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Abstract

An energy—exergy analysis was undertaken in order to optimize the operational conditions of a SOFC-based power plant fueled by ethanol.
A certain plant configuration was contemplated, equipped with an external steam reformer, an afterburner, a mixer and two heat exchangers
(preheaters). The most significant operational parameters are enunciated and their influence on the energy and exergy balances of the plant is
discussed and optimized. An optimization strategy is presented and optimally controlled unit operations are specified through minimization

and allocation of exergy costs.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The first law of thermodynamics invokes the energy
balance between heat and work interactions of a system
with its environment. However, although energy is a con-
served quantity, its quality, as a measure of usefulness, is not
conserved. “Exergy” (or ‘“‘availability™) is the part of the
amount of energy at a given state that is transformable to
useful work, while “anergy” (or ‘“‘irreversibility”) is the
required wasted energy note during a process. Hence, exergy
is a tool for the analysis of engineering systems aiming at the
interpretation of the axiomatic role of the second law of
thermodynamics and the specification of design optima
unconceivable by energy conservation law. In light of this
role of “exergy analysis”, design optimization expands to
cover critical aspects such as the cost-effectiveness and the
environmental impact of engineering systems [1,2].

Ordinary power generation systems transform the chemi-
cal energy of a fuel into useful work (i.e. electricity) by
passing through the intermediade stage of production of
thermal power that is most commonly achieved by processes
of combustion. This route of energy conversion results in

Abbreviations: AHU, absolute hydrogen utilization (% per mol of
ethanol); LHV, lower heating value of ethanol (1235 kJ/mol); RF, reforming
factor (mole of steam/mole of ethanol); SOFC, solid oxide fuel cell
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significant losses of potential energy that could otherwise be
useful in work form, because of extremely irreversible
mechanisms of energy exchange between the molecules
in the combustion chamber [3,4]. These mechanisms involve
transfer of momentum and heat from the combustion pro-
ducts to the surrounding motionless species inside the
chamber, being responsible for almost 70% of the entropy
generation in it [3—6]. On the other hand, solid oxide fuel
cells (SOFCs) are electrochemical devices operating at high
temperatures (above 1000 K) that allow the conversion of
the chemical energy of a fuel directly into electricity.
Comprised of an oxygen ion (O*") conducting solid elec-
trolyte and two electrodes in cathodic and anodic roles,
SOFCs allow the exploitation of various fuels for genera-
tion of electricity with efficiencies unattainable by all other
conventional systems [7-9]. Energy conversion takes
place electrochemically through controlled migration of
O”~ jons from the air exposed cathode to fuel fed anode
and, therefore, oxidation becomes more controllable and
less irreversible than in ordinary combustion systems. As a
result, energy conversion and management is more rational
and entropy generation is substantially lower [3,10,11].

In the present investigation, the effect of the operational
conditions on the theoretical performance of a SOFC system
fueled by ethanol is examined. Being the most representative
renewable fuel for application in SOFCs, biomass-derived
ethanol provides expectations for policies of “green’” power
generation and upgraded agricultural labor. In light of this,

0378-7753/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Nomenclature 2. Theory
C thermal capacity (J/mol K) 2.1. Energy and exergy balances
ifi J/mol . .

me le):;:tlréflqi)t(ie\/reg};c)(rcgnz)\l)) Exergy is a thermodynamic property of a system that
E total exergy (J) provides a measure of the maximum useful work that the
F Farada s’gZom tant (96,484 J/mol V) system can attain as it is allowed to reversibly transition to a
h S ecifi(}:] enthai a /m(;l) thermodynamic state in equilibrium with its environment
m n?ass (ke) 24 [13,14]. Accordingly, exergy is a property dependent on

ressureg (bar) both the states of the system and its environment and its
lé Eeat a) calculation considers processes of thermal, mechanical and
R universal gas constant (8.314 J/mol K) chemical character. Obviously, one may write that
s specific entropy (J/mol K) energy = exergy + anergy. (D
T temperature (K) . .
U hydrogen utilization in the SOFC device (%) A clarification of the exergy concept can be presented by
W work (T) considering a one inlet—one outlet device as a system with a
X molar fraction flow of a mixture of i chemical species of known composi-

Greek letters

& extent of reforming reaction (%)

n overall plant efficiency (%)

Supercripts

. rate per second

e property referred to the chemical composition
of the environment

PH index for physical exergy component

CH index for chemical exergy component

Subscripts

0 property at the state of the environment (dead
state) or for zero-loss burner balance

I property estimated according to first law

II property estimated according to second law

D property destruction

gen property generated

i index for chemical species

J index for individual heat transfer or index for
the high temperature heat source

p property estimated under isobaric conditions

ref index for reformer

sofc, in  mixture incoming the SOFC device

sofc, out mixture outcoming the SOFC device
T property estimated under isothermal conditions
vap index for vaporizer

the following analysis is oriented to the optimization of the
overall ethanol-powered SOFC plant in terms of efficiency
for generation of electrical power and exergy destruction due
to irreversibilities. A mathematical model has been devel-
oped in order to simulate and optimize all processes involved
[12]. Theoretical conclusions about the influence of the
major operational parameters were obtained and a strategy
plan aiming at the minimization of energy-exergy losses is
developed.

tion at elevated temperature and high pressure. The energy
balance for this system, by ignoring the changes in kinetic
and potential energies, is expressed as

>0 -W= (me) - (Zm) 2)
J i inlet i exit

where heat flux Qj is conventionally positive when absorbed
by the system and work W is positive when it is produced by
the system. On the other hand, the exergy balance for this
system is,

ED = (Zm,e,-) ( : m;ei> +Z (1 - %) Qj 4
t inlet t exit  J

3)

where Ep = ToSgen (the Gouy—Stodola theorem) represents
the rate of exergy destruction into the device due to irrever-
sibilities and e; is the total exergy of each chemical species i.
In fact, e = ) ,riye; is the sum of the physical and chemical
exergy components that are associated with the physical and
chemical properties of the stream of matter, respectively
[14]. More precisely, physical exergy, e, expresses the
useful work that the chemical component i can produce if it
is brought reversibly from the state of the system to the
“restricted dead state’ that is a state in thermal and mechan-
ical equilibrium with the environment. Therefore, physical
exergy can be expressed as,

et = (h— hy), — To(s — so); 4)
where
T
(h=ho), = | (G)ar )
To
and
(s—s):/T@dT—Rln& (6)
i To T Po '
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On the other hand, chemical exergy, eiCH, expresses the useful
work produced by the chemical species i if it is brought
reversibly from the “restricted dead state” in ““dead state”,
which is in mechanical and in chemical equilibrium with
the environment. It is apparent that the chemical species
comprising the system should be referred to the properties
of a suitable selected set of environmental substances.
Accordingly, an appropriate ““‘exergy reference environment”
is usually used in order to estimate the standard chemical
exergy eiCH according to the following relation [13-15],
(&
CH _ _RTyIn 220 %)
Po

where x{ is the molar fraction of the gas i in the standard
reference environment. For compounds that are not part
of the environmental composition, the chemical exergy is
estimated according to standard procedures described
elsewhere [13]. To simulate the environment, all standard
chemical exergies have been selected from literature [15]
and an environmental composition of 75.67% N,, 20.35%
05, 0.03% CO,, 3.03% H,0,y and 0.92% Ar was assumed in
volume basis, at Ty = 298.15 K and ppy=1.013 bar.

e

2.2. SOFC system

The flow sheet of the SOFC power plant that has been
taken under consideration in the present study, is shown in
Fig. 1. It is common practice to feed the SOFC with
hydrogen produced by reforming of hydrocarbons or alcohol
[7-9,16]. In the case of ethanol, the reaction of the steam
reforming can be written as,

C,HsO + 3H,0 — 2CO, + 6H;,
AH| = +173.536 kJ /mol of ethanol. 8)

It has been reported that ethanol steam reforming is possible
at relatively low temperatures (at about 600 K) when assis-
ted by appropriate catalysts [17-23].

The reformate enters in the anode compartment of the
SOFC where hydrogen reacts with O*~ ions supplied from
cathode through the solid electrolyte, as follows

H, + 0" — H,0 +2¢~, AHy, = —248,818J/mol of H,.
©)

Although hydrogen oxidation is the primary reaction leading
to electricity generation, in practice CO and CH, reformate
components react also in the SOFC anode with steam (gas
shift and internal reforming reactions, respectively) serving as
sources for secondary hydrogen. In the present analysis, it was
assumed that in the SOFC only reaction (9) takes place while a
portion of unreformed ethanol is passing through the SOFC as
inert gas. Accordingly, the amount of secondary hydrogen
produced by CO and CH,4 was supposed as being directly fed
to the SOFC inlet and was considered as parameter involving
extend of reforming ¢. Moreover, it was supposed that reaction
(9) takes place in an extend below 100% by employing the
factor of hydrogen utilization, U. In practice, a portion of
hydrogen must remain as an unreacted component in the
SOFC outlet to avoid potential (emf) losses in the SOFC. This
can be explained by the well-known Nernst equation,

pOg(C)p%—[z(a)

2
szO(a)

RT
emf =—1In
4F

(10)
where the subsripts ‘a’ and ‘c’ represent states at anode and
cathode, respectively. It is apparent that the electromotive
force (emf) of the SOFC deteriorates significantly when
hydrogen partial pressure at anode tends to zero. Moreover, a
fraction of the hydrogen entering in the SOFC must be
allowed to reach the afterburner in order to support the heat
demands of the reformer and the vaporizer. Heat required
by the reformer was set equal to Qref = (173,536 J/mol
of ethanol)¢, and that by the vaporizer was calculated as
AH,,, = (2,442,310 J/kg of HzO(g))AmHzo(g> where the
latent heat of water was taken, with negligible error, to
correspond for vaporization at 298.15 K. These demands

T Electricity
—
Air
—— & Prehealer 1
kg SOFC
Ethanol Mixer Preheater 2 Reformer
Ste:
cam After Burner
Vaporizer I Environment

Fig. 1. Schematic representation of the SOFC power plant.
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should be met by the heat produced from complete combus-
tion of unreacted ethanol and hydrogen according to the
reaction

C,HgO + 30, — 2CO; + 3H,0,
AH; = —1235kJ/mol of ethanol (11

and the oxidation of residual hydrogen according to reaction
(9). Finally, as shown in Fig. 1, two preheaters (heat exchan-
gers) were used to increase the thermal content of air before
the SOFC as well as of the ethanol/steam mixture before the
reformer. In order to calculate the exact temperature in each
branch of the power cycle, an iterative method has been
employed [24] taking into account the variation of the
thermal capacities, (C,);, with temperature.

3. Results and discussion

A mathematical model has been developed [12] in order
to simulate the processes involved in the plant of Fig. 1. This
simulation program was able to calculate the flow rate, the
temperature, the energy and the exergy content in every
stream of the matter or heat flux in the plant as well as the
irriversibilities appearing in the individual units. The overall
energy efficiency (1, %) of the plant as percentage of the
chemical energy (LHV = 1235 kJ/mol) of ethanol and the
overall exergy efficiency (1, %) as percentage of its stan-
dard chemical exergy of the fuel (1357.7 kJ/mol) were used
as objective criteria of performance evaluation. The influ-
ence of the independent variables on the final efficiency of
the system was recognized and optimized following the
imminent parametric analysis.

3.1. Effect of extent of reforming, ¢, and hydrogen
utilization, U

As mentioned above, hydrogen oxidation in the SOFC
may be regarded as the primary reaction leading to elec-
tricity generation in the plant. Hydrogen is produced by
reaction (8) which is assumed to take place with an extent, ¢
(%), and then is oxidized according to reaction (9) with an
extent, U (%). As aresult, the ““absolute hydrogen utilization”
in the plant, AHU, may be calculated as AHU = ¢U/10000.
AHU expresses the hydrogen content per mol of ethanol
supply that is exploited for power generation and, therefore,
the reversible electrical work generated in the SOFC per mol
of ethanol may be expressed as

Welrey = 6(eU x 107*)(AGy, )y = 6(AHU)(AGy, )y (12)
while heat released from the SOFC reaction may be given as

0 = 6(cU x 10*)[(AHu, )1 — (AGy, )]
= 6(AHU>[(AHH2)T - (AGHz)T] (13)

where (AHpy, )r and (AGy, ) are, respectively, the changes
of enthalpy and Gibbs free energy of hydrogen oxidation at

the average temperature of SOFC operation. Since (AGy, )1
is practically unaffected by temperature variations while
(AGp, )t decreases by temperature increment, Egs. (12) and
(13) imply that electrical work output per mol of ethanol
decreases with temperature. Further, at a given temperature
of SOFC operation, 7, it is evident that maximization of
work output is equivalent to maximization of AHU.

Although AHU maximization in the analysis of a control
volume that envelopes the reformer and the SOFC devices
could be considered feasible by simultaneous maximization
of both extents ¢ and U, this is not possible when dealing
with a power plant. In this case, ¢ and U cannot maximize
simultaneously because of the requirement for positive
thermal balance of the afterburner. Indeed, by assuming a
standard loss of energy from the burner to environment,
AH,,, and a standard heat demand for water vaporization
(i.e. a standard reforming factor, RF), AH,,,, the burner
balance may be expressed, using the extents ¢ and U, as
follows

AI_Ifuel - AI'Ivap
6AH,

AHye1 + AH et — 6AHy,
AH1OSSS( fuel T AHref H_+U>'

6AHy,
(14)

Eq. (14) implies that at given values of RF and AH,
maximization of & corresponds to minimization of U and
vise versa. As shown in Fig. 2, for a selected reforming
factor equal to RF = 3, there are infinite equivalent pairs of ¢
and U that result in the same amount of energy loss, AHs,
from the burner to environment. Since maximization of
electrical output in the plant corresponds to maximization
of AHU, the optimal design is the one of zero-loss burner
balance which is represented by the locus AB of Fig. 2. At
these conditions, Eq. (14) simplifies in the form

0.760293 = ¢y(Up — 0.029204), 0 < &y < 100%,
0 < Uy <99% 15)

where the subscript “0” indicates parameteres refered to
zero-loss burner operation. Eq. (15) provides all pairs of ¢
and Uy leading to AHU maximization and proves that for a
given AH,,s and RF, AHU is approximately constant for all
pairs of ¢ and U (a slight increase may be observed by
maximizing &y instead of Up). In other words, all pairs of
the zero-loss locus AB in Fig. 2 provide approximately the
same maximum AHU value and may be considered equiva-
lent scenarios of the same optimally designed configuration
when RF = 3.

From an exergetic point of view, AHU maximization at
zero-loss burner conditions has a dual role of major impor-
tance in the plant optimization. Since AHU maximizes at
zero-loss burner conditions, thermal exergy losses from
burner are eliminated. In fact, minimization of exergy losses
due to unnecessary heat waste is a constraint of great signi-
ficance when the plant is designed to operate autonomously,
whithout interactions with external work producing systems
(turbines, heat engines, etc.). Further, AHU maximization is
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Fig. 2. Dependence of the energy balance of the burner on the extend of reforming, ¢, and hydrogen utilization, U (RF = 3, curve AB corresponds to

optimum extents &y, Up).

by definition a constraint reflecting the maximization of
the energetic role of the reformer and the SOFC and con-
comitantly the minimization of participation of combustion
processes in the burner. As it will be proved also for the case
examined in this work, spontaneous combustion is usually
one of the predominant exergy sinks in the plant and
significant advantages may be derived by minimizing its
participation.

3.2. Effect of non-adiabatic SOFC operation

Leaving aside the optimization of the burner operation,
the other device in thermal interaction with the environment
is the SOFC. Accordingly, a minimization constraint must
be stated also for the energy (exergy) losses due to this
interaction. Given that high temperature fuel cells like
SOFCs produce electrical work due to electrochemical
oxidation and a heat flux at the elevated temperature of
cell operation, the estimation of the maximum work obtain-
able must consider also a Carnot heat engine receiving the
heat flux and operating between the temperature levels of
the SOFC and T, = 298.15 K [25]. This consideration
allows the estimation of the ideal first law efficiency of
high temperature fuel cells taking into account the magni-
tude of heat release to environment according to the relation

—6AHU(AG) + (1 — To/T) Orejectea

1
—AH, fuel ( 6)

M1ideal =

However, when the SOFC is designed to operate autono-
mously without heat exploitation from a bottoming cycle,
the adiabatic SOFC regime is desired.

By considering a desired temperature for the products of
the SOFC unit and standard AHU provided by a selected RF

and zero-loss burner balance, minimization of heat waste,
Qrejwed, from the SOFC to environment (adiabatic SOFC
operation) may be established only if the heat released from
hydrogen oxidation is exactly equal to the heat absorbed by
the gaseous stream flowing inside the SOFC. In light of this
and in absence of cooling media as it is the case of the plant
of Fig. 1, the average temperature of the SOFC inlet must
be at an appropriately lower value than the prescribed
temperature of the products. In this respect, an iterative
calculation may be employed as follows

Tio c,out ATso C s
Q = <Tsofc,oul - f7t2f> Z:Xf(cp)l (17)

where Q is given by Eq. (13), Tsofc.ou 1S the desired tem-
perature of the SOFC effluents and AT is the unknown
optimal temperature difference between the mixture out-
going and incoming the SOFC unit. As follows by Eq. (16),
SOFC operation and thus hydrogen oxidation is considered
for simplicity to take place in the average temperature
between the mixtures downstream and upstream the SOFC.

Following the iterative scheme of Eq. (17), direct mini-
mization of exergy losses due to heat waste from SOFC to
environment may be achieved by specifying the optimal
temperature difference ATy, as shown in Fig. 3. Under the
assumption of the operation of the ethanol fed plant with
RF = 3, Tyotc oue = 1200 K and zero-loss burner operation, it
is shown that exergy losses due to heat waste decrease with
the increment of ATy, and an optimal temperature differ-
ence is specified at 332 K. At this optimal case, the heat
released by hydrogen oxidation is equal to the heat absorbed
by the gaseous mixture in the SOFC and, therefore, thermal
impact to environment is eliminated. For a given reforming
factor and zero-loss burner balance, this method of “‘direct
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exergy destruction, %

50 100 150 200 '
ATsofc, K

250" 300 ¥ 100

Fig. 3. Direct minimization of thermal exergy losses due to waste heat from the SOFC to environment at zero-loss burner conditions (RF =3,

Tsofc,out = 1200 K)

minimization of exergy losses”” from the SOFC, provides the
higher possible exergetic efficiency of the plant, as shown in
Fig. 4. As observed, by attaining the optimal temperature
difference of ATy = 332 K, exergetic efficiency tends to
maximize at 66.5% due to reduction of the average tem-
perature of hydrogen oxidation in the SOFC stack.

3.3. Allocation of irreversibilities
In the two previous sections, a strategy of decision making

for the optimization of the overall exergetic efficiency of the
plant of Fig. 1 has been provided according to considerations

-
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exergetic efficiency, %
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w
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[}¢]
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£, %
100 o

of the first law of thermodynamics. Here, the crucial role of
“exergy analysis” will be discussed, by contemplating all
possible optimally efficient regimes and specifying the best
one according to objective criteria such as cost-effectiveness
and thermodynamic feasibility.

On the assumption of ideal thermal exchange between the
air and reformate streams incoming the SOFC unit, there are
infinite temperature combinations of these streams given by
the equation

Mlair ) ;X (C;)i

—— 7~ Lair — Tofe 18
mrefzix;(clr’)i( air — Tsofc,in) (18)

Tref = Tsofc,in

Fig. 4. Effect of thermal losses from the SOFC on the overall exergetic efficiency (RF = 3, Tocour = 1200 K).
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Tair,K
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Fig. 5. Allocation of irreversibilities in the units of the optimally designed
SOFC plant (RF =3, Toofcou = 1200 K, ATsofc = ZLsofc,in sofc,out =
332K, & = 100%, Uy = 78.95%, ny; = 66.52%, M: mixer, P1: preheater
1, P2: preheater 2, AB: after burner, R: reformer) at all equivalent schemes
for temperatures of preheated air and reformate.

that are providing the same work output (efficiency).
Accordingly, the first law analysis is unable to specify an
optimal operative scheme regarding the temperatures of the
reforming reaction and air preheating. For the example under
consideration, this can be done by application of the “exergy
analysis” as shown in Fig. 5. In this case, the design para-
meters of the temperatures of the reformate, 7., and air
preheating, T,;, may be specified according to the necessity
for cost-effective plant operation, allocating the exergy
costs (irreversibilities) of the individual units of the plant.
Although the overall exergy destruction rate is constant,
different equivalent scenarios of Fig. 5 result in different
allocations of exergy costs in the devices of the plant.

Independently on the type of the specific devices that
comprise a plant, it has been proved [14] that avoidable
exergy destruction in a device of a plant that is close to the
final product (i.e. electrical power) has greater impact on the
system efficiency and cost of electricity than avoidable
exergy destruction of the same magnitude in a device close
to the inputs (i.e. fuel, air, steam). Since the major devices
that contribute on electricity generation are the reformer and
the SOFC, a scenario of low exergy costs in these units is
preferable than a scenario involving low exergy costs in
devices close to the plant inputs. In this respect, the region of
minimal exergy destruction in the SOFC unit may be
considered as optimal in terms of cost effectiveness, imply-
ing moderate air preheating at 500-650 K and reformate
production at 1100-1230 K. Although ethanol reforming
has been found feasible at significantly lower temperatures
(about 600 K) [20-26], it is here proved that the plant design
should aim at the desired value of extent of reforming ¢, at
this specified temperature interval.

To better justify the decision of this optimal region of
operation conditions, another reason may also be stated.
Fig. 5 implies that minimization of exergy destruction in
the SOFC is mainly compensated by an increment of the
exergy loss accompanying the stream of flue gases. Although
exergy destruction due to dissipative phenomena (friction,
chemical reactions, heat transfer, Ohmic losses, etc.) is
irreversibly lost, exergy losses may be considered exploi-
table by an appropriate engine (gas turbines, heat engines,
etc.) or useful for practical purposes (heating rooms, water,
etc.). As aresult, the conditions of minimum exergy destruc-
tion in the SOFC are justified again as optimal for engineering
rationalism.

Fig. 6 provides an optimal configuration of the ethanol
fueled plant (RF =3, T oue = 1200 K) asresult of the above
analysis with T, = 625K and Ter = 1112 K. As it is

729K 16.2 i
3kgs | 126 Electricity
. 298 K 625 K 731
Air  92kgss Preheater 1 9.2 kgls 66.5
0.0 35 11.8
0 24K b 280 3.5 .
208K 100.0
lkg/s 1000 gk 1L3kels| 196 .k 112K SOFC
Ethanol Mixer | 22kg/s | Preheater2| 22kgs [ Reformer 22kgls 13
ano » 02 100.0 5.1 116.1 1.7 130.2
101.8 y 107.3 115.2
1200K | 44.1 Tl‘“
113ke/s| 302 9.6 1200 K
Steam After Burner| 11.3 kgfs
5.8 68.8
50,9
298K
1.2kg/s : )
5 Og:’ Vaporizer Environment
2.0

Fig. 6. Optimal configuration of the SOFC plant. RF = 3, 100% theoretical air, &y = 100%, Uy = 79.85% (plain text stands for energy values while bold

stands for exergy ones).
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observed, the stream of the exhaust gases with temperature
729 K contains 12.6% of the standard chemical exergy of
ethanol and obviously may be useful for practical purposes
as mentioned previously. Further, the major exergy sink of
the plant is found to be the afterburner with exergy destruc-
tion rate equal to 5.8% due to highly irreversible mechan-
isms that are accompanying all spontaneous combustion
processes. However, it is reminded that this rate of exergy
destruction in the burner is the minimum possible for the
example under consideration, since AHU maximization
according to Section 3.1 is practically equivalent to mini-
mization of the participation of combustion in the plant.
Finally, the demand for high temperatures of steam reform-
ing reflects into an appreciably high rate of exergy destruc-
tion (5.1%) in preheater 1 which is attributed to increased
stream-to-stream heat transfer over a finite temperature
difference.

3.4. EﬁeCt OfRE AHZOSS and Tmfc,aut

When designing the operational parameters of a fuel cell
system, one of the most important considerations deals with
the possibility of preventing the equipment from destructive
effects such as fouling of channels and poisoning or break-
down of catalysts. In the case of the SOFC, carbon deposi-
tion is the primary danger to be avoided by an appropriate
adjustment of the steam/fuel molar ratio, RF, in the reformer
feedstream. According to previous theoretical studies
[26,27], the reforming factor (RF) of the ethanol reforming
reaction must always be higher than 2.68 when it is accom-
plished in the temperature range of 800—1200 K. In fact, this
value represents the minimum reforming factor above
which carbon deposition is thermodynamically impossible

AHU, %

at 800 K. At higher temperatures, lower reforming factors
can be used but in the present study this value was con-
sidered as the minimum possible overestimating the possi-
bility of carbon formation.

The dependence of the attainable energetic and exergetic
efficiencies of the ethanol fueled plant mentioned above on
the burner balance and the reforming factor may be clarified
by the nomograph of Fig. 7. An increment of the heat losses
from the afterburner reduces the upper limit of the AHU
value and concomitantly has the same effect on both the
efficiencies. Similarly, an increase of the reforming factor is
also unfavorable in terms of efficiency. Thus, the lower
possible limit imposed either by the stoichiometry of the
reforming reaction or the carbonization boundary for etha-
nol is recommended. Results of Fig. 7 have been derived
according to the optimization strategy mentioned above
for ¢ = 100% when RF > 3. For RF < 3 there exists a
maximum € = &p,x due to the stoichiometry of the reforming
reaction (i.e. for RF = 2.68 it is ¢max = 89.33%).

For the cases presented in Fig. 7, specification of optimal
ATop provides the diagram of Fig. 8. Optimal temperature
difference decreases as both reforming factor and burner
losses tend to increase. An increment of the reforming factor,
obviously increases the thermal capacity of the stream of
matter flowing inside the device and thus lowers ATy..
Instead, losses from burner balance decrease the AHU values
as showed in Fig. 7 and concomitantly the absolute heat
amount produced by hydrogen reaction. Therefore, while
a non-linear dependence of AT, on RF is presented,
the dependence on burner losses follows a normal linear
behavior.

By reminding the allocation of exergy costs according to
Fig. 5, it would be useful to recognize the effect of the

4,5

5 55 6

Reforming factor

Fig. 7. Nomograph of the first and second law efficiencies for various reforming factors and burner balances (¢ = &pax, optimum AToge, Tofc.ont = 1200 K).
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330 _ 5% 380 _ zero-loss burner balance
10% E
[15% 4
280 N 30
v 120%
£ [ w300 1400 K
B B0 g 1300 K
[ B 260 7 1200 K
r <
wod TS 1100 K
[ 20 1 1000 K
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Fig. 8. Effect of RF and burner balance on the optimal temperature dif- 80 T
ference ATof required for adiabatic SOFC operation (Tsofc out = 1200 K). - F
X ok
> 51
1 u
g 701
reforming factor on the equivalent temperatures of the = .
. . . . . S -
reformate and air as shown in Fig. 9. Since an increment v 65 % 800 K
of the reforming factor induces higher energy requirements T 60t 1909 K
from the vaporizer, the zero-loss burner balance (Eq. (12)) g E 1200 K
provides lower possible AHU values and concomitantly =5t 1200 K
lower plant efficiency. However, the important information 50 i
from Fig. 9 is that an increment of the reforming factor 2 25 3 35 4 45 5 55 6 65 7
reduces the slope of Eq. (18) and therefore it also reduces the Refor ming factor

range of operation conditions that are thermodynamically
feasible. For example, when RF = 10, it is shown that air
must be preheated up to about 1700 K in order the reforming
reaction to take place at about 650-750 K. For such a high
temperature of air preheating it is most probable that the
exergy analysis will result in one or more devices of the plant
with negative exergy destruction rates, expressing a viola-
tion of the second law. Especially for the cases of com-
pounds exhibiting high reactivity for reforming at low
temperatures (such as ethanol), it is here proved that an
increment of the reforming factor is unfavorable, not only
due to its effect on efficiency, but also due to suppressing of
the range of feasible temperatures for reforming.

Fig. 10. Effect of the temperature of the SOFC effluents on the optimum
AT,or. (a) and on the optimum exergetic efficiency (b) of the plant for
various reforming factors.

Finally, the methodology mentioned above assumed that
the initial design parameter is the temperature of the SOFC
effluents, Tofc oue- Fig. 10 illustrates the effect of this initial
parameter on both the optimal temperature difference of the
gaseous mixtures at the outlet and inlet of the SOFC unit and
the overall exergetic efficiency of the plant. As one can
distinguish, low temperature operating SOFCs require lower
temperature differences for direct minimization of exergy

1500 - For RF = 3, AHU=78.95%, AT,;=332, 0,=66.5 %
For RF =5, AHU=72.89%, AT,,;=280, ,=60.9 %
1300 + For RF =10, AHU=57.75%, AT =183, 0,=47.6 %
For all cases, Ty 0, =1200K
1100 A
N4
3 900 -
=
A RF =10
700 - =
. RF=5 N
N
500 - N
N
N
N
300 e N TR R
300 500 700 900 1100 1300 1500 1700 1900
Tair: K

Fig. 9. Equivalent scenarios of temperatures of air preheating and reformate production at various reforming factors.
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loss due to waste heat. Further, the theoretical conclusion of
Section 3.1 about the incentives for low temperature SOFC
operation is confirmed.

4. Conclusions

Energy conversion efficiency of ethanol into electricity
was maximized considering a SOFC power plant with
external steam reforming, an afterburner, a vaporizer and
two heat exchangers. Based on a mathematical model, useful
information was deduced about the individual parameters
and the independent variables that may lead to optimality
according to the first and second law of thermodynamics. It
was found that energy conversion optimization is subjected
to decisions for the optimization of the burner balance in
order to specify the best combination of the extend of the
reforming reaction and the hydrogen utilization in the SOFC
unit (minimization of combustion participation). Further-
more, an appropriate control of the energy losses from the
SOFC was found to be necessary to complete first law
optimization. As a consequence, the exergy analysis was
applied to provide design criteria in terms of the tempera-
tures of the reforming and air preheating. Allocation of
exergy destruction rates was applied to determine optimally
controlled unit operations. On the whole, an optimization
strategy has been constructed and a thorough examination of
the plant operation has been achieved.
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