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Abstract

The high temperature of the air in power generation gas-turbine cycles involving natural gas (mainly methane) oxidation accounts for the
utilization of ion-conductive membranes within solid oxide fuel cells (SOFCs) and membrane reactors (MRs). In SOFCs, the electricity is directly
derived from the chemical exergy of methane (SOFCs with internal methane reforming are considered here). Within a membrane reactor (MR),
which is considered a substitute for combustion chambers in traditional gas-turbine units, the ion-conductive membranes separate oxygen from air
and allow the flow of the hot combustion products (carbon dioxide and steam) to be separated from air. It permits the use of combustion products
which are not diluted in nitrogen in the process of methane conversion into hydrogen. A modified gas-turbine cycle that includes a SOFC stack,
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n MR (instead of a traditional combustion chamber), and a catalytic reactor to convert methane to hydrogen is proposed. An exergy analysis
f the proposed system is conducted to evaluate its exergy efficiency and the exergy losses for the processes occurring within the system. It is
hown that, in comparison to the traditional gas-turbine cycle, there is a significant reduction (more than three times) in the exergy losses for
he most irreversible process occurring in the system, natural gas combustion. It is also found that the proposed cogeneration scheme, including
oth power generation and the industrial catalytic conversion of methane to hydrogen, permits improved efficiencies for both technologies. The
fficiency of this cogeneration, as well as the reduction in exergy losses, is demonstrated by the following observation: if the value of energy
exergy) efficiency of hydrogen production is considered equal to that for a traditional process, the corresponding thermal (energy) efficiency for
lectricity generation would reach values of 80–96% depending on the efficiency of a SOFC stack. The combined SOFC and MR application also
liminates the possibility of toxic nitrogen oxides formation and, at the same time, makes carbon dioxide removal from flue gases feasible (due to
ts high concentration). The development of the proposed technology is especially important, within the context of the hydrogen economy, if the
roduced hydrogen is used as a fuel for fuel cell vehicles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Natural gas (mainly methane) combustion can be made less
rreversible if (i) methane is preliminary converted into a mix-
ure of carbon monoxide and hydrogen (a synthesis gas); (ii)
his mixture is combusted in an atmosphere of the combustion
roducts (carbon dioxide and steam); and (iii) some part of the
ynthesis gas is withdrawn from the mechanical power genera-
ion cycle [1,2]. Increasing efficiency so it approaches reversible
onditions reduces the exergy losses and, as a result, leads to
ncreases in energy and exergy efficiencies. Utilization of oxy-
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gen instead of air permits these gains, but it demands substantial
extra expenses related to air separation. Industrial cryogenic air
separation is characterized by extremely low energy efficiency
(less than 15%) and is expensive.

The application of oxygen ion-conductive membranes allows
unwanted expenses connected to the preliminary air separation
to be avoided. The most distinctive feature of the oxygen ion-
conductive membranes is that they are conductive to the negative
charged ions of oxygen. This property accounts for their applica-
tion as an electrolyte in solid oxide fuel cells (SOFCs). A neutral
molecule of oxygen takes four electrons from the porous cath-
ode of SOFCs (Fig. 1a), depletes into the negative charged ions,
penetrates through the ion-conductive membrane, returns elec-
trons to the external circuit, and oxidizes fuel (CH4, H2, CO) on
the porous anode. In a membrane reactor (MR) (Fig. 1b) nearly
the same process occurs but, in this case, the membrane con-
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Nomenclature

a, b, c molar flows
D exergy losses
E exergy
F Faraday constant
G Gibbs free energy
H enthalpy
K equilibrium constant
MR membrane reactor
n number of moles
N total number of moles in a mixture
P pressure
Q heat
R universal gas constant
S entropy
SOFC solid oxide fuel cell
T temperature
V voltage
W work

Greek symbols
� difference
η efficiency

Subscripts
Air air
c methane converter
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
cmp compressor
cold cold flows
e electricity, electrons
H2 hydrogen
H2O water
hot hot flows
i index
ideal ideal
in input
LHV lower heating value
max maximum
min minimum
mr membrane reactor
out output
p pressure
Q heat
real real
R steam-water Rankine cycle
s SOFC stack
sg synthesis gas
t turbine
tr heat transfer
T thermal
w mechanical work generation or consumption
0 reference environment

Superscripts
Air air
c methane converter
CH4 methane
cmb combustion products
cnv conversion products
cold cold flows
hot hot flows
id ideal
real real
mr membrane reactor
s SOFC stack
0 reference environment
* average

ducts both oxygen ions and electrons in the opposite directions.
Therefore, such membranes are often called mixed conducting
membranes. The transport of oxygen is based on ion diffusion
so that the selectivity of these membranes is very high provided
no pores and cracks are present. The difference between oxygen
partial pressures at the opposite sides of a membrane is the driv-
ing force for oxygen separation [3]. This driving force in SOFCs
and MRs is high, because the oxygen molecules oxidize fuels
and quickly form other chemical species at the permeable side
of the membrane.

Oxygen ion-conductive membranes are made of ceramic
materials (usually zirconia oxides) and have good performance
characteristics at temperatures higher than 700 ◦C. Therefore an
SOFC stack is often introduced into traditional power generation
cycles, where it operates at temperatures of 800–1100 ◦C (e.g.
[4,5]). An MR is being developed for operation up to 1250 ◦C, as
a substitute for combustion chambers in advanced zero-emission
power plants (AZEP) (e.g. [6]). New materials for the anodes
of SOFCs contain a catalyst for the methane reforming process,
allowing methane conversion into a mixture of hydrogen and car-
bon monoxide directly on the surface of the anode [7,8]. SOFCs
thereby become more flexible, compact and effective, and there
is no need to perform a preliminary reforming of methane.

The purpose of this paper is to demonstrate that a combined
application of SOFCs, MRs, and catalytic methane converters
permits substantial improvements in the efficiency of natural
g
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as conversion into electricity and hydrogen. A new design of
combined gas-turbine cycle with hydrogen generation is pro-
osed.

. The system—a combined gas-turbine cycle with
ydrogen generation

A combined gas-turbine cycle with a hydrogen generation
nit is presented in Fig. 2. The initial stream of natural gas,
fter heating in device 14 (in order to achieve after compres-
ion the temperature of combustion products) and compression
n device 15, is divided into two flows. The first is mixed with
ombustion products (carbon dioxide and steam) and directed to
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Fig. 1. (a) Application of oxygen ion-conductive membranes in a solid oxide fuel
cell (SOFC) and (b) membrane reactor (MR) which is considered a replacement
for the combustion chamber in a gas-turbine unit.

the anodes of the SOFC stack (device 4), where two processes
occur simultaneously: conversion of methane into a mixture of
carbon monoxide and hydrogen on the surface of the anodes
and combustion of the resultant mixture with oxygen. The burn-
ing of oxygen is accompanied by electricity generation in the
SOFCs. The gaseous mixture from the anodes (conversion and
combustion products) is cooled in a heat exchanger (device 10),
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compressed in device 11, and directed to the MR (device 1),
where the remainder of the conversion products combust in oxy-
gen, and then expand in a turbine (device 2).

The combustion products are then divided into two flows. The
first is mixed with the initial flow of methane and directed to the
SOFC stack, while the other is mixed with the second flow of
methane and enters the catalytic methane converter (device 5).
After methane conversion to hydrogen and carbon monoxide in
device 5, the gaseous mixture is expanded in a turbine (device
8), cooled in a heat exchanger (device 9) and directed to the shift
reactor, where the remainder of the carbon monoxide and steam
is converted to hydrogen.

Air is heated in device 12, compressed in device 13, directed
to the MR (device 1), where some quantity of oxygen is trans-
ferred through the oxygen ion-conductive membrane and com-
busted with fuel. The air heating in device 12 is required in
order to achieve after compression the temperature of the fuel
flow which is directed, like air, to the MR.

The temperature of air reaches its maximum, and then the air
is expanded in the turbine (device 3) and directed to the cathodes
of the SOFCs (device 4). In the SOFCs, the air loses some of
its oxygen, is heated and enters the space between pipes in the
catalytic converter (device 5). In device 5, the heat of air is trans-
ferred to the reaction mixture in the pipes, and then expanded in
the turbine (device 6), and cooled in the heat exchanger (device
7).
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ig. 2. An application of a SOFC and MR in a combined gas-turbine cycle with a
ydrogen generation unit. Numbers indicate devices according to the following
egend—1: MR; 2, 3, 6, 8: turbines; 11, 13, 15: compressors; 4: SOFC stack; 5:

ethane converter; 7, 9, 10, 12, 14: heat exchangers; a: oxygen ion-conductive

embranes; b, c: anode and cathode of SOFC stack, respectively. w
The power generation design combines a traditional gas-
urbine cycle, which consists of compressors (devices 11 and
3), a combustion chamber (which is represented by the MR,
evice 1), and turbines (devices 2 and 3) with the SOFC stack
device 4) and methane converter (device 5). Heat exchangers
re conditionally divided into the heat releasing (devices 7, 9 and
0) and heat receiving (devices 12 and 14) types. Mechanical
ork is produced in the turbines and consumed in the com-
ressors. The work is transformed into electrical energy, which
s also directly generated in the SOFC stack. The endothermic
rocess of methane conversion to hydrogen (via a synthesis gas)
n device 5 is introduced into the power generation cycle.

. Thermodynamic modeling of the system

The general assumptions applied in the exergy analysis of
he proposed design follow: (i) gases are modeled as ideal; (ii)
nergy losses due to mechanical friction are negligible; (iii) ther-
odynamic and chemical equilibria are achieved at the outlet of

he SOFC stack and methane converter; and (iv) all combustible
omponents are combusted completely in the MR.

The general parameters used in the combined power genera-
ion cycle are listed in Table 1. The parameters ηt, ηcmp, Pmax,
min and Tmax are often cited (e.g. [9]).

.1. Thermodynamic model of the SOFC stack

There are three mass and energy inputs to the SOFC stack
device 4): methane, combustion products and air, and three mass
nd energy outputs: products of methane conversion, electrical
ork We, and air. The composition of the gaseous flows along
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Table 1
General parameter values for the combined power generation cycle (Fig. 2)

Parameter Value

Isentropic efficiency of turbines, ηt 0.93
Isentropic efficiency of compressors, ηcmp 0.85
Energy efficiency of electricity generation in

SOFC, ηs

0.5

Maximum pressure in the gas-turbine cycle,
Pmax (atm)

10

Minimum pressure in the gas-turbine cycle,
Pmin (atm)

1

Maximum temperature in the cycle (at the
MR outlet), Tmax (K)

1573

Temperature of fuel at the inlet of the SOFC
stack, Ts (K)

1273

Temperature of fuel and air at the outlet of
the SOFC stack, Ts (K)

1273

Ratio of methane combusted in the power
generation cycle to the methane converted

1.0:0.7

Total amount of combustion products after
MR (mol)

6

Ratio of amounts of combustion products
directed to SOFC and methane converter

1:1

Standard temperature, T0 (K) 298
Standard pressure, P0 (atm) 1
Air composition (vol.%) 21% O2, 79% N2

the SOFC stack changes according to the reactions on the anode
surface:

CH4 + 2O2 → CO2 + 2H2O(g) + 802.6 kJ (1)

CH4 + H2O ↔ CO + 3H2 − 206 kJ (2)

CO + H2O ↔ CO2 + H2 − 41 kJ (3)

According to assumption (iii), the composition of the reaction
mixture at the SOFC stack outlet is determined by the equilib-
rium equations for reactions (2) and (3). The final concentration
of reagents does not depend on the component (CH4) chosen for
burning with oxygen because the reactions:

H2 + (1/2)O2 → H2O, CO + (1/2)O2 → CO2 (4)

can be obtained as a linear combination of reactions (1)–(3).
The compositions of gaseous mixtures (fuel and air) at the

end of the SOFC processes are defined by solving a system of
chemical equilibrium and heat balance equations. The chemical
equilibrium equations for reactions (2) and (3) follow:

Kp1(Ts) = P3
H2

PCO

PCH4PH2O
(5)

Kp2(Ts) = PH2PCO2

PCOPH2O
(6)

w
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a

component is

Pi = ni

N
P (7)

where ni is the number of moles of the ith component in the
gaseous mixture, N the total number of moles in the mixture,
and P is the pressure of the mixture.

The oxygen that permeates through the ion-conductive mem-
brane from air is combusted (reaction (1)); the released heat is
converted into electrical work We and heats the coming air and
provides heat to promote the endothermic conversion of methane
to hydrogen and carbon monoxide ((2) and (3)). Considering the
SOFC stack as an adiabatic device, the following energy balance
can be written:

�Hs + We = 0 (8)

Here We is the electrical energy, �Hs is the enthalpy change in
the SOFC, expressible as

�Hs = H s
out − H s

in (9)

where

H s
in =

∑
bAir
i HAir

i (TAir) + bCH4HCH4 (Ts)

+
∑

bcmb
i Hcmb

i (Ts) (10)
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here Ts is the temperature at the SOFC stack inlet and outlet
Table 1), Kp1(Ts) and Kp2(Ts) are equilibrium constants, which
epend only on temperature Ts and have been widely presented
n the literature (e.g. [10]). The parameters PH2 , PH2O, PCH4 ,
CO and PCO2 are partial pressures of reagents in the mixture
t the outlet of the SOFC stack. The partial pressure of the ith
s
out =

∑
cAir
i HAir

i (Ts) +
∑

ccnv
i Hcnv

i (Ts) (11)

nd where H s
in and H s

out denote, respectively, the enthalpies of
he input and output flows; HAir

i , HCH4 , Hcmb
i , and Hcnv

i , respec-
ively, the enthalpies of air, methane, combustion products at the
OFC inlet, and conversion products at the SOFC outlet; TAir the

emperature of air at the inlet; Ts the temperature of the methane
nd combustion products at the SOFC inlet and air and conver-
ion products at the SOFC outlet; bAir

i , bCH4 and bcmb
i the molar

ows of air, methane, and combustion products at the inlet; and
Air
i and ccnv

i denote the molar flows of air and conversion prod-
cts at the SOFC outlet.

In Table 1 the efficiency of the SOFC is presented as a percent-
ge of the Gibbs free energy change, in line with the following
xpression:

e = −ηs�Gs (12)

n electrical efficiency of unity means that the Gibbs free energy
hange �Gs in the SOFC stack is equal to the useful electri-
al energy We. In Eq. (12), �Gs is the free energy difference
etween the output and input flows, expressible as

Gs = Gs
out − Gs

in (13)

here

in =
∑

bAir
i GAir

i (TAir) + bCH4GCH4 (Ts)

+
∑

bcmb
i Gcmb

i (Ts) (14)

out =
∑

cAir
i GAir

i (Ts) +
∑

ccnv
i Gcnv

i (Ts) (15)
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and where Gs
out and Gs

in are the free energies of input and out-
put flows; and GAir

i , GCH4 , Gcmb
i and Gcnv

i are the free energies
of air, methane, combustion products and conversion products,
respectively. The free energy of a component in a gaseous mix-
ture is written as follows:

Gi = Hi(T ) − TSi(T ) (16)

Si(T ) = S0
i (T ) − R ln Pi (17)

where Hi(T) and S0
i (T ) are the enthalpy and entropy of a com-

ponent at P0 = 1 atm (note that the enthalpy of an ideal gas does
not depend on pressure), Pi is the partial pressure, T is the tem-
perature, and R is the universal gas constant. The dependences
of Hi and S0

i on T are given in reference books (e.g. [11]).
The quantity of oxygen combusted and the composition of

conversion products are found by numerical solution of Eqs. (5),
(6), (8) and (12), taking into account Eqs. (9)–(11) and (13)–(15).

The exergy losses Ds represent losses of an ability to produce
useful work caused by process irreversibilities. These losses are
equal to the entropy generation �S in a device multiplied by the
temperature of the reference environment T0 (by the Gouy and
Stodola formula). Thus, the exergy losses in the SOFC stack Ds
are equal to

Ds = T0�Ss (18)
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unknown final composition of the reaction mixture and temper-
ature Tc are determined by solving the equilibrium equations (5)
and (6) together with the heat balance equations.

The heat balance for the adiabatic converter is as follows:

�Hc = 0 (22)

where �Hc is the enthalpy change in the methane converter:

�Hc = Hc
out − Hc

in (23)

Hc
in =

∑
cAir
i HAir

i (Ts) + cCH4HCH4 (Ts) +
∑

ccmb
i Hcmb

i (Ts)

(24)

Hc
out =

∑
cAir
i HAir

i (Tc) +
∑

ccnv
i Hcnv

i (Tc) (25)

Here Hc
in and Hc

out are, respectively, the enthalpies of the input
and output flows; HAir

i , HCH4 , Hcmb
i and Hcnv

i the enthalpies of
air, methane, combustion products at the input, and conversion
products at the output, respectively; Ts the temperature of air
(after the SOFC stack), methane and combustion products at the
inlet; Tc the temperature of air and conversion products at the
outlet; cCH4 , ccmb

i the molar flows of methane and combustion
products at the inlet, respectively; cAir

i the molar flow of air
components at the inlet and outlet of the converter; and ccnv

i is
the molar flow of conversion products at the outlet of the reactor.

a
l
t

D

�

S

S

w
S

t
c
T

3

a
t
a
t
i
n
t
o

here

Ss = Ss
out − Ss

in (19)

s
in =

∑
bAir
i SAir

i (TAir) + bCH4SCH4 (Ts) +
∑

bcmb
i Scmb

i (Ts)

(20)

s
out =

∑
cAir
i SAir

i (Ts) +
∑

bcnv
i Scnv

i (Ts) (21)

nd where �Ss is the entropy generation in the SOFC stack;
s
in and Ss

out the entropies of the input and output flows; SAir
i ,

CH4 , Scmb
i and Scnv

i the entropies of air, methane, combustion
roducts and conversion products, respectively; and T0 is the
emperature of the reference environment (Table 1). Entropies
f components are calculated in line with the expression in Eq.
17).

.2. Thermodynamic model of methane converter

There are three input flows to the methane converter:
ethane, combustion products (the mix of methane and com-

ustion products constitutes the reaction mixture), and air; and
here are two output flows: products of methane conversion and
ooled air. The composition of the reaction mixture through the
atalytic reactor (device 5) changes according to the catalytic
eactions of methane conversion (Eqs. (2) and (3)). According
o assumption (iii), the final composition of the reaction mixture
s determined by the chemical equilibrium expressed by Eqs.
5) and (6), where equilibrium constants Kp1(Ts), Kp2(Ts) are
alculated for the temperature at the converter outlet Tc. The
After calculating the composition of the reaction mixture ccnv
i

nd the temperature Tc at the outlet of the converter, the exergy
osses and entropy generation �Sc are evaluated according to
he following expressions:

c = T0�Sc (26)

Sc = Sc
out − Sc

in (27)

c
in =

∑
cAir
i SAir

i (Ts) + cCH4SCH4 (Ts) +
∑

ccmb
i Scmb

i (Ts)

(28)

c
out =

∑
cAir
i SAir

i (Tc) +
∑

ccnv
i Scnv

i (Tc) (29)

here �Sc is the entropy generation in the methane converter;
c
in and Sc

out the entropies of the input and output flows, respec-
ively; SAir

i , SCH4 , Scmb
i and Scnv

i the entropies of air, methane,
ombustion products and conversion products, respectively; and
0 is the temperature of the reference environment (Table 1).

.3. Thermodynamic model of membrane reactor (MR)

There are two flows into the MR: the flow of the initial “fresh”
ir and the flow of conversion products after the SOFC. Also,
here are two output flows: combustion products and air with
reduced content of oxygen. According to assumption (iv) in

he third section of this paper, the quantity of oxygen consumed
s that needed for complete burning of the combustible compo-
ents which are leaving the SOFC stack: CH4, H2, CO. Thus,
he composition of the combustion products and the quantity of
xygen permeating through the ion-conductive membrane are
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determined by the SOFC-stack performance. The temperature
Tr at the input of the MR is evaluated by solving the system of
heat balance equations at a given Tmax (the maximum tempera-
ture in the cycle in Table 1).

Since the MR is adiabatic, the heat balance is expressible as

�Hmr = 0 (30)

where �Hr is the enthalpy change in the MR:

�Hmr = Hmr
out − Hmr

in (31)

Hmr
in =

∑
aAir
i HAir

i (Tr) +
∑

bcnv
i Hcnv

i (Tr) (32)

Hmr
out =

∑
bAir
i HAir

i (Tmax) +
∑

(bcmb
i + ccmb

i )Hcmb
i (Tmax)

(33)

where Hmr
in is the enthalpy of the input flows; Hmr

out the enthalpy of
the output flows; HAir

i , Hcnv
i and Hcmb

i the enthalpies of the air,
conversion products, and combustion products, respectively; Tr
the temperature of air and conversion products at the input; Tmax
the temperature of air and combustion products at the output (the
maximum temperature in the cycle, see Table 1); aAir

i , bcnv
i the

molar flows of air components and conversion products at the
input, respectively; and bAir

i , bcmb
i + ccmb

i are the molar flows of
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The exergy losses Dw in adiabatic turbines and compressors
(there is no external heat exchange) is equal to

Dw = T0�Sw (39)

where �Sw is the entropy difference of the inlet and outlet flows
(entropy generation).

An ideal turbine or compressor can be considered a device
where the exergy losses equal zero:

�Sid
w (Tin, Pin, Tout, Pout) = 0 (40)

where Pin and Pout are the pressures of gaseous mixture at the
inlet and outlet of a turbine (compressor), respectively.

The actual or real work Wreal and the exergy losses Dw can be
calculated as follows. First, one of the thermodynamic parame-
ters, e.g., T ideal

in , is obtained with Eq. (40), when the other three
are given. Then T ideal

in is substituted into Eq. (38) and the work
of an ideal turbine (compressor) Wideal is calculated. Applying
the isentropic efficiencies, the real work is obtained as follows:

Wreal = Widealηt for turbines (41)

Wreal = Wideal

ηcmp
for compressors (42)

The parameter Wreal from Eq. (41) or (42) is substituted into
Eq. (38), and T real

in is evaluated. Finally, T real
in is used to evaluate

t
(

3
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E
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e

Q

T

W
t

ir components and the total flow of combustion products at the
utput, respectively (bcmb

i is directed to the SOFC stack, ccmb
i is

irected to the methane converter).
The exergy losses due to internal irreversibility Dmr are cal-

ulated using the Gouy and Stodola formula:

mr = T0�Smr (34)

here

Smr = Smr
out − Smr

in (35)

mr
in =

∑
aAir
i SAir

i (Tr) +
∑

bcnv
i Scnv

i (Tr) (36)

mr
out =

∑
aAir
i SAir

i (Tmax) +
∑

(bcmb
i + ccmb

i )Scmb
i (Tmax)

(37)

ere SAir
i , Scnv

i , Scmb
i are the entropies of air, conversion prod-

cts, and combustion products, respectively.

.4. Thermodynamic model of adiabatic turbines and
ompressors

Mechanical work produced in adiabatic turbines (or con-
umed in adiabatic compressors) is equal to

= �Hw(Tin, Tout) (38)

ere Tin is the temperature of gaseous mixture at the inlet of a
urbine (compressor), Tout the temperature of the gaseous mix-
ure at the outlet of a turbine (compressor), and �Hw is the
nthalpy difference between the output and input flows.
he entropy generation �Sw and the exergy losses Dw using Eq.
39).

.5. Thermodynamic model of heat exchange processes

Any heat transfer from heating to heated flows is accompa-
ied by exergy losses Dtr because there is a finite temperature
ifference between these flows. For a heating flow at a temper-
ture above that of the reference environment, the exergy of the
eating flow Ehot

Q is the maximum useful work which can be
btained in the ideal Carnot cycle where this flow is used as a
eat source and the reference environment is the heat sink and
an be expressed as

hot
Q = Qhot

(
1 − T0

T ∗
hot

)
(43)

here Qhot is the heat transferred from the heating flow at a
emperature T ∗

hot, and T0 is the temperature of the reference envi-
onment (often taken to be at 298 K). When the temperature at
hich heat is transferred out of the heating flow changes, from

n initial temperature T hot
max to a final temperature T hot

min, an aver-
ge value of T ∗

hot can be used. This average temperature can be
valuated as the equivalent temperature at which the heat Qhot
s transferred with the same the enthalpy change �Hhot

ex and
ntropy change �Shot

ex for the heating fluid, and expressed as

hot = −�Hhot (44)

∗
hot = �Hhot

�Shot
(45)

hen the temperature of the heated flow increases, from T cold
min

o T cold
max , the equivalent average temperature at which the heat is
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transferred can be evaluated similarly as

T ∗
cold = �Hcold

�Scold
(46)

and the exergy transfer associated with the heat transfer into the
heated flow is expressible as

Ecold
Q = Qcold

(
1 − T0

T ∗
cold

)
(47)

where

Qcold = �Hcold (48)

Net heat exchange will only occur from the heating to the heated
flow if T ∗

hot > T ∗
cold and the exergy losses Dtr caused by the irre-

versibility of the heat exchange process are expressible as

Dtr = Qcold

((
1 − T0

T ∗
hot

)
−

(
1 − T0

T ∗
cold

))
(49)

and the remainder (thermal) exergy �E of the heating flows is

�ET = (Qhot − Qcold)

(
1 − T0

T ∗
hot

)
(50)

I
e
r

3.6. Exergy balance of the overall system

An exergy balance of a system permits evaluation of the effi-
ciency with which input energy flows are utilized. For the power
generation scheme presented in Fig. 2 the exergy balance can be
expressed as

�E = Ein − Eout =
∑

Wi + �ET +
∑

Di (51)

where Ein is the sum of the exergies of the input methane and
air at the standard conditions (T0, P0) as pointed in Fig. 2:

Ein = (bCH4 + cCH4 )(HCH4 (T0) − T0SCH4 (T0, P0))

+
∑

aAir
i (HAir

i (T0) − T0S
Air
i (T0, P0)) (52)

Here Eout is the exergy of conversion products (synthesis gas)
directed to a shift converter at the temperature Tsg = 673 K:

Eout =
∑

ccnv
i (Hcnv

i (Tsg) − T0S
cnv
i (Tsg, P0)) (53)

Here
∑

Wi is the sum of works generated in the turbines and
in SOFCs, and consumed in the compressors (with a negative
sign), �ET the thermal exergy, and

∑
Di is the sum of the exergy

losses in the devices of the system.

I
g
l

T
T comb

D tm)

3

3
3

1 3
3

1 3

3
3

3

1

1

f there are several heating and heated flows in the system,
nthalpy and entropy changes are calculated as the sum of the
espective thermodynamic parameters of the flows.

able 2
hermodynamic parameters of the fuel (methane) flow as it is converted in the

evice number in Fig. 2 Direction T (K) P (a

1 Input 1261 10.0
Output 1573 10.0

2 Input 1573 10.0
Output 1273 2.5

4 Input 1273 2.5
Output 1273 2.5

0 Input 1273 2.5
Output 974 2.5

1 Input 974 2.5
Output 1261 10.0

5 Input 1273 2.5
Output 1021 2.5

8 Input 1021 2.5
Output 833 1.0

9 Input 833 1.0
Output 673 1.0

4 Input 298 1.0
Output 1133 1.0

5 Input 1133 1.0

Output 1273 2.53

a The flow composition is given per mole of methane combusted in the power gene
The lower the exergy losses, the better is the exergy efficiency.
f the material and energy inputs are the same in different power
eneration schemes, the most efficient one is characterized by
ower exergy losses.

ined gas-turbine cycle (Fig. 2)

Compositiona (mol)

CH4 H2O H2 CO CO2

∼0.0 3.46 0.54 0.42 1.58
∼0.0 4.0 0.0 0.0 2.0

∼0.0 4.0 0.0 0.0 2.0
∼0.0 4.0 0.0 0.0 2.0

1.0 2.0 0.0 0.0 1.0
∼0.0 3.46 0.54 0.42 1.58

∼0.0 3.46 0.54 0.42 1.58
∼0.0 3.46 0.54 0.42 1.58

∼0.0 3.46 0.54 0.42 1.58
∼0.0 3.46 0.54 0.42 1.58

0.7 2.0 0.0 0.0 1.0
0.02 1.48 1.88 0.84 0.84

0.02 1.48 1.88 0.84 0.84
0.02 1.48 1.88 0.84 0.84

0.02 1.48 1.88 0.84 0.84
0.02 1.48 1.88 0.84 0.84

1.7 0.0 0.0 0.0 0.0
1.7 0.0 0.0 0.0 0.0

1.7 0.0 0.0 0.0 0.0

1.7 0.0 0.0 0.0 0.0

ration cycle.
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Table 3
Thermodynamic parameters of air as it flows through the combined gas-turbine cycle (Fig. 2)

Device number in Fig. 2 Direction T (K) P (atm) Compositiona (mol)

O2 N2

1 Input 1261 10.0 3.15 11.85
Output 1573 10.0 2.67 11.85

3 Input 1573 10.0 2.67 11.85
Output 1162 2.53 2.67 11.85

4 Input 1162 2.53 2.67 11.85
Output 1273 2.53 1.15 11.85

5 Input 1273 2.53 1.15 11.85
Output 1021 2.53 1.15 11.85

6 Input 1021 2.53 1.15 11.85
Output 819 1.0 1.15 11.85

7 Input 819 1.0 1.15 11.85
Output 298 1.0 1.15 11.85

12 Input 298 1.0 3.15 11.85
Output 599 1.0 3.15 11.85

13 Input 599 1.0 3.15 11.85
Output 1261 10.0 3.15 11.85

a The flow composition is given per mole of methane combusted in the power generation cycle.

4. Results and discussion

An application is presented of ion-conductive membranes
within SOFCs and MR, which allows the flow of the hot com-
bustion products (carbon dioxide and steam) to be separated
from air, and to combine power and hydrogen generation pro-
cesses (carbon dioxide and steam are the initial reagents for the
methane conversion reaction (2)). To describe the advantages
of this combination, a thermodynamic analysis of a combined
gas-turbine cycle with a hydrogen generation unit (Fig. 2) is per-
formed. The results are presented in Tables 2–5. Tables 2 and 3
list thermodynamic parameter values for the fuel (methane) and
air flows within the combined gas-turbine cycle (Fig. 2). Using
these data, mechanical and electrical work values and the exer-
gies of released and absorbed heat are evaluated. Table 4 presents
mechanical and electrical work generated in the turbines and
SOFC stack, the mechanical work consumed in compressors

Table 4
Generated work and exergy losses for the processes in the combined gas-turbine
cycle (Fig. 2)a

Device number in Fig. 2 W (kJ) D (kJ)

2 89.7 1.6
3 207.1 4.1
4 497.4 29.4
6
8
1
1
1

T

c

Table 5
Exergy losses in the MR and methane convertera

Device number in Fig. 2 D (kJ)

1 27.6
5 15.9
Methane mixing 10.0

Total 53.5

a Data are given per mole of methane combusted in the power generation
cycle.

(with a negative sign), and the exergy losses accompanying these
processes.

Table 5 presents the exergy losses in the MR and methane
converter. Table 6 provides the heats Q and thermal exergies EQ
of the heating and heated flows (with a negative sign) in the
system. A heat transfer (Qcold = 270 kJ) from the heating flows
at T ∗

hot = 630 K (the equivalent absolute temperature of the heat
transfer) to the heated flows at T ∗

cold = 520 K (the equivalent

Table 6
Input and output thermal energy and thermal exergy values for the systema

Device number in Fig. 2 EQ (kJ) Q (kJ)

7 87.7 205.5
9 17.7 29.3
10 67.5 92.9

Total output 172.9 327.7

12 −41.9 −134.7
14 −46.2 −82.3

Total input −88.1 −217.0

a Data are given per mole of methane combusted in the power generation
cycle.
85.0 2.3
35.6 0.2

1 −89.8 4.2
3 −324.4 22.3
5 −18.8 0.7

otal 481.8 64.8

a Data are given per mole of methane combusted in the power generation
ycle.
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Table 7
Characteristics of the heat transfers in the system (Fig. 2)a

Qcold (kJ) 217.0
Qhot − Qcold (kJ) 110.7
�ET (kJ) 58.4
Dtr (kJ) 26.3
WR (kJ) 35.0
DR (kJ) 23.4
T ∗

cold (K) 502
T ∗

hot (K) 630

a Data are given per mole of methane combusted in the power generation
cycle.

absolute temperature of the total input heat) is accompanied by
the exergy losses Dtr. The characteristics of the heat transfer
from the heating to heated flows are presented in Table 7.

The thermal exergy �ET can be converted into mechanical
work in a bottoming steam-water (Rankine) cycle (not shown in
Fig. 2) with an exergy efficiency (ηR) of about 60% [12], so that

WR = ηR�ET and DR = �ET − WR (54)

After substituting WR and DR into Eq. (51) instead of �ET, the
exergy change �E = 684.8 kJ in the system is distributed only
between work W and the exergy losses D.

A comparison of the exergy balances of the presented system
with a traditional gas-turbine unit with a bottoming steam cycle
(using exergy characteristics from [2]) is presented in Fig. 3. The
exergy losses from methane oxidation in a SOFC and an MR are
about three times lower than those in the combustors of tradi-
tional gas-turbine plants, while the sum of other exergy losses
(mixing, heat exchange, etc.) are almost equal in both cases.
The exergy efficiency for electricity production in the presented
scheme is about 0.75 comparing to 0.54 for a traditional com-
bined gas-turbine unit.

To clarify the advantages of hydrogen generation within the
power generation cycle, as well as the reduction in associated

F
b
c

Fig. 4. Simplified schematic of the heat transfer associated with the process of
methane conversion.

exergy losses, we compare the efficiency of the system consid-
ered with a traditional combined gas-turbine cycle on an energy
basis. A simplified illustration of the heat transfers associated
with the traditional process of methane conversion is presented
in Fig. 4. The source of the heat is methane (natural gas) combus-
tion. So as one flow of methane is combusted, another is mixed
with steam to be converted into hydrogen as a synthesis gas.
Methane is mixed with steam in a ratio of 1:3.5 on a molar basis
and directed into a methane converter. As mentioned by Hin-
derink et al. [13], for technical reasons the heat streams below
150 ◦C (423 K) are not used for heat recovery in this process. As
illustrated in Fig. 4, the heat required to evaporate water (154 kJ),
to increase the gaseous flows temperatures (20 kJ), and to carry
out the endothermic reaction of methane conversion (206 kJ) can
be considered as a rough estimation of the methane combusted
to provide the heat for the overall process.

To convert 0.7 mol of methane by means of traditional tech-
nology, the following quantity of methane should be supplied as
fuel:

nCH4 = 0.7
174 kJ + 206 kJ

QCH4
LHV

= 0.331 (55)

where QCH4
LHV = 802.6 kJ is the lower heating value of methane.

In a separate analysis by Rosen [14], 0.5 mol of methane fuel
was required to convert 1 mol methane.

The calculation in Eq. (55) means that 0.331 mol of methane
f
1
t
i
t
u
T
e

η

A
t
(
T
t
v
a
p
h

ig. 3. Comparison of the exergy balance of the system in Fig. 2 with the exergy
alance [2] of a traditional gas-turbine unit combined with a bottoming steam
ycle.
uel should be combusted to convert 0.7 mol of methane or
.031 mol is consumed in the process of hydrogen generation. If
he value of energy (exergy) efficiency of hydrogen production
n the presented scheme (Fig. 2) is considered equal to that for a
raditional process, as estimated below, the quantity of methane
sed in the power generation cycle should be reduced by 0.331.
aking into account the above result, a thermal efficiency for
lectricity generation in the presented scheme is equal to

T = W

(1 − 0.331)QCH4
LHV

= 516.8

(1 − 0.331) × 802.6
= 0.96 (56)

s a result of introducing SOFCs, MR and hydrogen produc-
ion technology in a combined gas-turbine cycle, the thermal
energy) efficiency is increased from 0.55 (e.g. [15]) to 0.96.
here are two reasons for this extraordinary improvement. First,

here is a large reduction of the exergy losses for the most irre-
ersible process occurring in the system, natural gas combustion,
nd, second, methane is not used as fuel for the endothermic
rocess of methane conversion into synthesis gas (a mixture of
ydrogen and carbon monoxide).
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Fig. 5. Variation with SOFC stack energy efficiency ηs of thermal (energy)
efficiency ηT of the gas-turbine cycle as a result of combining it with the methane
conversion process, and the voltage of the SOFC stack Vs.

The operational circuit voltage in the SOFC stack can be
evaluated as

Vs = −ηs�Gs

neF
= We

neF
(57)

where ne is the number of moles of electrons transmitted into a
circuit chain (requiring that 4 moles of electrons be multiplied
by the total number of moles of oxygen penetrated through the
ion conductive membrane), and F is the Faraday constant (the
charge of 1 mol of electrons).

According to the data in Table 3 (row 4), for ηs = 0.5, per
1 mol of methane, 1.52 mol of oxygen is combusted in the SOFC
stack, and each mole of oxygen releases four moles of electrons
into an external circuit (Fig. 1a). Substituting these data into
Eq. (57), a voltage Vs = 0.85 V for the SOFC stack is obtained.
Fig. 5 presents the voltage of the SOFC stack Vs and a thermal
(energy) efficiency ηT of the presented system as a function of ηs.
Fig. 5 shows that a reduction in SOFC-stack efficiency leads to
a decline in both the voltage of the SOFC stack and the thermal
efficiency of the system. The voltage range 0.7–0.85 V seems
quite realistic of the SOFC stack (e.g. [7]).

5. Conclusions

The application of oxygen ion-conductive membranes in a
SOFC and a MR, and their utilization in a modified gas-turbine
c
s
r
g
p
c
n
e
l
v
c
s
w
e

The combined SOFCs and MR application also allows the
flow of the hot combustion products (carbon dioxide and steam)
to be separated from air, thereby eliminating the possibility of
toxic nitrogen oxides formation and, at the same time, mak-
ing carbon dioxide removal from flue gases feasible (due to
its high concentration). This can be accomplished by means of
well-known technologies (e.g., monoethanolamine purification
or pressure swing adsorption).

The development of the proposed technology is especially
important, within the context of the hydrogen economy, if the
produced hydrogen used as a fuel for fuel cell vehicles.
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