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Abstract

High-temperature proton-exchange membrane fuel cells (HT-PEMFCs) generate useful
thermal energy that can be recovered for additional power production. This study in-
vestigates an integrated HT-PEMFC–organic Rankine cycle (ORC) system by combining
response surface methodology (RSM) with thermodynamic energy analysis. A 17-run
response-surface design was used to quantify the effects of pressure, temperature, and
current density on polarization voltage. Power density was derived directly from the
RSM-predicted voltage using Pd = iE to preserve physical consistency. The electrochemical
model was benchmarked against published phosphoric-acid-doped polybenzimidazole
HT-PEMFC polarization data under comparable conditions. The constrained optimization
identified an operating condition of 400 kPa, 443 K, and approximately 1.198 A cm−2, giving
a predicted voltage of 0.5395 V and a power density of approximately 0.6462 W cm−2. This
represents a 12.9% increase in power density relative to the adopted reference condition.
Separately, the reference thermodynamic case produced 13.08 kW of gross HT-PEMFC
stack electrical power and 15.45 kW of thermal output assumed available to the ORC.
The available legacy R409A reference case was evaluated at an evaporator pressure of
2 MPa, yielding approximately 1.24 kW of ORC net power and a net thermal efficiency
of about 8.02%. The resulting combined modeled electrical output was approximately
14.32 kW before unmodeled balance-of-plant auxiliary power consumption, with the ORC
contribution corresponding to about 9.5% of the gross HT-PEMFC stack output. The results
demonstrate the complementary potential of physically consistent HT-PEMFC operating-
condition optimization and waste-heat recovery, while the ORC results remain specific to
the retained R409A reference dataset.

Keywords: high-temperature proton-exchange membrane fuel cell; organic Rankine
cycle; waste-heat recovery; response surface methodology; zeotropic working fluid;
thermodynamic analysis; power density

1. Introduction
The transition toward efficient and low-carbon energy-conversion technologies has

intensified interest in hydrogen-fueled electrochemical power systems. Among the avail-
able fuel-cell technologies, proton-exchange membrane fuel cells (PEMFCs) are particularly
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attractive because of their high power density, modular construction, rapid response, and
ability to convert the chemical energy of hydrogen directly into electricity without an inter-
mediate combustion process [1,2]. Nevertheless, a considerable fraction of the fuel-energy
input is ultimately released as thermal energy rather than electrical work. Effective thermal
management is therefore important not only for maintaining stable fuel-cell operation
but also for improving overall energy utilization through recovery of otherwise rejected
heat [3–5].

High-temperature proton-exchange membrane fuel cells (HT-PEMFCs) provide partic-
ular advantages for thermal integration. In contrast with conventional low-temperature
PEMFCs, HT-PEMFCs typically operate at elevated temperatures and commonly employ
phosphoric-acid-doped polybenzimidazole-based proton-conducting membranes [6]. Their
elevated operating temperature simplifies water management, improves tolerance to fuel
impurities, facilitates heat rejection, and provides waste heat at a more useful tempera-
ture level for downstream thermal processes [3,7]. Recent work has addressed membrane
development, thermal management, and durability in HT-PEMFCs [3,4,7–9]. In parallel,
fuel-cell waste-heat recovery has received increasing attention as a means of improving
overall energy utilization [10,11].

Among the available technologies for low- and medium-temperature heat-to-power
conversion, the organic Rankine cycle (ORC) is particularly suitable because organic work-
ing fluids can undergo phase change at substantially lower temperatures than water [12].
ORCs have therefore been widely investigated for industrial waste heat, geothermal heat,
engine exhaust, solar thermal energy, and other low-grade thermal sources [13,14]. The
thermodynamic performance of an ORC is strongly dependent on the properties of the
working fluid and on the temperature matching between the heat source and the evapo-
ration process. Zeotropic mixtures are of particular interest because their non-isothermal
phase-change behavior can improve temperature matching in heat exchangers and poten-
tially reduce heat-transfer irreversibility compared with an inadequately matched pure
fluid [13,15]. Consequently, working fluid selection, evaporator pressure, heat-source tem-
perature, and component efficiencies remain central considerations in designing ORCs for
relatively low-temperature waste-heat recovery [16].

The present work addresses the thermodynamic and electrochemical integration of
an HT-PEMFC with an ORC for waste-heat recovery, with particular attention to the
operating conditions of the fuel cell itself. The subject is therefore not limited to ORC
working-fluid selection or bottoming-cycle optimization. Instead, the study examines how
HT-PEMFC pressure, temperature, and current density affect polarization voltage and
power density and how a suitable electrochemical operating region can be identified while
preserving the temperature potential required for downstream heat recovery. This coupling
between electrochemical operation and thermal recovery forms the central subject of the
present investigation.

Several previous studies have demonstrated the benefits of PEMFC–ORC integra-
tion [17,18]. Wang et al. [18] developed a PEMFC waste-heat recovery system using a
zeotropic ORC and showed that working-fluid composition and operating conditions
strongly affect system performance. Their study demonstrated that zeotropic mixtures
can improve net power and system efficiency and established the importance of working-
fluid selection for fuel-cell waste-heat recovery. However, the analysis mainly focused
on thermodynamic performance, working-fluid selection, and conventional parametric
effects. It did not statistically quantify the individual, interaction, and nonlinear effects of
fuel-cell operating variables on electrochemical responses such as polarization voltage and
power density. Lu et al. [19] extended PEMFC–ORC analysis by considering steady-state,
dynamic, and economic performance and by recovering heat from several fuel-cell-system
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streams. This provided a broader system-level assessment and demonstrated the practi-
cal value of multi-stream heat recovery. Nevertheless, the main emphasis remained on
overall CHP-system performance and dynamic behavior rather than detailed statistical
optimization of the electrochemical operating conditions of the fuel-cell stack.

More recent studies have incorporated advanced optimization and specifically con-
sidered HT-PEMFC systems. Zhou et al. [20] evaluated a PEMFC–ORC cogeneration
system using energy, exergy, and economic indicators together with multi-objective opti-
mization. This provided a useful system-level balance between electrical and economic
performance, but the study did not focus on resolving the combined effects of HT-PEMFC
pressure, temperature, and current density. Taweekayujan et al. [21] integrated methanol
reforming, an HT-PEMFC, and an ORC and carried out detailed energy, exergy, and exer-
goeconomic analyses. Their broader fuel-processing configuration and economic objectives
differ from the present focus on direct HT-PEMFC operating-condition optimization and
recovery of available stack heat. Xu et al. [22] proposed an HT-PEMFC coupled with a
recuperative-regenerative ORC and performed energy, exergy, economic, and two-objective
optimization. Their work demonstrated the potential of an advanced ORC configuration,
but the optimization was directed mainly toward overall system design rather than a
response-surface representation of the HT-PEMFC electrochemical operating variables.
Experimental ORC studies have also examined operation under periodically varying waste-
heat conditions, highlighting the importance of heat-source characteristics for practical
waste-heat recovery [23].

Together, these studies demonstrate the thermodynamic value of PEMFC–ORC and
HT-PEMFC–ORC integration, but most previous work has emphasized cycle configu-
ration, working-fluid selection, overall system thermodynamics, economic assessment,
or multi-objective system optimization. Comparatively less attention has been given to
quantitatively characterizing the simultaneous linear, interaction, and nonlinear effects
of pressure, temperature, and current density on HT-PEMFC polarization voltage while
also imposing a thermal constraint associated with downstream waste-heat recovery. The
present study addresses this gap by using response surface methodology to develop a
fitted surrogate model for polarization voltage. Power density is then derived directly
from the predicted voltage through Pd = iE, thereby preserving physical consistency during
constrained optimization.

Accordingly, the present study evaluates a thermally integrated HT-PEMFC–ORC
system in which stack waste heat is used for additional power generation. Pressure,
temperature, and current density are treated as the HT-PEMFC operating variables, while
polarization voltage is modeled through a Box–Behnken-based response-surface design.
Power density is calculated directly from the predicted voltage using Pd = iE, and the
resulting physically consistent function is used for constrained optimization. Separately,
the available R409A reference thermodynamic case is evaluated using energy analysis
to quantify the ORC power obtained from the stack thermal output assumed available
for recovery.

The principal contribution of this work is the combined assessment of physically
consistent HT-PEMFC operating-condition optimization and reference-case thermody-
namic waste-heat recovery. Specifically, the study (i) quantifies the linear, interaction, and
nonlinear effects of pressure, temperature, and current density on polarization voltage;
(ii) derives power density directly from the fitted voltage response and identifies a con-
strained operating condition; (iii) evaluates the retained R409A ORC reference case using
energy analysis; and (iv) quantifies the ORC net power contribution relative to the gross
HT-PEMFC stack output. The RSM optimization and ORC thermodynamic analysis are
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treated as complementary parts of the overall system assessment, while the ORC results
remain limited to the retained reference dataset.

2. System Description and Mathematical Modeling
2.1. Integrated HT-PEMFC–ORC Configuration

The proposed system integrates an HT-PEMFC with an ORC to recover a portion of
the thermal energy rejected during electrochemical power generation. The HT-PEMFC
constitutes the primary energy-conversion unit, converting the chemical energy of supplied
hydrogen directly into electrical power, while the ORC operates as a bottoming cycle
driven by the recoverable thermal output of the fuel-cell stack. Such thermal integration
enables simultaneous utilization of the electrical and thermal fractions of the fuel-energy
input and provides additional power generation without requiring supplementary fuel
consumption [19,21].

The configuration of the integrated system is illustrated in Figure 1. Hydrogen and
oxygen are supplied to the anode and cathode sides of the HT-PEMFC stack, respectively.
Electrochemical oxidation of hydrogen and reduction of oxygen generate direct-current
electrical power, whereas the difference between the thermochemical energy supplied
to the stack and the useful electrical output appears predominantly as heat. In the pro-
posed configuration, part of this rejected thermal energy is transferred to the ORC work-
ing fluid through an evaporator/heat exchanger instead of being discharged directly to
the surroundings.

Figure 1. Schematic configuration of the integrated HT-PEMFC–ORC system for waste-heat recovery
and additional power generation. The DC/AC converter and generator are shown schematically;
their conversion losses are not included in the modeled electrical output.

The ORC consists principally of a pump, evaporator/heat exchanger, expander cou-
pled to an electrical generator, and condenser. The thermodynamic states of the ORC
working fluid are denoted by states 1–4 in Figure 1. At state 1, the condensed working fluid
enters the pump as a saturated liquid. The pump increases the fluid pressure to the pre-
scribed evaporator pressure, producing the compressed-liquid condition at state 2. Because
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the actual pumping process is non-isentropic, a finite amount of electrical or mechanical
work is required to overcome the pressure difference across the cycle.

From state 2, the high-pressure working fluid enters the evaporator/heat exchanger,
where thermal energy rejected by the HT-PEMFC is transferred to the ORC. Heat transfer
increases the enthalpy of the working fluid and produces a high-pressure vapor at state 3.
The evaporator therefore provides the direct thermodynamic coupling between the HT-
PEMFC and the ORC.

The high-pressure vapor at state 3 subsequently expands through the expander to
state 4. The decrease in working-fluid enthalpy during expansion is converted into shaft
work, which is subsequently converted into electrical power by the coupled generator. The
actual expansion process is non-isentropic because of internal irreversibilities; accordingly,
the actual expander work is lower than that corresponding to an ideal isentropic expansion
between the same pressure limits. The working fluid leaving the expander is then directed
to the condenser, where heat is rejected to the cooling medium until the fluid returns to the
saturated-liquid condition at state 1, thereby completing the thermodynamic cycle.

The thermodynamic coupling between the two subsystems is governed by the quantity
and temperature level of heat rejected by the fuel-cell stack. These quantities are themselves
affected by HT-PEMFC operating parameters, particularly temperature, pressure, and
current density. Consequently, changes in the electrochemical operating point influence not
only the electrical power delivered by the HT-PEMFC but also the thermal energy available
to drive the ORC. This interaction provides the basis for combining fuel-cell operating-
condition optimization with subsequent thermodynamic analysis of the heat-recovery cycle
rather than treating the two subsystems as completely independent units.

For the ORC subsystem, R409A is retained as the working fluid because the available
reference thermodynamic dataset was developed using this mixture. Its use and relevant
phase-change characteristics are described in Section 2.4. The steady-state energy relations
for the pump, evaporator, expander, and condenser, together with the ORC net-power and
thermal-efficiency formulations, are presented in Section 2.5.

2.2. HT-PEMFC Electrochemical Model

The electrochemical subsystem considered in this study is an HT-PEMFC based on a
phosphoric-acid-doped polybenzimidazole (PBI) membrane. PBI-based membranes are
suitable for elevated-temperature PEMFC operation because proton conduction can be
maintained through phosphoric acid without the intensive membrane humidification re-
quired by conventional low-temperature PEMFCs [3]. The elevated operating temperature
also facilitates heat rejection and provides a thermally useful heat source for coupling with
the ORC considered in this work. Recent investigations have demonstrated that HT-PEMFC
performance remains strongly dependent on operating temperature, reactant conditions,
and current density, which influence electrochemical kinetics, transport resistance, and
polarization behavior [24,25].

The electrochemical formulation follows the standard Nernst, Tafel, ohmic, and
concentration-polarization framework commonly used for PEMFC analysis [26]. The
membrane properties were adopted from Jayakody et al. [27], who reported a phosphoric-
acid-to-PBI molar ratio of 12.2 and a proton conductivity of 0.048 S cm−1 at 160 ◦C for
conventionally imbibed PBI. The same study estimated an upper bound of approximately
1 × 10−7 cm2 s−1 for proton self-diffusion in this membrane.

At the anode, hydrogen is electrochemically oxidized according to

H2 → 2H+ + 2e− (1)
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while oxygen reduction occurs at the cathode according to

1
2

O2 + 2H+ + 2e− → H2O (2)

The overall electrochemical reaction is therefore

H2 +
1
2

O2 → H2O (3)

For a reversible electrochemical conversion process, the maximum electrical work
is related to the Gibbs free-energy change in the reaction. The Gibbs free-energy change
varies with operating temperature according to

∆G(T) = ∆H − T∆S (4)

where ∆H and ∆S denote the enthalpy and entropy changes in the electrochemical reaction,
respectively, and (T) is the absolute operating temperature. The corresponding standard
reversible potential is

Er
0(T) = −∆G(T)

nF
(5)

where n is the number of electrons transferred per mole of hydrogen and F is Faraday’s constant.
Under non-standard operating conditions, the reversible potential is determined from:

Er(T) = E0
r (T) +

RT
nF

ln

(
PH2P0.5

O2

PH2O

)
(6)

where E0
r is the reversible potential under standard conditions, R is the universal gas

constant, and PH2 , PO2 and PH2O represent the respective partial pressures of hydrogen,
oxygen, and water. Equations (4)–(6) show explicitly that the reversible potential is tem-
perature dependent through both the Gibbs free-energy term and the Nernst correction.
This temperature dependence was part of the electrochemical formulation used to generate
the response data for the subsequent response-surface analysis. The notation has been
used here to make the dependence of ER and E0

r on temperature explicit; therefore, this
clarification does not require modification of the existing response-surface dataset.

The actual operating voltage is lower than the reversible potential because of electro-
chemical and transport irreversibilities. In the present model, three principal polarization
mechanisms are considered: activation, ohmic, and concentration losses. The resulting
single-cell voltage is expressed as

Ecell = Er − ηact,a − ηact,c − ηohm − ηconc,a − ηconc,c (7)

Activation polarization originates from the finite reaction kinetics at the anode and
cathode catalyst layers. Incorporating the equivalent internal current associated with
reactant crossover, the activation losses are represented by modified Tafel relations:

ηact,a = Aaln
(

i + il
i0,a

)
(8)

and

ηact,c = Acln
(

i + il
i0,c

)
(9)
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where i is the operating current density, io,a and i0,c are the exchange current densities of the
anode and cathode, respectively, and il represents the equivalent internal current density
associated with reactant crossover. The corresponding Tafel coefficient is calculated as

A =
RT
nαF

(10)

where α represents the electrode charge-transfer coefficient.
The internal-current contribution associated with hydrogen crossover is represented

in the adopted model as

il =
2F

.
nH2,cross

Acell
(11)

where
.
nH2,cross is the molar rate of hydrogen crossing the membrane without contributing

to useful external current and Acell is the active cell area.
Ohmic polarization accounts for resistance to proton transport through the electrolyte

and electron transport through the electrically conducting components and external circuit.
The corresponding voltage loss is expressed as

ηohm = i(Re + Ri + Rc) (12)

where Re, Ri and RC denote the external electrical, ionic, and internal electronic/contact
resistance contributions, respectively.

At elevated current densities, depletion of reactants near the catalyst layers produces
concentration polarization. The concentration losses at the anode and cathode are repre-
sented as

ηconc,a = −RT
2F

ln
(

1 − i
im,a

)
(13)

and

ηconc,c = −RT
4F

ln
(

1 − i
im,c

)
(14)

where im,a and im,c are the limiting current densities at the anode and cathode, respectively.
These expressions capture the increasingly strong mass-transfer limitation as the operating
current approaches the limiting-current region.

Substitution of Equations (8)–(14) into Equation (7) gives the polarization-voltage
model employed to generate the response data used subsequently in the response sur-
face analysis:

Ecell = Er − Aaln
(

i + il
i0,a

)
− Acln

(
i + il
i0,c

)
− i(Re + Ri + Rc) +

RT
2F

ln
(

1 − i
im,a

)
+

RT
4F

ln
(

1 − i
im,c

)
(15)

The corresponding areal power density is obtained from

Pd = iEcell (16)

where Pd is expressed in W cm−2 when i is expressed in A cm−2. Thus, although the
cell voltage generally decreases with increasing current density, power density initially
increases because of the increasing current contribution before reaching a maximum and
subsequently declining as polarization losses become dominant. This trade-off provides
the physical basis for using polarization voltage as the primary response-surface variable
and deriving power density algebraically from Equation (16). This approach preserves the
physical relationship Pd = iEcell throughout the subsequent optimization.
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For the stack considered in the present study, 84 individual cells are connected in
series, with an active area of 272 cm2 per cell. The stack current is therefore obtained as

Istack = iAcell (17)

whereas the stack voltage is

Vstack = NcellEcell (18)

and the gross electrical power generated by the HT-PEMFC stack is

.
WFC = VstackIstack (19)

where Ncell represents the number of cells connected in series.
The fuel-cell electrical efficiency is defined on a lower-heating-value basis as the ratio

of the operating cell voltage to the thermoneutral voltage:

ηFC =
Ecell
Eth

(20)

For hydrogen oxidation on an LHV basis, the thermoneutral voltage adopted in this
study is Eth = 1.2488 V. Accordingly, the reference operating voltage of 0.5726 V gives
ηFC = 45.85%.

The electrical losses represented by the polarization terms in Equation (7) ultimately
contribute to heat generation within the stack. Consequently, the electrochemical operating
point determines both the useful electrical power generated by the HT-PEMFC and the
amount of thermal energy potentially available to the downstream ORC. The formulation
used to quantify this recoverable thermal output is presented in Section 2.3.

2.3. Fuel-Cell Heat Generation and Waste-Heat Recovery

During HT-PEMFC operation, only part of the chemical energy released by the
hydrogen–oxygen electrochemical reaction is converted into electrical work. The remaining
fraction appears primarily as thermal energy as a consequence of the entropy change associ-
ated with the electrochemical reaction and irreversible activation, ohmic, and concentration
losses. Consequently, the thermal output of the fuel-cell stack is intrinsically linked to its
electrochemical operating condition. For an HT-PEMFC coupled to a bottoming thermody-
namic cycle, this rejected heat constitutes a potentially useful thermal-energy source rather
than an unavoidable loss [28].

The thermoneutral potential corresponding to the total reaction enthalpy is expressed as

Eth = −∆H
nF

(21)

Here, Eth = 1.2488 V is the thermoneutral potential based on the lower heating value
(LHV) of hydrogen, ∆H is the molar enthalpy change in the hydrogen oxidation reaction, n
is the number of electrons transferred per mole of hydrogen, and F is Faraday’s constant.

The difference between the thermoneutral voltage and the actual operating cell volt-
age represents the portion of the reaction energy released as heat. Accordingly, the heat-
generation rate of an HT-PEMFC stack containing Ncell cells connected in series is repre-
sented as

.
QFC = NcellIstack(Eth − Ecell) (22)

where Istack is the stack current and Ecell is the operating voltage of an individual cell.
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Equation (22) establishes the direct electrothermal coupling between fuel-cell opera-
tion and waste-heat availability. Increasing current density increases the electrochemical
reaction rate and stack current, while increasing polarization losses generally reduces
cell voltage. As a result, changes in pressure, temperature, and current density affect not
only the electrical performance of the HT-PEMFC but also the quantity of thermal energy
potentially available for recovery.

In the integrated configuration considered in this study, heat losses between the HT-
PEMFC and the ORC evaporator are neglected. Therefore, the recoverable stack heat is
assumed to be transferred directly to the ORC:

.
Qrec =

.
QFC =

.
Qevap (23)

where
.

Qrec is the recoverable fuel-cell heat and
.

Qevap is the heat transferred to the ORC
working fluid.

The evaporator heat-transfer rate is independently calculated from the working-fluid
enthalpy rise:

.
Qevap =

.
mORC(h3 − h2) (24)

where
.

mORC is the ORC working-fluid mass-flow rate and h2 and h3 are the specific
enthalpies at the evaporator inlet and outlet, respectively. The reference ORC calculations
use thermophysical properties from the Reference Fluid Thermodynamic and Transport
Properties (REFPROP) database of the National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA). The available thermodynamic records contain the cycle
boundary conditions and aggregate component results but do not include the numerical
working-fluid mass-flow rate or the complete h1–h4 state-property table. These quantities
cannot be reconstructed uniquely from the reported heat and work rates without an
additional property calculation. Therefore, the ORC analysis is restricted to the available
reference-case quantities reported in Table 1.

Table 1. Principal numerical parameters and sources used in the HT-PEMFC and reference
ORC calculations.

Parameter Value Source/Basis

PBI proton conductivity, σ 0.048 S cm−1 Jayakody et al. [27], measured at 160 ◦C
PA/PBI molar ratio 12.2 Jayakody et al. [27]

Proton diffusion coefficient ≤1 × 10−7 cm2 s−1 Estimated upper bound, Jayakody et al. [27]
Number of electrons, n 2 H2/O2 electrochemical reaction

Faraday constant, F 96,485 C mol−1 Standard constant
Universal gas constant, R 8.314 J mol−1K−1 Standard constant

Number of cells, Ncell 84 Present stack configuration
Active area per cell 272 cm2 Present stack configuration

HT-PEMFC pressure range 100–400 kPa Present RSM design
HT-PEMFC temperature range 423–473 K Present RSM design

Current-density range 0–2.45 A cm−2 Present RSM design
ORC working fluid R409A Retained reference dataset
Condenser pressure 0.79884 MPa Retained REFPROP-based reference case
Evaporator pressure 2 MPa Retained reference case
State-3 temperature 433 K Retained reference case

Pump isentropic efficiency 0.80 Adopted model assumption
Expander isentropic efficiency 0.80 Adopted model assumption

ORC thermal input 15.45 kW Reference HT-PEMFC case
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The elevated operating temperature of the HT-PEMFC is advantageous for the present
thermal-integration concept because it provides rejected heat at a temperature level more
suitable for downstream conversion than that available from conventional low-temperature
PEMFCs [28]. The response-surface optimization described in Section 3 therefore incorpo-
rates a lower temperature constraint of 443 K. This constraint maintains an approximately
10 K temperature difference relative to the ORC evaporator outlet temperature of ap-
proximately 433 K considered in the present thermodynamic model, thereby avoiding an
operating condition in which the modeled ORC working-fluid temperature would exceed
the temperature of the heat source. The resulting 10 K difference represents a terminal
minimum-approach constraint in the present model. However, the model does not re-
solve the complete hot- and cold-side temperature–heat-duty profiles required for a full
pinch analysis. Accordingly, the 15.45 kW heat-transfer rate should be interpreted as an
upper-bound thermal input under the adopted full-transfer assumption rather than as a
pinch-validated realistically recoverable heat rate.

The RSM analysis is used to identify an electrochemically favorable HT-PEMFC
operating region under the imposed thermal constraint. The subsequent ORC analysis
is evaluated using the reference thermodynamic operating case for which the retained
reference thermodynamic dataset is available.

2.4. ORC Configuration and Reference Working Fluid

The ORC is employed as the bottoming cycle for converting a portion of the recoverable
HT-PEMFC heat into additional electrical power. As described in Section 2.1, the cycle
consists of a pump, evaporator, expander, and condenser. Organic working fluids are
suitable for this application because their relatively low phase-change temperatures permit
power generation from thermal sources that are unsuitable for conventional steam Rankine
cycles [13].

Working-fluid selection strongly affects ORC performance through its influence on
evaporation and condensation characteristics, operating pressures, expander performance,
and heat-exchanger temperature matching. Zeotropic mixtures are particularly relevant for
finite-temperature heat sources because their temperature glide during phase change can
improve thermal matching and reduce heat-transfer irreversibility [29,30]. Experimental
studies have also shown that mixture composition can significantly influence operating
pressure, mass flow rate, heat-transfer behavior, and net power generation [30].

The available thermodynamic dataset for the ORC was developed using R409A as
the working fluid, with thermophysical properties obtained from the NIST REFPROP
database [31]. R409A is therefore retained in the present study to preserve consistency with
the available thermodynamic calculations. The present work does not attempt to establish
a new comparative ranking of candidate working fluids because complete component-level
data, including mass-flow rate, pump work, and expander work, are not available for
all candidate mixtures. Accordingly, the ORC analysis reported here is restricted to the
retained R409A reference case for which aggregate heat- and work-rate results are available.

The use of R409A should be interpreted strictly as a consequence of the available
thermodynamic dataset rather than as a general recommendation for new ORC installa-
tions. R409A is a legacy refrigerant mixture; therefore, future working-fluid screening
should consider modern low-global-warming-potential alternatives under comparable
thermodynamic conditions [30].

The condenser pressure of 0.79884 MPa was retained from the available REFPROP-
based thermodynamic dataset. This value is not an independently optimized design
variable; it corresponds approximately to the saturation pressure of R409A at a saturated-
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liquid condenser outlet temperature of 25 ◦C. At this pressure, the bubble- and dew-point
temperatures are approximately 24.7 ◦C and 31.9 ◦C, respectively [31].

Because R409A is a zeotropic mixture, evaporation and condensation occur over a
finite temperature glide. At the evaporator pressure of 2.0 MPa, the bubble- and dew-point
temperatures are approximately 61.4 ◦C and 66.7 ◦C, respectively [31]. These values corre-
spond to temperature glides of approximately 5.3 K and 7.2 K, respectively, and confirm the
non-isothermal phase-change behavior of the mixture. The turbine-inlet condition (State 3)
is approximately 433 K (159.9 ◦C), which is well above both the evaporator dew-point
temperature and the reported critical temperature of R409A (approximately 106.9 ◦C) [31].
However, because the evaporator pressure of 2 MPa remains below the mixture critical
pressure of approximately 4.69 MPa, State 3 represents a strongly superheated vapor rather
than a supercritical state. Consequently, a pseudo-critical temperature is not applicable
at this subcritical pressure. The turbine-inlet temperature of approximately 160 ◦C also
represents a high-temperature condition for the HCFC-containing R409A blend. Thermal
decomposition and long-term chemical stability were not included in the present thermo-
dynamic model; therefore, the R409A results should be interpreted as a thermodynamic
reference case rather than a recommendation for practical high-temperature ORC operation.

R409A exhibits a measurable temperature glide during both evaporation and conden-
sation, which provides the thermodynamic basis for considering a zeotropic fluid in the
present heat-recovery analysis. However, its use in this study is retained primarily for con-
sistency with the available thermodynamic dataset. Its legacy HCFC composition and the
high modeled turbine-inlet temperature limit its suitability as a general recommendation
for new ORC installations.

2.5. Energy Formulation

The thermodynamic performance of the R409A-based ORC was evaluated using
steady-state energy balances for the pump, evaporator, expander, and condenser. Net ORC
power is used for the cycle-efficiency calculations. Changes in kinetic and potential energy
are neglected, and pressure and external heat losses within the ORC are assumed negligible.
The pump and expander isentropic efficiencies are both assumed to be 80%, consistent
with the adopted reference-case assumptions. For checking the feasibility of heat rejection,
cooling water is assumed to enter the condenser at 293 K (20 ◦C) and leave at approximately
296 K (23 ◦C). These temperatures remain below the R409A condensation-temperature
range of approximately 24.7–31.9 ◦C, thereby maintaining a positive temperature difference
throughout the phase-change region. The cooling-water loop itself is not included in the
cycle power calculation.

2.5.1. Pump

The ORC working fluid enters the pump as saturated liquid at state 1 and is com-
pressed to the evaporator pressure. For the actual pumping process, the required pump
power is

.
Wp =

.
mORC(h2 − h1) =

.
mORC(h2s − h1)

ηp
(25)

where h2S is the specific enthalpy corresponding to ideal isentropic compression and ηp is
the pump isentropic efficiency.

2.5.2. Evaporator

The heat supplied to the ORC evaporator is determined using Equation (24).
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2.5.3. Expander

The high-pressure vapor leaving the evaporator expands from state 3 to state 4, pro-
ducing shaft power. The actual expander output is calculated as

.
We =

.
mORC(h3 − h4) =

.
mORC(h3 − h4s)ηe (26)

where h4S is the outlet enthalpy corresponding to isentropic expansion and ηe is the
expander isentropic efficiency.

2.5.4. Condenser

After leaving the expander, the working fluid rejects heat in the condenser until it
returns to the saturated-liquid condition at state 1. The condenser heat-rejection rate is
calculated as

.
Qcond =

.
mORC(h4 − h1) (27)

2.5.5. ORC Net Power and Thermodynamic Performance

The net useful power generated by the ORC is obtained by subtracting the pump-
power requirement from the expander output:

.
WORC,net =

.
We −

.
Wp (28)

Accordingly, the first-law or thermal efficiency of the ORC is defined as

ηth,ORC =

.
WORC,net

.
Qevap

× 100% (29)

2.5.6. Integrated System Power Output

The total useful electrical power produced by the thermally integrated system is
calculated as

.
Wsys =

.
WFC +

.
WORC,net (30)

The combined modeled electrical output is calculated as the gross HT-PEMFC stack
electrical output plus the net ORC output, where the latter accounts for the ORC working-
fluid pump consumption. Reactant pressurization work, the HT-PEMFC coolant-loop
pump, condenser cooling-water pumping, and DC/AC conversion losses are not included
in the available model. Therefore, the quantity defined by Equation (30) represents the
combined electrical output before these balance-of-plant parasitic loads and should not be
interpreted as the net plant electrical output.

The principal ORC component efficiencies and boundary conditions were retained
from the reference thermodynamic dataset, while R409A properties were obtained using
REFPROP [31]; the remaining entries in Table 2 represent the simplifying assumptions
adopted in the present thermodynamic model.

Table 2. Principal assumptions adopted for the HT-PEMFC–ORC thermodynamic model.

Parameter/Assumption Adopted Condition

System operation Steady state

Pump isentropic efficiency, (ηp) 0.80

Expander isentropic efficiency, (ηe) 0.80

Condenser outlet condition Saturated liquid
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Table 2. Cont.

Parameter/Assumption Adopted Condition

Pressure losses in ORC piping and heat exchangers Neglected

Heat losses from HT-PEMFC to ORC evaporator Neglected

Reactant pressurization work Not included

HT-PEMFC coolant-loop pump power Not included

ORC condenser cooling-water pump power Not included

DC/AC converter losses Not included

Changes in kinetic and potential energy Neglected

Separate generator losses Not explicitly modeled

Condenser cooling-water temperature 293 K inlet; 296 K outlet (adopted for heat-rejection feasibility check)

3. Response Surface Methodology and Numerical Optimization
3.1. Response-Surface Design and Model Development

Response surface methodology (RSM) was used to quantify the simultaneous effects
of HT-PEMFC operating pressure, temperature, and current density on polarization volt-
age. The analysis was performed using Design-Expert version 13.0.5.0 (Stat-Ease, Inc.,
Minneapolis, MN, USA). RSM enables nonlinear and interaction effects among operating
variables to be represented using a limited number of model evaluations; the present
three-factor design follows the Box–Behnken framework [32]. Before applying the RSM
optimization, the HT-PEMFC electrochemical model was benchmarked against published
PA/PBI HT-PEMFC polarization data, as discussed in Section 4.1.

Three continuous factors were considered: operating pressure (A), cell tempera-
ture (B), and current density (C). Pressure was varied from 100 to 400 kPa, temperature
from 423 to 473 K, and current density from 0 to 2.45 A cm−2. These ranges define the
operating domain evaluated by the underlying HT-PEMFC electrochemical model. The
factor ranges are summarized in Table 3.

Table 3. Operating variables and ranges used for the response-surface analysis.

Factor Operating Variable Unit Lower Level Upper Level

A Pressure kPa 100 400
B Temperature K 423 473
C Current density A cm−2 0 2.45

The 17-run response-surface layout comprised 12 factor combinations corresponding
to the Box–Behnken structure and five repeated evaluations at the reference condition of
250 kPa, 443 K, and 1.0 A cm−2. The geometric center of the investigated factor ranges is
250 kPa, 448 K, and 1.225 A cm−2. Therefore, the repeated reference condition corresponds
to coded coordinates of approximately A = 0, B = −0.20, and C = −0.184, rather than the
exact design center (0, 0, 0). The design is consequently described as Box–Behnken-based
rather than as a conventional orthogonal Box–Behnken design.

To quantify the effect of this departure from the exact center, variance inflation factors
(VIFs) were calculated for all linear, interaction, and quadratic terms using the coded
17-run design matrix. The VIF values ranged from 1.000 to 1.018, with the maximum
value obtained for the temperature term. The current-density term had a VIF of 1.015,
while the quadratic terms ranged from approximately 1.012 to 1.013. These values indicate
only a very small departure from orthogonality. The maximum VIF of 1.018 corresponds
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to less than approximately 0.9% inflation in the coefficient standard error relative to an
orthogonal design. For comparison, replacing the repeated reference condition with the
exact center would give VIF values close to unity, with a maximum of approximately 1.006.
Therefore, the use of the off-center reference condition introduces only minor collinearity
and does not materially affect interpretation of the fitted coefficients within the investigated
design domain.

The response values for each operating combination were generated using the HT-
PEMFC electrochemical model described in Section 2.2 and subsequently imported into
Design-Expert for regression, statistical analysis, and numerical optimization. Polarization
voltage was treated as the primary response for response-surface modeling. Power density
was not fitted as an independent response; instead, it was calculated directly from the
predicted polarization voltage and current density using Equation (16), thereby preserving
the exact algebraic relationship between voltage, current density, and power density. The
complete 17-run design matrix and corresponding model-generated response values are
presented in Table 4.

Table 4. Box–Behnken-based response-surface design matrix and corresponding HT-PEMFC responses.

Run Pressure (kPa) Temperature (K) Current Density (A cm−2) Polarization Voltage (V) Power Density (W cm−2)

1 250 423 2.450 0.1554 0.3806
2 250 443 1.000 0.5726 0.5726
3 100 448 2.450 0.0196 0.0480
4 400 473 1.225 0.5353 0.6558
5 250 443 1.000 0.5726 0.5726
6 250 443 1.000 0.5726 0.5726
7 400 448 0.000 1.2782 0.0000
8 400 448 2.450 0.1757 0.4304
9 250 443 1.000 0.5726 0.5726

10 250 423 0.000 1.2706 0.0000
11 100 473 1.225 0.3705 0.4539
12 250 473 2.450 0.0900 0.2209
13 100 423 1.225 0.4393 0.5382
14 100 448 0.000 1.2648 0.0000
15 250 473 0.000 1.2766 0.0000
16 400 423 1.225 0.5867 0.7187
17 250 443 1.000 0.5726 0.5726

A second-order polynomial was fitted to the polarization-voltage response to represent
the combined linear, interaction, and quadratic effects of the three operating variables.

Y = β0 + βAA+ βBB+ βCC+ βABAB+ βACAC+ βBCBC+ βAAA2 + βBBB2 + βCCC2 (31)

where Y represents polarization voltage response, β0 is the intercept, βA, βB, and βC are
the linear regression coefficients, βAB, βAC, and βBC represent two-factor interaction effects,
and βAA, βBB, and βCC represent quadratic effects.

Goodness-of-fit statistics, regression diagnostics, and coded-coefficient effect magni-
tudes were used to evaluate model adequacy and interpret the relative influence of the
operating variables. The fitted polarization-voltage model was subsequently used for
physically consistent constrained optimization. Although the models were developed
over the complete ranges listed in Table 3, the optimization temperature was restricted to
443–473 K to maintain a positive thermal margin relative to the approximately 433 K ORC
evaporator outlet, and the minimum polarization voltage was constrained to 0.50 V. The
complete optimization criteria are given in Section 3.3.
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3.2. Model Adequacy and Standardized Effect Magnitudes

The quadratic polarization-voltage model was evaluated using goodness-of-fit statis-
tics, regression diagnostics, and the magnitudes of the coefficients in coded-factor form.
Because the response values were generated deterministically from the electrochemical
model rather than obtained from independent physical experiments, conventional inferen-
tial p-values were not used to classify individual model terms as statistically significant.
The repeated reference evaluations likewise do not represent independent experimental
replicates and were therefore not interpreted as a source of experimental pure error.

Since pressure, temperature, and current density were expressed as coded factors on
comparable scales, the magnitudes of the coded regression coefficients provide a direct
descriptive measure of the relative strength of the linear, interaction, and quadratic effects.
To facilitate comparison, the relative contribution of each term was calculated as its absolute
coded-coefficient magnitude divided by the sum of the absolute magnitudes of all coded
coefficients, multiplied by 100. These percentages are used only as descriptive effect
measures and should not be interpreted as a formal decomposition of variance.

Polarization-Voltage Model

The standardized effect magnitudes for the polarization-voltage model are presented
in Table 5. Current density produced the strongest effect within the investigated domain.
Its linear term accounted for approximately 59.6% of the normalized absolute coefficient
magnitude, while the quadratic current-density term contributed a further 22.8%, con-
firming the strongly nonlinear dependence of polarization voltage on electrochemical
loading. Pressure showed a smaller positive contribution of approximately 6.2%, whereas
the direct temperature contribution was approximately 2.3%. Among the interaction terms,
the pressure–current-density interaction was the strongest, with a relative contribution of
approximately 3.7%.

Table 5. Coded coefficients, normalized relative effect magnitudes, and variance inflation factors for
the polarization-voltage model.

Model Term Coded Coefficient Direction Relative Contribution (%) VIF

A—Pressure +0.0601 + 6.2 1.000
B—Temperature −0.0224 − 2.3 1.018
C—Current density −0.5812 − 59.6 1.015
AB +0.0043 + 0.4 1.000
AC +0.0357 + 3.7 1.000
BC −0.0179 − 1.8 1.001
A2 +0.0091 + 0.9 1.013
B2 +0.0226 + 2.3 1.012
C2 +0.2219 + 22.8 1.012

These values are interpreted as descriptive effect magnitudes rather than inferential
statistical measures. In particular, no claim of statistical significance is made because the
response values originate from deterministic electrochemical-model evaluations rather
than independent experimental observations.

Current density (C) was the dominant linear effect, followed by pressure (A) and tem-
perature (B). Among the interaction terms, AC had the largest coded-coefficient magnitude,
whereas AB and BC were comparatively small. Among the quadratic terms, C2 showed the
strongest contribution, confirming the pronounced nonlinear dependence of polarization
voltage on current density.
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The fitted quadratic equation in terms of coded factors is

Polarization Voltage = +0.4536 + 0.0601A − 0.0224B − 0.5812C + 0.0043AB

+0.0357AC − 0.0179BC + 0.0091A2 + 0.0226B2 + 0.2219C2 (32)

Because Equation (32) is expressed in coded factors, the magnitudes and signs of
the coefficients indicate the relative direction and strength of factor effects within the
investigated design domain. The large negative coefficient of C reflects the reduction in
polarization voltage with increasing current density, whereas the positive coefficient of
A indicates improved voltage performance at higher pressure.

The polarization-voltage surrogate showed close agreement with the model-generated
response data, with R2 = 0.9989, adjusted R2 = 0.9974, and predicted R2 = 0.9819. The
residual standard deviation was 0.0215 V and the coefficient of variation was 3.55%. These
goodness-of-fit measures, together with the predicted-versus-generated comparison in
Figure 2, were used to assess the suitability of the surrogate for response interpretation and
constrained optimization.

Figure 2. Predicted versus model-generated polarization-voltage values for the quadratic response-
surface model.

Figure 2 compares the quadratic-model predictions with the model-generated response
values. The data points are closely distributed around the equality line, consistent with the
high coefficients of determination.
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3.3. Physically Consistent Constrained Optimization

Following fitting and adequacy assessment of the polarization-voltage response sur-
face, power density was calculated directly from the predicted voltage rather than repre-
sented by a separate independently fitted response surface. The predicted power density
was therefore obtained as

P̂d = iÊ (33)

where Ê is the polarization voltage predicted by Equation (32). This formulation guarantees
algebraic consistency between current density, polarization voltage, and power density
throughout the optimization.

The objective of the numerical optimization was to maximize the physically consistent
power density defined by Equation (33), subject to the investigated ranges of pressure,
temperature, and current density. In addition, the minimum temperature was restricted to
443 K to maintain an approximately 10 K thermal margin relative to the ORC evaporator
outlet temperature of approximately 433 K, while the minimum allowable polarization
voltage was set to 0.50 V to avoid excessively low-voltage operation.

For a fixed pressure and temperature, the stationary power-density condition can be
expressed as

∂P̂d
∂i

= Ê + i
∂Ê
∂i

= 0 (34)

The constrained search showed that the maximum physically consistent power density
occurs at the upper investigated pressure boundary of 400 kPa and the lower thermally
allowable temperature of 443 K. Substitution of these conditions into Equation (32) gives
the voltage response as a function of current density:

Ê = 1.291144 − 0.804669i + 0.147872i2 (35)

Accordingly,

P̂d = 1.291144i − 0.804669i2 + 0.147872i3 (36)

Application of Equation (34) gives a physically relevant stationary point at approx-
imately i = 1.198 A cm−2. At this condition, the response-surface model predicts a po-
larization voltage of approximately 0.5395 V, giving a power density of approximately
0.6462 W cm−2 from Equation (33). The voltage therefore remains above the imposed
minimum of 0.50 V.

The optimization also clarifies the role of the individual constraints. Within the inves-
tigated response-surface domain, increasing pressure improves the predicted voltage and
derived power density, while the thermal-integration requirement restricts the temperature
to values of 443 K or higher. Consequently, the optimum occurs at the upper pressure
boundary of 400 kPa and the lower permitted temperature boundary of 443 K rather than
at an interior pressure–temperature combination. The optimum current density is not
determined by the minimum-voltage constraint. Instead, it is obtained from the station-
ary condition of the physically consistent power-density function, giving approximately
1.198 A cm−2, at which the predicted voltage remains above the imposed minimum at
approximately 0.5395 V.

Accordingly, the main contribution of the response-surface model is not the identifi-
cation of an unexpected interior optimum in pressure and temperature. Its value lies in
providing a compact quantitative representation of the nonlinear polarization response
and the interaction effects among pressure, temperature, and current density, from which a
physically consistent power-density function can be derived and optimized. The boundary
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nature of the pressure and temperature solution is therefore stated explicitly and should be
interpreted within the investigated operating ranges.

The constrained search was performed using the criteria listed in Table 6, and the fea-
sible condition giving the maximum physically consistent power density was selected. The
resulting constrained optimum and its comparison with the reference operating condition
are presented and discussed in Section 4.3.

Table 6. Constraints used for physically consistent HT-PEMFC optimization.

Variable/Response Constraint

Pressure, (A) 100–400 kPa
Temperature, (B) 443–473 K
Current density, (C) 0–2.45 A cm−2

Polarization voltage, (Ê) E ≥ 0.50 V
Power density, (P̂d) Maximize P̂d = iÊ

4. Results and Discussion
4.1. Effects of Operating Parameters on Polarization Voltage

The response-surface analysis shows that polarization voltage is influenced primarily
by current density, while pressure provides a secondary beneficial effect and temperature
has a comparatively smaller influence. This trend is consistent with the statistical analysis
presented in Section 3.2, which identified current density as the dominant factor affecting
the polarization response.

Across the investigated operating range, polarization voltage decreased markedly
as current density increased. At 400 kPa and 448 K, for example, the voltage decreased
from 1.2782 V at zero current density to 0.1757 V at 2.45 A cm−2. At 100 kPa and the
same temperature, the corresponding voltage at 2.45 A cm−2 was only 0.0196 V. The strong
decline at high current density reflects the increasing contribution of activation, ohmic, and
mass-transfer losses.

Pressure generally improved polarization performance, particularly at elevated current
density. As shown in Figure 3a, increasing pressure from 100 to 400 kPa had only a small
effect near open-circuit conditions but produced a substantially larger improvement at
high current density. This behavior is consistent with improved reactant availability and
reduced sensitivity to transport limitations under elevated-pressure operation [24].

Figure 3. Response-surface effects of HT-PEMFC operating parameters on polarization voltage: (a) in-
teraction between pressure and current density at 448 K; (b) interaction between temperature and
current density at 250 kPa.

The effect of temperature was dependent on the electrochemical loading condition
rather than being uniformly positive or negative throughout the investigated domain. At
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zero current density and 250 kPa, increasing the temperature from 423 to 473 K changed the
predicted voltage only slightly, from 1.2706 to 1.2766 V. In contrast, at 2.45 A cm−2 and the
same pressure, increasing the temperature from 423 to 473 K reduced the predicted voltage
from 0.1554 to 0.0900 V. The negative temperature effect at high current density differs
from the generally beneficial effect of increasing temperature reported in experimental
HT-PEMFC studies, where improved reaction kinetics can enhance performance [24,25].
Chowdhury and Gladen [24], for example, identified temperature as an important operating
parameter, while Zhou et al. [25] showed that higher temperature can mitigate performance
losses under diluted-anode operation.

The difference should be interpreted in the context of the present electrochemical for-
mulation. Temperature enters not only the reversible-potential relation in Equations (4)–(6),
but also the activation and concentration overpotentials through the RT/F-dependent terms
in Equations (8)–(10), (13) and (14). At elevated current density, these polarization terms
become increasingly important and produce the negative temperature dependence pre-
dicted by the adopted model. In addition, the present model uses the adopted membrane-
conductivity parameter without a separate temperature-dependent conductivity correlation
and does not include explicit temperature-dependent degradation phenomena. Therefore,
the predicted negative trend at high current density should be regarded as a model-specific
electrochemical response rather than evidence of phosphoric-acid evaporation, membrane
dry-out, or other degradation mechanisms. Such mechanisms are outside the scope of the
present model.

The response surfaces therefore confirm that current density is the principal control
variable for polarization voltage, while increased pressure partly mitigates voltage dete-
rioration under high-current operation. Because maximum voltage occurs close to open
circuit, where useful power output approaches zero, polarization voltage was treated as a
constrained response rather than a maximization objective during numerical optimization.

To provide an external literature comparison, the model-predicted polarization curve
at 433 K and 100 kPa was compared with published PA/PBI HT-PEMFC experimental data
digitized from Zhang et al. [33] measured at 160 ◦C, ambient backpressure, and 0% RH
(see Figure 4). The comparison shows the overall decreasing polarization trend, although
quantitative deviations remain, with a root-mean-square error (RMSE) of 0.230 V. It should
be noted that the published data were digitized from the reported figure and that some
deviation is expected due to differences in membrane properties, MEA structure, and
detailed operating conditions.

Figure 4. Comparison between the model-predicted polarization curve and the published experimen-
tal PA/PBI HT-PEMFC data digitized from Zhang et al. [33] at 160 ◦C (433 K), ambient backpressure,
and 0% RH.
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4.2. Effects of Operating Parameters on Power Density

Power density exhibited a strongly nonlinear dependence on current density. Un-
like polarization voltage, which decreased continuously with increasing current density,
power density initially increased from zero, reached a maximum within an intermediate
current-density region, and subsequently declined as polarization losses became dominant.
This behavior is consistent with the strong quadratic current-density effect identified in
Section 3.2.

Pressure had a clear beneficial influence on power density, particularly at moderate-to-
high current density. Figure 5a shows the combined effect of pressure and current density at
448 K. At 2.45 A cm−2, increasing pressure from 100 to 400 kPa raised the model-generated
power density from 0.0480 to 0.4304 W cm−2. The improvement is consistent with the
corresponding polarization response, where increased pressure helped maintain a higher
operating voltage under elevated electrochemical loading [24].

Figure 5. Physically consistent power-density surfaces derived from the RSM-predicted polarization
voltage using Pd = iE: (a) effect of pressure and current density at 448 K; (b) effect of temperature and
current density at 250 kPa. In both panels, the color gradient represents power density, progressing
from lower values (purple/blue) to higher values (yellow).

A similar pressure effect was observed at intermediate current density. At approxi-
mately 1.23 A cm−2 and 423 K, increasing pressure from 100 to 400 kPa increased power
density from 0.5382 to 0.7187 W cm−2. This behavior explains why the numerical optimiza-
tion favored the upper-pressure region of the investigated design space.

Temperature showed a smaller but noticeable influence on power density. Figure 5b
illustrates the interaction between temperature and current density at a fixed pres-
sure of 250 kPa. Separately, the design-run results at 400 kPa show that at approxi-
mately 1.23 A cm−2, increasing temperature from 423 to 473 K reduced power density
from 0.7187 to 0.6558 W cm−2. Within the present model, lower temperatures in the inves-
tigated HT-PEMFC range therefore favored power density. This negative high-current-
density trend is consistent with the polarization-voltage behavior discussed in Section 4.1
and results from the combined temperature dependence represented by the reversible-
potential, activation, and concentration-polarization terms of the adopted model. Be-
cause phosphoric-acid evaporation, membrane dry-out, and temperature-dependent degra-
dation are not explicitly modeled, the result should not be interpreted as evidence of
these mechanisms.
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The highest power density among the 17 response-surface design runs was 0.7187 W cm−2,
obtained at 400 kPa, 423 K, and approximately 1.23 A cm−2. However, this condition was
not suitable for the thermally integrated configuration because 423 K is below the 443 K
minimum imposed to preserve an adequate temperature difference relative to the approxi-
mately 433 K ORC evaporator outlet. The numerical optimization therefore represents a
compromise between high electrical performance, acceptable polarization voltage, and the
temperature requirement imposed by downstream heat recovery.

4.3. Constrained RSM Optimum and Reference Operating Point

Using the physically consistent formulation in Equation (33), the constrained opti-
mization identified an HT-PEMFC operating condition of approximately 400 kPa, 443 K,
and 1.198 A cm−2. At this condition, Equation (32) predicts a polarization voltage of
approximately 0.5395 V. The corresponding power density, calculated directly as Pd = iE,
is approximately 0.6462 W cm−2. The optimization therefore satisfies the electrochemical
identity directly.

The selected operating condition satisfies both integration constraints: the polarization
voltage remains above the imposed minimum of 0.50 V, while the temperature of 443 K
provides the prescribed approximately 10 K thermal margin relative to the ORC evaporator
outlet temperature of approximately 433 K. The optimum occurs at the upper investigated
pressure boundary and the lower thermally allowable temperature boundary and should
therefore be interpreted as a constrained optimum within the investigated design domain.
The reference condition of 250 kPa, 443 K, and 1.0 A cm−2 was retained as the baseline
because it is the operating point for which the retained reference thermodynamic dataset
is available; it is not intended to represent a manufacturer-specified or globally optimal
operating point.

The optimized condition was compared with the reference operating point of 250 kPa,
443 K, and 1.0 A cm−2. At the reference condition, the polarization voltage and correspond-
ing power density are both approximately 0.5726 in their respective units. The comparison
is summarized in Table 7. The corresponding model-implied reversible (Nernst) poten-
tials, obtained from the zero-current limit of the fitted polarization-voltage surface at the
same pressure and temperature conditions, are approximately 1.2585 V for the reference
condition and 1.2911 V for the optimum.

Table 7. Comparison between the reference HT-PEMFC operating condition and the constrained
RSM optimum.

Parameter Reference Condition Constrained Optimum Change

Pressure 250 kPa 400 kPa +60.0%
Temperature 443 K 443 K –
Current density 1.000 A cm−2 1.198 A cm−2 +19.8%
Polarization voltage 0.5726 V 0.5395 V −5.8%
Power density 0.5726 W cm−2 0.6462 W cm−2 +12.9%

The physically consistent optimum therefore provides an approximately 12.9% in-
crease in power density relative to the reference operating point, while the polarization
voltage decreases by only approximately 5.8%. The result preserves the fundamental re-
lationship Pd = iE and therefore provides a physically consistent basis for interpretation
and optimization.

The optimized electrochemical condition is used only to identify an improved HT-
PEMFC operating region. The subsequent stack-heat and ORC calculations continue to use
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the separate reference thermodynamic case for which the retained reference thermodynamic
dataset is available. No new ORC state properties are inferred from the RSM optimum.

The solution should be interpreted as a boundary-constrained optimum rather than an
interior optimum in all three operating variables. Pressure reaches the upper investigated
limit of 400 kPa because higher pressure consistently improves the predicted electrochemi-
cal performance within the modeled domain. Temperature remains at the lower permitted
value of 443 K because lower temperatures favor the derived power density within the
present model, while 443 K is the minimum value allowed by the downstream ORC ther-
mal requirement. The current density behaves differently: it is not located at a prescribed
boundary or at the minimum-voltage constraint, but is determined by the stationary maxi-
mum of Pd = iE, giving approximately 1.198 A cm−2. At this point, the predicted voltage is
approximately 0.5395 V and therefore the E ≥ 0.50 constraint is inactive.

These results show that the principal information provided by the RSM is the quantita-
tive description of the voltage response, including interaction and nonlinear effects, rather
than the discovery of an interior optimum for pressure and temperature. The resulting sur-
rogate allows the power-density optimum with respect to current density to be determined
consistently while clearly identifying the pressure and temperature boundaries favored by
the adopted model and constraints.

4.4. HT-PEMFC Stack Power, Heat Generation, and Efficiency

The electrical and thermal characteristics of the HT-PEMFC were evaluated using the
reference thermodynamic operating case for which the retained reference thermodynamic
dataset is available. This case corresponds to a current density of 1.0 A cm−2, an active cell
area of 272 cm2, and 84 cells connected in series. The resulting stack current is 272 A, while
the single-cell voltage of approximately 0.5726 V gives a stack voltage of approximately
48.1 V and an electrical output of 13.08 kW.

Figure 6 shows the variation in stack electrical power and thermal output with current.
Electrical power initially increases with current, but the rate of increase progressively
decreases as activation, ohmic, and concentration losses reduce the operating voltage. In
contrast, thermal output increases as the difference between the thermoneutral and actual
cell potentials becomes larger.

Figure 6. Variation in HT-PEMFC stack electrical power and thermal output with stack current.
The vertical dashed line denotes the reference stack current of 272 A; the markers indicate the
corresponding reference thermodynamic operating point.

At the reference stack current of 272 A, the model predicts 13.08 kW of electrical power
and 15.45 kW of stack thermal output assumed available to the ORC. The corresponding
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HT-PEMFC efficiency is 45.85%. The substantial thermal output available at this operating
condition provides the heat source for the R409A-based ORC considered in the following
subsection. The elevated operating temperature of the HT-PEMFC is advantageous in this
respect because it provides rejected heat at a more useful temperature level for downstream
thermal conversion [28].

4.5. ORC Performance at the Reference Operating Condition

The R409A-based ORC was evaluated using the 15.45 kW thermal input assumed
available from the HT-PEMFC reference operating case. The ORC operates between a con-
denser pressure of 0.79884 MPa and an evaporator pressure of 2 MPa and receives 15.45 kW
of thermal energy from the HT-PEMFC. At this condition, the expander produces 1.304 kW
of power, while the pump requires 0.0654 kW. Therefore, according to Equation (28), the
net ORC power is approximately 1.239 kW. Using Equation (29), the corresponding net
cycle efficiency is

ηth,ORC =
1.304 − 0.0654

15.45
× 100 ≈ 8.02%

Although the ORC output is considerably smaller than the primary HT-PEMFC elec-
trical output, it is obtained from thermal energy that would otherwise be rejected. The
cycle therefore increases useful energy recovery without requiring an additional primary
fuel input.

4.6. Integrated HT-PEMFC–ORC Performance

The HT-PEMFC produces 13.08 kW of gross stack electrical power. The ORC expander
produces 1.304 kW, while its working-fluid pump consumes 0.0654 kW, giving an ORC net
contribution of approximately 1.24 kW. The resulting combined modeled electrical output
is approximately 14.32 kW before balance-of-plant parasitic loads. The ORC contribution is
equivalent to approximately 9.5% of the gross HT-PEMFC stack electrical output. Because
reactant pressurization, coolant pumping, condenser cooling-water pumping, and DC/AC
conversion losses are not included, this value should not be interpreted as a 9.5% increase
in net plant electrical output.

Zhou et al. [20] reported a 1.65% increase in system electrical efficiency for their
PEMFC–ORC configuration. In the present study, the approximately 9.5% value represents
the ratio of the ORC net power contribution to the gross HT-PEMFC stack electrical out-
put. The two percentages therefore represent different performance metrics and system
boundaries and are not directly comparable.

The principal thermodynamic results of the reference integrated system are summa-
rized in Table 8.

Table 8. Thermodynamic performance of the reference integrated HT-PEMFC–ORC system.

Performance Parameter Value

HT-PEMFC gross stack electrical output 13.08 kW
HT-PEMFC thermal input assumed available to the ORC 15.45 kW

HT-PEMFC electrical efficiency (LHV basis) 45.85%
ORC evaporator pressure (reference case) 2 MPa

ORC gross expander output 1.304 kW
ORC working-fluid pump consumption 0.0654 kW

ORC net electrical contribution ≈1.24 kW
Net ORC thermal efficiency ≈8.02%

Combined modeled electrical output before
balance-of-plant (BOP) auxiliary power consumption ≈14.32 kW

ORC contribution relative to gross HT-PEMFC stack output ≈9.5%
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The additional ORC contribution is modest relative to the primary fuel-cell output;
however, its thermodynamic value arises from recovering energy that would otherwise
be rejected to the surroundings. Similar benefits have been reported for PEMFC–ORC
configurations in which bottoming cycles improve the utilization of fuel-cell energy streams.

The integrated thermodynamic results reported here correspond to the reference
thermodynamic operating case, whereas the constrained RSM optimum discussed in
Section 4.3 represents the optimized electrochemical operating region. The two analyses
therefore demonstrate complementary improvement strategies: optimization of HT-PEMFC
operating conditions and recovery of available stack waste heat through the ORC.

5. Conclusions
This study investigated the thermodynamic integration of an HT-PEMFC with an

ORC for recovery of low-grade fuel-cell waste heat, while RSM was employed to examine
and optimize the electrochemical operating conditions of the HT-PEMFC. The analysis
considered pressure, temperature, and current density as the principal operating variables
affecting polarization voltage and power density. The response-surface results showed that
current density was the dominant parameter governing polarization voltage and, through
the relation Pd = iE, strongly influenced the derived power density, while pressure provided
a notable beneficial effect, particularly at moderate-to-high current densities.

The physically consistent optimization identified an operating condition of approxi-
mately 400 kPa, 443 K, and 1.198 A cm−2. At this condition, the voltage response-surface
model predicted approximately 0.5395 V, corresponding to a power density of approxi-
mately 0.6462 W cm−2 when calculated directly from Pd = iE. Compared with the reference
condition of 250 kPa, 443 K, and 1.0 A cm−2, this represents an approximately 12.9% in-
crease in power density. Deriving power density directly from the voltage response ensures
algebraic consistency and avoids the deviation produced when the two quantities are fitted
independently. The optimum lies at the upper pressure and lower permitted temperature
boundaries of the investigated domain, whereas the optimum current density is determined
by the stationary maximum of the physically consistent Pd = iE relation rather than by the
minimum-voltage constraint.

For the thermodynamic reference case, the 84-cell HT-PEMFC stack produced 13.08 kW
of electrical power and approximately 15.45 kW of stack thermal output assumed available
to the ORC at a stack current of 272 A. The available thermodynamic reference case
employed R409A as the ORC working fluid and was therefore retained for the waste-
heat-recovery analysis. At the reference evaporator pressure of 2 MPa, the ORC expander
produced 1.304 kW, while the pump consumed 65.4 W.

For the reference thermodynamic case, the ORC provided approximately 1.24 kW
of cycle-net power, corresponding to about 9.5% of the gross HT-PEMFC stack electrical
output. The resulting combined modeled output was approximately 14.32 kW before
unmodeled balance-of-plant auxiliary power consumption.

An important limitation of the present analysis is that the identified RSM optimum
was not propagated through the complete ORC thermodynamic model because correspond-
ing heat-generation and ORC state-property data were unavailable. Accordingly, the RSM
optimum represents the improved electrochemical operating condition, whereas the ORC
performance corresponds to the available reference thermodynamic operating case. The
optimized operating point should be interpreted within the specific model structure and
investigated design space rather than as a universally applicable HT-PEMFC operating
condition. The results depend on the adopted PA/PBI membrane properties, the selected
pressure–temperature–current-density ranges, the simplified electrochemical formulation,
and the retained R409A-based ORC reference dataset. In addition, balance-of-plant auxil-
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iary consumption, detailed pinch-based heat-exchanger design, temperature-dependent
degradation, and broader working-fluid screening were not included. The reported ORC
efficiency of approximately 8.02% is specific to the retained legacy R409A reference case
and should not be interpreted as the optimum attainable with modern working fluids
selected for this temperature range.

Future work should evaluate the complete integrated cycle at the optimized HT-
PEMFC operating point, experimentally validate the electrochemical and thermal predic-
tions, and incorporate temperature-dependent membrane conductivity, kinetic parameters,
and phosphoric-acid transport or degradation effects. The ORC analysis should also be
extended to modern low-global-warming-potential working fluids, detailed heat-exchanger
matching, and complete auxiliary-power modeling.
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Abbreviations
The following abbreviations are used in this manuscript:

AC Alternating current
DC Direct current
HT-PEMFC High-temperature proton-exchange membrane fuel cell
NIST National Institute of Standards and Technology
ORC Organic Rankine cycle
PBI Polybenzimidazole
PEMFC Proton-exchange membrane fuel cell
REFPROP Reference Fluid Thermodynamic and Transport Properties
RSM Response surface methodology
HCFC Hydrochlorofluorocarbon
LHV Lower heating value
PA Phosphoric acid
RH Relative humidity
RMSE Root-mean-square error
VIF Variance inflation factor
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Symbols for HT-PEMFC electrochemical model:

Symbol Definition Unit
A Tafel coefficient, Equation (10) V
Aa Anode Tafel coefficient V
Ac Cathode Tafel coefficient V
ACell Active area of a single fuel cell cm2

ECell Operating voltage of a single fuel cell V
Er Reversible cell potential V
E0

r Reversible potential under standard conditions V
Eth Thermoneutral voltage V
F Faraday constant C mol−1

i Operating current density A cm−2

il
Equivalent internal current density associated with

A cm-2
hydrogen crossover

i0,a Anode exchange current density A cm−2

i0,c Cathode exchange current density A cm−2

im,a Anode limiting current density A cm−2

im,c Cathode limiting current density A cm−2

Istack Stack current A
n Number of electrons transferred per mole of hydrogen –
.
nH2,Cross Molar rate of hydrogen crossover mol s−1

Ncell Number of cells connected in series –
PH2 Hydrogen partial pressure Consistent pressure basis
PO2 Oxygen partial pressure Consistent pressure basis
PH2O Water partial pressure Consistent pressure basis
σ PBI proton conductivity S cm−1

Pd Areal power density W cm−2

R Universal gas constant J mol−1 K−1

Re External electrical resistance contribution Ω cm2 *
Ri onic resistance contribution Ω cm2 *
Rc Internal electronic/contact resistance contribution Ω cm2 *
T Absolute operating temperature K
Vstack HT-PEMFC stack voltage V

.
WFC HT-PEMFC stack electrical power kW
α Electrode charge-transfer coefficient –
∆G Gibbs free-energy change in reaction J mol−1

∆H Enthalpy change in reaction J mol−1

∆S Entropy change in reaction mol−1 K−1

ηact,a Anode activation overpotential V
ηact,c Cathode activation overpotential V
ηohm Ohmic overpotential V
ηconc,a Anode concentration overpotential V
ηconc,c Cathode concentration overpotential V
ηFC HT-PEMFC electrical efficiency on an LHV basis % or dimensionless

* For Re, Ri, and Rc, Ω cm2 is implied by Equation (12) because these terms are multiplied by current
density in A cm−2 to produce a voltage loss.

Symbols for heat recovery and ORC model

Symbol Definition Unit
.

QFC HT-PEMFC heat-generation rate kW
.

Qrec Recoverable HT-PEMFC heat rate kW
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.
Qevap Heat-transfer rate in the ORC evaporator kW
.

Qcond Heat-rejection rate in the condenser kW
.

mORC ORC working-fluid mass-flow rate kg s−1

h1, h2, h3, h4 Specific enthalpies at ORC states 1–4 kJ kg−1

h2s Specific enthalpy after isentropic pump compression kJ kg−1

h4s Specific enthalpy after isentropic expansion kJ kg−1
.

WP ORC pump power consumption kW
.

We ORC expander power output kW
.

WORC,net Net ORC power output kW
.

Wsys Total integrated-system electrical output kW
ηp Pump isentropic efficiency –
ηe Expander isentropic efficiency –
ηth,ORC ORC thermal efficiency %

Symbols for RSM model

Symbol Definition Unit
A Coded RSM factor representing pressure –
B Coded RSM factor representing temperature –
C Coded RSM factor representing current density –
Y Polarization-voltage response V
Ê RSM-predicted polarization voltage V

P̂d
Power density derived from the

W cm−2
RSM-predicted voltage, P̂d = iÊ

β0 Regression-model intercept V
βA, βB, βC Linear regression coefficients V
βAB, βAC, βBC Two-factor interaction coefficients V
βAA,βBB,βCC Quadratic regression coefficients V
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