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Diesel engine generators used at construction sites generate noise, vibration, and large amounts of pollutant emissions. With the
strengthening of emission standards for construction equipment, technologies must be developed to meet new requirements. We
proposed and analyzed a mobile proton-exchange membrane fuel cell diesel-powered system to address these issues. The
proposed system consisted of an autothermal reformer, a proton-exchange membrane fuel cell, and a balance of plant
components. Previous studies on the system have not explored the optimal design and operating condition of the system and
have not shown whether the proposed system is superior to the system using the hydrogen-fueled proton-exchange membrane
fuel cell system in the life-cycle greenhouse gas emissions point of view. In this study, we clarified system operation
characteristics, determined the operational design point, and evaluated system performance and life-cycle greenhouse gas
emissions. The system was analyzed by constructing a zero-dimensional simulation model. Several control parameters were
varied in parametric studies to determine the operational design point (steam-to-carbon ratio of 2, oxygen-to-carbon ratio of
0.5, fuel utilization factor of 0.85, and heat exchanger effectiveness of 0.85). Considering system performance, the determined
design point achieved a 32.3% efficiency. Additionally, we assessed the life-cycle greenhouse gas emissions of the system and
compared them with those of an alternative system, which is a hydrogen-fueled proton exchange membrane fuel cell system. It
was confirmed that in the United States of America, the proposed system emits 1010.2 g-CO, ../kWh of greenhouse gas at a
300km fuel transportation distance, which is similar to a hydrogen-fueled proton-exchange membrane fuel cell system
(1001.1 g-CO,_../kWh). The proposed system emits less greenhouse gas emissions than the hydrogen-fueled proton-exchange
membrane fuel cell system if the distance from the hydrogen production site to the construction site is more than 318 km.
Therefore, for a construction site far from a hydrogen production plant, the proposed diesel-fueled proton-exchange
membrane fuel cell system is preferable from both the greenhouse gas emissions and convenience perspectives.

handheld breakers, air compressors, and welding instruments.
The electric energy required for construction work in moun-

With the escalating climate crisis severity, the international
community’s goal is net zero carbon emissions by 2050. As a
core societal component, the construction industry is responsi-
ble for disaster recovery, social overhead capital such as roads
and railroads, public building assembly, and public facility
expansion. Engine-type generators are mainly used at construc-
tion sites to power various construction machines, such as

tains, fields, or disaster recovery areas is typically supplied
through mobile engine generators. Although diesel-engine gen-
erators have low investment costs, they emit considerable
greenhouse gas (GHG) and pollutant emissions such as nitro-
gen oxides (NOx), sulfur oxides (SOx), and fine dust.
Construction equipment emission standards in the
United States (U.S.) and Europe are gradually strengthened
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to reduce emission levels. Europe announced Stage V stan-
dards for regulating particulate matter (PM) levels in April
2017, which involved approximately 97% stricter regulations
for PM and 94% stricter for hydrocarbon (HC) and NOx
compared to those in stage I [1]. The Environment Protec-
tion Agency prepares vehicle and engine emission standards
in the United States. Tier-4 Final regulations apply to non-
road engines, strengthening NOx and PM regulations and
requiring an after-treatment system [2]. Moreover, the Cali-
fornia Air Resources Board held its first public workshop on
Tier-5 regulations in November 2021 [3]. In addition, the
Clean Air Conservation Act of Korea has been incorporated
based on the US Tier-4-Final construction and agricultural
machinery regulations since 2015 [4]. Considering these
aspects, diesel-powered generator adherence to these new
emission standards is essential; thus, various researches has
been performed, such as using alternative diesel fuels and
developing a new diesel-powered system [5].

Developing a new diesel-powered system not based on
an internal combustion engine has gained attention because
diesel engine generators are classified as declarable noise-
generating equipment at construction sites [6]. Therefore,
the considerable noise from generator use must also be
diminished in addition to emission levels. According to the
National Environmental Dispute Resolution Commission
of the Ministry of Environment in Korea, from 1991 to
2017, 3,241 out of 3,819 environmental disputes were related
to construction and road noise and vibration levels [7].

Fuel cells are power generators that produce heat and elec-
tricity from the electrochemical reaction of hydrogen (H,) and
oxygen (O,). Since this process does not involve combustion,
such fuel cells do not emit pollutant emissions, and installation
locations are unlimited [8]. Therefore, fuel cell technologies
represent a promising technology to alleviate the environmen-
tal and noise problems associated with construction equip-
ment [9]. Especially the proton-exchange membrane fuel cell
(PEMEQC) is the type that has the advantages of high-power
density, quiet operation, high efficiency, and quick start-up
[10]. Many studies improve the efficiency of the fuel cell by
optimizing flow-field design not only materials [11, 12].

There are few construction cases involving hydrogen fuel
cell generators [13]. For example, French start-up EODev
developed the GEH, Hydrogen Genset for isolated areas,
construction sites, and events. It produces 110kW of power
[14]. GeoPura and Siemens Energy applied hydrogen fuel
cell generators to the National Grid’s Viking Link construc-
tion site [15]. Hydrogen was produced from steam methane
reforming (SMR) and electrolysis, transported to the con-
struction site, and supplied to fuel cell generators [16].

However, diesel's hydrogen storage density is more than
two times that of liquid hydrogen, and because it is easy to store
and transport, it is suitable for mobile generator use. In addi-
tion, diesel production and supply systems are well-equipped
compared to H,. Therefore, through diesel-powered fuel cells’
successful technological development, fuel cells can be applied
in construction sites, accelerating market expansion.

Considering these aspects, many research groups focus
on diesel reformers for fuel cell-based auxiliary power units
(APUs). The primary challenge in using diesel fuel lies in
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its high carbon content, which can lead to carbon deposition
on the fuel cell’s catalyst. For example, Rosa et al. designed a
5kW diesel fuel processor for an integrated operation with a
PEMEFC. Their proposed prototype achieved less than
100 ppm carbon monoxide (CO) concentration in the gas
after using the preferential oxidizer (PROX) [17]. Krumm-
rich et al. substantiated the feasibility of reforming F76 diesel
fuel with steam for PEMFC. The fuel processor unit had an
82% overall efficiency at full load [18]. Lindstrom et al. pro-
posed a commercial diesel-fueled power generation system
by integrating a PEMFC and an autothermal reformer
(ATR). Their study identified critical factors for achieving
a high reforming efficiency and low diesel slip through com-
putational reformer fluid dynamics calculations. It demon-
strated that a diesel reforming conversion efficiency of up
to 83% could be achieved [19]. Song et al. analyzed three dif-
ferent reforming methods (autothermal reforming, partial
oxidation, and steam reforming) by means of thermody-
namic analysis. They showed that the petrol autothermal
reforming system had the largest ideal thermal efficiency of
91.22%, whereas the steam reforming (SR) system was
89.57% [20]. Jesi¢ et al. simulated the auto-thermal reform-
ing with the operational water-gas shift (WGS) using Aspen
Plus. They analyzed the influence of the oxygen-to-carbon
ratio, steam-to-carbon ratio, inlet ATR temperature, and
pressure [21]. Lee et al. suggested diesel fuel processing uti-
lizing hydrogen peroxide (H,O,) to obtain the high-purity
H,. They achieved 65.8% efficiency of the fuel processor,
which was not optimized [22]. Pasel et al. proved that
Jilich’s ATR 14 fueled by diesel could produce H, and con-
verse carbon from 99.70% to 99.98% [23]. Although these
studies showed the feasibility of utilizing diesel reforming
to fuel PEMFC, they focused on the reformer and did not
analyze PEMFC system performances.

Some research groups have analyzed diesel-fueled
PEMFC systems. Cutillo et al. conducted a simulation study
based on ATR and SR processes to compare two different
PEMFC 10kW diesel processing systems, confirming that
the SR system achieves a higher APU efficiency. However,
they also noted that ATR’s scheme is less complicated and
has a better water balance than SR’s [24]. Samsun et al.
developed an integrated diesel fuel processing system for
high-temperature proton-exchange membrane fuel cell
(HT-PEMFC) [25-28]. The authors simulated a diesel-
fueled HT-PEMFC system and calculated a system efficiency
of 22.3% [25]. They also conducted an experimental study of a
28 kW fuel processor, which achieved fuel conversion higher
than 99.95% and CO concentrations lower than 1% [28]. Pregelj
et al. presented control strategies and electronic hardware
solutions for diesel-powered fuel cell APUs. The solutions
enable reliable and durable operation by controlling system-
threatening phenomena, such as CO poisoning. They suggested
the net efficiency of the system is 19.3% at 55% load and 18.4%
at 85% load [29]. Malik et al. control the ATR temperature and
hydrogen flow rate of diesel ATR for a 3.6 kW PEMFC system.
By combining PI and PID controllers, they achieved fast
response capabilities and almost no deviations [30].

Though these studies have proved the feasibility of
diesel-fueled PEMFC systems, they have not explored the
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Ficure 1: ATR-PEMFC system schematic.

optimal design and operating conditions of the system. In
addition, they have not shown whether the proposed system
is superior to the system using the hydrogen PEMFC system
in the life-cycle GHG emissions point of view. To evaluate
the significance of the proposed system, not only the system
efficiency but also the quantitative comparison of the life-
cycle GHG emissions with the alternative systems should
be necessarily performed.

This paper is aimed at addressing this research gap. The
main goals of the study are to determine the optimal design
and operating condition of a diesel-powered ATR-PEMFC
system and analyze the life-cycle GHG emissions of the sys-
tem compared to those of a hydrogen-fueled PEMFC sys-
tem. To achieve these goals, we conduct four types of
analyses: assess overall system characteristics, conduct a
parametric analysis to clarify control parameter effects,
design an optimal system based on these results, and con-
duct a life cycle analysis (LCA) on our proposed system to
evaluate the life-cycle GHG emissions based on system sim-
ulation results. We defined four main control parameters
(heat exchanger effectiveness, steam-to-carbon ratio,
oxygen-to-carbon ratio, and fuel utilization factor) and ana-
lyzed the system performance varying the value of the con-
trol parameters to determine the optimal design. In the life
cycle analysis part, the proposed diesel-fueled PEMFC is
compared with the H,-fueled PEMFC in the life-cycle
GHG emissions point of view, which is newly conducted in
this study.

In Section 2, we describe our ATR-PEMFC system. In
Section 3, the modelling of the system components using
MATLAB and Cantera thermodynamic toolbox is intro-
duced. PEMFC and system operational characteristics are
analyzed in Section 4. In addition, a system operation para-
metric study is conducted to determine the design point of
this operation. Based on Section 4’s system simulation
results, we also calculated and compared life-cycle green-
house gas emissions of electricity generated from diesel-
fueled PEMFC systems with hydrogen-fueled PEMFC in
Section 5.

2. System Description

Figure 1 illustrates the ATR-PEMFC system schematic pro-
posed in this study, consisting of a PEMFC, an ATR, and a bal-
ance of plant (BoP) components, which are connected and
continuously affect one another. Room temperature and
atmospheric pressure diesel and a steam and air mixture are
inputs to the ATR. ATR outlet temperatures were maintained
at 800°C and higher to ensure a complete reforming reaction,
and outlet gas was cooled by heat exchange with water in the
heat exchanger (HEX) 1. Preheated steam was then mixed
with air in the mixer. The mixture of steam and air is heated
again in the HEX 2 and fed with diesel into the ATR.

After the reformed gas has cooled in HEX 1, it passes
through a WGS reactor to reach equilibrium at the reactor
inlet temperature. The synthesis gas (syngas) obtained from



the WGS reactor contains a small amount of CO, which
must be removed before entering the PEMFC because it
requires high-purity H, with less than 10 ppm CO as fuel.
To this end, PROX oxidizes the CO with air, increasing the
outlet temperature. The outlet gas is cooled and condensed
in a water trap at 80°C. The outlet gas is then supplied to
the anode, whereas the air is sent to the PEMFC cathode.
The PEMFC produces water (H,0) and electric power by
reacting H, with O,. The remaining H, in the anode off-
gas is completely combusted through a catalytic oxidizer
with air. The catalytic oxidizer’s outlet gas transfers heat in
HEX 2 and exhausts through the vent.

3. Methods

Steady-state simulation models of the system components
were constructed using MATLAB (MathWorks), the Cantera
thermodynamic toolbox, and GRI 3.0 mechanisms. Specifi-
cally, a zero-dimensional (0D) model was designed for all sys-
tem components to alleviate computational complexity. We
then considered an electrochemical reaction model for the
PEMEFC. In addition to the thermodynamic gas states used
in this system, the previously mentioned software also calcu-
lated thermodynamic equilibria and chemical reactions.

3.1. PEMFC. A single PEMFC stack comprises 60 serially
connected cells, and the PEMFC comprises 25 stacks con-
nected in parallel. An anode, membrane, cathode, fuel chan-
nel, and air channel compose each PEMFC cell.

Mass and energy conservation are considered in the
model, and an electrochemical model was constructed. The
utilization factor determined the amounts of fuel and air
supplied to the PEMFC. Table 1 presents PEMFC simulation
model equations with relevant references. The PEMFC
model parameters are summarized in Table 2. Stack design,
PEMEC cell size, and other geometric parameters were
determined from the literature [31, 32].

The model is validated considering the reported results
of three experiments [31], in which operating pressures var-
ied from 1 to 3 atm with 70°C fuel cell and humidification
temperatures on both the anode and cathode sides. All
experimental conditions are summarized in Table 3, and
the fitting parameters are listed in Table 4.

Figure 2 indicates that the simulation model was well-
fitted with experimental results for all cases. This validation
highlights that the PEMFC 0D model can reliably predict
PEMFC operation in the general operating conditions con-
sidered in this study.

3.2. ATR. ATR reforms diesel with air and steam to produce
syngas. C,,H,; is the assumed diesel fuel chemical formula.
The C,,H,; lower heating value (LHV) is 43.1 MJ/kg, and
the formation enthalpy is 305.35kJ/mol [36]. The main
reforming reactions in ATR are (1) total oxidation, (2) par-
tial oxidation (POX), (3) steam reforming, and (4) the
water-gas shift reaction.

C,H,, + (n + %) 0, — nCO, + %Hzo, (1)
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C,H,, + (ﬁ + T) 0, — nCO + ZH,, )
2" 1 2
m
C,H,, +nH,0 —> nCO + (n + —) H,, (3)
2
CO +H,0 & CO, + H,. (4)

This study assumes the ATR model is adiabatic and all
hydrocarbons in the gas are fully reformed at 800°C or
higher. Thus, the minimum ATR outlet gas temperature is
set as 800°C because hydrocarbons in the gas cannot be fully
reformed when ATR's temperature(T, ) is lower than
800°C [21]. For simplicity, ATR outlet gases consist only of
H,, CO, CO,, H,0, and N,. The outlet gas is also assumed
to be in the equilibrium of the WGS reaction’s equilibrium.

According to Moe [37], outlet gas composition is deter-
mined using the equilibrium constant (K,) calculated using
Eq. (5). Using the temperature-dependent equilibrium con-
stant and partial-pressure-based definitions, an equilibrium
relationship between CO, CO,, H,, and H,O is obtainable.
Based upon three reactions and the equilibrium relationship,
an outlet gas mixture of ATR is predicted.

(5)

P

4577.8\  Pco oP
K, = exp (—4.33+ )— €0, _H,

T(K) - PCO°PH20 '

3.3. BoP

3.3.1. WGS Reactor. The WGS reactor increased the syngas
H, fraction generated in the ATR by achieving WGS reac-
tion equilibrium at lower temperatures. The WGS reactor
is assumed to be isothermal, and outlet gas compositions
were determined with Eq. (5).

A low-temperature WGS reactor typically operates at
180-250°C; at temperatures below 180°C, the catalytic activ-
ity becomes sluggish [38]. Therefore, the minimum WGS
reactor temperature in this study is 180°C.

3.3.2. PROX. PROX preferentially oxidizes CO in the WGS
reactor’s outlet gas. We assumed that the CO is totally oxi-
dized in the PROX, thus the gas before entering the PEMFC
stack does not contain the CO, and it ensures no catalyst
poisoning effect in the PEMFC. It is assumed that a stoichio-
metric air amount is supplied to PROX and that the process
is adiabatic.

3.3.3. Water Trap. The water trap cools PROX outlet gas and
removes water through condensation. When the water’s par-
tial pressure in the gas is higher than its saturation pressure
at the operating temperature, the water is condensed and
drained. If the water’s partial pressure in the gas is lower
than its saturation pressure, the gas is only cooled. The water
trap outlet temperature is assumed to be equal to the operat-
ing temperature of PEMFC, i.e., 80°C.

3.3.4. Catalytic Oxidizer. The catalytic oxidizer oxidizes the
remaining H, in the PEMFC outlet gas and is assumed to
be adiabatic. Therefore, the air amount supplied to the cata-
lytic oxidizer is determined as the stoichiometric amount.
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TasLE 1: PEMFC simulation model equations.

Mass balances man,out + mca,out = rhan,in + mca,in
Energ}’ balances Vxi= My, mhan in T mca,inhca,in - man,outhan,out - mca,outhca,out - QPEMFC
PEMEC cell voltage
E= Eoc - Eact - Econ - thm
Nernst equation
E, =E,, + (RT/2F)In [sz /_poz] (33]
Erev rev (T Tref) X (ASU/V[F) [33]
Activation loss
E = E:?t + Egit (33]
ESY = (RT/e,, F) In (j/j5") [33]
E = (RT/aey F) In (jlj5) [33]
o oo MG AT 3]
Ohmic loss
thm = mem.I [33]
Riem 6mem/Aamem (33]
O mem = (0.005139/\ 0. 00326) exp [—(AG/R)(I/Tl,ef - 1/T)] [33]
Concentration loss
. Econ = Ezgn Ezgtn Econ BV + Eg?)tn,BV [33]
Elect.rochemmal E = (RT/nF) In (/2" — i) [34]
reactions Ez(a)tn — (RT/}’!F) In (]cat cat ) [34]
Etonpv = (RT/0, F) In (/7" — i) [34]
Econpy = (RT/aey F) In (/i — i) [34]
jin = nED (cch ) (34]
Jiat — I’lFDg?ft Cch cat) [34]
PanX Jin
Cf{hz = Rt
PCﬂlX ,in
Cglz = <
-1 -1
Dz = (e) (Dl ™) + (UDl™")) D3 = (e/s) ((vpG™°) + (uDE™)) ™ 34l

D0 =0.0026T*/pM, 1 601 10 _QDZ 1,0 [35]

MIH

Op;n0= (1.06/Ti,H200-156) +(0.193/

0=2% ((UM;) + (1/My0)) "
pH0K

D™ =2/3r /8RT/mMy  [35]

exp (04767, y0)) + (1.036/exp (1.537;410)) +
(33]

(35]

(1.765/3.8947;_y; o)

Chemical reactions Oxida

Electrochemical reactions

Fuel electrode (FE) H, + O, < H,0 + 2e~

nt electrode (OE) 0.50, +2e~ < O

Overall reactions H, + 0.50, & H,0

3.3.5. HEX. The system contains HEX 1 and HEX 2,
counter-flow HEXs. The HEX model is constructed using
HEX effectiveness (1 g.qiveness) 10 Calculate the amount of
heat transmitted from the hot side to the cold side. The
HEXs are modeled using

=H

Qmax,h = Hh,i

- Hc,i’ Qmax

0@

- Hh,o@ T, Qmax,c T

(6)

= min (Qmax,h’ Qmax,c)’

(7)

First, the maximum transferable heat amount is calcu-
lated using Eq. (6). H;,; denotes hot-side gas’ inlet enthalpy,
and H, ,qr_ denotes hot-side gas enthalpy when its temper-

Q = Qmax x Hleffectiveness*

ature becomes the cold-side gas’ inlet temperature. Similarly,

H_,qr, denotes cold-side gas enthalpy when its temperature
becomes the hot-side gas’ inlet temperature. Q is the actual
amount of heat transferred and is calculated using Q
and A, civeness @ shown in Eq. (7) [39].

max

3.3.6. Mixer. The mixer combines the air and water required
to reform diesel in the ATR and is assumed to be adiabatic.
The outlet temperature and composition are determined
based on mass and energy conservation.

3.3.7. Others. In addition to the abovementioned system
components, the system includes pumps and valves. Pump
energy consumption is assumed to be negligible because
the working fluid is liquid, which does not require consider-
able energy. Moreover, the energy amount used in control-
ling the valves is also assumed to be negligible.
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TaBLE 2: PEMFC model parameters. TaBLE 3: PEMFC model validation conditions. [31].

Parameter Value Case 1 Case 2 Case 3
PEMEFC geometry Cell pressure (atm) 1 2 3
parameters Cell temperature ("C) 70 70 70

A 51.84cm” = (7.2cm x 7.2 cm) [31] Humidification temperature (°C) 70 70 70

Simem 0.0108 cm [31]

o 0.00129 cm [31] TaBLE 4: Fitted model parameters.

d, .

GbL 0.03cm [31] Parameter Value
Electrochemical o = >
reaction parameters 'oan 1x107A cm

Aan 0.5 [31] it 1x10°Acm™
Xea 2 [31] YMm 30
AG™® 29KkJ mol ™ [32] Tyore 2.5%10°m
AGE 66 kJ mol ™ [32] Prod 0.7
Pu,0 lgem™ [32] i 05
Pl 10.6 x 107 Qcm [32]
Py 16.0 x 107> Qcm [32] )
) ature, pressure, mole fraction, molar flow rate, and mass
Py 43.1x107° Qcm [32] flow rate.
D, 1.28 107 em?s™! [32] The table shows that the ATR outlet gas (stream 2) tem-
perature is 1018.5°C. The gas consists only of H,, H,O, CO,
e 0.3 [32] .2
CO,, O,, and N, because complete reforming is assumed.
5 4 [32] Stream 2 passes through HEX 1 without a composition
change and cools to 430.2°C.
4. Results Water at room temperature and atmospheric pressure is

This study has four objectives. The first is to analyze opera-
tional ATR-PEMFC system component characteristics. Sec-
tion 4.1 discusses component temperature, outlet gas
composition, and flow rate in representative system operat-
ing conditions. PEMFC current density, voltage, power,
and efficiency are also analyzed. Second, we conducted a
parametric analysis to clarify how parameter variations
influence system operation, as discussed in Sections 4.2.1-
42.3. Sections 4.2.1#x2013;4.2.3 assess varying heat
exchanger effectiveness (1 g.qiveness)» Steam-to-carbon ratio
(agcr) and oxygen-to-carbon ratio (agcg), and PEMFC fuel
utilization factor (ug,,), respectively. Our third objective is
to design an optimal system based on the parameter analysis
results and evaluate its performance under the given condi-
tions. As described in Section 4.2.4., the system operation
design point is determined based on Sections 4.2.1-4.2.3
results. The fourth objective is to conduct a life cycle analysis
on our proposed system, which is discussed in Section 5.

The parameters assumed for the system analysis are
listed in Table 5, and the conditions are summarized in
Table 6. The diesel flow rate is fixed as 0.015mol/s, corre-
sponding to PEMFCs~0.5 A/cm® current density and
~25kW power at pg, 0.7.

4.1. Component Operations in the ATR-PEMFC System. We
selected a representative system operating condition
(’/Ieffectiveness 0.7, Ascr 2.5, XoCR 0.6, and Hiuel 0'7) to analyze
operating characteristics. Table 7 presents each gas’s temper-

input into HEX 1, heated to 416.3°C, and mixed with the
preheated stream (stream wo). Stream 9 is output with an
increased flow rate, and the temperature is lowered to
227.3°C. Next, stream 9 is preheated to 485.7°C in HEX 2.
Then outlet gas (stream 10) is mixed with Stream 1 and sup-
plied to the ATR.

Stream 3 reaches equilibrium in the WGS reactor at the
reactor’s inlet temperature. H, and CO, flow rates increase,
and H,0O and CO flow rates decrease while passing through
the WGS reactor. In the referenced case, CO and H, flow
rates after the WGS reactor are 0.0171 and 0.2994 mol/s,
respectively.

Stream 4 and air are fed to the PROX to burn CO. PROX
outlet gas (stream 5) temperature is 529.4°C, which is then
cooled to 80°C in the water trap and output as stream 6.

To operate the PEMFC, stream 6 and ambient air are
input into the anode and cathode, respectively. The H, flow
rate in the anode outlet gas (stream 7) becomes lower than
the anode inlet gas (stream 6) as PEMFC uses H, to generate
electricity. In this case, PEMFC operates at a current density,
voltage, and power of 0.5201 A/cm? 0.6624V, and
26.79 kW, respectively. PEMFC power generation efficiency
(Mpempc)> the PEMFC power to the H, input ratio, is
37.00%. The system’s overall efficiency (1, .,,,)> the PEMFC

power to supplied diesel fuel ratio, is 24.81%.

To oxidize the remaining H, in the PEMFC outlet gas,
stream 7 is channeled to the catalytic oxidizer. The catalytic
oxidizer outlet gas (stream 8) has a temperature of 591.1°C
and only consists of H,0, CO,, and N,. Stream 8 cools to
401.0°C in HEX 2 and exits through the vent.
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Humidification temperature-70°C

1.2

Cell voltage (V)

0.8 1.2 1.6

Current density (A/ cm?)

* Exp70°C, 1 atm
—— Model 70°C, 1 atm
*  Exp70°C, 2 atm

—— Model 70°C, 2 atm
%  Exp 70°C, 3 atm
—— Model 70°C, 3 atm

FIGURE 2: J-V curves at the validation conditions.

TaBLE 5: Assumed system parameters.

Parameter Value
Ambient temperature (T, T\, Ty,) 25°C
Stream condensation temperature 80°C
PEMFC operating temperature 80°C

In the system, unrecovered 18.87kW, 24.81kW, and
15.20kW of heat were lost during the water trap’s cooling
and condensation, PEMFC power generation, and vent
gases, respectively. Heat loss decreases system efficiency, so
minimizing loss enhances system performance.

4.2. Parametric Study to Determine the System Operation
Design Point

4.2.1. Nogctiveness Variation. This section discusses how the
Heffectiveness Variation from 0.7 to 0.85 influences system per-
formance. Figure 3 shows the system operation results with
different Neffectiveness®

ATR, WGS reactor, and PROX outlet gas temperatures
With 7,g.iveness Variation are shown in Figure 3(a). Increas-
ing the HEX effectiveness means increasing the heat
exchange rate between the HEX’s two inlet streams. Because
high #¢.civeness 1 the system decreases the WGS inlet
stream’s temperature, the temperature of the WGS reactor
and PROX decrease as well. In contrast, as #gq. qveness
increases, the HEX 1 cold-side outlet gas (stream wo)‘s tem-
perature increases, and the ATR inlet gas (stream 10)‘s tem-
perature also increases. This increases the ATR outlet gas
temperature. Figure 3(b) shows H, and CO concentrations
in the WGS reactor’s outlet gas. As the WGS reaction is exo-
thermic, lower temperature helps increasing H, concentra-
tion and lowering CO concentration. As shown in

Figure 3(a), the WGS reactor’s (stream 3) inlet temperatures
decrease when # ¢, i enesss this raises H, and lowers CO con-
centrations. Lower CO concentrations help reduce PROX
outlet gas temperature, which is helpful to reduce relevant
heat losses by reducing the oxidation of CO.

Figure 3(c) illustrates PEMFC current density and voltage.
As the H, flow rate increased after the WGS reaction, the
PEMEC current density increased as the fuel utilization factor
is fixed at 0.7. Consequently, overvoltage increased, and cell
voltage decreased. Combining these two trade-oft effects, high
Heffectiveness increases the PEMFC driving fuel H, and generates
more power (Figure 3(d)). Consequently, the system efficiency
increases alongside 7], iveness (Figure 3(e)).

Significant system heat losses are noted in Figure 3(f).
The heat loss in the water trap declines concurrently with
the PROX outlet gas’s temperature decline. In this case, the
PROX outlet gas and 80°C (water-trap operating tempera-
ture) temperature differences decrease. PEMFC heat loss
escalates as its current density escalates. As the H, flow rate
in the PEMFC outlet gas rises, the catalytic oxidizer temper-
ature also rises. Thus, the vent gas and room temperature
difference increase, which makes heat loss from the vent
slightly increase. The figure displays how overall heat losses
were reduced because the water trap heat loss reduction
was greater than the increase from the PEMFC and vent.
Generally, high #.q.veness Means that the thermal energy
in the HEX inlet streams is well utilized, which improves
the system performance. Notably, the HEX maximum effec-
tiveness is limited to 0.85 for typical engineering practice.
Based on these results, 7. gveness Was fixed to 0.85 to
improve system performance.

4.2.2. ageg and apg Variations. agog and ageg are key con-
trol parameters determining the system’s inlet gas water
vapor and O, flow rates, respectively. In this section, ag-g
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TABLE 6: System analysis conditions for each subsection.
Control parameters 4.1. 4.2.1. 4.2.2. 4.2.3.
Diesel fuel flow rate (mol/s) 0.015 0.015 0.015 0.015
Heffectiveness HEX 1, 2 effectiveness) 0.7 Variable 0.85 0.85
agcr (steam-to-carbon ratio) 2.5 2.5 Variable 25
®ocr (0xygen-to-carbon ratio) 0.6 0.6 Variable 0.6
Uge (fuel utilization factor of the PEMFC) 0.7 0.7 0.7 Variable
U, (air utilization factor of the PEMFC) 0.5 0.5 0.5 0.5
Pyygiem (system pressure, atm) 1 1 1 1
TaBLE 7: Each stream’s temperature, pressure, molar compositions, mole flow rate, and mass flow rate.

Temperature ("C) Pressure (atm) Molar compositions (%) MOl(emeOIX)rate Mass(g;);;v rate
Stream 1 25.0 1 C,,H,; 100% 0015 2505
Stream 2 1018.5 1 H, 18.10%, H,O 33.4%, CO 8.1%, CO, 6.8%, N, 33.6% 1.209 2545
Stream 3 430.2 1 H, 18.10%, H,0O 33.4%, CO 8.1%, CO, 6.8%, N, 33.6% 1.209 2545
Stream 4 4302 1 H, 24.8%, H,0 26.7%, CO 1.4%, CO, 13.5%, N, 33.6% 1.209 25.45
Stream 5 529.4 1 H, 24.1%, H,0 26.0%, CO, 14.5%, N, 35.3% 1.241 26.62
Stream 6 80.0 1 H, 24.1%, H,0 26.0%, CO, 14.5%, N, 35.3% 1.241 26.62
Stream 7 80.0 1 H, 8.7%, H,0 31.3%, CO, 17.4%, N, 42.5% 1.031 26.20
Stream 8 591.1 1 H,0 34.4%, CO, 15.0%, N, 50.6% 1.200 32.67
Vent 401.0 1 H,0 34.4%, CO, 15.0%, N, 50.6% 1.200 32.67
Stream wi 25.0 1 H,0 100% 0.45 8.11
Stream wo 416.3 1 H,0 100% 0.45 8.11
Stream 9 227.3 1 H,0 46.7%, O, 11.2%, N, 42.1% 0.964 22.94
Stream 10 485.7 1 H,0 46.7%, O, 11.2%, N, 42.1% 0.964 22.94

varies from 0.5 to 3, and agg varies from 0.4 to 0.7. The
resulting influence on system performance was examined.

High agcp increases the H,O mole flow rate in the ATR
inlet gas. As agog increases, T,pp decreases because the
endothermic SR reaction becomes more favorable as the
H,O amount increases (Figure 4(a)). As the water flow rate
increases, heat transferred from the ATR outlet gas to water
also increases; thus, WGS reactor inlet gas temperatures
decrease.

Because of the lower WGS reactor temperature, the H,
mole flow rate rises and CO mole flow rate lowers, which
also lowers the PROX outlet gas temperature (Figure 4(b)).

Figures 5(a)-5(d) show PEMFC current density, voltage,
power, and system efficiency. When agp increases, the H,
mole flow rate increases after the WGS reaction, increasing
current density and decreasing cell voltage. High oy
mainly helps promoting the reforming reaction and
increases the H, production, which is required for PEMFC
power generation. Therefore, PEMFC power and efficiency
increase as ag-p increases.

High aycg increases the O, mole flow rate in the ATR
inlet gas. In the ATR, oxygen’s higher mole flow rate
increases exothermic oxidation reactions. It accelerates
POX reaction and prevents WGS reaction by increasing
the reactor’s temperature. Therefore, the higher the agcg,
the higher the T,y (Figure 4(a)). Furthermore, as agqp

increases, inlet gas temperatures to the WGS reactor
increase, and thus, the H, mole flow rate lowers and the
CO mole flow rate rises. Thus, the PROX outlet gas temper-
atures and water-trap heat loss increase (Figure 4(b)).

As shown in Figure 5, as acy increases, the PEMFC fuel
H, flow rate decreases, decreasing current density and over-
voltage and increasing cell voltage. Combining these effects,
PEMEC power and efficiency decrease when ay increases.

Figures 5(e)-5(h) show major system heat losses with
different agop and apeop. As agep rises and oy lowers,
water-trap heat loss is reduced by decreasing the PROX out-
let gas temperature. PEMFC heat loss intensifies because its
current density increases as the fuel cell reaction is the exo-
thermic reaction. Vent gas heat loss increases because the H,
mole flow rate in Stream 7 and the catalytic oxidizer outlet
gas temperatures increase. Thus, vent gas heat loss reaches
the maximum at a certain agcr and decreases after the peak
because the H,O mole flow and the HEX 2 exchanged heat
rates increase. Overall, the system heat loss decreases as
ager increases and agp decreases.

As shown in Figure 4(a), when agqp is 0.4 and agqy is
0.5, 1, and 3, T,rg is lower than 800°C (the minimum
ATR outlet gas temperature). Thus, these are unsuitable
operating conditions.

When oy is greater than a certain value, the H,O mole
flow rate increases, and the H, mole flow rate does not
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F1GURE 3: ATR-PEMEFC system performance with 7], i eness Variation: (a) temperatures; (b) mole fraction after the WGS reactor; (c) current
density and cell voltage; (d) power; (e) system efficiency; and (f) heat losses.

increase. This is because the diesel’s mole flow rate is fixed
in the system. Therefore, when ag-y is set to be greater
than 2, the amount of H, in the stream does not notably
increase, and the system efficiency cannot be significantly
improved.

4.2.3. p,,, Variations. pg, is a control parameter directly
affecting PEMFC current density and power generation for
a given system’s fuel supply. This section examines g
influence by varying p; , from 0.7 to 0.95.

Figure 6 shows system operation results from varying
Usoe- Figure 6(a) shows the ATR, WGS reactor, and PROX

outlet gas temperature. As y,, increases, the H, flow rate
in the anode off-gas (stream 7) decreases, the catalytic oxi-
dizer outlet temperature decreases, and the HEX 2 cold-
side outlet gas temperature (stream 10) decreases. Therefore,
ATR, WGS reactor, and PROX outlet gas temperatures
decrease overall.

When the WGS reaction occurs at a lower temperature
with increasing pg ., the H, concentration increases and
the CO concentration decreases (Figure 6(b)). When g,
is greater than 0.85, ATR outlet gas and WGS reactor tem-
peratures decreased, and the H, mole fraction in the PEMFC
inlet gas does not increase significantly.
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High p, ., mainly means that PEMFC utilizes hydrogen
well. As the diesel mole flow rate is fixed, the current density
increases with increasing the fuel cell reaction. The cell volt-
age decreases as the current density increases (Figure 6(c)).
PEMEC power increases overall because the current density
increase is greater than the decreasing voltage (Figure 6(d)).
Figure 6(e) shows how the system efficiency increases along-
side pg,,. However, considering the PEMFC performance,
there is an upper limit to the applicable fuel utilization
factor.

Figure 6(f) shows the significant system heat losses with
increased pg;,. When the PROX outlet gas temperature
decreases, water trap heat loss also decreases. In addition,
PEMEC heat loss intensifies because the current density
increases and the exothermic fuel cell reaction. By increasing
Use the H, molar flow rate in the anode off-gas, catalytic
oxidizer temperature, and vent gas heat loss decrease. Since
water trap and vent heat loss reduction is greater than
PEMEC’s heat loss increase, the overall heat loss reduces as
Ug,el INCreases.

4.2.4. System Operation Results at the Design Point. Sections
4.2.1-4.2.3 results determined the system design point as
Heffectiveness 0.85, X3crR 2, X0CR 0.5, and Mfuel 0.85. System per-
formance and minimum-temperature ATR and WGS reac-
tor conditions were considered when establishing the
design point.

Table 8 presents system operation results at the design
point. The PEMFC produces 34.91 kW of power, and system
efficiency is 32.25% at the design point. Table 9 presents
every gas’s temperatures, pressures, mole fraction, molar
flow rate, and mass flow rate at the design point.

4.3. System with Anode Off-Gas Recirculation. This section
determines whether anode off-gas recirculation effects can
improve performance. By implementing anode off-gas recir-
culation, the H, remaining in the anode off-gas can be used
as fuel for PEMFC power generation, thus, reducing the heat
loss from H, oxidation in the catalytic oxidizer. Figure 7

schematically illustrates this updated system. Because the
recirculation ratio typically varies from 0.4 to 0.8 [40], we
set the recirculation ratio as 0.4 in this study.

Table 10 organizes the operating system results. When
anode off-gas is added to the system, the temperature of
the catalytic oxidizer outlet gas (stream 8) temperature
decreases because the H, mole flow rate in the catalytic oxi-
dizer inlet gas decreases. Therefore, vent gas heat loss
decreases.

In addition, because stream 8’s temperature decreases
and less heat is exchanged in HEX 2, steam 10’s temperature
decreases. Thus, the stream temperatures decrease overall as
they pass through the system, and water trap heat loss also
decreases.

However, the PEMFC current density increases due to
anode off-gas recirculation, which increases the overvoltage
and decreases the cell voltage. Therefore, PEMFC heat loss
increases.

Although anode off-gas recirculation can increase the
power generation to 35.73kW and system efficiency to
33.09% through the more efficient use of fuel, the minimum
ATR and WGS reactor temperature (800°C, 180°C) condi-
tions cannot be satisfied by decreasing stream temperatures.

Figure 8 illustrates an alternative system with anode off-
gas recirculation. In this framework, the HEX 2 location is
changed to achieve the minimum-temperature condition
by exchanging the catalytic oxidizer outlet gas and ambient
air to reduce vent heat loss and increase stream 10’s
temperature.

Table 11 presents the system’s operational characteristics
shown in Figure 8. Compared with Table 10, ATR outlet,
WGS inlet, and PROX outlet gas temperatures increase,
and the minimum temperature condition is satisfied.

However, because the WGS driving temperature is
higher, the H, mole flow rate in the PEMFC inlet stream is
reduced, and the PEMFC power and system efficiency are
slightly lower than those in Table 10. As a result, PEMFC
power is 35.62 kW, and the system efficiency is 33.00%. Fur-
thermore, the recirculation ratio can be set higher than 0.4 in
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this system because stream temperatures are higher than the
minimum temperature condition.

However, if the recirculation ratio is set to 0.6, the
PEMFC current density is greater than 0.8 A/cm” and the
cell voltage decreases to 0.562V. Therefore, PEMFC power
and the system efliciency are lower to 35.54kW and
32.92%, respectively.

In summary, when the system operates at the design
point determined in Section 4.2.4, system efliciency
improves by less than 1% from recirculating anode off-gas.
Thus, system efficiency did not noticeably improve.

As shown in Table 11, PEMFC had the highest heat
losses, which means decreasing heat losses and increasing

performance can only be achieved with a better PEMFC. It
should be noted that efficiency over 40% is achievable when
the system has a more efficient PEMFC.

5. Life Cycle Analysis

In this section, life-cycle greenhouse gas emissions of elec-
tricity generated from our proposed system at a construction
site are evaluated and compared with a hydrogen-fueled
PEMEFC generator utilizing an off-site hydrogen production
site. It is assumed that a large natural gas reforming plant
produces and compresses hydrogen and transports it to the
construction site with a tube trailer.
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TABLE 8: System operation results at the design point.

Operating conditions Performance

Control parameters PEMFC

Heffectiveness IEX 1, 2 effectiveness) 0.85 Average cell current density 0.7374 A/cm®
agcr (Steam-to-carbon ratio) 2.0 Cell voltage 0.6073 V
aocr (Oxygen-to-carbon ratio) 0.5 PEMFC power 34.82kW
Uge (Fuel utilization factor of PEMFC) 0.85 PEMEC efliciency 41.19%
U, (Air utilization factor of PEMFC) 0.5 Heat losses (kW)

Pyygiem (System pressure) 1 atm Water trap 5.934
Temperatures ("C) PEMFC 33.79
ATR outlet (stream 2) 866 Vent 9.967
WGS outlet (stream 4) 230.4 Total heat loss 49.69
PROX outlet (stream 5) 252.7 Efficiency

Water trap outlet (stream 6) 80 Total system efficiency 32.25%
Anode outlet (stream 7) 80

TaBLE 9: Each stream’s temperature, pressure, molar composition, mole flow rate, and mass flow rate at the design point.

Tem[zerature Pressure Molar compositions (%) Mole flow rate Mass flow rate

(°C) (atm) (mol/s) (g/s)
Stream 1 25 1 C,H,; 100% 0.015 2505
Stream 2 868 1 H, 24.05%, H,0 26.62%, CO 9.49%, CO, 7.6%, N, 32.2% 1.051 21.35
Stream 3 2304 1 H, 24.1%, H,0 26.6%, CO 9.5%, CO, 7.6%, N, 32.2% 1.051 21.35
Stream 4 230.4 1 H, 33.27%, H,0 17.40%, CO 0.28%, CO, 16.9%, N, 32.2% 1.051 21.35
Stream 5 252.7 1 H, 33.1%, H,0 17.3%, CO, 17.0%, N, 32.6% 1.056 21.55
Stream 6 80 1 H, 33.1%, H,0 17.3%, CO, 17.0%, N, 32.6% 1.056 21.55
Stream 7 80 1 H, 6.9%, H,0 24.1%, CO, 23.7%, N, 45.3% 0.759 20.95
Stream 8 496.8 1 H,0 27.4%, CO, 21.0%, N, 51.6% 0.858 24.56
Vent 367.2 1 H,0 27.4%, CO, 21.0%, N, 51.6% 0.858 24.56
Stream wi 25 1 H,0 100% 0.36 6.49
‘S;(r)eam 592.1 1 H,0 100% 0.36 6.49
Stream 9 317.7 1 H,0 45.7%, O, 11.4%, N, 42.9% 0.789 18.85
Stream 10 470.5 1 H,0 45.7%, O, 11.4%, N, 42.9% 0.789 18.85

The GREET program developed by the Argonne
National Laboratory in the United States was used for life
cycle analysis (LCA). The life-cycle GHG emissions of natu-
ral gas, electricity, and diesel in the U.S. were calculated
through GREET 2021 (Table 12). It is important to note that
the analysis of GHG emissions generated during the hydro-
gen charging station construction or fuel cell product pro-
duction is beyond the scope of this paper.

The life cycle of the diesel-fueled PEMFC system consists
of crude oil production, diesel production, diesel transporta-
tion, and PEMFC operation (Figure 9). The GHG emissions
generated from those processes are from the U.S. default
values of GREET 2021 [41]. We note that it is assumed that
large diesel-fueled trucks transport diesel.

The diesel-fueled PEMFC system efficiency is already
calculated in Table 8. The diesel-fueled PEMFC system effi-
ciency was calculated as 32.25%.

The life cycle of an H,-fueled PEMFC system consists of
natural gas production, steam methane reforming process,
H, compression, H, transportation, and PEMFC operation
(Figure 9). It is necessary to determine reforming process
efficiencies to calculate GHG emissions generated from nat-
ural gas reforming. This study used large off-site reforming
plant efficiencies from the H2A model of the National
Renewable Energy Laboratory in the United States. Specifi-
cally, a 71.9% efficiency [42] was used.

Hydrogen is compressed from 10 bar to 200 bar pressure
to be loaded on a tube trailer and transported to a construc-
tion site. The tube trailer is assumed to supply hydrogen to
the PEMFC generator at the construction site.

The power consumed in compressing gaseous hydrogen
was calculated based on the work per unit mass consumed in
reversible adiabatic gas compression, as expressed in Eq. (7),
an equation derived from thermodynamics. Z(= Pv/RT)
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FiGUre 7: ATR-PEMFC system schematic with anode off-gas recirculation.

TaBLE 10: System operation characteristics with anode off-gas recirculation.

Operating conditions Performance

Control parameters Heat losses (kW)

Xyecireulation (ratio of anode off-gas recirculation) 0.4 Water trap 3.764
Temperatures ("C) PEMEC 37.64
ATR outlet (stream 2) 799.0 Vent 7.474
WGS inlet (stream 3) 179.2 Total heat loss 48.88
PROX outlet (stream 5) 187.6 Efficiency

PEMFC Total system efficiency 33.09%
Cell voltage 0.5827V

PEMEFC power 35.73kW

PEMEC efficiency 39.52%

denotes a compressibility factor, which considers differences Since hydrogen compression involves a large compres-
from the ideal gas when the gas is at high pressure. sion ratio, compression and cooling are repeatedly con-

ducted to increase efficiency. According to GREET 2021,
compression work per unit mass consumed can be calcu-

2 2
w:—J Pdv:—J £dv: ¢ [v, " =v,'7]

. Y y-1 lated with Eq. (9) [41]. N, indicates by how many steps the
1 1 P,v, compression was divided.
=——[Pv,—=Pv)]=——Pyv -1
y_l[zz 1) y-1 11[P1V1 } ®) 1
1 _ _ Y ~1/N,
= FPIVI [Prag’ ™ — 1] w=Z7ZxRT x 3 X N, x - [Pratio” ' = 1] (9)
=ZxRT x [Prasio? 7 = 1].

y-1 The isentropic efficiency was set to 80% when
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F1GUrE 8: Improved ATR-PEMFC system schematic with anode off-gas recirculation.

TaBLE 11: Improved system operation characteristics with anode off-gas recirculation.

Operating conditions Performance

Control parameters Heat losses (kW)

Xyecireulation (ratio of anode off-gas recirculation) 0.4 Water trap 5.573
Temperatures ("C) PEMEC 37.45
ATR outlet (Stream 2) 858.0 Vent 5.675
WGS inlet (Stream 3) 2229 Total heat loss 48.70
PROX outlet (Stream 5) 243.5 Efficiency

PEMFC Total system efficiency 33.00%
Cell voltage 0.5833V

PEMEFC power 35.62kW

PEMEC efficiency 39.57%

TaBLE 12: The life-cycle greenhouse gas emissions of natural gas, diesel, and electricity [41].

Life-cycle greenhouse gas emissions CO, (g-CO,/GJ) CH, (g-CH,/GJ)

N,O (g-N,0/GJ)

Total (g-CO,-eq./GJ)

Natural gas 62,165 206.1 2.06 68,892
Diesel 87,228 105.0 0.58 90,531
Electricity 114,038 250.8 2.27 122,165

compressed from 10 to 200 bar. The compressibility factor
(Z) was calculated for application according to each pressure
range. Additionally, electric motor efficiency was set at 92%.
All these parameters were referenced from GREET 2021

[41]. The hydrogen inlet temperature is assumed as 25°C.
The compression work per unit mass consumed for loading
hydrogen onto a tube trailer was calculated as 1.63 kWh/kg-
H, (Table 13).
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TaBLE 13: Work consumed for hydrogen compression.

Tube trailer

Inlet pressure (bar) 10

Outlet pressure (bar) 200
Isentropic efficiency (%) 80%
Compressibility factor (Z) 1.07
Efficiency of electric motor (%) 92%
Theoretical work (kWh/kg) 1.21
Actual shaft work (kWh/kg) 1.51
Consumed electrical energy (kWh/kg) 1.63

A tube trailer transports 250kg of hydrogen. In this
study, it is assumed that large diesel-fueled trucks trans-
port hydrogen. According to GREET 2021, the fuel econ-
omy is assumed to be 7.2miles/diesel gallon when
hydrogen is loaded and 9.0miles/diesel gallon when
hydrogen is not loaded [41]. 36 MJ/l was used for U.S.
conventional diesel heating values referenced from GREET
2021 [41]. The energy required to transport the unit mass
of gaseous hydrogen is summarized in Table 14. Deter-
mining the distance from the hydrogen production site
to the hydrogen charging site is necessary for off-site
hydrogen production. However, it is difficult to accurately
obtain this distance because the hydrogen production
plant location has not yet been determined. Therefore,
the transportation distance is assumed to be 300km
(Figure 10), and then analyze the effect relative to trans-
portation distance (Figure 11). In this study, we assumed
that the transportation distance of hydrogen and that of
diesel is the same.

The hydrogen-fueled PEMFC system efficiency must
be determined to calculate emissions from hydrogen-
fueled PEMFC operation. The electrical efliciency of
PEMFs is generally between 40 and 60% [43]. Giddey
et al. suggested that the electrical efficiency of the PEMFC
stack varied from 39 to 41% [44]. Omran et al. showed
that the overall PEMFC system efficiency was 47.5% at
around 50% of the rated power [45]. Chen et al. developed
a 30kW vehicle PEMFC system model and achieved the
maximum electrical efficiency of 41% [46]. Wang et al.
suggested that the PEMFC efficiency can reach as high
as 65% [47].

In this study, the hydrogen-fueled PEMFC system effi-
ciency was also calculated for the simulation model. The
hydrogen-fueled PEMFC system generated the same power
as the diesel-fueled PEMFC system at the design point
(34.82kW, as determined in Section 4.2.4). PEMFC system
efficiency was calculated as 43.13%, which is feasible com-
pared to the literature, when hydrogen is used as fuel. The
operating conditions and results of the PEMFC system
fueled by hydrogen are summarized in Table 15.

Figure 10 compares the life-cycle GHG emissions of
electricity generated from diesel-fueled and H,-fueled
PEMFC systems with a 300km transportation distance.
The figure shows the GHG emissions by each process. We
note that the efficiency of each process is utilized in the
LCA, and the uncertainties in the efficiencies of processes
are also considered in the analysis; it is assumed that the
energy use of each process can be varied by 10%.

The total GHG emissions of diesel-fueled PEMFC were
1010.2g-CO, _.o/kWh, which was very similar to that of
H,-fueled PEMFC (1001.1g-CO,_.,/kWh). For the case of
a diesel-fueled PEMFC system, the largest portion of GHG
emissions were generated from using diesel in the system
to produce electricity. In the case of H,-fueled PEMFC, how-
ever, the largest portion of GHG emissions was generated
from steam methane reforming; there are no GHG emis-
sions from the electricity generation process because it uses
hydrogen as fuel. As shown in the figure, during the produc-
tion process, diesel emits more GHG emissions than natural
gas. This is, because, generally crude oil needs a more
sophisticated process to make diesel than raw natural gas
does to become natural gas. It is also noted that the CO,
emissions per heating value of diesel is greater than that of
natural gas.

Notably, the GHG emissions from H, transportation are
considerable, whereas diesel transportation emits lower
GHG emissions, though the diesel transportation distance
and the hydrogen transportation distance are assumed to
be the same. The main reason for this result is that the vol-
umetric energy density of H, is much smaller than that of
diesel. Thus, if the distance to transport hydrogen is long,
using diesel can be more environmentally friendly.

Electrical life-cycle GHG emissions from a hydrogen-
fueled PEMFC system are calculated relative to transporta-
tion distance (Figure 11). The life-cycle GHG emissions of
electricity generated by the diesel-fueled PEMFC system
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TaBLE 14: Transportation energy consumption.

Gaseous hydrogen transportation

From hydrogen producer to hydrogen charging station (when hydrogen is loaded)
From hydrogen charging station to hydrogen producer (when hydrogen is not loaded)

Total

0.0470 MJ/km/kg-H,
0.0373 MJ/km/kg-H,
0.0843 MJ/km/kg-H,

Diesel-fueled PEMFC

H,-fueled PEMFC

0 200 400

600 800 1000 1200

Life cycle GHG emissions of electricity (g-CO,-eq/kWh)

B NG production
Crude oil production
W Diesel production

B Steam methane reforming

Bl Compression
Transportation
B PEMEC

FIGURE 10: The life-cycle GHG emissions of electricity generated from PEMFC systems with a 300 km transportation distance.
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Ficure 11: The life cycle GHG emissions of electricity generated from PEMFC systems relative to transportation distance.

TaBLE 15: PEMFC system fueled by hydrogen operating condition and results.

Operating conditions Performance

Control parameters PEMFC

Hettectiveness JTIEX 1, 2 effectiveness) 0.85 Average cell current density 0.7045 A/cm’
Uge (Fuel utilization factor of PEMFC) 0.85 Cell voltage 0.6360V
U, (Air utilization factor of PEMFC) 0.5 PEMFC power 34.82kW
Pyyem (System pressure) latm PEMEFC efficiency 43.13%
firyy, (mole flow rate of hydrogen) 0.334 mol/s

are slightly varied relative to transportation distance. On the
other hand, the electricity generated by the hydrogen-fueled
PEMEC system varied considerably (Figure 10). When the
distance from the hydrogen production site to the hydrogen
charging site is less than 318 km, PEMFC power generation

using reformed hydrogen expressed lower life-cycle GHG
emission levels. However, with more than a 318 km distance,
diesel-fueled PEMFC generates lower life-cycle GHG emis-
sions than electricity generated by hydrogen-fueled PEMFC.
Therefore, for a construction site far from the hydrogen
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production plant, using a diesel-fueled PEMFC system is
preferred from a life-cycle GHG emissions point of view.

6. Conclusions

Our research objectives are (1) to analyze the diesel-powered
ATR-PEMEC system characteristics, (2) to clarify how each
control parameter influences system operations, (3) to deter-
mine optimal operating conditions for high performance
and stable operation and evaluate system performance at
the design point, and (4) to evaluate life cycle GHG emis-
sions from the proposed system. To this end, we analyzed
simulation models constructed through MATLAB and the
Cantera thermodynamic toolbox. In addition, GREET soft-
ware, developed by the U.S. Argonne National Laboratory
was utilized for life cycle analysis.

First, we schemed the diesel-powered ATR-PEMFC sys-
tem and analyzed the system under the representative sys-
tem operating conditions. Diesel is fully reformed in the
ATR at high temperatures (~1018.5°C). The WGS and
PROX are applied to remove CO and increase H, in
PEMEC’s inlet stream. The overall system efficiency was
24.81% in the reference case, which needs to be improved
by system optimization.

Secondly, we assessed our system by varying control
parameters. The ATR minimum operating temperature is
set to 800°C [21] and the WGS minimum operating temper-
ature is set to 180°C [38], which are necessary conditions for
proper system operation. A high #, . iveness) iMproved the
system performance by reducing the WGS reactor’s temper-
ature and CO concentration. A high ag, enhanced system
performance by favoring endothermic steam reforming
reactions and increasing PEMFC inlet gas H, concentration.
A low oy enhances system performance by weakening the
exothermic oxidation reaction and lowering the H, fraction
in PEMFC inlet gas. However, there is an upper limit of
agcp and a lower limit of oy to meet the minimum tem-
perature conditions. When g, ; increases, system efficiency
increases by utilizing the H, fuel more efficiently.

Considering our parametric analysis results and the
reactor’s minimum temperature conditions, we determined
optimal system operating conditions(# g iveness 0-89 ¥scr
2.0, agcr 0.5, and pg , 0.85). At the optimal operating con-
dition, we achieved a 32.25% efficiency and met the ATR
and WGS’s minimum temperature conditions. In addition,
we suggested the system design with anode off-gas recircula-
tion and improved the system efficiency by 33.00% at the
same design point.

Lastly, the life-cycle GHG emissions of electricity gener-
ated from the proposed system were compared with a
hydrogen-fueled PEMFC system. For the case of the U.S,,
the proposed system emits 1010.2 g-CO2-eq/kWh of green-
house gas, and the hydrogen-fueled PEMFC system emits
1001.1 g-CO2-eq/kWh at a 300 km fuel transportation dis-
tance. We confirmed that the transportation’s greenhouse
gas emissions of diesel and that of hydrogen are considerably
different at the same distance. Thus, transportation distance
is key for diesel-fueled PEMFC to be more meaningful in a
GHG emissions perspective than H,-fueled PEMFC. This
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study suggests that, with a transportation distance greater
than 318 km, the diesel-fueled PEMFC system emitted lower
life-cycle GHG emissions than the hydrogen-fueled PEMFC
system. Therefore, our proposed system is suitable for a con-
struction site far from a hydrogen production location.

Notably, this study comprehensively characterizes the
diesel-fueled PEMFC system operation. The study also con-
ducted life cycle analysis, unlike previous studies, to analyze
GHG emissions of diesel-fueled PEMFC. We demonstrated
the usefulness of diesel-fueled PEMFC at construction sites
by determining the transportation distances that diesel-
fueled PEMFC was environmentally advantageous. Our
findings can promote future research, such as experimental
demonstration or design optimization for system develop-
ment. When conducting the empirical study, we can operate
the system in the operating points that we determined in this
study. In addition, hydrogen transportation costs a lot of
money, but diesel transportation could be economical [48].
Therefore, techno-economic analysis is required for future
research to quantitatively analyze the economic feasibility.
The system efficiency and the operating points can be also
used in technoeconomic analysis.

Nomenclature

A: Active area of MEA

r: Pore diameter for anode and cathode
P, p: Pressure

P> Parm: Atmospheric pressure

T: Temperature

T it Atmospheric temperature

R: Gas constant (8.3145 J/mol-K)

n: Number of electrons

F: Faraday constant (96,485 C/mol)
E: Cell voltage

EO.

rev*

Standard state reversible voltage
Reversible voltage
Open-circuit cell voltage
Activation overpotential
Ohmic overpotential
Concentration overpotential
Butler-Volmer overpotential
Gibbs free energy

Entropy

Voltage

Current

Exchange current density
Limiting current density
Current density

Exchange current density
Electrical resistance of membrane
Molecular weight

Mass flow rate

Thermal conductivity
Equilibrium constant
Compressibility factor
Diftusion coefficient

Binary diffusion coefficient

rev*
oc*
act*
ohm*
con*

con,BV:

ot

)

Se s

B

3

g ON
aTE
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Dgff; Knudsen diffusion coeflicient
D g: Effective diffusion coefficient
C: Molar concentration

H: Enthalpy (extensive)

h: Enthalpy (intensive)

Q: Heat transfer.

Greek Letters

Vs Roughness factor

A Humidification

é: Thickness

o: Conductivity

& Porosity

& Tortuosity

Op; g Dimensionless diffusion collision integral
Ti gt Lennard-Jones distance of species
Ok Mean molecular radii of species

Ay Charge transfer coefficient for anode
A, Charge transfer coefficient for cathode
w: Utilization factor of PEMFC

p Density

Heffectiveness: 1€at exchanger effectiveness

Nolower Blower efficiency

AgcRr: Steam-to-carbon ratio

e Oxygen-to-carbon ratio.
Abbreviations

PEMEFC: Proton-exchange membrane fuel cell
ATR: Autothermal reformer

GHG: Greenhouse gas

NOx: Nitrogen oxides

SOx: Sulfur oxides

PM: Particulate matter

HC: Hydrocarbon

MEA: Membrane electrode assembly
APUs: Auxiliary power unit

HT-PEMFC: High temperature proton-exchange mem-
brane fuel cell

SR: Steam reforming
SMR: Steam methane reforming
BoP: Balance of plants
PROX: Preferential oxidizer
WGS: Water-gas shift
HEX: Heat exchanger
Syngas: Synthesis gas

FE: Fuel electrode

OE: Oxidant electrode
LHV: Lower heating value
POX: Partial oxidation
LCA: Life cycle analysis.

Superscripts and Subscripts

an: Anode

ca: Cathode
el: Electrolyte
ch: Channel

mem: Membrane

International Journal of Energy Research

act:  Activation loss
ohm: Ohmic loss

conc: Concentration loss
H,: Hydrogen

0O,:  Oxygen

CO: Carbon monoxide
CO,: Carbon dioxide
H,O: Water/steam

CH,: Methane

N,:  Nitrogen

h: Hot side

c Cold side

i Inlet

o: Outlet

ref:  Reference case.
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