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Abstract: This research introduces an innovative integration of a Polymer Electrolyte Membrane Fuel Cell (PEMFC) with
a Combined Heat and Power (CHP) system utilizing autothermal reforming (ATR) of natural gas. This novel approach
focuses on large-scale industrial applications, addressing scalability and performance optimization, areas previously
underexplored. The study conducts a comprehensive parametric analysis of system efficiency, achieving a remarkable
91.3% total efficiency, with 38.1% electrical efficiency and 46.1% thermal efficiency. Economic analysis revealed strong
regional differences, with Europe offering the highest Net Present Value (NPV) and a payback period of 4.0 years, while
Iran showed a longer payback period of 8.3 years. The system demonstrated adaptability to fluctuating electricity prices,
particularly in the U.S. Environmentally, the system achieved a 50% reduction in CO; emissions and reduced natural gas
consumption compared to conventional gas turbines. This innovative study addresses scalability challenges and offers new
insights into optimizing PEMFC-CHP systems for sustainable industrial energy generation, contributing to the advancement
of clean energy technologies.

Keywords: polymer electrolyte membrane fuel cell, combined heat and power, autothermal reforming, energy efficiency,
CO;, emissions reduction

1. Introduction

The global energy sector is increasingly focused on reducing greenhouse gas emissions and improving energy
efficiency, with Combined Heat and Power (CHP) systems emerging as a crucial technology in this transition. CHP systems,
which simultaneously generate electricity and thermal energy from a single fuel source, are known for their ability to
achieve overall efficiencies of up to 80% or higher, compared to around 50% for conventional power generation methods
[1]. This efficiency gain is achieved by capturing and utilizing waste heat that would otherwise be lost, making CHP
systems a key component in sustainable energy strategies [2].

Polymer Electrolyte Membrane Fuel Cells (PEMFC) have garnered considerable attention as an effective technology
for integration into Combined Heat and Power (CHP) systems due to their high electrical efficiency and adaptability across
a broad range of applications. Recent advancements in PEMFC technology have addressed several critical performance
and cost challenges, broadening their adoption potential.

Studies have shown that improvements in membrane durability and performance at low relative humidity have
extended the operational reliability of PEMFCs under varied environmental conditions. For instance, Shang et al. [3]
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demonstrated that a poly (phenylene sulfonic acid)-expanded polytetrafluoroethylene composite membrane enhances
PEMFC performance under low-humidity conditions, achieving stable hydration and maintaining high proton conductivity
even in dry environments. This advancement is crucial for applications in regions with low ambient humidity, where
traditional membranes often suffer from dehydration and reduced efficiency.

Additionally, efforts to reduce the cost of catalysts have made PEMFCs more economically viable. Bayendang et al.
[4] reviewed the integration of PEMFCs within Combined Cooling, Heating, and Power (CCHP) systems and highlighted
the significance of developing lower-cost catalyst materials, which contribute to reduced overall system costs and improved
economic feasibility. Their study indicates that cost-effective catalysts could lead to a reduction in capital expenditures by
up to 15%, enhancing the appeal of PEMFC technology in commercial and industrial applications.

Furthermore, integrating PEMFCs with electrolyzers for energy storage and generation has been explored for boosting
system efficiency and economic return. Escobar-Yonoff et al. [5] assessed the performance and economic potential of
combining PEMFCs with PEM electrolyzers, finding that such systems can achieve efficiencies exceeding 70% while
reducing operational costs through renewable energy integration. This setup not only enhances energy output but also
enables flexible operation to meet dynamic power demands. These advancements—improved membrane resilience,
cost-effective catalyst development, and innovative system integration—collectively enhance the performance, reliability,
and economic viability of PEMFCs, supporting their broader implementation in CHP and CCHP systems.

Recent advancements in PEMFC technology have focused on reducing costs and improving the durability of the proton
exchange membranes, which are critical to the operation of these systems. For instance, new materials and fabrication
methods are being developed to reduce the reliance on expensive platinum catalysts, which has been a significant cost
driver in PEMFC systems. Studies have shown that by optimizing the membrane electrode assembly, it is possible to reduce
the cost of PEMFC systems to below $1000 per kW, making them more competitive with traditional energy generation
technologies [6, 7].

Autothermal reforming (ATR) of natural gas has emerged as a promising method for on-site hydrogen production,
essential for the operation of PEMFCs in CHP systems. ATR combines partial oxidation and steam reforming processes to
efficiently convert natural gas into hydrogen, significantly reducing carbon emissions compared to conventional methods.
The integration of ATR with PEMFCs in CHP systems has been shown to enhance overall system efficiency, with studies
reporting reductions in carbon emissions by up to 50% in industrial applications [8, 9].

However, despite these technological advancements, the practical implementation of PEMFC-CHP systems remains
underexplored, particularly in large-scale industrial contexts. Previous research, such as that by Pilatowsky et al. [10] and
Hwang and Zou [11], has demonstrated efficiency gains of up to 30% in small-scale applications, but these studies often
lack comprehensive economic analyses that consider the scalability and long-term viability of these systems in broader
industrial applications.

This study aims to address these gaps by providing a detailed evaluation of the technical and economic feasibility
of a PEMFC-CHP system that incorporates autothermal reforming of natural gas. Unlike previous research, which has
often been limited in scope, this study offers a holistic analysis that includes system design, performance assessment, cost
analysis, and environmental impact evaluation. By focusing on large-scale industrial applications, this research seeks to
provide new insights into the practicality and scalability of PEMFC-CHP systems, addressing the limitations identified in
earlier studies.

The novelty of this research lies in its comprehensive approach, combining both technical and economic analyses
to offer a more complete understanding of the potential of PEMFC-CHP systems in industrial settings. The findings are
expected to contribute significantly to the ongoing development of PEMFC technology and support its broader adoption
across various sectors, particularly in industries where energy demands are substantial, and efficiency gains are most
needed.
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2. System configuration

2.1 Solid Polymer Fuel Cell (SPFC)

SPFCs also known as PEMFCs, are a type of fuel cell that uses a solid polymer as electrolyte. These fuel cells operate
at relatively low temperatures (typically around 60—100 °C) and are known for their high-power density, rapid startup, and
potential for use in various applications, including portable power, transportation, and stationary power generation. SPFCs
are widely used in applications where clean, efficient, and quiet power sources are required. Recent advances have focused
on improving membrane materials, enhancing catalyst performance, and developing better water and thermal management
systems. Nanostructured catalysts and alternative ionomer membranes are some of the cutting-edge developments aimed
at reducing costs and increasing the efficiency and durability of SPFCs [12].

Recent advancements in polymer electrolyte membranes have further enhanced the efficiency and durability of
SPFCs, focusing on improving proton conductivity and reducing costs. Alternative ionomer membranes are increasingly
developed to achieve higher performance under various environmental conditions. For example, recent research on polymer
electrolyte membranes incorporated with 2D silica nanosheets demonstrates enhanced stability and proton conductivity
at high temperatures, which is essential for long-term fuel cell durability [13]. Furthermore, polybenzimidazole-based
membranes are emerging as strong candidates to overcome the limitations of traditional Nafion membranes by offering
improved performance in high-temperature environments and under low-humidity conditions [14]. Additionally, stainless-
steel bipolar plate coatings have been developed to mitigate corrosion in aggressive environments, further extending the
lifespan and operational stability of proton-exchange membrane fuel cells [15].

The structure of an SPFC is composed of several key components: the anode, cathode, solid polymer electrolyte
membrane, and bipolar plates. The solid polymer electrolyte, usually made of Nafion, is the core of the cell, allowing
protons to pass through while acting as a barrier to electrons and gases.

The performance of SPFCs is governed by the thermodynamics of the reactions and the electrochemical behavior of
the cell components. The cell voltage (V) in an ideal scenario is given by the Nernst equation:

v=vo- 1 (p”z' p02> (1)
2F PHy0

where V) is the standard electrode potential, R is the universal gas constant, T is the temperature in Kelvin, F is Faraday’s
constant, pHy, pO,, and pH,O are the partial pressures of hydrogen, oxygen, and water, respectively.

In real-world applications, the actual voltage output of an SPFC is lower than the theoretical value due to losses or
overpotentials associated with activation, ohmic, and mass transport limitations.

This loss is associated with the energy barrier that must be overcome for the electrochemical reactions to occur at the
electrodes. It is described by the Tafel equation [12]:

ne=2L 1 () @)

where 1, is the activation overpotential, o is the charge transfer coefficient, i is the current density, ip is the exchange
current density.

Ohmic losses are due to the resistance to the flow of ions through the electrolyte and electrons through the electrodes
and external circuit. These losses are directly proportional to the current density:

Nohm = i+ Ropm

where Ry, is the total ohmic resistance of the cell.
Mass transport limitations arise when the reactants are not supplied to the reaction sites at a sufficient rate, leading to
concentration gradients. This is typically modeled using the following relation:
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where i is the limiting current density.

One of the critical challenges in SPFC operation is water management. The membrane must remain hydrated to
maintain proton conductivity, but excessive water can lead to flooding, particularly at the cathode, which reduces the active
surface area available for the reaction. Water management strategies include controlling the humidity of the inlet gases and
designing the cell architecture to optimize water distribution. Thermal management is also essential, as the operation of
SPFCs generates heat. If not adequately managed, this heat can lead to membrane dehydration or hot spots, which degrade
the membrane and reduce cell longevity. Heat exchangers and thermal insulators are commonly used to maintain uniform
temperature distribution across the cell.

2.2 Autothermal reforming (ATR)

ATR is a key process in the production of hydrogen and synthesis gas, particularly from hydrocarbons like natural gas.
The process integrates exothermic partial oxidation (POX) and endothermic steam reforming (SR) into a single reactor,
achieving a thermally balanced system without external heat input. This balance allows for efficient energy utilization,
making ATR a favorable approach in industrial applications compared to traditional steam methane reforming (SMR) or
POX alone [16].

2.2.1 Thermodynamic and kinetic foundations of ATR

The fundamental reactions involved in ATR include [16, 17]:

1. Partial Oxidation (exothermic):

1 kJ
CHys+ -0y — CO+2H, AH = —-35.7 — 4
2 mol
2. Steam Reforming (endothermic):
kJ
CH4+H,O— CO+3H, AH = +206.1—mol (5)
3. Water-Gas Shift Reaction (slightly exothermic):
kJ
CO+H,0 — COy+H, AH = —41.2 ] (6)

The total energy balance for the system, combining the heat release from oxidation with the heat demand for steam
reforming, provides the autothermal condition. Under this condition, the reactor operates without external heating, as the
heat produced by oxidation is consumed by the reforming process. Mathematically, the energy balance for ATR can be
represented as:

ZAHPOX + ZAHSR + ZAHWGSR =0 (7

This balance ensures optimal performance and minimizes energy losses.
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2.2.2 Reactor design and catalytic considerations

ATR reactors typically consist of two zones: an oxidation zone where partial combustion occurs, followed by a
catalytic reforming zone where the remaining methane undergoes reforming. The use of a catalyst, often nickel-based,
enhances the steam reforming process. The catalyst must be highly resistant to carbon deposition and thermal sintering due
to the high temperatures involved in both the oxidation and reforming reactions [16, 17, 18].

A key design challenge in ATR is maintaining the appropriate oxygen-to-carbon (O/C) ratio, which is critical for
avoiding soot formation while ensuring efficient conversion of methane. The typical O/C ratio in ATR processes ranges
between 0.5 and 0.6, ensuring a balance between adequate heat generation and the avoidance of excessive carbon formation.

2.2.3 Kinetic modelling

The kinetics of ATR can be described using Langmuir-Hinshelwood or Eley-Rideal mechanisms, where the surface
reactions on the catalyst govern the overall rate of methane conversion. The rate equations for methane reforming typically
take the form [16, 17, 18]:

Peu, Pryo
(1+ KcoPco + Kco,Peo,)?
where rgp is the rate of steam reforming, kgr is the rate constant, and Kco and Kco, represent the adsorption coefficients
for carbon monoxide and carbon dioxide, respectively. Similarly, for the partial oxidation reaction:

®)

rsr = ksr

Fen, Po,
1+ KOZPOZ + KHZPHz)
These kinetic models allow for the optimization of reactor conditions by predicting methane conversion rates under
different temperatures, pressures, and gas compositions. Advanced computational fluid dynamics (CFD) models are often

)

rpox = kpox (

employed in the design of ATR systems to simulate the complex interplay of heat transfer, chemical reactions, and mass
transport in the reactor.

2.2.4 Recent advances and challenges

Recent research on ATR has focused on improving catalyst stability and performance. Novel catalysts, such as
bimetallic and perovskite-based materials, have shown promise in enhancing resistance to carbon deposition and increasing
reforming efficiency at lower temperatures. Additionally, the development of ceramic-based reactors and membrane
reactors has improved hydrogen yield by selectively removing hydrogen during the reaction process.

However, challenges remain, particularly in scaling ATR systems for larger applications such as hydrogen production
for fuel cells or synthetic fuel generation. The high operating temperatures (800—1000 °C) and the need for precise control
over reactant flow rates and ratios necessitate advanced control systems. Moreover, improving the carbon capture potential
of ATR processes is critical for reducing the overall carbon footprint, especially when used in conjunction with carbon
capture and storage (CCS) technologies [16, 17, 18].

2.3 Integrated system

In the context of the initial assumptions and parameters for modeling the cycle, it is essential to highlight that the
values assigned for the system’s power generation capacity and the associated components and equipment are based on a
reference hybrid system. This reference system, designed as a small-scale electricity generator, possesses a capacity of
approximately 1 MW, making it suitable for industrial applications or regions disconnected from the main power grid.
The primary components used in this system, such as the PEMFC and the natural gas reforming unit, have been evaluated
within the framework of this capacity.
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Consequently, the assumptions made for each of these components are aligned with their individual applications,
drawing from empirical data provided in the referenced literature. The process of minimizing energy losses across the
comprehensive cycle has been a focal point, aiming to enhance the overall efficiency of the system. To achieve this, the
development of the proposed cycle and the refinement of the model’s accuracy have been conducted through various
scenarios discussed in previous sections. Subsequently, strategies for improving efficiency under both standard and
non-standard conditions have been proposed.

The proposed CHP system, as illustrated in Figure 1, is composed of several integral components. These include
the natural gas preheating system, the gas purification unit, the PEMFC, the heat recovery system with provisions for
producing hot water and steam, air preheaters, a water management system, and a steam generation unit essential for the
reformer operation.

Micro-CHP system with SPFC and Autothermal reforming of natural gas
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Figure 1. Integrated model simulation of the combined heat and power system utilizing a PEMFC and ATR of natural gas

The gases produced from the autothermal reforming process cannot be directly utilized in the fuel cell due to the
presence of impurities, which are detrimental to the fuel cell’s operation. Therefore, the gas purification system is critical
for removing sulfur compounds and carbon monoxide from the reformer’s output. This purification process is conducted at
a lower temperature to avoid operational and chemical constraints; thus, the gas, initially at a temperature exceeding 480
°C, must be cooled before purification. This cooling occurs through heat exchangers during the shift process, reducing the
gas temperature to approximately 130 °C. The heat released in this cooling process is utilized to generate steam, which is
then applied within other steam-dependent cycles in the system.
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The hot gases exiting the PEMFC, primarily consisting of water vapor and unreacted hydrogen, are processed in a
water management system where they are dehumidified. Subsequently, these gases are directed either back to the reformer’s
combustion chamber or to the system’s exhaust stack.

The reformer unit is fundamental in providing the required fuel for the PEMFC, operating on the natural gas reforming
mechanism to produce hydrogen-rich fuel. The reformer operates at a temperature of 900 °C and a pressure of 1 bar. The
molar composition of the gases produced by the reformer before the shift reaction is detailed in Table 1, while the post-shift
reaction gas composition is provided in Table 2.

Table 1. Molar composition of gases from the reformer before shift reaction

Component  Molar fraction (%)

H, 36.59
N, 31.71
H,0 14.77
Ar 0.35
CO, 4.01
CcO 12.56

Table 2. Molar composition of gases from the reformer after shift reaction

Component  Molar fraction (%)

H, 42.67
N, 28.70
H,O 14.68
Ar 0.30
CO, 14.10
CcO 0.43

The PEMFC, when integrated with the mentioned natural gas reformer, efficiently converts reformed methane into
electricity. The hot air expelled from the fuel cell’s cathode (off-gas) is recycled to supply the necessary air for the
reformer’s combustion chamber.

2.4 Economic model approach

A comprehensive economic analysis is conducted for the proposed SPFC CHP system with low power generation
capacity. Economic indicators such as the internal rate of return (IRR) and net present value (NPV) are calculated based on
international fuel and electricity prices. Additionally, the competitiveness of this system is evaluated against conventional
power generation methods [19].

The main objectives of the economic model include providing a detailed cost formulation for equipment components
and analysing both direct and indirect costs, such as capital costs, operational costs, and general expenses. This analysis
fills gaps in previous studies where such parameters were often excluded or only superficially considered. Furthermore,
the system’s economic feasibility is assessed under current electricity and fuel prices in European and American markets,
offering insights into its future competitiveness. The model also estimates key metrics like NPV, IRR, and total system
cost, with the results presented in comparative tables and graphs.

2.4.1 Total investment costs

Before the operation of a power plant, various expenses must be incurred for the purchase and installation of machinery
and equipment. Land and utility services need to be specified and prepared with piping, control systems, and other services.
In addition, funds for operating costs must also be secured. The capital required to set up the production facilities is referred
to as fixed investment costs, while the funds required for plant operations are called working capital. The total investment
cost is the sum of fixed investment and working capital, with major references for this calculation outlined in [20, 21, 22].
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Addressing the reviewer’s comment on the impact of equipment cost fluctuations, particularly platinum catalyst costs
in PEMFCs, on the financial viability of CHP systems across different regions, it’s essential to consider how these cost
variations influence system economics.

Platinum group metals (PGMs), notably platinum, are integral to PEMFC catalysts. Fluctuations in platinum prices
can significantly affect the capital costs of fuel cell systems. For instance, a 10% increase in platinum price can lead to a
5-7% rise in overall system costs, thereby extending payback periods and reducing economic attractiveness [23].

Regional disparities in platinum availability and procurement costs further influence these dynamics. Regions with
limited access to platinum resources may face higher procurement costs, adversely impacting the financial feasibility of
PEMFC-based CHP systems. Conversely, areas with access to alternative catalysts or localized supply chains can experience
shorter payback periods and improved economic feasibility. Incorporating these considerations into the economic model
analysis will provide a more comprehensive understanding of how equipment cost fluctuations affect the financial viability
of PEMFC-based CHP systems across different regions [24, 25].

To mitigate the impact of platinum price fluctuations, ongoing advancements aim to reduce platinum loadings or
utilize platinum-free catalysts, such as nickel or cobalt-based options. These innovations hold promise for improving the
economic feasibility of PEMFC-CHP systems over time [26].

2.4.2 Fixed investment costs

Fixed investment costs for the power plant can be categorized into direct and indirect expenses. Direct costs
are associated with equipment procurement, installation, and site preparation, including tools, foundations, and other
infrastructure requirements. These direct costs constitute a significant portion of the investment. Indirect costs, although not
directly tied to the plant’s operation, must be factored in as overhead and include expenses such as engineering supervision
and construction. Additionally, unforeseen costs during construction should also be accounted for [27].

2.4.3 Equipment purchase costs

For calculating equipment purchase costs (EPC), established formulations are used, with adjustments made for
economic changes over time using cost indices. Historical data on equipment costs must be updated to reflect current
economic conditions using indices such as the Marshall and Swift index, commonly applied for EPC estimations. Moreover,
equipment size and capacity also impact costs, as demonstrated by Equation (10). The purchase cost depends not only on
size but also on operational parameters such as pressure and temperature, with specific relationships for equipment used in
this study’s CHP system shown in Table 11 [22].

$2\
EPCs, = EPCs, (;) (10)

In Equation (10), S; and S; represent the sizes or scales of the equipment in different scenarios. Specifically, S;
denotes the baseline size of the equipment, while S, is the target or scaled size. This scaling approach is used to estimate
the EPC based on changes in equipment size, where c; is the scaling exponent that depends on the type of equipment.
The value of c; for each type of equipment is provided in the references [20], with an average value of 0.6 used in the
calculations. However, in calculating the cost of equipment, the given equation alone cannot be relied upon, as the price is
also influenced by parameters such as operating pressure, temperature, and the material of the equipment. The specific
relationships for calculating the main components of the CHP system designed in this study are presented in detail in the
sections corresponding to Table 3.

Cost Function of the Reforming System

The cost of the natural gas reforming unit has been estimated using Equation (11). The amount of heat absorbed,
which is required for the chemical reaction, has been determined in this equation based on the system’s energy balance [22].

Csg = 0.6770%8! (11)
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In this equation, Cgr represents the cost of the steam reformer, and Q denotes the capacity or flow rate of the reformer,
typically measured in units relevant to the process (e.g., kg/h or Nm?3/h). The coefficient 0.677 and the exponent 0.81 are
empirical factors derived from cost estimation data for steam reformers.

Blower Cost Equations

The main components of the blower system are like those of a compressor, and its cost formulation is provided by
Equation (12). According to these equations, the axial work of the compressor is a key factor influencing the system’s
costs [28, 29, 30].

(12)

Weomp 0.67
445

In this equation, Ccomp represents the cost of the compressor, and Weomp denotes the power requirement of the
compressor, typically measured in kilowatts. The coefficient 91,526 and the exponent 0.67 are empirical constants obtained

Ceomp = 91526 [

from industry data for cost estimation. The denominator, 445, is a reference power value used to standardize the equation.

Table 3. Cost equations for SPFC system and other equipment in the CHP system

Parameter Cost equation  Equation number
SPFC system parameters
Psppc x 1500 Csprc (13)
0.1 x CSPFC Caux (14)
105 Wsprc 07 C 15
500 inverter ( )
Other equipment parameters
A eat Xchanger 078
130 = 2)%9"]5 . ) CHeat Exchanger (16)
442 (What,) x 141, Chump an
N x 4000 CSalumtor (18)
Nx 3500 CReactor (19)

where,

Psprcp: Power output of the SPFC, typically measured in kW.

Cgpgc: Cost of the SPFC unit.

Caux: Auxiliary equipment cost associated with the SPFC system, calculated as a percentage of Csppc.
Wsprc: Electrical power capacity of the inverter for the SPFC, typically measured in watts.

Cinverter: Cost of the inverter associated with the SPFC system.

AHeat Exchanger: Surface area of the heat exchanger, used in calculating the heat exchanger cost.

CHeat Exchanger: Cost of the heat exchanger, determined based on its surface area.

Wpump: Power requirement of the pump, typically measured in kW.

Cpump: Cost of the pump, calculated based on its power requirement and additional factors.

fu: Efficiency correction factor for the pump.

N: Quantity or number of units, used in determining the costs of certain equipment components, such as the saturator
and reactor.

Csaturator: Cost of the saturator, calculated based on the quantity N.
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CReactor: Cost of the reactor, also based on the quantity N.

Gas Purification System Cost Equations

Equations (20) and (21) are used to calculate the costs associated with the gas purification system. For desulfurization
and particle separation from the syngas produced in the reforming system, a combination of a cyclonic separator with a
ceramic membrane and filter can be utilized [22].

CSep = 35Aem (20)

Crilter = 3800A%i51t2er (21)

Cost Equations for Other CHP System Components
The cost of other major equipment used in the CHP system, not previously mentioned in the subsystems, is estimated
using Equations (16) to (19), as shown in Table 3. These components include:

+ Heat exchangers used as air and fuel preheaters in the cycle [31].

» Pumps are used to increase the pressure of water or steam streams in the system [21, 22]. In the cost function for
pumps, the efficiency correction factor is calculated using Equation (22), as provided below:

fo=1+ (1 —038 ) (22)

1- NPum P

* A chimney, which in this study is used for the exhaust of gases from the steam generator needed by the reformer.

2.4.4 Assumptions

Several key assumptions have been made for solving the presented economic model, which are outlined as follows:

* The financial analysis of the proposed CHP system power plant is based on banking standards. The equity ratio is
70:30 of the total investment, with 70% being a bank loan and 30% private sector investment. The interest rate for
loan repayment is assumed to be 12%.

 The overall system lifespan is assumed to be 25 years. However, we acknowledge that certain components, particularly
those in the fuel cell system, such as the membrane and catalysts, may require replacement during this period due to
degradation over time. The costs associated with periodic replacement of these components have been factored into
the maintenance and operational expenses to reflect a more realistic financial analysis.

+ Based on available data for the guaranteed purchase price of electricity from renewable sources in industrial units
in Iran, the electricity price is assumed to be US$ 0.1/kWh. Additionally, due to the significant price difference
for electricity sales between European countries and the United States, two benchmarks have been considered for
electricity prices. The average electricity price for industrial sectors is US$ 0.16/kWh in Europe and US$ 0.08/kWh
in the United States [32, 33].

* The price of natural gas for industrial use in Iran is set at US$ 0.1/m>. The prices of natural gas for industrial use in
Europe and the United States are US$ 0.4/m® and US$ 0.073/m?, respectively, in the calculations [32, 33].
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3. System modeling

3.1 Modeling constraints

When modeling the system, both technical and structural constraints must be considered. The structural constraints
largely stem from the inherent nature of the process, specifically the characteristics of the CHP cycle. Regarding technical
constraints, these can be categorized into two main groups:

* Application Constraints: These include factors such as the availability of fuel, the necessity of purifying the syngas
produced by the reformer unit, and other related considerations.

* Operational Constraints: Examples include the need to humidify the air and fuel before they enter the fuel cell, the
requirement to use a moisture separator at the fuel cell’s exhaust, and concerns related to the dew point of exhaust
gases from the cycle.

3.2 Model implementation

The model implementation involves establishing connections between the various components of the proposed CHP
system, defining environmental conditions, inputting initial values, and making assumptions for each section. Once the
model is executed, the modeling process is completed. The primary objectives of this model implementation are:

* To generate both heat and power within a comprehensive cycle.

+ To reduce heat losses by creating logical connections between heat-consuming and heat-generating units, and by
determining the conditions that affect them.

* To produce the necessary gaseous fuel for direct power generation (via the fuel cell) within the cycle.

3.3 Preliminary considerations

1. To achieve higher efficiency in the SPFC-based CHP system, the following design considerations were made:

Utilization of combustible gases from the reformer system’s combustion chamber directly within the cycle.

Exploitation of the heat released when cooling the gases exiting the autothermal reforming unit before the gas
purification unit, to supply the steam required for the reformer.

+ Use of part of the heat from the gases exiting the natural gas reformer to preheat the incoming fuel and air.
+ Implementation of humidified air in the cathode of the SPFC by utilizing a humidifier unit.

+ Use of water separation units to manage the water used in the system and to recycle it for humidifying the incoming
fuel and air to the fuel cell.

2. Considering the use of an SPFC system with a constant power output of 1 MW to achieve the desired power output,
the operational and output pressures in the natural gas reforming process were set at 1 bar.

3. Heat generation in the combustion chamber of the reforming system, along with the utilization of heat recovery units
within the studied CHP cycle, has created the capacity to produce hot water for use in auxiliary units.
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3.4 Initial model assumptions

To analyze the system and achieve mass and energy balance for the cycle, the Cycle-Tempo software was employed
to create a model under steady-state conditions [34]. Therefore, a model comprising subsystems such as the autothermal
natural gas reforming system, the gas purification system including an evaporator, the PEMFC, and a heat recovery system
consisting of a network of heat exchangers producing steam or hot water, was developed. Achieving convergence in the
calculations of these subsystems was the primary goal throughout the modeling process. Some of the assumptions used in
creating the model are as follows:

+ The system operates under steady-state conditions.

* The system’s operation is considered adiabatic.

* Issues arising from the formation of pollutants, residues, alkali metals, etc., are disregarded.

+ In the water supply section of the CHP system, an isentropic efficiency of 80% is assumed for the pump.
* The isentropic efficiency of the blower or compressor is §0%.

* The mechanical efficiency of the blower or compressor is assumed to be 100%.

* Pressure drops in the heat exchangers are considered minimal.

The temperature and pressure of the system’s inputs are shown in Table 4.

Table 4. Temperature and pressure of fuel, air, and water inputs to the system

Source Temperature (°C) Pressure (bar)
Natural Gas 15 1.013
Air 15 1.013
Water* 65 1.013

* Water mput to the steam supply system for the reformer

The operating temperature of the fuel cell is 70 °C, and the operating pressure is 1 bar. The fuel cell’s surface area
is 700 m?, and the fuel utilization factor in the fuel cell is 0.8. The efficiency of the fuel cell’s DC/AC converter is also
assumed to be 96%.

3.5 Quantitative approach
Table 5 summarizes the quantitative approach for the PEMFC/ATR system, detailing the critical parameters such as

capacity, natural gas flow rate, and conditions at both the inlet and outlet of the system.

Table 5. Quantitative approach for PEMFC/ATR system

Parameter Value
Combined heat and power capacity 2487.61 kW
Mass flow rate of natural gas 0.06546 kg/s
Inlet temperature of natural gas 15°C

Inlet pressure of natural gas 1 bar

Outlet pressure from ATR reformer 0.993 bar

Outlet temperature from ATR reformer 600 °C

1. Saturated Steam and Reformer Operations: Saturated steam at 105 °C is introduced into the reformer, where it is
heated to 600 °C to facilitate the reforming reactions. Natural gas enters the reformer at 440 °C with a mass flow rate
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of 0.065 kg/s, and after the reactions occur, the produced gas exits the reformer at 400 °C before entering the reactor.
The inlet air, with a temperature of 45 °C and a mass flow rate of 4.336 kg/s, is directed towards the reformer. This
air is preheated to 400 °C using a heat exchanger before being mixed with the incoming fuel and air. Hot gas at
approximately 860 °C with a mass flow rate of 0.667 kg/s provides the necessary heat for the reforming reactions.
The heat from this hot gas is also utilized for preheating the air and generating the saturated steam required by the
system.

2. Shift Process Operations: During the shift process, the produced gas is first heated to 265 °C. Subsequently, steam
is introduced in two stages, with mass flow rates of 0.015 kg/s and 0.387 kg/s, respectively, to react with the gas.
Finally, the gas exits the system at approximately 130 °C.

3. Carbon Monoxide Removal Unit: In the carbon monoxide separator unit, the toxic CO content is absorbed from the
produced gas. The outgoing gas is then cooled to 130 °C using a heat exchanger.

4. Humidification of Fuel and Air: The fuel and air, with mass flow rates of 0.4 kg/s and 1.025 kg/s, respectively, are
introduced into humidification units before entering the PEMFC. Water at 75 °C is introduced into both humidification
systems and exits at 40 °C. The humidified fuel and air, with temperatures of 70 °C and mass flow rates of 0.509
kg/s and 1.231 kg/s, respectively, exit the humidification units before being directed to the anode and cathode of the
fuel cell.

5. Fuel Cell Operations: The fuel cell operates at 70 °C and generates 1000 kW of electrical power. As previously
noted, not all the input fuel to the SPFC stack is converted to power; the fuel utilization factor is 80%.

6. Exhaust Gas Management: The exhaust gases from the fuel cell’s anode, which contain some unreacted hydrogen,
have a mass flow rate of 0.441 kg/s and a temperature of 70 °C. These gases are directed to a water separation unit
for dehumidification. Similarly, the air exiting the fuel cell’s cathode, with a temperature of 70 °C and a mass flow
rate of 1.229 kg/s, also enters the water separation unit. In the dehumidification units, 0.089 kg/s and 0.239 kg/s of
water are extracted from the fuel and air streams, respectively. These streams are then directed towards the natural
gas reforming process to aid in heat generation.

7. Electrical Efficiency: The electrical efficiency of the combined heat and power system in this study is calculated to
be 40.2%. The energy absorbed by the system through the input fuel is 2487.61 kW, with the system producing
approximately 1000 kW of electricity. However, due to the consumption of some of the generated electricity by the
system’s pump and compressor, the net efficiency is determined to be 38.67%.

8. Thermal Efficiency: As previously mentioned, the potential for absorbing 1305.11 kW of thermal energy through
the production of hot water in the proposed CHP system’s water management unit results in a thermal efficiency of
52.46%. Therefore, the overall CHP system efficiency, which combines net electrical and thermal efficiencies, is
calculated to be 91.13%.

In Table 6, the input energy to the system via natural gas and the electricity produced by the fuel cell is detailed.

Table 6. Comparison of input energy and output electricity from the system

Component Natural gas (kW)  Pump (kW)  Compressor (kW) PEMFC output (kW)

Absorbed power 2487.61 0.51 37.48 -
Output power - - - 1000

3.6 Process description

Natural gas and air are introduced into the system, where a portion of the incoming air reacts with the natural gas,
while the remaining air is directed to the fuel cell. After passing through heat exchangers and experiencing a temperature
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increase, the natural gas and air enter the reformer. Within the reformer, the reactions, as detailed in the previous chapter,
occur at a temperature of 900 °C. The reaction products exit the reformer at a temperature of 600 °C. The byproduct gases
generated during the process pass through heat exchangers, where their temperature is reduced, and the absorbed heat is
reintroduced into the system.

The reformer’s output is directed into a reactor where; after passing through several heat exchangers, sulfur is removed
from the gas. Additionally, CO, a toxic gas, is eliminated as the gas mixture enters a separation unit. Ultimately, the
produced gaseous fuel is supplied to the fuel cell for electricity generation. In the fuel cell, the air, after being saturated in
a humidifier unit, is combined with the reaction product, which also undergoes saturation in another humidifier unit before
entering the fuel cell. After exiting the fuel cell and passing through a moisture separator, the water generated during the
process is stored in a water storage tank, while the remaining gases are expelled through a chimney after undergoing heat
recovery.

Table 7 presents the assumptions related to the combined heat and power cycle under study. The pressure drops
considered for modeling the heat exchanger network in the proposed combined heat and power system are shown in Table
8.

Table 7. Process-related assumptions

Parameters Values (unit)
Mechanical efficiency (compressor) 100%
Isentropic efficiency (compressor) 80%
Autothermal reforming system
Steam temperature 600 °C
Steam pressure 1 bar
Air temperature 400 °C
Natural gas flow rate 0.065 kg/s
Combustion chamber pressure (reformer) 1 bar
Temperature 900 °C

Table 8. Pressure drops in heat exchangers used in the system

Heat exchanger (No.)  Pressure drop (bar)

AP137, both sides 0.004
AP136, both sides 0.004
AP 135, poth sides 0.005
AP530, both sides 0.002
AP130, both sides 0.005
AP 29, both sides 0.005
APIZS, both sides 0.005
AP108, both sides 0.005
AP0, both sides 0.004
APl 11, both sides -

AP115, both sides -

AP119, liquid side 0.005

APII’?, gas side 0.01

Figures 1-5 depict the main units modeled within the CHP system studied in this research.
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4. Results and discussions

The results of the key output parameters for the CHP system analyzed in this study are presented in Table 9.

Table 9. Results of the main parameters for the CHP system under study

Parameter (Unit) Value
Natural gas consumption (kg/hr) 224
Electrical power output of SPFC (kW) 1000
Inlet temperature to fuel cell (°C) 70
Outlet temperature from fuel cell (°C) 70
Fuel cell reaction temperature (°C) 700
Pressure drop at fuel cell inlet (bar) 0.05
Pressure drop at fuel cell outlet (bar) 0.05
Water mass flow rate at SPFC inlet (kg/s) 0.99
Water mass flow rate at SPFC outlet (kg/s) 1.221
SPFC cell voltage (V) 0.7236
Power density in SPFC (kW/m?) 1.93
PSOFC current density (A/m?) 4000
Required fuel cell area (m?) 2500.44
Exhaust gas flow rate from the stack (ton/day) 114.13
Exhaust gas temperature from the stack (°C) 52.82
Net electrical efficiency of the system (%) 38.1
Net thermal efficiency of the system (%) 46.1
Overall CHP efficiency of the system (%) 91.3

4.1 Parametric analysis

To examine the effect of each variable on efficiency (temperature, pressure, and humidity), we analyze the trend of
efficiency changes by holding two variables constant and varying the third.

The process efficiency was studied at temperatures of 15, 20, 25, 30, 35, and 40 degrees Celsius, while keeping other
variables constant (pressure at 1 bar and humidity at 60%). The efficiency results for the CHP system are provided in Table
10.

Table 10. Changes in overall system efficiency of CHP with variations in ambient temperature

Temperature (°C)  Heat absorbed by system (kW)  Thermal efficiency (%)  Net electrical efficiency (%)  Overall efficiency (%)

15 1305.11 52.44 38.23 91.22
20 1271.10 52.41 38.68 91.08
25 1235.56 52.38 38.89 91.40
30 1204.44 52.35 38.90 91.25
35 1178.34 52.31 38.95 91.24
40 1137.96 52.29 38.70 91.00

As observed, changes in ambient temperature result in an increase in the overall efficiency of the CHP system
under study. This is due to the increased hydrogen production capacity in the reforming system, as the load on the heat
exchangers decreases with higher ambient temperatures. Consequently, more power can be produced with the same fuel
input. However, as shown in Table 11, this increase is primarily attributed to the rise in thermal efficiency of the CHP
system, with most of the changes resulting from the improved performance of the heat exchanger network.
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Table 11. Changes in overall system efficiency of CHP with respect to variations in ambient humidity

Ambient humidity (%) lgfe:l;sztl::;o:ll:&i) Thermal efficiency (%)  Net electrical efficiency (%)  Overall efficiency (%)
40 1299.93 52.30 38.52 90.88
50 1307.51 52.44 38.66 91.00
60 1305.11 52.44 38.73 91.32
70 1307.44 52.57 38.86 91.58
80 1309.95 52.90 38.94 91.86
90 1311.21 52.99 38.99 92.08

In another study, at a temperature of 15 °C and a pressure of 1 bar, the ambient humidity varied from 40% to 90%.
The efficiency resulting from these humidity changes is presented in Table 11.

As demonstrated, variations in ambient humidity contribute to enhancing the overall efficiency of the CHP system
under investigation. This improvement can be attributed to the increased moisture content in the air supplied to the
hydrogen production unit within the reforming system. With higher humidity, the system’s capacity to produce syngas is
augmented due to the additional water content available for the reformer process. As illustrated in Table 11, the rise in
ambient humidity enhances the water content in both the reforming and water-gas shift processes, resulting in a notable
increase in the system’s combined heat and power efficiency.

From a thermodynamic standpoint, maintaining a stable ambient temperature while increasing humidity in the intake
air has favorable implications for the mass and energy balances of the system. However, it is critical to recognize the
operational challenges associated with elevated humidity levels. These include potential issues such as cavitation and
corrosion, which could impose significant constraints on system performance. Such conditions may compromise the
standard operational environment, thereby leading to increased maintenance costs and operational risks. Therefore, while
humidity adjustment offers efficiency benefits, it also introduces complexities that must be carefully managed to avoid
detrimental impacts on system integrity and cost efficiency.

While our parametric analysis provides valuable insights into the temperature and humidity dependencies of PEMFC
performance, we recognize the importance of experimental validation to support these findings. Studies by Chugh et
al. [35] and Subin et al. [36] offer experimental evidence showing how PEMFC performance varies under different
environmental conditions. For example, these studies highlight that PEMFC efficiency can decrease by approximately
5-10% under lower humidity levels or higher temperatures due to membrane dehydration effects, which limits proton
conductivity. The consistency between our model predictions and these empirical findings reinforces the validity of our
theoretical framework. Future work should incorporate experimental testing under a range of temperature and humidity
levels to further substantiate these trends and refine the model’s accuracy for real-world applications.

4.2 Economic analysis results and discussion

A parametric analysis was conducted to evaluate the changes in NPV and IRR based on varying electricity prices
across different geographic regions. The price range considered spans from US$/kWh 0.1, which corresponds to the
electricity sale price in Iran, to US$/kWh 0.2, representing the maximum price in the European Union. As illustrated in
Figure 6, the variations in NPV calculated over the operational period of the cycle are presented. It is essential to note that
negative NPV values indicate the cycle is not economically viable under those conditions and, therefore, such results are
excluded from the acceptable outcomes of the model.

Moreover, the IRR is determined at the point where the NPV equals zero, considering the discount rates applied.
These results are shown in Figure 6. As observed, the current cycle yields the highest positive NPV with the electricity
prices considered for Europe, while the lowest positive values are seen for Iran and the United States. Two critical points
should be considered here: first, electricity prices in several countries around the world already exceed US$/kWh 0.2;
and second, the inevitable rise in energy consumption and electricity prices in the coming years. Therefore, the proposed
cycle presents a solid economic potential in future energy supply scenarios, making it a suitable option for industries with
electricity consumption profiles that align with the proposed cogeneration system.
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As highlighted, the system exhibits a better economic outlook in Europe compared to Iran and the United States, as
evidenced by the results in Figures 6 and 7. This is primarily due to higher electricity prices in Europe. Furthermore, given
the lower fuel costs in Iran, an increase in the feed-in tariff for renewable electricity or the full implementation of subsidy
reforms would result in significant growth in NPV and IRR compared to the other two case studies. On the other hand, a
mere increase of USC/kWh 20 in the electricity price in the United States would result in a substantial positive NPV for
the proposed system.

Additionally, Table 12 provides the system’s payback period for various electricity price points across the case studies

previously discussed.
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Table 12. Break-even point (B.E.P.) of the payback period for the case studies

Electricity price (US$/kWh) B.E.P. (years)

0.1 (Electricity price in Iran) 8.3
0.12 6.2

0.14 49

0.16 (Electricity price in Europe) 4.0
0.18 35

0.20 3.1

In Table 13, the estimated EPC costs for various components of the cogeneration system, as previously discussed, are
presented. As indicated in Table 13 and Figure 8, the purchase cost of the SPFC for electricity generation is significantly
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higher compared to other sections of the power plant. The primary reason for this is the expensive materials used in the
fuel cell stack.

Table 13. Equipment purchase costs for the proposed cogeneration system

Equipment Cost (US$)
Solid Polymer Fuel Cell (SPFC) 1,500,000
Heat exchangers 460,929
Inverters 162,450.5
Natural gas reformer 29,193.22
Blowers 17,142.53
Other equipment 17,995.49

Total equipment purchase cost 2,187,710.69
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Figure 8. Distribution of equipment purchase costs for the proposed cogeneration system

Several efforts have been made by manufacturers to reduce the production costs of polymer fuel cell systems, with the
goal of cutting the current costs by more than half. Recent advancements in polymer electrolyte membranes have further
enhanced the efficiency and durability of SPFCs, focusing on improving proton conductivity and operational stability.
For example, composite membranes incorporating nanoscale materials, such as alumina (Al,O3), have demonstrated
significant improvements in ionic conductivity and structural integrity under varied temperature conditions. Studies, such
as those by Mohamed et al. [37], emphasize the role of Al,O3 nanoparticles in enhancing ion transport properties by
modifying membrane nanostructure, making these membranes suitable for high temperature applications [38]. Additional
advancements include novel materials and electrode fabrication techniques that significantly enhance fuel cell durability, as
highlighted by Grandi et al. [39]. Furthermore, recent research has focused on medium-temperature fuel cell applications,
using innovative polymer electrolyte membranes like cross-linked polyimide and hydrophobic protic ionic liquids, which
enhance fuel cell durability and performance under medium-temperature conditions [40].

Among the estimated costs for other equipment in the cycle, the heat exchangers and DC/AC converters rank next
as the most expensive components. New inverter technologies have also been targeted by manufacturers to achieve cost
reductions in production [41].

4.3 Environmental assessment of the proposed cycle

While the use of renewable energy sources, particularly fuel cells, often results in a significant reduction of solid and
gaseous emissions in power generation systems, the emission of gaseous pollutants is unavoidable in cogeneration systems
based on fuel cells. Furthermore, the environmental assessment of the proposed hybrid system becomes even more critical
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due to the use of natural gas and its reforming process. This is because the reforming of natural gas leads to the production
of gaseous pollutants from the combustion process in the form of carbon compounds.

Considering the above considerations, this study focuses on methods to improve the overall efficiency of the hybrid
system based on SPFCs and to calculate the emissions resulting from the system’s operation. A key distinguishing factor of
this study compared to previous research is the integrated approach to both efficiency improvement and environmental
analysis for such systems.

Table 14 presents the composition of exhaust gases from the chimney of the CHP system proposed in this research,
compared to the exhaust gases from a conventional gas turbine system. Additionally, a representation of the gas turbine
system model under study is shown in Figure 9.

Gas Turbine Model

4.000 15.00
84208 0144 ° Standard Natural Gas

8.000| 27864 ‘ 7.730 | 1545.41

171.11]  3.178

s

9 7.730| 1100.00 [Pu = 100029 KW
-5

Heat loss 141//‘ s95.89] 3.322

1.013| 65675

Figure 9. A modelled gas turbine system for comparing fuel consumption and emissions production

Table 14. Comparison of the molar fractions of exhaust gases between the proposed cogeneration system and a conventional gas turbine

Compound name Proposed cogeneration system (molar fraction)  Gas turbine system (molar fraction)
Carbon Dioxide (CO,) 6.72% 5.47%
Oxygen (07) 5.38% 8.83%
Nitrogen (N) 71.51% 73.38%
Argon (Ar) 0.84% 0.86%
Water (H,0) 15.10% 11.45%

It is worth noting that the electrical power output for both systems being compared is identical at 1000 kW. Additionally,
the fuel used in the gas turbine system is natural gas, with the same specifications as the natural gas used in the proposed
cogeneration system. This consistency also applies to the characteristics of the air entering both systems.

A key point of comparison between the environmental impacts of the proposed cogeneration system and a conventional
gas turbine system lies in the natural gas consumption and the exhaust gases emitted by both systems, which have the same
power capacity. This comparison is presented in Table 15.

Table 15. Comparison of input and output parameters between the proposed cogeneration system and a conventional gas turbine system

Component name Proposed cogeneration system  Gas turbine system
Natural gas flow rate (kg/s) 0.065 0.144
Exhaust flow rate (kg/s) 1.321 3.322
Annual CO, emissions (tons) 2799 6191
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As shown in Table 15, the proposed cogeneration system exhibits a significantly lower consumption of natural gas
and a reduction in carbon dioxide emissions compared to a gas turbine system with the same capacity.

Considering the objectives set for sustainable energy development and greenhouse gas reduction, these findings
highlight one of the key environmental advantages of implementing the proposed system in this study.

5. Conclusions

This study offers an in-depth analysis of the technical, economic, and environmental performance of a large-scale
PEMFC-CHP system integrated with ATR of natural gas, addressing key gaps in current research on the scalability and
industrial applicability of such systems. The results highlight several critical findings across various dimensions:

* The system demonstrated an impressive overall efficiency of 91.3%, with electrical efficiency reaching 38.1% and
thermal efficiency at 46.1%. By optimizing operating conditions such as temperature and humidity, the system’s
performance was further enhanced, with maximum efficiency reaching 92.08% under high-humidity conditions.
The efficient heat recovery and integration of ATR with PEMFC allowed the system to utilize available resources
effectively, converting more energy into usable forms compared to conventional systems. This highlights the system’s
potential to significantly improve the energy output of industrial-scale applications, particularly in sectors requiring
both heat and power.

* The parametric analysis revealed that the economic performance of the system is highly dependent on regional
electricity prices, making it more viable in areas with higher energy costs. Europe emerged as the most favorable
region, with a payback period of just 4.0 years at an electricity price of US$/kWh 0.16, accompanied by the highest
NPV. In contrast, Iran’s lower electricity prices extended the payback period to 8.3 years. The study also demonstrated
the system’s adaptability to fluctuating market conditions, particularly in the U.S., where a 20% increase in electricity
prices substantially improved the NPV and reduced the payback period. These results underscore the flexibility of
the system to respond to varying market dynamics, making it a promising solution for regions with diverse economic
conditions.

* From an environmental perspective, the PEMFC-CHP system exhibited substantial reductions in greenhouse gas
emissions, achieving a 50% reduction in CO, emissions compared to conventional gas turbine systems with the
same power output. This is particularly important in the context of global efforts to mitigate climate change and
adhere to increasingly stringent environmental regulations. The system’s lower natural gas consumption (0.065 kg/s)
compared to gas turbines (0.144 kg/s) further emphasizes its environmental benefits, making it a highly efficient
option for industries looking to reduce their carbon footprint while maintaining operational efficiency.

* The study provides valuable insights into the practical scalability of PEMFC-CHP systems for industrial use,
highlighting how advanced integration of ATR technology can overcome many of the limitations faced by traditional
power systems. The modular nature of the system allows it to be scaled according to specific energy demands, making
it suitable for a wide range of industrial applications. The successful demonstration of both high efficiency and
economic viability in larger-scale scenarios is a significant step forward in promoting the adoption of PEMFC-CHP
systems across industries, particularly in sectors where energy efficiency and sustainability are paramount.
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