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Abstract

A zero emission gas turbine power plant with a membrane reactor works on the concept of using ion oxygen transport
membrane (ITM) technology in order to apply carbon dioxide capture with limited loss of electricity generation efficiency.
The membrane reactor replaces the combustor in the gas turbine and combines three functions: oxygen separation from air
through a high-temperature membrane, fuel combustion in the internal reactor cycle, and heating oxygen-depleted air, which
is directed to the turbine. This paper presents a gas turbine power plant integrated with a membrane reactor and a detailed
description of the membrane reactor model. Selected results of thermodynamic analysis of the modeled power plant are

presented.
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1. Introduction

The world energy sector is facing the challenge of reduc-
ing greenhouse gas emissions, in particular carbon dioxide,
out of concerns over climate change [1]. The main source
of emissions is the combustion of fossil fuels, therefore, car-
bon capture and storage (CCS) technologies are being de-
veloped. The application of these technologies is intended
to allow fossil fuel power plants to operate at zero or nearly
zero CO, emissions. The most favorable fossil fuel from the
ecological point of view is natural gas, which has seen an in-
crease in global consumption in recent years, hand-in-hand
with the rapid development of combined cycle power plants
(CCPP). Despite their numerous advantages, CCS technolo-
gies are expected to be applied in CCPP in order to maintain
their competitiveness with respect to other electricity gener-
ation technologies [2—4].

Three groups of CCS technologies can be distinguished:
pre-combustion, post-combustion and oxy-combustion. The
oxy-combustion technology is based on elimination of nitro-
gen from the combustion process. Carbon dioxide capture
from flue gases, consisting mainly of CO, and H,0O, requires
only flue gas cooling and condensation of excess water.
However, the biggest challenge for oxy-combustion power
plants is the need to produce a high amount of oxygen.
The only recently available technique providing oxygen with
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the required quantity and quality is cryogenic separation.
Other air separation methods are considered in the litera-
ture, like adsorption, low-temperature and high-temperature
membranes, or hybrid systems [5-10]. According to the re-
cent literature, zero-emission CCPPs with oxy-combustion
achieve 7-9 pp. lower efficiency than power plants without
carbon capture [11-13].

High-temperature ion transport membranes (ITM) have
been extensively developed over recent years. These mem-
branes are made of ceramic materials which can conduct
oxygen ions at a sufficiently high temperature (>700°C).
Oxygen partial pressure difference across the membrane is
the driving force for oxygen ions transport. Basically, the per-
ovskite or fluorite membrane structures are known. In the
membrane structure there are vacancies which are oxygen
ion carriers, so oxygen can permeate through the membrane
by passing between the voids, while the dense structure
of the ceramic membranes is impermeable to other gases.
This feature of ITM membranes makes it possible to pro-
duce technically pure oxygen, with an assumption of no leaks
within the membrane unit [14, 15].

In CCPP a solution is considered based on replacing the
combustion chamber in gas turbine with a membrane re-
actor, having three functions: (l) oxygen separation from
compressed air by the ITM membrane; (ll) heating oxygen-
depleted air; (lll) near-to-stoichiometric combustion of fuel.
The flue gas in the membrane reactor inner cycle consists
mainly of CO, and H,O. The major part of the flue gas is
circulated, while the rest leaves the reactor cycle, its ther-
mal energy is utilized, then it is cooled and dried, CO, is



Journal of Power Technologies 97 (1) (2017) 7-14

compressed and transported to a place of storage. In the
literature two concepts of power plants with a membrane re-
actor are analyzed, differentiated by the way in which energy
from the flue gas leaving the membrane reactor is utilized. In
the first concept the flue gas is utilized in the additional heat
recovery steam generator, leading to an increase in steam
turbine power [16]. In the second concept elevated pressure
in the reactor cycle is applied. The flue gas is expanded in
the flue gas turbine, generating additional electric power [17].
Combined cycle plants based on the membrane reactor are
defined in the literature as advanced zero emission plant
(AZEP). The electricity generation efficiency of both of the
concepts described above is slightly above 50%.

2. Structure of the power plant

The analyzed zero-emission power plant consists of a gas
turbine integrated with a membrane reactor, a steam turbine
cycle with a heat recovery steam generator (HRSG), and
a carbon dioxide conditioning unit. The models of all com-
ponents were made using GateCycle™ software [18]. A
schematic diagram of the power plant is presented in Fig. 1.

The gas turbine (GT) includes a compressor (C), a mem-
brane reactor replacing the combustor, and a turbine (T).
The compressed air is directed to the membrane reactor,
where it is heated and part of the oxygen from the air per-
meates through the ITM membrane to the flue gas cycle.
The hot, oxygen-depleted air leaving the membrane reactor
is expanded in the turbine and directed to the HRSG. The
expander blade air cooling model is based on the heat bal-
ance equation in the turbine blade system [19]. The cooling
air is taken from the compressor outlet.

In the flue gas cycle realized in the membrane reactor, the
flue gas leaving the combustor is mostly directed to the heat
exchangers and ITM membrane. The flue gas, after cool-
ing by heat exchange with air and enriched with oxygen, is
sent back to the combustor as oxidant. It is assumed that
in the unit the elevated flue gas pressure is at a level close
to air pressure. The flue gas pressure is maintained by the
fan located before the combustor. As a result of circulation,
the flue gas at the combustor outlet is composed almost en-
tirely of products of natural gas combustion, i.e. CO,, H,0,
and excess oxygen. The uncirculated flue gas stream is
chilled in a regenerative heat exchanger RHX, which does
not include a membrane part, heating additional steam or air.
Pre-cooled, but still hot flue gas is expanded in the flue gas
turbine to a pressure close to atmospheric. The expanded
flue gas is directed to the CO, conditioning unit, but there
is a possibility of additional utilization of its low-grade heat
within the power plant, depending on its temperature.

The most relevant assumptions for the gas turbine and
the membrane reactor are listed in Table 1. Detailed as-
sumptions and description regarding the ITM membrane and
membrane reactor modeling are presented in Chapters 3
and 4, respectively. The turbine inlet temperature (#3,) is
a result of the membrane reactor calculations, and is pre-
sented in Chapter 5. The parameters of compressor inlet air

Table 1: Assumptions for gas turbine and membrane reactor

Parameter Value
Gas turbine gross electric power, Nycr, MW 200
Compressor pressure ratio, 8 20
Compressor isentropic efficiency, 7;c 0.88
Turbines isentropic efficiency, 17, nirr 0.90
Circulation fan isentropic efficiency, 1;r 0.80
Mechanical efficiency of turbine and 0.995
Compl’eSSOI’S, T s MmFT s NMmC

Electric generator efficiency, n¢ 0.985
Gas turbine and steam turbine own needs, ¢, 0.02
Compressor inlet pressure loss rate, {r 0.01
Turbine outlet pressure, p4,, kPa 105.5
Combustor outlet temperature, #,,, °C 1,300
Combustor outlet pressure, p;,, kPa 2,000
Oxygen content in combustor outlet flue gas, 0.02

2)1

Coméustor heat loss rate, dcus 0.01
Combustor pressure loss rate, {cys 0.04

are 15°C, 101.325 kPa and relative humidity of 60%. Com-
bustor is fed by natural gas with 100% CH, content, lower
heating value (LHV) equal to 50.049 MJ/kg and parameters
15°C, 3500 kPa.

The steam turbine (ST) in the model is powered through
triple-pressure HRSG with reheating by oxygen-depleted air
leaving the gas turbine. The maximum temperature of live
steam and reheated steam depends on the HRSG inlet air
temperature, with the assumption of minimum temperature
difference AT > 20 K. Live steam, reheated steam and low-
pressure level steam pressures at the inlet of corresponding
steam turbine parts are 18.0 MPa, 4.0 MPa, and 0.3 MPa,
respectively. The steam turbine isentropic efficiency is as-
sumed to be 90%.

The captured carbon dioxide before transportation to the
place of storage has to be prepared in accordance with the
guidelines for its composition and parameters. Minimum pu-
rity of CO, shall be at 90%. The flue gas brought to the
carbon conditioning unit is composed primarily of CO,, H,O
and a small amount of O,, therefore, CO, capture is lim-
ited to cooling flue gas to the temperature of 30°C in the
condensing heat exchanger, where the phase separation of
condensed water with gaseous carbon dioxide is conducted.
This process ensures the purity of CO, above the required
90%. This gas is stored in the form of a supercritical fluid,
so0 compression is necessary. This step is performed in an
8-section compressor with intercooling to the temperature of
30°C. Each section has an identical pressure ratio and the
CO, is compressed to the pressure of 13 MPa. The last sec-
tion is a liquid CO, pump. The isentropic efficiency of the
compressor is 80%. The compressed CO, is prepared for
transport.

3. Model of the oxygen ion transport membrane (ITM)

The issue of modeling the ITM membrane includes both
the processes of heat and mass transport at the membrane
surface with the presence of pressure losses. It is necessary
to determine the membrane surface and flux of heat trans-
ferred through the membrane. The model is based on mass
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Figure 1: Scheme of the combined cycle power plant with membrane reactor AZEP (CHX—condensing heat exchanger, CND—condensator, F—circulation
fan, G—generator, HRSG—heat recovery steam generator, LHX, HHX, RHX—heat exchangers)

and energy balance equations, assuming no heat losses
in the membrane. Mass and energy balances on air side
and flue gas side of the membrane are described by equa-
tions (1)—(4).

(1)

24 — Mo, = 34

()

M22q - h22q — Mg, - ho, + Oy = 1234 - h234

@)

I’i’l3g + I’i’l()2 = I’h4g

(4)

where: ri;—mass flow of factor in point i, rip,—mass flow
of oxygen permeated through the membrane, h,—specific
enthalpy of factor in point i, Qy—heat flow transferred
through the membrane.

The total oxygen flux through the membrane depends on
two factors: an oxygen bulk diffusion, where the driving force
is the gradient in the oxygen chemical potential, and oxygen
surface exchange related to the oxygen partial pressure dif-
ference. For thicker membranes the oxygen flux is limited by
bulk diffusion, but under characteristic membrane thickness
d. transition is controlled by surface exchange [20]. This fea-
ture indicates that above membrane characteristic thickness
the Nernst-Einstein relationship (5) is valid and the oxygen
flux ri1g, is inversely proportional to the membrane thickness:

m3g - h3g + Mo, - ho, — Oy = Higg - hug

l’i’lo2 = AM . MO2

.fAM o RTy

0 4d(nF)?

where: Ay—membrane surface, Mp,—o0xygen molecu-
lar weight, o;—oxygen ion conductivity, R—universal gas

©)

-In

(/’Uz )A
([’02 )G } A

constant (R = 8.3145 J/mol-K), T)—membrane tempera-
ture, d—membrane thickness, n—charge of the charge car-
rier (for oxygen ions n = 2), F—Faraday’s constant (F =
9648.5 C/mol), (po,) ,—0xygen partial pressure on the feed
(air) side, (po,);—0xygen partial pressure on the permeate
(sweep gas) side.

From relationship (5) constant coefficient C; is separated,
defined by the equation:

R
"~ 4d(nF)?
Oxygen ion conductivity o; is a characteristic parameter

of the membrane material. The value of ion conductivity is
subject to the Arrhenius temperature relation:

(6)

Cy

—E, )
i TM = C2 . e(’”M

)

where:  E,—activation energy for ion conductivity,
C,—constant coefficient.

The value of C, coefficient is determined by matching
eq. (7) to the values of o; experimentally determined for
BSCFO membrane in [15]. The values of ion conductivity
are in the range o; = 0.5 — 1.4 S/cm in temperatures of
700-900°C.

On the membrane surface three phenomena take place
at the same time : mass transfer, heat exchange and pres-
sure loss. In those conditions, according to eq. (5), the oxy-
gen flux, the membrane temperature T,, ion conductivity o,
and oxygen partial pressure ratio are mutually dependent.
Therefore, to determine the membrane surface Ay, and other
characteristic parameters, a simplified one-dimensional (1D)
model is applied, in which the membrane is divided into
n (n = 100) serially connected sections, according to the
scheme shown in Fig. 2.

The main parameter defining the quantity of oxygen con-
ducted through the membrane is the oxygen recovery ratio

—9—
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Figure 2: Schematic of the ITM membrane model

— m02
(m02)2.2a
where: (i, ), ,,—mass flow of the oxygen in the air at

the membrane inlet. Oxygen recovery ratio R, can be also

expressed on a molar basis.
Assumed in the model, equal oxygen flow is conducted
through each membrane section:

R, (8)

(m02)i = % - o, 9

where: (rp,)—0xygen mass flow conducted through i
membrane section, r—number of membrane sections (n =
100).

A number of simplifications are introduced in the model in
order to identify parameters depending on temperature and
pressure (Fig. 2):

e fixed, arithmetic mean temperatures of air T, ; and flue
gas T, in i membrane section,

¢ fixed i membrane section temperature T),;, equal to the
arithmetic average of temperatures T4; and Tg,;.

o fixed, arithmetic mean total pressure of air ps; and flue
gas pg.; in i membrane section,

e linear change of the oxygen molar fraction in air and flue
gas with the membrane surface.

Taking into account eq. (6), eq. (7) and the simplification pre-
sented above, eq. (5) for each membrane section takes the
form:

(tho,); = Ami- Mo, - Ci - Cs

( TE".) Ami  (po,) (10)
e\RTui ) . P24 .
e M. o In ([702 GdAM,,

Geometry of the membrane is not examined. With the as-
sumption of constant shape of membrane module channels,
the membrane surface can be treated as dependent on lin-
ear parameter x. The derivative of the membrane surface is
determined:

ddu _ dx (11)

AM X

The oxygen partial pressure ratio from eq. (10) can be writ-
ten as:

(p02)A _ B (xOZ)A
(Pog " (xoy)g

where: (x0,),—0Oxygen molar fraction in air,
(x0,)c—0xygen molar fraction in flue gas. The oxygen
molar fractions in air and flue gas, respectively, can be
expressed as linear functions:

(12)

('xOZ)A =y1:a1~x+b1 (13)

(x0,)g =y2=ay-x+Dby (14)
where: ay, a,, by, b,—coefficients of linear function.
Introduction of egs. (11)—(14) into eq. (10) leads to:

(tho,); = Ami- Mo, - C1 - Cy

) 0 g - ]

(15)

Values of coefficients ay, by, a;, b, are determined sepa-
rately for each membrane section, according to the formulas:

_ (x0,) 4141 = (%0,)4,

ap; = A (16)
bii=(x0,)4, (17)
= (x02)G.i41-41A; (x0,)g. (18)
bri = (x0,)g, (19)

By solving the integral from eq. (15), introduction of
egs. (16)—(19), and making transformations, the relation-
ship describing the surface of the i membrane section takes
the form:

_£a V17!
(m02)i ’ [MOZ -Cy-Cy- e(RTMz)]

Api = o) (20)
InBuy; +In ((;%A) + D+ Do
02)G.i+1
Dy, = (x0:)1, ‘In ((XOZ)AJ‘*‘ ) (21)
(x0,)pi41 = (X0,)a (X0,) 0
Dzvi — (XOZ)G,i . ln( (x02 )G.i ) (22)
(%0,)G.i+1 = (X0,)6.i (X0,)G i1

— 10—
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Table 2: Characteristic parameters of ITM membrane material

Parameter Value
Minimum operation temperature of membrane, (t3/),in, °C 700
Maximum operation temperature of membrane, (¢y),.ax, °C 900
Heat transfer coefficient of membrane, kj;, W/m2K 90
Minimum membrane thickness including porous support, mm 0.5
Characteristic membrane thickness, d., mm 0.1
Activation energy for ion conductivity, E,, kdJ/mol 56

Constant coefficient for ion conductivity, C» 517,000

Knowing the i membrane section surface Ay, ;, in the fol-
lowing step the heat flow exchanged through this surface
Ou.i can be determined using the equation:

Omi=ky - Ami- ATy, (23)

where: ky—heat transfer coefficient of the membrane,
ATy i—logarithmic mean temperature difference in the mem-
brane.

The use of ITM membranes with thickness lower than
characteristic thickness d. does not result in significant
growth of oxygen flux. The majority of known perovskite
membranes have characteristic thickness of 50 to 100 um.
Such thin membranes are already produced, but they have
to be strengthened by a porous support to provide mechani-
cal stability, especially taking into account the high pressure
differences on both sides of the membrane. The porous sup-
port is made of the same or similar material as the mem-
brane, but they are sintered at lower temperatures to provide
suitable porosity. Therefore, the porous support does not ac-
cept high operation temperatures, which make them sinter
and reduce their porosity, resulting in degradation of mem-
brane performance. Perovskites are the most widely stud-
ied and developed group of materials for ITM membranes.
The results presented in [21] indicate that perovskite porous
support should withstand an absolute pressure difference of
3.0 MPa, but application of temperatures equal to or higher
than 1000°C reduce its porosity due to significant sintering
at such temperatures.

BSCFO (Ba0,5sr0,5000,8Feo,zoz_d) material, which re-
ceives special mention in the literature, is characterized by
high oxygen conductivity compared to other materials [14,
15, 21]. Characteristic parameters of BSCFO, based on data
from [15, 20] and presented in Table 2, are also applied in the
presented membrane model. Calculations in the membrane
model are performed iteratively due to the interdependence
of the membrane surface, the temperatures and pressure
losses of gases. A block diagram of calculation algorithm
for the ITM membrane model is presented in Fig. 3.

4. Model of the membrane reactor

In the presented model an integrated structure of the mem-
brane module (LHX-M-HHX) is assumed. In the module the
membrane is located between two heat exchangers: low-
temperature LHX and high-temperature HHX. One of the

Initial assumptions:
1) Thy = (To2a+Tug)l2

z=0 2) = Pz.zafp4g
Calculation of’
1) [Ans(Thr, Ban)]=o0
Primary 2) [Omi (Anri= Anin) =0

assumptions for ¢
membrane model

Calculation of outlet
temperatures (L, tg;1): 4

START for » membrane sections

Calculation of new values of:

(TM,.-, ﬂMl’s AM:‘> QMr)s‘ 1
for » membrane sections

Results of #
calculations Check of energy balance:
(f230, t4g) AQ = |(Ord=+1 - (Ou

Figure 3: Block diagram of calculation algorithm for ITM membrane model

principal limitations for heat exchangers is the maximum ap-
plicable temperature of flue gas, which is currently at the
level of 1300°C for ceramic heat exchangers [16].

Flue gas temperatures at the inlet (t,,) and outlet (#3,) of
HHX are assumed in the model. Air temperature at the HHX
inlet (t,3,) isprovided by the membrane model, while HHX
outlet air temperature (,.4,) is calculated on the basis of the
energy balance for HHX.

Air temperatures at the LHX inlet (1,.1,) and outlet (#2.2,)
are known. The flue gas temperature at the LHX inlet (t4,)
is a result of the membrane model calculations, while LHX
outlet flue gas temperature (zs,) is calculated on the basis of
the energy balance for LHX.

The flue gas at regenerative heat exchanger RHX inlet
has a temperature equal to the combustor outlet tempera-
ture (t;. = t1,). Air temperatures at the RHX inlet and out-
let are equal to LHX inlet air temperature (t,5, = t.14) and
HHX outlet air temperature (26, = t2.44), respectively. Flue
gas temperature at the RHX outlet is assumed in the model,
while air flow i1, 5, is calculated on the basis of the RHX en-
ergy balance.

To avoid determining detailed membrane geometry, a sim-
plified pressure losses distribution is implied in the presented
model. Constant pressure loss ratios in the membrane reac-
tor on air side &4 and flue gas side &; are introduced. Pres-
sure losses distribution in all components of membrane mod-
ules are important for proper determination of oxygen partial
pressures on both sides of the ITM membrane. Analyses
presented in [20] concluded that, for the membrane struc-

— 11—
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Table 3: Assumptions for membrane reactor

Parameter Value

Combustor outlet temperature, t,¢, °C 1,300

RHX outlet flue gas temperature, #,., °C 600
Combustor outlet pressure, p,,, MPa 2.0
Circulation fan isentropic efficiency, nw 0.80

Thermal efficiency of heat exchangers, nrux, nuux, NrREX 0.995
Air pressure loss rate in membrane modules , &4 0.125
Flue gas pressure loss rate in membrane modules , &g 0.125
Pressure loss - inlet flow converter (IN): 60
distribution, %: - membrane module (MOD): 20
- outlet flow collector (OUT): 20

Heat transfer coefficient of LHX, k;zx, W/m2K 70

Heat transfer coefficient of HHX, kx iy, W/m2K 100
Heat transfer coefficient of RHX, kgpx, W/m2K 90
Minimum temperature difference in heat exchangers, K 20

ture shown in [16], the highest pressure losses are bound
with separation and distribution of gas flows. Thus, the in-
let flow converter is responsible for about 60% and outlet
flow collector for about 20% of total pressure losses, while
only 20% of total pressure losses is generated in channels
of membrane modules. The total relative pressure losses in
membrane modules are at the level of 12-14%, according
to [10, 22]. Total pressure losses are divided in the model
according to the equation:

Ap; = Apinv + Apiyop + Apiour (24)

where: Ap,—total absolute pressure loss; (i = A, G),
IN—inlet flow converter of membrane module,
MOD—membrane module (LHX-M-HHX/ RHX),
OUT—outlet flow collector of membrane module.

Pressure losses for each membrane module component
are divided proportionally to its surface:

Apij = Apimop - (25)

J
2A;

where: j = LHX, M, HHX.

Pressure losses in RHX are the same as in the membrane
module (Ap;rux = Apjmop), Since it has the same structure.
Surface areas of HHX, LHX and RHX are calculated using
heat transfer coefficients k, based on eq. (23). Values of
heat transfer coefficients are assumed individually for each
heat exchanger on the basis of data presented in [20].

Oxygen recovery rate R, (eq. (8)) and flue gas flow rate ys
are primary parameters responsible for regulation of the flue
gas cycle in the membrane reactor. The flue gas flow rate
v¢ is a ratio of the membrane inlet flue gas mass flow to the
membrane inlet air mass flow, described by the equation:

Y6 = (26)

124

The value of the oxygen recovery rate in ITM membrane
R, is controlled for the assumed value of y; to achieve con-
stant oxygen content in the combustor outlet flue gas of 2%.
The most important assumptions for the membrane reactor
are set down in Table 3. Calculations of the membrane reac-
tor model for the assumed y value are conducted according
to the algorithm presented in Fig. 4.

Assumption of yg
and 1initial
assumption of ts,

START

—»= Calculation of R, for t;, e

'

Calculations for membrane
module and determination
of (#5¢)u

Results of calculations ¢

At = (15 — Isg

(!2.4m t5ga Rm mpy er ‘
for assumed y¢ )

lsg = (tif,')M
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e
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o
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Figure 5: Range of applicable y values due to minimum temperature differ-
ences in heat exchangers ATcr rux and ATye pax as a function of mem-
brane inlet air temperature 22,

5. Thermodynamic analysis of the power plant

In the first place an analysis of the membrane reactor was
made in order to select the operating parameters for integra-
tion with the gas turbine. The impact of flue gas flow rate ys
and membrane inlet air temperature on the membrane work-
ing conditions were analyzed. The range of acceptable yg
values is limited by an assumption of minimum temperature
difference at the ends of the membrane module. Presented
in Fig. 5 are the resulting temperature differences at the cold
end of LHX (AT ¢cg 1 ux) and at the hot end of HHX (AT g ux.)
as a function of membrane inlet air temperature (t,,,), with
the indicated range of acceptable y; values resulting from
the temperature limitations (dark grey area on Fig. 5).

The surface areas of the ITM membrane and heat ex-
changers are significant for both external dimensions of the
membrane reactor and investment costs. The surface ar-
eas of the heat exchangers are the lowest in a range of the
highest temperature differences. The increase in membrane
inlet air temperature 1,5, results in a slight reduction of ITM
membrane surface area, but a simultaneous significant in-
crease in the heat exchangers’ areas. Membrane module
designs achieve a high density of active area per volume of

— 12—
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Table 4: Results of membrane reactor analysis

Parameter Value
ts¢, °C 469.9
ts4,°C 733.7
f34, °C 900.0
g, °C 1300.0
te, °C 600.0
tie, °C 1300.0
14, °C 442.0
024, °C 700.0
1234, °C 863.6
tr4a, °C 1271.9
tsas °C 442.0
16a, °C 1271.9
Arpx, m? 67 336
Ay, m? 29 520
AHHX! I"I"I2 70 532
Agpx, m? 9978

400 to even over 1000 m*/m?. Based on the obtained re-
sults, values of ys = 0.614 and t,,, = 700°C are assumed
for the power plant analysis. For selected parameters the
oxygen recovery rate is R, = 0.3787, while the obtained tem-
peratures and surface areas of ITM membrane and heat ex-
changers are presented in Table 4.

In order to evaluate the analyzed power plant gross elec-
tricity generation efficiency 7., is calculated according to
equation:

Neigr _ NeGr + Nast + Nrr
iy LHV in, LHV

Nel.gr = (27)

where: N, ,—gross electric power of power plant,
N.cr—gas turbine electric power, N,sr—steam turbine
electric power, N.pr—flue gas turbine electric power,
myLHV—fuel chemical energy flux (lower heating value ba-
sis).

Gas turbine electric efficiency .67 and steam turbine
electric efficiency n.;sr are described by formulas:

NeGr + Nerr

eIGT = 28
NelGT i, LHV (28)
Neist
NelST = — (29)
Q4a

where: Q4,—HRSG inlet air heat flow.

The net efficiency of electricity generation for power plant
is calculated by analogy to eq. (27), taking into account own
needs of individual installations within the power plant, i.e.,
gas turbine and steam turbine AN,;, carbon dioxide condi-
tioning unit AN¢¢ and circulation fan in the membrane reac-
tor ANp:
el = NelGT"tNZZ;NeIFT

_ AN61+ANC(;IZANF (30)
myLHV

Primary thermodynamic parameters, indicators and own
needs of all installations in the AZEP plant are determined
in the thermodynamic analysis. The temperature of HRSG
inlet air is 536°C, therefore the assumed live steam and re-
heated steam temperatures are 515°C. A classic combined

Table 5: Characteristic parameters of power plants (AZEP - combined cy-
cle power plant with membrane reactor, CCPP - reference combined cycle
power plant without CO,capture)

Parameter AZEP CCPP
Turbine internal power N;r, MW 500.9 421.6
Compressor internal power Nic, MW 293.9 215.3
Gas turbine electric power Ny gr, MW 200.0 200.0
Flue gas turbine electric power N s, MW 30.7 -
Fuel chemical energy flux msLHV, MW 584.8 496.6
Electric efficiency of gas turbine n.6r, - 0.3946  0.4027
HRSG inlet heat flow Q,,, MW 337.1 285.1
Steam turbine electric power N,;s7, MW 106.7 91.1
Electric efficiency of steam turbine .57, - 0.3165 0.3195
Gross electric power N g, MW 337.4 291.1
Gross electricity generation efficiency 7./, - 0.5770  0.5862
Gas turbine and steam turbine own needs AN,;, 6.7 5.8
MW

CO; conditioning unit own needs AN¢¢c, MW 10.7 -
Circulation fan own needs ANy, MW 19.4 -
Net electric power N,;, MW 300.6 285.3
Net electricity generation efficiency n,;, - 0.5140 0.5745
Carbon dioxide production uco2, kg/MWh 384.0 346.5
Carbon dioxide emission eco2, kg/MWh ~0.0 346.5

cycle power plant without CO, capture (CCPP) is also ana-
lyzed as a reference unit for comparison. In CCPP identical
parameters of gas turbine (3, = 1271.9°C, 8 = 20) are as-
sumed. The temperature of HRSG inlet flue gas in this case
is 540°C, which resulted in slightly higher steam tempera-
tures (520°C). The most relevant results of thermodynamic
analyses for both power plants are presented in Tab. 5.

In the gas turbine integrated with a membrane reactor the
mass flow of oxygen-depleted air powering the expander is
lower than the compressed air mass flow, by the amount of
oxygen conducted through the membrane, and consequently
gas turbine efficiency is about 6 pp. lower than in the clas-
sic design. However, including the additional electric power
generated by turbine fed by flue gas from the membrane re-
actor, the efficiency gap is reduced to less than 1 pp. The
steam turbine efficiency is similar in both power plants. The
6% reduction in net electric efficiency experienced by AZEP
in relation to reference plant CCPP is primarily caused by the
significant own needs of the circulation fan and CO, condi-
tioning unit.

6. Conclusions

A model of a membrane reactor integrated with a com-
bined cycle gas turbine unit was made. The presented re-
sults of a thermodynamic analysis identified the basic fea-
tures of this carbon dioxide capture technology.

The lower electric efficiency of the gas turbine with a mem-
brane reactor, vis-a-vis the classic gas turbine, is partly com-
pensated by an additional turbine fed by flue gas leaving
the membrane reactor. The AZEP achieved gross electric-
ity generation efficiency of 57.7%. The significantly lower net
efficiency (51.4%) is primarily due to the high own needs of
the circulation fan in the membrane reactor (19.4 MW) and of
the CO, conditioning unit (10.7 MW). There is a 6 pp. result-
ing reduction in net electric efficiency related to the reference
power plant.
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State-of-art combined cycle power plants, through the
use of higher combustor outlet temperatures, at the level of
1600°C, achieve net electric efficiency above 60%. Com-
pared to these values, the net electric efficiency of AZEP
would be lower by 8-9 pp. These are values recently com-
parable with combined cycle power plants with CO, capture
in post-combustion technology.

Future potential for development of power plants with
membrane reactors is dependent on the maximum appli-
cable temperature, which is currently restricted by heat ex-
changers to the level of about 1300°C. Development of ITM
membrane materials is also important, in terms of improving
their chemical characteristics (ion conductivity) and mechan-
ical stability (the ability to use higher temperatures). Improv-
ing these parameters would lead to a significant reduction
in the surface of the ITM membrane itself (in the discussed
power plant approx. 30000 m?), but also heat exchangers
(total approx. 150000 m?).High pressure losses in the mem-
brane reactor of over 12% are also disadvantageous. The
development of optimized designs for elements within the
reactor to reduce the pressure losses will improve the effi-
ciency of AZEP.
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