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Abstract

An integrated ethanol fuelled proton exchange membrane fuel cell (PEMFC) power system was investigated following a second law exergy
analysis. The system was assumed to have the typical design for automobile applications and was comprised of a vaporizer/mixer, a stea
reformer, a CO-shift reactor, a CO-remover (PROX) reactor, a PEMFC and a burner. The exergy analysis was applied for different PEMFC
power and voltage outputs assuming the ethanol steam reforming at about 600 K and the CO-shift reaction at about 400 K. A detailed parametr
analysis of the plant is presented and operation guidelines are suggested for effective performance. In every case, the exergy analysis mett
is proved to allow an accurate allocation of the deficiencies of the subsystems of the plant and serves as a unique tool for essential technic
improvements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction During the last decade, the automobile industry has
adopted the technology of th@oton exchange membrane
The utilization of alternative fuels such as ethanol for fuel cell(PEMFC) as the most appropriate for power gener-
generation of electrical power in fuel cells may be consid- ation[10,11] PEMFCs are electrochemical devices able to
ered as a long-term policy capable of providing significant efficiently generate electricity, operating at low temperatures.
economic and environmental benefit. For many govern-  Hydrogen is the ideal fuel for PEMFCs, the only chemical
ments, ethanol represents a domestic energy source, an arspecies that may be adequately oxidized on the anode elec-
swer to the alleged future GQemission taxation and the trocatalyst of the cell at the selected operating temperatures
liquid renewable fuel which rises the least impediments on (350-400 K). However, a number of obstacles to the produc-

the conversion of their existed gasoline infrastruct(2ed]. tion and storage of pure hydrogen, have altogether forced the
Due to these reasons, ethanol has recently acquired a renewedehicle industry in the design alternative for onboard hydro-
interest in the fuel cell vehicle community—9]. gen production from a raw organic fuel, through catalytic

processes such as the steam reforming and the CO-shift re-
action. This fact resulted in an increase of the complexity
Abbreviations: DEFC, direct ethanol fuel cell; ED, overall exergy de- of the power SyStem’ not Only due to the addition of a re.-
struction in all devices of the plant; ELH, overall exergy loss through all former and_&.l CO-shift reactor but also due to the necessity
heat wastes from the plant to environment; EFG, overall exergy loss due to for the addition of a secondary energy source, a heat pro-
material waste; PEMFC, proton exchange membrane fuel cell; LHV, low ducing reactor (a burner) that would sustain the endothermic
heating value of ethanol (=1,235,000) reaction of the steam reformer. Even further, the inability of
Corre_spondlng al_Jthor. T_eI.. +30 24210_74065, fax: +30 24210 74050. the PEMFC catalysts (usually Pt or Pt/C) to tolerate the poi-
E-mail addresstsiak@mie.uth.gr (P. Tsiakaras). : .
sonous CO species from the reformate resulted also in the

1 Onleave from the Direct Alcohol Fuel Cells Laboratory, Dalian Institute : - - A
of Chemical Physics, CAS, P.O. Box 110, Dalian 116023, China. inevitable addition of one more reactor, aiming at the selec-

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.02.060
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Nomenclature

a

b

g o

xXs<-H03mOT 3

< X

Greek letters

AH
A

Superscripts

CH
CcoO
e

heat
Ho
PH
ref
shift

vap

number of ethanol moles in the initial mixture
with steam

number of steam moles in the initial mixture
with ethanol

number of CQ moles in the initial reacting
mixture of the CO-shift reactor

number of B moles in the initial reacting mix-
ture of the CO-shift reactor

exergy (J)

number of HO moles in the initial reacting
mixture of the CO-shift reactor

number of CO moles in the initial reacting mix-
ture of the CO-shift reactor

specific enthalpy (J mof)

efficiency of the heat transfer from the burner
(%)
energy loss from the burner to the environment
as a percentage of the LHV of ethanol (%)
mass flow rate (kgsh)

pressure (bar)

amount of heat (J)

universal gas constant (=8.314 J mbK 1)
specific entropy (J moft K—1)

absolute temperature (K)

PEMFC voltage (V)

PEMFC power (kW)

number of ethanol moles reacting in the steam
reformer
molar fraction
number of K moles reacting in the steam ret
former
number of CO moles reacting in the CO-shift
reactor

enthalpy difference (J mot)
factor of air excess in the PEMFC

indicative of the chemical exergy componen
indicative of the CO oxidation reaction
indicative of a species present in the environ-
mental chemical composition

indicative of exergy flow due to heat flow
indicative of the H oxidation reaction
indicative of the physical exergy component
indicative of the reactions occurring in the re
former

indicative of the reaction occurring in the CO}
shift reactor

indicative of the ethanol vaporization

Subscripts
cr critical quantity
H indicative of athermal sink of high temperature

Ho indicative of the H incoming in the PEMFC

H>O indicative of the steam produced inthe PEMFC

i indicative of a specific chemical species or ja
specific heat flow

Oy indicative of the @ incoming the PEMFC
from air

r reduced quantity

0 indicative of the standard conditions at 298
and 1.013 bar

1 indicative of the ethanol steam reforming rg-
action

2 indicative of the H reaction in the reformer

3 indicative of the CO-shift reaction

tive oxidation of CO (usually referred as the PROX reactor)
[10,11]

The increased complexity of these power systems leads
to a significant decrease of the overall energy conversion ef-
ficiency, far below the values calculated by the thermody-
namic studies of the autonomous PEMFC device, and also
in requirements for an appropriate energy management. In
this direction, first law energy considerations are usually em-
ployed, in terms of the amount of energy of each stream of
matter and heat inside the system, and results are obtained
according to simple energy calculations aiming at the de-
termination of the operation conditions (temperatures of re-
forming and CO-shift reactions, hydrogen utilization, etc.)
that are preferable in practice. Although theoretically sound,
these studies are unable to depict the magnitude of perfection
of the operation regime of the individual subsystems of the
plant. Second law considerations are inevitable when trying
to avoid these drawbacks.

The “exergy analysis method” has been established since
the age of the postulation of the second law and is capable
of defining a measure of quality in the amount of energy, de-
pending on the macroscopic conditions of the state at which
this energy quantity is availabj&2—14] By using “exergy”
as the term for this quality of energy, simple calculations may
provide valuable results for the departure of the operation
regime of a device or a plant from perfection. By following
the entropy generation principle of the second law of thermo-
dynamics and by defining “exergy destruction” (ED) as the
product of the entropy generated with the temperature of the
environment (the Gouy—Stodola theorem) the exergy analy-
sis provides an allocation of the exergy destruction rate in the
individual subsystems of the power plant and a quantification
of the order of excellence of the involved processes.

In the last decade, a number of papers dealing with the
exergy analysis of proton exchange membrane (PEM) fuel
cells fuelled by various fuels were publish§b-18] In
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the present study, the exergy analysis method was undertaneous reactions:
taken to illuminate the role of the second law analysis in

the improvement of the theoretical studies of an automo- C2HsOH + 3H,O = 2CO; + 6Hp (1)
bile PEMFC system fuelled by ethanol. The power sys-
tem was analyzed assuming an ethanol mass flow rate off2+CO2= H20 + CO @

0.046kgs?! (1mols?).
9s™( ) was established at a temperature of about 600 K. Both re-

actions(1) and(2) are endothermic and take place with heat

supplied from the burner. Further, the water-gas shift reaction
2. Model development

H2O 4+ CO = H2+CO, 3)
2.1. Chemical and electrochemical processes

was assumed to lead in equilibrium at a temperature of about

A FORTRAN model was constructed to simulate a pro- 400 K. Reaction(3) is weakly exothermic and its role is to

ton exchange membrane fuel cell (PEMFC) power plant fu- consume a significant amount of CO in the reformate mix-
elled by ethanol. The planf{g. 1) was assumed to consist ture while producing additional amounts of hydrogen. Given
of a vaporizer/mixer, a reformer, a CO-shift reactor, a CO- that CO is a potentially poisonous species for the Pt cata-
remover (PROX reactor), a PEMFC and a burner. Adjusted lysts of the PEMFC, its fraction in the fuel cell feed-stream
gaseous streams of ethanol and steam (with an appropriatenust be lower than 10 ppm if it causes no obvious effect on
steam/ethanol molar ratio RF equal to or greater than the PEMFC performancgl0,11] To meet this requirement, the
stoichiometric for ethanol reforming) were routed to the re- resulting mixture is routed to a CO-remover (PROX) reactor
former. The equilibrium composition of the following simul-  where the selective CO oxidation takes place according to the

Air
0,97 0,2 0,1 0,0020kg/s
17  To po 3 4 5 To, Po
0,0460kg/s T=373,15K T=400K T=400K 0,0
100 Ethanol Mixer 0,100Ckg/s T=600K | 0,100Ckg/s T=400K | 0,1000kg/s
Vaporizer 99,29 Reformer 106,46 CO shift 106,01 CO remover 6
2 11,60 0,26 0,16 0,39
1,96  Water
0,0540 kg/s
RF=3 8,92 8,41 T=400 K
T=400 K 0,102Ckg/s
0,0942kg/s 105,47
38,22 9 T=400 K
11 AFTERBURNER PEMFC
T=732K 13,73 10 8 20,44 7
0,2414kg/s Air T=400 K
kg/ : Air
6,74 0,1474kg/s 0,853¢s ;
To, Po 2,05 I A=3
0,4 00 1 0,9156ka/s
E] H l
17,60 i TePo
Environment | 1 0,0
1
T
1Extent of ethanol steam reforming: 92,86% Second law efficiency 27,22 % 1
2Extent of reaction (2): 18,85% Cell Voltage V=05V
3Extent of CO shift reaction: 92,86% Hydrogen utilization U= 70 %

Fig. 1. Analysis of the PEMFC power system figs =600 K, Tspiit =400 K, U=70%,V=0.5V. The total exergy destruction in the plant is 38.22% of the
chemical exergy of ethanol and the second law efficiency is 27.22%.
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Table 1

The extent (%) of the reaction of ethanol steam reforming as a function of the temperature of the reaction and the selected reforming factor

Temperature of reforming (K) Equilibrium constakg, RF =3 (stoichiometric) RF=4 RF=5

300 778x 10713 3.40 345 352

350 468x 1078 8.00 996 1185

400 Q00018 2199 2730 3237

450 Q110496 4492 5556 6505

500 187839 6908 8414 9373

550 125514 8503 9825 9981

600 41633 9286 9993 9999

650 805820 9610 9999 9999

700 1021x 107 98.04 9999 10000

750 9227 x 107 98.85 10000 10000

800 6331x 10° 99.28 10000 10000

exothermic reaction Egs.(6)—(8) are corrected forms of the equations given by
Larminie and Dickg19] in order to take into account the

CO + 1/20,— CO, (4) exact chemical composition of the atmospheric air which is

) ) . ) assumed in the present exergy analysis. FurthierEq. (7)
The air required for reactio(#) was calculated in all cases  gengtes the stoichiometric coefficient of air supply in the
to be stoichiometric to the amount of CO. Finally, the CO- pgmEC.
depleted and hydrqgen rich mixture produced by the above |, every case, hydrogen utilization in the PEMFC was
series of reactlpns is rquted_ to the PEMFC anode. Hydro_genadjusted to be appropriate for a positive energy balance of
is electrochemically dissociated on the anode catalyst into {na purner. In many cases, depending on the temperature of
protons, which migrate through the proton exchange mem- e reformer and the selected reforming factor, the amount of
brane to the cathode. The electrons released from the anod@hano| that remains unreformed is not sufficient to supply all
reaction are also routed to the cathode through an externaeat gemands through a direct combustion in the burner. In
circuit and the following electrochemical reduction occurs: these cases an appropriate lowering of the hydrogen utiliza-
tion in the PEMFC is inevitable so that the burner undertakes
also the combustion of a certain amount of hydrogen. The
combustion conditions in the burner were always considered
stoichiometric.

1/20; +2H" +2e — H0 (5)

Cathode reactiolf5) is exothermic and closes the electron
flow mechanism that corresponds to the desired electricity o
Vaporization of water and ethanol was assumed to take

generation from the plant. : ) |
place in the vaporizer/mixer at 373.15K and 1.013bar. In

In the present study, it should be noted that the proton ex- ) o
change membrane is not strictly assumed to be the currently®ther words, for each kilogram of steam production in the

commonly used Nafighmembrane. Instead, the analysis as- vaporizer a heat demand of 2676.1 kJ was taken into account

1 .
sumes also PEM fuel cells with other membrane types, which (#8169.8 Jmot™ of steam). On the other hand, given that
may be still under investigation but can be resistant to higher €thanol vaporization occurs below 373.15K, a standard cor-
temperatures. In the case of Naffomembrane in which relation method was used according to Majer and Svodoba

proton transportation depends on the water content in the[20] for the calculation of the enthalpy of gaseous ethanol
membrane, the operation temperature of the PEMFC must&t 373-15K. According to this method, at any temperature
be sufficiently low (below 373.15K) in order to retain the 2°0Ve the bailing point of ethanol, its enthalpy content may
electrolyte hydrated and facilitate the* Hhigration mech- ~ °€ given by:

anism. For this reason, an appropriate cooling system was

tacitly considered for the successful rejection of the heat re- A vap _ 50,43 exp(0447577)(1 — 7;)%4%8%Imolt  (9)
leased by reactio(b). The PEMFC was assumed to operate

with a power outputV and an overall voltag¥ so that the

following relations were used to calculate the mass flow rateswhere Tr=T/T¢r is the reduced temperature with
of hydrogen consumptiom,), oxygen demand«{¢,) and Ter=513.9K.

steam formationity,0) which are all expressed in terms of The calculation of the extent of the reacti(l) was ac-
kgs1: complished depending on the temperature and the reforming
factor using an iterative convergent method and the results
mp, = 1.05 x 10-8(w/v) (6) are given inTable 1 Then the calculation of the extents of
the reaction$2) and(3) was straightforward following a typ-
o, = 412 x 107 /(A W/ V) (7) ical thermodynamic analysis. By knowing the mole numbers

) s x andy of ethanol and hydrogen reacting in reacti¢hsand
m,0 = 9.45 x 107°(W/ V) (8) (2) respectively, the demand of heat of the reformer was then
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calculated as: Table 2
The environmental composition and the standard chemical exergy of every
AH"™ — 173356 +41166/J (10) chemical species involved in the study
. . . . Chemical species Environmental Standard chemical
Similarly, whenz is the number of CO moles reacting in P composition (vol.%) exergy (Jmotd)
reaction(3), the heat release due to the CO-shift reaction was N 7560 720
easily calculated as: o 2034 3970
i H20 312 9500
AHSM = _41166J 1) 5, 003 19870
. A 0.91 11690
The calculation of the heat released from the CO-remover C;HGO 1357700
was straightforward given by the knowledge of the CO moles co 275100
that are selectively burnt and the enthalpy difference of the H2 236100
CO oxidation reaction which ia H®® = -282964 Jmaot?. Total 100%
Similarly, for the reactions in the PEMFC and the burner the
At H 1 . . .
heat of hydrogen oxidation wasH"2 = —248818 Jmot-. be referred to the properties of a suitable selected set of envi-

The heat transfer regime of the plant was controlled through ronmental substances. Accordingly, an appropriate “exergy
two parameters, the factorof heat release from the burner  reference environment” is usually used in order to estimate
(taken usually equal to 80%) and the factor of heat releasethe standard chemical exerg§™ according to the relation
from all other devices (which was taken equal to 100% in all

cases). eeH = —RTpInx¢ (13)

wherex? is the molar fraction of the speciesn the stan-

dard reference environment. For compounds that do not form
the environmental composition, the chemical exergy is esti-
amount of useful work due to its chemical, thermal or me- mated according to a standard procedure described elsewhere

chanical energy content that attain a non-zero value whenevei[lﬁ_’lr? ,21] Table 2p:je_sentt_]s the enV|tr onmlf r:tal c;ﬁmpoilgliﬂ
the macroscopic properties of chemical potential, tempera-W ICh was assumed In the present work together wi ©

ture or pressure respectively are in a departure from the Cor_values of the standard chemical exergy of all the species that

responding values of the environmdt,13] However, a were encountered in the analysis.

given amount of energy does never convert completely into T Ftlknally, for a hegt fllo WQ; frcl)rt’n ?hhot Smk%‘; temps ;ﬁtlirti'
useful work due to entropy generation. The useful part of ' € exergy 1S simply equalto the reversible work that this

energy, the so-called “exergy”, has been widely accepted astan produce in an ideal Carnot cycle operating between the

a measure of the quality or usefulness of the energy amoun temperature Iimits OTH andTo. Therefore, the exergy of the

and “exergy analysis” has been regarded as the most rationat]ﬁ'eat flowQ; will be

method for the evaluation of tne performance of the energy eMel= 0,(1— ToT Y (14)

systems. Exergy may be considered as the sum of two com-

ponents: physical and chemical exergy. Physical exergy is

the useful work that a substance can produce when broughty Resuits and discussion

reversibly from its state to the “restricted dead state”, i.e. ina

state oftnermal and_ mechanical equilibrium with ihe environ- 3 1 Avoidable PEMFC exergy destruction due to

ment. Tnis postulation clearly shows that exergy is a property voltage adjustment

depending on both the state of the substance and the state of

environment. By defining the temperature and the pressure of Fig. 1 illustrates the operation conditions of the power

the environment a$p=298.15K andyp =1.013 bar respec-  gystem together with the exergy flows in each stream of

tively, the physical exergy cpmpone«ﬂ“ of a substanceat matter and heat. The conditions selected wiege= 600 K,

temperaturé' and pressurp Is given by Tshit =400 K, Teen=400K, RF=3, A=3, U=70% and

elpH = (h — ho); — To(s — so0); (12) V=0.5V. The extents of the reaptions inside the reformer
(1) and (2) as well as the CO-shift reaction are calculated

wherehg and sp denote the specific enthalpy and entropy equal to 92.86%, 18.85% and 92.86%, respectively. The mo-

evaluated at standard conditions, respectively. lar compositions in each stream of matter in the system shown

Chemical exergy is the useful work that a substance canin Fig. 1are provided inTable 3 In every device of the plant,

produce when it is brought reversibly from the “restricted the exergy balance provides an amount of exergy destruc-

dead state” to “dead state”, i.e. in a state of thermal, mechan-tion, which for all actual processes has to be of a positive

ical and chemical equilibrium with the environment. For the value. Negative exergy destruction in one or more individ-

estimation of the chemical exergy componq?ii itis essen- ual subsystems of the plant implies a violation of the second

tial that the chemical species comprising the system shouldlaw and an operation regime which is unfeasible in practice.

2.2. Exergy calculations

Every flow of matter (or heat) is capable of producing an
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Table 3

The compositions of the streams of matter in the system showigof in molar fractions (%)

Flow Ethanol HO CO Hy Cco O [} Ar Total
1 10000 000 000 000 0.00 000 000 0.00 100.00
2 0.00 10000 000 000 0.00 000 000 0.00 100.00
3 2500 7500 000 000 0.00 000 000 0.00 100.00
4 0.93 804 1881 6696 5.26 000 000 0.00 100.00
5 093 315 2370 7185 0.38 000 000 0.00 100.00
6 0.92 316 2390 7132 0.00 000 069 0.01 100.00
7 0.00 312 003 000 0.00 2034 7560 0.91 100.00
8 0.00 1596 002 000 0.00 1133 7217 0.53 100.00
9 183 631 4773 4273 0.00 000 138 0.02 100.00

10 000 312 003 000 0.00 2034 7560 0.91 100.00

11 000 2760 2420 000 0.00 000 4763 0.57 100.00

Under the conditions dfig. 1, the exergy destruction in the the amounts of the reactants, the temperature of the burner or
vaporizer/mixer is equal to 11.60% of the chemical exergy of the stoichiometry of the combustion is changed.
ethanol. This value is expected to remain unchanged whenthe The overall exergy destruction in the operation regime of
plant operates with constant values of ethanol mass flow (inFig. 1is 46.58% and the electrical efficiency of the plant
kg s1), reforming factor RF, and vaporization temperature. is 27.22%. From the 46.58 units of toetergy destruction
Indeed, this value is the exergy destruction associated with the(ED), 43.88% is due to the irreversibility in the PEMFC, an-
phase changes of ethanol and water (figito T=373.15 K) other 24.9% is due to the highly irreversible phase changes
and the mixing process of the gaseous products of the vapor-and mixing processes in the vaporizer and about 29.47% is
ization. The exergy balance takes into account the exergy ofdue to ‘combustion processes in the burner. When the cell
the incoming (liquid ethanol and liquid water acquire only voltage is increased from 0.5t0 0.6V and 0.7 V, only the ex-
chemical exergy given that they are taken at the restrictedergy destruction rate of the PEMFC is affected and lowers
dead state) and outgoing streams of matter, and the exergy ofrom 20.44% to 15.00% and 9.56%, respectively, providing
the heat flowing to the vaporizer from the burner. an increase of the second law efficiency (here, the second
Similarly, the exergy balance of the reformer indicates an law efficiency is considered as the ratio of the electrical work
exergy destruction rate equal to 0.26 due to chemical reac-produced by the PEMFC to the standard chemical exergy of
tions(1) and(2) at the respective extents. The exergy destruc- the ethanol input to the plant) to the corresponding values of
tion rate of the CO-shift reactor is only 0.16 due to the low 32.66% and 38.1%. A further increase of the cell voltage to
extent of the shift reaction. The amount of CO leaving the CO- 0.8V would reduce the exergy destruction in the PEMFC to
shift reactor is burned stoichiometrically in the CO-remover 4.11% with the exergy efficiency being 43.55%. This analysis
inducing an exergy destruction of 0.39. Finally, the CO-free illustrates that the exergy destruction in the PEMFC device
mixture of hydrogen (71.32% in molar basis) is routed to the is avoidable and subject to the appropriate adjustment of the
PEMFC anode. The residual ethanol amount (0.92% in molar cell voltage. On the other hand, the exergy destruction in the
basis) is considered unaffected by the anode environment duéurner remains constant and subject to the overall thermal
to the low operating temperature of the PEMFC. Therefore, in management of the plant. In principle, a well-designed plant
the PEMFC the only reaction that occurs is the electrochem- of an automobile PEMFC system must operate with major ex-
ical oxidation of a percentag®)E 70%) of the hydrogen of  ergy destruction rates in devices away from the energy output
the feed-stream, according to reacti). The products of  (electricity) and it is inevitable to have a significant exergy
this reaction are steam (in the cathode), electricity (equal to destruction in the vaporizer and the burner that undertakes
27.22% of the chemical exergy of ethanol) and heat which is the extremely irreversible combustion processes.
assumed to reject in the cooling media of the cell. The overall  The effect of the cell voltage on the exergy destruction
exergy destruction rate in the PEMFC is calculated by the ex- rate inside the PEMFC and the overall exergy efficiency of
ergy balance equal to 20.44%. Finally, the hydrogen amountthe cell system is presentedHhiig. 2in the voltage range of
which remains unreacted from the PEMFC and the amount 0—0.9 V. As shown, the value of about 0.875V is the maxi-
of the residual ethanol undergo a stoichiometric combustion mum possible for the cell operation, above which the exergy
process in the burner that provide the heat to sustain the pro-destruction in the PEMFC becomes negative. Further, it is in-
cesses of vaporization and reforming. The heat rejected fromdicated that the maximum second law efficiency of the plant
the burner was assumed to have an efficiency of 80% with (atthe conditions Of ef, Tshift, Tcell, A @andU of Fig. 1) is about
the rest 20% being absorbed by the combustion products. In47.63%. This is the maximum attainable efficiency value but
Fig. 1, the exergy destruction in the burner is 13.73%. This in practice the system is well controlled when the exergy
value is characteristic of the irreversibility of the combustion destruction rate in the PEMFC has a low positive value of
processes of hydrogen and ethanol and is unchanged unlesabout 1-5%.
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% ethanol inflow),
exergy destruction in the PEMFC

U =413534(-5979254 — 12350 — 481698RF
+1235(1(1 — x) — 173563 — 41166y
+241818h(6x — y +2))/(1CPh(6x — y +2))  (15)

whereh (%) is the heating efficiency of the burner (80% in
the previous cases) angly andz are the moles reacting in
reactiong1), (2) and(3). Eq.(15) is valuable in estimating
S s B 52 wE the factor of hydrogen utilization from the energy balance of
PEMEC voltage (V) the burner as shown irig. 3a. With the conditions from the
- vaporizer up to the CO-remover being identical with those
Fig. 2. The second law efficiency of the system and the exergy destruction Of Fig. 1, and with the cell operating at=0.8V, Fig. 3a
rate in the PEMFC as a function of the PEMFC voltage at the operation illustrates the effect of the energy loss from the burner to
conditions ofFig. 1 environment on the factor of hydrogen utilizatids, on the
second law efficiency of the plant and on the total amounts
of exergy destruction and exergy losses. As shown, the zero-
3.2. Avoidable exergy loss and exergy destruction from loss burner balance requires a hydrogen utilization of about
the burner 70.93%. In this case, the exergy (second law) efficiency of
the plant (av=0.8V andh=80%) is 44.12%, the total ex-

It is important to notice that the operation of the plant ergy destruction is ED =29.96%, the total exergy loss due
does not present only exergy destructions but also exergyto waste heat is ELH=19.24% and the exergy loss in the
losses. For example, in the configuratiorfed. 1, a signifi- form of physical and chemical exergy of the flue gases is
cantamount of exergy (6.74%) is lost away in the combustion EFG = 6.62%. Deviating from the zero-loss burner balance,
products of the burner, while significant exergy losses are alsothe required factors of hydrogen utilization ought to be lower.

due to heat wastes from all devices (except the vaporizer) toFor example, when the energy loss of the burnksi40% of
environment. In the case of the automobile engine examined

in the present study, the exergy losses due to heat wastes %
from the reformer, the CO-shift reactor, the CO-remover and 0
the PEMFC subsystems are unavoidable when desiring the @,_wlmmm U
PEMFC to operate at a practically rational temperature (at s £

about 350-400K). On the other hand, the desired thermal 4u-w@ at 0.8V
management of the system is highly responsible for the high 30 ED

d o
2" law efficiency

- . E ELH
exergy loss within the combustion products. However, the ex-  2° ¢
ergy loss due to heat released from the burner to environment " +————————————— ]
is subject to the control of the designer. The heatreleased ¢ 2 4 6 § 10 12 14 15 18

from the burner must be slightly higher than the heat de- (q)
mands of the vaporization and reforming processes and this
may be controlled by an adjustment of the hydrogen utiliza-
tion factor in the PEMFC. In the cases examined earlier, the
hydrogen utilization factor was selected equdlte 70% in
order to minimize the exergy loss from the burner to envi-
ronment (0.44% in all previous cases). A further increase of
the U value would result in a negative burner balance which
would force the reformer and the vaporizer to operate at non-
prescribed conditions. In contrast to exergy destructions due
to entropy generating irreversibilities, exergy losses may be . - —
considered exploitable for practical applications according to . 2 l 1 5
the requirements of the designer (for cabin heating or other PR L ERR
engineering purposes). Fig. 3. (a) Effect of the burner balance on (i) the factor of hydrogen utiliza-
The burner balance may be expressed by the following tion, U, (ii) the total exergy destruction in the devices of the plant, ED, (iii)
general expression that provides the factor of hydrogen uti- the total exergy loss due to rejection of heat to the environment, ELH and (vi)
lizationU (%) as a function of the reforming factor, the extents Z?et?(‘;eiﬁgyvt?;st"r‘]’g‘Z‘Ftihe g)ue(g)aiizvc ';'Tﬁ %ft\;;eagg:‘er Z‘;Z?riltj:t?jn
and heats of the reactio(fs}(3), the heat of vaporization of in the devices of the powe? system at different conditions%)li burner balance
ethanol and water at 373.15K and the energy loss from the(V=0.8VandU changes according to (a). All other conditions are identical
burner to environmerit (as percentage of the LHV of the  with that ofFig. 1).

BURNER
B PEMFC
OREF
HV/M
EPROX

E SHIFT

Exergy destruction (%)
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the LHV (i.e. 123,500 J) iti&) =59.41%. At these conditions The effect described above is illustrated alsd-ig. 3o

the second low efficiency is only 36.96% while both the total which allocates the exergy destruction rate in the individ-
exergy destruction and losses incre&sg. Ja illustratesthat  ual subsystems of the plant for selected regimes of burner
the prolonged deviation from the zero-loss burner regime in- balance. As shown, at the zero-loss burner balance the over-
duces additional exergy destruction and exergy losses, whichall exergy destruction rate is 29.96%. This is allocated with
should be avoided in the practical design. The higher is the the percentages of 11.57% in the vaporizer, 0.25% in the
heat waste from the burner the lower will be the efficiency reformer, 0.16% in the CO-shift reactor, 0.39% in the CO-
of the plant, the higher will be the overall exergy destruction remover, 4.17% in the PEMFC and 13.43% in the burner, re-

rate and the higher will also be the exergy losses. spectively. Increasing the energy loss from the burner, the ex-
8,90 8,3 T=400 K
T=400 K 0,102Ckg/s
0,0942kg/s 105,47
37,33 9 T=400 K
11 AFTERBURNER PEMFC
T=732K 13,43 10 8 417 7
0,237€kg/s Air T=400K
kgl 1 Air
6,62 0,1437kg/s 0,8649s 1
To. Po 2,08 L e
0,00 0,0 | 0.9278kg/s
17,83 | To, Po
Environment : 0,0
1
I 1
1Extent of ethanol steam refarming: 92,86% Second law efficiency 44,12 % ! |
2Extent of reaction (2): 18,85% Cell Voltage V=08V
(a) 3Extent of CO shift reaction: 92,86% Hydrogen utilization U= 70,93 %
9,14 8,5 T=400 K
T=400 K 0,102Ckg/s
0,0955kg/s 105,47
48,37 9 T=400 K
11 AFTERBURNER PEMFC
T=759 K 17,10 10 8 3,52 7
0,2838kg/s Air T=400 K
kg/ y Air
8,06 0,1887kgls 0,7244s I
To, Po 1,74 I A=3
5.53 0.0 1 0,7771kg/s
t] 3 I
14,93 i To, Po
Environment I 0,0
1
1
1Extent of ethanol steam reforming: 92,8€% Second law efficiency 36,96 % !
2Extent of reaction (2): 18,85% Cell Voltage V=08V
(b) 3Extent of CO shift reaction: 92,86% Hydrogen utilization U= 59,41 %

Fig. 4. Comparison of two operation configurations with 0% (a) and 10% (b) energy losses from the burner to the environment.
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ergy destruction rate of the vaporizer increases from 11.57% ( %
at zero-loss conditions to about 11.91% at 15% losses. In the ]
same range, the destruction rate of the reformer increases also ¢, £ fagtor of hydrogen wtilization, U
from 0.25% to about 0.48%, the exergy destructions of the 5,
CO-shift and the CO-remover reactors remain constant and 40
the exergy destruction in the PEMFC decreases from 4.17% 30+ EL

second law efficiency at 0.8V

to about 3.19%. However, all the aforementioned changes are 20+ e

small in comparison to the increase of the exergy destruc- % : =

tion of the burner. By changing the burner balance fromthe "3 35 4+ a5 s

zero-loss regime to a configuration of 15% loss, the exergy () Reforming factor, RF

destruction in the burner increases from the value of 13.43%

to about 18.85%. This increase of the exergy destruction of

the burner is mostly responsible for the increase of the total

exergy destruction of the overall power system. This effect £ - —

may be clarified in detail irfFig. 4 where a comparison is £ PI__MI__(;

made of the burner configurations with 0% and 10% energy £ OREE

losses. 5 -
? OPROX

3.3. Avoidable exergy destruction due to vaporization o EISHIFT

issues

RF=3, RF=4, RF=5.
(h) U=70.93% U=62.35% U=58.53%
As it is shown inTable 1, the reaction of ethanol reform-

ing is favored for completion by high reforming factors. At Fig. 6. (a) Effect of the reforming factor on (i) the factor of hydrogen uti-
Tref=600K, for example, the extent of the reactig) for Ii_;_ation, U, (i) the total exergy des_truc_tion in the devices of _the plant, ED,
RF =3 is 92.86% and for RF =5 about 99.99%. Further. as- (iii) the_ total exergy loss due t_o |_'eject|on of heat to the environment, ELH

. . . . ' and (vi) on the exergy loss within the flue gases, EM&G 0.8 V; all con-
suming the reactio(2) and the reaction of the CO-shift reac- ditions refer at zero-loss burner balance with the rest independent variables
tor at Tshit = 400 K, the number of limoles in the PEMFC being identical to that oFig. 1). (b) Allocation of the exergy destruction
feed-stream in the first case is about 5.54 and in the secondn the devices of the power system at different conditions of burner balance
5.99 (assuming an ethanol feed-stream of 1 mb).sBased (Vv=0.8Vandu cr_\anges acc_ording to (a). AII_conditior_]s rgfer at zero-loss
on this, one could consider that the increase of the reforming bgrner balance with the rest independent variables being identical to that of
factoris capable of improving the performance of the PEMFC Fig- b
system, but this is not true. The demand for high reforming
factors increases the heating demand of the vaporizer andhe factor of hydrogen utilization which is a percentage of
despite of the increase of the hydrogen amount reaching thedifferent amounts of hydrogen incoming the PEMFC at each
PEMFC it forces the system to operate at lower hydrogen RF regime.
utilization factors as it is predicted by E(L5). Indeed, as Fig. Ga illustrates the effect of the reforming factor on the
shown inFig. 5, the selection of excess steam results in a factor of hydrogen utilization, on the second law efficiency
lowering of the hydrogen utilization factor in a way similar and on the total exergy destructions and losses ED, ELH and
to the reduction induced by the increase of the burner losses EFG for a plant operating at= 0.8V and under conditions
However, as one may observe the distance between the curve§f zero-loss burner balance. As shown, the increase of the re-
of U for RF=3 and 4 is higher than that between the curves forming factor results in a decrease of the fatd@nd lowers

for RE=4 and 5 because of the relativity of the measure of the overall exergy efficiency of the system from 44.12% at
RF =310 39.38% at RF =5. In terms of exergy, the utilization

of excess steam provides a slight decrease of the value of EFG
but, most importantly, it has the consequence of a dramatic
increase of the overall exergy destruction in the plant (from
ED=29.96% at RF=3 to about 36.24% at RF=5). Under
the same conditions and at RF =3, 4 and 5, respectively, the
allocation of the exergy destruction in the subsystems of the
plant is shown irFig. 6b. The exergy destruction rates that
decrease with the utilization of excess steam are those inside
‘L“-/n — 2 — '4=%' — 6/ — 8‘%' — ‘m*% the devices of the PEMFC (from 4.17% at RF = 3 to 3.59% at
RF =5), the CO-shift reactor (from 0.16% at RF = 3to0 0.08%
at RF=5) and the PROX reactor (from 0.39% at RF=3 to
Fig. 5. Effect of the burner balance and the reforming factor, RF, on the 0.06% at RF =5). However, the increase of the exergy de-
value of the factor of hydrogen utilizatiob, struction rate in the other devices is of a much higher mag-

80
70
60
50
40
30

U (%)

Burner energy loss (% LHV)
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nitude. In the vaporizer the exergy destruction rate increasesthe reforming factor is equal to RF = 3. For a given reform-
from 11.57% at RF =3 to about 15.36% at RF =5, while in ing temperature, the extents of the reacti¢hsand(2) are

the same RF range the destruction rates in the burner increasealculated and Eq.15) is used to determine the hydrogen
from 13.43% to 16.83%. On the whole, the utilization of ex- utilization factor on a zero-loss burner condition basis (i.e.
cess steam is found to be of negative impact as it results inl =0). For T,es =400 K, the energy balance of E(L5) pre-

the addition of about 3 units of avoidable exergy destruction dicts a factor of hydrogen utilization above 100%, indicating
per each unit increment of the RF. This avoidable exergy de- that the zero-loss burner balance is impossible at these con-
struction is essential to be minimized in practical applications ditions. Indeed, in this regime the extent of the reforming
by selecting RF values close to the stoichiometric value of reaction(1) is only 21.99% (se@&able 1 and even the 100%
RF =3. However, in practice it is generally preferred to use utilization of hydrogen in the PEMFC induces the tremen-
an excess of steam in the reforming reaction to force the re-dous loss of the 42.7% of the LHV of the ethanol input of the
action in completion and to avoid technical problems such as plant in the form of heat loss from the burner to the environ-
the formation of solid carbon in the reformer. The designer ment. Due to this, the exergy destruction in the burner, the
must be aware of these technical aspects so as to compromiseverall exergy loss due to heat rejection ELH and the overall

the efficiency and the technical safety of the plant. exergy destruction ED are extremely high (32.05%, 29.57%
and 45.66%, respectively) and the exergy efficiency of the
3.4. Effect of the reformer temperature plant has the unacceptable low value of about 14.81%. At

Tret =500 K, the extent of the reforming reaction increases to
The temperature of the reformer is a crucial parameter in about 69.08% and the zero-loss burner regime is now feasible
the design of the power plant since it has a direct effect on for U=97.45%. In this regime, the values of ED, ELH and
the extents of the reactioris) and(2) that provide the hy- EFG are passing through a minimum (29.81%, 18.81% and
drogen source of the PEMFEig. 7a illustrates the effect  6.00%, respectively) and the value of the exergy efficiency
of the reforming temperature in the range of 400—800K as- of the plant attains a maximum of 45.29%. Further increase
suming that the shift reactor operates constantly at 400 K andof the reforming temperature above 500 K increases the val-
ues of ED, ELH and EFG with an overall consequence the

- % lowering of the exergy efficiency of the plant from 45.29% at

‘ 500K to about 42.07% at 800 K (with the PEMFC operating
k always at 0.8V).
! ) The allocation of exergy destructions in the devices of

. . I
‘ the plant, is given irFig. 7b for five scenarios of reforming

80 A

60 -

o

40 - [ T T . @ 0.8V .
1 1 kb temperatures in the range of 400-800 K. At the worse sce-
20 1 . ELH nario of Tref = Tshit = 400 K, the shift reactor is useless and
. ~ , i has a zero exergy destruction, while about 71% of the over-
400 500 600 700 200 900 all ED occurs in the burner. In this case the current drawn
(@ Temperature of the reformer (K) is extremely low and the plant operates more like an ethanol

burner. AtT,e;=500 K the exergy destruction rates in the de-

50 ] vices of the plant are as follows: vaporizer 11.24%, reformer
8 % 0.47%, shift reactor 0.01%, PROX 0.06%, PEMFC 3.94%
z ¥ % —— and burner 14.09%. Finally, at higher reforming tempera-
§ 30 % B PEMEC tures the exergy destruction rates of all devices except the
Z %iﬁ_i O REF vaporizer and the reformer tend to increase in comparison
?3 - // B VM with their corresponding values at about 500 K. This analy-
5 0 Lot sis shows that the selection of the reforming temperature at
- ) = | _ SHIT Tref =500 K is the best choice among the examined scenarios.

0+ 400K, T S00K. B 600K, . 'HJK. . 800K,
(b)  U=I0% U=9745% U=70.93% U=6567% U=63,76% 3.5. Effect of the temperature of the shift reactor

Fig. 7. (a) Effect of the temperature of the reformer on the factor of hydrogen By Considering the temperature of the reformer constant
utilization U, on the second law efficiency of the plant and on the ED, ELH

and EFG amounts for the plant operatingVat 0.8V with RF=3. (The and the plant operat_lng with RF =3 ahe 80_%’ In a stan-
temperature of the shift reactor is kept at 400 K and all conditions refer to dard loss burner regime (for examplel &t0), it is useful to
zero-loss burner balance. The highlighted region is the most appropriate forexamine the effect of the temperature of the shift reactor on
operation.) (b) Allocation of the exergy destruction in the devices of the the performance of the plant, given that this is also an inde-
power system at different temperatures of the reformer reasi0(8 v pendent variable selected a priori by the designer. Since the
and U changes according to (a). All conditions refer at zero-loss burner . . . . : .

balance except the case faes = 400 K which corresponds to heat loss from shift reactlor_(3) is exactly the_ o_ppoglte of reactig®) which

the burner equal to of 42.7% of the LHV of ethanol. The shift reactor was takes place in the reformer, it is evident that the temperature

kept to operate at 400 K). of the shift reformer must always be lower than that of the
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Air
0,45 0,02 0,01 0,0001kg/s
1  Topo 3 4 5 To, Po
0,0460kg/s T=373,15K T=373K T=373K 0,0
100 Ethanol Mixer 0,1000kg/s T=500K | 0,1000kg/s T=373K | 0,1000kg/s
Vaporizer 99,29 Reformer 103,88 CO shift 103,85 CO remover 6
2 11,00 0,43 0,01 0,03
1,96 Water
0,0540 kg/s
RF=3 8,33 5,48 T=373K
T=373K 0,1001kg/s
0,0921kg/s 103,81
34,22 9 T=373K
11 AFTERBURNER PEMFC
T=667 K 14,73 10 8 13,88 7
0,230Ckg/s Air T=373K
5,70 0,1382kg/s  0,8882kgls | Alr
T g 1,69 : A=3
0,0 0,0 | 0,952€kg/s
14,43 I Topo
Environment : . 0,0
11
1Extent of ethanol steam reforming: 69,08% Second law efficiency 39,65 % _:
2Extent of reaction (2): 1,40% Cell Voltage V=0,7V
2Extent of CO shift reaction: 95,45% Hydrogen utilization U= 97,45 %

Fig. 8. Analysis of the PEMFC power system fbgs =500 K, Tspirt = 373.15 K,U=97.45%,V=0.7 V. The second law efficiency is 39.65%. Even higher
efficiencies are attainable at higher voltages since the exergy destruction in the PEMFC is rather high.

reformer. Thus, assumines = 600 K andTshii = 400 K, the will be beneficial for the plant performance. Indeed, at the
regime of the plantis that ¢fig. 1and the maximum possible  lowest feasible temperatuil; = 373.15 K (below which
voltage output derived ifrig. 2was equal to about 0.875V  steam condensation problems arise) the extent of the shift
(second law efficiency about 48.26% at zero-loss burner con-reaction is higher than that &ig. 1 and Eq.(15) predicts a
ditions). The shift reaction is slightly exothermic and there- hydrogen utilization factot) =71.01% forl = 0. In this case
fore it is favored at lower temperatures. In this respect it is an analysis analogous to that Big. 2 may show that the
expected that the lowering of the shift reactor temperature PEMFC device has a higher exergy input and thus may oper-

Table 4

The compositions of the streams of matter in the systeRigf8in molar fractions (%)

Flow Ethanol HBHO CO Ho CcO O No Ar Total
1 10000 000 000 000 0.00 000 000 0.00 100.00
2 0.00 10000 000 000 0.00 000 000 0.00 100.00
3 2500 7500 000 000 0.00 000 000 0.00 100.00
4 457 1431 1983 6069 0.60 000 000 0.00 100.00
5 457 1374 2040 6126 0.03 000 000 0.00 100.00
6 457 1374 2042 6122 0.00 000 005 0.00 100.00
7 0.00 312 003 000 0.00 2034 7560 0.91 100.00
8 0.00 1596 002 000 0.00 1133 7217 0.53 100.00
9 1133 3406 5062 387 0.00 000 013 0.00 100.00

10 000 312 003 000 0.00 214 7560 0.91 100.00

11 000 2707 2564 000 0.00 000 4673 0.56 100.00
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ate at higher voltage, specifically up¥o=0.95V providing
an exergy efficiency of 52.6%. This slight decrease of the

temperature of the shift reactor from 400 to 373.15K has as e
a major consequence on a better thermal management of the

plant and a drop of the exergy losses due to heat rejection
to the environment. By comparing both plants at their max-
imum voltage with RF=3h=80%,|=0 andT,;,=600K,

the plant withTshiit = 400 K is characterized by the amounts
ED=21.82, ELH=19.24, EFG =6.63 while the respective
values for the plant withTgpir=373.15K are ED=26.21,
ELH=15.27 and EFG =6.30. Moreover, by reminding the

analysis of the previous section and the conclusions for the e

effect of the temperature of the reformer, a decrease of the
Tref at 500 K whenrTghit=373.15 K is expected to further im-
prove the plant performance. In detail, in this regime ®§)
provides a factot) =97.45% for = 0 and the new efficiency

is even higher. At the practically reasonable voltage of 0.7 V
the second law efficiency is approximately 39.65%. The con-
figuration of the plant in this case is givenhig. 8 and the
information of the composition of each stream of matter in
this system is shown ifiable 4
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tion and exergy loss, allowing the convergence to a single
optimal design (zero-loss burner balance).

Avoidable exergy destruction due to vaporization issues
was allocated in the plant and allowed for the recognition
of the role of the reforming factor in its performance. As

a concluding rule, it was demonstrated that the utilization
of excess steam results in an increase of the overall exergy
destruction providing a concomitant lowering to the plant
efficiency. An appropriately high value of RF for carbon-
free PEMFC operation is necessary and a compromise with
a slight efficiency deterioration is inevitable in practice.
The overall effect of the temperature of the reformer reac-
tor was clarified and allowed for the recognition of the best
region for the specific application. In the same direction,
the appropriate conceptual background for the selection of
the temperature of the shift reactor has been also presented
with emphasis on the combinatorial role of these two tem-
perature parameters in the performance of the plant. The
interactions that these parameters induce on the exergy
flow chart of the plant was discussed.
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