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Definition of system

System — a group of units so combined

as to form a whole and to operate in unison

Webster Dictionary




Air supply

Fuel cell system components

Fuel cell stack

Oxygen/air supply

Hydrogen supply

Water and heat management

Fuel processing and integration of fuel processor

Power conditioning and controls



02 supply

Pure oxygen can be recirculated

oxygen
circulation pump

pressure
oxygen tank regulator

fuel cell 02 purge

water
separator

pressure
oxygen tank regulator

fuel cell

water 02 purge

separator

ejector



Water balance

02 supply

IhH2O,in T rhHzo,gen = rhHzo,out
Water at exhaust may be present in vapor and liquid form
IhH2O,in T IhH2O,gen = IhH2O,0ut(V) T IhH2O,out(1)
For a closed loop system
IhH2O,gen = IhH2O,0ut(1)
Therefore:
IhH2O,in = IhHZO,out(V)

Water at inlet may be present in vapor and liquid form
(depending on pressure, temperature and flow rate)

M50 in(v) T M20 0 (1) = Mu20 0ut(v)
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My0in(1) = My20,0ut(v) ~ MH20,in(v)

t.. is unknown but may be found out from energy balance
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02 supply

Achievable oxygen temperature at the stack inlet
when the oxygen exhaust is recirculated back to the inlet

02 inlet temperature (°C)
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Dashed lines — atmospheric pressure
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Oxygen supply with humidification

02 supply

oxygen
circulation pump

heat exchange ~ 1 water
humidifier separator

water

pressure
heat

oxygen tank regulator

02 purge

Amount of water needed for humidification:

INcell (PPsat (Tin ) Psat (Tout )
. =— ¢l M S —(Sq, —1
mHzO’m 4F H20|: o2 Pin o (PPsat (Tin ) ( o2 ) Pout _ Psat (Tout )

Heat needed for humidification can be calculated from energy balance:



oxygen
circulation pump

Energy balance

02 supply

s5water

pressure
heat

oxygen tank regulator

02 purge

fuel cell water
h, separator
Heat needed for humidification:
Qin — h3 _hl _h4 _hs
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Air supply

Air supply for fuel cell system

Atmospheric pressure

blower

Pressurized

air compressor
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fuel cell

|

fuel cell

air exhaust
—

m air exhaust

backpressure
regulator



Air supply

Compression power

k-1
Ideal (adiabatic): W= A Tp P,
comp
ncomp P1
. Wcomp
Total power needed: WEM —
T‘lmech ) T‘lEM

Temperature at the end
of compression:
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Air supply

Compression power
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Air supply

Stack operation at different pressures

average cell potential (V)
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Compression power
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Current density:

1
L\ —=— 30 psig (308 kPa)  |60°C
S X H2/Air ||
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‘ Cell voltage:

Power density:

14

=5;v=06 q Wcomp/ Wstack .
=3; V=0.7

S$=2;V=0.6

S=2; V=0.7

Compression power

Net power:

W

net __

i Efficiency:

V Wnet

cell

T]sys — T]FC

W, 1.482 W,

300 kPa

0.8
0.66
0.528
0.17
0.088
0.44
0.37

M Each stack has different polarization curves

B Selection of operating pressure also depends on other factors

(temperature, humidity ...)

170 kPa

0.8
0.60
0.48
0.083
0.040
0.44
0.37

A/cm?

W/cm?2

W/cm?2
W/cm?2

Air supply



Characteristic of positive displacement compressor

Y2 power

pressure
Nominal operating point

(nominal power)

Stack & pipeline
pressure/flow rate
_‘/ characteristics
AP
""""""""""""""""""""" back pressure

flow rate

Reduction of flow rate does not need a change in back-pressure
for positive displacement compressors



Characteristic of centrifugal compressor

Y2 power

pressure
Nominal operating point

Stack & pipeline
pressure/flow rate
« characteristics

---------------------------------------- back pressure

flow rate

Reduction of flow rate requires reduction of pressure for
centrifugal compressors



>
g
.2
Often, humidification is required
= fuel cell
: ' haust
°§ air compressor/blower \ \ m air exhaus
s backpressure
regulator

heat exchanger/
humidifier
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Air supply

Water & Heat

Water content in air

at various temperatures and pressures

100% relative humidity
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Air supply

Water & Heat

Air must be humidified (often saturated)

Humidification of air requires both water and heat
h

o)\

addition ]
of water
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X,/X, = const. ~ ¢ = const.

desired
saturation
temperature



Humidification of air requires both water and heat

Air supply

Water & Heat

Source of water in fuel cell system: condensed water from the exhaust

Source of heat in fuel cell system: fuel cell, compressor, fuel processor
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Methods of gas humidification

Air supply

E Bubbling

F Membrane

B Water injection

Water & Heat

E Steam injection

» L —

4 »
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Air supply

Water & Heat

Humidification by Short Circuit

Nizo = —
H20 2F

Tnlet

Pressure
regulator

<
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Purge

Fan

Temperature
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>

a2 Air supply for fuel cell system

£
Using fuel cell water and heat at the cathode exhaust for
Inlet air humidification

= fuel cell

T

g air compressor/blower \ \

=

heat exchanger/
humidifier

air exhaust

backpressure
regulator




Air supply

Water & Heat

Temperatures and pressures where water generated
is sufficient to humidify reactant gases (hydrogen/air)

80
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pressure (kPa)



Air supply

Water & Heat

Air supply with humidification and liquid water collection

fuel cell
water
: air exhaust
air compressor/blower \ \ separator
' backpressure

regulator
heat exchanger/

humidifier
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Air supply for fuel cell system
with compressor/expander

fuel cell

humidifier

heat h / water
eat exchanger
air compressor 9 \ \ separator

air exhaust expander
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Air supply

Expander power

Wexp = M pjrout Cp -1

out

Nexp

Temperature at the end of expansion

T g=T

out

-T

end

out

out

k-1

Nexp




Air supply

Compression power w/compressor/expander

0.4
0.35 -
0.3 -
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—n—S8=2; V=0.7

- =0= = W/expander

- =A= = W/expander

compression power/stack power

100 150 200 250 300 350 400

pressure (kPa)

Pressure at the fuel cell inlet
Pressure drop: 20 kPa
Fuel cell temperature: 80°C
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Fuel cell system components

H2 supply

Fuel cell stack

Air supply

Hydrogen supply

Water and heat management

Fuel processing and integration of fuel processor

Power conditioning and controls



Hydrogen supply for fuel cell system
in dead-end mode with intermittent purging

hydrogen
purge

H2 supply

pressure
hydrogen tank regulator

- @ \ fuel cell \

©2002 by Frano Barbir.



Hydrogen supply for fuel cell system
with recirculation

hydrogen

circulation pump hydrogen

purge

H2 supply

pressure

hydrogen tank regulator

hydrogen
purge

pressure
regulator

hydrogen tank

fuel cell

ejector \ \
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Hydrogen supply for fuel cell system
with humidification

2 hydrogen
Q.
2 circulation pump hydrogen
S purge
T pressure
hydrogen tank regulator
5
I
°§ water
§ separator

hydrogen

circulation pump hydrogen

purge

pressure

hydrogen tank regulator

humidifier/
heat exchanger
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Hydrogen supply for fuel cell system
with hydrogen flow through and afterburner w/expander

>
e
®
o pressure

hydrogen tank  regulator

fuel cell
. - ﬁeai exchanger/
air compressor humidifier !
— burner
air exhaust expander
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. Py |k
ExPander power. Wexp = Mgy, - Cpexh | TB 1- (Poj nexp

H2 supply

Energy balance for the afterburner:

T

out

Mot My out
Mys0inAirout My50inH20ut

mexhaust

The more hydrogen is burned the more power is generated in expander



Does it make sense to waste hydrogen on combustion?

Wnet . Vcell 1 WFC - Waux Waux = Wother + Wcomp - Wexp

Noys =FC W ~1482S, W

H2 supply

N
%

0.43
0.42 -
0.41 -

0.4 -
0.39
0.38 -
0.37 -
0.36

0 . 35 I I I I I I
880 900 920 940 960 980 1000 1020

net power output (W)

system efficiency (HHV)
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Fuel cell system components

Fuel cell stack

Air supply

Water & Heat

Hydrogen supply
Water and heat management
Fuel processing and integration of fuel processor

Power conditioning and controls



Water and heat management for fuel cell system

fuel cell '
cooling loop
------- water heat

ipump exchanger

water

i tank | | =
O ---fF--- T fan
Heat to be removed:

Heat from the fuel cell — heat to the humidifiers
Q=m,C, At At =5-10 °C 2> m_,

Water & Heat

humjdification

Water balance:

My20inairin ¥ Mu20inH2in ¥ Mu20gen = MHu20inAirout ¥ MH20inH20ut
Tank:

My20inAirout,L. ¥ MH20inH20ut,L = (My20inairin = MH20inAmbair) ¥ MH20inH2in

002 by Frano Barbir.



External heat exchanger:  Quy o, = hALMTD

LMTD = logarithmic mean temperature difference

Water & Heat

Tec = 60-80 °C
T, ., = -30/+40 °C

LMTD <40 °C

QHX,rem

h LMTD




Water and heat management for fuel cell system
with separate water and coolant loops

fuel cell
| r—

Water & Heat
[

cooling loop
coolant heat
pump exchanger

O water |><“b<] fan
tank

water

pump
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Fuel Cell System with Air Cooling

N
e e \\_,L

o

water
pump

Water & Heat
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Example of a hydrogen/air fuel cell system

\ ' backpressure

load
i DC/
¢ m DC
pressure
hydrogen tank regulator
= fuel cell
T
o
g air compressor \
=
heat exchanger/
K"U humidifier water
um
heat water -
exchanger tank
start-up
battery ._‘{ I——o fan
J J
| :
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hydrogen
purge

air exhaust

regulator



EEEEEEEEEEEEEEE

Actual fuel cell system e

back-pressure _
regulator DC/DC inverter hydrogen tank

EEEEEEEEEEEEEEEEEE

heat

air compressor

main loagd battery
propulsi
motor
water tank
air
humidifier

water pump
Mike’s shoes, oops!



Example of a hydrogen/oxygen closed-loop fuel cell system

hydrogen tank

hydrogen

‘ circulation pump purge

fuel cell v

oxygen tank oxygen
m circulation pump‘

water
separators

heat exchangers/
humidifiers

heat

i i exchanger

water water
tank PUmMp
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First PEM Fuel Cell Powered Submarine (1989)
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Fuel cell system components

Fuel cell stack
Air supply
Hydrogen supply

Water and heat management

Fuel processor

Fuel processing and integration of fuel processor

Power conditioning and controls



Example of hydrogen/air fuel cell system

pressure
hydrogen tank regulator

air compressor

start-up
battery

heat exchanger/
humidifier

load

? DC/
0 DC

fuel cell

*—

| eV
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hydrogen
purge

air exhaust

backpressure
regulator



Fuel cell system with fuel processor

load
fuel DC/ hydrogen
® N DC purge
fuel processor 9
fuel cell
air exhaust
air compressor

backpressure
regulator

heat exchanger/
humidifier

start-up
battery

L eV
| N
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Fuels being considered (other than hydrogen)
* Natural gas

* Propane

* Methanol

« Gasoline

 Other liquid hydrocarbons

 desulfurized gasoline
* hydrocrackate
- alkylate/isomerate
» gas-to-liquid light paraffin
* hydrotreated condensate

Fuel processing processes being considered
« Steam reforming
 Partial oxidation

* Autothermal
©2002 by Frano Barbir.



Basic Equations

Combustion:

Partial Oxidation:

Steam Reforming:

Gas Shift:

Preferential oxidation:

Water evaporation:

©2002 by Frano Barbir.

CH, + 20, — CO, + 2H,0(g) + 802.5 kJ
C¢H,; + 12.50, — 8CO, + 9H,0(g) + 5,063.8 kJ
CH,OH + 1.50, —> CO, + 2H,0(g) + 638.5 kJ

CH, + 40, — CO + 2H, + 39.0 kJ
CgH,; + 40, —> 8CO + 9H, + 649.8 kJ
CH,OH + 1,0, — CO, + 2H, + 154.6 kJ

CH, + H,0(g) + 203.0 kJ — CO + 3H,

C¢H,; + 8H,0(g) + 1,286.1 kJ —> 8CO + 17H,
CH,OH + H,0(g) + 87.4 kJ — CO, + 3H,

CO + H,0(g) —> CO, + H, + 37.5 kJ

CO +0.5 0, - CO, + 279.5 kJ

H,O(l) + 44.0 kJ — H,0(g)



HEAT OF FORMATION

H2
02

N2

CO
CO2
H20(g)
H20(1)
CH4
CH3OH
C8H18

MW

2.016
31.9988
14.0067
28.0106

44.01
18.0153
18.0153

16.043
32.0424
114.23

HF
kJ/mol
0
0
0
-113.8768
-393.4043
-241.9803
-286.0212
-74.85998
-238.8151
-261.2312

Source: R.C. Weast, Handbook of Chemistry and Physics, CRC Press, 1988



STEAM REFORMING

Exhaust

Fuel
C3H8
CH;0OH
C8H18

— Steam
Reforming

t Steam
H,O

CxHy
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PARTIAL OXIDATION

Fuel Air
CH, 0,
C,H, N,
CH,OH

C8H18 |

. ::> Partial
CyHy Oxidation
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AUTOTHERMAL

Fuel
CH,
C3H8
CH;OH
C8H18

CxHy

Steam
Reforming

t Steam
H,O
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Overall equations for CH, CgH,; and CH;OH

C.H,,O, *+ x0O, * (2n — 2x — p)H,0 — nCO, + (2n — 2x — p + M/2)H,

CH, + xO, + (2 - 2x)H,0 —» CO, + (4 — 2x)H,
CH;OH + xO, + (1 — 2x)H,0 —» CO, + (3 — 2x)H,

Hydrogen out _ mol H, x H, heating value

Efficiency = Fuelin

mol fuel x fuel heating value

For CH,:

24
Effici LHV)= (4-2
iciency ( )= ( X) 8025

= 0.3 - (4 - 2x)

28
Efficiency (HHV) = (4 — 2x)

= 0.321 - (4 - 2x)
890.6



Fuel cell system with fuel processor

air water

fuel

\ /
X
fuel cell

‘ air exhaust

NS

backpressure
regulator

air compressor

heat exchangetr!
humidifier l water heat
pump exchanger

(m) ﬁ@< fan

()
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Integration of fuel cell system with fuel processor
adding air and water supply

air

fuel

Ve

fuel cell o

air exhaust
air compressor I ‘ -><
backpressure
regulator
heat exchanger/
(m) humidifier water heat

pump exchanger
m %:I fan
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Integration of fuel cell system with fuel processor

fuel cell

!

l water heat
pump exchanger

heat exchange
humidifier
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Integration of fuel cell system with fuel processor

fuel cell

rl

l water heat
pump exchanger

heat exchange
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Integration of fuel cell system with fuel processor

fuel cell

heat exchanger/
humidifier

water heat
pump exchanger
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Integration of fuel cell system with fuel processor
adding a separate cooling loop

1

I . .
1 ﬂ fuel cell
I
air compressor II ‘
condenser ‘ heat exchanger/
humidifier coolant heat

pump exchanger
? m expander
m %j fan
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Fuel processor is more than a box!

fuel
processor

©2005 by Frano Barbir.

tail gas
burner
steam anode tail gas
exhaust 1 generator
<
cathode tail gas
heat exchanger
water
— PROX
air redctor

reformer
reactor

fuel

desulfurizer

preheater

shift

reactor

PROX
reactor

heat exchanger

coolant

reformate gas

>




Issues on fuel processor integration with fuel cell

» start-up fuel
« quality of gas product during start-up
* start-up time
« controls
» supply pressure (fuel, water, air)
- efficiency (heating value of hydrogen/fuel)
* heat loss
* possibility of using heat from combustion of fuel cell exhaust gases
» reformate composition
* hydrogen content
» water content
« CO content
» reformate temperature
* pressure drop
« water consumption
- quality of water downlet
* emissions
 turn-down ratio
 transient behavior

©2002 by Frano Barbir.



Fuel cell system components

Fuel cell stack

Air supply

Hydrogen supply

Water and heat management

Fuel processing and integration of fuel processor

Power conditioning and controls

Power&Control



Fuel cell system design
from electrical engineering point of view

Voltage match
Power conditioning
Battery requirements

Controls

Power&Control

©2002 by Frano Barbir.



Fuel cell generates power at variable voltage!
Most loads cannot tolerate big voltage swings!
Voltage correction is required!

Voltage increase is required Boost converter DC/DC

2
5 Voltage increase and
o ) :
£ | fueios decrease Is required Buck-boost converter DC/DC
‘g / polariZati =
> Ncy e
7
Voltage decrease is required Buck converter DC/DC
power I:’nom

Power&Control

In addition for AC load DC/AC conversion is required Inverter DC/AC

If ancillary equipment runs of voltage different than the load
more than one converter/inverter may be needed in the system!
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Fuel cell control

¢ Start-up procedure
¢ Monitoring of operating parameters

¢ Control of operating parameters
current
air supply
hydrogen supply
temperature
¢ Shut-down procedure

normal
fail-safe

Power&Control

©2002 by Frano Barbir.



Power&Control

Parasitic loads

=> air supply (blower or compressor/expander)

=> coolant pump

= water pump(s)
=> heat exchanger fan(s)

-> solenoid valves - \:DE—
=> relays =13

= controller ?‘):1 [81

©2002 by Frano Barbir.



Fuel Cell System Efficiency (Hydrogen as Fuel)

n — Enet — EFC Enet
sys
d Hin Hin EFC
E
Eec neé =Nac
H =Mrc E_. _ —aux
" e Nbc
( g N
g Nsys = NMrcNac| 1-——
i . "Ioc y
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Fuel Cell System Efficiency (with reformer)

net electricity out

system efficiency = LHY fuel in Nsystem = MNrefMPROXMNfuNFcNaux

unused H,

| reformate reformate
+ CO (H2) DC AC or DC

| fuel cell =t  ——

fuel

Efficiency
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Definition of system efficiency

system efficiency =

net electricity out

LHV fuel in

MNsystem = NreflPROXNfuTlFcNaux

reformer efficiency =

LHV hydrogen out

LHV fuel in

©2002 by Frano Barbir.




Reformer efficiency
(POX/Autothermal)

methanol

octane

O
oo

efficiency (LH

o
N

i
o

2 3 4 5 6
oxygen equivalence ratio

oxygen equivalence ratio = (fuel/air actual)/(fuel/air theoretical for combustion)
©2002 by Frano Barbir.



Definition of system efficiency

net electricity out
LHV fuel in

system efficiency = Nsystem = MNrefMPROXMNfuNFcNaux

LHV hydrogen out
LHV fuel in

reformer efficiency =

LHV hydrogen out

PROX efficiency = LHV hydrogen in

©2002 by Frano Barbir.



PROX reaction: CO + 20, - CO,
Oxygen stoichiometric ratio = actual oxygen/theoretical oxygen

Unwanted (but unavoidable) reaction: H, + /2 0, - H,O

PROX efficiency

- ;\\-\
0.96

o 0
x T 15%Co
7 0.9
o |
0.88 < 2% CO
0.86 — — —
2 2.5 3 3.5

oxygen stoichiometric ratio
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CO level at PROX Outlet

Fuel: natural gas
Inlet CO: 1%

100
A 35KkW,,

'\ W 15 kW,
80

E \
Q
2
« 60 \
c
‘3 \\‘-
c A A
40 -

O
O 20

0

2.5 3 3.5 4

Oxygen Stoichiometric Ratio
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Definition of system efficiency

net electricity out
LHV fuel in

system efficiency = Nsystem = MNrefMPROXMNfuNFcNaux

LHV hydrogen out
LHV fuel in

reformer efficiency =

LHV hydrogen out

PROX efficiency = LHV hydrogen in

LHV hydrogen consumed

fuel utilization = =1/S
vet titfizat LHV hydrogen in fuel cell o H2
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Effect of fuel flow rate

1 1 |
NG2000 2-cell
ref./air 4R:;°'Ir_|"2'ate:
09 300 kPa i 400/: N2
< 60° 20% CO2
~—0.8 air stoich.2 |
S \k\
(=
0 0.7
g Q\\ﬁz\
(@] )&
0.5 <
=15 = 13211
0.4 ! ! !

0 02 04 06 038 1 1.2 14

current density (A/cm?)
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Definition of system efficiency

net electricity out
LHV fuel in

system efficiency = MNsystem = MNrefMPROXMNfuNFcNaux

LHV hydrogen out
LHV fuel in

reformer efficiency =

LHV hydrogen out

PROX efficiency = LHV hydrogen in

LHV hydrogen consumed

fuel utilization = =1/S
vet titfizat LHV hydrogen in fuel cell o H2

gross electricity out Veell
LHV hydrogen consumed "IFc = 1 254

fuel cell efficiency =

©2002 by Frano Barbir.



Fuel cell efficiency

current (A) voltage (V)J
- _electricity out _ -V j

hydrogen in my.-AH hydrogen
Y 2 He heating value

fc

hydrogen 141,900 J/g (HHV)
mass flow )
“rate{gfs)— ~
hydrogen
molecular

number of
electrons

Faraday’s
constant

Ne. = V/1.482 (HHV)
M. = V/1.254 (LHV)
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Definition of system efficiency

net electricity out
LHV fuel in

system efficiency = Nsystem = MNrefMPROXMNfuNFcNaux

LHV hydrogen out
LHV fuel in

reformer efficiency =

LHV hydrogen out

PROX efficiency = LHV hydrogen in

LHV hydrogen consumed

fuel utilization = =1/S
vet titfizat LHV hydrogen in fuel cell o H2

o gross electricity out Vean
fuel cell efficiency = Nrc =
LHV hydrogen consumed 1.254
load off net electricity out N = Wiet
aux load eff. = =
gross electricity out aux W .+ W,

©2002 by Frano Barbir.



net electricity out Whet
aux load eff. = lectricit ¢ Naux =
gross electricity ou Wnet + Waux
e unusedH, _ __ _
I : WFC or Wgross

! reformate reformate |

fuel +CO ! DC AC or DC
el —p| fuel cell —K’
I w

Waux
Fg: Wau
FC

W.,.x same current and voltage as W, Naux = (T]DC - @)

S

different current and voltage than W, 1., =Mpc 1-——
Nac

W

aux




Parasitic load

=> air supply (blower or compressor/expander)
=> coolant pump

= water pump(s)

=> heat exchanger fan(s) —

-> solenoid valves - \:DE—
=> relays =13

= controller ?‘ﬁ ﬁ
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System efficiency

MNref = 0.8
Nprox = 0.97
Ns = 0.85 - | = syseff. =0.35 = syseff. =0.325 [ —
Nec = variable 3 027 . ./ ‘
Naux = Variable 3 =
aux S /
“;’ 0.15 -
o) :
Q. //} -
g 0.1 / /-/
S
S - 1
O
£ 0.05 L /_//
©
@
ol T
0 -

0.65 0.67 0.69 0.71 0.73 0.75
nominal cell voltage (V)



Fuel cell system efficiency

S 0.60

I

I fuel cell

cc:o hydrogen system

-g 0.40

= reformer system

2 030

o

2 020

o

0.10
25% 50% 100%
%nominal power
lectricit d d Fuel:

1y electrici roduce .
& Overall efficiency = _ yp natur?I gas
2 lower heating value of fuel consumed  gasoline
11}



HDL 82 FCPM Efficiency Diagram

80,0
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&
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4 £ 300
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® 20,0
2 =
E 10,0 FCS5
®* FC
0,0 & —_

0 10 20 29 38 46 54 62 68 75 82

0,000 20,000 40,000 60,000 80,000 100,000

FCS power (kW) Power (kW)

O Coolant pump B Air compressor H H2 Pump O Auxiliaries

+ /50 W of parasitic losses in IDLE MODE
+ 6350 W of parasitic losses @ max power
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Efficiency of fuel cell vs. ICE

efficiency (LHV)

0 20 40 60 80 100

power (% of maximum)

a) Low pressure, low temperature fuel cell system
b) High pressure, high temperature fuel cell system
c) Fuel cell system with an on-board reformer

d) Compression-ignition engine (diesel)

e) Spark-ignition engine

Efficiency



Fuel Cell Systems

The systems may be as simple as

or even more complicated



The simplest fuel cell system

Passive fuel cell with open cathode
Metal hydride bottle

PaxiTech
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Fond Colf Teohmolmpios

A simple fuel cell system
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Nexa Fuel Cell System

hydrogen
pressure purge
hydrogen regulator T T T T T
supply —D@—P

humidifier

| el

blower

exhaust

©2008 by Frano Barbir.



A bit complicated fuel cell system

back-pressure _
regulator DC/DC inverter hydrogen tank

heat

air compressor

battery

propulsi
motor

water tank
air
humidifier

water pump
Mike’s shoes, oops!




Automotive fuel cell system _
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Combined Heat and Power
Fuel Cell System

shift co

reformer tail gas burner

PROX

| fuel cell stack

desulfurizer

air filter blower humidifier

. o

’__heat ___
|condenser . exchanger,
i | coolant
F | - ; pump
< water . | | T gas boiler ~ domestichot !
pump - water system
[E—

fuel in

-

_________________________________________________________________



