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In this study, the performance of a hybrid system based on a thermochemical process and
a proton-conducting electrolyte fuel cell is investigated from the perspectives of energy
production and environmental emissions. To study the system behavior, machine
learning-based regression methods were employed, and after data preprocessing, the
models were trained and validated. Subsequently, system optimization was carried out
with the objectives of maximizing power output and minimizing environmental
emissions. The results indicate that increasing the current density and inlet temperature
leads to higher power generation, while high current densities result in increased carbon
dioxide emissions. The optimal operating conditions were achieved at a current density
of 5798 A/m?, a temperature of 800 °C, and a fuel utilization ratio of 0.80. The minimum
carbon dioxide emissions, independent of the fuel utilization ratio, were obtained at
current densities below 3500 A/m?, ranging between 500 and 800 kg/MWh.

regression model.

Introduction

Machine learning has become an increasingly powerful tool
for enhancing the performance and efficiency of modern
energy systems. By analyzing large datasets, ML can reveal
hidden patterns that are often overlooked by traditional
modeling approaches. These data-driven insights support
more accurate prediction of energy demand, improved
resource management, and reduced operational costs. SOFCs
are recognized as an advanced technology for clean and
efficient power generation. Their high electrical efficiency
and low pollutant emissions make them valuable in modern
energy systems. A key innovation is the use of proton-
conducting SOFCs, which transport protons rather than
oxygen ions. They offer key advantages such as lower
operating temperatures, improved material stability, and
reduced ohmic losses. Gasification converts solid waste into
combustible syngas containing H,, CO, and CH4, which can
be used directly as fuel. This approach not only reduces
landfill-associated emissions but also enhances circular
economy objectives by turning waste into valuable energy.

The present study proposes a hybrid waste-to-energy system
that couples a proton-conducting SOFC with municipal solid
waste gasification while employing ML techniques to
optimize net power output and minimize CO, emissions. This
integration aligns with global efforts toward decarbonization
and offers a practical solution for clean and sustainable
energy generation.

Methodology

In this study, an integrated energy system is developed based
on a proton-conducting SOFC combined with an MSW
gasification unit. The system configuration is illustrated in
Figure 1. In the gasification reactor, steam is introduced as
the gasifying agent along with MSW as the primary
feedstock. Through the gasification reaction presented in Eq.
(1), the solid waste is converted into synthesis gas (syngas).
This syngas, which mainly consists of H>, CO, CO,, CHa, and
H,O, is subsequently supplied to the proton-conducting
SOFC, where electrochemical reactions generate electrical
power efficiently.
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The elemental ratios of the solid waste, defined as z;, z,, and
z3 for O/C, H/C, and N/C, respectively, are incorporated into
the model. The composition of syngas is determined using a
combined Gibbs free energy minimization and Lagrange
multipliers method, based on the ultimate analysis of MSW
(C: 48.81%, H: 6.86%, O: 41.09%, N: 2.78%) [15].

The output voltage of the proton-conducting SOFC is
calculated by Eq. (2), which includes the Nernst potential and
associated voltage losses (Eqs. (3)-(4)) [16-18]. The net
electrical power generation and CO, emission rate of the
integrated system are then evaluated using Egs. (6) and (7).
The regression model predicts system outputs and supports
the identification of optimal operating conditions for
maximizing power generation while minimizing emissions.
According to the Eq. (8), the regression model predicts the
response Y, where fy is the intercept, f; and > represent input
effects, and ¢ is the error term.

Results and Discussion

A proton-conducting SOFC system powered by MSW-
derived syngas is proposed and analyzed in terms of net
power output and CO> emissions under varying current
density, inlet temperature, and fuel-utilization ratio. SOFC
voltage and power density align well with benchmark results,
demonstrating that the -electrochemical model reliably
represents SOFC performance (Figure 2).

Figure 3 illustrates the effects of current density and inlet
temperature on the net power. The results show that higher
current densities and higher temperatures lead to greater
power. At low current densities, temperature has little
influence, whereas above 5000 A/m? power becomes highly
temperature-sensitive, rising from 89 kW to 318 kW. Figure
4 examines net power as a function of both current density
and fuel-utilization ratio. Maximum power occurs at high
current density and low utilization. Below 3000 A/m?, power
remains nearly constant with increasing utilization, while
above this threshold it declines. Sensitivity to current density
is greater at low utilization, with power ranging from 114 kW
to 318 kW. Figure 5 evaluates CO; emissions under
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simultaneous changes in current density and temperature.
Maximum emissions occur at high current density and low
temperature, while minimum values appear at low current
density and high temperature. At high densities, CO; rises
sharply with temperature (1085-4468 kg/MWh). Figure 6
shows CO, emissions versus current density and fuel-
utilization. Temperature has a negligible effect at a fixed
current density. Minimum emissions (500-800 kg/MWh)
occur below 3500 A/m? regardless of utilization. Figure 7
presents the multi-objective optimization, identifying optimal
conditions at 5798 A/m? 800 °C, and 0.80 utilization,
yielding 315.3 kW net power and 1001.4 kg/MWh CO,.
Table 1 confirms high regression reliability through strong R?
metrics.

Conclusion

A proton-conducting SOFC system powered by MSW-
derived syngas is proposed and analyzed in terms of net
power output and CO, emissions under varying current
density, inlet temperature, and fuel-utilization ratio. The key
findings are summarized as follows:

v/ Maximum power generation occurs at high current
density and low fuel utilization.

v' At high current densities, CO, emissions significantly
increase with temperature, rising from 1085 to 4468
kg/MWh.

v" Minimum emissions (500-800 kg/MWh) are achieved at
current densities below 3500 A/m?.

v The optimal operating point is 5798 A/m?, 800 °C, and
0.80 fuel utilization.

v" Under optimal conditions, the net power output reaches
315.3 kW with CO, emissions of 1001.4 kg/MWh.
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Figure 1. Configuration of an energy system based on
a proton-conducting solid oxide fuel cell.
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Figure 2. Validation: (a) syngas of the municipal solid

waste gasification, (b) voltage and (c) power density of
the solid oxide fuel cell versus the current density.
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Figure 7. Outputs optimization based on the key
parameters of the proposed energy system.
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Figure 5. Interaction effect of the current density and
the temperature of the proton conducting solid oxide
fuel cell on the CO: emission of the energy system.
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Figure 6. Interaction effect of the current density and

the fuel utilization ratio of the proton conducting solid
oxide fuel cell on the CO: emission of the energy
system.
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Table 1. Values of R-square, R-square (adjusted), R-square (predicted) for predicting the net power and the CO:

emission of the energy system.

R-square R-square (adjusted) R-square (predicted)
Net Power 99.84 % 99.82 % 99.77 %
CO: emission 90.46 % 89.10 % 84.99 %
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