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Abstract: Within the framework of the SOCIETAL CHALLENGES—Secure, Clean, and
Efficient Energy objective under the European Horizon 2020 research and innovation
funding program, the SO-FREE project has developed a future-ready solid oxide fuel cell
(SOFC) system with high-efficiency heat recovery. The system concept prioritizes low
emissions, fuel flexibility, modular power production, and efficient thermal management.
A key design feature is the interchangeability of two different SOFC stack types, allowing
for operation under different temperature conditions. The system was developed with a
strong emphasis on simplicity, minimizing the number of components to reduce overall
plant costs while maintaining high performance. This paper presents the simulation results
of the proposed flexible SOFC system, conducted using Aspen Plus® software version 11 to
establish a baseline architecture for real plant development. The simulated layout consists
of an autothermal reformer (ATR), a high-temperature blower, an SOFC stack, a burner, and
a heat recovery system incorporating four heat exchangers. Simulations were performed
for two different anodic inlet temperatures (600 ◦C and 700 ◦C) and three fuel compositions
(100% CH4, 100% H2, and 50% H2 + 50% CH4), resulting in six distinct operating scenarios.
The results demonstrate a system utilization factor (UFF) exceeding 90%, electrical efficiency
ranging from 60% to 77%, and an effective heat recovery rate above 60%. These findings
were instrumental in the development of the Piping and Instrumentation Diagram (P&ID)
required for the design and implementation of the real system. The proposed SOFC system
represents a cost-effective and adaptable energy conversion solution, contributing to the
advancement of high-efficiency and low-emission power generation technologies.

Keywords: SOFC system integration; Aspen Plus; fuel flexibility; energy efficiency;
autothermal reforming; heat recovery
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1. Introduction
The global demand for electricity and thermal energy is continuously increasing.

Nowadays, this demand is still mostly fulfilled by fossil fuels, especially oil, coal, and
natural gas. However, fossil fuels no longer have their appeal as an energy source due to
global warming and climate change issues, and also due to the urgent need for countries to
achieve energy independence [1,2]. For the reasons listed above, in recent years, researchers
have focused on viable alternatives to fossil fuels. Green hydrogen [3] and biogas [4,5], as
renewable fuels, are considered promising alternatives. Indeed, hydrogen has proven to be
an efficient energy carrier which can be used for electrical and thermal power production
without emitting CO2, ensuring high efficiency due to the high lower heating value (LHV)
that is about three times the value of hydrocarbon fuels on a mass basis [6]. On the other
hand, biogas is a gaseous biofuel mainly composed of CH4 and CO2 (typically 50–70%
CH4 and 30–50% CO2) produced from bio-wastes under anaerobic conditions. Biogas also
contains steam and some undesired contaminants such as H2S, NH3, siloxanes, and volatile
organic compounds, the amount of which depends on the physical and chemical charac-
teristics of bio-waste feedstock and the type of anaerobic digestion plant [7]. Hydrogen
and biogas can be used for the combined production of electricity and thermal energy
through different technologies, including gas turbines (GTs), internal combustion engines
(ICEs), and fuel cells (FCs). While GTs and ICEs represent more mature and widely adopted
solutions, they generally exhibit lower energy conversion efficiencies and higher pollutant
emissions compared to FCs [8]. Furthermore, FCs can effectively utilize low-calorific value
gases and operate with fluctuating compositions, making them particularly suitable for
biogas applications, where the LHV strongly depends on the type of bio-waste feedstock
and the anaerobic digestion process [9,10]. Among fuel cells, the most promising high-
temperature cogeneration technology is the solid oxide fuel cell (SOFC), a high-temperature
electrochemical system in which chemical energy contained in the inlet fuel is directly
converted into electrical energy and heat, and that is capable of working with different
energy carriers (e.g., hydrogen) and renewable sources (e.g., biogas) [11,12]. The electrical
efficiency of an SOFC stack goes up to 60%, while emissions are very low, making the
exhaust gases clean, which is especially important in urban areas [13]. It is important to note
that the integration of biogas with SOFCs can provide a viable solution for the electrification
of rural areas, allowing villages to be energy-independent and simultaneously solving
the issue of bio-waste. Recent research in the field of SOFCs has shifted its focus toward
system integration and control, following advancements in SOFC technology, particularly
in stack assembly and cell manufacturing of different cell types [14,15]. In the existing
literature, different works related to SOFCs have been extensively analyzed across various
aspects such as modeling, optimization, technical and economic performance analysis, the
development of control strategies, and fault diagnosis. Regarding SOFC systems fueled by
natural gas or hydrogen, Jiang et al. [16,17] conducted thorough static and dynamic analy-
ses, addressing optimal power-switching control schemes to navigate SOFC system power
across optimal operation points during load tracking. Regarding External Steam Reforming
SOFC (SR-SOFC) configurations, they offer fuel flexibility and relatively simple system
layouts. Papurello et al. [18] illustrated the necessity of an external reformer in an SOFC
system, typically employed under steady operating conditions. Comprehensive models of
complete external SR-SOFC systems were developed to examine temperature distribution
within the stack and formulate control strategies [19,20]. Fault diagnosis for the SR-SOFC
system was performed using fault maps [21], while economic analyses were conducted
for SR-SOFC cogeneration or trigeneration systems [22,23]. The approach adopted in this
analysis involves performing fuel reforming upstream of the SOFC stack. Although SOFC
systems have been widely discussed in the literature, most studies focus on the use of
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a single pure fuel or a mixture of pure fuels, without analyzing the impact of switching
between hydrogen, natural gas/methane, and hydrogen–methane mixtures, despite the
significant influence these variations can have on system performance, as highlighted in
previous research. Moreover, the literature typically considers systems based on a single
SOFC technology, without exploring the possibility of operating the same plant with differ-
ent stacks characterized by distinct operating parameters. For these reasons, the objective
of the present paper is to model an SOFC system which is truly modular and flexible,
allowing us to integrate different SOFC stack technologies fed with any fuel mixture of
natural gas and hydrogen. Two different SOFC technologies are considered to achieve full
interchangeability of stacks in the same system, in pursuit of a barrier-free market for stack
and system manufacturers alike, by standardizing the stack module–system interface. To
achieve this goal, a novel architecture system is defined that encompasses an autothermal
reformer connected to an SOFC stack and a downstream burner connected to a heat re-
covery system incorporating four heat exchangers. The added value of the present study
is the ability to provide a wide range of fuels to different SOFC stacks in a single-system
layout while integrating a few key components. The developed system promotes broader
renewable energy integration, increases the penetration of hydrogen and biofuels in natural
gas infrastructure, reduces emissions, and enhances consumption efficiency. In this context,
the capability of the system to offer fuel flexibility, encompassing renewable fuels (e.g.,
biogas and renewable hydrogen), and technological flexibility, encompassing different
SOFC technologies while ensuring high electrical efficiency using a compact system layout,
is very relevant considering the evolving panorama of the energy system at all levels of
implementation: increasing injections of renewable fuels in the gas network, reducing
the dependency of the power sector on natural gas, reducing emissions, increasing effi-
ciency and reliability, and lowering the cost of low-emission and high-efficiency generation
systems. SOFCs’ ability to operate with different fuels aligns with efforts to decarbonize
natural gas grids by incorporating biomethane, H2, or biomass-derived gas mixtures.

2. Preliminary Discussion
Through a preliminary discussion, the authors try to describe how they arrived at a

control strategy of the power plant proposed in this work, highlighting the similarity and
differences with systems presented in the literature. The discussion will be integrated in
the next paragraphs. Unlike most studies in the literature that consider external reforming
using standard reformer units, the present work introduces an innovative solution based
on the use of an autothermal reformer (ATR). This configuration enables the generation
of the thermal energy required to sustain endothermic reactions such as steam methane
reforming (SMR) and to raise the fuel temperature to the SOFC inlet operating conditions.
The necessary heat is provided through the partial combustion of the inlet fuel with a sub-
stoichiometric air flow within the ATR. An SOFC coupled with gas turbine hybrid systems,
which represent high-efficiency hybrid power solutions, has been analyzed in the literature
to gain deeper insight into system layouts incorporating SOFC technology. Theoretical
modeling and detailed analyses of SOFC-GT systems have been carried out. Barelli et al. [24]
developed a zero-dimensional Aspen model of an SOFC-GT system composed of a gas
turbine, a heat recovery section, a solid oxide fuel cell stack and reforming section, and an
afterburner. In the SOFC section, the fuel cell stack was modeled using RGIBBS reactors
for the reformer and anode blocks and the cathode was modeled as a splitter. There exists
thermal recovery in preheating the air entering the cathode and the fuel through the exhaust
from the turbine, but in this system, neither recirculation nor bypass has been considered
to optimize the thermal recovery system. In some articles [25,26], a pressurized SOFC-GT
system was presented with anodic recirculation and a thermal management strategy that
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involves an air bypass on the heat exchanger between input air and exhaust gases. The net
system efficiency reached a maximum of 75.6% at 80% fuel utilization with a power split of
66.2% fuel cell to 33.8% turbine. In the work of Zhou et al. [27], the authors showed that,
although there is significant opportunity for fuel flexibility in fuel cell systems, the increased
complexity in distributed power plant control can lead to controller instabilities. Cuneo
et al. [28] studied a control strategy of a hybrid SOFC system considering the degradation
of electrochemical cells, while Chen et al. [29] studied the dynamic behavior of recirculation
present in hybrid SOCF systems taking into consideration the transients before the steady-
state condition. Similar works have been performed by Zaccaria et al. [30] on hybrid SOFC
systems considering the dynamic behavior of present bypasses and by Azizi et al. [31], who
highlighted that there is a significant need to develop control strategies for this kind of
system. None of these aspects have been considered in the present work. However, the
configuration developed in the present work features a system layout with components
similar to those described by Barelli et al. [24], even if the present study introduces both
anodic recirculation and multiple bypass strategies as reported by Oryshchyn et al. [25]
and Harun et al. [26]. The performance of SOFC systems is also severely influenced by the
inlet fuel [32]. Besides natural gas and hydrogen, in the literature, few studies investigate
SOFC performance fueled by a mixture of hydrogen and methane (known as hythane),
biogas (a mixture of CH4 and CO2), and methane-free biogas (a mixture of H2 and CO2).
Among these, biogas stands out as the most extensively researched biomass-derived fuel
for SOFCs [11]. Papurello et al. [33] used a biogas mixture in a three-cell short-stack SOFC
for 500 h at 800 ◦C with a current density of 0.1 A/cm2. Gandiglio et al. [34] produced
biogas from wastewater treatment and used it in a 174 kWe SOFC stack with a heat recovery
system, achieving a net electric efficiency of the SOFC in the range of 50–55% and more
than 5500 h of operation. Cozzolino et al. [35] modeled an SOFC system fed by biogas
in steady-state conditions using Aspen Plus. In the work of D’Andrea et al. [36], the
Direct Internal Reforming (DIR) of biogas has been simulated up to 60% of direct CH4

conversion into the fuel cell anode. They showed that DIR operation can be seen as an
additional means to control the stack’s thermal behavior. In addition, the availability of
the cathode air flow rate is essential to avoid overheating of the stack. In the work of
Tjaden et al. [37], the authors analyzed a power plant very similar to the one proposed in
this paper, although they discussed the results only for the use of biogas, working at an
SOFC temperature of 800 ◦C and producing an electric power of 25 kW with an efficiency
of about 50%. They used recirculation as well as bypass, but there are some differences
such as the use of a different recovery system and the use of a reformer instead of an
ATR. Moreover, in the present work, more scenarios are investigated to assess the desired
flexibility of the power plant. Doherty et al. (2009) [38] studied the performance of an SOFC
in a combined heat and power system using biomass-derived syngas. Also, in this work,
the SOFC was modeled in Aspen and validated with literature data. They demonstrated
an efficiency of about 85%, using a pre-reformer, an afterburner, and recirculation but
no bypass and a different recovery system. Regarding the utilization of methane-free
biogas in SOFCs, previous research is relatively limited. Leone et al. [39] showed that H2

and CO2 can be directly used with Ni-based anodes, while the utilization of bio-methane
produces carbon deposition, negatively influencing the electrochemical performance and
determining mechanical losses. Moreover, they showed that the R-WGS, which is an
endothermic reaction, even if with a lower effect compared with the cooling effect of
steam and dry reforming, provides self-cooling of the stack and allows for reductions
in air flow for cooling purposes, with a reduction in blower consumption and higher
system efficiencies. La Licata et al. [40] demonstrated that methane-free biogas has been
successfully fed to an SOFC to produce electricity. Furthermore, the study reports that
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cell electrochemical performance is comparable to that of a cell fed by pure hydrogen.
Laycock et al. [41] demonstrated that methane-free biogas feeding for electrochemical
power generation and fuel conversion is closely linked to the reverse water–gas shift
(R-WGS) reaction, which is mildly endothermic and thus facilitates moderate stack cooling.
Concerning the application of hythane (CH4/H2) and biohythane (CH4/CO2/H2) mixtures
in SOFCs, existing studies in the literature are not yet extensive. However, it was established
that power generation from these mixtures primarily occurs through electrochemical H2

oxidation. Moreover, some studies observed that increasing the CH4 content reduces the
electrical performance and durability of the cell, as carbon deposition becomes a growing
concern [42]. Nikooyeh et al. [43] studied Ni/YSZ anodes fed with hythane, verifying that
to avoid carbon deposition, the supplied gas composition needs a high H2/CH4 ratio. Cinti
et al. [44] investigated the performance of an SOFC system operating at 750 ◦C, using a
fuel blend ranging from pure H2 to pure CH4. The results showed that higher electrical
efficiency was achieved when pure CH4 was used as fuel, while the use of a hydrogen–
methane mixture led to lower efficiency. These findings are consistent with the results
obtained in the present work. Additionally, the system configuration adopted in the work
of Cinti et al. [44] shows similarities with the one proposed in this article, as it includes
a pre-reformer, an afterburner, and a thermal recovery unit. However, features such as
anodic recirculation and bypass lines, which are key elements in the present configuration,
do not appear in the reported setup. The analyzed system operates with a steam-to-carbon
ratio of 2.2, a hydrogen utilization factor of 80%, and delivers an electrical power output
of 1.225 kW, with a stack temperature between 700 and 750 ◦C. Under pure methane
operation, the electrical and total efficiencies reported are 48.44% and 75.07% (LHV-based),
respectively. The work of Almutairi et al. [45] shows that the voltage of the SOFC increases
with higher CH4 concentrations; indeed, the standard voltage for methane is higher than
that for hydrogen. The open-circuit voltage of SOFCs supplied with an 80% H2–20% CH4

fuel mixture is 15.6% higher than that obtained with pure H2. However, these differences
decrease as the current densities increase. Moreover, the authors highlighted that in the
short term, SOFC performance improves with increasing methane concentrations from 0
to 20% in the fuel mixture. However, performance degraded in the long term when the
CH4 concentration in the fuel mixture was high. Panagi et al. [46] worked with biohythane
(CH4/CO2/H2), highlighting that compared with biogas (60/40 vol% CH4/CO2), they
observed an increase in performance; moreover, they showed that dry reforming of CH4

and the R-WGS reaction have key roles in fuel conversion at the anode. In the work of
Veluswamy et al. [47], biohythane performance was studied for a 120 kW SOFC stack using
the Aspen process model and compared with other feed stocks. Comparisons showed that
biohythane provides better efficiencies in hybrid SOFC systems with a gas turbine. The
fuel utilization factor (UFf) varied from 0.60 to 0.95. Sensitivity studies recommend stack
operation with biohythane at a steam-to-carbon ratio of 2.0 and a UFF of 0.85. Also, in
this case, a pre-reformer and an afterburner are taken into account as well as the anodic
recirculation but no bypass and recovery have been considered. Finally, in the Aspen
simulation, a Gibbs reactor at equilibrium was used at 900 ◦C and the efficiency was
about 50%.

3. Materials and Methods
This section describes the simulation model representing the SO-FREE system concept,

developed with Aspen Plus® software version 11. Section 3.1 introduces the research
objectives. Section 3.2 provides a comprehensive description of the system, starting with
the initial assumptions, followed by the process flowsheet illustrating the developed model.
This section continues with a tabular overview of the individual system components and
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a detailed explanation of the specific concept for each block. Section 3.3 focuses on the
various control strategies for the model, detailing the different design specifications (DSs)
used in the simulations. The results of the developed system model are presented in
Section 4.

3.1. Overall Objectives

This work aimed to develop a unified system fed with different types of fuel as input
while operating across a broad temperature range. This flexibility enables the integration
of multiple SOFC technologies working at different temperatures. The system design
prioritized minimizing components and costs to create an economical solution that can
ensure control over parameters under varying operating conditions. It is worth noting that
this phase represents an initial exploratory analysis aimed at identifying a configuration
that can operate effectively under the different conditions examined. Through this process,
a preliminary configuration was defined, allowing for an initial selection of components
that could be integrated into the system. Subsequent phases will involve an optimization
process, leveraging detailed information about the selected components to refine and
enhance the system’s performance and overall feasibility.

The present study is based on the achievement of the following specific objectives:

• The development of a versatile system capable of operating with multiple SOFC
technologies working at different temperatures.

• Fuel flexibility, allowing for the system to operate with pure hydrogen (H2), pure natu-
ral gas (CH4), or variable mixtures of methane and hydrogen in different proportions.

• Simplification of the SOFC system, enabling operation across a broad range of fuel
compositions and temperatures with only a few essential components, including an
autothermal reformer, an SOFC stack, a burner, a high-temperature blower, four heat
exchangers, low-temperature compressors, and various splitters/mixers.

3.2. System Architecture and Aspen Plus Modeling

The process simulation was conducted using Aspen Plus® software [48–51]. The
following assumptions were applied:

• The process operates under steady-state and isothermal conditions [48].
• The Peng–Robinson equation of state is used to model the gas phase.
• The gas phase includes N2, O2, H2, CO, CO2, CH4, and H2O as volatile species [49].
• The system operates slightly above atmospheric pressure, with an inlet pressure of

1.07 bar and an outlet pressure of 1.03 bar, resulting in a total pressure drop of 40 mbar.
• Two minimum stack temperatures are considered: 600 ◦C for low-temperature (LT)

operation and 700 ◦C for high-temperature (HT) operation.
• The system is designed to deliver a constant power output of around 5 kWe, regardless

of the fuel composition.
• The blower’s maximum operating temperature is 750 ◦C, as specified by the manufacturer.
• The burner’s maximum operating temperature is set at 950 ◦C.

The assumption of steady-state conditions is consistent with the process temperatures
under operating conditions and the catalysts selected for critical components. Moreover,
several studies on integrated SOFC systems assume that thermochemical reactions occur
at equilibrium [52–54]. While this assumption may not always capture the exact behavior
of real systems, it is generally accurate enough to provide reliable predictions, especially
during the early stages of system design. Indeed, equilibrium-based modeling is widely
adopted as a preliminary step for the analysis and optimization of thermochemical and
electrochemical systems. In the present study, the validity of this approach is further
supported by the agreement between simulation results and experimental data, confirming
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its suitability for system-level SOFC analysis. The Aspen Plus flowsheet of the developed
model is presented in Figure 1. To enhance clarity, the flowsheet is divided into four
sections, each highlighted in a different color: fuel input and anodic recirculation (black),
the autothermal reformer (blue), the SOFC stack (red), and the thermal recovery system,
including the burner and four heat exchangers (green) with 2% of thermal losses. The
system consists of four input streams, one for fuel and three for air, which are directed to
the ATR, SOFC stack cathode, and burner, respectively. These input streams are indicated
in orange in Figure 1, while the single output stream is shown in purple.
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Figure 1. The flowsheet of the Aspen simulation of the SO-FREE system.

Table 1 reports the description of each unit represented in the flowsheet.

Table 1. Description of Aspen Plus flowsheet unit operations presented in Figure 1.

ASPEN Plus
Name

Block
ID Description

COMPR COMPFUEL Compressor—increases the pressure of the fuel inlet
stream up to 1.07 bar

COMPCAT Compressor—increases the pressure of the cathode air
inlet stream up to 1.07 bar

COMPAIR Compressor—increases the pressure of the ATR air
inlet stream up to 1.07 bar

COMPBURN Compressor—increases the pressure of the additional
air inlet stream up to 1.07 bar

BLOWER
Compressor—compensates for the pressure drop
related to RECYCLE stream, restoring the pressure of
the system (1.07 bar)

FSPLIT SPLITFUE Splitter—splits the fuel inlet stream into the stream
FUELPATR and the stream FUELPHAN

SPLITAN

Splitter—splits the stream out of the anode into two
sub-streams, one led to the afterburner (FUELBURN)
and the other led to the recirculation part of the
system (RECHOT)
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Table 1. Cont.

ASPEN Plus
Name

Block
ID Description

MIXER MIXER
Mixer—combines the incoming fuel stream directed
to the ATR (FUELPATR) with the recirculated stream
from the blower (RECPRESS)

MIXFUEL
Mixer—combines the ATR output (FUELREF) with
the portion of fuel that is sent directly to the SOFC
stack (FUELPHAN)

HEATER AN-HEAT

Heat Exchanger—it is a fictious exchanger that heats
the temperature of the stream ANOUT in order to
consider anode outlet temperature increase owing to
SOFC exothermic reactions

CAT-HEAT

Heat Exchanger—it is a fictious exchanger that heats
the CATOUT stream in order to consider cathode
outlet temperature increase owing to SOFC
exothermic reactions

QSENS

Heat Exchanger—simulates the residual energy
available downstream of preheating the system’s inlet
air streams, which can be recovered for
low-temperature cogeneration

HEATX HEXFUEL

Heat Exchanger—used to heat up the inlet fuel stream
and to cool down the recycle stream before
compression—heats the feed FUELPRES by means of
the heat contained in the stream RECHOT

HEAIRATR

Heat Exchanger—used to heat up the air sent to the
ATR—heats the inlet stream of air AIRREFPR by
means of the heat contained in the exhausted stream
BURNEDMT

HEAIRCAT
Heat Exchanger—used to heat up the air sent to the
cathode—heats the inlet stream of air AIRCATPR
using the stream from the afterburner BURNEDHT

RGIBBS ATR RGibbs reactor—simulates the autothermal
reformer reactor.

ANODE RGibbs reactor—simulates the SOFC anode

RSTOIC BURNER RStoic reactor—simulates the burner downstream of
the SOFC stack

SEPARATOR CATH
Separator—simulates the SOFC cathode and splits the
inlet stream AIRCATH into oxygen O2SUPP sent to
the ANODE and cathode exhaust gas CATOUT

A detailed description of the different sections of the plant is provided below; when
introducing a new stream, its name is provided in brackets as it appears in Figure 1.

3.2.1. Fuel Input and Anodic Recirculation

The input fuel stream (FUEL) is initially compressed and then directed through a heat
exchanger (HEXFUEL). In this exchanger, thermal energy from the anodic recirculation
stream (RECHOT) is transferred to the input fuel, thereby preheating it while simulta-
neously cooling the recirculated stream coming from the anodic output before it reaches
the blower (BLOWER), which provides the necessary pressure to reintroduce the recircu-
lated stream into the system. This HEXFUEL process serves as a thermal recovery stage,
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which not only preheats the incoming fuel but also reduces thermal stress on the blower
by cooling the recirculated flow. The recirculation system is designed to improve overall
fuel utilization, increase the H2O content in the fuel stream to prevent carbon deposition,
and improve thermal management between the anode and cathode. The flow rate of the
recirculated stream is controlled by the SPLITAN component.

After being preheated in the HEXFUEL, the input fuel (FUELPRHT) is divided into
two streams by the SPLITFUE component. One stream is sent directly to the anode of the
SOFC stack (FUELPHAN), while the other (FUELPATR) is mixed with the recirculated
anodic output from the SOFC stack, coming from the blower (RECPRESS). The resulting
mixture (MIXEDFUEL) is then directed to the ATR.

3.2.2. Autothermal Reformer

During feeding with carbon-based fuels, the autothermal reformer is employed to
convert a portion of the inlet hydrocarbons, primarily methane in this case, into hydrogen
and carbon monoxide via the steam methane reforming reaction. Subsequently, the CO is
further converted into hydrogen and carbon dioxide through the water–gas shift (WGS)
reaction. While these reactions can occur within the stack anode itself via internal reforming,
pre-reforming is implemented to enhance the conversion efficiency, increase overall fuel
utilization, and mitigate the risk of carbon deposition within the stack anode. In addition,
the use of an ATR ensures greater system flexibility, enabling adjustments to the stack inlet
fuel composition (ANODEIN), specifically by increasing the concentrations of hydrogen
(H2) and carbon monoxide (CO) relative to other hydrocarbons. The fraction of the inlet
fuel passing through the ATR unit (FUELPATR) is a design parameter that can be varied
to optimize system performance. Furthermore, in this unit, the heat required for the
endothermic reactions (such as SMR), as well as the heat needed to bring the outgoing flow
to SOFC inlet operating temperatures (typically in the range of 600–700 ◦C), is generated by
burning a portion of the incoming fuel with a sub-stoichiometric amount of air introduced
into the ATR. This concept also applies when the inlet fuel is composed of only pure
hydrogen. In such cases, since no reforming reactions can occur, the ATR unit operates only
as a pre-burner. However, this process also leads to a reduction in the LHV of the outgoing
gas stream. Therefore, the main function of the ATR within the system is to maintain a
constant temperature during the conversion reactions of CH4 and CO, ensuring compliance
with the plant’s design constraints. This is essential to achieve the precise anodic flow
temperatures required for the optimal operation of the SOFC stack. To simulate the ATR
in Aspen, an RGIBBS reactor was employed, with six reactions defined to occur within
this block: steam methane reforming (R1), water–gas shift (R2), partial (R3) and complete
(R4) combustion of methane, CO combustion (R5), and hydrogen combustion (R6). The
reactions are detailed in Table 2.

Table 2. Reactions imposed to ATR and SOFC stack anode.

Number Reaction Description

R1 CH4 + H2O → 3H2 + CO Steam Methane Reforming
R2 CO + H2O → H2 + CO2 Water–Gas Shift
R3 CH4 + 3/2 O2 → CO + 2H2O CH4 Partial Combustion
R4 CH4 + 2 O2 → CO2 + 2H2O CH4 Full Combustion
R5 CO + 1/2 O2 → CO2 CO Combustion
R6 H2 + 1/2O2 → H2O H2 Combustion

3.2.3. SOFC Stack

After the ATR, the reformed fuel exiting the unit (FUELREF) is combined with the
portion of input fuel that bypasses the ATR (FUELPHAN) in the MIXFUEL component,
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and the resulting flow (ANODEIN) is used to feed the stack anode. The SOFC stack is the
core of the system. Its main design parameters are the stack operating voltage (Vop), which
depends on the cell voltage and the number of cells in the stack, and the fuel utilization
factor (UFF). For a given stack fuel input, the UFF is directly linked to the stack current.
Specifically, the UFF is defined as the ratio between the fuel converted within the stack and
the total fuel input. The converted fuel determines the number of electrons released during
the electrochemical reactions, directly linking the fuel utilization factor to the current
generated by the stack, as described by Faraday’s law. Fuel conversion results in the
production of both electrical and thermal powers. While the electrical power is extracted
from the system for user applications, the thermal power is partly distributed between the
anode and cathode, causing a temperature increase in the streams, and partly released into
the environment. It is important to note that the increase in electrical power generation
is directly associated with a corresponding rise in thermal generation, which may result
in unacceptable temperature gradients within the stack. Moreover, when the stack is
fueled with carbonaceous fuels, additional reactions, such as steam methane reforming
(SMR) and water–gas shift (WGS), can occur alongside the direct conversion of input fuel
into electrical power. Considering the endothermic nature of SMR, the fraction of fuel
bypassing the ATR and entering the stack directly is a key parameter for internal heat
management. A higher bypass rate increases the methane concentration at the anode inlet,
raising the SMR heat demand and thereby helping to balance the excess thermal energy
produced by electro-oxidation reactions. The stack data used for modeling were provided
by manufacturers ELCOGEN and IKTS. Moreover, experimental data from short-stack
tests conducted by ENEA were used to validate the SOFC model in ASPEN, as detailed
in Section 4.1 Assessment and validation of SOFC core model. Performance maps from these
experiments, along with direct operational parameter data (Vop, I and UFF) from the
manufacturers, were integrated into the SOFC model within the developed system. Due to
Aspen’s modeling limitations, the SOFC stack was simulated using multiple components
rather than a single block. The anode and cathode were represented separately by an
RGIBBS reactor and a separator (ANODE and CATHODE in Figure 1), respectively. The
RGIBBS reactor, modeling the anode, is the main component of the stack model and
includes three key reactions set as preferred reactions: steam methane reforming (SMR),
water–gas shift (WGS), and hydrogen combustion (R1, R2, and R6 in Table 2). Within this
reactor, chemical equilibrium is established for the anodic input stream, resulting in the
generation of the converted output flow. In line with the selected reaction scheme, it was
assumed that electro-oxidation occurs exclusively for H2, while CO and CH4 are converted
through WGS and SMR reactions, respectively. Although theoretical, this assumption is
widely adopted in the literature and aligns with the simplifications used in most SOFC
models, which typically consider only hydrogen oxidation [26,55,56]. Moreover, the good
agreement between the simulated results and experimental data from short-stack tests,
detailed in the Results Section, supports the validity of this approach. The cathode is
represented by a separator that extracts O2 from the cathodic input air and supplies it to the
anode reactor, simulating the migration of O2− ions through the electrolyte. The amount
of O2 supplied is calibrated by a design specification to ensure hydrogen consumption
aligns with the fuel utilization factor (UFF) values set as input. At the outputs of the anode
and cathode, two fictitious heat exchangers (AN-HEAT and CAT-HEAT in Figure 1) are
introduced. These heat exchangers absorb a portion of the thermal energy generated by the
RGIBBS reactor representing the anode and transfer it to the anodic and cathodic flows,
resulting in a temperature increase that reflects the heat transfer occurring within the SOFC
system due to the exothermic reactions in the stack. The amount of heat transferred to the
flows is controlled by a DS.
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3.2.4. Burner and Heat Recovery System

The fuel path downstream of the stack (ANOUTHOT) is split into two streams: one
recirculated (RECHOT, already described in the Section 3.2.1) and the other directed to
the burner (FUELBURN). At the burner, there are three input streams: the air leaving the
cathode (AIRBURN), the portion of the anode output not recirculated (FUELBURN), and an
additional air flow at ambient temperature (AIRPRES). This latter flow is used to regulate
the burner temperature if it reaches excessively high values. The burner is modeled as a
stoichiometric reactor, with fractional conversions for the residual fuel elements set to 1, to
ensure complete combustion. The gas flow exists from the burner (BURNEDHT), containing
significant sensible energy, and is utilized to power a heat recovery system. This system
preheats the incoming air for both the cathode (AIRCATH) and the ATR (AIRREFPH) via
the HEAIRCAT and HEAIRATR heat exchangers, respectively. Additionally, a downstream
heat exchanger (QSENS) was included to represent the potential recovery of residual
enthalpy for cogeneration purposes.

3.2.5. Global System Considerations

The SOFC system presented in this work introduces several innovative design features
compared to the existing literature. The fuel preheating strategy, which is essential for
avoiding thermal shocks, eliminates the need for external heat sources and simultaneously
allows for control of the inlet temperature of the recirculated flow to the blower. Moreover,
the proposed configuration achieves preheating by recovering heat from the SOFC outlet
stream, thereby reducing thermal stresses and enhancing energy efficiency. The system also
incorporates a flexible fuel-splitting approach, distributing the fuel between the autothermal
reformer (ATR) and the SOFC stack anode. This allows for precise control of stack operating
conditions and ensures optimal operation across a variety of input fuels without requiring
layout modifications or additional plant units. By adjusting the fuel split according to the
supplied gas composition, the system achieves a broad range of operational flexibility and
ensures efficient performance under variable conditions. A key innovation of the system is
its compatibility with two different SOFC stacks, each with distinct operating conditions,
using the same plant components and relying only on control-level adjustments. The layout
was developed with the goal of integrating all components into a single plant capable
of handling multiple fuel types and different stack types while balancing the optimal
operating parameters of each subsystem. This holistic approach represents a significant
advancement in SOFC plant design, combining innovative thermal management, modular
simulation techniques, and adaptive control strategies to deliver a robust and versatile
energy system.

3.3. System Control

To properly design the system in Aspen Plus, nine design specifications are used. DS
1–4 regulates the fuel and air inputs in the system. Specifically, DS 1, 2, and 3 control the
amount of air sent to the ATR, cathode, and burner, respectively. These variables were
associated through the DS with the control of the temperatures of the anodic and cathodic
input streams and of the burner operating temperature. DS-4, on the other hand, sets the
input fuel flow to the system, related to the control of the electrical current generated by
the SOFC stack. DS 5 and 6 manage the temperature difference between the inlet and outlet
of the anode and cathode. This is achieved by adjusting the share of fuel sent directly
to the SOFC stack instead of the ATR (DS-5) and by controlling the heat exchange in the
HEAIRCAT (DS-6), the upstream heat exchanger for the cathode air stream. Finally, DS
7, 8, and 9 are related to the operating conditions of the SOFC stack. Specifically, DS-7
determines the amount of oxygen extracted from the cathode air and redirected to the
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anode to control the stack’s fuel utilization factor (UFF). DS 8 and 9 regulate the heat
absorbed by the anodic and cathodic streams in the stack by adjusting the distribution of
heat generated by the exothermic reactions occurring at the anode. A detailed description
of each DS follows.

3.3.1. Design Spec 1—Air to ATR: TAnode In Control

As previously discussed, the partial oxidation of fuel in the autothermal reformer
generates the heat required to achieve the desired stack anode inlet temperature. A de-
sign specification adjusts the air flow and therefore the oxygen supplied to the reformer
(AIRREF in Figure 1). By modulating the air flow, the extent of fuel oxidation varies,
influencing the heat produced, and consequently, the temperature increases. The stack inlet
temperature was imposed as input for the simulations based on the stack type following
the manufacturers’ specifications.

3.3.2. Design Spec 2—Air to Cathode: TCathode In Control

Using a similar approach to DS-1, a design specification (DS-2) is applied to regulate
the cathode inlet temperature by adjusting the flow rate of the cathodic input air stream
(AIRCATIN). The variation in the inlet air flow rate directly influences the temperature
rise of the air as it absorbs heat in the HEAIRCAT, located upstream of the cathode inlet
(and controlled by DS-6, described later). Specifically, increasing or decreasing the air flow
rate results in a smaller or larger temperature rise, respectively. It is important to note
that DS-2 works iteratively in tandem with DS-6 to ensure coherence between the cathode
inlet temperature (set by DS-2) and the temperature difference (∆T) across the cathode
(controlled by DS-6). This dynamic interaction allows the system to achieve consistent
thermal management of the cathode air stream. A detailed explanation of the role of
DS-6 and its interplay with DS-2 can be found in the DS-6 description. The cathode inlet
temperature is set as input for the simulations based on the stack type, following the
manufacturers’ specifications.

3.3.3. Design Spec 3—Air to Burner: TBurner Control

To control the burner outlet temperature, a design specification was used that varies
the amount of additional air that is sent to the burner (AIRBURNO). This air stream is used
to prevent excessive temperatures within the component. By introducing cool air, heat is
extracted from the system, thereby maintaining temperature control.

3.3.4. Design Spec 4—Input Fuel: Control of Stack Current Values

This DS was elaborated to ensure the supply of the correct fuel amount to the stack
anode to meet the current requirement specified by the manufacturers. Equation (1) is used
to establish this relationship:

( .
m H2Consumed·ne·F

)
Ncell

= I (1)

where Ncell represents the number of cells in the stack, while ne and F denote the number
of electrons released during the electro-oxidation reaction of the fuel (2 for hydrogen)
and Faraday’s constant, respectively. Indeed,

.
mH2Consumed corresponds to the hydrogen

effectively consumed inside the stack; taking the UFF into account, it can be expressed as
shown in Equation (2).

.
mH2Consumed = UFF·

.
meqH2Anode In (2)
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where
.

meqH2Anode In represents the molar flow rates of the equivalent hydrogen calculated
considering complete conversion through WGS and SMR of the anodic fuel elements (CH4

and CO) in hydrogen, which is treated as the sole combustible element used by the system.
It can be expressed by Equation (3):

.
meqH2Anode In =

.
mH2Anode In

+
.

mCOAnode In + 4· .
mCH4Anode In

(3)

Thus, the UFF can be expressed by Equation (4):

UFF =

.
mH2Consumed
.

meq H2Anode In
= 1 −

.
meqH2_Anode Out

.
meq H2Anode In

(4)

The equivalence of Equation (3) is derived from the stoichiometry of SMR and WGS
reactions (R1 and R2 in Table 2): In WGS, for every mole of CO, one mole of H2 is produced.
In SMR, for every mole of CH4, four moles of H2 are produced, three directly from SMR
and an additional one from the CO produced by SMR, which further reacts via WGS.

Using Equation (1), the actual amount of fuel converted is directly related to the
current generated by the stack. In the design specification, the input fuel flow rate of
the entire system (FUEL) is adjusted, as this directly influences the fuel supplied to the
stack anode. By varying the system’s input fuel, the anodic fuel input (ANODEIN) is
proportionally modified, enabling control over the current generated by the stack.

3.3.5. Design Spec 5—Fraction of Fuel Sent Directly to SOFC Stack: ∆TAnode Control

To control the temperature difference between the inlet and outlet of the anode streams,
a design specification was implemented to adjust the fraction of fuel sent directly to the
SOFC stack (FUELPHAN) relative to the fuel sent to the ATR (FUELPATR). As previously
explained, when carbon-based fuels are used, the fraction bypassing the ATR enters the
stack unreformed. Internal reforming occurs within the stack due to its high operating
temperatures, meaning it absorbs heat. By varying the flow rate of this bypassed fuel, the
temperature rise in the anode compartment can be regulated. It is worth emphasizing
that the inlet temperature is set by DS-1; therefore, varying the heat absorbed by the
endothermic reactions affects the outlet temperature. Additionally, the target temperature
difference between the inlet and outlet was specified by the manufacturers.

3.3.6. Design Spec 6—Duty of HEAIRCAT: ∆TCathode Control

To maintain the temperature difference between the inlet and outlet of the cathode
streams within a specified range, a design specification (DS-6) was implemented to adjust
the amount of heat exchanged in the HEAIRCAT. It is important to highlight that the inlet
temperature of the cathode air is set by DS-2, which controls the air flow rate entering the
system. While it might appear counterintuitive that a heat exchanger located upstream of
the cathode affects the temperature difference (∆T) across the cathode, the connection lies in
how DS-2 and DS-6 operate in tandem. Specifically, to ensure that cathode inlet temperature
matches the desired setpoint, DS-2 may increase the air flow rate. This increase reduces the
∆T across the cathode because a higher air flow results in a lower temperature rise during
heating at the cathode. In this iterative process, DS-2 and DS-6 work together to achieve the
desired thermal balance. Furthermore, it is worth noting that even in real SOFC systems,
the air flow rate to the cathode is a critical variable for controlling heat exchange within the
stack, both at the anode and cathode. Operating with excess air flow allows for better heat
removal, ensuring efficient thermal management of the system. Additionally, the target
temperature difference between the inlet and outlet was specified by the manufacturers.
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3.3.7. Design Spec 7—The Fraction of the O2 Sent to the Anode: UFF Control

The O2 separated from the air stream at the cathode is determined through a design
specification to achieve the target UFF values set for the two stacks. Taking into account
what is already said in DS-4, especially Equations (2) and (3), and the stoichiometry of the
H2 electro-oxidation reaction (R6 in Table 2), the total mol of oxygen needs to react with all
the equivalent hydrogen in the inlet stream to obtain a fixed utilization factor that can be
expressed by Equation (5):

.
mO2_NEED =

1
2
· .
meqH2Anode In ·UFF (5)

3.3.8. Design Spec 8 and 9: Duty of Anode and Cathode Fictious Heat Exchangers

The amount of thermal power supplied by the fictitious heat exchangers, ANHEAT
and CATHEAT, to the anode (ANOUT) and cathode (CATOUT) streams, respectively, is
determined through two design specifications. These are grouped together as they are
based on the same calculation principles. The heat exchanged with the anode and cathode
streams is calculated as a fraction of the total thermal power generated by the Gibbs reactor
representing the anode. This total power is expressed as the sum of the electrical and
thermal power produced by the stack conversion, as described in Equation (6):

PANODE = PELECTRICAL + PTHERMAL (6)

The electrical power PELECTRICAL is derived from the amount of hydrogen consumed
in the stack, using the operational current and voltage values specified by the manufacturers.
This is expressed in Equation (7):

PELECTRICAL = 2· .
meqH2CONSUMED ·F·VOP (7)

As already explained in the description of Equation (1), F represents Faraday’s con-
stant, and the factor 2 accounts for the two moles of electrons produced for each mole
of hydrogen consumed. The difference between the values of PANODE and PELECTRICAL

corresponds to the thermal power, PTHERMAL, generated from the stack. The thermal power
(Equation (8)) is composed of the heat distributed to the anode and cathode flows and the
stack’s thermal losses.

PTHERMAL = PAN_HEAT + PCAT_HEAT + PTHERMAL_LOSSES (8)

where PTHERMAL_LOSSES is assumed at 20% of PTHERMAL as input for the simulation. This
value is related to a constraint about the maximum thermal losses that we considered
acceptable for an SOFC system, namely about 5–7%. Those values represent about 20% of
the total thermal power generated into the stack, 80% of which comes out from the stack
together with anodic and cathodic flows. This assumption is consistent with the literature,
such as [57] that reports power losses <10% for an SOFC stack. Thus, Equation (8) can be
rewritten as Equation (9):

0.8·PTHERMAL = PAN_HEAT + PCAT_HEAT (9)

The sum of the thermal energy provided from anode and cathode heaters is therefore
equal to the 80% of the total thermal energy generated by the stack. To determine the
individual contributions of PAN_HEAT and PCAT_HEAT, the thermal power is scaled based
on the relative input flow rates of the anode (ANODEIN) and cathode (AIRCATH) streams.
This scaling accounts for the ratio of the anode or cathode input flow rate (

.
mAN ,

.
mCAT) to
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the total stack input flow rate (
.

mAN +
.

mCAT). Equations (10) and (11) show the formulations
used for heat distribution at the anode and cathode:

PAN_HEAT = 0.8· PTHERMAL·
.

mAN
.

mAN +
.

mCAT
(10)

PCAT_HEAT = 0.8· PTHERMAL·
.

mCAT
.

mAN +
.

mCAT
(11)

This method ensures a proportional allocation of the thermal power generated in the
stack to the anode and cathode streams based on their respective flow rates. This approach
aligns with the physical reality observed in solid oxide fuel cell systems, where the cathode
operates with an excess air flow. Consequently, the cathode flow rate is higher than that of
the anode, resulting in a greater amount of heat being absorbed by the cathode.

4. Results and Discussion
This section presents the simulation results for the system described in Section 3.

Section 4.1 provides validation of the SOFC stack model by comparing simulation results
with experimental data from short-stack tests. Section 4.2 outlines the analysis performed on
the system, considering three different fuel inputs and two distinct operating temperatures.
Finally, Section 4.3 presents the P&ID of the real plant, developed on the basis of the
simulation results.

4.1. Assessment and Validation of SOFC Core Model

The initial step in system development consisted of the validation of the SOFC stack
Aspen model comprising a Gibbs reactor, a separator, and fictitious heat exchangers, high-
lighted in red in Figure 1. The model results were compared with experimental data
obtained from tests performed on a short stack provided by IKTS. Specifically, the consis-
tency between the simulation and experimental results was evaluated by comparing the
output gas compositions under identical input conditions and by verifying the distribution
of thermal energy between the anode and cathode.

4.1.1. Output Composition Validation

Experimental outlet compositions, produced by the ENEA partner, were compared
with the simulated output in volume percentage (vol%) under fixed input conditions,
with identical fuel utilization factors (UFF) and inlet–outlet temperatures. Three feeding
scenarios were analyzed: (1) 67% H2 and 33% CH4, (2) 100% CH4, and (3) 100% H2. The
output results showed coherence across all cases, demonstrating the reliability of the model.
Tables 3–5 present a detailed comparison of the experimental and simulated results for the
three scenarios. For the pure hydrogen case, only H2 and H2O are reported in the tables, as
the concentrations of other species were 0. The gas composition in the experimental tests
was measured using a Clarus 680 GC (Perkin Elmer, Waltham, Massachusetts, USA), with
a measurement accuracy of 2%.

The comparison for each input stream reveals that the SOFC module developed in As-
pen aligns well with the experimental data. This validates its applicability for representing
the stack component in the overall power plant system simulation.
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Table 3. Output composition [vol%] comparison: 67% H2 and 33% CH4 input.

67% H2 and 33% CH4—Input = 4.24 × 10−3 mol/s

INPUT EXP_OUT SIM_OUT ∆ (EXP-SIM)

CH4 15.70% 0.50% 0% 0.50%
CO 1.70% 2.87% 3.30% −0.43%
CO2 9.50% 17.34% 17.20% 0.14%
H2 33.80% 14.10% 15.43% −1.33%
H2O 39.10% 65.18% 64.07% 1.11%
T [◦C] 763 817 817 0

Table 4. Output composition [vol%] comparison: 100% CH4 input.

100% CH4—Input = 2.45 × 10−3 mol/s

INPUT EXP_OUT SIM_OUT ∆ (EXP-SIM)

CH4 8.00% 0.83% 0% 0.83%
CO 3.20% 2.81% 3.62% −0.81%
CO2 28.00% 30.80% 30.26% 0.54%
H2 21.60% 6.37% 8.65% −2.28%
H2O 38.90% 59.19% 57.47% 1.72%
T [◦C] 767 814 814 0

Table 5. Output composition [vol%] comparison: 100% H2 input.

100% H2—Input = 4.25 × 10−3 mol/s

INPUT EXP_OUT SIM_OUT ∆ (EXP-SIM)

H2 57.50% 14.70% 14.10% 0.60%
H2O 42.50% 85.30% 85.90% −0.60%
T [◦C] 758 819 819 0

4.1.2. Heat Distribution Validation

To validate the heat distribution between the anode and cathode, 20 experimental
datasets were analyzed. Each dataset was used to calculate the ratio of thermal energy
carried away from the stack by the anodic and cathodic flows. As shown in Figure 2, this
thermal energy ratio was normalized by dividing it by the corresponding flow rate ratio of
the anode and cathode in each experiment.
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As expected, the results in all cases are very close to 1, confirming the assumption
adopted in the design specifications. The average value of the ratio is 1.07, with a variance
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of 0.022, indicating minimal data dispersion. A ratio close to 1 suggests that the thermal
powers absorbed by the anode and cathode flows are proportional to their respective
flow rates. This proportionality is consistently observed across nearly all analyzed cases,
reinforcing the validity of the design assumptions in DS-8 and DS-9. In particular, the
assumption that heat distribution between the anode and cathode is proportional to the
corresponding flow rates—excluding the assumed 20% thermal losses—is confirmed by the
experimental results. This validation supports both the accuracy of the model in simulating
heat management within the SOFC stack and its consistency with real operating behavior.

4.2. Performance Evaluation of Global SOFC Simulation

This section presents the results of the analyses conducted on the system described in
Section 3, considering three different fuel inputs and two distinct operating temperatures,
corresponding to the two stacks analyzed, in line with literature values. The tables in
this section, presenting the simulation results, are categorized into high-temperature (HT)
and low-temperature (LT) conditions. The HT condition corresponds to a stack inlet
temperature of 700 ◦C, while the LT condition is set at 600 ◦C. Within each temperature
category, the data are further organized by fuel type: the CH4-H2 section represents a
blended fuel feed, while the CH4 and H2 sections correspond to cases with pure methane
or hydrogen as the fuel streams.

4.2.1. System Inputs

Regarding the system inputs, as described in Section 3 within the flowsheet section,
the system has four input streams: three for air and one for fuel. The temperature and
pressure of all input streams are initially set to 25 ◦C and 1 bar, respectively. Table 6 presents
the flow rate and composition of the input fuel stream (FUEL in Figure 1). For the air
streams (AIRREF for ATR and AIRCATIN for cathode in Figure 1), only the flow rates
are reported, as their composition corresponds to standard air. The fresh air input to the
burner (AIRBURNO in Figure 1) is not included in the table, as its value remains zero in
all simulations.

Table 6. System inputs: fuel and air flows.

System Inputs HT LT
CH4-H2 CH4 H2 CH4-H2 CH4 H2

Input Fuel [kg/h] 0.49 0.57 0.22 0.58 0.64 0.28
Input Fuel [kmol/h] 0.05 0.04 0.11 0.06 0.04 0.14
H2 [%mol] 50% 0% 100% 50% 0% 100%
CH4 [%mol] 50% 100% 0% 50% 100% 0%
Input air ATR [kmol/h] 0.013 0.033 0.005 0.024 0.028 0
Input air Cathode [kmol/h] 1.32 1.32 1.40 1.61 1.58 1.69

The fuel inlet values are relatively low, particularly when compared to the air flow
entering the cathode. However, it is important to consider that the incoming fuel is mixed
with the recirculated stream (RECPRESS in Figure 1) before entering the stack. This recircu-
lation has significantly higher flow rates, as detailed later in the discussion on recirculation,
which explains the observed differences. The reported inlet composition includes only
hydrogen and methane, but these compositions change throughout the system before
reaching the anode inlet of the stack. At the stack inlet, the gas mixture contains additional
components, which will be discussed later in the stack section. The air flow to the ATR
is minimal, which aligns with the requirement for a highly sub-stoichiometric air supply.
This limited air input is necessary to combust only a small fraction of the fuel, ensuring
the appropriate inlet temperature for the anode. This operating principle was described in
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Section 3, and the associated data are presented later in the ATR section. The air flow to the
cathode was adjusted to optimize heat absorption within the stack.

4.2.2. HEXFUEL and Recirculation

After being compressed, the input fuel reaches the HEXFUEL, where, as described
in Section 3, it is preheated by absorbing heat from the recirculation stream. On the other
hand, the recirculated stream is cooled before entering the blower to mitigate thermal stress
on this component. Table 7 shows the key values for understanding the heat exchange
process in HEXFUEL and the blower operation, including the flow rates and temperatures
of the two fluids within the exchanger. The recirculation rate, defined as the ratio between
the recirculated anodic flow (RECHOT in Figure 1) and the outgoing anode flow rate
(ANOUTHOT in Figure 1), was set to 0.7 for simulations using blended and pure methane
feed, while it was increased to 0.8 in simulations with pure hydrogen to enhance heat
distribution between the anode and cathode. This adjustment was made to increase
the anode flow rate while maintaining a constant cathode flow rate. As described in
Equations (10) and (11) in Section 3.3.8, this variation allows for a higher share of heat to
be absorbed by the anode compared to the cathode. Considering the HEXFUEL values, it is
evident that two very different flow rates evolve within this component: on the fuel side,
flow rates are relatively low, leading to a large ∆T, whereas on the recirculation side, flow
rates are significantly higher, resulting in a low ∆T.

Table 7. Key parameters of HEXFUEL and blower operation.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

Recirculation Rate 70% 70% 80% 70% 70% 80%
Input Fuel [kg/h] 0.49 0.57 0.22 0.58 0.64 0.28
T In Fuel [◦C] 32 32 33 32 32 28
T Out Fuel [◦C] 753 730 767 663 655 714
Recirculation [kg/h] 6.41 7.90 7.92 8.10 8.35 9.61
T In Rec [◦C] 768 745 782 678 670 729
T Out Rec [◦C] 625 638 652 559 572 603

The temperature of the recirculated stream at HEXFUEL output represents a constraint
that must be met. Specifically, at the blower input, the flow temperature should not exceed
750 ◦C to avoid excessive thermal stresses in this component. In all cases, the T Out Rec
values comply with this constraint. However, as expected, the temperature values are
significantly higher for the HT simulations. The blower generates a pressure increase of
40 mbar in all cases, ensuring a similar workload for the different analyzed scenarios. Upon
exiting HEXFUEL, the fuel stream is split into two branches. One stream bypasses the
ATR section (FUELPHAN in Figure 1), while the other (FUELPATR in Figure 1) is first
mixed with the recirculation flow exiting the blower and then is sent to the ATR. The outlet
stream from the ATR is then remixed with the bypassed stream before entering the cell.
Table 8 shows the value of the split fuel streams. The simulations with pure hydrogen
were not considered, as they were deemed non-influential. As previously explained, with
pure hydrogen, the ATR operates solely as a pre-burner, with no reforming reactions
taking place.

It can be observed that most of the fuel is directly sent to the stack to better control
the temperature difference between the inlet and outlet. Despite the small amount of fuel
directed to the autothermal reformer (ATR), the desired effect of increasing temperature is
still achieved. Furthermore, sending minimal fuel to the ATR means that this component
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can be sized according to the flow rates. In the H2 case, the amount of fuel sent to the ATR
is used just to meet the temperature requirements at the anode inlet burning a portion of
the input hydrogen. In the CH4–HT case, a higher ATR bypass ratio is used compared to
other configurations. This choice aims to increase the share of unconverted fuel entering
the SOFC stack in this case, enhancing internal reforming reactions and their associated
endothermic effect. This approach helps to compensate for the lower efficiency observed
that would lead to a higher heat value if no sufficient reforming was present into the
stack that allows for better thermal regulation. The combination of ATR bypass, anodic
recirculation, and ATR air flow proves to be an effective strategy for controlling stack
temperature profiles under high-temperature conditions.

Table 8. Portion of fuel sent to ATR and directly to stack.

HT LT

CH4-H2 CH4 CH4-H2 CH4

ATR Fuel [kg/h] 0.05 0.17 0.17 0.19
Bypass Fuel [kg/h] 0.44 0.4 0.41 0.45
ATR Fuel [%] 10.20% 29.82% 29.31% 29.69%
Bypass Fuel [%] 89.80% 70.18% 70.69% 70.31%

4.2.3. Autothermal Reformer

As stated in Section 3, the primary function of the ATR is to maintain a constant
temperature during the conversion reactions of CH4 and CO, ensuring that the anodic
flow temperatures meet the requirements for the optimal operation of the SOFC stack.
To achieve this function, the process results in a reduction in the LHV of the output gas
stream (FUELREF in Figure 1). This reduction in LHV within the ATR is considered the
total power required to achieve the necessary stack inlet temperatures and is limited as
expected. This approach does not distinguish between the thermal power consumed by the
SMR reaction and that required to reach the desired temperature level. Table 9 presents the
inlet and outlet flow rates and temperatures of the ATR streams, the LHV before and after
this component, and the percentage of sub-stoichiometric O2. As previously explained,
the low values obtained for the input air flow rate align with the requirement for a sub-
stoichiometric air supply. The ATR fuel input flow rate shown in Table 9 (MIXEDFUEL in
Figure 1) is significantly higher than the system input fuel rate reported in Table 7 (FUEL in
Figure 1), as it also accounts for the recirculated flow. Both the fuel and air entering the
ATR are not at room temperature, as thermal recovery is performed upstream by the heat
exchangers HEXFUEL and HEAIRATR, respectively.

Table 9. Autothermal reformer main data.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

ATR Air Input [kg/h] 0.38 0.94 0.16 0.69 0.80 0
ATR Fuel Input [kg/h] 6.46 8.07 7.96 8.28 8.55 9.67
ATR Output [kg/h] 6.84 9.01 8.12 8.97 9.34 9.67
TATR AIR INPUT [◦C] 259 236 232 248 243 -
TATR FUEL INPUT [◦C] 635 650 664 572 584 615
TATR FUEL OUTPUT [◦C] 689 696 690 591 593 615
LHV(MIXEDFUEL) [kW] 2.59 4.31 3.64 4.83 5.10 3.99
LHV(FUELREF) [kW] 2.36 3.97 3.48 4.64 4.94 3.99
O2/O2-Stoich 14% 19% 4% 13% 14% 0%
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The O2/O2 stoichiometric ratio is sub-stoichiometric across all cases, as expected, with
slightly higher values observed in the HT simulations compared to the LT ones. This result
could be attributed to the greater heat required to achieve the higher inlet temperatures of
the HT stack. The 0% value in the H2-LT case can be explained by considering the critical
heat management requirements in this scenario. In this case, the recirculation exhibits
higher values both in mass flow rate and temperature, resulting in a TATR FUEL INPUT that
exceeds the required stack inlet temperature, even before reaching the ATR.

Consequently, in this case, no additional air flow was required for this component,
leading to the absence of chemical conversion within this block. Table 10 reports the fuel
composition at the inlet and outlet of the ATR.

Table 10. Autothermal reformer input and output fuel composition.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

ATR Fuel Input [kmol/h] 0.2806 0.3203 0.4804 0.3628 0.3435 0.5898
H2 8.6% 6.5% 11.3% 9.9% 8.4% 10.1%
H2O 59.4% 45.4% 85.1% 54.7% 46.0% 89.9%
CO 1.6% 2.1% 0.0% 1.0% 1.7% 0.0%
CO2 20.8% 23.9% 0.0% 19.7% 25.5% 0.0%
CH4 1.0% 3.3% 0.0% 2.7% 3.5% 0.0%
N2 8.6% 18.8% 3.6% 12.1% 14.8% 0.0%
ATR Fuel Output [kmol/h] 0.2963 0.3674 0.4847 0.4007 0.3889 0.5898
H2 9.5% 11.6% 10.7% 14.7% 14.9% 10.1%
H2O 56.7% 39.5% 84.8% 48.4% 39.3% 89.9%
CO 2.0% 3.8% 0.0% 2.0% 3.2% 0.0%
CO2 20.1% 21.7% 0.0% 19.0% 23.9% 0.0%
CH4 0.0% 0.0% 0.0% 0.0% 0.1% 0.0%
N2 11.6% 23.4% 4.5% 15.7% 18.7% 0.0%

4.2.4. SOFC Stack

As discussed in Section 3, the anodic stack compartment was modeled considering that
CH4 and CO reach equilibrium through SMR and WGS reactions, with only H2 undergoing
electro-oxidation. Regarding the cathodic compartment, air was used as the primary
element for heat management within the stack; in addition to achieving a good air-to-fuel
ratio, an air excess in the range of 2.43 to 3.36 was maintained throughout the simulations.
The stack model was validated based on the description provided in Section 3.1. The data
presented in this section are divided into temperatures, flow rates, and compositions at the
anode and cathode inlet and outlet, as shown in Table 11, and the distribution of electrical
and thermal power flows within the stack, detailed in Table 12. Table 11 shows the values
of the stack UFF, temperatures, flow rates, and compositions for the anodic and cathodic
flows entering and exiting the simulated stack. The values of the UFF and the anodic and
cathodic inlet temperatures were set as input, respectively, through DS-7, 5, and 6, to which
reference is made for a detailed description of the method applied.

The stack UFF values used as input are in line with the literature results reported
in [25,41,43]. The molar flow of the anodic input (ANODEIN in Figure 1) is instead a
result of the variation made in DS-4 to achieve the needed current values. The anodic
output (ANOUTHOT in Figure 1), on the other hand, results from the conversion process
occurring within the Gibbs reactor representing the anode in the simulation. Finally, only
the total output air flow rate is reported, as the composition of oxygen depleted air was not
considered significant.
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The obtained anode inlet temperatures comply with the manufacturers’ specifications.
The constraint was set at 700 ◦C for HT and 600 ◦C for LT. In the case of H2-LT, the inlet
temperature slightly exceeds the setpoint value but remains within the stack specifications.
The input composition shows a molar percentage of combustible elements, obtained by
summing the percentages of H2, CO, and CH4, ranging between 21% and 24%, with
hydrogen as the predominant element. Due to the high recirculation rate, the concentration
of combustible species at the anode inlet is significantly diluted with H2O as the largest
component. Despite this occurrence, the electrical efficiency of the stack is quite good,
as indicated in Table 12. Regarding the anodic output composition, hydrogen is still
the predominant fuel element, CO is present in a minimal quantity, while CH4 is never
recorded for all scenarios. This result indicates that inside the stack, deep conversion of
carbonaceous fuels such as CH4 and CO into hydrogen occurs. The presence of N2 is due
to the contribution of the air stream used in the ATR, while oxygen, as expected, is never
present, because it is always sub-stoichiometric in the upstream ATR section. Moreover, as
already mentioned for H2 simulations, to improve heat management, it was necessary not
only to increase the recirculation rate from 0.7 to 0.8, but also to decrease, in the HT case,
the current load. Indeed, if simulations with 100% H2 are conducted at the same load of
the other two power supplies, it generates a greater value of thermal power, since in this
case there are no reactions that absorb heat in the stack (e.g., SMR).

Table 11. Temperatures, flow rates, and compositions at anode and cathode inlet and outlet.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

Stack UF 76% 75% 71% 76% 73% 80%
TINPUT ANODE [◦C] 700 700 700 600 600 627
TOUTPUT ANODE [◦C] 768 745 782 678 670 729
TINPUT CATHODE [◦C] 700 700 700 586 598 590
TOUTPUT CATHODE [◦C] 815 784 810 701 696 726
Anode Fuel Input [kg/h] 7.28 9.41 8.30 9.37 9.79 9.89
Anode Fuel Input [kmol/h] 0.3931 0.4422 0.5742 0.4908 0.4736 0.6955
H2 [% mol] 15.2% 10.8% 24.6% 18.3% 13.9% 23.7%
H2O [% mol] 48.7% 37.0% 71.6% 43.6% 36.6% 76.3%
CO [% mol] 1.7% 3.6% 0.0% 1.8% 3.0% 0.0%
CO2 [% mol] 17.3% 20.3% 0.0% 17.1% 22.2% 0.0%
CH4 [% mol] 7.0% 6.4% 0.0% 5.1% 6.8% 0.0%
N2 [% mol] 10.0% 21.9% 3.8% 14.1% 17.5% 0.0%
Anode Fuel Output [kg/h] 9.16 11.28 9.90 11.58 11.93 12.01
Anode Fuel Output [kmol/h] 0.3931 0.4422 0.5742 0.4455 0.4169 0.6955
H2 [% mol] 7.8% 6.7% 7.2% 7.6% 8.8% 4.7%
H2O [% mol] 60.5% 47.0% 89.0% 57.7% 47.7% 95.3%
CO [% mol] 1.7% 2.2% 0.0% 1.0% 1.8% 0.0%
CO2 [% mol] 21.2% 24.7% 0.0% 20.8% 26.4% 0.0%
CH4 [% mol] 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
N2 [% mol] 8.8% 19.4% 3.8% 12.8% 15.4% 0.0%
Cathode Air Input [kmol/h] 1.3217 1.3217 1.3950 1.6141 1.5778 1.6915
Cathode Air Output [kmol/h] 1.2628 1.2632 1.3451 1.5452 1.5109 1.6252
Air-to-Fuel Ratio [%] 3.36 2.99 2.43 3.29 3.33 2.43

The air flow rates entering the cathode (AIRCATH in Figure 1) are significantly higher
than those entering the anode (ANODEIN in Figure 1), despite the high recirculation.
As previously mentioned, the cathode air plays a critical role in removing most of the
heat generated within the stack. It is important to note that, considering the temperature
difference between the inlet and outlet anodic flows (streams ANODEIN and ANOUTHOT),
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even if the ratio between the anodic and cathodic design spec (Equations (10) and (11))
was different from 1.0, in the worst case (1.25 in Figure 2), this temperature difference still
would remain within the manufacturers’ specifications.

Table 12. Stack power flows.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

PTOT STACK 6.79 6.77 6.71 8.25 7.73 8.91
Stack current [A] 35 35 30 31 30 30
Stack voltage [V] 135 149 153 186 186 186
Pelectrical [kW] 4.74 5.21 4.55 5.76 5.59 5.54
Pthermal [kW] 2.08 1.57 2.32 2.53 2.14 3.74
Pelectrical/PTOT STACK [%] 69% 77% 66% 69% 72% 60%
Pthermal/PTOT STACK [%] 31% 23% 34% 31% 28% 40%
Panode/PTOT STACK [%] 5% 3% 8% 5% 5% 11%
Pcathode/PTOT STACK [%] 20% 14% 20% 19% 17% 22%
Pthermal-losses/PTOT [%] 6% 5% 6% 6% 5% 8%
Panode/Pthermal [%] 15% 15% 23% 17% 18% 27%
Pcathode/Pthermal [%] 64% 62% 59% 64% 63% 53%
Pthermal-losses/Pthermal [%] 21% 23% 18% 19% 20% 20%

Table 12 reports the electrical and thermal power flows of the stack. PTOT STACK repre-
sents the total power generated from the Gibbs reactor representing the anode, while stack
current and voltage electrical parameters, and thus the electrical power produced, were
used as input in the simulations because their values were provided by the manufacturers.
The electrical power produced is extracted from the system, while the thermal power
generated contributes partly to the temperature increase of the anode and cathode gas
flows and is partly dissipated outside the system.

In all simulations, the electrical power values are around 5 kW, which was the nominal
power set for the system. The electrical production represents the largest share of the
total power, with their ratio ranging from 60% to 77%. Using the calculations provided
in Design Spec 8 and 9, it was possible to determine the residual thermal power, which
varies between 23% and 40% of the PTOT STACK. The highest thermal power value was
obtained in the simulation with 100% H2, where thermal management was critical, and
no current reduction was applied. The contributions to the total thermal power from the
anode and cathode range between 5 and 8% and between 15 and 27%, respectively. This
result clearly demonstrates that by increasing the cathode air flow, an effective thermal
management strategy was achieved, with the cathode absorbing significantly more heat
from the stack than the anode. Finally, thermal losses consistent with the value expected
account for approximately 20% of the total thermal power.

4.2.5. Burner and Heat Recovery System

As discussed in Section 3, at the burner, the portion of residual fuel from the anode
output that is not recirculated is fully combusted with the cathodic exhaust air. An addi-
tional ambient-temperature air stream was initially considered to control the temperature
increase in the component, but the results showed that this stream was never required in
any of the analyzed scenarios. The high sensible energy content at the burner outlet is
utilized to power a heat recovery system, which preheats the air streams entering the stack
and reformer and supports cogeneration, thereby maximizing overall system efficiency.
Table 13 reports the enthalpy content of the two input streams at the burner, the LHV
of the residual fuel, and the outgoing enthalpy represented by HBURNER OUTPUT. These
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values are energetically balanced with the values of Qi representing the heat exchanged
in the respective heat recovery system heat exchangers, and allow to understand how
the sensible energy exiting the burner is distributed among the three exchangers. From
the data reported in Table 13, it can be observed that the thermal content of the stream at
the burner outlet is primarily influenced by the enthalpy of the air stream coming from
the cathode, followed by the sensible heat of the residual fuel stream, and lastly by the
remaining LHV of the unreacted fuel. This indicates that fuel utilization within the system
is high, contributing to the overall efficiency of the system.

Table 13. Powers flows at burner and heat recovery system.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

HAIR BURNER INPUT [kW] 9.26 8.87 9.80 9.53 9.24 10.43
HFUEL BURNER INPUT [kW] 1.04 1.12 0.98 1.11 1.06 1.11
LHV FUEL BURNER INPUT [kW] 0.78 0.83 0.56 0.87 1.04 0.44
HBURNER OUTPUT [kW] 11.08 10.82 11.34 11.51 11.34 11.98
QHEAIRCAT [kW] 7.60 7.68 7.85 7.54 7.60 7.73
QHEAIRCAT/HBURNER OUTPUT 69% 71% 69% 66% 67% 65%
QHEAIRATR [kW] 0.04 0.06 0.02 0.04 0.06 0
QHEAIRATR/HBURNER OUTPUT 0.36% 0.55% 0.18% 0.35% 0.53% 0.00%
QSENS [kW] 2.47 2.21 2.30 2.87 2.77 2.91
QSENS/HBURNER OUTPUT 22% 20% 20% 25% 24% 24%

Regarding the distribution of thermal power within the recovery system, more than
65% of the heat from the burner outlet is transferred to the HEAIRCAT exchanger, which
preheats the cathodic air inlet. In contrast, less than 1% is absorbed by the HEAIRATR
exchanger, which transfers heat to the ATR inlet air. Despite this, a significant portion of the
thermal energy remains available downstream. This difference arises because the cathodic
air represents the highest mass flow in the system and must be preheated to match the stack
input temperature, whereas the ATR inlet air has a lower flow rate and requires heating to
lower temperatures. These results highlight that the system effectively utilizes the sensible
heat from the cathodic air outlet to preheat incoming air streams, reducing the need for
additional heating.

The thermal management strategy developed in this work is based on a simplified
yet flexible system architecture that minimizes the number of components while enabling
effective preheating of the inlet streams without requiring additional external heating
sources. The optimized arrangement of heat exchangers was designed to follow the thermal
profile of the streams to be heated: cathodic air, which requires the highest temperature, is
preheated first; this is followed by the air feeding the ATR, which operates at intermediate
temperatures and is further heated by partial fuel combustion; finally, the remaining
low-temperature heat is recovered for potential cogeneration purposes. This thermal
gradient-driven configuration allows for efficient energy recovery at each stage while
leaving a portion of residual thermal energy available for secondary uses, such as gas-to-air
or gas-to-water heating for common utility applications. Compared to more complex
SOFC thermal recovery architectures found in the literature, the proposed design relies
on low-cost elements such as bypasses, flow-splitting devices, and a recirculation loop.
As stated by Zhou et al. [27], the flexibility of a system could introduce an increase in
difficulty in the power plant distributed control and produce controller instabilities. So, the
strategy is to increase the freedom degree, increasing the bypass and flow splitting units,
foreseeing an ATR instead of a reformer, causing recirculation, and increasing the air flow
entering the system. These features increase the system’s degrees of freedom and enhance
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its adaptability under varying operating conditions and fuel compositions while avoiding
the introduction of costly or sophisticated control systems. The overall system design thus
represents a pragmatic trade-off between operational adaptability and implementation
feasibility in real-world applications.

4.2.6. Overall Analysis

This section presents a comprehensive analysis of the overall SOFC-based system. It
begins with an overall chemical balance, evaluating the distribution of the input chemical
power across the three main components that utilize it: the autothermal reformer (ATR),
the SOFC stack, and the burner. Subsequently, key performance indicators are provided,
including electrical and thermal efficiencies, heat recovery rate, and emissions. These
parameters allow for complete characterization of the system’s performance and provide
insights into its conversion rates and environmental impact.

The overall chemical balance of the system can be expressed as the sum of the fuel
consumption in the ATR, stack, and burner (Equation (12)).

PFUEL = PATR + PSTACK + PBURNER (12)

The values for the chemical content at the input and across the different system blocks
are reported in Table 14, which quantifies the contributions of the ATR, stack, and burner
to the total input power. PFUEL represents the chemical input power of the fuel that is
introduced in the system. At higher temperatures, reaction kinetics improve, influencing
overall performance. As a result, operating at higher temperatures generally leads to higher
electrical efficiency. This efficiency increase means that the required fuel flow rates for high-
temperature operation, and thus the PFUEL values, are slightly lower compared to under
low-temperature conditions. PATR is the portion of the input chemical power converted
into sensible heat within the ATR to meet the specified inlet temperature requirements for
the stack. Given that the incoming gas streams are already preheated before entering this
component, the additional heat required to bridge the thermal gap is minimal.

Table 14. Chemical power balance: input, ATR, stack, and burner.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

PFUEL [kW] 7.80 7.94 7.43 9.31 8.93 9.35
PATR [kW] 0.23 0.34 0.15 0.18 0.16 0.00
PSTACK [kW] 6.79 6.77 6.71 8.25 7.73 8.91
PBURNER [kW] 0.78 0.83 0.56 0.87 1.04 0.44
%ATR/FUEL 3% 4% 2% 2% 2% 0%
%SOFC/FUEL 87% 85% 90% 89% 87% 95%
%BURNER/FUEL 10% 10% 7% 9% 12% 5%

As a result, PATR represents the smallest fraction of the total power input PFUEL,
ranging from 0% to 4%. As mentioned earlier, the 0% value in the H2-LT case is due to the
critical heat management in this scenario, which results in no chemical conversion in this
block. PSTACK is related to the SOFC stack and accounts for the largest utilization of input
power. The conversion fraction in the stack ranges from 85% to 95% of the total chemical
energy input. Finally, PBURNER represents the chemical energy consumed in the burner
during the complete combustion of residual fuel. Similarly to PATR, this contribution,
ranging from 5 to 12%, accounts for a small fraction of the total input. The results from the
overall chemical balance indicating that nearly all of the input chemical power is consumed
in the component responsible for the primary useful effect, which is the generation of
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electrical power. Only minimal portions of the power, between 5% and 14%, are used to
optimize the thermal regime of the system, indicating a good balance between the share of
the different components.

Table 15 reports the key performance indicators of the system. The selected indicators
include the system’s electrical (ηelectrical) and heat recovery rate (ηThermal). The electrical
efficiency was calculated as the ratio between the electrical power generated by the SOFC
stack and the chemical power of the fuel input to the system. The heat recovery rate of the
system was determined as the ratio between the thermal power recovered by the QSENS

heat exchanger and the chemical power of the input fuel, reported in Tables 13 and 14,
respectively. Additionally, the system utilization factor (UFF) is reported, calculated by
comparing the fuel entering the system with the unconverted fuel reaching the burner.
This choice reflects the fact that although the burner ensures complete fuel combustion,
it does not contribute to any functional or technological enhancement of the system. The
expression used to calculate the system’s UFF is provided in Equation (13):

System UFF = 1 −
.

mequivalent H2_FUELBURN
.

mequivalent H2_FUEL
(13)

Finally, the amount of CO2 contained in the system exhaust stream is also reported,
providing an estimate of the system’s emission levels.

Table 15. System key performance indicators.

HT LT

CH4-H2 CH4 H2 CH4-H2 CH4 H2

System ηelectrical 61% 66% 61% 62% 63% 59%
System ηThermal 32% 28% 31% 31% 31% 31%
Total System η 92% 93% 92% 93% 94% 90%
System UFF 92% 92% 93% 92% 91% 95%
Emissions [kg/h]CO2 1.19 1.57 0.00 1.41 1.76 0.00

The system exhibits electrical efficiencies (ηelectrical) ranging from 59% to 66%, showing
values consistent with those reported by Oryshchyn et al. [25], slightly higher than values
reported by Gandiglio et al. [34], Tjaden et al. [37], Cinti et al. [44], and Veluswamy et al. [47],
and slightly lower than the value reported by Doherty et al. [38]. With regard to the heat
recovery rate (ηThermal), the values are relatively consistent across all cases, averaging
around 30%. These variations in efficiency are primarily due to changes in operating
voltage, which influence the amount of heat produced relative to the electrical power
generated. In all scenarios, the system’s fuel utilization factor (UFF) exceeds 90%, indicating
a high level of fuel conversion. The overall UFF is governed by three main factors: fuel
consumption in the ATR, where a portion of the fuel is combusted to raise the temperature
of the stream entering the stack; fuel consumption in the SOFC stack, where the primary
electrochemical conversion occurs; and the fraction of unconverted fuel that is recirculated
back into the system. Regarding emissions, the amount of CO2 produced ranges from 1.19
to 1.76 kg/h, considering only the cases using carbonaceous fuels. In the pure hydrogen
case, CO2 emissions are absent due to the carbon-free nature of the fuel.

Overall, the system demonstrates stable electrical and thermal performance across all
analyzed cases, despite operating with different fuel compositions and SOFC technologies.
While efficiency values exhibit slight variations, these are a natural consequence of changes
in operating voltage and fuel utilization factor. Nonetheless, the system remains well
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balanced and operates within acceptable ranges for all key performance indicators under
all tested conditions.

4.3. The PI&D of the Real System

Based on the analyses derived from Aspen Plus simulations, ICI Caldaie develop a
P&ID of the real plant. The P&ID, shown in Figure 3, introduces several novelties compared
to the existing literature on the topic. To control the system represented in the P&ID, the
following parameters can be varied:

• Fuel input: The amount of fuel entering the system and its composition can be varied
to regulate the mixture at the SOFC anode inlet.

• Fuel split between ATR and stack: The proportion of fuel directed to the ATR versus
the fraction sent directly to the SOFC stack can be adjusted to manage the temperature
gradient between the anode input and output.

• Air supply to the ATR: The amount of air fed into the ATR can be regulated to control
the pre-reforming process and the temperature increases before the anode inlet.

• Anodic recirculation: The fraction of anode exhaust gas that is recirculated can be
varied to regulate heat absorption by the anode flow relative to the cathode, to ensure
compliance with the steam-to-carbon ratio, and to improve overall system efficiency
by reducing the fuel sent to the burner.

• Cathodic air management: The total amount of air supplied to the cathode can be
adjusted, including the fraction bypassing the HEX3 heat exchanger. This is the main
parameter used to control heat absorption within the stack.

• Additional air input to the burner: The quantity of extra air entering the burner can be
varied to regulate the maximum temperature rise inside the burner.
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These control parameters ensure flexibility in system operation, allowing for opti-
mization of thermal management and fuel utilization based on different input conditions.
One of the most significant advancements concerns the preheating of the inlet fuel stream
before entering the SOFC, which is necessary to prevent thermal shock. In the proposed
configuration, the fuel undergoes initial partial preheating to the required temperature
through heat recovery from the SOFC outlet stream. Subsequently, the splitting of the fuel
between the autothermal reformer and the stream that directly reaches the stack allows us
to control the thermal conditions required at the stack entrance, without any additional
external heat source, and the increase in temperature inside the stack. This regulation is
achieved through a three-way modulating valve (highlighted in red in Figure 3), which
dynamically adjusts the fuel distribution between the ATR and the stack anode, enabling a
broad range of operational flexibility without requiring modifications to the plant units.

Unlike the simulation flowsheet presented in Figure 1, the P&ID (Figure 3) incorporates
multiple pipelines for the input fuel. Regarding the inlet air, the P&ID features a single
air stream that is subsequently split to supply the ATR, stack, and burner. In contrast, the
simulation model defines three separate inlet air flows for each component to simplify
computational processing. Moreover, in the simulation, each inlet stream first passes
through a compressor, raising the pressure slightly above atmospheric levels (1.07 bar).
These compressors are not included in the P&ID, because it was assumed that the system
will be fed with pre-compressed inlet streams. The fuel path downstream of the heat
exchanger that preheats the fuel (HEXFUEL in Figure 1, HEX1 in Figure 3), passing through
the ATR before reaching the stack inlet, remains the same in both the P&ID and the Aspen
flowsheet. Notably, the three-way valve circled in red in Figure 3 of the P&ID corresponds to
the SPLITFUEL component in the simulation, which handles the fuel distribution between
recirculation and the burner. Additionally, the P&ID introduces an extra control for the
cathodic inlet air via a bypass around HEX3.

By adjusting the amount of cold air bypassing this exchanger, the inlet temperature at
the cathode can be regulated while maintaining a fixed heat exchange in HEX3. A further
bypass system has been implemented in the P&ID for both anodic and cathodic input
flows to address potential abnormal conditions that may require the temporary exclusion
or replacement of the stack. Moreover, sampling points have been established at both the
inlet and outlet of the anode compartment. Before discharge, the gas streams pass through
gas-to-water heat exchangers to reduce their temperatures. Downstream of the stack, the
anodic and cathodic flows follow the same path in both the P&ID and the simulation. After
the burner, the heat recovery system in the P&ID is composed of the heat exchangers HEX3,
HEX2, and HEX6 that correspond to HEAIRCAT, HEAIRATR, and QSENS, respectively,
in Figure 1. For the sizing of the heat exchangers, a conservative approach was adopted
by considering the most critical operating condition from the simulation results, namely
the one in which achieving the required thermal exchange within the defined flow rate
ranges was most demanding. In conclusion, the P&ID developed illustrates a simple and
potentially low-cost system, given the few components required that enables operation
across a wide range of parameters. It encompasses different fuel inputs and SOFC stack
technologies that can operate at varying temperatures, offering enhanced flexibility through
the dynamic adjustment of multiple control parameters.

5. Conclusions
This study presents the development and analysis of an innovative SOFC system

characterized by high fuel utilization (above 90%), electrical efficiency ranging from 59%
to 66%, and a heat recovery rate of approximately 30% across the six scenarios analyzed.
The proposed system architecture is composed of an autothermal reformer (ATR), four
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heat exchangers, an SOFC stack, a burner, a blower, and multiple splitters/mixers and
demonstrated strong performance in both energy efficiency and operational flexibility.

Key innovations include a heat recovery-based preheating strategy, a flexible fuel-
splitting mechanism, recirculation, and strategic bypasses. These features contribute to
increasing the system’s degrees of freedom, enabling dynamic control of critical operating
parameters without the need for additional subsystems. The replacement of an external
reformer with an ATR further enhances integration and system simplicity while playing a
stabilizing role in system operation despite minimal fuel consumption.

The system showed stable electrical and thermal behavior across all tested fuel com-
positions and SOFC stack technologies. Minor variations in efficiency were attributed
to expected changes in operating voltage and fuel utilization. Nevertheless, the system
remained well balanced and within acceptable limits for all key performance indicators.

A detailed P&ID was developed based on the simulation results, incorporating the
proposed innovations and demonstrating the system’s feasibility for real-world application.
Future work will focus on the implementation of the real system and evaluation of its
long-term operational stability
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The following abbreviations are used in this manuscript:

ATR Autothermal Reformer
DS Design Specification
FC Fuel Cells
GT Gas Turbine
HT High Temperature
ICE Internal Combustion Engine
LHV Lower Heating Value
LT Low Temperature
P&ID Piping and Instrumentation Diagram
R-WGS Reverse Water–Gas Shift



Energies 2025, 18, 2273 29 of 31

SMR Steam Methane Reforming
SOFC Solid Oxide Fuel Cell
SR-SOFC External Steam Reforming SOFC
UFF Fuel Utilization Factor
Vop Stack Operating Voltage
WGS Water–Gas Shift
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