
contributes to the ongoing discourse on sustainable energy but also aims to propel
advancements in the field of hydrogen production and gasification processes [21]. The
effectiveness of the proposed approach is validated through a simulation study on an existing
gasifier, highlighting its potential for real-world applications in the pursuit of a sustainable
energy future.

2. DESCRIPTION OF CASE STUDY

Plasma coal gasification uses plasma torches — devices that generate extremely high
temperatures (up to 5000-7000 °C) — to convert coal into syngas (synthetic gas) in an oxygen-
starved environment. This process, unlike traditional coal combustion, does not burn coal
directly, but instead breaks it down into simpler chemical components. The key outputs from
plasma gasification include:

Syngas: A mixture primarily of hydrogen (H») and carbon monoxide (CO), which can be
further processed or used as a cleaner energy source.

Slag: An inert, glass-like material formed from the inorganic components of coal, which
can be used in construction or disposed of without environmental hazards.

Plasma gasification of coal reduces CO» emissions by converting coal into syngas, which
can be used more efficiently than direct coal combustion in combined cycle power plants.
These plants utilize both gas and steam turbines, increasing efficiency and reducing CO,
output per unit of energy. Additionally, hydrogen can be separated from syngas and used as
a zero-emission fuel. Plasma gasification also avoids the large-scale production of CO, and
other pollutants typical of coal combustion by controlling oxygen levels, producing primarily
carbon monoxide, which can be captured or converted. The process is highly compatible with
carbon capture technologies, as it creates a concentrated CO» stream, making storage easier
and more efficient [22].

In this paper, the Plasma Coal Gasification System (Plasma CGS) used by Serbin ef al. [23]
is adopted as the model for gasification. The Plasma CGS operates at a high temperature
(above 1273 K), closely resembling the operational temperature of Solid Oxide Fuel Cells
(SOFC) (approximately 1250 K [24]). Given the compatibility of SOFC with waste heat
recovery, the integration of a gasifier with a fuel cell can enhance gasifier efficiency. The
gasifier, in turn, provides the necessary fuel for the fuel cell, creating a symbiotic relationship.
This paper utilizes the Plasma CGS as the gasifier model, as illustrated in Fig. 1. Given the
challenges and costs associated with modifying existing institutional designs, this study
proposes an External-Heating Gasifier that efficiently recovers external waste heat without
altering the gasifier’s internal design. The study utilizes Taguchi optimization to address
uneven temperature distribution issues effectively.
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While the use of plasma air for gasifier heating results in high temperatures (approximately
4000 K), it shortens the system’s lifespan (approximately 300-500 hours). Lowering the mass
flow rate (approximately 2 g/s) is required to reach the temperature needed for coal
gasification. However, this can lead to uneven temperature distribution within the gasifier.
Though most temperatures are above the minimum working temperature (approximately
1273 K), the lower temperatures may reduce gasification efficiency, while higher
temperatures result in energy wastage.

x10%

Fig. 1. External Heating Gasifier.

For ease of identifying parameters leading to fast heating and uniform temperature
distribution, measurement points at the top, middle, and bottom layers of the gasifier’s center
are chosen (labelled as P1, P2, and P3 in Fig. 2). Simulations are conducted to calculate the
time required for these points to reach a stable temperature. Stability is defined within 5 % of
the final set temperature (1187 K) commonly used in control theory. The heating speed is
determined by the time required for the latest point to reach stability, while uniformity is
measured by the average time difference among the three measurement points.

%10° e %10°

Fig. 2. Measurement points.
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2.1. Design and Analysis of External-Heating Gasifier

COMSOL is employed for thermal analysis, with copper selected as the solid heat-
conducting material. The contact surfaces between the heat pipe and fins, as well as the fins
and gasifier, are treated as thermal walls, while other contact surfaces are treated as
insulating walls. The working fluid is assumed to be water vapour, with an inlet temperature
of 1250 K [24], a mass flow rate of 51 g/s [25], and a gasifier’s minimum working
temperature of 755 K [23].
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Fig. 3. Prototype heat distribution map.
The results from the COMSOL simulations for the prototype indicate that the stabilization
times for P1, P2, and P3 are 80, 84, and 90 minutes, respectively, as presented in Table 1.
Fig. 3 depicts the heat distribution at the 90-minute mark.

TABLE 1. STABILIZATION TIMES FOR PROTOTYPE MEASUREMENT POINTS

P1 P2 P3 Stabilization time Heat distribution uniformity
80 84 90 90 (4+6+10)/3 =6.6

These findings provide valuable insights into the feasibility and performance of the
proposed External-Heating Gasifier, showcasing its potential for efficient waste heat
recovery and uniform temperature distribution. The integration of external waste heat not
only avoids the complexities and costs associated with modifying internal designs but also
enhances the gasifier's overall efficiency.

3. OPTIMAL DESIGN

The Taguchi method, pioneered by Dr Genichi Taguchi in the field of quality engineering,
has been instrumental in swiftly addressing engineering problems. Although considerable
time has passed since its inception, the Taguchi method remains essential for resolving
current engineering challenges. In recent years, numerous studies have successfully applied

467



Environmental and Climate Technologies

2024 /28

the Taguchi method to various domains. Chen et al. [26] optimized a fluidized bed gasifier
for hydrogen production from biomass (eucalyptus) using the Taguchi method, achieving a
charcoal conversion efficiency of 94.51 %. Alzoubi et al. [27] proposed using the Taguchi
method to optimize a finned-tube heat exchanger for improved performance and efficiency.
Etghani et al. [28] applied the Taguchi method to enhance a shell-and-tube spiral heat
exchanger, identifying optimal heat transfer parameters. These studies demonstrate the
feasibility of applying the Taguchi method for optimization in recent years, both in gasifiers
and heat exchangers.

3.1. Controllable Factors

To achieve optimal system design, identifying control factors within the system is crucial.
This system primarily involves the combination of fins and heat pipes. Therefore, the
controllable variables are the fin and heat pipe components. For the heat pipe, controllable
factors include diameter, winding method, and the number of turns. Since the heat pipe’s
impact on heat exchange determines the important factor of waste heat from the fuel cell
entering the gasifier, and all three factors are within controllable ranges, this study includes
all three components of the heat pipe as control factors for subsequent analysis. Regarding
fins, controllable factors include length, quantity, height, and thickness. The length
represents the distance between the gasifier and the heat pipe, constrained by the pipe
diameter and the distance between the heat pipe and the gasifier. As the extended portion
beyond the heat pipe has a minor impact on heat exchange, with the main heat exchange
occurring in the space between the heat pipe and the gasifier, the fin length is set as a fixed
value. The number of fins represents the contact areca between the fins and the heat pipe, as
well as the fins and the gasifier, making it a crucial factor for heat exchange. The fin height
uses the gasifier's intrinsic height without affecting heat exchange. The fin thickness
determines the critical effective contact area in the heat exchange system. Thus, this study
includes fin thickness as a control factor.

In summary, the identified control factors from heat pipes and fins are the winding
method, fin quantity, fin thickness, heat pipe turns, and pipe diameter. To facilitate Taguchi
method calculations, each of these five control factors is further investigated for control
parameters. These control factors are discussed and set as follows:

Winding Method: Two winding methods, spiral and multiple-loop designs, are considered
for even heating, as shown in Fig. 4.

(a) Spiral design (b) Multiple loop design

Fig. 4. Winding methods.
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Fig. 5. Pipe diameter.

Pipe Diameter: Using the common specifications of current copper pipes as the standard
design, the maximum and minimum pipe diameters are considered as parameter limits. The
average of these limits is taken as the original parameter, with values of 10 mm, 25 mm,
and 40 mm (as shown in Fig. 5).

Turns of Heat Pipe: To meet spatial constraints and effectiveness, the minimum turn
design is set at three turns. As the number of turns must ensure that all parameters are valid
and do not interfere with each other, the maximum parameter affecting the turns is the pipe
diameter. This study deploys the largest pipe diameter in the experimental space, determining
the maximum turns as seven turns. The average of these maximum and minimum turn values
is taken as the original parameter, with values of 3 turns, 5 turns, and 7 turns (as shown in
Fig. 6).

Fig. 6. Turns of heat pipe.

Fin Thickness: Limitations mainly arise in the design with multiple loops. Considering the
effective space within the gasifier and the maximum allowable fin thickness, the maximum
fin thickness is 60 mm without interference. The minimum thickness must maintain the basic
contact area with the gasifier, thus set at 20 mm. The original parameter is set as the average
of these maximum and minimum values, i.e., 40 mm.

Fin Quantity: Due to spatial design considerations, under the maximum fin thickness
condition, the maximum allowable quantity is six in the case of a spiral design to prevent fin
interference. To ensure uniform heating, a minimum of two fins is needed to provide the fins
with their intrinsic meaning. For effective use of the Taguchi method in finding optimal
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parameters, a set of middle values is chosen as the original parameters, with control
parameters of 2 fins, 4 fins, and 6 fins.

Combining the above analyses, the control factors are recorded in Table 2. Due to only two
control factors in category A, Level 1 is set as the original parameter. This encompasses pipe
diameter, turns of pipe, fin thickness, and fin quantity, all of which are vital factors in the
heat exchange process for the Taguchi method’s optimal design.

TABLE 2. CONTROL FACTOR LEVEL TABLE

Control Factors Descriptions Level 1 Level 2 Level 3

A Winding method Spiral Multiple-Loop

B Pipe diameter 10 25 40
C Turns of pipe 3 5 7
D Fin thickness 20 40 60
E Fin quantity 2 4 6

4. RESULTS AND DISCUSSIONS

In order to determine the time required for each measurement point to reach a stable
temperature, the COMSOL simulation software is employed to identify the time at which P1,
P2, and P3 reach stable temperatures. Given that the research objective is to find the parameter
design that achieves the fastest stabilization time, where smaller times are preferred, the
Signal-to-Noise (S/N) ratio is calculated using the Taguchi method’s Signal-to-Noise ratio
formula Eq.(1). An L18 orthogonal array, the time for each point to reach a stable
temperature, and the average and S/N are presented in Table 3.

12
%:—IOIOg Z—'ﬂyl’ =—1010g[)72+S,ﬂ (1)
n

When a factor changes from one level to another, both the S/N value and the quality
characteristics will vary, known as Factor Effects. After calculating the S/N ratio values for
each factor at different levels, the results were presented in Table 4. The factor effects, E'2,
represent the change in the SN ratio when the factor shifts from the first to the second level, while
E?7 represents the change when the factor shifts from the second to the third level. These values
were determined for each parameter and included in the table. A larger range value (E*>-E!?)
indicates a greater influence of the variable on the process.

TABLE 3. L1s ORTHOGONAL ARRAY AND SIMULATION DATA

Exp. A B C D E P1 P2 P3 Mean S S/N
1 1 1 1 1 1 160 164 162 162.000 2.00000 —44.1907
2 1 1 2 2 2 88 90 90 89.333 1.15470 -39.0208
3 1 1 3 3 3 78 80 82 80.000 2.00000 -38.0636
4 1 2 1 1 2 86 88 88 87.333 1.15470 -38.8241
5 1 2 2 2 3 84 88 92 88.000 4.00000 —-38.8956
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6 1 2 3 3 1 56 54 54 54.667 1.15470 —34.7557
7 1 3 1 2 1 52 52 52 52.000 0.00000 —34.3201
8 1 3 2 3 2 72 78 82 77.333 5.03322 —37.7796
9 1 3 3 1 3 54 56 60 56.667 3.05505 —35.0750
10 2 1 1 3 3 100 96 98 98.000 2.00000 —39.8257
11 2 1 2 1 1 90 100 90 93.333 5.77350 —39.4118
12 2 1 3 2 2 110 106 108 108.000 2.00000 —40.6695
13 2 2 1 2 3 90 88 90 89.333 1.15470 —39.0208
14 2 2 2 3 1 66 76 68 70.000 5.29150 -36.9185
15 2 2 3 1 2 132 132 134 132.667 1.15470 —42.4555
16 2 3 1 3 2 74 74 74 74.000 0.00000 —37.3846
17 2 3 2 1 3 72 70 70 70.667 1.15470 —36.9851
18 2 3 3 2 1 54 54 60 56.000 3.46410 —34.9748
TABLE 4. L1g S/N RESPONSE TABLE
Level A B C D E
1 —37.88 3743 3949 3893 —40.20
2 -38.63 -39.36 -37.82 -38.17 3848
3 -3798 3745 -37.67 -36.09
E? -0.75 -1.93 1.67 0.76 1.72
E*? 1.38 0.37 0.5 2.39
Range 0.75 1.93 2.04 1.26 4.11
Rank 5 3 2 4 1
Significant? No Yes Yes No Yes
Main effects plot for S/N ratios
Data means
3 A B [ D E

Mean of S/N ratios

—40

1 2 1

Signal-to-noise: smaller is better

Fig. 7. S/N response chart.

The factors are ranked based on the Range, with the top three factors chosen for
experimentation based on the One-Half Criterion. The selected key factors are B (pipe
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diameter), C (turns of pipe), and E (fin quantity). The numerical values from Table 4 are
plotted in the S/N response chart in Fig. 7.

A larger amplitude in the S/N response chart indicates a greater influence and importance
of the control factor on product design outcomes. A higher S/N value represents a more stable
quality. From Fig. 7, the level with the maximum S/N for each control factor is chosen as the
optimal control factor, resulting in the best combination of AIB1C3D3E3. This represents
the spiral heat pipe arrangement with 6 fins, fin thickness of 60 mm, 7 winding turns, and a
diameter of 10 mm. This is considered the optimal parameter combination for S/N.

In the optimization design, although S/N is effective in reducing the variability of quality
characteristics, relying solely on S/N ratios as the basis for optimization results is insufficient.
Therefore, an analysis of quality characteristics is imperative. As recorded in Table 2, the
average values of each level for all factors are documented in the Quality Characteristic
Response Table (Table 5). Subsequently, based on the calculated influences of each level, £
(Fin Quantity) emerges as the primary control factor, followed by C (Heat Pipe Coiling Turns)
as the secondary control factor. The Quality Characteristic Response Chart, depicted in Fig. 8,
is generated based on the average values of each level in Table 4.

TABLE 5. QUALITY CHARACTERISTIC RESPONSE TABLE

Level A B C D E
1 83.04 81.33 10044 93.78 105.11
2 88.00 94.78 80.44 81.44 87.00
3 80.44 75.67 81.33 64.44
E'? 4.96 13.45 —20 -12.34 -18.11
E*? -1434 477 -0.11  —22.56
Range 4.96 14.34 24.77 12.45 40.67
Rank 5 3 2 4 1
Significant? No Yes Yes No Yes

units: minutes

Due to the fact that the calculated quality characteristic is the minimization of the required
heating time, the optimal result is chosen by selecting the minimum value of the quality
characteristic among the levels in Fig. 8.

Main effects plot for S/N ratios
Data means

A B C D E

Mean of S/N ratios

Fig. 8. Quality characteristic response chart.
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The optimal result affecting the quality characteristic is AIB3C3D3E3. After comparing the
results of the S/N response (Table 4) and the quality characteristic response (Table 5), it can be
observed that the ranking of factors influencing the quality is consistent, and among the critical
factors, the optimization results are the same for all factors except factor B (heat pipe diameter).
Therefore, as a compromise, the optimal result should be A1B2C3D3E3.

TABLE 6. COMPARISON OF OPTIMIZATION RESULTS WITH ORIGINAL AND OPTIMAL DESIGNS

A B C D E P1 P2 P3 Time, min,
Original 1 2 2 2 2 8 8 90 90
Optimal 1 2 3 3 3 28 30 34 34

Table 6 shows that, based on the optimal design, the time required for all measurement points
to reach a stable temperature is 34 minutes. Compared to the original design's 90 minutes to reach
stability, the heating time has been reduced by 62 %. To facilitate a comparison of the thermal
distribution diagrams between the original and optimal designs at 34 minutes, they are represented
in Fig. 9, it can be observed that the temperature of the optimal design is significantly higher than
that of the original design. According to Table 7, the temperature at each measurement point has
increased by a minimum of 160.9 K, with the average temperature rising by 177.8 K. The
temperatures of each measurement point at 34 minutes are recorded in Table 7.

A 1250

x10?
1.25

v o993

Fig. 9. Thermal distribution diagram at 34 minutes.

TABLE 7. TEMPERATURE AT EACH MEASUREMENT POINT AT 34 MINUTES

P1 P2 P3 Ave. Minimum
Original 1052.8 10283 1000.5 10272 1052.8
Optimal 1213.7 12064 1195.0 1205.0 1213.7
Increasement  160.9 178.0 194.6 177.8 160.9
units: K
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5. CONCLUSION

This paper presents several innovations and contributions:

Introduction of External-Heating Gasifiers: The paper introduces the concept of external-
heating gasifiers, which utilize waste heat generated by boilers or fuel cells to improve
efficiency. This approach offers a novel solution to address the energy-intensive
characteristics of traditional gasifiers.

Integration of Taguchi’s Method: The study implements Taguchi’s method, a robust
optimization technique, to achieve optimal performance of external-heating gasifiers. This
synergistic approach demonstrates the effectiveness of combining advanced methodologies
for system optimization.

Simulation Platform Development: The research develops a simulation platform using
COMSOL Multiphysics software to facilitate the integration of Taguchi’s method. This
platform enables comprehensive analysis and optimization of external-heating gasifiers.

Reduction of Heating Time: Through optimization using Taguchi’s method, the paper
demonstrates a significant reduction in heating time for gasifiers, thereby enhancing
efficiency and reducing energy consumption.

Contribution to Climate Change Mitigation: By improving the efficiency of gasification
processes, the paper contributes to broader goals of climate change mitigation. The findings
underscore the potential of external-heating gasifiers in reducing carbon emissions and
promoting sustainable energy practices.

Environmental Impact Analysis: The platform could be used to model the environmental
impacts of the gasification process, such as emissions of greenhouse gases, particulates, or
toxic by-products. Researchers can simulate different scenarios to minimize the
environmental footprint, aiding in the development of more sustainable gasification
technologies.

Testing Alternative Feedstocks: Future research could leverage the simulation platform to
explore the use of alternative feedstocks, such as biomass, municipal waste, or industrial
residues, in the External-Heating Gasifier. This would allow for investigating the potential of
using renewable or waste materials in the gasification process, thereby reducing reliance on
fossil fuels and lowering the overall carbon footprint.

Integration with Carbon Capture Technologies: The simulation tool can be used to model
and test the integration of carbon capture and storage (CCS) technologies within the
gasification process. This would help researchers understand how to efficiently capture CO;
produced during gasification and explore strategies to retrofit existing systems or design new
gasifiers with built-in CCS capabilities.

Exploring Hybrid Systems: The simulation platform can be applied to research on hybrid
energy systems that combine external-heating gasifiers with renewable energy sources, such
as solar or wind. By simulating the interactions between gasification and renewable power
sources, researchers can design hybrid systems that reduce reliance on fossil fuels while
maintaining energy reliability and output.

Overall, the paper provides valuable insights and methodologies for optimizing gasification
systems, advancing the transition towards cleaner and more efficient energy production
methods in alignment with climate change mitigation objectives.
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