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FC stack performance model details

Schematic diagram of the pseudo-2-D FC

Figure S1 shows the schematic diagram of our pseudo-2-D FC model, which is a 1-D FC
sandwich model coupled with a 1-D down-the-channel model. The 1-D FC sandwich model only
considers the direction normal to the MEA along the MEA thickness. The 1-D down-the-channel
model consists of mass balance down the channel for the species present in the channel coupled

with an assumption of linear total pressure drop along the flow channels.

One-dimensional (1-D) FC sandwich model
Dimensions of the modeling domains and the values of transport parameters used for each domain

The 1-D FC sandwich model includes two gas diffusion layers (GDLs), two microporous
layers (MPLs), two electrocatalyst layers, and a membrane. Table S1 shows the values of the
dimensions of the modeling domains and the values of transport parameters used for each domain.

We set the transport properties at reasonable values using the data available in the literature. We
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note some differences exist in the dimensions of domains and some of the transport properties

between GMs polarization curves (Figure 2, S2, and S3) and those assumed by us for either our

base-case system cost estimation or our 30 $/kWy LDV systems. When these differences exist,

we mention them as “GM-case”, “Base-case”, and “30 $/kWye-case” in Table S1. We clarify these

differences below and explain some transport parameters used for each domain.

i)

iii)

All the FCs in this paper have the same GDL thickness on the anode and cathode sides.
Similarly, all the FCs in this paper have the same MPL thickness on the anode and
cathode sides. The thickness of the GDL and MPL for GM-case are 200 pm and 30
um, respectively.! For our base-case, where we determined the system cost based on
currently available materials, the thickness of the GDL and MPL are identical to those
mentioned in the SA comprehensive report and are 105 um and 45 um, respectively.?
For the 30 $/kWy.-case, where we determined the material and system development
needs to achieve 30 $/kWy. system cost, we assumed the thickness of the GDL and
MPL to be 90 um and 20 pum, respectively.

For GM-case, the membrane thickness is 25 um.!> 3 The SA comprehensive report
specifies that the 2018 LDV system's membrane thickness is 14 um. However, the
report also mentions that a transition to a 10 pm membrane is very likely, and it sets
the membrane thickness for 2020 and 2025 LDV systems to 10 um.? Considering the
above fact and the fact that the SA evaluation of the Toyota Mirai LDV shows that
Toyota Mirai already operates using a 10 um membrane, we chose 10 um as the
thickness of membrane for both our base-case and 30 $/kWy.-case.?

For the anode/cathode electrocatalyst layers, we assumed the porosity and volume

fraction of the ionomer and electrocatalyst to be 0.7, 0.15, and 0.15, respectively. For



all electrocatalysts except Fe-N-C, the volume fraction and thickness are related

through equation S1.

1 (LActive n LCarbon) (51)
tCat Pactive Pcarbon

€Cat = 0.15 = € Active + gCarbon =

In equation S1, €car, € Actives € Carbons tCats Lactives Lcarbons PActive, 31 Pcarbon are the volume
fraction of the electrocatalyst/active phase of the electrocatalyst/carbon support, the
thickness of the electrocatalyst layer, mass loading of the active phase of the
electrocatalyst/carbon support within the electrode, and the density of the active phase
of the electrocatalyst/carbon support, respectively. In our calculations, we assumed
that (pcarbon=2000 kg/m?). One can think of Fe-N-C conceptually and ideally as carbon
support on which tiny amounts of Fe have been dispersed atomically as active sites.
Consequently, the Fe-N-C volume fraction and thickness are related through equation

S2.

1 LFe—N—C
€pe-N-c=015= ( ) (52)

tpe_N-C Pre-N-C

In equation S2, &pe.n.c, tren-C> Lren-c, and pren.c are the volume fraction, thickness,
mass loading, and density of the Fe-N-C electrocatalyst, respectively. We made a
reasonable assumption that (pre.n.c = Pcarbon =2000 kg/m?).

We note that the thermal conductivity values reported in the literature for MPLs vary
between 0.1 and 0.3 W/(m.K).#¢ Consequently, we used an average value of 0.2
W/(m.K) for the thermal conductivity of MPLs in our paper.

For GM-case, the membrane is Nafion and contains no ePTFE support. Consequently,

the ionomer volume fraction in the membrane is one.!:3 The SA comprehensive report



Vi)

suggests electrospun polyphenyl-sulfone as a potential lower-cost replacement for the
ePTFE support currently used within the state-of-the-art supported membranes. The
performance and durability of electrospun-supported membranes have yet to be
demonstrated to meet or exceed ePTFE-supported membranes' current performance
and durability status.> Consequently, we chose to keep ePTFE as the support in our
membranes. According to the SA comprehensive report, a particular grade of non-
expanded PTFE is used as a precursor material for ePTFE. A multi-stage, bi-axial
mechanical stretching regiment is applied to the precursor to attain an optimized final
fibril and node structure of the 0.95+ porous ePTFE.> The exact parameters of the
stretching steps and presumable heat treatments are highly confidential to W. L. Gore
& Associates, Inc and other high-quality FC grade ePTFE manufacturers.?
Consequently, we used 0.95 as a reasonable value for the ionomer volume fraction in
the membranes for both our base-case and 30 $/kWy-case.

We used the Zamel empirical correlation to calculate the tortuosity of the GDL

(equation S3).”

€6DL
TepL = ($3)

1-2.76¢;p,cosh (3e;p, — 1.92) [ ———
(B -¢6pL)

In equation S3, egpr and tgpr. are the porosity and tortuosity of the GDL, respectively.
We calculated the tortuosity of the MPL, anode/cathode, ionomer within the
anode/cathode/membrane, and electronically conducting phase (i.e., carbon-supported
electrocatalyst) within the anode/cathode using the Bruggeman correlation (equation

S4).8



vii)

viii)

T=¢"0% (54)

In equation S4, ¢ is the porosity of the MPL, anode/cathode, the volume fraction of
the ionomer within the anode/cathode/membrane, and the volume fraction of the
electronically conducting phase (i.e., carbon-supported electrocatalyst) within the

anode/cathode, and 7 is the corresponding tortuosity.

We adopted a hierarchical approach to calculate the thermal conductivity of the

membrane.

klon, Hydrated = glon, Dryklon, Dry + SHZO,IonkHZO,Ion (55)

In equation S5, Kionmydrated> KionDry> K#2010ns €ionDrys and €m201on are the thermal
conductivity of the hydrated ionomer/dry ionomer/water absorbed within the ionomer,
and volume fraction of dry ionomer/absorbed water within the hydrated ionomer,
respectively. Subsequently, we calculated the membrane thermal conductivity using

equation S6.

kMem = glon, Hydratedklon, Hydrated + EePTFEkePTFE (56)

In equation S6, Kytem, KepTFE, €1on,Hydrated> and &cprrg are the thermal conductivity of the
membrane/ePTFE and volume fraction of ionomer/ePTFE within the membrane,
respectively. We used reasonable values of 0.2, 0.569, and 0.25 W/(m.K) for ko pry,
ky

0,lon

2 , and kepryg, respectively.®- 1

We used a pseudo-two-component approach to calculate the effective diffusivity and
molar flux of species i within the gas phase in our 1-D FC sandwich model.!> 1> We

calculated the molar flux of species i within the gas phase (N;) using equation S7.



E
N;=-D {fCTotalvxi (57)

Eff
In equation S7, D™ is the effective diffusivity, Cry. 1S the total gas phase

concentration calculated using the total pressure assuming ideal gas law, and x; is the

mole fraction of species i. We calculated the effective diffusivity using equation S8.

DEIS = (g) (1 _1x )Di (58)

L

In equation S8, €, 1, X;, and D; are the porosity and tortuosity of the medium where the
gas diffusion happens (i.e., GDL, MPL, and electrocatalyst layer), the mole fraction of
species 1 in the gas phase, and the diffusion coefficient of species i, respectively. We
included the term 1/(1- X;) to account for the effect of convective flux on molar flux in
a pseudo-two-component gas mixture.!> We calculated the diffusion coefficient of

species i using the Bosanquet equation (equation S9).!!- 12

1 1,
D,=( + )~ (59)

i
D Knudsen, i D

i ,Mixture

In equation S9, Dknudseni and Dipixwre are the Knudsen and molecular diffusion
coefficient of species i, respectively. We calculated the Knudsen diffusion coefficient

using equation S10.!1- 12

dPore 8RgT

Knudsen, i = 3

(510)

l

In equation S10, dpore, Ry, T, and M; are the mean pore size, universal gas constant,
temperature, and molecular weight of species i, respectively. The current consensus in

the FC literature is that Knudsen diffusion is negligible in the GDL, a small contributor
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to the diffusion coefficient in the MPL, and a prominent contributor to the diffusion
coefficient in the electrocatalyst layer.!! Consequently, we neglected the Knudsen
diffusion in the GDL. We used reasonable values of 55 and 300 nm for mean pore size

in the electrocatalyst layer and MPL, respectively.!3 14

We calculated the molecular diffusion coefficient using the Wilke equation (equation

S11).11.12

Ne

X] _1
Di:Mixturez(E:D ) (511)
j:l LJ
JER!

In equation S11, D;; and %} are the binary molecular diffusion coefficients and the mole
fraction of component j in a gas mixture free of i. We calculated the binary molecular

diffusion coefficients (D;;) using the equations detailed in the paper by Weber et al.?

We used a reasonable value of 20 mQ.cm? for the total area-specific electronic
resistance. The total area-specific electronic resistance includes electronic contact
resistances between the layers and the electronic resistance of GDLs and MPLs. Still,
it does not include the electronic resistances originating from the electrocatalyst layers.
We reasonably assumed the electronic conductivity (ccy) of the carbon-supported
electrocatalysts to be the same as that of the carbon support (120 S/cm).® We can
calculate the electrocatalyst layers' effective electronic conductivity (cFff) using

equation S12.
Eff — &
o’ = (;)aCat (512)

In equation S12, ¢ is the volume fraction of the electronically conducting phase (i.e.,



carbon-supported electrocatalyst) within the anode/cathode, and 7 is the corresponding

tortuosity.

To fully describe an ionomer’s performance, we need to know its ionic conductivity

D,
(), its H,O permeability ( a‘HZO), and the number of H,O molecules per charged

group at equilibrium for that ionomer (1).!> For GM-case, the membrane is Nafion
(EW=1100 g/mol), and the PEI in the electrodes is a PFSA-based ionomer with an EW
0f 950 g/mol.!:3 As detailed in the paper, most high-performance HEIs presently used
in HEMs and HEMFC electrodes are hydrocarbon-based.'®?3 These HEIs are
generally expected to be cheaper than PFSA-based PEIs currently used in state-of-the-
art PEMFCs.? 2425 At this point, it is not clear which of these HEIs would be the final
choice for implementation in HEMFCs, and unlike PFSA-based PEIs, the cost of these
HEIs produced through optimized synthesis processes at large production volumes
required for the production of 500,000 LDV systems/year is not known yet.?

Consequently, for our base case, we decided to implement a HEI in both HEM and

D.
HEMEFC electrodes that has the same «, a'HZO, and cost per mass as a PFSA-based

PEI with an EW of 700 g/mol.

We note that we have synthesized PAP-TP-85 HEI in our lab, which is a poly (aryl
piperidinium) HEI based on terphenyl, with 85 being the molar ratio between N-
methyl-4-piperidone and aryl monomers (in percent), and the balance (15) composed
of 2,2,2-trifluoroacetophenone.?’ And we have successfully implemented this HEI in
our high-performance HEMFCs.?% 2¢ Our in-lab measurements demonstrated that

PAP-TP-85 has a lower density (1200 kg/m?3) than PFSA-based PEIs (2000 kg/m?).



We reasonably assumed that the HEI in our technoeconomic analysis has the same
density as PAP-TP-85. This assumption, combined with the assumption that the HEI
in our technoeconomic analysis has the exact cost per mass as a 700 g/mol EW PFSA-
based PEI, will result in a HEI with a lower cost per volume than a 700 g/mol EW
PEI. Since the amount of the ionomer used in our model is dictated by its volume
fraction in the membrane and electrodes, our cost and density assumptions will fully
implement the conceptual construct of a cheaper HEI. The following sections will

discuss implementing our cost estimation approach in more detail.

The choice of the 700 EW for PFSA-based PEI comes from the idea that, conceptually,

. Dino
what dictates the k and "2

of a PEI or a HEI is the number of charged
(cationic/anionic) groups per volume of that ionomer. One can calculate the number

of charged (cationic/anionic) groups per volume of an ionomer using equation S13.

mmol
Number of charged groups per volume of an ionomer ( )
cm
1000p (i)
mmol g cm3
=[EC ( )p 3| = (513)
g cm EW (i)
mol

In the above equation, IEC, p, and EW are the ion exchange capacity, density, and
equivalent weight of an ionomer. Using equation S13, a 700 EW PEI with a density of

2000 kg/m? should have the same number of charged groups per volume and

consequently comparable k and a,H30 as a HEI with an IEC of 2.38 mmol/g and a
density of 1200 kg/m3. The IEC of 2.38 mmol/g favorably represents the IEC of PAP-

TP-85,2° and consequently, the 700 EW PEI properties should reasonably capture the



properties of a representative high-performance HEI. For the 30 $/kWy.-case, we

D.
assumed the HEI to have k and “"'2° values three times that of 700 g/mol EW PEI
at the exact cost as our base case's HEL
Reference?’ presents the k of several different EW PFSA-based PEIs (i.e., 1100, 825,

725, 620, and 438 g/mol EW) produced by 3M. The benchmark measurements

performed by 3M show that at constant H,O activity (El), the k of PFSA-based PEIs

increases linearly on a log scale when EW decreases on an ordinary scale.?’

Consequently, we drew similar graphs at different values of @ and we calculated the «
0of 950 and 700 g/mol EW from the graphs (data not shown). Subsequently, we fitted
suitable exponential functions to the k of 1100, 950, and 700 g/mol EW PElIs.

Equations S14, S15, and S16 present the k in (S/m) functions for 1100, 950, and 700

g/mol EW PEIs at 80 °C vs. @ We used a reasonable activation energy of (15 kJ/mol)
to calculate x at temperatures other than 80 °C.15

"2 n
_ (-3.3947a° + 8.4271a - 2.166)
Ki1100Ew = € (514)

2

(-3.03028" +7.6364a - 15437) (g5

Koso pw = €

) n
_ . (-1.8874a“ + 5.8901a - 0.3883)
K700 Ew = € (516)

D.
The data for “*2%f 11002 and 7002 g/mol EW PEIs are available in the literature.

We assumed reasonably that “H20 shows a similar dependence on EW as does « at

A D.
a constant @. This assumption means the “M20 of PFSA-based PEIs increases linearly

on a log scale when EW decreases on an ordinary scale at a constant 4. Consequently,



using a similar approach as described for k, we calculated the aHy0 for 950 g/mol

D.
EW PEL Finally, we fitted suitable polynomial functions to the “H20 of 1 100, 950,

D.
and 700 g/mol EW PEIs. Equations S17, S18, and S19 present the “H20 in

(mol/(m.s)) functions for 1100, 950, and 700 g/mol EW PElIs at 95 °C vs. a. We used

a reasonable activation energy of (20.1 kJ/mol) to calculate @H20 at temperatures

other than 95 °C.15-28

D. =67x10°a3-36x10"° 2%+ 68x10 4+ 56x107° (517
a,H20,1100EW ( )

D. =93x107°u3 - 62x107°4% + 24 x10"°a +4x10° (518)
a,H20,950EW

D: v 000w = 80%X107°% - 57x107°4* + 5.6 x10™°a - 3.9x 1077 (519)

2

D,y

We calculated the effective k and 20 of the ionomer in the membrane or electrodes

using equation S20.

Eff — (€ Eff _ (&
Kk’ = (;)K and Da’HZO = (;)Da,ﬁzo (520)

In equation S20, ¢ and t are the volume fraction of the ionomer in the
membrane/electrode and the corresponding tortuosity of the ionomer in the
membrane/electrode. We note that A is independent of EW?7 and can be calculated

using equation S21.28
A= 0.043 +17.81% - 39.854° + 36.00° (S21)

xi) We assumed all the ionomers in our paper have the same H, and O, permeation
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_ Yy and P,
coefficients (2 2; mol/(cm.s.bar)) as Nafion. One can calculate

Yy and P, . :
2 2of Nafion as a function of temperature and volume fraction of absorbed

HZO,Ion

€
water within the hydrated ionomer ( ) using the following correlations (Ey,=21

kJ/mol, Egy=22 kJ/mol, and Tg=303 K).13

ey 7)

(E ( 1 1
0 _Z
2\Tpes T

Next, we used the anode gas channel temperature and H,O activity to calculate a value

Yy, = (029 + 2.23H20,,0n) x 10~ e

o, = (011 + 1.9€H20'10n) x 10" e

1
for ' "2and cathode gas channel and H,O activity to calculate another value for

Vi,

H A -
2and averaged these two values to get Y9 Similarly, we used the same

Y
approach to get a value for 02479 Subsequently, we calculated the crossover flux of

H; and O, using equation S24.

PH ,Channel

2 POZ,Channel

&
)ex and NOZ,Crossover =" ((;)IIJOZ,Avg—) €x (524)

&
NH Crossover — ||= 1pH JAvg
2 T 2 tem

tM em

P P
H.,,Ch [l *0,Ch l .
pLhannet = Oy LRAmmes ¢ o € T, and €x are the partial pressure of

In equation S24,
H,/O, in the anode/cathode gas channels, membrane thickness, ionomer volume

fraction/tortuosity in the membrane, and a vector of unit length in the positive x

direction (Figure S1).

For simplicity, we combined the GDL and MPL on FC's anode or cathode side into one



layer in our model named gas diffusion medium (GDM) using the idea of equivalent
resistances. The GDM has a thickness equal to the combined thickness of GDL and

MPL, and we can calculate the thermal conductivity of GDM (kgpwm), the diffusion

pEff.GDM
coefficient of species i in the GDM ( i ), and the electronic conductivity of

GDM (ogpm) using the following equations.

tepm  tepr  tmpL

+ TCRpp_ cp (525)
kepm  KepL  Kump

tepm tepl tmpL
Eff,.GDM _ mEff,GDL Eff.MPL (526)
D=7 D™ D™
tGDM RTotal, Electronic
- (527)

O¢pm 2

In equations S25 to S27, TCRgg.gpL and Rl Blectronic are the thermal contact resistance
between the flow field/GDL and the total area-specific electronic resistance. Please
see Table S1 for the values of the parameters used to calculate the transport properties

of the GDM.
The 1-D FC sandwich model considerations

We note that the mass, charge, and energy balance equations for the FC sandwich model
described in the paper by Weber et al. are presented in their most general format using vector
notations and are valid independent of the number of dimensions used in the FC sandwich model
(1-D vs. 2-D).° Consequently, we adopted those balance equations for our 1-D FC sandwich
model. We solved them numerically in MATLAB using the dimensions of the modeling domains

and transport parameters described in Table S1, subject to the following considerations.



iii)

We neglected multiphase flow in our 1-D FC sandwich model. Consequently, all the
terms pertaining to multiphase flow would be eliminated from the balance equations.
We also ignored the formation of any liquid H,O in our 1-D FC sandwich model.
Consequently, all the terms pertaining to the formation of liquid H,O would be
eliminated from the balance equation. In our 1-D FC sandwich model, we allowed the
H,0 partial pressure to rise above the H,O saturation pressure, but we capped the H,O
activity at 1, which prevents any properties that depend on H,O activity (e.g., ionic
conductivity, H,O permeability, etc.) from exceeding their values for a H,O activity
of 1.

For PEMFC, we reasonably assumed that there is no pH gradient in the MEA and that
the PEI provides an effective pH of 0 in the MEA. We note that our HEMFC LDV
system incorporates an EDCS unit which reduces the cathode inlet CO, concentration
to 4 ppm. We also assumed intermittent electrochemical purges would be applied to
the HEMFC stack at the time of refueling of the LDV. These considerations mean that
the negative impact of CO, on the HEMFC performance is mitigated. Consequently,
1) We reasonably assumed that there is no pH gradient in the MEA of HEMFC and
that the HEI provides an effective pH of 14 in the MEA, and 2) We eliminated all the
terms pertaining to the formation/consumption of CO,, CO;2, and HCO;™ from the
balance equations.

In a FC, the O, in the cathode gets consumed through the ORR. For a PEMFC, the

ORR reaction stoichiometry and Kinetics are as follows:3°

0, + 4H"' + 4e™ - 2H,0 (528)



~£4,0RR(1 1)
Ref Ref =7
Eorr _ . EORR Ry \T pRef (529)
L0,0RR = l0,Ref,0RR®

EORR~

c Ref
Ref my |TTRT (‘P1“PZ‘E0RR)
. 2 g
Llorr =~ t0,0RR%0 e

) (530)

Ref
EoRR

Equation S29 defines the ORR electrocatalyst-specific current density (*0.0RR;

A/m’gcsp) using i) the ORR electrocatalyst-specific reference current density (

Ref
i Eorr _ ERef _
0.Ref, ORR; A/m?gcsa) measured at a reference potential of (7 ORR= 0.9 V vs. reversible

hydrogen electrode (RHE)), a reference O, partial pressure of 1 atm, and a reference
temperature (Tgres) of 25 °C, and ii) an ORR activation energy (Ea orr)-*>° Equation S30

is a Tafel equation for the ORR -electrocatalyst-specific current density (iorgr;

ORR

a, m
02, 02, % ¢ F 1 and %2 are the O, activity, the

A/m?gcgp).3% 31 In Equation S30, ,
ORR reaction order with regard to O, activity, the ORR cathodic charge transfer
coefficient, Faraday’s constant, electronic potential, and ionic potential.’% 3! Based on

the comprehensive studies of the ORR kinetics on Pt/C in PEMFCs performed by GM,

. mg oORR
we assigned values of 10 kJ/mol, 0.79, and 1 to Ea org, 2 and © ¢ 39 For a

HEMFC, the ORR reaction stoichiometry and kinetics are as follows:’
0, + 2H,0 + 4e” > 40H~ (S31)

—Ey ORR(1 1
Ref =

A ( \ ))
E E R T - Ref
S0RR _ . FORR T
L0,0RR = l0,Ref,0RR® g (532)
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ERef m
, __ :“ORR~ 27 2 9
LorRR =~ lO,ORRaOZ aH20 e (533)

Ref
EoRR

Equation S32 defines the ORR electrocatalyst-specific current density (lO'ORR;

A/m?pcsp) using 1) the ORR electrocatalyst-specific reference current density (

ERef
i CORR ‘ E Ref
O.Ref, ORR; A/m?pcsa) measured at a reference potential of (TORR), a reference O,

partial pressure of 1 atm, a reference H,O partial pressure of 1 atm, and a reference

temperature (Tger) of 25 °C, and i1) an ORR activation energy (Ea orr). In equation

~

o0 My_o . . .
S33, "27and 27 are the H,O activity and the ORR reaction order with regard to

H,O0 activity. The definition of the rest of the parameters in equation S33 is the same

as the parameters in equation S30. If one makes the reasonable assumption of no kinetic

~

a m
. . o H.,0 H,0 . .
dependence in the oxygen evolution direction on 27, then 2”7 is constrained by

ORR ORR
a, +a c
ORR

thermodynamics to be 2 with & a being the ORR anodic charge transfer

m ORR
. ) 0
coefficient. In equation S33, we assumed the same values for Eo orr, 2, @ ¢ and

ORR
@ a as those assumed for PEMFCs (i.e., 10 kJ/mol, 0.79, 1, and 1).% 3% Consequently,

m
H30 will have a value of 1.

In a FC, the H, in the anode gets consumed through the HOR. For a PEMFC, the HOR

reaction stoichiometry and kinetics are as follows:3?

H,~»2H* +2e” (534)



“Eamort 1 ))
R~ \T rRef
. I g T
Lo,HOR = L0,Ref,HOR € (S35)
o0k p . o10Rp .
T ("’1“P2‘EH0R) TR (‘P1“P2‘EH0R)
'nor = loHoRr\%H, € -e (536)

Equation S35 defines the HOR electrocatalyst-specific exchange current density
(ionor; A/m?gcsa) using i) the HOR electrocatalyst-specific reference exchange
current density (iprefnor; A/m?gcsa) measured at a reference H, partial pressure of 1
atm and a reference temperature (Tger) of 25 °C, and ii) a HOR activation energy
(Eanor). Equation S36 is a Butler-Volmer equation for the HOR electrocatalyst-

: L , @y my_ ,HOR
specific current density (igor; A/m?gcsa)." 32 In Equation S36, 2, 2, % a

HOR

¢ ,F, (pl, (pz, and Ejor are the H, activity, the HOR reaction order with regard to

H, activity, the HOR anodic charge transfer coefficient, the HOR cathodic charge
transfer coefficient, Faraday’s constant, electronic potential, ionic potential, and the

standard HOR equilibrium potential.3! If one makes the reasonable assumption of no

a m
kinetic dependence in the hydrogen evolution direction on HZ, then  '2is

HOR

HOR
o, +0(C

constrained by thermodynamics to be 2 . Based on the comprehensive

studies of the HOR kinetics on Pt/C performed in acidic media, we assigned values of

oHOR oHOR my
16 kJ/mol, 0.5, and 0.5 to Exyor, ~ @ *and © ¢ 323* Consequently, 2 will have

a value of 0.5. For a HEMFC, the HOR reaction stoichiometry and kinetics are as

follows:?



H, + 20H™ —2H,0 + 2e~ (S37)

-E, HOR(1 1

' . R, (T TRef))
Lo,HoR = lo,Ref,HOR € 7 (538)

aHORF
a

Ry ("’1 —92- EHOR)

aHORF
c

R T (‘/’1 ~9- EHOR)

m
HZO

m
"2 -a e
H,0

LHor = Yo,HOR\ AH e

, (539)

Equation S38 defines the HOR electrocatalyst-specific exchange current density
(ionor; A/m?gcsa) using i) the HOR electrocatalyst-specific reference exchange
current density (iorernor; A/m?gcsa) measured at a reference H, partial pressure of 1

atm, a reference H,O partial pressure of 1 atm, and a reference temperature (Tger) of

H,0 My o

a
25 °C, and i1) a HOR activation energy (E nor). In equation S39, and 27 are

the H,O activity and the hydrogen evolution reaction (HER) reaction order with regard
to H,O activity. The definition of the rest of the parameters in equation S39 is the same

as the parameters in equation S36. If one makes the reasonable assumption of no
o . o ay o
kinetic dependence in the hydrogen evolution direction on 2 and no kinetic

~

: A o Ay, o my My o
dependence in the hydrogen oxidation direction on 27, then 2and 27 are

aH2R4_aH?R
HOR HOR

constrained by thermodynamics to be 2 and ¥ a T respectively.’

HOR
The HOR electrocatalysts used in our HEMFC model have different values of @ a

HOR
and % ¢ as noted in Figure S2-2. We assumed that all of the HOR electrocatalysts

used in our HEMFC model have the same E4 por as that of Pt/C in alkaline media
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(29.5 kJ/mol).34

We summarized the electrocatalyst properties relevant to the kinetics of the ORR and
the HOR in Figure S2 and its caption. We note that we compared the intrinsic activity

of the HOR electrocatalysts using a generalized exchange current density defined as (

i (aOR 4 gHORy _ S
HORY" a ¢ 7). We chose this because linearization of the Butler—Volmer HOR

rate equation at small overpotentials and 1 atm partial pressure shows that the HOR
overpotential is inversely proportional to the generalized exchange current density.
We note that for GM-case, the ORR electrocatalyst is 33.38 wt.% PtCo/high surface
area carbon (HSC) with an ECSA of 45 m?/g and a mass activity of 0.503 A/mg (

Ref __
Eopp =09V vs. RHE , 80 °C, and 1 atm partial pressure).’ Furthermore, the HOR

electrocatalyst is 20 wt.% Pt/HSC, whose properties we presented in Figure S2-2 and
its caption.?
We assumed that the O, that crossed over to the anode side of FC would go through the

ORR (equation S28 for PEMFC and equation S31 for HEMFC) with a constant

N

OZ,Crossover
electrode-volume normalized rate of O, consumption of ( Laci ). Similarly, we
assumed that the H, that crossed over to the cathode side of FC would go through the

HOR (equation S34 for PEMFC and equation S37 for HEMFC) with a constant

NHZ,Crossover

electrode-volume normalized rate of H, consumption of ( tect ).
For PEMFC, we assumed an electro-osmotic drag coefficient of one for H', meaning
that a H" ion would carry a HO molecule with itself as it goes from the anode to the

cathode side of the PEMFC.35 Similar to Weber et al., for HEMFC, we assumed an



viii)

electro-osmotic drag coefficient of one for OH-, meaning that an OH- ion would carry
a H,O molecule with itself as it goes through from the cathode to the anode side of the

HEMEC.?

Local

In our 1D-MEA model, we included a local-O, transport resistance term ( %2 ; s/cm)
to model the O, transport through the ionomer in the cathode electrocatalyst layer. 3
11,36 Detailed discussions of this resistance are beyond the scope of our paper, and we
refer interested readers to the benchmark GM’s paper authored by Kongkanand and
Mathias for excellent discussions of this resistance.* We note that the current
consensus in the FC community is that this resistance causes major voltage loss at
technologically important high current density (HCD) region of FC polarization curves
for low cathode electrocatalyst loadings.> Consequently, one needs to include this
resistance in any FC model that aims to accurately predict the HCD region of FC

polarization curves, especially at low cathode electrocatalyst loadings.> The presence

Local

of  °2 decreases the O, partial pressure at the surface of the ORR electrocatalyst (

PSurface PGas

%2 ) compared to the gas phase O, partial pressure ( 02) as described by

Equation S40.3- 11
iORR
PSurface — PGas +R TRLocal S40

In equation S40, ipgr 1s the ORR electrocatalyst-specific current density (equation S30

~

a
for PEMFC and equation S33 for HEMFC) calculated using an O, activity ( 02)

PSurf ace

evaluated based on %2 311 We note that GM’s studies of well-optimized



electrodes prepared using PtNi/HSC and PtCo/HSC ORR electrocatalysts show that

Local

25 s/cm is a reasonable estimate for ~ °2 3 Consequently, for GM-case and base-

Local
case, we assumed %2 to be 25 s/em. Recently, GM has developed a specially

designed carbon support with cleverly engineered mesoporous morphology that

Local

enables reducing %2 to 6 s/em.3 Consequently, for the 30 $/kWye case, we

Local

assumed 02 to be 6 s/cm.

Inspired by the paper authored by Weber et al., we applied the flowing boundary
conditions in our 1-D FC sandwich model.® At each electrocatalyst layer/membrane
interface, we assumed the H, and O, fluxes to be equal to the crossover flux of H, and
O, (equation S24) and imposed no-flux boundary conditions for other gas phase
species. We assumed no-flux boundary conditions at each electrocatalyst layer/GDL
interface for ions and ionomer-absorbed water and at each -electrocatalyst
layer/membrane interface for electronic current. We set the temperature of the
channel/GDL interface at the anode and cathode to the temperatures of the anode and
cathode gas channels, respectively. At the gas channel/GDL interface, we set each
gaseous species' partial pressure to that species' partial pressure in the gas channel. We
set the electronic potential (¢;) to 0 V at the anode gas channel/GDL interface and to
the applied FC potential at the cathode gas channel/GDL interface. In all other cases,
we assumed a variable that exists on both sides of an interface to be continuous across

that interface.



One-dimensional (1-D) down-the-channel model

In our modeling approach, we assumed that there is no temperature variation along the
anode/cathode gas channels and that the temperature in the anode/cathode gas channel is equal to
the specified FC operational temperature. Our 1-D down-the-channel model consists of mass
balance down the channel for the species present in the channel coupled with an assumption of
linear total pressure drop along the flow channels. The following mass balance equations and their

associated boundary conditions describe the flow variations along the z-direction (Figure S1) of

AGC AGC and AGC

total pressure (PTotal) and molar flow rates of H, and H,O ( HZO; mol/s) in the anode gas

channel (equations S41 to S43).

AGC AGC
dPTotal(Z) _ APTol,“al AGC

— _ AGC
dz - l Total(z lMEA) PTotal—Inlet (541)

MEA

dnAGC(Z) Wi
dz |NH2(x= 0’Z)|WMEA 2F (ID MEA(Z) + 2F|NH Crossover(z)| +4F|NO Crossover(z)l) (542 1)
Sy z=lyga
AGC _ AGc  _ “Anode .
(Z lvga) = M, — et = 5| WMEA bp-mpa(2)dz| (542 -2)
z=0
AGC(Z)
_ AGC AGC/ _ _ AGC
dz |NH20(X = O'Z)|6H20WMEA and nHZO(Z = lyga) = "H,0 - Inlet (543)

)2 AGC 2 AGC l

In equation S41, A Total = Total-Inlet and "MEA are the anode gas channel pressure drop,

anode gas channel inlet total pressure, and length of the MEA, respectively. In equations S42-1

|NH2(x = O'Z)| |NH2,Crossover(Z)| |N02,Crossover(z)|
b b

and S42-2, , ilD—MEA(Z), WMEA, and

S anode are the norm of H, flux at (x=0,z)/H, crossover flux/O, crossover flux, local geometric



current density associated with the 1D-MEA slice located at point z in the anode/cathode gas

channel, width of the MEA, and anode stoichiometry, respectively. In equation S43,

N, ,(x=0,2) 5AGC n, A6t
| Hp0 | , and Ha0 ~Inlet 4 re the norm of H,0 flux at (x=0,z), anode gas channel

water transport direction adjustment parameter, and molar flux of H,O at the inlet of the anode gas

6AGC
channel, respectively. We note that 120 s a parameter that has been introduced to the anode gas

channel H,O balance (equation S43) to correctly account for the direction of the H,O flux into or

6AGC
out of the 1-D MEA slice located at point z in the anode/cathode gas channel ( H20-1 if

N x=0,z 6AGC =1 N x=0,z
HZO( ) points into the 1-D MEA slice and H0 HZO( ) points out of the
AGC( )
1-D MEA slice). We note that the ideal gas law provides the partial pressure of H; ( ) and

AGC
H,0 ( Ph o )) at any point in the anode gas channel (equation S44).

A PG (2) ni6 (P i (2)
pAGC( z) = oC and Pﬁgg(z) = G0 (544)
AGC(Z) + nH O(Z) AGC(Z) + nH O(Z)

The following mass balance equations and their associated boundary conditions describe the

cGe
flow variations along the z-direction (Figure S1) of total pressure (Protat) and molar flow rates of

nCGC’ nCGC’ and nCGC
0,,H,0, and N, ( %2’ 20 N2: mol/s) in the cathode gas channel (equations S45 to S48).

dP CGC (Z) AP cGC

Total Total cGC _ _ cGC
dz and PTotal(Z - 0) - PTotal—Inlet (545)

MEA

an's*(z)

dz

“Wynga
= |N02(x = tMEA'Z)|WMEA Y (1p-mea(@ + 2F|NH2,Crossover(z)| + 4F|

_1)



s 2= lyga
CGC cgc _ °Cathode ]
z=0

anffé (2)

cec
— |NH olx = tMEA,Z)|(5H oW g4 @nd nH Ez=0)= M1 inter (S47)

CGC(
z)
1- xDry air — Adjusted z=1 EA
) Scathode
_ n, CGC w i (z)dz|=
nNZ —Inlet = xDry air - Adjusted 4AF MEA 1D - MEA
02 z=0
XD%/ air

2

; xPTYAT=0.21 (548)
Dryalr 2
1+ fo,x (1-2"7; )

AP cGC P cae

In equation S45, = Total, * Total-Inlet and Imga are the cathode gas channel pressure drop,

anode gas channel inlet total pressure, and length of the MEA, respectively. In equations S46-1

|N02(x = tMEA’Z)| |NH2,Crossover(Z)| |N02,Crossover(z)|
b 5 b

and S46-2, ilD—MEA(Z)’ WMEA, and

Scathode are the norm of O, flux at (x=tyga,z)/H; crossover flux/O, crossover flux, local geometric
current density associated with the 1D-MEA slice located at point z in the anode/cathode gas

channel, width of the MEA, and cathode stoichiometry, respectively. In equation S47,

_ cGC cGC
|NH o(x = tMEA'Z)| k.0 .0 - Inlet
2 , 27 ,and 2 are the norm of H,O flux at (x= tyga,z), cathode gas

channel water transport direction adjustment parameter, and molar flux of H,O at the inlet of the

CGC
cathode gas channel, respectively. We note that H204s a parameter that has been introduced to

the cathode gas channel H,O balance (equation S47) to correctly account for the direction of the

H,O flux into or out of the 1-D MEA slice located at point z in the anode/cathode gas channel (

caC cec
N XxX=t Z N x =t Z
201 ir HZO( HEnZ) points out of the 1-D MEA slice and H20— 1 if HZO( uswZ)



cac Dry air

n
N., - Inlet
27 and” %2 are the molar flux of N, at

points into the 1-D MEA slice). In equation S48,
the inlet of the cathode gas channel and the mole fraction of O, in dry air (0.21). We note that due

to the consumption of O, in the EDCS unit, the mole fraction of O, on a dry basis entering the

Dry air - Adjusted

stack ( %2 ) is smaller than the scenario in which no EDCS is present in the FC system.

The parameter %2in equation S48 is the ratio of the molar flow rate of O, consumed in the EDCS

unit to the molar flow rate of O, entering the stack, and we will discuss this parameter and its

=0
effects later in the ESI in detail (for PEMFC, f02 ).

CGC( ) CGC( )
We note that the ideal gas law provides the partial pressure of O, ( ), H,O ( ), and
NG - ,
N, ( "2 ") at any point in the cathode gas channel (equation S49).
PCGC(Z)
o) (Prya(?) 6P o ()
CGC( ) nd P(
ccc(z) 4 nCGC(z) N nCGC(Z) ccc(z) + nCGC(z) N nCGC(Z)

(549)

Similar to the paper by Weber et al., we explicitly implemented the condensation of liquid

P
H,O in the gas channels.’ If the partial pressure of water ( HZO) at any point in the gas channels

Sat _ pSat
became higher than the H,O saturation pressure ( HZO), we set ( Hy0 HZO) and we apportioned

v
n n
the molar flow rate of H,O ( HZO; mol/s) into the vapor phase ( HZO; mol/s) and liquid phase (

n L
HZO; mol/s) components using S50 and S51.

P Sat

n, o= n, (S50)

2 _ Sat
(PTotal P ¢H20




L _ v
"H,0 = Hy0 = MHy0 (S51)

PGC

In equation S50, ° Total and " are the total pressure in the gas channel and the molar flow rate

of component i (mol/s) in the gas channel.

We note that in the SA comprehensive report, the pressure drop of the cathode side of the
stack is specified to be 0.24 atm for the 2018 LDV system.? We reasonably assumed that this
pressure drop is primarily due to the pressure drop within the cathode side of a single cell in the
stack and that the pressure drop on the cathode side and anode side of a single cell are equal.

AGC _ »p CGC _
Consequently, we set AProtar = AProta = 0.24 atm.

SA comprehensive report specifies the active
area of a single cell for the 2018 LDV system as 197 cm?.? We reasonably assumed that this single
cell has the same ratio of (Iyga/Wwmea) as that of Toyota Mirai (lvga Toyota Mirai=13.36 cm and

WMEA Toyota Miri=20 ¢m).? Consequently, the lyga and wyga of the 2018 LDV system would be

11.47 cm and 17.17 cm, respectively. Accordingly, in all our modeling work, we assumed that

APfger APESS, 024 atm 5
s e a7 em 12X 107 Pa/m o
MEA . For GM-case, the PEMFC operating in
counter-flow mode is a 50 cm? active area single cell (Iypa=Wmea=7.07 cm).? For our base-case
and 30 $/kWye-case, we assumed a constant value of lyga=11.47 cm for a single cell. This
assumption has the significant advantage that it makes the cell average geometric current density
(icenn) independent of the cell area (note that in our 1-D MEA model, no variations exist in the
dimension associated with wyga; Figure S1). Consequently, we set wyga to an arbitrarily chosen
value of 17.17 cm to perform our pseudo-2-D FC model. As we will discuss later in this ESI, we

updated wyga in our cost estimation efforts for our base-case and 30 $/kWy.-case to its required

value based on the system power and voltage requirements.



Our pseudo-2-D FC model corresponds to a FC operating in counter-flow mode. In this
operation mode, the anode gas channel exit is adjacent to the cathode gas channel inlet, and the
anode gas channel inlet is adjacent to the cathode gas channel exit (Figure S1). Since we do not
know the exit conditions of the anode/cathode gas channels a priori, solving the pseudo-2-D FC
model requires an elaborative and very time-consuming iterative guess and check approach. In this
approach, we guessed the cell average current density and the exit composition of the anode gas
channel. Subsequently, we ran the pseudo-2-D FC model iteratively, renewing the guessed values
several times until the inlet conditions of the anode gas channel and anode/cathode calculated
stoichiometry matched the known values. We note that the 1-D FC sandwich model is already
quite computationally expensive, and the need to run the pseudo-2-D FC model iteratively several
times makes acquiring results in a reasonable time impractical. Therefore, we implemented the
below-described sensible approach, which maintains the underlying physics of the 1-D FC
sandwich model in our pseudo-2-D FC model execution while enabling much faster execution
times for our pseudo-2-D FC model. We note that to run our pseudo-2-D FC model, we only need

. N x=0,z N X =typsZ
to know 10 -mea(2), HZO( ), and HZO( wew?) (equations S41 to S51). We note that

N x=0,z N X =tyra,Z
HZO( ) and HZO( e ?) are dependent on each other through the flux of the total

amount of H,O produced in the 1-D MEA slice, as described in equation S52. Therefore, just

knowing one of them is enough to know the other.

cGe

1
= |NH20(x = O'Z) |51{11§(C) + ﬁ (ilD —MEA(Z) + 2F|NH2,Crossover(z)| + 4F|N02,Crossover(z)|)
(552)

N Hzo(x = tyga?)

We note "1D - MEA (2) and are only a function of six independent variables:



FC voltage, total anode pressure, relative humidity of anode, total cathode pressure, relative
humidity of cathode, and O, mole fraction in the cathode on a dry basis. Consequently, we formed
a 6-D matrix of the values of six independent variables: FC voltage values (29 equidistant points
varying between 0.9 V to 0.55 V), total anode pressure values (3 equidistant points varying
between the total anode inlet pressure and total anode outlet pressure), relative humidity of anode
(10 equidistant points varying between 1 to 0.65), total cathode pressure values (3 equidistant
points varying between the total cathode inlet pressure and total cathode outlet pressure), relative
humidity of cathode (10 equidistant points varying between 1 to 0.65), and O, mole fraction in the
cathode on a dry basis (10 equidistant points varying between 0.21 to 0.0706). Subsequently, we
ran the 1-D FC sandwich model over the 6-D matrix of the values of six independent variables and
stored the results in a matrix. Finally, at the time of pseudo-2-D FC model execution, at each point

z in the gas channels, we used the matrix of results and the matrix of independent variables’ values

; N x=t Z
and performed a cubic spline interpolation to calculate t1p - mea(2) and HZO( MEA )

Validation of 1-D FC sandwich and pseudo-2-D FC models

We validated our 1-D FC sandwich and pseudo-2-D FC models by comparing their results
with benchmark PEMFC experimental polarization curves provided by GM for cells operating in
either differential mode (5 cm? active area single cell) or counter-flow mode (50 cm? active area
single cell).? Figure 2 in the paper compares the experimental polarization curve with the model
polarization curve for PtCo/HSC cathode (Pt loadings=0.2 mgp/cm?) coupled with Pt/HSC anode
(Pt loadings=0.025 mgp/cm?) for PEMFCs operating either in differential mode or counter-flow
mode. We included similar comparisons for two other PtCo/HSC cathodes at different Pt loadings
(0.1 and 0.05 mgp/cm?) coupled with Pt/HSC anode (Pt loadings=0.025 mgp/cm?) in Figures S3

and S4. Close inspection of Figures 2, S3, and S4 shows that the overall agreement between



polarization curves produced by our 1-D FC sandwich model or our pseudo-2-D FC model and

the GM’s benchmark experimental ones is very reasonable.

Description of the correction term which accounts for the single-cell voltage loss resulting

from the buildup of N, in the recirculating anode gas in FC stacks of LDV’s

We note that the FC stacks of LDV operate at considerably less than 100% H, utilization per
pass in the anode. Consequently, the bulk of the spent anode outlet gas containing unconverted H,
must be recycled towards the anode inlet to maintain reasonable energy conversion efficiency.?”-
3% In FCs in LDVs, N, diffuses across the membrane from the cathode side to the anode side.
Recycling the anode exit gas to the anode inlet significantly builds up the N, concentration within
the recirculating anode gas, which causes unacceptable levels of FC performance degradation.?”
38 Consequently, in practice, a portion of the recirculating anode gas is purged to prevent excessive
buildup of the N, in the anode gas and maintain FC performance degradation at acceptable levels.?”
3% We note that the anode purge rate of a FC stack depends on the purge method, and it can be in
the range of 0.7%—1.2% of H, fed to the FC.37-38 The available estimates in the literature show that
upon implementation of the anode purge strategy, the single cell voltage degradation in a PEMFC
stack with a stack gross power of between 80 kWg,oss and 90 kW, corresponding to a stack
delivering 80 kWy,; power, would be only around 1 mV.3® Consequently, in our FC LDV system

cost estimation studies, after acquiring the FC polarization curves, we applied a N, buildup voltage

. AVN buildup . .
degradation ( 2 ) of 1 mV to the polarization curves. This way, we have reasonably
accounted for the single-cell voltage loss which results from the buildup of N, in the recirculating

anode gas of a FC stack with implemented anode purge.



The mathematical definition of voltage-loss terms calculated from our pseudo-2-D FC

model results

Inspired by the voltage-loss calculations presented in the paper authored by Weber et al.,” we
calculated the kinetic voltage loss, ionic Ohmic voltage loss, electronic Ohmic voltage loss, and

concentration voltage loss using the below equations. We first calculated an average geometric

current density for a single cell (lC ellLAvg) using the local geometric current density (llD - mEA(Z ))

associated with the 1D-MEA slice located at point z in the gas channel (equation S53).

z=1

EA
JM i1 mpa(2)dz (S53)

z=0

) 1
lCell,Avg l
MEA

We note that in the below equations, x’ is a coordinate axis in the same direction as the x-axis
in Figure S1, with its origin located at the start of a layer. The choice of this axis enables a more

straightforward presentation of integral limits in the voltage loss calculation equations.
Kinetic voltage loss calculations:

We calculated the cathode kinetic voltage loss using equations S54 and S55.

x'=t

1 cL | | ' ' ' |
AV gineticccL(2) = (iprp(x rZ)QCat)(%(x 2) = 95(x,2) = Uppp(x 'Z))dx (554)
bp-mea(@) L,
. z=lyEa
AV gineticccLcen = ; i1p - MEADAV kinetic.ccL(2)dz (S55)
lCell,Avg MEA ;=

AV kinetic.ccL(2) is the cathode kinetic voltage loss associated with the 1D-

In equation S54,
MEA slice located at point z in the gas channel, t1p - mpa(2) is the local geometric current density

associated with the 1D-MEA slice located at point z in the gas channel, 'oRR s the ORR



electrocatalyst-specific current density (equation S30 for PEMFC and equation S33 for HEMFC),
Acat is the specific interfacial area of the ORR electrocatalyst (m?gcsa/mMPElectrode)s ?1 is the

electronic potential, %2 is the ionic potential, Uorr 1s the ORR equilibrium potential, and tccp 1s

the thickness of the cathode electrocatalyst layer. In equation S55, Av

Kinetic,CCL,Cell 15 the single-
cell cathode kinetic voltage loss, and the rest of the parameter definitions are the same as those in

equations S53 and S54.

We calculated the anode kinetic voltage loss using equations S56 and S57.

AV gineticact(2) = —() f (igor(x' Z)aCat)((pl(x z) = <p2(x z) = UHOR(x z))dx (556)
11D - MEA

z2=lypa
1

AVI'(metlc ACL, Cell = ilD - MEA(Z)AVKinetiC,ACL(Z) dz (557)

CellAvglMEA 72=0

In equation S56, AV kinetic.acL(Z) is the anode kinetic voltage loss associated with the 1D-
MEA slice located at point z in the gas channel, t1p - mpa(2) is the local geometric current density

associated with the 1D-MEA slice located at point z in the gas channel, tHor is the HOR

electrocatalyst-specific current density (equation S36 for PEMFC and equation S39 for HEMFC),
Acat is the specific interfacial area of the HOR electrocatalyst (m?gcsa/mM3grectrode)s ?1 is the

electronic potential, ?2 is the ionic potential, Unor is the HOR equilibrium potential, and tacy is

the thickness of the anode electrocatalyst layer. In equation S57, Av

Kinetic,ACL,Cell is the single-cell
anode kinetic voltage loss, and the rest of the parameter definitions are the same as those in

equations S53 and S56.

lonic Ohmic voltage loss calculations:



We calculated the ionic Ohmic voltage loss using equations S58 to S63.

=t
. " 1 fCL i2(x',2) o (558)
; Z)=— — —dx
Ion Ohmic, ACL llD—MEA(Z) o KEff(x',Z)

z=1

EA
AVlon Ohmic, ACL,Cell = I Lip- MEA(Z)Avlon Ohmic,ACL(Z)dZ (559)
LcelLavg'MEA [ Z

1

x'=t

1 ¢L l%(x',z
AV on Ohmic,CCL(Z) = NTTPEN dx' (560)
bp-mea(@) L, 1E(x'2)
" Z=lyga
AV 1on ormic,ceL,cen = ERRT JM {10 - MEADAY 160 0hmic, ccL(2)dz (S61)
lCell,Avg MEA ,—
1 x=t em iz(x'z) x=t em 1
2 »
AV 1on ohmic,mem(2) = - f/ dx' =ip_ypa@) JM ——dx' (S62)
i1p - mea(2) o KEff(x',z) oo KEff(x',z)

z=1

EA
AVlon Ohmic,Mem,Cell = i l llD - MEA(Z)Avlon Ohmic,Mem(Z)dZ (563)
CellAvg"MEA ,_ g

1

In equations S58 to S63, AVion Ohmic,ACL(Z)’ AV o Ohmic,CCL(Z), AV on Ohmic,Mem(Z)’
AVlon Ohmic, ACL,Cell, AVIon Ohmic,CCL,Cell, AVlon Ohmic,Mem,Cell j,, KEff, tACL’ tCCL and tMem are the
anode/cathode/membrane ionic Ohmic loss associated with the 1D-MEA slice located at point z
in the gas channel, the single-cell anode/cathode/membrane ionic Ohmic voltage loss, ionic current

density, effective ionic conductivity, and anode electrocatalyst layer/cathode electrocatalyst

layer/membrane thickness. The rest of the parameter definitions are the same as those in equation

S53.

Electronic Ohmic voltage loss calculations:



We calculated the electronic Ohmic voltage loss of the electrocatalyst layers using equations

S64 to S67.

¢
(2) ! fA iz

AV . Z)=—/ e 5o
Ele Ohmic,ACL Lip- MEA(Z) X =0 aEff

z=1

EA
AV g1 ohmic,AcLcell = - I i1p - MEADAV g1 ohmic.acL(2)dz (565)
Leellavg*'MEA L

1

¢
1 x fCLii X'z

. S S dx' (S66)
Ele Ohmic,CCL i1p_mea(@) Lo oEff

z=1 EA

1

AVEle Ohmic,CCLCell — 7 ilD - MEA(Z)AVEle Ohmic,CCL(Z) dz (567)

LCell,AvglMEA 72=0

In equations S64 to S67, AVEleOhmic,ACL(Z)’ AVEleOhmic,CCL(Z)’ AVEleOhmic,ACL,Cell’

AV Ohmic,CCLCell i, UEff, tACL, and teer are the anode/cathode electronic Ohmic voltage loss
associated with the 1D-MEA slice located at point z in the gas channel, the single-cell
anode/cathode electronic Ohmic voltage loss, electronic current density, effective electronic
conductivity, and anode electrocatalyst layer/cathode electrocatalyst layer thickness. The rest of

the parameter definitions are the same as those in equation S53.

We calculated the electronic Ohmic voltage loss caused by contact resistance using equations
S68 and S69. We note that using the idea of equivalent resistances, we captured the effect of

contact resistance in the GDM electronic conductivity (equation S27).

AVEle Ohmic,Contact(Z) = =< = (568)
bp_mea(® L, cpm 96pm

X =tepM2, . .
2 f iy (x ’Z)d o 20y mea(@Dtepy
x



1

z=1 EA
AVEle Ohmic, Contact, Cell = I 11D - MEA (Z)AVEle OhmiC,Contact(Z) dz (569)
Leell Avg!MEA 220

In equations S68 and S69, AV Ohmic,Contact(Z)’ AV g1 0hmic, Contact,Cell i, 9GDM, tGDM, and

£6DM are the electronic Ohmic voltage loss caused by contact resistance associated with the 1D-
MEA slice located at point z in the gas channel, the single-cell electronic Ohmic voltage loss
caused by contact resistance, electronic current density, electronic conductivity of GDM, and
GDM thickness. The rest of the parameter definitions are the same as those in equation S53.
Finally, we combined all the single-cell electronic Ohmic voltage loss terms into one term named

total electronic Ohmic voltage loss, the values of which we reported in the paper (equation S70).
AV g1 onmic,rotatcett = AV Ele onmic.acrcett T AV gte onmic,ccrcelt + AV Ele ormic,contact,cen (570)
Concentration voltage loss calculations:

We calculated the concentration voltage losses using equations S71 to S74.

x'=t

~CCL
1 . o
AVConcentraLtlon CCL (Z) - (Z) f (IORR (x',z) aCat) (UORR (x 'Z) - EORR) dx (571)
1D MEA =0
Y=lyEa
1 .
AVConcentratwn CCLCell — i l 11D - MEA (Z)AVConcentration,CCL (Z) dz (572)
Cell, Avg"MEA y=0
AVConcentralfLon ACL( ) - (Z) f (lHOR(x"Z)aCat) (UHOR(x"Z) - EHOR)dx' (573)
1D MEA
z=1
EA
1

AV

Concentration, ACL, Cell — ilD -MEA (Z)AVConcentration,ACL(Z) dz (574)

Cell AvglMEA 72=0



In equations S71 to S74, AVConcentrattion,CCL (Z) s AVConcenttration,ACL (Z) ,

AV : AV : Eorr Enor t t
Concentration,CCL,Cell, Concentration, ACL,Cell ~“ORR ~HOR “CCL, and "ACL are the cathode/anode

concentration voltage loss associated with the 1D-MEA slice located at point z in the gas channel,
the single-cell cathode/anode concentration voltage loss, the standard ORR equilibrium potential,
the standard HOR equilibrium potential, and anode electrocatalyst layer/cathode electrocatalyst
layer thickness. The rest of the parameter definitions are the same as those in equations S54 and

S56. Finally, we combined all the single-cell concentration voltage loss terms and N, buildup

AVNZ buildup =1mV

voltage degradation ( ) into one term named total concentration voltage loss,

the values of which we reported in the paper (equation S75).

AVConcent‘ration,Total,Cell = AVConcentration,CCL,Cell + AV(Joncentration,A(,'L,Cell + AVNZ buildup (575)

FC stack cost model details

The SA comprehensive report provides a PEMFC stack cost model that correlates the stack's

cost (CStack,PEM FC; $) to its active area, anode/cathode electrocatalyst loadings, and anode/cathode

electrocatalyst material cost (equation S76).2

CS tack,PEMFC
=1.97 x 107 * X ((0.16485 X A, ;v srack T 588:83) X (Lanoge X !

+(0.00900 X A, ;100 sac) + 295.05 (S76)

AActive Stack’ LAnode’ LCathode, Electrocatalyst COStAnode,

In equation S76, and

Electrocatalyst Cost caepoqe are the total active area of the stack (cm?), anode/cathode
electrocatalyst loading (mg/cm?), and anode/cathode electrocatalyst material cost ($/tr.0z).>? We
included the material cost of the electrocatalysts considered in our paper in the caption of Figure

S2. We adopted the PEMFC stack cost model and updated it to reflect the cost of the HEMFC



stack by applying some corrections to the cost model. We explain the details of these correction

terms below.

The membrane electrode assembly (MEA) related assumptions

According to the SA comprehensive report, the gaskets and GDLs are applied to the
electrocatalyst-coated membrane through a roll-to-roll (R2R) process, and a ~1/8 inch (~ 0.003175
m) overlap of the gasket over membrane exists on each side (Figure S5).2 We assumed that the FC
stacks in our study have the same overlap value. Subsequently, we defined a term named Ry,
which is the ratio of the wasted to the active surface area of a single cell in the stack, which is

equal to the ratio of the wasted to the active area of the stack (equation S77).

RWA _ (lMEA + 250verlap)(WMEA + 250verlap) - lMEAWMEA (S77)

IEAWMEA

l

In equation S77, "MEA, WMEA and 50verlap are the length/width of the MEA and the overlap

1

= —inch
Overlap ) ). The term (1 + RWA) X A

length (6 Active Stack defines the total area of the stack
(i.e., the sum of active and wasted areas), and we used this term in our cost corrections as detailed
below. We note that for the 2018 LDV PEMFC system in the SA comprehensive report, the active
area of a single cell is 197 cm?.2 We reasonably assumed that this single cell has the same ratio of
(Imea/Wnea) as that of Toyota Mirai (lyea Toyota Mirai=13.36 ¢m and Wwga Toyota Mirai=20 cm).?
Consequently, the lyjga and wyga of the 2018 LDV PEMFC system would be 11.47 cm and 17.17
cm, respectively. Using equation S77, the Rwa for the 2018 LDV PEMFC system, from now called

RWA,2018 PEMEC, will be 0.0943.



Changing the bipolar plate (BPP) from 316L stainless steel coated with TreadStone DOTS-R

coating to aluminum coated with TreadStone TiOx-containing coating

The BPPs of the 2018 LDV PEMFC system in the SA comprehensive report and the BPPs of
the LDV PEMFC system with the stack cost function presented in equation S76 are made of 316
stainless steel (SS316L), and the BPPs are coated with a PM-containing coating (TreadStone
DOTS-R).? Consequently, first, we estimated the cost of BPPs (Cgpp ppmrc) for a LDV PEMFC

X1+ RWA)). Next, we estimated the cost of BPPs

system with a total stack area of (AActive Stac
(Csppemrc) made from aluminum and coated with a PM-free coating (TreadStone TiOx-

containing coating) for a HEMFC LDV system with a total stack area of (

Active stack X (1 +RWA)). Finally, we added a correction term (Cgppuemrc-Capppemrec) tO

equation S76, which will effectively change the BPP from 316L stainless steel coated with
TreadStone DOTS-R coating to aluminum coated with TreadStone TiOx-containing coating in the

stack cost function.

Table S2 provides the cost breakdown of BPPs of the 2018 LDV system as presented in the
SA comprehensive report.> The materials cost of BPPs referees to the cost of SS316L sheets used
in the BPPs. The SA comprehensive report specifies the material cost of SS316L and SS316L
sheets as 3.93 $/kg and 13.19 $/kg. Consequently, one can calculate the cost of SS316L sheet
manufacturing as 9.26 $/kg and the mass of the SS316L sheet used in the 2018 LDV PEMFC
system as 15.466 kg.? The manufacturing cost of BPPs includes the capital cost of the progressive
stamping machine (excluding dies cost), the capital cost of the BPP quality control system, the
maintenance cost of the progressive stamping machine, and the utilities cost.>? The BPP tooling
cost includes the dies capital and maintenance cost.? The BPP coating cost consists of the coating

materials and manufacturing cost (physical vapor deposition (PVD), chemical etching, and heat



treatment steps cost).> Conceptually, as shown in equation S78, the total mass of BPP material
present in a FC stack is proportional to the total stack area (AActive Stack (1 + RWA)), the

effective thickness of the BPP (tBPP,Eff), and the density of the BPP substrate (p BPP material).

Total mass of BPP material < A, e stack X (1 + Ry g) X tgpp,ff X PP material (S78)

By using equation S78 and after accounting for the area difference between a PEMFC stack
with a total stack area of (AActive Stack % (1 + RWA)) and the 2018 LDV PEMFC system with a
total stack area of (AActive Stack,2018 PEMFC X (1+ Ry 42018 PEMFC)), we can calculate Cypp pparc
using equation S78, keeping in mind that tBPPEff and PBPP material are the same for these two

_ 2
systems (AActive Stack,2018 PEMFC = /-486m ).2

AACtive Stack X (1 + RWA)
Cepp,pEMFC = X 388 (579)

AActive Stack,2018 PEMFC X (1 + RWA,2018 PEMFC)

The SA comprehensive report suggests hydroforming as a potential lower-cost replacement
for progressive stamping, which is worth investigating.> However, this approach is not well-
established for producing BPPs in the FC industry.> Consistent FC industry feedback shows that
progressive stamping is the most common approach currently implemented successfully for
making BPPs and is inferred to be employed by GM, Dana Reinz, and Mercedes Benz.?
Consequently, we cautiously chose to keep progressive stamping as our method for producing
BPPs for HEMFC stacks. We note that aluminum is lighter and softer than stainless steel (SS).3°
Consequently, we enforced the requirement that aluminum-based BPPs have equivalent
mechanical flexural rigidity (i.e., resistance offered by a material while undergoing bending
forces®) as SS-based BPPs. We presented the definition of flexural rigidity for a slab of material

in Figure S6.3° Enforcement of the requirement mentioned above will result in a correlation



between the effective thickness of aluminum-based BPP and SS-based BPP (equation S80). In the
calculation described in equation S80, we assumed reasonable values of 193 GPa and 69 GPa for

Young’s modulus of SS316L and aluminum.*®

3
Wepplppp, Eff
EYoung Al X 12 Al_based BPP
W ppt 3 t
_ BPP'BPP,Eff BPP,Eff, Al_based BPP
= Eyung ss3161 ¥ T {3 |ss316Lbased BPP™ .
BPP,Eff,SS316L_based BPP,
1
E z
Young SS316L
=(——""3=1.409 (580)
EYoung Al

Using equations S78 and S80, and after accounting for the area difference between a HEMFC

P X (1+R

stack with a total stack area of (AActive Stac WA)) and the 2018 LDV PEMFC system with

a total stack area of (AActive Stack,2018 PEMFC * (1 + Ry p2018 PEMFC)), we can calculate the total
mass of aluminum sheets used in the HEMFC stack using equation S81. In the calculation
described in equation S81, we assumed reasonable values of 8000 kg/m?3 and 2700 kg/m? for the

density of SS316L and aluminum.3°

Total mass of Al based BPP (HEMFC system)
Total mass of SS316L based BPP (2018 PEMFC) = 15.466 kg

1
Apctive stack X (1+ Ryya) y (E Young SS316L)3 y ( Pa )

Pss316L

AActive Stack,2018 PEMFC X (1 +R WA,2018 PEMFC ) E Young Al

Agctive stack X (1 + Ryya)
= 0.4755 x ctive Stac ) (581)

AActive Stack,2018 PEMFC x (1 + RWA,2018 PEMFC)

The cost of aluminum is 2.54 $/kg, and we assumed that the cost of aluminum sheet
manufacturing is the same as that of SS316L sheet manufacturing (9.26 $/kg). Consequently, the
material cost of the aluminum sheet would be 11.80 $/kg. By using the material cost of the

aluminum sheet and equation S81, one can calculate the BPP materials cost (

CppHEMF CMaterials) for a HEMFC stack with a total stack area of (AActive Stack % (1 t RWA))



through equation S82.

_ AActive Stack X (1 + RWA)
CpppHEMFC Materials = ) TR x 86.80 (582)
Active Stack,2018 PEMFC X ( + WA,2018 PEMFC

We reasonably assumed that the BPP manufacturing cost and BPP tooling cost of the 2018
LDV PEMFC system normalized by its total stack area are the same as that of a HEMFC stack.

This assumption will allow us to calculate the BPP manufacturing cost and BPP tooling cost of a

HEMEFC stack with a total stack area of (AActive Stack % (1 + RWA)) through equation S83.

AActive Stack x (1 + RWA)

CBPP,HEMFC,Manufacturing & Tooling = A 14+R X (64’ + 52) (583)
Active Stack,2018 PEMFC x ( + WA,2018 PEMFC)

The SA comprehensive report provides a cost estimate for a PM-free coating (TreadStone
TiOx-containing coating) for the 2020 LDV PEMFC system at 500000 systems per year (46
$/Stack).? We note that for the 2020 LDV PEMFC system in the SA comprehensive report, the
active area of a single cell is 185 cm? and the total active stack area is 7.03 m? (

_ 2
Apctive Stack,2020 pEMFC = 703 T ).2 We reasonably assumed that this single cell has the same

ratio of (lyga/Wmea) as that of Toyota Mirai (Ivga Toyota Mirai=13.36 ¢cm and Wuga Toyota Mirai=20 cm).
Consequently, the Iyiga and wyga of the 2020 LDV PEMFC system would be 11.12 cm and 16.64
cm, respectively. Using equation S77, the Ry for the 2020 LDV PEMFC system, from now called
Rwa 2020 pEmEC, Will be 0.0975. We reasonably assumed that the BPP coating cost of the 2020 LDV
PEMFC system normalized by its total stack area is the same as that of a HEMFC stack. This
assumption will allow us to calculate the BPP coating cost of a HEMFC stack with a total stack

X (1+R

area of (AAcfive Stac WA)) through equation S84.



_ AActive Stack X (1 + RWA)
Cepp,HEMFC,Coating = a1 T+ R X 46 (584)
active stack,2020 PEMFC X (1 + Ry a 2020 pEMFC

Subsequently, the cost of BPPs of a HEMFC stack (Cgpp npmrc) With a total stack area of (

A kx(1+R

Active Stac WA)) can be calculated by combining equations S82 to S84.

CBPP,HEMFC = CBPP,HEMFC,MaterialS + CBPP,HEMFC,Manufacturing & Tooling + CBPP,HEMFC,Coating (585)
Replacing the PFSA PEI in the membrane and electrodes with a cheaper HEI that has the same

conductivity and H,0 permeability as 700 EW PFSA

The PEMFC stack cost function shown in equation S76 corresponds to a PEMFC stack with

a 14 pum membrane (tMembmne pempc = 144 m).2 The membrane consists of PFSA PEI (§850EW)
supported on ePTFE, and the PEI implemented in the electrodes is PFSA (950 EW) ionomer.?
Consequently, first, we estimated the cost of the PEI in the membrane (Cpg; of membrane,pEMFC) and

the cost of PEI in the electrodes (Cpgj in electrodes.pEMFC) for a LDV PEMFC system with a total stack

area of (AActive Stack % (1 + RWA)). Next, we estimated the cost of the HEI in the membrane (Cypg;

of membrane HEMFC) and the cost of HEI in the electrodes (Cyg; in electrodes iEMrc) for a LDV HEMFC

system with a total stack area of (AActive Stack % (1 + RWA)). The HEI has the same conductivity
and H,O permeability as PFSA (700 EW) PEI while being cheaper. Finally, we added a correction
term (Chgr of membrane, HEMFCT CHEI in electrodes HEMFC-CPEI of membrane PEMFC-CPEI in electrodes,PEMFC) tO
equation S76. This correction term will effectively replace the PFSA PEIs in the membrane and
electrodes with a cheaper HEI that has the same conductivity and H,O permeability as PFSA (700

EW) PEIL. As mentioned before, the thickness of the membrane in our HEMFC stack is 10 pm (

Emembrane HEmpc = 10 4 m). According to the SA comprehensive report, the cost of ePTFE

production firmly controls the price of ePTFE. Consequently, it is reasonable to assume that



ePTFE cost is primarily independent of its thickness.? Consequently, we do not need a correction
term to account for the difference in the thickness of ePTFE support between the PEMFC stack

and HEMFC stack.

We used a cost factor approach to estimate the cost of PEIs with different EWs adapted
directly from the SA comprehensive report.? The price of PEIs is based upon the high-volume
manufacturing of perfluorosulfonic acid-based PEIs from the raw material of hexafluoropropylene
oxide (HFPO). HFPO makes up the majority of the raw material cost of PEIs. The usage of HFPO
is inversely proportional to the EW value. Thus, an increase in cost for lower EW PEls can be
adequately approximated via the equation S86 below (with the reasonable assumption that raw

materials account for half of the total PEI price).?

1100
COStogi mass - based EW = X) = COStpg yrass - pasea(EW = 1100) X 0.5 X (1 + (T)) (586)

In equation S86, COStPEI,Mass - based EW =X) and COStPEI,Mass - basea(EW = 1100) are the mass-

based cost of a (X EW) PEI ($/kg) and the mass-based cost of a (1100 EW) PEI (99 $/kg).? The
mass-based cost presented in equation S86 can be converted to volume-based cost ($/m?) using

k
ppgy = 2000 -2

3
the density of PFSA-based PEIs ( m-) (equation S87).
COStPEI,Volume - based(EW = X) = COStPEI,Mass - based(EW = X) pPE[ (587)

As mentioned before, we reasonably assumed that the HEI in our technoeconomic analysis

kg

has the same density as PAP-TP-85 ( m-), This assumption, combined with the
assumption that the HEI in our technoeconomic analysis has the exact cost per mass as a (700 EW)

PEI, will result in a HEI with a lower cost per volume than a (700 EW) PEI (equation S88).



COStHEI.Volume - based — COStPEI,Mass - based(EW = 700) pHE[ (588)

According to the SA comprehensive report, material loss in the membrane manufacturing
process stems from four losses: 1) fluid loss within machinery or fluid lines, 2) membrane edge
losses removed after production, 3) machinery start-up and shut-down losses, and 4) unplanned

wastage due to membrane coating defect/contamination.” The SA comprehensive report specifies

Yield Yield

the ePTFE yield ( ePTFE) and the ionomer yield ( Ionomer) in the membrane as 0.95 and
0.94.2 According to the SA comprehensive report, the electrocatalyst ink is applied to the
membrane through slot die coating. Due to the proprietary nature of slot die coating machines, a
detailed breakdown of their operational parameters/performance is not available publicly.?
Consequently, we reasonably assumed the ionomer yield for the ionomer incorporated into the

electrodes is the same as the ionomer yield in the membrane. Now we can calculate the cost of the

PEI in the membrane (Cpgi of membranepemrc) and the cost of PEI in the electrodes (Cpgr in

clectrodes. PEMFC) for a LDV PEMFC system with a total stack area of (AActive Stack % (1 + RWA))

from equations S89 and S90.

eoprre(Anctive stack X (1 + Rwa))

YLEIdIonomer

CPE] of membrane,PEMFC — X (tMembrane PEMFC X COStPE[,Volume - based(EW = 850)) (589)

CPEI in electrodes,PEMFC

slonomer(AActiue Stack X (1 + RWA))
= Yield X (tanode PEMFC T Ecathode PEMFC) X COStpEy vome - pased EW = 950))

Ionomer
(590)

In equation S89 and S90, €ePTFE and €lonomer are ionomer volume fractions in the membrane
(0.95) and electrocatalyst layers (0.15). Similarly, we can calculate the cost of the HEI in the

membrane (Cygp of membrane.nEMrFc) and the cost of HEI in the electrodes (Cpg; in electrodes,nEmrc) for a

LDV HEMFC system with a total stack area of (AAcfive Stack % (1 + RWA)) from equations S91



and S92.

eoprre(Anctive stack X (1 + Ryya))

Ywhilonomer

CHEI of membrane, HEMFC = X (tMembrane HEMFC ¥ COStHEl,Volume - based) (591)

CHEI in electrodes, HEMFC

_ slonomer(AActiue Stack X (1 + RWA))

= - X (tanode HEMFC T teathode HEMFC) X COStyEIvotume - basea) (S92)
Yleldlonomer

The HEMFC stack cost function

Following the above discussions, we presented the HEMFC stack cost function in equation

S93. We presented the definition of Cstackpemrc,  Cspppemrc,  CpppHEMFC,

CPEI of membrane,PEMFC, CPEI in electrodes,PEMFC, CHEI of membrane, HEMFC, and

Chgrin electrodes, HEMFC terms in equations S76, S79, S85, S89, S90, S91, and S92.

CStack,HEMFC

= CStack,PEMFC + (CB’PP,HEMFC - CBPP,PEMFC) + (CHEI of membrane HE
(593)

FC stack component cost breakdown

We performed a component cost breakdown using the FC stack cost models detailed above
and the cost information provided in the SA comprehensive report. We broke down the stack cost
into component costs: anode/cathode electrocatalyst cost, ePTFE membrane substrate cost, total
ionomer within electrodes and membrane cost, BPP cost, GDL coated with MPL cost, subgasket

and its sealing cost, and balance of stack (BOS) cost.
Anode/cathode electrocatalyst cost analysis

Using the FC stack cost function provided in the SA comprehensive report (equation S76), we
can calculate the anode/cathode electrocatalyst cost by equations S94 and S95 for either a PEMFC

stack or a HEMFC stack. The definition of the parameters in equations S94 and S95 are the same



as those in equation S76.

CAnode electrocatalyst

=1.97 x 10 "% x ((0.16485 X A0 stack + 588:83) X (Lgnoge X !
(594)

CCathode electrocatalyst
=1.97 x 107 * X ((0.16485 X A 1ive stack T 588:83) X (Learhode X

(595)
ePTFE membrane substrate cost analysis

The SA comprehensive report specifies the area-based cost of the ePTFE membrane substrate

Yield

and the ePTFE yield ( ePTFE) in the membrane as 6.18 ($/m?) as 0.95.2 Consequently, we can

calculate the ePTFE membrane substrate cost (Ceprrg) of either a PEMFC stack or a HEMFC stack

kx(1+R

with a total stack area of (AActive Stac WA)) by equation S96.

AActive Stack X (1 + RWA)
Coprip = ; X 6.18 (596)
Yield ,prpg

Total ionomer within electrodes and membrane cost analysis

We note that the ionomer cost within electrodes and the ionomer cost in the membrane are
minor contributors to the overall cost of either a PEMFC stack or a HEMFC stack. So, we decided

to combine these into one cost function. For a PEMFC, we can calculate the total cost of the PEI

in the stack (CPEI,PEMF C) by equation S97.

CPEI,PEMFC = CPEI of membrane,PEMFC + CPEI in electrodes,PEMFC (597)

For a HEMFC, we can calculate the total cost of the HEI in the stack (CHEI,HEMF C) by equation

S98.



CHEI,HEMFC = CHEI of membrane,HEMFC + CHEI in electrodes, HEMFC (598)
BPP cost analysis

We presented the cost of BPP for a PEMFC stack and a HEMFC stack in equations S79 and

S85.
GDL coated with MPL cost analysis

The SA comprehensive report specifies the area-based cost of the GDL coated with MPL as

5.64 $/m?2.2 Consequently, we can calculate the cost of GDL coated with MPL (Cgpy) of either a

PEMFC stack or a HEMFC stack with a total active area of (AActive Stack) by equation S99. We
included factor 2 in equation S99 to account for the presence of two GDLs coated with MPL in

the stack, one on the anode side and the other on the cathode side.

CepL = 24 ctive stack X 564 (599)

Subgasket and its sealing cost analysis

The SA comprehensive report specifies the cost of the subgasket and its sealing for the 2018
LDV PEMFC system as 85 $.> We reasonably assumed that the subgasket and its sealing cost of

the 2018 LDV PEMFC system normalized by its total stack area is the same as that of a PEMFC

stack or a HEMFC stack with a total stack area of (AActive Stack % (1 + RWA)). This assumption

will allow us to calculate the subgasket and its sealing cost of a PEMFC stack or a HEMFC stack

with a total stack area of (AActive Stack % (1 + RWA)) through equation S100.

AActive Stack X (1 + RWA)

Active Stack,2018 PEMFC X (1 + RWA,2018 PEMFC

C X 85 (5100)

Subgasket and its sealing = A

BOS cost analysis



We calculated the BOS cost of a PEMFC or a HEMFC by subtracting the cost of
anode/cathode electrocatalyst, ePTFE membrane substrate, total ionomer within electrodes and
membrane, BPP, GDL coated with MPL, and subgasket and its sealing from the stack cost
function.

EDCS performance model details

Definition of parameters for EDCS and BOP calculations

We defined a few parameters for simplicity and a better conceptual understanding of our

EDCS and BOP calculations. First, using equation S101, we defined a parameter named BOP
current (IB 0P; A).

Igop ="Nceul cen (S101)

In equation S101, Mcell is the number of single cells in the FC stack and Ieen is the FC stack

current, which is the same as the current of a single cell in the stack. Here, we emphasize the fact
that, despite having the dimension of current, Ipop does not represent any actual current in the FC

system, as the FC stack current equals to Ie ell, Following the definition of I OP_ we can calculate

Stack

. ny”- ..
the molar flow rate of O, entering the stack (' °2~™': mol/s), the molar flow rate of O, exiting the
g g
n Stack n Stack
stack (' %27 %“"; mol/s), and the molar flow rate of H, entering the stack ( 2~ "™**; mol/s) by

equations S102 to S104.

) SCathude =15 (5102)

- 4F 4F

St SCathOde SCathodeIBOP
ack _
nOZ—Inlet_nCell celll —

) SCathode =15 (5103)

Stack  _ (SCathode - 1) _ (SCathade - 1)13013
Mo, - outlet = Ncell AF cell] = 7



Stac SAnode __SAnodeIBOP
Cell| —

k
TH, ~ Inlet = Ncell —— oF

— 5 S anode = 1.5 (5104)

As we mentioned in the paper, the EDCS unit is a small HEMFC unit placed upstream of the
HEMEFC stack on the cathode side, which scrubs atmospheric air containing 420 ppm CO, to 4
ppm CO, concentration. Being a HEMFC, the EDCS unit consumes the O, in the atmospheric air
and H, in the H, purge stream, producing H,O while operating. We reasonably assumed that the

H; purge in the FC stack to be 1% of H; fed to the FC stack, or equivalently to be 1.5% of stack

IBOP

S, 1
0.01 X (M) = 0.015 X (—

2F

H; consumption ( )). Based on our in-lab measurements, we

assigned a value of 0.8 as a reasonable estimate for H, utilization in EDCS units. Consequently,

EDCS

we can calculate the molar flow rate of H, consumed in the EDCS unit (nHZ - Consumed, 1161/s) using
equation S105.
EDCS Ipop Ipop
nHZ—Consumed =0.8 X 0.015 X 7 =0.012 X 7 (5105)

Subsequently, using equation S106, we defined a parameter named fOZ, which is the ratio of

EDCS
the molar flow rate of O, consumed in the EDCS unit (' %2~ """ mol/s) to the molar flow rate
n Stack
of O, entering the stack (' °2~"™*; mol/s).
nHz - ggrffumed IBOP
n. EDCS - 0012 x|—
0,- Consumed 2 4F
foz = Stack = Stack = 15 % [ =0.008 (5106)
nO2 — Inlet n02 — Inlet : BOP
4F
0 EDCS
First, following the definition of  ~2, we can calculate the molar flow rate of O, ( 0y~ Inlet,

mol/s) in the air loop going through the compressor, air-precooler, and dry side of the membrane



humidifier before entering the EDCS by equations S107.

(1 + fO )SCathodeIBOP
EDCS 2

n02—1nlet = AF ) SCathode = 15 (5107)

Air loop
Next, we can reasonably assume the molar flow rate of N, ("2 ; mol/s) in the air loop to

be constant, and we can calculate it using equation S108.

1- xDryZaLr
Air loop _ EDCS _ Dry air _
n =————n = constant and x =0.21 (5108
NZ Dry air 02 - Inlet 02 ( )
X0

2

Air loop

Finally, we can calculate the molar flow rate of gaseous H,O ( "2° ; mol/s) at any point in

Air loop
the air loop from the molar flow rate of O, at that point ( °2 ; mol/s), molar flow rate of N, at

Air loop Air loop
that point ("2 ; mol/s), and H,O mole fraction (" 20 ) at that point using equation S109.

Air loop
X Hyo
Air loop _ Air loop Air loop
P = | | (70 + ) (5109)
2 1 Air loop 2 2
20

We want to finish this section by mentioning three crucial points. First, the equations
mentioned in this section provide the foundation to calculate the molar flow rates in all of the air

loop components outside the FC stack, and a close inspection of these equations shows that the

total molar flow rates in these components are linearly proportional to (IB OP), a fact that we will

use in the following sections. Second, we can calculate the partial pressure of O, entering the stack

Stack

Dry air _ 0
( 02 - Inlet -

21
02 )9 H2O

Stack
) from the stack inlet pressure (1D mlet), O, mole fraction in dry air (

Stack inlet 0
mole fraction at stack inlet ( "20 )and” “2 using equation S110.



Dry air Stack inlet
x 0, (1-x" )

20
Pyttt = P 110
2~ fnte 1 + fOZ X (1 _ xDr(})IZalr) nie

f
Third, using the ideal gas law, one can easily show that O2is linearly proportional to the H,

consumed to CO, removed ratio in the EDCS unit, as shown in equation S111.

H, consumed in EDCS
(602 removed by EDCS)
<2f Oszrzza ir)
— ;xlnleggDCS =420 ppm and xOutlgi(r)EDCS —
(xlnlet EDCS _ , Outlet EDCS) 2 2
co, co,

4 ppm (S111)

Consequently, any percentage change in O2will result in an identical percent change in the
H, consumed to CO, removed ratio, a fact that we used in our single variable sensitivity analysis
in the paper.

EDCS performance model calculations

As mentioned in the paper, EDCS is a small HEMFC unit placed upstream of a HEMFC stack
on the cathode side, in which H; reacts with O, and produces H,O and heat. If left unchecked, the
heat released in the EDCS unit can result in significant temperature increases within the unit,
quickly degrading the ionomer in the membrane and electrodes. Unlike the FC stack, the shorted
membrane EDCS with a spiral-wound structure that we included in our HEMFC system has no
cooling cells in its construction.*® Consequently, we decided to add a reasonable heat management
strategy for the EDCS. In this strategy, a pump injects the liquid H,O gathered in the anode
demister to the anode purge flow in the EDCS. A portion of the liquid H,O injected into the H,
flow in the EDCS will evaporate and enable the isothermal operation of the EDCS. This evaporated

water will end up in the airflow of the EDCS due to its higher flow rate. Since we implemented a



reasonable heat management strategy for the EDCS, we assumed the operating temperature of

EDCS (TEDCS) to be the same as the operating temperature of the FC stack (95 °C).

. . iy f
First, following the definition of 02, we can calculate the molar flow rate of gaseous H,O (

EDCS
Ny o= Produced,

2 ; mol/s) produced in the EDCS by equation S112.

I
mhofﬁﬁm@d=0012><(€%5)(5112)

EDCS

n
Next, we can calculate the molar flow rate of H,O (720~ Evererated, ;mo]/s) that evaporates

within EDCS and enables the isothermal operation of EDCS from the lower heating value of H; (

k
LHV, = 241111 Ay o= 40.89 -
2 mol)41 and the latent heat of vaporization of H,O (72 moly3 by

equations S113.

LHV

EDCS _ EDCS
nHZO - Evaporated — nH20 - Produced AH (51 1 3)
Vap,H20

EDCS
Finally, we can calculate the molar flow rate of gaseous H,O (n 29 ; mol/s) that ends up in the

airflow of the EDCS by equation S114.

LHV
EDCS _ EDCS EDCS _ EDCS
n H20 - nHZO - Produced + nHZO - Evaporated — nHZO - Produced 1+ (51 14)
AH
Vap, H20

In our HEMFC system modeling, we assumed that inlet cathode RH, which is the same as the
EDCS outlet RH, to be constant at 65%. Consequently, the gaseous H,O that ends up in the airflow

of the EDCS will reduce the humidification requirement and the cost of the membrane humidifier.



Previously, as presented in equation S115, we developed an EDCS performance model that

correlates the EDCS active area (AEDCS; m?) to the mole fraction of CO, in the EDCS inlet air

stream ( ), the mole fraction of CO, in the EDCS outlet air stream (

Outlet EDCS __
X co =4 ppm ) ) .. . 14
2 ), the volumetric flow rate of air at the conditions within the EDCS (" EDCS;

m?/s) and a total CO, capture mass transport resistance (RMT; s/m).*?

xlnlet EDCS 2
co
2 EDCS
n = (5115)
Outlet EDCS R V
X co, MTY EDCS

We assumed the pressure drop within the EDCS (AP EDCS) to be 0.072 atm (30 % of the

pressure drop of the FC stack (0.24 atm)). We note that measuring the value of (AP EDCS) and
establishing the strategies to control/reduce it for EDCS units processing technologically relevant
air flow rates corresponding to an 80 kWy, FC stack should be a fundamental and urgent future

research goal for the HEMFC community for two reasons. First, we note that the EDCS research
and development efforts up until now have been focused on reducing Ryt 10,42 while this is a

conceptually sound research strategy, the improvements in Ry have been achieved by using air
flow mediums with high inherent pressure drops that are not typically used in the FC industry,
namely interdigitated flow fields and polypropylene/nickel mesh.4%-42 Interdigitated flow fields are
the flow fields of choice for redox flow batteries.** The flow field structure forces fluid flow into
a portion of the electrode, improving mass transport at the cost of increased pressure drop.* As a
point of comparison, United Technologies' benchmark computational fluid dynamic (CFD) results
demonstrate that at equal area-specific flow rates and channel lengths, typical interdigitated flow

fields have about four times higher pressure drops than parallel flow fields.** Polypropylene and



nickel mesh are porous mediums that will exert significant skin friction on the fluid flow through
them. As a point of comparison, United Technologies' benchmark CFD results demonstrate that at
equal area-specific flow rates and channel lengths, fluid flow through fibrous porous mediums
with permeabilities of 10719 m? and 10° m? will create pressure drops of about 50 to 5 times higher
than the pressure drop of parallel flow fields.** The high inherent pressure drop of these air flow
mediums clearly signifies the need to measure and control the pressure drop in EDCS units that
are built based on them and process technologically relevant air flow rates. Second, our single
variable sensitivity analysis demonstrates that EDCS pressure drop significantly impacts the

overall FC system cost, comparable to the area-based cost of EDCS.

Stack
We note that the EDCS outlet pressure equals the stack inlet pressure (P Inlet), As depicted in

equation S116, we reasonably assumed the operating pressure of EDCS (PEDCS) to be the average

of the inlet and outlet pressure of EDCS.

AP
_ PStack EDCS

PEDCS — * Inlet

(5116)

As shown in equation S117, we reasonably assumed the total molar flow rate of air through
EDCS . )
the EDCS ("7otal; mol/s) to be the average of the total molar flow rate of air at the inlet of the

n ED_CS . n EIECS . .
EDCS ("Total-nlet; mol/s) and the outlet of EDCS ("Total - outlet; mol/s) and used it to calculate the

volumetric flow rate of air at the conditions within the EDCS (VEDCS ; m%/s) by the ideal gas law.

EDCS V

We emphasize that both MTotal and ¥ EDCS are linearly proportional to Ipop-

EDCS EDCS EDCS
EDCS __ (nTotal—Inlet + NTotal - Outlet R nTotaleTEDCS
Nporn) = > and Vo= —p. (§117)
EDCS

We note that the total CO, capture mass transport resistance (RM T) includes all mass transport



processes (i.e., molecular diffusion and Knudsen diffusion) and kinetic processes involving CO,

at the cathode of EDCS.*? Our measurements of Rur in in-lab made EDCS units show that, at a

Pepcs of approximately 2.5 atm, Ry is approximately 20 s/m.** We assumed that pressure-

dependent and pressure-independent CO, capture mass transport resistances contribute equally to

Ry at Pppes = 2-5 atm Consequently, we calculated Ryr using equation S118.

S
Ry, =10[—] + 4
=102 4

P 5118
m. atm) EDcs ( )

We note that for our 30 $/kWy-case, we assumed that through research and innovation efforts

APppes and Ry could be reduced by 50 % (

S S

).

EDCS cost model details

We can calculate the EDCS cost from the required EDCS active area (AEDCS; m?) and the

area-based cost of the EDCS (COStEDCS - Area based; $/m?). Previously, we performed a detailed
technoeconomic analysis for a shorted membrane EDCS with a spiral-wound structure that

contained a total Pt electrocatalyst content of 0.02 mg/cm? and established that

$

COStEDCS - Area based — 40.88 —
m- 40 We reasonably assumed that we could replace the Pt

electrocatalyst with an anode of Ni/N-doped C (0.5 mg/cm?) and a cathode of MnCo0,0,/C (0.1

mg/cm?; see caption of Figure S2 for the electrocatalyst material costs). Consequently,

CoStepcs - Area based would be reduced to 31.36 $/m?2.

We added a reasonable heat management strategy for the EDCS, where a pump injects the

liquid H,O gathered in the anode demister to the anode purge flow in the EDCS. A portion of the



liquid H,O injected into the H, flow in the EDCS will evaporate and enable the isothermal
operation of the EDCS. This strategy requires the implementation of a coolant reservoir, a coolant
pump, and coolant piping for the EDCS unit. As depicted in Table S3, we reasonably assumed the
cost of these components to be 30% of the similar components in the low-temperature coolant loop

of the 2018 LDV PEMFC system reported in the SA comprehensive report.?

Details of the performance model for the air management system

Pressure drop considerations

To calculate the power requirement of the electric motor of the CEM unit and the air
management system cost, we need to determine the compressor's outlet pressure and the expander's
inlet pressure. The desired stack inlet pressure plus any pressure drop within the BOP components
upstream of the stack determines the outlet pressure of the compressor.”? The BOP components
upstream of the stack are the air pre-cooler, the dry side of the membrane humidifier, and EDCS

(see Figure 1). The SA comprehensive report specifies the pressure drop through the air pre-cooler

AP gy pre - cooler) and the dry side of the membrane humidifier (APDTY side humidifier) as 0.03 atm

(

and 0.04 atm, and we adapted these values in our system model.> Consequently, we can correlate

Stack
the compressor's outlet pressure (P Comp,0ut) to the stack inlet pressure (P mlet) through equation

S119.

_ pStack _ pStack
PComp,Out - Plnlet + APAiT pre - cooler + APDry side humidifier + APEDCS - Plnlet +0.07 atm + APEDCS (5119)

Similarly, the desired stack inlet pressure minus the pressure drop of the stack and any
pressure drop within the BOP components downstream of the stack determine the inlet pressure

of the expander.? The BOP components downstream of the stack are the wet side of the membrane



humidifier and demister (see Figure 1). The SA comprehensive report specifies the pressure drop

through the stack (APStack), the wet side of the membrane humidifier (AP Wet side humidifier) and

AP

the demister (= Demister) as (.24 atm, 0.03 atm, and 0.04 atm, and we adapted these values in our

system model.? Consequently, we can correlate the expander's inlet pressure (P Exp,In) to the stack

Stack
inlet pressure (P Ifllet) through equation S120.

_ pStack _ pStack
PExp,In - Plnlet - APSt‘ack - APWet side humidifier ~ APDemister - Plnlet -0.31atm (5120)

The specific heat capacity at constant volume (Cy), the specific heat capacity at constant
pressure (Cp), and the ratio of the specific heat capacity at constant pressure to the specific heat

capacity at constant volume (y) calculations

To calculate the power requirement of the electric motor of the CEM unit, we need to
determine the Cy, Cp, and vy for the air stream flowing through the compressor and the air stream
flowing through the expander. We reasonably assumed that O,, N,, and H,O obey the ideal gas
law. Using statistical thermodynamics, one can prove that the Cy of a diatomic ideal gas (e.g., O,
and N») and a non-linear triatomic ideal gas (e.g., H,O) are equal to 2.5 R, and 3 R, (R,: the
universal gas constant=8.314 J/(mol.K)).#* The Cp and Cy of an ideal gas are also correlated

through equation S121.41.44
Cp—-Cy= Rg (5121)
Table S4 summarizes the values of Cy, Cp, and y for O,, N,, and H,O that we used in our

model. We reasonably assumed that air is a mixture of ideal gases and consequently calculated the

Cy of air (CV,AiT; J/(mol.K)), Cp of air (CP,AiT; J/(mol.K)), and vy of air (yAiT; J/(mol.K)) through

equation S122.



Cp air
Cyair = Z Yl i Cpair = Z YiCpio Vair = C (5122)

_ — V,Air
k_OZ'NZ’HZO k=0, N, ,H,0

C

In equation S122, Yk, “ve and Cr are the mole fraction of component k in the gas mixture,

Cy of component k in the gas mixture, and Cp of component k in the gas mixture.

CEM unit performance model calculations

We developed a detailed performance model for the CEM unit based on the information
provided in the SA comprehensive report. The compressor of the CEM unit is a centrifugal
compressor that consumes power to provide airflow at desired pressures.? We can calculate the

compressor's power consumption through equations S123 and S124.

yAi‘r,Comp -1
yAir,Comp ) % (PComp,Out) yAiT,Comp -1 (5123)
1

WComp,Ideal = (nAir,CompRgTAmbient) x ( P

Air,Comp ~ Ambient

. WC omp,ldeal
Weomp = (—) (5124)

77Comp

P Comp,0ut, and P ambient are the molar flow

In equation S123, Mair,comp, TAmbient, VAir,Comp’
rate of the air stream flowing through the compressor, ambient temperature, the ratio of the specific

heat capacity at constant pressure to the specific heat capacity at constant volume for the air stream

flowing through the compressor, the compressor's outlet pressure, and ambient pressure.
Wcomp,Ideal mentioned in equation S123 is the power consumption of an ideal adiabatic reversible
compressor.*! In equation S124, Wcomp and Tcomp are the power consumption of the compressor

and compressor efficiency. The SA comprehensive report specifies Ncomp as 0.71, which we used

in our system model.> In our model, consistent with the SA comprehensive report, we set



T pmbient and P ambient to be 40 °C and 1 atm.>? We reasonably assumed the RH of ambient air to

be 20 %. We note that ™4ir.comp is linearly proportional to the BOP current (I BOP) and thus, we can

rearrange equation S124 to equation S125.
y _ Stack _
WComp - VComp(P In?gt'APEDCS’fOZ)IBOP - VCompIBOP (5125)

In equation S125, Y comp is an auxiliary parameter with the units of potential (Volts) that is a

Stack
function of the stack inlet pressure (P Inlet)) the pressure drop within the EDCS (APEDCS), and the

ratio of the molar flow rate of O, consumed in the EDCS unit to the molar flow rate of O, entering

the stack (f02).

The expander of the CEM unit is a radial-inflow expander that produces power from the air
stream exiting the FC stack.>? We can calculate the power generation of the expander through
equations S126 and S127.

yAL'r,Exp -1

Y air,Exp % P ambient (W) - 1] (5126)
1 p

WExp,Ideal =" (nAir,EprgTStack) X (

Air,Exp ~ Exp,In

WExp = 77Exp‘./VExp,1deal (5127)

Ts tack, yAiT.Exp, and P Exp.In are the molar flow rate of the air stream

In equation S126, M air Exp,
flowing through the expander, the operating temperature of the FC stack (95 °C), the ratio of the

specific heat capacity at constant pressure to the specific heat capacity at constant volume for the

air stream flowing through the expander, and the expander's inlet pressure. WExp.ideal mentioned in

equation S126 is the power generation of an ideal adiabatic reversible expander.*! In equation

S127, WExp and "Exp are the power generation of the expander and expander efficiency. The SA



comprehensive report specifies NExp as 0.73, which we used in our system model.? We note that

" 4irExp is linearly proportional to Tpop and thus, we can rearrange equation S127 to equation S128.
- _ pStack
WExp - VExp( In(}gt' fO 'RHStack Oulet)IBOP - VExp BOP (5128)

In equation S128, VEw is an auxiliary parameter with the units of potential (Volts) that is a

Stack
¢ Pt To

function of * Inlet 2 and the stack’s outlet RH (RH Stack,Oulet),

The electric motor of the CEM unit receives power from the FC stack and drives the
compressor with the help of the power generated by the expander.”? We can calculate the power

consumption of the electric motor through equation S129.

(WComp WExp)
WMotor (5129)

nMotor

In equation S129, Whotor and "Motor are the power consumption of the electric motor and the

electric motor’s efficiency. The SA comprehensive report specifies MMotor as 0.8, which we used
in our system model.> By combining equations S125, S128, and S129, we can rearrange equation

S129 to equation S130.

. _ Stack _
Wmotor = VMotor(P InCIIZt'APEDCS’fOZ'RHStack,Oulet)IBOP - VMotorIBOP (5130)

In equation S130, Veem is an auxiliary parameter with the units of potential (Volts) that is a

function of * Inlet, 2, and RHStack,Oulet.

We note that the PtCo/HSC used in GM’s polarization curves (Figure 2, S3, and S4) is similar,
to emphasize not identical, to the state-of-the-art PtCo/HSC that is used in the 2018 LDV PEMFC

system reported in the SA comprehensive report.> As such, we run our pseudo-2-D FC model for



GM’s PtCo/HSC cathode (Pt loadings=0.1 mgp/cm?) coupled with Pt/HSC anode (Pt

loadings=0.025 mgp/cm?) for a PEMFC with operating conditions which were the same as the

PS tack

2018 LDV PEMFC system reported in the SA comprehensive report (¥ intet = 2->@tm

Tseqer =95 OC, H, stoichiometry=1.5, O, stoichiometry=1.5, inlet anode and cathode of 65% RH,

d RH RHStack,Oulet to

and a cell voltage of 0.657 V) and foun Stack,0ulet to be 100 %. Assuming the

be 100 % and the Ipop to be the same as that of the 2018 LDV PEMFC system reported in the SA

comprehensive report (134.50 kA),? equation S130 provides a value of 7.15 kW for Whotor, which
compares reasonably with the corresponding value of 7.35 kW provided in the SA comprehensive

report.? Out of an abundance of caution and to ensure that our CEM performance model provides

the exact value for "WMotor as that of the 2018 LDV PEMFC system reported in the SA

= 7.35 kW)

comprehensive report (WM otor, 2018 SA , we calculated the power requirements of the

compressor, expander, and electric motor using equations S131 to S133.

: _ _ (WMotor, 2018 54
WComp - VComp,AdjustedIBOP'VComp,Adjusted - 715 kW VComp (5131)

) WMotor, 2018 54
WExp - VExp,AdjustedIBOP' VExp,Adjusted - 715 kW ) VExp (5132)

w
. Motor, 2018 SA
Wntotor = VMotor,AdjustedIBOP; VMotor,Adjusted = ( 715 kW )VMotor (5133)

Details of the cost model for the air management system
The SA comprehensive report provides an air management system cost model that correlates

the air management system’s cost (CAW: S4; $) to the compressor's outlet pressure (PC omp,0ut; atm)

and the total parasitic power requirement of the FC system (PPamSitiC; kW) (equations S134).2



CAL'r, SA
= 284.96480 + (— 57.0495 x P
+ (39115 x P X P

Comp,Out

(5134)

Comp,Out Parasitic)

The cost model presented in equation S134 does not incorporate the scenario where the FC
system does not need an expander (i.e., when the air stream enters the expander at atmospheric
pressure). We included this scenario in the cost model by applying a suitable correction term based

on the information provided in the SA comprehensive report.

Table S5 provides the cost breakdown for the air management system for the 2018 LDV

=257 atm

PEMFC system reported in the SA comprehensive report (P Comp,0ut and

P =8.37 kW

Parasitic ) for two cases, one with an expander and one without an expander.?

According to the SA comprehensive report, 30% of the motor controller cost for the 2018 LDV
PEMFC system corresponds to its logic functions, with the remaining 70% corresponding to its

power management.”> The cost of the logic circuitry portion of the motor controller is constant and

independent of P Parasitic, but the cost of the power management portion of the motor controller

P

scales linearly with ° Parasitic.> Consequently, we can calculate the cost of the motor controller (

CController,AiT; $) using equation S135.

C

Controller,Air

= (36.60754 X P
437.72'$ (5135)

+ 131.31647); if P

Parasitic Parasitic

In addition, the cost of the air management components other than the CEM unit (including
the motor controller) remains constant (COther,AiT =237.84 $; Table S5).2 So, we can calculate

the cost of the CEM (CCEM,AW; $) using equation S136.

?) + (267.9631 x P

Comp,0u

=8.37 kW=(



CCEM,AL’?’
= CAir,SA - CController,Air - COther,Air = ( - 84.18816 + ( - 57.0495
(5136)

By close inspection of Table S5, we can see that the ratio of compressor-motor (CM) cost to
compressor-expander-motor (CEM) cost is 0.67076 for the 2018 LDV PEMFC system, and we

reasonably assumed that this ratio remains the same for different values of P comp,out and

PPamSl'tiC. Consequently, we can calculate the cost of CM (CCM:AW; $) using equation S137.

CCM,Air
= 0.67076 X Cpyy g5 = 0.67076 X (- 8418816 + (- 57.0495 X Pry 9u’)
(5137)

Following the above discussion, we calculated the air management system cost (CAl'r; $) using
equations S138-1 and S138-2. Basically, we used the same cost function as that of the SA
comprehensive report when the pressure of the airstream entering the expander was higher than
atmospheric pressure. When the pressure of the airstream entering the expander was equal to the

atmospheric pressure, we used equation S137 in the cost functions instead of equation S136.

Stack _ _
If (Pntee > 1:31atm ): Caye = Copper, air + Ccontrotier, air + Ccrm, air = Cair,5a (5138 -1)

Stack _ . _
If (P In%gt =131 atm ) CAir - COther,Air + CController,Air + CCM,Air (5138 - 2)

We note that the SA comprehensive report outlines a cost reduction in the CEM unit (including
the motor controller) of the 2018 LDV PEMFC system of 300 $, which is expected to be achieved
in the future through research and innovation.> This cost reduction results in a 37.454% cost
reduction in the CEM unit (including the motor controller) cost of the 2018 LDV PEMFC system,

and we reasonably assumed that this 37.454% cost reduction in the CEM unit remains the same



for different values of Pcomp,out and P Parasitic, Consequently, for our 30 $/kWy LDV systems,

we calculated the air management system cost (CAiT; $) using equations S139-1 and S139-2.

If (Pt > 1.31atm): C i = Coppey, air + 0.62546 X (C

Inlet + CCEM, AiT) (5139 - 1)

Controller, Air

If (PStaCk =131atm ): CAir = COther,Air +0.62546 X (CController,Air + CCM,AiT') (5139 - 2)

Inlet
Details of the performance model for the cross-flow membrane humidifier in the

humidification management system

Cross-flow membrane humidifier structural details

Figure S7 shows a schematic diagram of the cross-flow membrane humidifier in which
streams of dry air from the air pre-cooler outlet and humid, O,-depleted air from the FC cathode
outlet exchange water through a four-layer composite membrane. The composite membrane layers
are made by slot die coating a (5 um) layer of Nafion ionomer onto a (10 um) ePTFE layer on a
Mylar backer (the Mylar backer is removed after slot die coating). A second ePTFE layer is then
rolled on top, and the three layers pass through a curing oven. Finally, to make a four-layer
membrane, all three layers are hot-laminated to a (180 um) polyethylene terephthalate (PET)
porous layer.> We reasonably assumed the porosity of ePTFE and PET layers to be 0.95 and that

we can calculate the tortuosity of the layers using the Bruggeman correlation (equation S4).

Cross-flow membrane humidifier model calculations

As mentioned in the paper, the air pre-cooler sits between the centrifugal compressor and the
membrane humidifier and cools the hot compressed air exiting the compressor to the stack's
operating temperature (95 °C). We reasonably assumed that the humidifier operates at 95 °C.
Using the cross-flow heat exchanger modeling framework available in the literature, we developed

a performance model for the cross-flow membrane humidifier that allowed us to calculate the



required humidifier membrane area.

In heat exchanger design, the rate of heat transfer (¢; W) to or from a stream experiencing a

temperature change from T to Ty is calculated using equation S140.43

T
o . (Cp(T1) + Cp(T2))
Q=AH=mAh=mePdTEmCP‘AngT; Cotpg = —— . P27 (5140)
T

1

In equation S140, (H ; W) is the enthalpy flow rate of the stream, (in; kg/s) 1s the mass flow

rate of the stream, (h; J/kg) is the specific enthalpy of the stream, (Cp: J/(kg.K)) is the specific heat

AT=T,- Tl) is the temperature difference, and Cp avg is the

capacity at constant pressure, (
average of Cp’s calculated at Ty and TZ. The heat transfer flux at any point within the heat

exchanger (qLocal; W/m?) is calculated using equation S141.%

Qrocal = UATLocal (5141)

In equation S141, (U; W/(m2.K) is the overall heat transfer coefficient and (ATLocal) is the

local temperature difference between the hot and cold streams.

One can describe the performance of a cross-flow heat exchanger using equations S142-1 and

S142-2.46
NTUHEO 22
Eyp =1 - expil(———(exp(( - C,ypNTU " "?) - 1) (S142-1)
Cr e '
Q UA min (mC,, 4,,0) i (MCp pa) )
=i NTUp = ———————— I i YO P PO
HE,Max min ((mcp,Ayg)H'(me,Ayg)c) max ((me,Avg)H'(me,Avg 9,

In equation S142-1, €HE, NTUHE, and CrHE are dimensionless parameters called the

effectiveness of the heat exchanger, the number of transfer units, and the heat capacity rate ratio.



Equation S142-2 provides the definition of ";HE, NTUye | and Crue; 1) $e is defined as the actual
rate of heat transfer (QHE; W) in the cross-flow heat exchanger divided by the thermodynamically
maximum rate of heat transfer (QHE,M ax; W) possible between the hot and cold streams flowing in
a counterflow heat exchanger of infinite heat transfer area. Qh,Max can be calculated by checking
which of the two scenarios depicted in Figure S8 is the thermodynamically feasible one (see Figure

S8’s caption for more details), and 2) In the definition of NTUyg and Cr.ue, Aue, (mCP,Avg)H, and

(me,Avg)C are the heat transfer area of the cross-flow heat exchanger, the mass flow rate
multiplied by the average specific heat capacity at constant pressure for the hot stream, and the
mass flow rate multiplied by the average specific heat capacity at constant pressure for the cold

stream.

We note that heat transfer in a cross-flow heat exchanger is conceptually quite similar to mass
transfer in a cross-flow membrane humidifier, so we sought to use this similarity to properly define
humidifier effectiveness (fHum), the number of transfer units of the humidifier (N TUHum), and the
heat capacity rate ratio of the humidifier (Cr,Hum) such that we could use equation S142-1 to

determine the required humidifier membrane area (AHum). First, we defined an average H,O mole

- . x x
fraction for the wet and dry gas channels of the humidifier (""20"¢*4"9 and "#2%"¥4*9) and an

average pressure for the wet and dry gas channels of the humidifier (P Wetavg and ¥ Dry Avg) using

equations S143 and S144.

XH,0,Wet in + XH,0, Wet out XH,0, Dry in + XH,0, Dry out
XH,0Wet Avg = ( > ) & *H,0, Dry Avg = ( > (5143)
p Wetin + PWet out PDry in + PDry out
PWetAvg = & PDry Avg = |75 (5144)



X X X . X
H20,Wetm HZO,Wetout H20,Drym d H20,Dryout

In equation S143, , , , an are the inlet and

outlet HO mole fractions for the wet gas channel and the inlet and outlet H,O mole fractions for

P P

the dry gas channel. In equation S144, Pwetin, pryin, and Poryout are the wet gas channel's

Wet out,

inlet and outlet pressure and the dry gas channel's inlet and outlet pressure. Second, we reasonably
assumed that the gas phase diffusion of H,O through the wet PET, wet ePTFE, and dry ePTFE
layers happens due to molecular diffusion and that the Knudsen diffusion through these layers is

negligible (see Figure S7 for the structural details of layers). Using equation S8, we calculated an

Eff Wetin
D H,0

effective H,O diffusion coefficient at the inlet and outlet of the wet gas channel ( and

Eff, Wet out Eff,Dryi Eff,D t
pEff, Wet ou pEff.Dryin D fergou

Hy0 ) and the inlet and outlet of the dry gas channel ( H20 and 2 ).

Subsequently, we defined an average effective H,O diffusion coefficient for the humidifier’s wet

DEff, Wet Avg DEff,DryAvg

and dry gas channels ( Hp0 and Ha0 ) using equation S145.
DEffI:IV;/St in + DEff,HWZeOt out DEf];,IL;zy in + DEff,]?;})/ out
DEFf, II-/IVZ%AUg — - & DEffrg;yoAvg - - (5145)

Third, we note that one side of the Nafion layer is adjacent to the wet gas channel of the
humidifier, and the other is adjacent to the dry gas channel of the humidifier (Figure S7). Using

equation S17, we calculated H,O permeability in Nafion at the inlet and outlet of the wet gas

MerAn, Wet in Mer[l,Wet out
channel ( “H20  and aHy0 ), which allowed us to calculate a reasonable estimate of
M em, Avg Wet
the H,O permeability ( aHy0 ) for the side of the Nafion layer adjacent to the humidifier's

wet gas channel (equation S146).

Mem,Wet in Mem,Wet out
D™ a0 TP a0

Mem, Avg Wet _
DMy = z (S146)




Similarly, using equation S17, we calculated H,O permeability in Nafion at the inlet and outlet

Mem, Dry in Mem,Dry out
aH.,0 aH.,0 .
of the dry gas channel ( 2”7 and 27 ), which allowed us to calculate a reasonable
Mem, Avg Dry
aH.0

estimate of the HO permeability ( 2

) for the side of the Nafion layer adjacent to the
humidifier's dry gas channel (equation S147).

DMem,Dry in + DMem,Dry out

Mem Ave D aH,0 aH.,0
em, Avg Dry __
DY = z (S147)
Mem, Avg
Subsequently, we calculated a reasonable estimate of the H,O permeability ( aH0 ) of the

Nafion layer using equation S148.

Mem, Avg Wet + DMem, Avg Dry
a,HZO aH.,0

Mem, Avg __
DM = z (5148)

Air
Forth, we can calculate the molar flow rate of H,O (nHZO; mol/s) in an air stream from the
nAir Air
molar flow rate of O, (' °2; mol/s), the molar flow rate of N, (' “2; mol/s), and H,O mole fraction (
x Air
"20) of that stream using S149.

x,f”o
Air _ 2 Air Air  _ Air Air
M0 = | T [P0, &N, Mo, &N, = (no2 + nNz) (5149)
1-x
Hso

By assigning a constant average pressure (PAvg) to the air stream, and using the relation

Sat »

P ha
H20 HZO
[ — Sat

X0 P H.0 .
27: H,O saturation

A~

a
between H,0 activity ( HZO) and H,O mole fraction ( Avg

pressure), we can rearrange equation S149 to S150.



a

Sat » H,O Sat
p py Py OaH20 P Py PAvg
r r r ~
Ny,0="No, &N " =No_ &N - ~day_o (S150)
2 2 2 P PSat 2 2 (P PSat 2
Avg = " H,0%H,0 0 Favg = H,0%,0

2

Consequently, we can calculate the change in the H,O molar flow rate of an air stream

A /\

experiencing H,O activity/H,O mole fraction change from ( H 0.1 ffHz0. 291y to ( H 0:2 /%0 2) using

equations S151-1 to S151-3.

a
H,0,2 Sat Sat
Z Py OPAvg Py OPAvg

2 Sat
(PAvg Py OaHZO)

Air _ Air ALT
AnHZO Mo, &Ny Saty, daH 0="No, &
0 1(PAvg PH 0 H 0

AC S151-1
)Avg aHZO ( )

Sat Sat

PH(ZZOPAvg PHgO 1
( g =5 ape (S151 - 2)

Sat P - 274v8
(PAvg PHaOaH 0) Avg (1-xy,0)
1 1
2t 2

1 (1- tzo,l) (1 -xy_02)

—Davg = (5151 - 3)
(1- tzo)z 2

By comparing equations S140 and S151-1, we can see that the role of Cp in calculating AH js

Sat
PiroP avg

S " 2 .
(PAU -p at ) Air

similar to the role of Hy0 H % in calculating

2. Consequently, the same way that

PSat
1

(

Z)Avg
C C Pavg (1-2y o) Cottum Gt
one uses ~P.Avg to define “mHE, we can use ( 2 ) to define ~rHum ‘equation

S152).



Sat Sat
. PH 0 1 ) PH 0 1
: Air 2 c Air 2 Ve
min ( o, &N,p  \ Z)Avg wee| "o, & Nyp Z)Avg Dry)
Avg (1 - xHZO) Avg (1 - XHZO)
Cr trum = o st st (5152)
) H,0 1 ) H,0 1
Air 2 ( Air 2 r
max ( Mo, &N, p ¢ ) Avg |wee Mo, &N, p ¢ >) avg |pry)
Avg (1 - xHZO) Avg (1 - xHZO)

In equation S152, the index Avg, Wet, and Dry refer to the average between the inlet and

outlet of an air stream in the humidifier, air stream flowing in the humidifier's wet/dry gas

0

b

N
channels. Fifth, we can calculate the H,O transfer flux at any point within the humidifier ( H

mol/(m?.s)) using equations S153-1 and S153-2.

AaHZOLocal
N, j=———
H20 R

] RTotal = RWet PET + RWet ePTFE + RMem + RDry ePTFE (5153 - 1)
Total

RWetPET

twet pET twet ePTFE R

- DEff,WetAngSat » Wet ePTFE — DEff,WetAngSat !
H,0 H,0 H,0 H,0
Eprt ePTFE

= (5153 -2)

DEff,DryAngSat

H20 HZO

~

Aa
In equation S153-1, HZOLOCal’ R

Total, RWet PET, RWet ePTFE, RMem’ and RDry ePTFE are the
local H,O activity difference between the wet and dry streams, total H,O mass transfer resistance,

and H,O mass transfer resistance in the wet PET layer/wet ePTFE layer/Nafion layer/dry ePTFE

Sat
layer. In equation S153-2, twet PET, twet ePTFE , tMem, treepTFE , and 29 are the thickness of the

wet PET layer/wet ePTFE layer/Nafion layer/dry ePTFE layer and H,O saturation concentration (

Sat
p HZO
CSGI —
H0 "R T : : :
g' Stack), By comparing equations S141 and S153-1, we can see that the role of U in



1

N
calculating Qiocal is similar to the role of (RTotal) in calculating Ha0. Consequently, the same

1

way that one uses U to define NTUhe, we can use (RTofal) to define NTVhum (equation S154).

A

Hum

NTUHum = p Sat p Sat (5154)
Ai H,0 1 Ai H,0 1
R min ([n, % ( ) n. Ar ( ) )
Total 0,&N \ Avg |Wet’| "0, & N \ Avg |Dry.
2 2PAvg (1 - tzo)Z 2 ZPAVg (1 - XHZO)Z

Sixth, we can define $Hum using a similar equation that is used to define $HE (equation S155).

Q um
Ep = — " (5155)

QHum,M ax

In equation S155, (QHum; mol/s) is the actual rate of H,O transfer in the cross-flow humidifier

divided by the thermodynamically maximum rate of H,O transfer (QHum.MaX; mol/s) possible

between the wet and dry air streams flowing in a counterflow humidifier of infinite membrane

area. Q Hrum,Max can be calculated by checking which of the two scenarios depicted in Figure S9 is

the thermodynamically feasible one (see Figure S9’s caption for more details). Seventh, assuming

a =1
e RH 10, Stack, Oulet =7y for the 2018 LDV PEMFC system reported

th Stack,Oulet to be 100 % (
in the SA comprehensive report, our cross-flow membrane humidifier performance model
provides a value of 0.6776 m? for Apum, which compares reasonably with the corresponding value
of 0.675 m? provided in the SA comprehensive report.> Out of an abundance of caution and to
ensure that our cross-flow membrane humidifier performance model provides the exact value for

Apum as that of the 2018 LDV PEMFC system reported in the SA comprehensive report (

_ 2
Aum, 2018 54 = 0-675m ), we calculated the area of the cross-flow membrane humidifier (AHum)



using equation S156.

Aum, 2018 54
A = (—Z)AHum,Sl42—1 (5156)
0.6776 m

In equation S156, Abpum, s112-1 is the cross-flow membrane humidifier area that results from

equation S142-1. Finally, we note that for our 30 $/kWy-case, we assumed that through research

and innovation efforts {Wet PET, twet ePTFE, and Cbrt ePTFE can be reduced to 85 pum, 7 pm, and 7
um, and that the H,O permeability in the 5 pm thin membrane can be increased by 200 % (i.e., it
would become three times that of the H,O permeability of the Nafion layer).

Details of the cost model for the humidification management system

The SA comprehensive report provides a humidification management system cost model that
correlates the humidification management system’s cost (CHumid; $) to the cross-flow membrane

humidifier membrane area (AHum; m?), heat duty of the air pre-cooler (QPre - cooler; kW), and the

difference between the temperature of the compressor exit air and the coolant temperature entering

into the air pre-cooler (ATPre - cooler; °C) (equation S157).2

CHumid
2 4+ 6437770 x A

Hum Hum

= (— 1.48979 x A
(§157)

+ 14.25859) + (642.0

We explained in detail in the previous section how to calculate Atpum (equation S156). We

note that the compressor operates through an adiabatic process,*! hence through energy balance,

we can correlate the power consumption of the compressor (WComp) to the molar flow rate of the

air stream flowing through the compressor ("4ir.comp), specific heat capacity at constant pressure



for the air stream flowing through the compressor (CP, Air, Comp), the compressor's outlet

=40°C

temperature (TC omp,0ut) and the ambient temperature (TAmbienf ) (equation S158).

WComp = nAiT,ComPCP,AL'r, Comp X (TComp,Out - TAmbient) (3158)

We can calculate Qpre - cooler from an energy balance of the pre-cooler unit as detailed in

equation S159 (THum is humidifier’s operating temperature (95 °C)).

QPre - cooler

= nAirlcomPCP, Air, Comp X (TComp,Out - THum) = WComp + nAir,CompCP, Al
(5159)

We can combine equation S159 with equation S131 and derive the following equation for

QPre - cooler,

_ Stack —
QPre —cooler — VPre - Cooler(P Inlet ’APEDCS'fOZ)IBOP - VPre - coolerIBOP (5160)

In equation S125, Vbre - cooter is an auxiliary parameter with the units of potential (Volts) that

Stack
is a function of the stack inlet pressure (P Inlet), the pressure drop within the EDCS (AP EDCS), and

the ratio of the molar flow rate of O, consumed in the EDCS unit to the molar flow rate of O,

entering the stack (foz). The SA comprehensive report provides a value of 118 °C for the

ATpre - cooter of the 2018 LDV PEMFC system.*! From equation S158, we calculated the

T Comp,out for the 2018 LDV PEMFC system to be 180.06 °C, which means that the coolant

temperature entering into the air pre-cooler for the 2018 LDV PEMFC system 1s 62.06 °C. We

of AT

adopted this value for the calculation Pre-cooler of our system (i.e.,

AT T -62.06 °C

Pre - cooler — Comp,Out

).



Details of the cost model for the thermal management system

The SA comprehensive report provides a thermal management system cost model that

correlates the thermal management system’s cost (CThermal; $) to the radiator duty (QHTCL; kW)

of the high-temperature coolant loop (HTCL), the difference between the operating temperature

=95 °C =40°C

of the FC stack (TStaC ) and ambient temperature (TAmbient ) (ATHTCL ;°C or K),

the radiator duty (QLTCL; kW) of the low-temperature coolant loop (LTCL), the difference between

the coolant outlet temperature from the air pre-cooler and T pmbient (ATLTCL ;°C or K), and the FC

Stack
stack inlet pressure (© Inlet; atm) (equation S161).2

C

Thermal

= (94.0853 X (%)Hm + 169.9283) +0.9144 x (%)Lm2 +101

Stack?2 Stack Stack Q
2.2211 x PStack2 4 20,8371 x PS'4ck _ 2.4537 x pStack (E)LTCL

- 10.4304 (5161)

Q

HTCL
According to the SA comprehensive report, Qnree and AT can be calculated using

equation S162.2

0 _ PGross X (1.25 - VCell)_ Q _ PGross X (1.25 - VCell) (5162)
HTCL — » A/HTCL —
VCell AT VCell X (TStack - TAmbient)

In equation S162, Peross is the gross power of the FC stack and Vceu is the operating voltage

of a single cell in the FC stack. We can calculate Pgross using equation S163.

PGross = nCellICellVCell = IBOPVCell (5163)

I

In equation S163, nCell, Icen , and “BOP are the number of single cells in the FC stack, the FC



stack current, and the BOP current defined in equation S101. By inspecting equations S162 and

Q

S163, we can see that Qnrce and AT et are linearly proportional to Tpop (equation S164).

Igop * (1.25 = Vo)

Q
Qurcr =Ipop X (L.25 =V o) G ureL = (5164)
) AT (TStack - TAmbient)

The LTCL has a complicated structure, and it cools the motor of the CEM unit, the electronic
components of the CEM unit, and the compressed air intake in the air pre-cooler before it goes

into the membrane humidifier.> We decided to adopt a reasonable high-level approach to calculate

Q Q
GpireL . (E)LTCL L .
, in which: 1) We used the values of provided in the SA comprehensive report

for the 2018 LDV PEMFC system (0.36 kW/K) as a basis,?> 2) We made a conceptually reasonable

high-level assumption that Quree is proportional to the summation of the heat released in the motor

of the CEM unit due to its inefficiency ((1 ~ Miotor)Wh otor) and the heat duty of the pre-cooler (

AT

Qpre - cooler) and 3) We assumed that =" LTCL of our system is the same as that of the 2018 LDV

PEMFC system described in the SA comprehensive report. Subsequently, we calculated

)
(AT LTCLusing equation S165.

Q ((1 - nMotor)wMotor + QPre - cooler) Q
(E)LTCL = . X E LTCL,2018 SA (5165)
(1 = Myotor)Waotor + @pre - cooler) LTCL2018 54
In equation S165, ((1 - 77M0t0r){/VM0t0r + QPre - cooler) and
((1 - 77Moto1’)‘./VMotfor + QPre - cooler)LTCL,2018 SA are the values of

(X = Mwotor) Wmtotor + Qpre - cooter) calculated by our model for any FC system and the 2018

LDV PEMFC system described in the SA comprehensive report.



Details of calculating the parasitic power requirements of thermal management system

components

The thermal management system includes a HTCL pump, a HTCL radiator fan, and a LTCL
pump whose operation requires receiving power from the FC stack.? We reasonably assumed that
any change in the radiator duty of HTCL or LTCL is compensated with a proportionate change in
the flow rate of coolant in HTCL or LTCL. The change in the flow rate of coolant in HTCL or
LTCL would conceptually require a proportional change in the power consumption of the HTCL

pump, the HTCL radiator fan, and the LTCL pump. We calculated the power requirement of the

HTCL pump (PPumP' HTCL; kW) using equation S166.

p Pump, HTCL

PPump, HTCL, 2018 SA

( Qurer ) (1.25-V¢y) x( Igop
I

Qurct,201854) (125 =V ey 2018 54)
Vpump, arct(Vcew)pop (S166)

=P pymp, nrer =
BOP, 2018 SA

In equation S166, Ppump, Hret, 2018 SA, Qurct, 2018 SA, Veer2018 SA, and V pump, HTCL are the
power requirement of the HTCL pump for the 2018 LDV PEMFC system (0.52 kW), the radiator

duty of the HTCL for the 2018 LDV PEMFC system, the operating voltage of a single cell in the

FC stack of the 2018 LDV PEMFC system (0.657 V) and a known auxiliary parameter with the
units of potential (Volts) that is a function of VCell.2 Using a similar line of argument, we calculated
the power requirement of the HTCL radiator fan (P Fan, HTCL; kW) and the LTCL pump (

Ppump, L7CL; kW) using equations S167 and S168.



PFan, HTCL

PFan, HTCL, 2018 SA

QHTCL (1'25 - VCell) IBOP

N T (125-V v =Pran, i
QHTCL,2018 SA ( : ~ Y Cell,2018 SA) BOP, 2018 SA

(VCell)IBOP (3167)

PPump, LTCL
PPump, LTCL, 2018 SA )

_ ( QLTCL ) _ ((1 - 77M¢)tz)1’)"VMot0r + QPre - cooler)

QLTCL; 2018 SA ((1 - 7’Motor)‘./vMotor + QPre - cooler)LTCL,2018 SA'

Stack
= VPump, LTCL(P Incllgt’APEDCS'fOZ'RHStack,Oulet)IBOP (5168)

In equation S167, Pran, nrci, 201854 and VFan, Hrct are the power requirement of the HTCL
fan for the 2018 LDV PEMFC system (0.35 kW)? and a known auxiliary parameter with the units

of potential (Volts) that is a function of Veeu, equation S168, Ppump, 17cL, 201854 and

Y pump, LrcL are the power requirement of the LTCL pump for the 2018 LDV PEMFC system (0.05

kW)? and a known auxiliary parameter with the units of potential (Volts) that is a function of

Stack AP ,
Plnlet’ EDCS fOZ’ and RHStack,Oulet.

Details of implementing the operational constraints relevant to FC systems for LDV

applications

We note that the operation of a FC system for a LDV is subject to three critical constraints. In
this section, we explain what these constraints are and how we implemented them in our FC system

model.

Implementation of the first and second constraint

First, the BOP of the FC system includes some key components whose operation requires



receiving power from the FC stack. These components include the electric motor of the CEM unit,
the HTCL pump, the HTCL radiator fan, the LTCL pump, and components such as the FC system
controller and sensors.? In addition to providing the parasitic power requirements of these
components, the FC stack has to deliver 80 kW of power to the electric traction motor of the LDV
that drives the vehicle wheels.? Second, for compatibility with the electric traction motor of the

LDV, the FC stack must deliver a system voltage of 250 V.2

To implement these two constraints, first, we need to calculate the total parasitic power

requirement of the FC system (P Parasitic; kW). We have already derived the expressions required
to calculate the parasitic power requirements of the electric motor of the CEM unit, the HTCL
pump, the HTCL radiator fan, and the LTCL pump. We presented these expressions in equations

S133, S166, S167, and S168. We reasonably assumed that the parasitic power requirement (

P Other; kW) of components such as the FC system controller and sensors is constant and equal to

the value reported in the SA comprehensive report (0.1 kW).2 We can combine equations S133,

S166, S167, and S168 to calculate Pparasitic (equation S169-1 and S169-2).

P

Parasitic

_ Stack
- (VMotor(P Inlet'APEDCS'fOZ’RHStack,Oulet) + VPump, HTCL(VCell) +
X Igop + Pother

_ Stack
- VParasitic<P Inlet’APEDCS'fOZ'RHStack,Oulet’VCell)IBOP + POther (51

Stack
VParasitic(P Inlet'APEDCS’fOZ’RHStack,Oulet'VCell)
_ Stack
- VMotor(P Inlet’APEDCS'fOZ’RHStack,Oulet) + VPump, HTCL(VCell) + VFan, HTCL

Stack
(VCell) + VPump, LTCL(P Inaltgt’APEDCS'fOZ'RHStaCk,Oulet) (5169 - 2)

All variables in equation S169-1 are explained in the definition of variables of equations S133,



S166, S167, and S168. Equation S169-2 presents the definition of VPamSl'tiC, which is a known

fo

Stack
P 2,

auxiliary parameter with the units of potential (Volts) that is a function of * Inlet, APEDCS,

RHStack,Oulet, and VCell_

The requirement that the FC stack must deliver a system voltage of 250 V means that we can
correlate the number of single cells in the FC stack (nC ell) to the operating voltage of a single cell

in the FC stack (VC ell) through equation S170.

250
Ny = (V—) (5170)
Cell

We can calculate the gross power of the FC stack (P Gross; kW) using equation S171.

250

Pross = el celV cenn = (V_)I celV cen = 2501,y (S171)
Cell

We note that we replaced Neell in equation S171 with the expression that we derived for it in
equation S170, which allowed us to derive an expression that correlates Pgross to only the FC stack

current (I Cell), By definition, Pgross consists of two components: 1) The power requirement of the

ot = 80 kW

electric traction motor of the LDV that drives the vehicle wheels (P ); 2) The total

parasitic power requirement of the FC system (PPamSl'tiC; kW).2 Consequently, we can write

equations S172-1 and S172-2.

Gross

= PNet + PParasitic = PNet + POther + VParasiticIB’OP = PNet & Other +
(5172 -1)

PNet&Other = PNet + POther =80.1 kW (5172 - 2)



Equation S172-2 presents the definition of P Net & Other  which is a known constant. By

combining equations S171 and S172-1, we can derive an expression for Ieen (equation S173).

I _ PNet&Other (5173)
Cell —
¢ 250 X (1 _ VParasitic)
Cell

We can subsequently calculate the active area of a single cell in the FC stack (AActive Cell) and

the total active area of the stack (AActive Stack) using equation S174.

Ieenr 250

AActive Cell = i ) AActive Stack = nCellAActive Cell = (

v ) X AActive Cell (5174)
Cell Cell

In equation S174, (iCell; A/m?) is the FC geometric current density provided by our
comprehensive FC model, which, as we explained before, is independent of Apctive Cell,

Implementation of the third constraint

The third constraint states that the size of the radiator rejecting waste heat to ambient should

be reasonable for incorporation into a light-duty automobile. According to the SA comprehensive

Q kw
. o (P nrer = 145 .
report, placing a heat rejection criterion of ( AT C) ensures that the size of the

radiator is reasonable.? Using equation S162, we can write the criterion as follows:

( Q ) _ PGross X (1.25 - VCell)
Am/HTCL —
AT VCell x (TStack - TAmbient)

kW
<145 (S175)

We can combine equations S171 and S173 to derive an expression that correlates Pgross 1o

only VParasitic and VCell (equation S176).



PN & Oth PN & Oth
=250 X I, = 250 X Lo o ‘; T (5176)

Parasitic

p

Gross
VParasitic

250 x (1 — — ety g _
Cell Vien

By substituting equation S176 in equation S175, we get the following inequality, which is

1.45 X AT 7,

1.25+ ( ) X VParasitic(PStack, Inlet'APEDCS'fOZ’RHStack, 0ulet'VCell)
Net & Other

1.45 X AT 7,
( ) +1

PNet& Other
= VLower bound(PStack, Inlet'APEDCS'fOZ’RHStack, Oulet’VCell) = VCell (5177)

In equation S177, (ATH TCL ;°C) is the difference between the operating temperature of the FC

—_ O, —_ O,
stack (TStaCk =95 C) and ambient temperature (TAmbieﬂt =40 C) and Y Lower bound is a known
. : . . . . pStack Ap fo
auxiliary parameter with the units of potential (Volts) that is a function of * Inlet, =" EDCS =~ ~2,

RHStack,Oulet, and VCell. Enforcing the inequality presented in equation S177 is mathematically

equivalent to enforcing the inequality in equation S175.

We enforced the inequality in equation S177 using the well-known penalty function method.*’
This method adds a penalty function to the objective function. The penalty function significantly
increases the objective function when the constraint is violated and subsequently eliminates the
chance of being selected as the optimum for the set of free variables of optimization that violated
the constraint.*’ The penalty function consists of a big positive number called the penalty
parameter, which gets multiplied by the measure of constraint violation. The measure of constraint
violation is the amount of constraint violation when the constraint is violated and is zero when the
constraint is not violated.*’” Following the above discussion, we applied a cost penalty function to

the total FC system cost for the LDV presented in equation 1 in the paper. Therefore, we



implemented equation 1 in the paper as equation S178 at the time of optimizing the total FC system

cost.

CSystem
= CStack + CEDCS + CAir + CHumid + CThermal + CFuel + CBOP,Additim

In equa‘[ion 8178’ (CSystem; $), (CStack; $)’ (CEDCS; $), (CAiT‘; $), (CHumid; $)’ (CThermal; $), (

Cr uel; §), and (CB Op,Additional; §) are the total FC system cost for the LDV, the FC stack cost, the

EDCS unit cost, the air management system cost, the humidification management system cost, the

thermal management system cost, the fuel management system cost, and the cost of additional

BOP components. (CPenaltY; $) is the cost penalty function defined in equation S179.

0; if (VLower bound = VCell)

c =80 x 10° x .
Penalty (VLower bound ~ VCell); lf(VLower bound > VCell)

(5179)

As it is clear from equation S179, if the inequality in equation S177 is valid, the cost penalty

would be zero. Any violation of the inequality in equation S177 will result in a significant increase

in Crenaity and consequently CS)’Swm. For example, if Y Lower bound is higher than Vceu by only
0.001 mV, the cost penalty function will have the value of 80000 $ (1000 $/kWy.), ensuring that
the optimized FC system does not violate the inequality presented in equation S177.

Details of implementing the 1-D FC sandwich model that operated based on the average inlet
and exit pressure and composition of the anode and cathode gas channels in our cost

optimization approach in a computationally efficient manner

As mentioned in the paper, we optimized the total FC system cost using a 1-D FC sandwich
model that operated based on the average inlet and exit pressure and composition of the anode and

cathode gas channels. As mentioned before, the 1-D FC sandwich model is quite computationally



expensive, and for a complex multi-variable optimization problem like the one considered in this
paper, finding the global optimum requires a large number of objective function evaluations based
on the execution of the 1-D FC sandwich model which makes acquiring results in a reasonable
time impractical. Therefore, we implemented the below-described sensible approach, which
maintains the underlying physics of the 1-D FC sandwich model in our global optimization while
enabling much faster execution times for our global optimization. We note that to run our global

optimization, we only need to know the geometric current density (
bp- MEA) provided by our 1-D FC model for the range of the FC stack operating parameters in the

optimization. Consequently, "D -MEA s only a function of four independent variables that

Stack
represent the operating parameters of the FC stack, namely: the stack inlet pressure (* Inlet), the

thickness of the anode and cathode electrocatalyst layers (tACL and bc CL), and the operating voltage

of a single cell in the FC stack (VCell). Therefore, we formed a 4-D matrix of the values of four

independent variables in their assigned range (we discussed the assigned ranges to the FC stack

Stack
operating parameters in the optimization process in detail in the paper): * Inlet values (25

equidistant points on a logarithmic scale varying between the lower bound and higher bound of its
specified range), tact and fect values (25 equidistant points on a logarithmic scale varying

between the lower bound and higher bound of their specified range), and Veell values (20
equidistant points varying between the lower bound and higher bound of its specified range). The

only exception to these value assignments was for Fe-N-C containing system where: 1) For the

case where we assigned a lower bound of 1 um and a higher bound of 132.5 um to tCCL, we
assigned 60 equidistant points on a logarithmic scale varying between the lower bound and higher

bound of the specified range, and 2) For the case where we assigned a lower bound of 1 pm and a



higher bound of 70 um to tCCL, we assigned 30 equidistant points on a logarithmic scale varying
between the lower bound and higher bound of the specified range. Subsequently, we ran the 1-D

FC sandwich model over the 4-D matrix of the values of four independent variables and stored the

"D - MEA results in a matrix. Finally, at the time of global optimization objective function

evaluation, we used the matrix of results and the matrix of independent variables’ values and

performed a cubic spline interpolation to calculate "10 - MEA,



Figures

CGC-FD

IMEA

AGC-FD

tMEA

Figure S1: Schematic diagram of our pseudo-2-D FC model, which is a 1-D FC sandwich model
coupled with a 1-D down-the-channel model. The 1-D FC sandwich model only considers the
direction normal to the MEA along the MEA thickness. The 1-D down-the-channel model consists
of mass balance down the channel for the reactants and water coupled with an assumption of linear
total pressure drop along the flow channels. The dashed lines show the flow and pressure drop
direction in the anode and cathode flow channels. AGC-FD: flow direction in the anode gas
channel; AGC: anode gas channel; AMPL: anode microporous layer; ACL: anode electrocatalyst
layer; Mem: membrane; CCL: cathode electrocatalyst layer; CMPL: cathode microporous layer;
CGDL: cathode gas diffusion layer; CGC: cathode gas channel; CGC-FD: flow direction in the
cathode gas channel; t,: the thickness of layer ”x”; lyga: the length of MEA; wyga: the width of
MEA; dz: the thickness of a discretization unit of a single cell which acts like a FC operating under
“differential” conditions which we modeled using a 1-D FC sandwich model;
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Figure S2-1: The ORR electrocatalyst activity at 0.9 V vs. RHE measured by rotating disk electrode (RDE)
in alkaline electrolyte (except for Pt;NiMo/C, whose activity was measured by RDE in acidic electrolyte)
vs. the specific interfacial area of the ORR electrocatalyst. ORR electrocatalyst additional information (the
values in parentheses are the electrocatalyst loading in the carbon-supported electrocatalyst, ECSA of the
electrocatalyst, and electrocatalyst material cost). AgNiFeP/C (20 wt. %; 43.61 m?/g; 0.304 $/g)*;
Pt;NiMo/C (21.63 wt. %; 67.5 m?/g; 43.324 $/g)*; PAMo/C (20 wt. %; 138.7 m?/g; 57.534 $/g); Pt/C (46
wt. %; 62 m?/g; 1500 $/tr.0z)**; MnCo0,0,/C (80 wt. %; 32.73 m?/g; 0.0294 $/g)?!; Fe-N-C (NA; 550 m?/g;
0.0929 $/g)'°; All the reported specific activities in Figure S2-1 are at 25 °C and 1 atm partial pressure. The
arrows in the figure demonstrate how much improvement in the intrinsic activities of the ORR
electrocatalyst is required to achieve the cost target of 30 $/kWxy,, for (PdMo/C-Ru;Ni;/C) and ((Fe-N-C)-
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Ni/N-doped C) HEMFC systems.
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Figure S2-2: The HOR electrocatalyst activity measured by RDE in alkaline electrolyte (except for Pt/C,
whose activity was measured by hydrogen pump in acidic electrolyte) vs. the specific interfacial area of the
HOR electrocatalyst. HOR electrocatalyst additional information (the values in parenthesgz RarthO};ee
electrocatalyst loading in the carbon-supported electrocatalyst, ECSA of the electrocatalyst, Ta *c
and electrocatalyst material cost). Ru;Niz/C (20 wt. %; 40 m?/g; 1.5; 0.5; 11.289 $/g)°!; Pt/C (20 wt %; 100
m?/g; 0.5; 0.5; 1500 $/tr.0z)3?>2; Ni/N-doped C (83 wt. %; 31.35 m?/g; 0.5; 0.5; 0.0189 $/g)3; PtRu/C (60
wt. %; 62.51 m%/g; 1.5; 0.5; 36.578 $/g)**; We assumed that 60 wt. % PtRu/C has the same ECSA as that
of 40 wt. % PtRu/C.>* We normalized the HOR specific activity of 20 wt. % Pt/C measured by the hydrogen
pump to 25 °C and 1 atm of partial pressure using activation energy of 16 kJ/mol. Consequently, all the
reported specific activities in Figure S2-2 are at 25 °C and 1 atm partial pressure. The arrows in the figure
demonstrate how much improvement in the intrinsic activities of the HOR electrocatalysts are required to
achieve the cost target of 30 $/kWy for (PdMo/C-Ru;Ni;/C) and ((Fe-N-C)-Ni/N-doped C) HEMFC

systems.
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Figure S3: Comparison between model results and experimental data (a) 1-D FC sandwich model
results vs. experimental data for a GM’s PEMFC operating in differential mode (differential mode
corresponds to high gas flows rates giving >10 H;, and O, stoichiometry; 5 cm? active area single
cell). Operating conditions of the PEMFC in the order of anode/cathode: Hy/air, 80 °C, 100/100%
RH, 150/150 kPapps. (b) Pseudo-2-D FC model results vs. experimental data for a GM’s PEMFC
operating in counter-flow mode (50 cm? active area single cell). Operating conditions of the
PEMFC in the order of anode/cathode: Hy/air, 94 °C, 65/65% RH, 250/250 kPaapsoutiet,
stoichiometries of 1.5/2.
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Figure S4: Comparison between model results and experimental data (a) 1-D FC sandwich model
results vs. experimental data for a GM’s PEMFC operating in differential mode (differential mode
corresponds to high gas flows rates giving >10 H;, and O, stoichiometry; 5 cm? active area single
cell). Operating conditions of the PEMFC in the order of anode/cathode: Hy/air, 80 °C, 100/100%
RH, 150/150 kPapps. (b) Pseudo-2-D FC model results vs. experimental data for a GM’s PEMFC
operating in counter-flow mode (50 cm? active area single cell). Operating conditions of the
PEMFC in the order of anode/cathode: Hy/air, 94 °C, 65/65% RH, 250/250 kPaapsoutiet,
stoichiometries of 1.5/2.
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A ~1/8 inch (~0.003175 m) overlap of the gasket over the CCM exists on each
side (the figure is not drawn to scale)

Figure S5: (a) MEA cross-section view (b) MEA top view. GDL: gas diffusion layer coated with
MPL; CCM: electrocatalyst-coated membrane.
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Figure S7: Schematic diagram of the cross-flow membrane humidifier.
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Figure S8: In a counterflow heat exchanger of infinite heat transfer area, one of the two scenarios
depicted in Figure S8 is the thermodynamically feasible one. In scenario (a), the cold stream outlet
temperature reaches the hot stream inlet temperature while the hot stream outlet temperature
remains above the cold stream inlet temperature. In scenario (b), the hot stream outlet temperature
reaches the cold stream inlet temperature while the cold stream outlet temperature remains below
the hot stream inlet temperature.
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Figure S9: In a counterflow humidifier of infinite mass transfer area, one of the two scenarios
depicted in Figure S9 is the thermodynamically feasible one. In scenario (a), the dry air stream
outlet H,O activity reaches the wet air stream inlet H,O activity while the wet air stream outlet
H,O0 activity remains above the dry air stream inlet H,O activity. In scenario (b), the wet air stream
outlet H,O activity reaches the dry air stream inlet H,O activity while the dry air stream outlet H,O
activity remains below the wet stream inlet H,O activity.



Tables

Table S1: Dimensions of the modeling domains and the values of transport parameters used for

each domain. Eqn “x”:

: equation x in the electronic supporting information.

Parameter Value
The thickness of GDL, MPL, GDM, and GM-case: 200; 30; 230; 25 um
membrane

Base-case: 105; 45; 150; 10 um
30 $/kWye-case: 90; 20; 110; 10 pm

The thickness of electrocatalyst layers

Eqn S1&S2

The porosity of GDL, MPL, and
electrocatalyst layers

0.785%; 0.5854; 0.7

Ionomer volume fraction in the membrane
and electrocatalyst layers

GM-case: 1; 0.15
Base-case: 0.95; 0.15
30 $/kWye-case: 0.95; 0.15

Electrocatalyst volume fraction in
electrocatalyst layers

0.15

Thermal conductivity of GDL, MPL,
electrocatalyst layers, and membrane

1.45%6;0.2; 0.18%7 W/(m.K); Eqn S5&S6

Thermal contact resistance between flow field

3.4 x10% (K.m2)/W

number of H,O molecules per charged group
at equilibrium, and permeation coefficient of
ionomers

and GDL
Effective diffusivity Eqgn S7 to S11
Total area-specific electronic resistance 20 mQ.cm?
The electronic conductivity of the carbon- 120 S/cm
supported electrocatalysts
The ionic conductivity, H,O permeability, the Eqn S14 to S23




Table S2: Cost breakdown of BPPs of the 2018 LDV PEMFC system as reported in the SA
comprehensive report?

BPP materials BPP BPP tooling BPP BPP total
cost manufacturing cost cost coating cost cost

($/Stack) ($/Stack) ($/Stack) ($/Stack) ($/Stack)
204 64 52 68 388

Table S3: Details of cost calculation of the coolant reservoir, coolant pump, and coolant piping for
the EDCS unit

Component Cost of the component in the low- Cost of the

temperature coolant loop of the 2018 component in

LDV PEMFC system ($)? the EDCS unit
$)
Coolant reservoir 6 1.8
Coolant pump 16 4.8
Coolant piping 5 1.5
Total cost 8.1

Table S4: The values of Cy, Cp, and y for O,, N, and H,O that we used in our model. R,: the
universal gas constant=8.314 J/(mol.K).

Gas Cy (J/(mol.K)) Cp (J/(mol.K)) y
0, 25R, 3.5R, 7

5

N, 2.5R, 3.5R, 7

5

H,0 3R, 4R, 4
3




Table S5: The cost breakdown for the air management system for the 2018 LDV PEMFC system
reported in the SA comprehensive report (¥ comp,out = 257 &M g q Pparasitic = 837 kW) for two cases,
one with an expander and one without an expander.?

The air management system cost The air management system cost
(with an expander (without an expander)
Compressor-expander- 363.25 | Compressor-motor cost ($) 243.65

motor cost ($)
Motor controller cost ($) 437.72 Motor controller cost ($) 437.72

The cost of other 237.84 The cost of other 237.84
components, which components, which remains
remains constant ($) constant ($)
Total cost ($) 1038.81 Total cost ($) 919.21

Cost savings because of the elimination of expander ($)=119.60
The ratio of compressor-motor cost to compressor-expander-motor cost=0.67076

Table S6: The FC stack operating parameters, geometric current density associated with a single
cell in the FC stack (icen), and the cathode outlet RH (RHcathode,0ur) for (PdMo/C-PtRu/C) and
(PdMo/C-Ni/N-doped C) HEMFC systems.

FC system PdMo/C-PtRu/C | PdMo/C-Ni/N-doped C
Leathode (mg/cm?) 0.0413 0.0319
teer (um) 5.744 4.433
Lanode (mg/em?) 0.0383 3.4680
Lact (um) 1.000 49.648
Veen (V) 0.651 0.650
Ps,ff;g’;(atm) 1.729 1.763
RHcathode.0ut 0.760 0.811
icen (A/cm?) 1.858 1.335
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