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Abstract

Proton exchange membrane fuel-cell (PEMFC) systems in plateau regions face reduced
electrochemical performance because of lower oxygen partial pressure, while radiator heat
rejection can be weakened by lower air density. This study compares an 80 kW class liquid-
cooled PEMFC system in Wuhan (~0 m, 101.3 kPa) and Kunming (nominal 2000 m test
condition, 80.1 kPa), using GB/T 24554-2022 as the test-method reference, and develops a
model-based altitude-adaptive liquid—air-cooling strategy. At the end point of the steady-
state current sweep, the highest recorded stack power decreases from 93.98 to 84.0 kW
(—10.6%), maximum net power in rated-power tests decreases from 82 to 72 kW (—12.2%),
load-up time increases by 33%, and unloading time decreases by 20%; in the Kunming
load sweep, the parasitic share rises from 9.2% to 18.2% as net demand increases from
10 to 80 kW. A thermal sweep in which the recorded excess-air ratio falls from 5.63 at
10 kW to 2.18 at 80 kW reaches 80 kW net while maintaining the coolant outlet temperature
at 78-86 °C. Under idealized International Standard Atmosphere (ISA) conditions, the
modeled radiator air-side coefficient falls to 85.4% and 72.5% of its sea-level value at 2000
and 4000 m, respectively; inverse-density fan scaling restores the modeled coefficient at a
fan-power cost proportional to 1/K(z)2. Unlike previous altitude studies focused on stack
electrochemistry, the results indicate coupled air-supply constraints and modeled air-side
heat-rejection sensitivity. These results support altitude-adaptive thermal management of
high-power PEMFC systems. No 4000 m stack-power projection is reported: the apparent
pressure ratio that would be required at that altitude to reproduce the cathode-inlet pressure
recorded at the 80 kW point of Campaign B (3.23) is beyond the 2.48 reached in the tests,
so the 4000 m analysis is restricted to that pressure-ratio requirement and to the idealized
air-side coefficient of the radiator.

Keywords: proton exchange membrane fuel cell; high altitude; plateau environment;
thermal management; liquid-air coupled cooling; altitude-adaptive control; feedforward-
feedback control; air compressor

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are a key enabling technology for the
low-carbon transition of transportation and distributed power generation, owing to their
high efficiency, fast start-up, low operating temperature and zero tailpipe emissions [1,2].
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PEMEC systems are being evaluated for plateau operation, including expander-based
compressor energy recovery [3]. Applications in plateau regions may encounter elevations
of 2000-4000 m, where low ambient temperatures further complicate fuel-cell start-up [4].
At 2000 m, ambient pressure is roughly 20% below its sea-level value; at 4000 m, it is about
40% lower. The associated reduction in air density and oxygen partial pressure affects
PEMFC system operation [5,6].

The influence of altitude on PEMFC performance has been documented for more than
two decades. Hordé et al. [7] measured PEMFC stacks at altitudes of 200-2200 m and found
that the maximum operable current shrinks markedly with altitude, especially at low air
stoichiometry; even at a stoichiometry of 2.5, the power loss at 2200 m still reached 8%.
Gonzélez-Espasandin et al. [8] compared air-breathing hydrogen PEMFCs and passive
DMFCs under atmospheric flight conditions. Pratt et al. [9] reported similar losses for
air-breathing stacks under simulated high-altitude conditions. For air-cooled stacks, Shi
etal. [10] found that the effect of cathode-air pre-heating depends on altitude and humidity,
while Miao et al. [11] studied operating characteristics in high-altitude environments.
More recently, Zhou et al. [12] showed that a high oxygen-excess-ratio design can improve
the altitude tolerance of air-cooling PEMFC stacks for unmanned aerial vehicles. At the
system level, Haraldsson and Alvfors [13] demonstrated that the air-compressor energy
consumption grows rapidly with altitude and can absorb up to 40% of the system net
output, while Saleh et al. [14] modeled reactant-supply demand and flow control for fuel-
cell unmanned aerial systems at altitude. Willich et al. [15] tested a commercial 100 kW
PEM fuel-cell system in a low-pressure chamber at 750-940 mbar and found that below
867 mbar, the compressor can no longer deliver the air mass flow required for the maximum
rated current, so that a current-limiting strategy had to be implemented; Graf et al. [16]
demonstrated that direct battery hybridization can stabilize the system voltage under low
ambient pressure; and Li et al. [17] simulated a fuel-cell vehicle over the 0—4000 m altitude
range and identified the compressor operating boundaries as a key constraint on plateau
performance. A recent review by Chen et al. [18] summarized these plateau-adaptation
studies and pointed out that most of them remain limited to single cells or small air-cooled
systems below 10 kW and to altitudes below 4000 m.

Two mitigation philosophies have emerged. Structure-oriented approaches, such as
two-stage boosting, cathode pre-heating and exhaust-energy recovery with expanders [3],
can recover part of the lost oxygen partial pressure but add hardware complexity and cost.
Strategy-oriented approaches instead adapt the reactant supply and the operating point to
the ambient conditions: coordinated power distribution among multiple stacks improved
simulated hydrogen economy at high altitude in the study by Wang et al. [19], and our
previous campaign on a 95 kW water-cooled stack reported compressor operation closer to
the surge region at altitude [20]. Compressor-level analyses confirm that altitude narrows
the efficient operating window of the air-supply system and that the growing compressor
parasitic share ultimately caps the achievable net power [21].

Thermal management under plateau conditions, however, has received far less at-
tention, even though it can markedly amplify the altitude penalty. Cooling techniques
for PEMFC stacks have been reviewed [1,22,23], and liquid cooling is widely adopted for
automotive-scale stacks because of its superior heat capacity and temperature uniformity.
In the investigated vehicle-type system, the liquid loop ultimately rejects heat to ambient
air through a radiator and is thus, in essence, a liquid—air coupled system. At altitude the
air-side convective resistance increases sharply because the air density—and thus the mass
flow at a given fan speed—drops, while at the same time, the stack heat load increases: the
reduced cell voltage forces higher currents for the same power, the excess-air ratio must be
raised to avoid oxygen starvation, and increased compressor work can add to the system
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heat load and the cathode-inlet thermal burden [24]. Aviation and aerospace reviews also
discuss the challenges of integrating hydrogen fuel cells into complete power systems [25].
Plateau-bus studies have discussed thermal-management [26] and air-supply [27] chal-
lenges, and simulation work indicates that the stack temperature at altitude may drift above
its setpoint, accelerating catalyst and membrane degradation [1,23].

Despite these observations, three gaps remain. First, published altitude studies con-
centrate on low-power air-cooled stacks; quantitative experimental evidence on the cooling-
loop behavior of a commercial high-power (>50 kW) liquid-cooled system under altitude
conditions—coolant temperatures, temperature rise, heat load and parasitic energy—is
scarce. Second, the few plateau thermal-management studies treat the liquid loop and the
air side separately, and the coupled heat-rejection chain from the stack to the ambient air has
not been modeled explicitly as a function of altitude. Third, recent thermal-management
control studies—such as model-based decoupling control of the coolant circuit [28] and
system-level control strategies for liquid-cooled stacks [29]—have improved temperature
tracking and reduced parasitic consumption, but their reported cases emphasize tempera-
ture feedback at the tested operating conditions; pressure-based feedforward control may
help when radiator air-side performance changes with altitude. Given the pressure and
air-supply constraints discussed for plateau applications [18,30], ambient-pressure-based
feedforward control is a candidate for PEMFC cooling, but its benefit at altitude has not
been sufficiently validated.

The present work makes three contributions. (i) Comparative experiments on a
commercial-scale 80 kW class, 370-cell liquid-cooled PEMFC system are reported for two
altitudes (~0 m and ~2000 m), covering steady-state, rated-power and dynamic loading
tests with GB/T 24554-2022 [31] as the test-method reference, together with a full load
sweep of the thermal-management variables at 2000 m. (ii) The liquid-air heat-rejection
chain is formulated as an altitude-dependent thermal-resistance network, estimating the
change in the radiator air-side coefficient under an idealized density scaling. (iii) A model-
based altitude-adaptive feedforward—feedback compensation framework is developed, in
which the fan-speed command is scaled inversely with the air-density ratio K(z) while a
proportional-integral (PI) feedback loop trims the coolant flow, and its idealized air-side
and fan-power trade-off is calculated over 0-5000 m without hardware validation and
compared with the alternative hardware routes (additional radiator area and additional
compression stage); the fan and area routes are compared at equal air-side heat-transfer
capacity, whereas the compression route addresses the air-supply requirement and does
not restore that capacity. The remainder of this paper is organized as follows: Section 2
describes the experimental system and the models; Section 3 presents and discusses the
results; Section 4 concludes the paper.

2. Materials and Methods
2.1. Fuel-Cell System and Coupled Cooling Architecture

The experimental object is a commercial liquid-cooled PEMFC system (Wuhan Troowin
Power System Technology Co., Ltd., Wuhan, Hubei, China) whose main parameters are
listed in Table 1. The stack consists of 370 cells with an active area of 266 cm? connected
in series, delivering a rated net power of 80 kW within a voltage window of 200400 V. As
illustrated in Figure 1, the system comprises four subsystems. In the air subsystem, ambient
air passes through a filter, a two-stage centrifugal compressor (Southern Pump Industry Co.,
Ltd., Hangzhou, Zhejiang) and a water-cooled intercooler (Yangzhou Asmo Technology
Co., Ltd., Yangzhou, Jiangsu, China) before entering the cathode; the cathode back-pressure
is regulated by a back-pressure valve (Shanghai Wangrun High-Tech Co., Ltd., Shanghai,
China). The hydrogen subsystem adopts a closed-loop configuration with a gas-liquid
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separator (Wuhan Xinrong Zhizao Technology Co., Ltd., Wuhan, Hubei, China) and a
recirculation pump (Suzhou Ruiqi Electric Technology Co., Ltd., Suzhou, Jiangsu, China)
to recover unreacted hydrogen. The cooling subsystem—the focus of this work—circulates
deionized water (conductivity <5 pS/cm maintained by a deionizer) through the stack
cooling channels, an electronic thermostat and a radiator equipped with speed-controlled
fans (Yangzhou Jiahe New Energy Technology Co., Ltd., Yangzhou, Jiangsu, China); a posi-
tive temperature coefficient (PTC) heater (Shanghai Moheng Electric Heating Appliance
Co., Ltd., Shanghai, China) assists cold starts. The fuel-cell control unit (FCCU) (Shanghai
Haineng Automotive Electronics Co., Ltd., Shanghai, China) acquires temperatures, pres-
sures, mass flows and all single-cell voltages, and commands the compressor, the coolant
pump, the fans and the valves.

Table 1. Main specifications of the PEMFC system. The 72-86 °C range is the allowable stack operating-
temperature window; the 78-86 °C coolant outlet band used as the control target in the load sweeps
is a subset of that window and is defined in Section 3.3.

Parameter Value Unit
Cell count 370 -
Active area 266 cm?
Rated net power 80 kW
Stack-voltage range 200400 \%
Operating temperature 72-86 °C
Compressor Two-stage centrifugal -
Coolant Deionized water (<5 pS/cm) -
Coolant temperature-rise target <10 K
Cold-start aid PTC heater -
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Figure 1. Schematic of the PEMFC system with the coupled liquid—air-cooling architecture. PEMFC,

T, p, flow, cell-voltage
'l feedforward (pams, altitude) + feedback (T)

proton exchange membrane fuel cell; FCCU, fuel-cell control unit; PTC, positive temperature coefficient;
PRV, pressure relief valve. The diagram uses different colors to distinguish the cathode-air path,
liquid-coolant circuit, hydrogen circuit, ambient radiator-air path, and control/sensing connections.

https://doi.org/10.3390/en19215299


https://doi.org/10.3390/en19215299

Energies 2026, 19, 5299

50f21

Functionally, the cooling system is a coupled liquid—air architecture: the liquid loop
extracts heat from the stack with high uniformity and is essentially insensitive to ambient
pressure, whereas the air side of the radiator performs the final heat rejection to the envi-
ronment and is directly exposed to the altitude-dependent air density. The two sides are
linked by the radiator (a liquid-air heat exchanger) and coordinated by the FCCU, so the
heat-absorption rate of the liquid loop and the heat-rejection rate of the air side must be
matched continuously.

2.2. Test Sites and Experimental Procedure

Comparative tests were carried out at Wuhan (nominal altitude, ~0 m; reported ambient
pressure, 101.3 kPa) and Kunming (reported ambient pressure, 80.1 kPa; Table 2). The
plateau site itself lies at approximately 1800 m, and “2000 m” is retained as the nominal
condition label; the ambient pressure actually recorded there (80.1 kPa) is used for all
calculations, so the comparison rests on the ambient pressure recorded at each site rather
than on either nominal figure. Representative air temperatures of 17 °C and 15 °C are used
for the density estimate and, in Section 3.3, for the mass-flow correction, because test-day
temperature and relative humidity were not continuously logged. A warmer representative
temperature for Wuhan is examined as a sensitivity case: at 25 °C the site-to-site density
ratio would be 0.82 instead of 0.80, which does not alter any conclusion. These inputs yield
approximate air densities of 1.22 and 0.97 kg/m?® and a site-to-site density ratio of 0.80;
they do not isolate the effect of altitude from other environmental differences. The oxygen
volume fraction is approximately constant over this altitude range, whereas oxygen mass
flow at a fixed volumetric flow scales with air density.

Table 2. Environmental conditions of the two test sites.

Temperature Used

Ambient Pressure Air Density Density

Site Altitude (m) for the Density 3 . _
(kPa, Absolute) Estimate (°C) (kg/m?) Ratio K (-)

Wuhan (plain) ~0 101.3 ~17 1.22 0.99

Kunming (plateau)  ~2000 (nominal) 80.1 ~15 0.97 0.79

Two complementary test campaigns are reported. Campaign A applied national stan-
dard GB/T 24554-2022 “Performance test methods for fuel cell system” [31] at both sites,
including steady-state characteristic, rated-power and dynamic loading/unloading tests;
cold-start measurements are outside the scope of this paper and are not reported. In the
steady-state test, the net power demand was stepped from 10% to 90% of the rated power
in 10% increments. The rated-power and peak-power points were assessed separately, with
the current limited at altitude; the standard specifies a 63 min rated-power run, of which
the final 60 min define the measured rated power, with the output required to remain
within 97-103% of its 60 min mean. The standard is used here as a reference for the test
method and for the definition of the rated-power quantity. In Wuhan the rated-power
test covering the 60 min measurement window required by the standard was completed;
the length of the overall bench run beyond that window is not recorded in the material
available to us. In Kunming the stack was shut down after 17.4 min of sustained high-power
operation because the remaining hydrogen inventory was insufficient to continue testing;
the hydrogen supply remained normal up to the shutdown. The 17.4 min duration therefore
reflects a test-resource constraint rather than a demonstrated system endurance limit, and
the Kunming results characterize performance within the recorded interval only; they do
not establish 60 min continuous rated-power capability. Accordingly, the values in Table 3
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are the maximum net powers recorded during the rated-power tests—neither 60 min means
nor 17.4 min averages—and no standard-compliance claim is made for the plateau site.
Campaign B was a thermal-management load sweep performed at the Kunming site, in
which the net power demand was stepped from 10 kW to 80 kW. The excess-air ratio in
Campaign B is not constant: the recorded value falls from 5.63 at 10 kW to 2.18 at 80 kW,
i.e., the recorded stoichiometry is the highest at part load and lowest at full load, so that a
decreasing value corresponds to an increasing load. Whether these are values scheduled
by the control unit or values computed from the recorded air flow (Air flow meter Alicat
Scientific, Tucson, AZ, USA) is not stated in the test sheets (Section 3.3). Campaign B
therefore characterizes the coupled cooling system over the widest possible load range. The
excess-air ratio of Campaign A was not recorded, so the two air supplies cannot be compared
quantitatively. Because the two campaigns differ in air-supply calibration, their results are
reported separately (Sections 3.1-3.3, respectively) and peak values are not mixed. Before
and after each test, the pipelines were purged with 99.99% nitrogen (30 L/min, 10 min)
(Messer Group, Bad Soden, Germany).

Table 3. Recorded system performance in Wuhan and Kunming (Campaign A, GB/T 24554-2022).
Net-power entries are maxima within the rated-power tests, not 60 min means or independently
established continuous ratings.

Highest Stack Power in the Max. Recorded Net  Load-Up

Site Steady-State Sweep Power 10 - 90% Unloading 90 — 10%
Wuhan (0 m) 93.98 kW @370 A 82 kW 24s 5s
Kunming (2000 m) 84.0 kW @ 365 A 72 kW 32s 4s

Because the comparison uses two real sites rather than a pressure-controlled chamber,
pressure, temperature and humidity were not independently controlled, and the latter
two were not continuously logged, so the measurements cannot isolate altitude from other
environmental differences. These limitations are discussed in Section 3.6.

2.3. Air-Supply and Heat-Generation Models

Two auxiliary models are used in the remainder of this work: the isentropic work of
the air-supply compressor, which provides the physical relation between pressure ratio and
compressor work, and the stack heat generation, which is obtained from the measured cell
voltage rather than from an electrochemical model.

The air supply is provided by a two-stage centrifugal compressor modeled with the
standard mass-flow/pressure-ratio map approach [32], in which the isentropic specific
compression work reads

k

k=1 .
Wi = mRairTl[n ko= 1]/ Wcomp =

Myir wis
Uis

(1)

where k = 1.4 is the specific-heat ratio, T, the inlet temperature, 7t the pressure ratio and
R, =287 ]/ (kg-K) the specific gas constant of air; the compressor power is obtained by
multiplying the specific work by the air mass flow and dividing by the isentropic efficiency
#;s = 0.75, a representative value for two-stage centrifugal machines of this class; the installed
compressor efficiency was not measured, so no compressor-power prediction is derived
from it here. Equation (1) shows that specific compression work increases with pressure
ratio at fixed inlet temperature. Compressor electrical demand also depends on air flow and
efficiency, while the thermal contribution requires a system heat balance. The hydrogen path
is described by mass-balance and partial-pressure equations following the control-oriented
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modeling practice by Pukrushpan et al. [32]. The heat generation of the stack is estimated
from the energy balance
Qgen = N1(125 - Vcell) (2)

with N = 370 the cell count, I the stack current, V; the measured average cell voltage and
1.25 V the thermoneutral voltage evaluated on the lower heating value (LHV) basis, i.e.,
assuming that the product water leaves the stack as vapor [24]. On the higher heating value
(HHV) basis, corresponding to liquid product water, the thermoneutral voltage is about
1.48 'V, and replacing 1.25 V with 1.48 V in Equation (2) yields the HHV-based upper bound;
Equation (2) as printed gives the LHV-based lower bound. The LHV basis is adopted
throughout this work, as is common practice in control-oriented PEMFC thermal modeling;
the actual value lies between the two bounds depending on the liquid-to-vapor split of the
product water, and the HHV-based upper bound is therefore also reported where the heat
load is discussed (Sections 3.3 and 4). Equation (2) returns watts for N, [ and V_cell in SI
units; heat rates are reported in kilowatts throughout this paper. A substantial fraction of
Qgen is removed through the coolant, while the remainder leaves through the exhaust and
external heat losses [1]; the partition was not directly measured here.

2.4. Altitude-Dependent Thermal-Resistance Model of the Heat-Rejection Chain

The heat path from the stack to the ambient air is represented by three resistance terms

(Tstack B Tamb)
Rtotal

in series:

Q=

s Rtotal = Rth,cond + Rth,liq + Rth,air (3)

where Ry, cong is the conduction resistance of the plates and radiator structure, Ry, jiq is
the liquid-side convective resistance and Ry, ,;, is the air-side convective resistance. For
typical automotive radiators, the air side dominates the total resistance. Equation (3) is a
steady-state, lumped and equivalent representation: the transport delay along the coolant
loop, the distributed liquid-side temperature profile, the temperature variation across the
radiator core and any bypass flow are neglected, and Q is in watts when R_total is in
K/W. No coolant-loop flow rate, no radiator-side air flow rate and no absolute thermal
resistance were measured, so the resistance chain cannot be validated as a whole; what is
evaluated in Section 3.5 is the idealized ratio h_air/h_air,0 of Equation (4), not the heat-
rejection performance of the complete system. The air-side heat-transfer coefficient scales
approximately with the 0.8 power of the air mass flux [33], so that at a constant fan speed,

h 038
 ~ K(z) (4)

with the air-density ratio being obtained from the equation of state for air

p(z)

K@) =22, pay = P2
©o

[Rair'T(Z)] (5)

where R,;, = 287 ]/ (kg-K) is the specific gas constant of air and p, = 1.225 kg/m? is the sea-
level reference density. For a specified atmospheric state, the density ratio must be evaluated
from pressure and temperature together; the widely used exponential form exp(—z/8430 m)
approximates only the pressure ratio of the standard atmosphere and would overestimate
the density loss. For the standard atmosphere, Equation (5) gives K(2000 m) = 0.822
and K (4000 m) = 0.669, corresponding through Equation (4) to h_air/h_air,0 ~ 0.85 and
0.73 at a fixed fan speed, under the stated idealized coefficient scaling. At the reported
Kunming pressure of 80.1 kPa and the representative temperature assumption of 15 °C, the
estimated density is 0.969 kg/m?® (K ~ 0.79 relative to the sea-level standard density); the
corresponding idealized air-side coefficient ratio is approximately 0.83, distinct from the
International Standard Atmosphere (ISA) [34] value of 0.854 at 2000 m.
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2.5. Altitude-Adaptive Feedforward—Feedback Control Strategy

To counteract this degradation, a model-based altitude-adaptive feedforward—feedback
compensation framework is proposed for the FCCU (Figure 2). The strategy combines
two paths. In the feedforward path, the ambient-pressure and ambient-temperature mea-
surements continuously provide the air-density ratio K(z) through Equation (5), and the
fan-speed command is pre-scaled inversely with K(z),

nfan,O

Mg (2) = m (6)

which is intended to recover approximately the air mass flux and the modeled air-side
heat-transfer coefficient under the idealized fan-scaling assumption, subject to fan-map and
speed limits; the coolant-flow setpoint is simultaneously raised by approximately 10%; this
increment is a design assumption rather than a measured optimum and is retained as a
tunable parameter of the framework. In the feedback path, a PI controller trims the pump
and fan speeds using the measured coolant inlet/outlet temperatures and is intended to
reduce the residual errors caused by load transients, ambient-temperature drift and model
inaccuracies. A supervisory state machine divides the operation into six modes—cold-start
warm-up, low load, rated load, high load, over-temperature protection and shutdown
aftercooling—and blends the two paths with mode-dependent gains; e.g., the feedforward
action is suppressed during warm-up to shorten the heat-up time, whereas at rated and
high load the altitude-dependent fan compensation determined by Equation (6) is fully
active. The over-temperature mode additionally derates the stack power to bound the heat
generation. The framework is a proposed control architecture rather than an implemented
algorithm: it has not been commissioned on the tested system, and the measured thermal
behavior of Section 3.3 was produced by the production controller. The controlled variables,
the error definitions, the way the PI output is blended with the feedforward term, the output
limits, the anti-windup provision and the mode-transition conditions are not specified here,
so the architecture as described is not sufficient to reproduce a controller.

feedforward path (anticipatory)

Ambient pressure & Altitude module Fan speed
temperature sensors K(z) = p(2)/po command « 1/K .
from measured p(z) and T(z), T in kelvin .
Superwso_ry Pump speed
mode logic _ -
/y (6 stages) g
Coolant T Feedback
sensors PI controller &4
Radiator &
t ______________________ stack plant «
coolant temperature feedback

feedback path (corrective)

Figure 2. Block diagram of the altitude-adaptive feedforward—feedback compensation framework.
The figure distinguishes sensor inputs, computational and feedback-control elements, supervisory
control, and controlled actuators. The dashed connection represents the feedback path.

3. Results and Discussion
3.1. Performance Degradation at 2000 m

Figure 3 compares the measured polarization and power curves at the two altitudes.
The system under test is an 80 kW class unit rated by its net output power; the stack gross
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power exceeds 90 kW under peak conditions. In Wuhan the steady-state sweep ends at
370 A, where the stack delivers 93.98 kW; in Kunming the same sweep ends at 365 A, with
84.0 kW, a reduction of 10.6% between the two end points. Neither value is the peak-power
rating of the system; both are the highest values recorded in the sweeps used here. The
dedicated peak-power test on the same system [20] reached 114.92 kW in Wuhan (461.3 A,
249.0 V) and 85.17 kW in Kunming (365.0 A, 233.3 V), with peak net powers of 92.57 and
66.39 kW, and the limiting current fell from 500 A in Wuhan to 365 A in Kunming. The
two datasets therefore describe different test items: the steady-state sweeps analyzed here
stop at 370 and 365 A, whereas the peak-power test reports both a maximum-power point
and a limiting current: in Wuhan the maximum power occurs at 461.3 A, below the 500 A
limiting current, and in Kunming, the two coincide at 365 A. Whether the 500 A figure
is a set limit or an attained termination current is not stated in the data available to us.
In this standard-based campaign (Campaign A; Section 2.2), the Kunming sweep was
stopped at 365 A. The surge line was not measured here, and the system-level data do not
establish why the sweep ended at that current, so the 84.0 kW value is the end point of this
sweep rather than the thermodynamic ceiling of the stack. In the separate thermal load
sweep of Campaign B, performed under a different air-supply calibration, the tested stack
reached 97.9 kW at 419 A at a sampled operating point (Section 3.2); the two campaigns
differ in calibration and in the current limit applied, and the records available to us do not
establish which of these differences allowed for the higher current. The two curves are not
uniformly offset. By interpolating the sea-level curve onto the plateau current grid and
expressing the difference relative to the interpolated sea-level voltage, the deficits are 4.1%
at 54 A, 6.4% at 98 A, between 4.4% and 5.9% from 150 to 282 A, and 9.6% at the 365 A
end point. This non-uniformity is consistent with a mixture of activation-related losses at
low-to-moderate current and a stronger mass-transport contribution at the highest current,
but the present two-site system data cannot separate these mechanisms quantitatively; a
similar earlier onset of oxygen-transport limitation at altitude was observed in our previous
high-altitude campaign [20]. No 4000 m curve is plotted in Figure 3; the 4000 m case is
treated in Section 3.4 as a bounded scenario whose required pressure ratio is quantified
against the highest apparent pressure ratio reached in the tests.

—o= L
- (a) om 1001 (p) 93,98 kW
- 2000m | FNR 220N e
i § e e T 0
=
_ 9] L
¢ 60
[e]
Q.
L ﬁ 40
8
w0
i 201 -~ 0m
~#- 2000 m
1 1 1 1 1 1
100 200 300 400 00 100 200 300 400
Stack current (A) Stack current (A)

Figure 3. Measured (a) polarization and (b) power curves of the stack at 0 m and 2000 m. No 4000 m
curve is shown, because the pressure ratio that it would require exceeds the highest apparent pressure
ratio reached in the tests; the 4000 m case is treated as a bounded scenario in Section 3.4.

The system-level test results are summarized in Table 3. The largest net-power values
reported within the rated-power tests are 82 kW in Wuhan and 72 kW in Kunming, a
difference of 12.2%; these reported maxima must not be interpreted as 60 min mean power
values or independently established continuous ratings (Section 2.2). Campaign B reached
80 kW net at a recorded load point under a different air-supply calibration, but its 60 min
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endurance at that calibration was not established. Figure 4 shows the recorded operating
sequence in Kunming, in which the shaded 17.4 min high-power phase held the stack gross
power at approximately 84 kW (316-377 A); over that phase, the average cell voltage had
a mean of =0.62 V; brief excursions down to =0.56 V occurred during the load transients,
while the minimum-cell voltage showed transient minima of ~0.38 V. The hydrogen supply
to the stack remained normal throughout this record (Section 2.2), so the excursions are not
explained by an interruption of the fuel supply, although local maldistribution of reactant
within the stack cannot be excluded from system-level measurements. The average load-up
time from 10% to 90% of rated power increased from 24 s to 32 s (+33%), while unloading
shortened from 5 s to 4 s (—=20%). The efficiency and stack-voltage fluctuation figures
reported in the original test campaign are not discussed here, because their calculation
boundaries, curve windows and hydrogen-consumption basis are not documented in the
records available to us; we prefer to omit them rather than present values that cannot
be recomputed. Because the window is shorter than the 60 min interval specified by
GB/T 24554-2022 and because the run ended when the remaining hydrogen inventory was
insufficient to continue the test rather than at a limit imposed by the system, the 17.4 min
record is reported as an observation within the recorded interval and is not offered as
evidence of 60 min stability compliance; a complete 60 min rated-power test at altitude
remains to be performed.

(a)
g = 75 g
< 200 -50 T
8 sustained high-power phase E
= (17.4 min, =84 kW) -25 2
S )
O o
0 i 1 1 1 1 1 1 2 O
S
()
(@)]
©
=
o
>
o
(@] 0.00 - : Y Illustrative 0.6 V reference ;
(c) ~
X -200 o
= Q
o | st
ﬁ 50 - -150 >
5 4
e - 100 f_‘l
8 0 i 1 1 1 1 1 1 %
0 5 10 15 20 25 —=

Time (min)

Figure 4. Recorded operating sequence in Kunming (gross stack power ~ 84 kW in the shaded phase):
(a) stack current and gross stack power; (b) average and minimume-cell voltages, with an illustrative
0.6 V reference line that is not attributed here to GB/T 24554-2022; (c¢) recorded compressor speed and
cathode-inlet pressure. The shaded sustained high-power phase lasts 17.4 min and lies within a longer
recorded sequence that also contains the load-up and the unloading, so 17.4 min is the duration of
that phase, not of the whole record. The run ends because the remaining hydrogen inventory was
insufficient to continue the test, not at a system-imposed limit; it therefore documents behavior within
the recorded interval and does not establish a 60 min continuous rating.
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3.2. Parasitic Power and Voltage Uniformity

Figure 5a decomposes the stack power at 2000 m into the net output, the DC/DC
conversion loss (Shenzhen Sinexcel Electric Co., Ltd., Shenzhen, Guangdong, China) and the
balance-of-plant (BoP) parasitic consumption (aggregate auxiliary demand). The parasitic
part grows non-linearly with load, from about 1 kW at 10 kW net power to 15 kW at 80 kW,
while the DC/DC conversion loss increases only moderately with load, reaching 2.5 kW at
the 80 kW operating point. At that point, 80 kW is the commanded setpoint, the gross stack
power is 97.9 kW, and the listed components give 97.9 — 15.28 — 2.50 = 80.12 kW = 80.1 kW,
which closes the balance against the setpoint to within 0.2%; the shares quoted below are
computed from these component values, and a share computed from the rounded 80.0 kW
would differ by 0.1 percentage point. The total parasitic share of the stack power, defined

here as 77, = w and thus comprising both the BoP auxiliaries and the DC/DC
conversion loss, rises from 9.2% at 10 kW to 18.2% at 80 kW (Figure 5b); at the highest load,
for instance, (15.28 + 2.50)/97.9 = 18.2%. A separately reported high-altitude study by the
team [20] found an increase in the compressor-power share of the stack gross power from
19.43% at sea level to 22.05% at the reported Kunming site, together with a migration of
the compressor operating point toward the surge line; the present sweep quantifies the
aggregate parasitic demand at altitude but does not independently isolate the compressor,

pump, and fan contributions.

—@— Total parasitic share
~# - Main-board cell-voltage SD
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Figure 5. (a) Measured power balance versus gross stack power and (b) total parasitic share and
main-board cell-voltage standard deviation versus net power demand at 2000 m. Aggregate BoP demand
is the DC/DC output minus net output; DC/DC loss is gross stack power minus DC/DC output.

Voltage uniformity is a sensitive indicator of possible reactant maldistribution, but it
is not a unique diagnostic of oxygen starvation. At 2000 m the recorded main-board cell-
voltage standard deviation ranges from approximately 2.0 to 6.2 mV over the load sweep
(Figure 5b), and the minimum-cell voltage rises monotonically as the load decreases, from
0.620 V at the steady-state 80 kW point (excess-air ratio of 2.18) to 0.771 V at 10 kW (excess-
air ratio of 5.63). Low minimume-cell voltages are not unique to one operating condition:
values near 0.38 V appear in the peak-power test of [20] and at isolated points of the 17.4 min
record in Figure 4b, while the 0.620 V value corresponds to a steady-state point held for
several minutes at an excess-air ratio of 2.18. These are observations in different operating
states rather than contradictory readings of a single state; the test records available to us do
not identify the exact moment at which each minimum occurred. The minimume-cell voltage
is a tail statistic of the cell-voltage distribution and is sensitive to cell-to-cell non-uniformity
and to the operating state rather than to the bulk stack average; local maldistribution of
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reactant within the stack cannot, however, be resolved from system-level measurements.
In the present sweep the minimum-cell voltage falls from 0.771 V at 10 kW to 0.620 V at
80 kW as the excess-air ratio falls from 5.63 to 2.18, but current density and cathode pressure
change over the same range, so these data do not isolate the effect of stoichiometry. For the
same reason the 0.30 V maximum-to-minimum spread reported at altitude in [20] is not
by itself evidence of steady-state degradation: attributing it to a particular operating state
would require the full time series, which was not available to us. The different recorded
behavior may additionally reflect differences in equipment and test conditions, whose
separate contributions cannot be isolated across studies.

3.3. Thermal Behavior of the Coupled Cooling System at 2000 m

Figure 6a shows the measured coolant and cathode-air temperatures across the load
range at 2000 m; these were obtained with the system’s production controller, not with the
strategy proposed in Section 2.5. The coolant outlet temperature, which directly reflects
the stack thermal state, stays within the 78-86 °C band adopted as the control target for
the load sweeps at all operating points. This band lies within the 72-86 °C allowable stack
window given in Table 1 and is the outlet-temperature setpoint used throughout the load
sweeps. The observed inlet temperature decreases from 81.5 °C at 10 kW to 74.5 °C at 80 kW.
The coolant temperature rise grows monotonically to 9.2 K at 80 kW (Figure 6b), close
to the 10 K design limit. The stack heat generation estimated with Equation (2) reaches
approximately 96 kW on the LHV basis at the 80 kW point, comparable to but slightly lower
than the stack electrical output of 97.9 kW; thus, nearly half of the LHV chemical-energy
input appears as estimated stack heat leaving via the coolant, exhaust and external heat
losses. The corresponding HHV-based upper bound is approximately 132 kW.

i 86 ° < 10f J100
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;(3 80| \’—_‘\\ _g 8r stack heat 80 <
e [ 5 2
g 75 s 160 @
= A © (=
© 70F Poa o o
@ ok 4
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Net power demand (kW) Net power demand (kW)

Figure 6. (a) Coolant inlet/outlet and cathode-air inlet temperatures, the gray shaded band in panel
(a) indicates the 78-86 °C coolant-outlet temperature control target.and (b) coolant temperature rise
and stack heat generation at 2000 m; the heat is the LHV estimate of Equation (2) evaluated with the
measured cell voltage.

The air-path operating parameters explain how this thermal state is achieved (Figure 7).
At 2000 m the recorded excess-air ratio is 2.18 at 80 kW and rises to 5.63 at 10 kW; i.e., the
ratio decreases monotonically as the load increases, so that the recorded excess-air ratio is
the highest at part load and the lowest at full load (2.18 as recorded); the expression “raised
air-supply margins” used for Campaign B refers to the higher recorded excess-air ratios at
part load, not to an increase in the stoichiometry at full load. The test sheets do not state
whether the excess-air ratio is the value scheduled by the control unit or a value computed by
the experimenters from the recorded air flow, and the two possibilities are not distinguished
here. The recorded compressor speed ranges from 31% to 81% of its maximum and the
apparent pressure ratio from 1.44 at 10 kW to 2.48 at 80 kW (Figure 7b). Reference [20]
reports operation close to surge at altitude; the present data do not establish the surge
margin of the Campaign B operating point, and the apparent pressure ratio of panel (b) is
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not a position on the manufacturer (Manufacturer, City, Country) ‘s map; the operating
line of Figure 7c alone cannot establish the surge margin, because the manufacturer’s surge
and speed lines are not available. The operating points reconstructed from the records
are plotted in Figure 7c against the corrected mass flow, with the shaft speed annotated.
Two definitions have to be stated before panels (b) and (c) are read. First, the ordinate
is not the compressor total-to-total pressure ratio used in a manufacturer’s map: it is the
system-level apparent pressure ratio, the cathode-inlet pressure divided by the ambient
pressure (Section 3.4); it therefore excludes the intercooler and duct losses. Second, the test
sheets give the air flow in L/min without stating its reference state, so the mass flow is not
a directly measured quantity. The interpretation that reproduces panel (c) is that these are
standard-state volumes at 0 °C and 101.3 kPa. The test sheets do not document the reference
state of the meter, so this is an inference from the agreement between the panels rather than
a recorded convention. Under this assumed standard-state convention, the mass flow is
calculated as follows, the mass flow is th = p_std-Q_v, with p_std = 1.292 kg/m?, and it is
corrected to 288 K and 101.3 kPa using the reported ambient pressure and the assumed inlet
temperature as mh_corr = - (T/T_ref)"0.5/(p/p_ref), with both pressures absolute and
both temperatures in kelvin. For example, the 5600 L/min recorded at the highest load, with
the representative inlet temperature of 15 °C adopted in Section 2.2 (the compressor-inlet
temperature at that point is not separately logged), corresponds to 0.121 kg/s at standard
density and to a corrected mass flow of 0.15 kg/s at the 80.1 kPa inlet, which is the highest
point of panel (c). Treating the same reading instead as an inlet-state volume would give
about 25% less and would not reproduce the panel. Because the reference state is not
documented, panel (c) is a conditional reconstruction: it is consistent with the figure and
with the stated interpretation, but it does not establish what the meter actually reported.
Panel (c) is therefore an operating line derived under that stated convention, not a measured
compressor map. The manufacturer’s compressor map is proprietary and could not be
reproduced, so no point of panel (c) is claimed to lie at a specific position on it. The
compressed air enters the stack at up to 70.9 °C despite intercooling. This is below the
recorded coolant inlet (74.5 °C) and outlet (83.7 °C) temperatures at the same load point,
so the cathode-inlet temperature does not by itself reduce the heat-rejection temperature
difference, which is set by the coolant and ambient-air temperatures. The cathode-inlet
temperature does affect the sensible-heat exchange of the reactant gas, but its net effect on
the system heat balance would require the gas flow rate, humidity and outlet state, and it is
not separated here.

The cooling loop met the outlet-temperature target at 2000 m with a coolant-pump
speed of 75.6% at the 80 kW net operating point (Table 4), a speed-command margin of
24 .4 percentage points, which is only the unused command range and not a quarter of the
remaining hydraulic or thermal capacity; the coolant temperature rise of 9.2 K stayed within
the 10 K design limit. The supplied test sheet records neither the radiator-fan speed nor
the coolant volumetric flow, and it contains no matching sea-level thermal load sweep; the
remaining fan-speed reserve and the change in cooling actuation between sites therefore
cannot be quantified. The altitude-adaptive control law in Section 2.5 is a model-based
proposal that remains to be tested with recorded fan and coolant-flow data.
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Figure 7. (a) Excess-air ratio and compressor speed, (b) system-level apparent pressure ratio (cathode-
inlet pressure over ambient pressure) and air flow rate versus net power demand at 2000 m (Campaign
B), and (c) the operating points reconstructed from the records in the plane of apparent pressure
ratio against corrected mass flow, with the shaft speed annotated. The mass flow is derived from
the recorded L/min and corrected to 101.3 kPa and 288 K under the assumption stated in the text,
not measured directly; the ordinate of panels (b,c), labeled “pressure ratio” in the figure, is this
system-level apparent ratio, which excludes intercooler and duct losses. The sampled net-power
setpoints were 10-80 kW. The manufacturer’s compressor map is proprietary, so panel (c¢) shows a
conditional reconstruction of the operating line under the standard-state interpretation stated in the
text, not a measured operating line and not a position on that map.

Table 4. Measured and estimated thermal operating quantities at approximately 80 kW net output in
Kunming (Campaign B). Stack heat generation is calculated on the LHV basis; fan speed was not
recorded.

Thermal Quantity 2000 m, Campaign B
Coolant outlet temperature 83.7 °C

Coolant inlet temperature 74.5°C

Coolant temperature rise AT 92K

Estimated stack heat generation, LHV ~96 kW
Coolant-pump speed 75.6%

3.4. Bounded Scenario at 4000 m

The air-side demand at 4000 m can be stated without reference to a stack model.
Maintaining, at that altitude, the cathode-inlet pressure recorded at the 80 kW point of
Campaign B (198.9 kPa absolute) gives 198.9/61.6 = 3.23. This is a system-level apparent
pressure-rise ratio and an idealized lower bound, because intercooler and duct losses
are neglected; the actual compressor requirement would be higher. It is also 30% above
the 2.48 reached at 2000 m with the compressor already at 81% of its maximum speed
(Figure 7c). That ratio was not verified in these tests: whether the installed compressor
can deliver 3.23 must be established from the manufacturer’s map or from dedicated tests.
Delivering the required air mass flow at 4000 m may require a higher compressor speed or
a different operating point; the resulting pressure ratio, flow capability and surge margin
must be established from the manufacturer’s map or from dedicated tests. Independently of
the air supply, the idealized air-side coefficient of the radiator falls to 72.5% of its sea-level
value at 4000 m (Section 3.5). Whether the air-supply capability and the heat-rejection
capacity would each be sufficient at that altitude must therefore be evaluated separately
before any control adaptation or hardware reinforcement is decided, and no stack-power
prediction for 4000 m is reported here, because neither the compressor capability nor the
stack behavior at that altitude has been measured.
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3.5. Altitude-Adaptive Compensation: Benefit and Cost

Figure 8a plots the relative air density and the resulting air-side heat-transfer coefficient
against altitude according to Equations (4) and (5). The altitude sweep in Figure 8 is
evaluated under ISA conditions; the site-specific Kunming density ratio (K ~ 0.79) is
reported separately in Section 2.4. Without compensation, the idealized normalized air-side
heat-transfer coefficient falls to 92.5%, 85.4%, 78.8% and 72.5% of the sea-level value at 1000,
2000, 3000 and 4000 m, respectively. Figure 8b shows the effect of the proposed feedforward
law of Equation (6): raising the fan speed inversely with K(z)—by 10% at 1000 m, 22% at
2000 m, 35% at 3000 m and 50% at 4000 m—restores the modeled air-side coefficient to its
sea-level value if the required speed is attainable, because the air mass flux, and hence h,
is brought back to its sea-level value. The proposed scaling is selected to compensate the
first-order reduction in radiator air-side mass flux rather than to maximize fan efficiency.
No measured fan map, fan-speed reserve, or full-radiator heat balance is available to infer
an operating-temperature guarantee from this scaling alone. The proposed feedforward
law requires further experimental validation.
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Figure 8. (a) ISA density ratio and idealized air-side heat-transfer coefficient at fixed fan speed;
(b) fixed-speed coefficient, ideal inverse-density fan-speed requirement, and the resulting idealized
compensated coefficient. These curves do not quantify full-radiator heat rejection or hardware-feasible
fan operation.

The benefit carries a parasitic cost: by the fan affinity laws, the fan power scales with
the density and the cube of the speed, P/P, = K (z)-(%:’;))3 =1/K(2)? so fan consumption
grows by a factor of about 1.5 at 2000 m and 2.2 at 4000 m; cooling-system control studies
likewise identify the radiator fan as the dominant cooling parasitic cost source [35]. The
absolute additional consumption cannot be evaluated here, because the installed fan power
was not measured; expressed as a ratio, the fan power would rise by the factors given
above, which for an 80 kW class system is not negligible but cannot be converted into
kW without that measurement. The altitude at which the existing fan reaches its limit
cannot be determined without the fan map and the installed speed reserve; hardware
reinforcement such as enlarged radiator area or revised air handling should be evaluated
against those measured limits [3]. The proposed supervisory logic of Section 2.5 includes
an over-temperature derating mode; it has not been demonstrated on the tested hardware.

The three compensation routes available to a system integrator are compared by physi-
cal target and normalized requirement in Table 5, not by a common cost basis. Restoring the
air-side coefficient by fan speed alone requires n/n, = 1/K(z) (Equation (6)) and, through
the density-corrected affinity law, P/P, = 1/K(z)?, i.e., +48% fan power at 2000 m and
+123% at 4000 m. These are normalized ratios; the absolute fan power cannot be given,
because the installed fan consumption was not measured. Restoring the same air-side
conductance hA by heat-exchange area alone requires A/A, = 1/[h(z) /hy] = K(z)7%3, i.e,,
+17% core area at 2000 m and +38% at 4000 m, under the idealized assumption that the
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air-side coefficient is unchanged by the new core geometry; this carries the corresponding
mass, package-volume and cost penalties, while its effect on fan power cannot be quantified
without the resistance of the revised core and the resulting fan operating point. Neither
route addresses the air-supply limitation: at 4000 m the pressure ratio that would restore
the cathode-inlet pressure recorded at the 80 kW point is 3.23, whereas the highest appar-
ent pressure ratio recorded in the tests is 2.48, so the capability of the compressor at 3.23
is unverified; if the installed compressor cannot deliver that ratio, the air-supply system
would have to be reconsidered, and a further compression stage is one of the candidates,
together with a different compressor, a revised operating point or a reduced output target.
The three routes differ in kind rather than in a cost that could be ranked from the present
data: the fan route needs no hardware change but is bounded by the fan map, the motor
rating and noise; the sizing route also raises the steady-state thermal limit, but at the cost
of mass, volume and cost, and the fan operating point changes with the new core; and of
the three routes considered, an additional compression stage is the one that addresses the
air-supply pressure requirement; its effectiveness and implementation complexity remain to
be evaluated. Which route is preferable therefore depends on the fan reserve, the package
volume and cost data that were not available to this study. The proposed logic of Section 2.5
corresponds to the first route and is bounded by the installed fan map, which must be
measured before deployment.

Table 5. Comparison of the three routes available to a system integrator. The first two restore the
air-side heat-transfer capacity of the radiator by different means; the third does not restore that
capacity and instead addresses the air-supply limitation, so the three are not equivalent in target
and are not ranked by cost. The fan route corresponds to the control strategy of Section 2.5. The fan
speed and fan power follow from the fan affinity laws, the area ratio from the idealized hA relation of
Section 3.5, and the pressure ratio from the 4000 m requirement; all are normalized ratios, because
neither the installed fan power nor the installed air-side flow was measured.

Parasitic-Power

Route 2000 m 4000 m . Main Penalty
Requirement
No hardware change;
Fan-speed +22% fan speed; +50% fan speed; +48%/+123% limited by fan map,

compensation (this
work)

+48% fan power

+123% fan power

(x1.48/x2.23)

motor rating and noise;
part-load net benefit not
quantified

Radiator area increase

+17% core area

+38% core area

Not quantified (fan
operating point would
shift)

Mass, package volume
and cost penalty; helps at
all loads

Additional
compression stage

Existing system:

Target apparent

Addresses the air-supply
pressure requirement;
effectiveness and

apparent pressure pressure ratio of 3.23; Not quantified (map implementation
ratio of 2.48 recorded additional stage not proprietary) complexity not evaluated
’ validated here; whether 3.23 is
attainable by this

compressor is unverified

3.6. Comparison with Previous Studies and Limitations

The 10.6% stack-power loss measured here at 2000 m is consistent with the 8% loss
reported by Hordé et al. [7] at 2200 m for a smaller stack at high stoichiometry; the operat-
ing points and stack designs differ. Studies of air-cooled PEMFCs [11] address additional
operating-condition dependencies and do not provide a directly matched numerical com-
parison. The novelty of the present work lies less in the degradation values themselves
than in (i) the quantitative characterization of the thermal load and cooling response of a
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commercial-scale liquid-cooled system at altitude and (ii) the model-based indication that
feedforward control based on ambient pressure and temperature sensing can potentially
compensate for the air-side degradation of the radiator over the investigated 0-5000 m range.
Four limitations qualify these findings. First, the 4000 m results are bounded scenarios
derived from the air supply and from the idealized air-side coefficient of the radiator; they
remain to be validated in an altitude-simulation chamber, and the stack behavior at that
altitude has not been measured. Second, the compensation analysis assumes ideal fan
behavior; the actual achievable speed ratio is bounded by the fan map, noise constraints
and motor rating, which will be addressed in the ongoing hardware-in-the-loop campaign.
Third, the two-site comparison cannot fully separate the altitude effect from the accompa-
nying differences in ambient temperature and humidity, and the datasets lack repeatability
statistics: the reported quantities include sampled steady-state values, recorded maxima
and transient metrics, as specified in the corresponding sections. The sensor accuracy, sam-
pling rates and repeatability of the two test benches were not documented in the datasets
available to us, and the reference state of the volumetric-flow record behind Figure 7 is
likewise undocumented, so no uncertainty budget can be attached to the reported values,
and the robustness of the conclusions to measurement uncertainty cannot be quantified here;
replicated measurements with sensor-level uncertainty quantification are planned as part of
the altitude-chamber validation. Fourth, no electrochemical impedance spectroscopy was
available on the installed system, so the activation, ohmic and mass-transport contributions
to the altitude penalty cannot be separated experimentally, and impedance measurements
at both sites are planned. Such a decomposition would also allow for the heat-generation
partition among catalyst, membrane and cell hardware to be checked against the lumped
energy balance of Equation (2).

4. Conclusions

This work experimentally characterized the electrical performance of a commercial
80 kW class liquid-cooled PEMFC system at two sites and its thermal-management operation
in Kunming and modeled the altitude sensitivity of the radiator air side together with an
altitude-adaptive liquid—air-cooling compensation framework. The main conclusions are
as follows.

(1) Between the end points of the steady-state current sweeps, the highest recorded
stack power decreases by 10.6% (93.98 kW to 84.0 kW), and the largest reported net-power
values in the rated tests differ by 12.2% (82 kW to 72 kW); under a different air-supply
calibration (Campaign B), the stack reached 97.9 kW and the system 80 kW net at 2000 m
at a sampled operating point, although the available records do not separate the effect
of that calibration from that of the current limit applied; the Kunming high-power test
ended after 17.4 min because the remaining hydrogen inventory was insufficient to continue
the test, with the hydrogen supply to the stack being normal up to shutdown, so that
60 min continuous capability is not established at the plateau site. The average load-up time
increased by 33%, and the unloading time decreased by 20%. Interpolated onto a common
current grid, the measured polarization curves are lower at 2000 m by 4.1-6.4% over most of
the range and by 9.6% at the 365 A end point, and the Campaign A sweep ended at 365 A.

(2) The total parasitic share of the stack power (BoP auxiliaries plus DC/DC conversion
loss) rises from 9.2% to 18.2% across the load range at 2000 m, while the individual auxiliary
contributions remain unquantified in the present load sweep; the apparent pressure ratio
reaches 2.48 at the highest load. The recorded minimum-cell voltage ranged from 0.771 V
at 10 kW (excess-air ratio of 5.63) to 0.620 V at 80 kW (excess-air ratio of 2.18), with a
main-board cell-voltage standard deviation of at most 6.2 mV, while increased air supply
can add to compressor electrical demand and heat load.
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(3) The coupled liquid—-air-cooling system keeps the coolant outlet temperature within
the 78-86 °C window over the full load range at 2000 m, with a maximum coolant temper-
ature rise of 9.2 K against an estimated heat generation of ~96 kW (LHV basis; ~132 kW
on the HHYV basis) at 80 kW net output; the coolant-pump speed reaches 75.6%, while
fan-speed reserve and further-altitude thermal margins remain unmeasured.

(4) The thermal-resistance analysis identifies the radiator air side as an altitude-
sensitive link, its heat-transfer coefficient falling to 72.5% of the sea-level value at 4000 m.
The proposed feedforward law—fan speed inversely proportional to the air-density ratio
K(z), trimmed by coolant-temperature feedback—recovers the modeled air-side coefficient
if the idealized fan-speed scaling remains feasible, at a fan-power cost that follows the
density-corrected fan affinity law, P/P; ~ 1/K(z)? (~1.5x at 2000 m, ~2.2x at 4000 m). These
are normalized ratios, because the installed fan power was not measured. Restoring the
same air-side performance by radiator area alone would require +17% and +38% of core
area, and the apparent pressure ratio needed at 4000 m (3.23) is 30% above the highest
value recorded in the tests (2.48), so whether air supply or cooling reinforcement is the
binding constraint at that altitude cannot be decided without the compressor map and the
fan power.

Practically, a hardware-feasible operating envelope must be established from the fan
map, motor limit, coolant-flow capacity, and full heat balance; the available data do not
support a numerical 2500-3000 m control-only cutoff. Future work will validate the 4000 m
air-supply and heat-rejection requirements in an altitude-simulation chamber, extend the
strategy toward predictive, model-based thermal control using real-time altitude and
load-preview information, and conduct hardware-in-the-loop validation of the proposed
feedforward-feedback compensation framework before on-engine deployment.
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Nomenclature
Symbol Description Unit
A Active area; heat-transfer area cm?, m?
h Convective heat-transfer coefficient W/(m?K)
h_air Air-side convective coefficient of the radiator W/(m?-K)
I Stack current A
K(z) Air-density ratio relative to sea level -
z Altitude m
m_air Air mass flow kg/s
W_comp Compressor power w
T, Compressor inlet temperature K
1_is Isentropic efficiency of the compressor -
n_fan, n_fan,0 Fan speed and its sea-level reference rpm, %
Q_gen Stack heat generation, Equation (2) Yzl:,lgfe%uiilg/lv(z%
P_BoP Balance-of-plant power kW
P_DC/DC,loss Converter loss kW
P_stack Stack gross power kw
1_par Parasitic share of the stack power -
k Ratio of specific heats of air (1.4) -
N Number of cells in series (370) -
P, P, Power; sea-level reference value kW, W
P Pressure kPa, atm
Q Heat flow rate (stack heat generation, heat rejection) ngfrfe%uﬁlﬁsv(:%)’
R_air Specific gas constant of air (287) J/ (kg-K)
R_total Total thermal resistance of the heat-rejection chain K/W
E‘Eﬂﬁ?ﬁld’ R_th liq, Conduction, liquid-side and air-side thermal resistance terms K/W
T Temperature K, °C
T_stack Stack temperature °C
T_amb Ambient temperature °C
V_cell Single-cell voltage A\
w_is Isentropic specific compression work J/kg
AT Coolant temperature rise K
1 Efficiency -
Compressor pressure ratio in Equation (1); system-level apparent pressure ratio
T (cathode-inlet over ambient) in Figure 7 -
0, Po Air density; sea-level reference density (1.225) kg/m?
BoP Balance of plant (all auxiliary consumers) -
DC/DC Converter between the stack and the high-voltage bus -
EIS Electrochemical impedance spectroscopy -
FCCU Fuel-cell control unit -
HHV/LHV Higher/lower heating value -
ISA International Standard Atmosphere -
PTC Positive temperature coefficient (heater) -
m Mass flow derived from the reported volumetric-flow record (Section 3.3) kg/s
m_corr Corrected mass flow (Figure 7c¢) kg/s
Qv Volumetric air flowrate reported in the test sheet; reference state not documented L/min, m3/s
p_std Air density at the assumed standard state (0 °C, 101.3 kPa) kg/m?
T_ref, p_ref Reference temperature and pressure of the flow correction (288 K, 101.3 kPa) K, kPa
Subscripts 0, sea level; cell, per cell; in/out, inlet/outlet; air, air-side -
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