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This paper is aimed at presenting a methodology for the simultaneous synthesis of solid

oxide fuel cell (SOFC) based systems and their associated heat exchangers network (HEN).

The optimization model is formulated as a mixed integer nonlinear mathematical pro-

gramming (MINLP) problem. The optimization goal is to maximize the overall net efficiency

of the integrated system.

Ethanol and glycerin are studied as fuels fed to the SOFC system as they constitute two

renewable and sustainable sources of energy.

As main results, net global efficiency values of 69.35% and 66.97% were computed for

ethanol and glycerin, respectively. For both cases, the computed optimal operation pres-

sure, the SOFC operation temperature and the fed water/fuel molar ratio values were

2 atm, 1073 K and 3, respectively.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction model, considering a recirculation stream of the out-coming
The solid oxide fuel cells (SOFCs) are currently designed based

on two main geometrical configuration types: planar or

tubular. A detailed literature review on SOFCs modeling has

been performed by Janardhanan and Deutschmann [1]. Ni

et al. [2] have conducted parametric studies on SOFCs fed with

bio-gas as fuel, evaluating the relation between the electrode

porosity and performance (overpotentials) at different tem-

perature and pressure levels. Yakabe et al. [3] have developed

a detailed mathematical model for predicting the electric

current, potential, temperature and concentration profiles

inside a SOFC. Achenbach [4] has simulated planar SOFCs type

fedwithmethane resorting to a tri-dimensionalmathematical
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gas from the anode, and both co-current and counter-

current fuel flow patterns inside the cell. The author re-

ported the predicted current density, gas concentration and

temperature profiles inside the cell. Bhattacharyya et al. [5]

have developed a dynamic model for a tubular SOFC type

based on experimental data obtained from an industrial unit

operating at different scenarios. Mollayi Barzi et al. [6] derived

a dynamic two-dimensional model for tubular SOFC type,

considering mass, momentum and energy balances. The

model accounts for cell overpotentials by mimicking an

equivalent electrical circuit. Cimenti and Hill [7] have per-

formed a thermodynamic analysis of SOFCs fed directly with

different vaporized mixtures of water/methane and water/
rf@santafe-conicet.gov.ar (J.A. Francesconi), mmussati@santafe-
irre).
ublications, LLC. Published by Elsevier Ltd. All rights reserved.

mailto:doliva@santafe-conicet.gov.ar
mailto:javierf@santafe-conicet.gov.ar
mailto:mmussati@santafe-conicet.gov.ar
mailto:mmussati@santafe-conicet.gov.ar
mailto:paguir@santafe-conicet.gov.ar
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 7 1 4 0e7 1 5 8 7141
ethanol for determining the carbon formation region for each

case. Bove et al. [8] developed a simplified model for SOFCs to

reduce its mathematical complexity and facilitate the behav-

ioral analysis of a SOFC system coupled to a power cycle

consisting on an expander turbine; i.e. pumps, reformer, SOFC

unit, compressor and turbine. Burbank et al. [9] developed

configurations for operating at stable temperature the power

cycle turbine coupled to the SOFC unit using turbines with

variable injectors, fueling natural gas. Cocco and Tola [10]

simulated two SOFC-power cycle configurations in ASPEN

environment; in one case the cell was fedwith the out-coming

stream from the fuel reforming unit, while in the other one the

fuel was fed directly without prior reforming. The work was

conducted with different fuels fixing the reactors tempera-

ture. The results showed relative advantages and disadvan-

tages of each configuration, as well as the more suitable fuel

for each one. Costamagna et al. [11] proposed a SOFC model

considering technological limitations in the process units

involved in the coupled SOFC-turbine process. Petruzzi et al.

[12] developed a thermo-electrochemical model of a SOFC for

evaluating start-up times, stack configurations and insulation

required for safe operation as auxiliary power units in vehi-

cles. Yi et al. [13] investigated a coupled SOFC-power cycle

system fueled with humidified methane to analyze the influ-

ence of the system pressure, the fed methane-to-water ratio,

and the air excess on the system efficiency.

Arteaga-Pérez et al. [14] have simulated an ethanol pro-

cessing system coupled to a SOFC. The authors firstly

analyzed the fuel utilization factor, the water-to-ethanol

molar ratio, and the reformer temperature. Afterward, they

addressed the heat exchangers network (HEN) synthesis

resorting to the “pinch” methodology. This approach is of the

“onion skin” diagram type: firstly, the process units and

streams are determined and, secondly, the operating condi-

tions are fixed to address the HEN synthesis problem. Palazzi

et al. [15] developed a thermo-economic model of the process,

based on which they performed a sequential optimization by

computing first the process operation variables, and synthe-

sizing then the HEN to obtain the system efficiency, process

units size and costs. They formulated a multi-objective opti-

mization problem, and presented the obtained results in a

Pareto chart, where optimal efficiency values were plotted

against economic ones.

Due to the high SOFC operation temperature level,

Autissier et al. [16] carried out an economic analysis for a

number of feasible cell designs, determining cost-to-efficiency

ratios for each case, using natural gas as fuel. Santin et al. [17]

performed an economic analysis of tubular and planar SOFCs

coupled to an expander turbine, but fueled with either

methanol or kerosene.

In this context, it can be noted that there has been pub-

lished several papers dealing first with the analysis and

optimization of SOFC-based systems, and then, with the

associated HEN synthesis. However, to the authors’ knowl-

edge, there are no papers addressing simultaneously the

optimization of SOFC-based processes with the associated

HEN.

This paper is thus aimed at presenting a methodology for

the simultaneous synthesis of SOFC-based systems and their

associated heat exchangers networks. Then, the traditional
resolution approach based on the onion skin diagram and hier-

archy of analysis can be avoided.

From a methodological point of view, it should be noted

that if other processes are considered, the modeler has to

formulate or adapt the associated HENs to the corresponding

process model in order to solve the mass and energy balances

simultaneously; i.e. the proposed methodology is not inten-

ded to be a benchmark in which the modeler has only to

substitute a given process model by other model to obtain the

optimal process-HEN configuration.

This paper is organized as follows. The investigated pro-

cess is briefly described in Section 2. Themathematical model

representing the SOFC system is presented in Section 3. The

optimization problem is stated and formulated in Section 4.

The proposed resolution methodology and numerical aspects

are presented in Section 5. Results obtained using either

ethanol or glycerin as fuels are discussed in Section 6. Finally,

conclusions are drawn in Section 7.
2. Process description

The investigated system is a process consisting on a fuel

reformer, SOFC unit, combustor, expander turbine, fuel

pumps, air compressors, and heat exchangers. Fig. 1 shows a

basic layout of the considered process without energy inte-

gration. Fuels fed to the SOFC system are either ethanol or

glycerin.
3. Process model

3.1. Concept of stream state

Prior to model derivation of the investigated SOFC system, the

conceptual modeling framework is briefly presented.

Fig. 2 schematizes a part of a flow sheet of a given process

consisting of two reactors in-series and their process streams

(not integrated energetically), whose energy requirements are

satisfied by a heat exchanger. Cr,j represents a stream “r” at

state “j”, what hereafter is referred as “stream-state” for

brevity. Each state has an associated vector whose compo-

nents are the values of the enthalpy, composition and pres-

sure variables (called “main variables”) and the values of the

temperature and component partial pressure variables (called

“dependent variables”), which are dependent from the main

variables. Qp,m,n represents the heat exchanged by stream “p”

from initial state “m” to another state “n”. In Fig. 2, the

dependent variables are indicated by “*” while the main ones

by “-”. It is assumed gas ideal behavior for enthalpy value

estimation in the investigated operation pressure range.

However, the pressure is taken into account for calculating

the bubble point.

The presence of process unit “Reactor 1” determines the

existence of two streams (streams “1” and “2”) as the

chemical composition changes inside it. Analogously, the

presence of process unit “Reactor 2” determines the exis-

tence of stream “3” as the chemical composition of the inlet

stream “2” changes when passing through it. The existence

of a heat exchange unit (without reaction and mass transfer)

http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
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Fig. 1 e Simplified diagram of energy production system through a SOFC that uses liquid fuel “SOFC system”.
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determines that stream “2” has two possible states: the inlet

exchanger state and the outlet exchanger state. The partic-

ular process here investigated is now schematized in Fig. 3

using the concept of system states. B1 and B2 are the

water and fuel pumps, respectively; C1 and C2 are air com-

pressors in-series prior to combustor and SOFC. T1 is an

expander turbine powered by the exhaust gases from the

combustor.
Fig. 2 e Diagram of the conceptual modeling
Pumps and compressors raise the pressure of liquids and

air, respectively, to the system operation pressure. The

expander turbine ejects gases at atmospheric pressure.

Process streams and their states are detailed in Table 1

according to Fig. 3. Table 2 lists the heat requirements

involved in the change of the streams state. In Fig. 3, heating

and cooling requirements in a heat exchanger are indicated by

arrows up and down, respectively.
. Definition of streams as system states.

http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073


Fig. 3 e Power generation system by a SOFC using a liquid fuel. Scheme of the process stream-states.
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3.2. Estimation of stream’s variable values at states

The expressions for computing the streams enthalpy value at

each state depend on the stream aggregation state.

3.2.1. Pure liquid enthalpy
The saturation temperature Ts of the component l is implicitly

calculated by the Antoine equation as follows:

LogðPtotalÞ ¼ aA;l þ aB;l

aC;l þ Tsl
þ aD;l$LogðTslÞ þ aE;l$ðTslÞaF;l (1)
where Ptotal is the total pressure; a are the Antoine coefficients.

The pure liquid enthalpy Hll is calculated by the following

expression:

Hll ¼ Hnl � DHVapl
� DHLiql

(2)

where Hnl is the vapor enthalpy of compound l at the satura-

tion temperature Ts;DHVapl
is the latent vaporization heat, and

DHLiql
is the liquid sensible heat to raise the temperature of

compound l from Tl to its saturation temperature Ts. Hnl,

DHVapl
and DHLiql

are estimated using the correlations (3)e(5),

respectively:
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Table 1 e Process streams and state.

Stream Description

C1,1 Pure water fed to the system

C1,2 Water at boiling point

C1,3 Steam at boiling point

C1,4 Superheated steam

C2,1 Pure fuel fed to the system

C2,2 Fuel at boiling point

C2,3 Fuel vapor at boiling point

C3,1 Fuel vapor at saturation temperature fed to combustor

C3,2 Fuel vapor fed to combustor

C4,1 Fuel vapor at saturation temperature fed to reformer

C4,2 Fuel vapor fed to reformer

C5,1 Water/fuel mixture fed to reformer

C6,1 Reformed gas output

C6,2 Reformed gas output

C7,1 Reformed gases to anode

C8,1 Air fed to the system

C8,2 Compressor C1, air output

C8,3 Compressor C2, air output

C9,1 Air fed to SOFC cathode

C9,2 Air fed to SOFC cathode

C10,1 Air fed to combustor

C10,2 Air fed to combustor

C11,1 Output gases from cathode

C12,1 Output gases from anode

C13,1 SOFC output gases fed to combustor

C13,3 SOFC output gases fed to combustor

C14,1 Output gases from combustor

C14,2 Output gases from combustor

C14,3 Output gases from T1 turbine expander

C14,4 Output gases from T1 turbine expander

Table 2 e Heat requirement of streams.

Name Description

Q1-1-2 Heating of liquid water

Q1-2-3 Phase change heat energy

Q1-3-4 Heating of steam

Q2-1-2 Heating of liquid fuel

Q2-2-3 Fuel phase change heat energy

Q3-1-2 Heating of vaporized fuel

Q4-1-2 Heating of vaporized fuel

Q6-1-2 Heating of reformed gases

Q9-1-2 Heating of air supplied to SOFC

Q10-1-2 Heating of air supplied to combustor

Q13-1-2 Heating of gases from SOFC

Q14-1-2 Heating of output gases from combustor

supplied to turbine

Q14-3-4 Heating of turbine output gases

QCell Heat from SOFC

QR1 Heat to reforming reactor
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Hnl$1000 ¼ DHform;l þ bA;l$
�
Tsl � Tref

� þ
bB;l$

�
Ts2l � T2

ref

�
2

þ
bC;l$

�
Ts3l � T3

ref

�
3

þ
bD;l$

�
Ts4l � T4

ref

�
4

þ
bE;l$

�
Ts5l � T5

ref

�
5

(3)
Log
�
DHVapl,1000

� ¼ LogðdA;lÞ þ Log

�
1� TSl

TCl

�
,dB;l þ dC;l,

TSl

TCl

þ dD;l,

�
TSl

TCl

�2

þ dE;l,

�
TSl

TCl

�3

(4)
DHLiql
$1000 ¼fA;l$ðTsl � TlÞ þ fB;l$

�
Ts2l � T2

l

�
2

þ fC;l$
�
Ts3l � T3

l

�
3

þ fD;l$
�
Ts4l � T4

l

�
4

þ fE;l$
�
Ts5l � T5

l

�
5

(5)

where bD,l, dD,l and fD,l are coefficients and subscript l refers to

a component. DHform,l is the formation enthalpy of the pure

component l at the reference temperature Tref.

3.2.2. Gas mixture enthalpy
Most gaseous process streams are gas mixtures, except for

vaporized fuel and water steam streams.

The enthalpy of a gas mixture stream is computed as the

weighted average of the enthalpy of each pure component of

the mixture.
The enthalpy of the component i in the gas stream s (Hni,s)

is computed using the formation enthalpy of the pure com-

pound i at the reference temperature Tref (DHform,i) by the

following correlation:

Hni;s$1000 ¼ DHform;i þ bA;i$
�
Ts � Tref

� þ
bB;i$

�
T2
s � T2

ref

�
2

þ
bC;i$

�
T3
s � T3

ref

�
3

þ
bD;i$

�
T4
s � T4

ref

�
4

þ
bE;i$

�
T5
s � T5

ref

�
5

(6)

The average enthalpy of stream s (Hvms) is computed by:

Hvms ¼
P
i

Fi;s$Hni;s

3600
(7)

where Fi,s is the molar flux of compound i in stream s.
3.3. Partial pressure of a component in a stream

The partial pressure Pi of a component i is computed as:

Pi ¼ Ptotal$yi (8)

where Ptotal is the total pressure of the stream, and yi is the

molar fraction of compound i in the mixture.
3.4. Reforming reactions

Thereformingreactions takingplace in thereformerdependon

theused fuel. In thispaper, theschemesof reactions forethanol

and glycerin reforming processes proposed by Francesconi

et al. [18] and Hirai et al. [19], respectively, are adopted. The
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reforming reactor is modeled as an isothermal equilibrium

reactor.

3.5. Fuel cell model

The SOFC model derivation is based on modeling hypotheses

assumed in previous works [18,20].

The SOFC unit is fed with the gas mixture resulting from

the fuel steam reforming. Independently of the used fuel, the

compounds present in the reformed gas mixture fed to the

anode are H2, H2O, CO, CO2 and CH4, but their relative

amounts depend on it, as analyzed later. The cathode is fed

with an air stream (N2 and O2).

The anode and cathode are considered separately. In order

to represent the simultaneous electro-oxidation of H2 and CO,

the SOFC is modeled as two in-parallel fuel cells. It is assumed

that the H2 electro-oxidation takes places at the anode of the

first cell (Cell1):

H2 þO2�/H2Oþ 2e�

and the CO electro-oxidation at the anode of the second cell

(Cell2):

COþO2�/CO2 þ 2e�

The following reduction occurs at the cathode of both cells:

1
2
O2 þ 2e�/O2�

In addition, the following reactions in equilibrium are

considered at the SOFC operation temperature (TSOFC):

- CH4 reforming:

CH4 þH2O%
KeqCH4

COþ 3H2
log
�
KeqCH4

�
¼ �20:5524� 22920,

6
TSOFC

þ 7:19465,logðTSOFCÞ � 2:94944,10�3,TSOFC (9)
- Water gas shift reaction (WGS):

COþH2O %
KeqWGS

CO2 þH2
log
�
KeqWGS

� ¼ �12:1076þ 5318,
69

TSOFC
þ 1:01205,logðTSOFCÞ þ 1:14367,10�4,TSOFC (10)
where KeqCH4
and KeqWGS are the equilibrium constants in

Eqs. (9) and (10), respectively.

The normal reversible potential (E0) (at normal conditions

of pressure and temperature) of an electrochemical reaction is

defined as:

E0 ¼ �DG0
Rx

ne$Fa
(11)
where ne is the number of electrons involved in the reaction,

Fa is the Faraday constant (96,487 C mol�1), and DGRx
0 is the

change in Gibbs free energy for the reaction Rx (J mol�1) at

normal conditions of pressure and temperature, which is

defined as follows:

DG0
Rx ¼

Xn

i¼1

ni$DG
0
fi (12)

where DGfi
0 is the change in Gibbs free energy of formation of

compound i, and n is the stoichiometric coefficient of com-

pound i in the reaction Rx.

The DGRx
0 value at the SOFC operation temperature (TSOFC)

and reference temperature (T*) is calculated by the Van’t Hoff

equation:

DG0
Rx;TSOFC

TSOFC
¼ DG0

Rx

T� þ
ZTSOFC

T�

� DH0
Rx;T

ðTSOFCÞ2
$dT (13)

The reversible potentials of the cells (ERevCell1 and ERevCell2)

as a function of the reactant and product concentrations are

computed as follows:

ERevCell ¼E0
RevCell1ðTSOFCÞ þ RgTSOFC

2Fa

�
ln
�
p�
H2 ;E7-1

�
þ 1
2
ln
�
p�
O2 ;E9-2

�

� ln
�
p�
H2O;E12-1

�	
(14)

ERevCell ¼E0
RevCell2ðTSOFCÞ þ RgTSOFC

2Fa

�
ln
�
p�
CO;E7-1

�
þ 1
2
ln
�
p�
O2 ;E9-2

�

� ln
�
p�
CO2 ;E12-1

�	
(15)

where ERevCell1
0 (TSOFC) and ERevCell2

0 (TSOFC) are reversible po-

tentials computed by Eqs. (11)e(13); Rg is the universal gas

constant (8.314 J K�1mol�1); p�
H2 ;E7-1 and p�

H2O;E12-1 are the H2 and

H2O partial pressures at the anode of the first cell, respec-
tively; p�
O2 ;E9-2 is the O2 partial pressure at the cathode of the

first cell; analogously, p�
CO;E7-1, p

�
CO2 ;E12-1 and p�

O2 ;E9-2 are the CO

and CO2 partial pressures at the anode, and the O2 partial

pressure at the cathode of the second cell, respectively.
The activation, concentration and ohmic overpotentials

are grouped in an unique parameter: g ¼ 0.2 V, which is a

typical value for SOFC units [2,21].

The H2 and CO utilization factors at the anode (FuH2 and

FuCO, respectively) and the O2 one at the cathode (FuO2 ) are

fixed at 0.9 [14].

The power produced by the SOFC unit (PowSOFC) is

computed as follows:

http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 7 1 4 0e7 1 5 87146
PowSOFC ¼ ðERevCell1 � gÞ$ICell1 þ ðERevCell2 � gÞ$ICell2 (16)

where the current I in each cell is computed by:

ICell1 ¼ Fa$ne$FuH2
$FH2 ;C7�1 (17)

ICell2 ¼ Fa$ne$FuCO$FCO;C7�1 (18)

where FH2 ;C7�1
and FCO;C7�1

are the H2 and CO inlet flows to the

anode of cell Cell1 and Cell2, respectively. For both cells, the

number of involved electrons ne is 2.

The heat dissipated by the SOFC unit (QSOFC) is computed

as:

QSOFC¼HvmC11-1 �HvmC9-2 þHvmC12-1 �HvmC6-2 þPowSOFC (19)

where HvmC11-1 and HvmC9-2 are the outlet and inlet enthalpy

values at the cathode, respectively, while HvmC12-1 and

HvmC6-2 at the anode.

3.6. Combustor

The combustor unit was modeled as the hot utility that pro-

vides the energy required for the whole SOFC system. Output

gases from the cell anode and cathode and, eventually, an

additional extra amount of vaporized fuel are burned in the

combustor. When necessary, this extra amount of burned fuel

provides the additional heat for satisfying the energy re-

quirements of the whole system.

The combustor exhausted gases are directed to a turbine

that powers pumps and two compressors for compressing the

air stream needed for combustion and by the electrochemical

processes occurring at the SOFC unit. This turbi-

neecompressorsepumps arrangement renders extra power

increasing consequently the net global efficiency of the whole

system. The turbine can also provide power to the SOFC sys-

tem. Different configurations are developed in Section 6.

Isentropic behavior is assumed for pumps, compressors

and turbine, whose outlet and inlet streams are characterized

by their states.

For a given process unit, the transferred and exchanged

heat flows are calculated as the difference of the enthalpy

values of the stream-states at the unit’s outlet and inlet. Fig. 3

identifies the possible heat exchange opportunities for the

investigated process.

3.7. Energy integration model

Yee and Grossmann [22] proposed a mixed integer nonlinear

programming MINLP model to solve heat exchangers network

(HEN) synthesis and design problems, known as the SYNHEAT

model. The restrictions and objective function of the SYN-

HEAT model are included below to introduce in the next

subsection the modifications proposed in this paper.

3.7.1. Yee and Grossmann’s model
The Yee and Grossmann’s model [22] is referred hereafter as

the “original model”.

Overall energy balance for hot stream i and cold stream j:

�
TINi

� TOUTi

�
$ _mi$cpi ¼

X
k˛ST

X
j˛CS

qi;j;k þ qCU;i i˛HS (20)
�
TOUTj

� TINj

�
$ _mj$cpj ¼

X
k˛ST

X
i˛HS

qi;j;k þ qHU;j j˛CS (21)

Energy balance for hot stream i and cold stream j in stage k:

�
Ti;k � Ti;kþ1

�
$ _mi$cpi ¼

X
j˛CS

qi;j;k i˛HS; k˛ST (22)

�
Tj;k � Tj;kþ1

�
$ _mj$cpj ¼

X
i˛CS

qi;j;k j˛CS; k˛ST (23)

Inlet temperature assignment for stream i and j:

TINi
¼ Ti;1 i˛HS (24)

TINj
¼ Tj;kþ1 j˛CS (25)

Temperature feasibility for stream i and j at the interior of

stage k:

Ti;k � Ti;kþ1 i˛HS; k˛ST (26)

Tj;k � Tj;kþ1 j˛CS; k˛ST (27)

Temperature feasibility for hot stream i limited by the cold

utility temperature:

TOUTi
� Ti;kþ1 i˛HS (28)

Temperature feasibility for cold stream j limited by the hot

utility temperature:

TOUTj
� Tj;1 j˛CS (29)

Energy balance for the cold and hot utilities:

�
Ti;kþ1 � TOUTi

�
$ _mi$cpi ¼ qCU;i i˛HS (30)

�
TOUTj

� Tj;1

�
$ _mj$cpj ¼ qHU;j j˛CS (31)

Upper bound constraints for heat exchange:

qi;j;k � Qmax$yi;j;k � 0 i˛HS; j˛CS; k˛ST (32)

qCU;i � Qmax$yCU;i � 0 i˛HS (33)

qHU;j � Qmax$yHU;j � 0 j˛CS (34)

Minimal allowed temperature difference for heat exchange:

DTi;j;k � Ti;k � Tj;k þ DTmax
i;j $

�
1� yi;j;k

�
(35)

DTi;j;kþ1 � Ti;kþ1 � Tj;kþ1 þ DTmax
i;j $

�
1� yi;j;k

�
(36)

DTCU;i � Ti;kþ1 � TOUT;CU þ DTmax
CU;i $

�
1� yCU;i

�
(37)

DTHU;j � TOUT;HU � Tj;1 þ DTmax
HU;j$

�
1� yHU;j

�
(38)

Logarithmic mean temperature differences:

LMTDi;j;k �
�
1
6
$
�
DTi;j;k þ DTi;j;kþ1

� þ 2
3
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTi;j;kDTi;j;kþ1

q 	
� 0 (39)

LMTDCU;i �
�
1
6
$
�
DTCU;i þ TOUTi

� TINCU

�

þ 2
3
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTCU;i$

�
TOUTi

� TINCU

�q 	
� 0 (40)
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LMTDHU;j �
�
1
6
$
�
DTHU;j þ TINHU � TOUTj

�

þ 2
3
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTHU;j$

�
TINHU

� TOUTj

�r 	
� 0 (41)

Heat exchangers area requirements:

areai;j;k �
qi;j;k

Ui;j$LMTDi;j;k
¼ 0 (42)

areaCU;i � qCU;i

UCU;i$LMTDCU;i
¼ 0 (43)

areaHU;j �
qHU;j

UHU;j$LMTDHU;j
¼ 0 (44)

Total annual cost (objective function):

TAC ¼
X
i˛HS

CCU$qCU;i þ
X
j˛CS

CHU$qHU;j þ
X
i˛HS

X
j˛CS

X
k˛ST

CFi;j$yi;j;k

þ
X
i˛HS

CFi;CU$yCU;i þ
X
j˛CS

CFj;HU$yHU;j

þ
X
i˛HS

X
j˛CS

X
k˛ST

CAi;j$
�
areai;j;k

�b þ X
i˛HS

CAi;CU$
�
areai;CU

�bCU

þ
X
j˛CS

CAj;HU$
�
areaj;HU

�bHU (45)

3.7.2. Modifications proposed to the Yee and Grossmann’s
model
In this subsection, modifications to the Yee and Grossmann’s

model are introduced. The resulting mathematical model is

referred hereafter as the “modified model”.

The reformulation of the original SYNHEAT problem re-

quires modifying some model constraints and adding new

ones. More specifically, the product ð _m$cp$TÞ in the streams

energy balances are replaced by the (new) enthalpy variableH.

Consequently, Eqs. (24)e(29) related to temperature assign-

ment and feasibility are replaced with the enthalpy assign-

ment constraints. Then, constraints of the original model

given by Eqs. (20)e(31) are re-written in the modified model in

terms of enthalpy variable as follows:

Overall energy balance for hot stream i and cold stream j:

�
HINi

� HOUTi

� ¼ X
k˛ST

X
j˛CS

qi;j;k þ qCU;i i˛HS (46)

�
HOUTj

� HINj

�
¼

X
k˛ST

X
i˛HS

qi;j;k þ qHU;j j˛CS (47)

Energy balance for hot stream i and cold stream j in stage k:

�
Hi;k �Hi;kþ1

� ¼ X
j˛CS

qi;j;k i˛HS; k˛ST (48)

�
Hj;k �Hj;kþ1

� ¼ X
i˛CS

qi;j;k j˛CS; k˛ST (49)

Inlet enthalpy assignment for stream i and j:

HINj
¼ Hj;kþ1 j˛CS (50)

HINi
¼ Hi;1 i˛HS (51)

Enthalpy feasibility for stream iand jat the interior of stagek:

Hi;k � Hi;kþ1 i˛HS; k˛ST (52)
Hj;k � Hj;kþ1 j˛CS; k˛ST (53)

Enthalpy feasibility for hot stream i limited by the cold

utility enthalpy:

HOUTi
� Hi;kþ1 i˛HS (54)

Enthalpy feasibility for cold stream j limited by the hot

utility enthalpy:

HOUTj
� Hj;1 j˛CS (55)

Energy balance for the cold and hot utilities

�
Hi;kþ1 �HOUTi

� ¼ qCU;i i˛HS (56)

�
HOUTj

� Hj;1

�
¼ qHU;j j˛CS (57)

Additional constraints have to be added for relating tem-

perature with enthalpy. More specifically, it is needed to relate

Eqs. (46)e(57) with the equations not modified in the original

model (Eqs. (32)e(45)). For doing so, constraints given by Eqs.

(58) and (59) are added to represent the enthalpyetemperature

functionality. It should be noted that this modification allows

representing isothermal heat exchanges.

Ti;k ¼ TINi
þ �

TOUTi
� TINi

�
$
Hi;k �HINi

HOUTi
�HINi

i˛HS (58)

Tj;k ¼ TINj
þ
�
TOUTj

� TINj

�
$
Hj;k �HINj

HOUTj
�HINj

j˛CS (59)

3.8. Process and HEN models integration

As mentioned earlier, the HEN synthesis problem is tradi-

tionally addressed and solved resorting to an onion skin

scheme, i.e. the heat integration of a given process is per-

formed once the process operation variables were previously

optimized [21]. In that case, the stream-states at the process

units’ inlet and outlet are known values for the heat integra-

tion problem. In this paper, the stream-states are decision

variables for the optimal synthesis problem, i.e. the operation

variables of the process and its integrated HEN are optimized

simultaneously.

Then, a new model is derived by coupling the process

(SOFC system) model to the HEN model through the enthalpy

variable of the stream-states.

The objective function for the optimal synthesis of the

process-HEN coupled model is discussed in the following

sections.
3.9. Process streams specifications

The information source to synthesize the heat exchange

network, i.e. the cold and hot streams and their enthalpy and

temperature specifications at each state are detailed in Table

3. It should be noted that in the mentioned previous work

[23], all entries in Table 3 were known data (fixed values) while

in this work they are decision variables to be optimized along

with the SOFC system operation variables.
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Table 3 e Cold and hot streams to be energetically
integrated.

Stream to be integrated TIN TOUT HIN HOUT

Cold Q1-1-2 TC1;1 TC1;2 HC1;1 HC1;2

Cold Q1-2-3 TC1;2 TC1;3 HC1;2 HC1;3

Cold Q1-3-4 TC1;3 TC1;4 HC1;3 HC1;4

Cold Q2-1-2 TC2;1 TC2;2 HC2;1 HC2;2

Cold Q2-2-3 TC2;2 TC2;3 HC2;2 HC2;3

Cold Q3-1-2 TC3;1 TC3;2 HC3;1 HC3;2

Cold Q4-1-2 TC4;1 TC4;2 HC4;1 HC4;2

Cold QR1 TC5;1 TC6;1 HC5;1 HC6;1

Cold Q6-1-2 TC6;1 TC6;2 HC6;1 HC6;2

Cold Q9-1-2 TC9;1 TC9;2 HC9;1 HC9;2

Cold Q10-1-2 TC10;1 TC10;2 HC10;1 HC10;2

Cold Q13-1-2 TC13;1 TC13;2 HC13;1 HC13;2

Hot QCell TC6;3 TC12;1 HC6;3 HC12;1

Hot Q14-1-2 TC14;1 TC14;2 HC14;1 HC14;2

Hot Q14-3-4 TC14;3 TC14;4 HC14;3 HC14;4
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3.10. Overall net process power and efficiency

The total net power generated by the system (PowSystem) is

computed as follows:

PowSystem ¼ PowSOFC � PowPumps � PowCompressors � HU
0:95

� CU
25

(60)

where PowSOFC, PowPumps and PowCompressors are the power

generated by the SOFC unit, the power required by pumps and

compressors, respectively; HU and CU represents the hot and

cold utilities, respectively.

The net system efficiency (hSystem
LHV ) based on the low heat-

ing value (LHVFuel) is given by:

hLHV
System ¼ PowSystem

LHVFuel

�
FFuel;C3;2

þ FFuel;C5;1

� (61)

where FFuel;C3;2
and FFuel;C5;1 are the fuel molar flow rates fed to

the reformer and combustor, respectively.
4. Optimization model statement

The optimizationmodel to synthesize simultaneously the fuel

reforming processor for feeding a SOFC unit coupled to a

power system, their heat integration, and the number of

required heat exchangers can be formulated as a mixed

integer nonlinear mathematical programming (MINLP) prob-

lem as follows:

Max hLHV
System

s:t:
fðxÞ þ gðzÞ ¼ b

L � x � U
z ¼ f0;1g

(62)

where f(x) and g(z) represents the problem constraints given

by Eqs. (1)e(19), (32)e(44), and (46)e(61); x is the vector of
continuous variables; and z(i, j, k) is the vector of binary vari-

ables, whichmodel the possibilities of heat exchange between

process streams i and j in the stage k in the superstructure

representation. L and U are the upper and lower bound vec-

tors, respectively; while b represents the vector of indepen-

dent terms in constraints. By fixing the required system

power, all process flows and temperatures as well as the heat

exchangers network are synthesized simultaneously based on

minimization of energy targets.
5. Resolution methodology and
computational aspects

The resulting MINLP model was implemented in General

Algebraic Modeling System GAMS environment [24], and solved

with the Standard Branch and Bound SBB code [25].

The resolution of the resulting complex optimization

problem was mainly possible by applying a systematic,

multistep optimization approach. It consists on the optimi-

zation of successive sub problems, which progressively in-

crease the number of involved process streams and states.

Each sub problem is first solved to feasibility and then to

optimality, posing a different objective function and problem

constraints at each solution step. In this approach, the results

from a given solution step provide good initial values for

solving a larger, more detailed sub problem at the next step,

and so on. Following, the approach is described in detail.

It is proposed to solve the optimal synthesis problem (HEN

coupled to the fuel processor-SOFC system) through five pro-

cedure steps.

5.1. First solution step

This step involves the stream-states stream-states C1,1 to C1,4,

C2,1 to C2,2, C3,1 to C3,2, C4,1 to C4,2, C5,1, and C6,1 to C6,2 and

includes the reformer model equations and the heat required

for the reforming reactions (QR1), as depicted in Fig. 4. First, the

inlet stream-states C1,1 and C2,1 are initialized with arbitrary

values for flows; a molar water/fuel ratio of 9, ambient tem-

perature of 298 K and a system pressure of 3 atm are assumed.

In addition, the reformer operation temperature is fixed at

873 K, and the fuel flux directed to the combustor (represented

by stream-states C3,1 and C3,2) is fixed at zero. This sub prob-

lem is first solved to obtain a feasible solution, and then the

obtained results are used to maximize the objective function

for this sub problem (OFStep 1), which is the ratio between the

molar flux of the produced H2ðFH2 ;C6;1 Þ and the fed fuel

ðFfuel;C2;1
Þ:

Maximize OFStep 1 ¼
FH2 ;C6;1

Ffuel;C2;1

(63)

For this optimization problem, the flux of the stream-states

C1,1 and C2,1, the system pressure, and the reformer oper-

ating temperature are free variables, i.e. decision variables to

be optimized. Lower and upper bounds of 2 and 10 atm,

respectively, are assumed for the system pressure. An oper-

ating temperature range between 823 and 1073 K is assumed

for the reformer. The obtained results are used as initial

values for the next solution step.
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Fig. 4 e First initialization step. Schematic representation of stream-states in the step.

Fig. 5 e Second initialization step. Schematic representation of stream-states in the step.
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5.2. Second solution step

As depicted in Fig. 5, this step includes all elements involved

in the first solution step along with the stream-sates C7,1,

C8,1eC8,3, C9,1eC9,2, C10,1eC10,2, C11,1, C12,1, C13,1eC13,2, the

model equations for the SOFC unit and compressors C1

and C2, the heat dissipated (QCell) and the power generated

PowSOFC by the SOFC unit. First, the optimal values obtained in

the first solution step are fixed; the remainingmodel variables

(the variables added at this step) are initialized assuming

continuity at the involved stream-states. The sub problem is

solved to obtain a feasible solution. The obtained results are

used afterward to initialize all variables for the optimization

problem, except for (i) the air flux of the stream-states

C10,1eC10,2 and the fuel flux of stream-states C3,1eC3,2, which

are fixed to zero; (ii) the temperature of the stream-states C1,1,

C2,1 and C8,1, which are fixed at the ambient temperature

(298 K); and (iii) themolar water/fuel ratio, which is kept at the

value obtained in the first solution step. All other variables are

decision variables that maximize the objective function

(OFStep 2) for this sub problem: the power generated by the

SOFC unit (PowSOFC):

Maximize OFStep 2 ¼ PowSOFC (64)

5.3. Third solution step

This step involves all elements considered at the first and

second solution steps along with the stream-states C14,1, C14,2,

C14,3, C14,4, and themodel equations for combustor and turbine

T1, as depicted in Fig. 3. Analogously, first, the optimal values

obtained in the second solution step are fixed. The flows of the

stream-states C3,1 and C10,1 are initialized with arbitrary

values; in this case, the fuel flow fed to the combustor is

assumed to be 10% of the fuel flow fed to the reformer, and the

air flow fed to the combustor is assumed to 10% of the air flow

fed to the SOFC unit. The sub problem is solved to obtain a

feasible solution. The obtained values are used afterward as

initial values for variables of all states and process units

involved in the optimization problem. The objective function

(OFStep 3) for this sub problem is the maximization of the

overall net efficiency (hSystem
LHV ) of the sub system (with no heat

integration):

Maximize OFStep 3 ¼ hLHV
System (65)

For this optimization sub problem, the hot and cold utilities

(HU and CU, respectively) are considered to compute the

overall net efficiency hSystem
LHV (Eqs. (60) and (61)). The hot and

cold utilities are responsible for satisfying the heating and

cooling requirements for changing the states of all involved

cold and hot streams, respectively. It should be noted that so

far no heat integration between process streams was

performed.

5.4. Fourth solution step

In this step, the sub model used in the third solution step

(systemmodel without heat integration of process streams) is

solved simultaneously with the heat exchange network (HEN)

model presented in Section 3.7.2. Here, the inlet and outlet
streams temperature and enthalpy values are decision vari-

ables to be optimized; i.e. the values of the stream-states and

the heat involved in the reaction units without process heat

integration are the inlet and outlet values of the hot and cold

streams in the HEN model, which are to be optimized. All

variables are initialized with optimal values computed in the

third step. It should be noted that both sub models share

temperature and enthalpy variables. In this step, the optimi-

zation problem aims tominimize the requirements of hot and

cold utilities in order to favor the heat integration of the pro-

cess streams over the use of utilities. For that, the overall net

system power is fixed at 1 kW. All other model variables are

decision variables; some of which may range between lower

and upper bounds according to particular specifications or

operation constraints. The objective function (OFStep 4) of the

optimization problem for this solution step is:

Minimize OFStep 4 ¼ HUþ CU (66)

In case that the computed value for OFStep 4 is zero at the

optimal solution, it means that the whole process does not

demand neither hot not cold utilities for generating 1 kW of

overall net power. It is said that the system is energetically

self-sustainable or self-sufficient.
5.5. Fifth (last) solution step

In this step, the heat exchange network HENmodel is coupled

to the sub system model used in the previous step. All vari-

ables are initialized with the optimal values computed in the

forth solution step. The generated overall net power is kept

fixed at 1 kW. The hot and cold utilities (HU and CU, respec-

tively) are fixed at zero to guarantee the self-sustainable

operation of the integrated process. As in the third solution

step, the objective function (OFStep 5) to be maximized is the

overall net efficiency:

Maximize OFStep 5 ¼ hLHV
System (67)

Although the optimization problems solved in the third and

fifth steps maximize the same objective function (the overall

net system efficiency), the difference relies in that the heat

exchangers network HEN is obtained in the fifth step along

with the operation conditions of the entire, integrated pro-

cess. Whereas in the third solution step the heating and

cooling requirements are provided exclusively by auxiliary

services with no heat integration of the process streams.
6. Results

The overall net power generated by the SOFC system is fixed at

1 kW for all analyzed cases.

First, an optimization model for addressing simulta-

neously the determination of the process operation condi-

tions and the synthesis of the coupled heat exchangers

network was solved using ethanol as fuel, which has a low

heating value LHV of 1235 kJ mol�1. Afterward, the same

problem was solved using glycerin, whose LHV is

1477 kJ mol�1.
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Table 4 e Optimal values of process operating variables using ethanol for scenarios (a) and (b).

Scenario (a) (b)

Stream State
(IN/OUT)

T (K) Molar flow per kW generated (mol h�1/kWgenerated) Heat flow
per kW

generated
(kW/kWgenerated)

T (K) Molar flow per kW generated (mol h�1/kWgenerated) Heat flow
per kW

generated
(kW/kWgenerated)

Ethanol H2O H2 CH4 CO CO2 O2 N2 Ethanol H2O H2 CH4 CO CO2 O2 N2

Cold Q1,1,2 C1-1 298.00 15.56 0.03 298.00 12.609 0.03

C1-2 393.81 15.56 393.81 12.609

Cold Q1,2,3 C1-2 393.81 15.56 0.17 393.81 12.609 0.14

C1-3 393.81 15.56 393.81 12.609

Cold Q1,3,4 C1-3 393.81 15.56 0.06 393.81 12.609 0.05

C1-4 779.05 15.56 783.77 12.609

Cold Q2,1,2 C2-1 298.00 4.85 0.01 298.00 4.203 0.01

C2-2 369.95 4.85 369.95 4.203

Cold Q2,2,3 C2-2 369.95 4.85 0.05 369.95 4.203 0.04

C2-3 369.95 4.85 369.95 4.203

Cold Q3,1,2 C3-1 0.00 369.95 0.00

C3-2 369.95

Cold Q4,1,2 C4-1 369.95 4.85 0.06 369.95 4.203 0.05

C4-2 779.05 4.85 783.77 4.203

Cold QR1 C5-1 779.05 4.85 15.56 0.00 783.77 4.203 12.609 0.00

C6-1 779.05 12.23 7.15 5.36 0.48 3.85 783.77 9.772 6.129 4.659 0.455 3.292

Cold Q6,1,2 C6-1 779.05 12.23 7.15 5.36 0.48 3.85 0.11 783.77 9.772 6.129 4.659 0.455 3.292 0.09

C6-2 1073.00 12.23 7.15 5.36 0.48 3.85 1073.00 9.772 6.129 4.659 0.455 3.292

Cold Q9,1,2 C9-1 363.27 14.28 53.73 0.42 363.27 12.347 46.447 0.36

C9-2 1073.00 14.28 53.73 1073.00 12.347 46.447

Cold Q10,1,2 C10-1 363.26 3.97 14.93 0.00 363.27 0.262 0.987 0.00

C10-2 363.26 3.97 14.93 363.27 0.262 0.987

Cold Q13,1,2 C13-1 1073.00 27.68 2.17 0.13 0.69 8.88 1.43 53.73 0.00 1073.00 23.097 1.859 0.131 0.611 7.664 1.235 46.447 0.00

C13-2 1073.00 27.68 2.17 0.13 0.69 8.88 1.43 53.73 1073.00 23.097 1.859 0.131 0.611 7.664 1.235 46.447

Hot QCell C6-2 1073.00 12.23 7.15 5.36 0.48 3.85 0.49 1073.00 9.772 6.129 4.659 0.455 3.292 0.42

C12-1 1073.00 27.68 2.17 0.13 0.69 8.88 1073.00 23.097 1.859 0.131 0.611 7.664

Hot Q14,1,2 C14-1 1170.70 30.11 9.70 3.71 68.66 0.42 1297.08 25.218 8.406 47.434 0.00

C14-2 802.83 30.11 9.70 3.71 68.66 1297.08 25.218 8.406 47.434

Hot Q14,3,4 C14-3 727.12 30.11 9.70 3.71 68.66 0.00 1078.00 25.218 8.406 47.434 0.35

C14-4 727.12 30.11 9.70 3.71 68.66 649.82 25.218 8.406 47.434

Anode

reactions

C6-2 1073.00 12.23 7.15 5.36 0.48 3.85 e 1073.00 9.772 6.129 4.659 0.455 3.292 e

C7-1 1073.00 8.17 21.68 0.13 6.88 2.68 1073.00 6.371 18.585 0.131 6.108 2.167
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Table 5 e Optimal values of process operating variables using glycerin for scenarios (a) and (b).

Scenario (a) (b)

Stream State
(IN/OUT)

T (K) Molar flow per kW generated (mol h�1/kWgenerated) Heat flow
per kW

generated
(kW/kWgenerated)

T (K) Molar flow per kW generated
(mol h�1/kWgenerated)

Heat flow
per kW

generated
(kW/kWgenerated)

Glycerin H2O H2 CH4 CO CO2 O2 N2 Glycerin H2O H2 CH4 CO CO2 O2 N2

Cold Q1,1,2 C1-1 298.00 12.48 0.03 298.00 10.918 0.02

C1-2 394.63 12.48 393.81 10.918

Cold Q1,2,3 C1-2 394.63 12.48 0.14 393.81 10.918 0.12

C1-3 394.63 12.48 393.81 10.918

Cold Q1,3,4 C1-3 394.63 12.48 0.06 393.81 10.918 0.05

C1-4 851.80 12.48 850.47 10.918

Cold Q2,1,2 C2-1 298.00 4.16 0.10 298.00 3.639 0.09

C2-2 588.31 4.16 587.29 3.639

Cold Q2,2,3 C2-2 588.31 4.16 0.07 587.29 3.639 0.06

C2-3 588.31 4.16 587.29 3.639

Cold Q3,1,2 C3-1 0.00

C3-2

Cold Q4,1,2 C4-1 588.31 4.16 0.06 587.29 3.639 0.05

C4-2 851.80 4.16 850.47 3.639

Cold QR1 C5-1 851.80 4.16 12.48 0.00 850.47 3.639 10.918 0.00

C6-1 1073.00 10.34 10.66 4.06 2.21 6.21 850.47 9.032 9.338 3.552 1.927 5.438

Cold Q6,1,2 C6-1 1073.00 10.34 10.66 4.06 2.21 6.21 0.09 850.47 9.032 9.338 3.552 1.927 5.438 0.08

C6-2 1073.00 10.34 10.66 4.06 2.21 6.21 1073.00 9.032 9.338 3.552 1.927 5.438

Cold Q9,1,2 C9-1 365.94 14.33 53.91 0.42 363.27 12.544 47.189 0.37

C9-2 1073.00 14.33 53.91 363.27 12.544 41.189

Cold Q10,1,2 C10-1 365.94 0.23 0.87 0.00 363.27 0.193 0.727 0.00

C10-2 365.94 0.23 0.87 363.27 0.193 0.727

Cold Q13,1,2 C13-1 1073.00 26.88 2.01 0.12 0.85 11.51 1.43 53.91 0.00 1073.00 23.519 1.762 0.097 0.746 10.074 1.254 47.189 0.00

C13-2 1073.00 26.88 2.01 0.12 0.85 11.51 1.43 53.91 1073.00 23.519 1.762 0.097 0.746 10.074 1.254 47.189

Hot QCell C6-2 1073.00 10.34 10.66 4.06 2.21 6.21 0.58 1073.00 9.032 9.338 3.552 1.927 5.438 0.51

C12-1 1073.00 26.88 2.01 0.12 0.85 11.51 1073.00 23.519 1.762 0.097 0.746 10.074

Hot Q14,1,2 C14-1 1285.00 29.12 12.48 54.77 0.38 1284.30 25.474 10.918 47.916 0.00

C14-2 916.97 29.12 12.48 54.77 1284.30 25.474 10.918 47.916

Hot Q14,3,4 C14-3 837.28 29.12 12.48 54.77 0.00 1078.03 25.474 10.918 47.916 0.34

C14-4 837.28 29.12 12.48 54.77 689.51 25.474 10.918 47.916

Anode

reactions

C6-2 1073.00 10.34 10.66 4.06 2.21 6.21 e 1073.00 9.032 9.338 3.552 1.927 5.438 e

C7-1 1073.00 8.76 20.13 0.12 8.53 3.84 1073.00 7.658 17.623 0.097 7.464 3.356
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Fig. 6 e Composite curves of scenario (a) using ethanol. Fig. 8 e Composite curves of scenario (a) using glycerin.
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Regardless the fuel used, the following process input data

reported in literature as practical operation values are

assumed for the examined process. The operation tempera-

ture of the SOFC unit is assumed to range between 1073 and

1273 K, and the reformer between 673 and 873 K. The lower

and upper bounds for the water/fuel molar ratio are fixed at 3

and 13, respectively. The variation range of the total system

pressure is from 2 to 10 atm. The inlet temperatures of the

fuel, water and air streams fed to the SOFC system are fixed at

298 K. The temperatures of the other states can vary between

273 and 2000 K. All state values are expressed per 1 kW of net

power generated.

Two different scenarios are optimized depending on the

operation specifications assumed for the expander turbine T1:

(a) Expander turbine T1 is driven by exhaust gases from the

combustor and can only supply power to pumps (B1 and

B2) and compressors (C1 and C2). The mechanical energy

of the turbine is delivered to the compressors by me-

chanical devices. This scenario considers turbo-

compressor and turbo-pump units.

(b) Besides to power the referred pumps and compressors as

in scenario (a), T1 can also contribute to the total net power

of the system; i.e. in addition to the mechanical devices

used in compressors, electronic devices are required to

convert the mechanical energy of the turbine into electric
Fig. 7 e Composite curves of scenario (b) using ethanol.
energy (turbo-generator), which is added to the amount

produced by the SOFC.

Tables 4 and 5 include the optimal operation values of the

SOFC system for the examined scenarios using ethanol and

glycerin, respectively. The composite curves of the heat ex-

changers network for scenario (a) and scenario (b) using

ethanol are represented in Figs. 6 and 7, respectively, and in

Figs. 8 and 9 using glycerin. Analogously, the resulting optimal

heat exchangers networks using ethanol are represented in

Figs. 10 and 11 for scenarios (a) and (b), respectively, and in

Figs. 12 and 13 using glycerin.

Finally, a comparison of the obtained optimal values of the

main process variables for the four cases analyzed is pre-

sented in Table 6. From a thermodynamic point of view, these

values correspond to the maximum net efficiency of the SOFC

system.
7. Discussions

The computed optimal water/ethanol and water/glycerin ra-

tios for all scenarios are close to the lower bound (Table 6),

which was set at 3. From an energetic point of view, it is

preferable a lowwater fraction in the SOFC system sincewater

must be vaporized at around 800 K with a large vaporization

latent heat, requiring thus a significant energy amount (see
Fig. 9 e Composite curves of scenario (b) using glycerin.
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Fig. 10 e Heat exchangers network of scenario (a) using ethanol as fuel.
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Figs. 10e13). The resulting optimal lowwater/fuelmolar ratios

can also be explained by the fact that water is a product in the

electrochemical reaction at the anode; i.e. water excess shifts

the reaction to produce low energy levels in the SOFC. This

effect can be evaluated through Eq. (14), which represents the

reversible potential.

Note that in all scenarios the heat exchanged at the

reformer is zero (QR1). This suggests that only alcohol

decomposition reactions occur at the reformer.
Fig. 11 e Heat exchangers network of
For all examined scenarios, the SOFC system operates

optimally without burning extra fuel at the combustor (see

streams C3,1 and C3,2 in Tables 4 and 5). This behavior can be

related to the auto-thermal reforming, but in this case, the

reforming reactions and oxidation occur separately.

Regardless of the used fuel and the examined scenario, the

largest energy demand is for heating the inlet air to the

cathode (Figs. 10e13), what should be considered at the design

phase.
scenario (b) using ethanol as fuel.
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Fig. 12 e Heat exchangers network of scenario (a) using glycerin as fuel.
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It should be noted from Figs. 6e9 the high temperature

values of the hot composite curve for all scenarios. This is

because of the high temperature level at which the SOFC

operates, and by the fact that the optimization seeks the best

operation conditions of the turbine. The system is energeti-

cally self-sufficient, requiring no auxiliary services. The effi-

ciency can be improved by coupling another power system to
Fig. 13 e Heat exchangers network of
the SOFC system, i.e. using the high temperature level of the

exhaust gases of the SOFC system in a steam power cycle.

The optimal operation pressure of the SOFC system tends

to the lower bound fixed in all scenarios (2 atm). Probably this

behavior is related with a tradeoff among the energy

consumed by compressors, the energy produced by the tur-

bine, and the latent vaporization heat of the water. Power
scenario (b) using glycerin as fuel.
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Table 6 e Comparative chart of the main process variables depending on the fuel used and scenario.

Scenario Ethanol Glycerin

(a) (b) (a) (b)

Net efficiency based on LHV 60.14 69.35 58.59 66.97

SOFC system pressure (atm) 2.00 2.00 2.05 2.00

Water/fuel molar ratio 3.211 3.00 3.00 3.00

Water pump power per kW generated (kW/kWgenerated) 0.011 0.009 0.009 0.007

Fuel pump power per kW generated (kW/kWgenerated) 0.011 0.009 0.019 0.016

Power consumption of compressors per kW generated (kW/kWgenerated) 0.061 0.042 0.051 0.042

Power supplied by the turbine per kW generated (kW/kWgenerated) 0.083 0.193 0.079 0.191

Power supplied by the SOFC per kW generated (kW/kWgenerated) 1.000 0.867 1.000 0.875

SOFC voltage (V) 0.725 0.727 0.722 0.722

Reformer temperature (K) 779.05 783.77 851.80 850.47

SOFC temperature (K) 1073.00 1073.00 1073.00 1073.00

Output temperature of the SOFC system (K) 727.12 649.82 837.28 689.51

Output pressure of the SOFC system (atm) 1.387 1.000 1.467 1.046
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generated by the turbine is also related with the outlet

combustor temperature.

The computed total energy exchanged in the heat ex-

changers network depends on the used fuel. For scenario

(a), the energy level in composite curves for glycerin is higher

than ethanol, as observed by comparing Figs. 6 and 8. The

same observation ismade for scenario (b) by comparing Figs. 7

and 9. This is, at the design phase, SOFC systems fed with

glycerin will be bigger in size than the systems operated with

ethanol.

This new methodology allows optimizing simultaneously

the operation variables of the process and its energy andmass

integration. Traditional methodologies perform separately

these optimizations: first, the operation variables are opti-

mized, and then, mass and energy integration of the process

streams is performed.

A sensitivity analysis to the optimization variables should

be performed to evaluate the effects of the different design

and operation variables to the optimal solution obtained for

each case. Those results may provide recommended opera-

tion ranges of the main process variables and parameters to

obtain good alternative suboptimal solutions of practical in-

terest. This aspect will be addressed in a further paper.
8. Conclusions

A new methodology for optimizing simultaneously process

operation and heat exchangers network synthesis has been

presented. A systematic model initialization procedure has

been developed.

The proposed approach is of general application in process

industry. In this paper, this methodology has been applied to

optimize solid oxide fuel cell SOFC systems under different

scenarios. As the net global energy efficiency of this type of

systems is actually low, efforts has to be focused on eluci-

dating the main energy trade-offs to make fuel cell systems

more attractive than (conventional and nonconventional)

competitive, alternative energy systems.

Ethanol and glycerin were studied as fuels fed to the SOFC

system as they constitute two renewable and sustainable
sources of energy. In addition, two different operation speci-

fications of an expander turbine were considered.

The best global net efficiency values are obtained for sce-

nario (b). The SOFC system fed with ethanol and glycerin as

fuels reaches a net global efficiency of 69.35% and 66.97%,

respectively. In both cases the optimal operation pressure is

2 atm. The computed SOFC operation temperature for all

scenarios is 1073 K (lower bound). The optimal reformer

temperature in scenario (b) varies depending on the fuel used:

783.77 K for ethanol and 850.47 K for glycerin. A similar

behavior is obtained in scenario (a): 779.05 K for ethanol and

851.80 K for glycerin.

The computed optimal water/fuel molar ratio value is

around 3 for all studied cases. Depending on the cases, the

optimal outlet SOFC system temperature ranges between 649

and 838 K. Then, a steam power system can be coupled to the

SOFC system to increase the net global system efficiency. This

issue will be addressed in a future work.
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Nomenclature

Cr,j stream r at state j

E electric potential, V

E0 electric potential at standard conditions, V

Fi,s molar flow of component i at stream s, mol h�1

Fa Faraday constant, 96,487 C mol�1

Fui utilization factor of component i

I electric current at cell, A

Hi,s enthalpy of the component i at stream s, kJ mol�1

Hll enthalpy of the liquid stream l, kJ mol�1

Hni,j enthalpy of component i at state j, kJ mol�1

Hvms enthalpy flow in stream s, kW

KeqRx equilibrium constant in reaction Rx

http://dx.doi.org/10.1016/j.ijhydene.2013.03.073
http://dx.doi.org/10.1016/j.ijhydene.2013.03.073


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 7 1 4 0e7 1 5 8 7157
LHV low heating value, kW h mol�1

ne number of electrons transferred in the reaction

P* inlet partial pressure at cell, atm

Ptotal total pressure in the system, atm

Pi partial pressure of component i, atm

Pow power, kW

Qp,m,n heat transferred from stream p to change its state m

to n, kW

Rg universal gas constant 8.314 J K�1 mol�1

SOFC solid oxide fuel cell

Tj temperature of state j, K

Tref reference temperature, K

Ts temperature of phase change, K

HU hot utility, kW

CU cold utility, kW

z binary variable representing existence of a heat

exchanger

Greek letters

a Antoine coefficient

b correlation coefficient

d correlation coefficient

f correlation coefficient

g SOFC overpotential

ni stoichiometric coefficient of compound i in the

reaction

hSistema system efficiency

DHform,i enthalpy of formation of compound i, J mol�1

DHLiql
energy necessary to change the liquid stream l from

liquid state temperature to the temperature Ts,

kJ mol�1

DHVapl
latent vaporization heat of stream l, kJ mol�1

Subscript

a anode

c cathode

Cell1 cell for H2 oxidation

Cell2 cell for CO oxidation

i gaseous component i

l liquid component l

j state

r stream

s stream

RevCell1 reversible of Cell1

RevCell2 reversible of Cell2

Rx reaction

SOFC solid oxide fuel cell
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