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ABSTRACT

Oxy-combustion is one of the promising carbon capture technologies in fossil fuel power plants.
Currently, the greatest challenge is to find ways to reduce the energy consumption of the process of
oxygen separation from the air. The use of oxygen ion transport membranes (ITM), intensively devel-
oped in recent years, especially in terms of use in zero-emission energy units, may be a solution of this
problem. Due to high ITM operating temperatures, they are thermally integrated with a gas turbine,
placed within the structure of a membrane reactor, which replaces the combustor in the gas turbine
installation, performing three functions: separation of oxygen from the air in the ITM, heating the
oxygen-depleted air and fuel combustion. The paper presents a model of the zero-emission combined
cycle power plant with the membrane reactor and results of thermodynamic analysis for the basic
model with assumptions corresponding to currently available technologies and membrane materials.
The analyzes of the influence of the most important membrane parameters, taking into account the
possibilities of improving materials used for ITM as a result of technological progress, on the param-
eters of AZEP plant are made. The basic model of the analyzed power plant obtained the electricity
generation efficiency of 51.2%, which is a competitive result compared with other units equipped with
carbon capture. However, the analysis for improved ITM materials showed that at the case of assumed
technological progress it is possible to increase net electric efficiency of AZEP plant by 0.5%-0.8%
point, achieving up to almost 52%. The higher efficiency was achieved for the lower compression ratio
of gas turbine than for the basic model, which could also lead to lower capital costs. Therefore, the pre-
sented results confirmed that the further development of the ITM for the power plants with membrane
reactors would contribute to both higher efficiency of electricity production and lower investment
costs of these power plants.

Keywords: Oxy-combustion; Membrane reactor; Ion transport membrane ITM; Zero-emission combined
cycle power plant; AZEP

1. Introduction

Dynamic changes made over last years in energy policies
of many countries, in particular in the European Union, are
aimed at counteracting the climate changes by reducing green-
house gas emissions, including primarily carbon dioxide. This
implies new, unprecedented challenges for fossil fuel-fired
power plants, currently playing a dominant role in the energy
sector [1,2]. In the face of the growing share of renewable
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energy sources, often characterized by a large irregularity
of electricity production overtime, a particularly important
aspect is to ensure the security of energy supply and to sig-
nificantly reduce greenhouse gas emissions at the same time.
As one of the key activities, the introduction of zero-emission
electricity production from fossil fuels is proposed, which
can be implemented through the implementation of carbon
capture and storage (CCS) installations. Three main tech-
nologies for CO, separation can be distinguished: postcom-
bustion, precombustion, and oxy-combustion. Furthermore,
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within CCS installation, the separated gas must be prepared
and directed to the storage place. The preparation involves
the need to clean, dry, and compress the captured gas.
Regardless of the CO, capture method, the introduction of
such an installation is associated with a decrease in the effi-
ciency of electricity production and a significant increase in
the capital costs of such power plants, due to the presence
of additional elements and the increased complexity of the
technological process [3-5].

1.1. Oxy-combustion technology

The air, consisting of approximately 79% N, and 21% O,,
is used as an oxidant in conventional combustion process.
In this case, depending on used fuel, the flue gas consists
mostly of N, O,, H/O, and only a few percent of CO,. The
separation of CO, from the flue gas with such a low concen-
tration of this gas is a highly energy-intensive process. In
turn, the oxy-combustion technology is based on the com-
bustion of a fuel in the oxidant atmosphere with reduced
nitrogen content. The oxidant, obtained by the air separa-
tion, consists almost exclusively of O, and only up to sev-
eral percent of N,. As a result, nitrogen is almost eliminated
from the combustion process, while oxygen, most often
diluted with CO, and/or H,O, reacts with the fuel with the
lowest possible excess oxidant ratio. The flue gas consists
almost exclusively of CO,, H,0, and small amounts of other
gases depending on the oxygen separation technology and
the type and composition of the fuel used. The obtained
gas may only require an additional purification in order to
meet the requirements for the gas intended for utilization
or storage [6,7].

Power plants powered by natural gas, consisting
mainly of hydrocarbons and containing minimal amounts
of pollutants, are predisposed for the application of
oxy-combustion technology. Therefore, natural gas power
plants with oxy-combustion technology the separation of
CO, do not require additional gas cleaning process, while
the gas processing itself is limited to the flue gas cooling
and condensation of water vapor. Moreover, since 100% of
the produced CO, is captured along with any remaining
gaseous impurities, the oxy-combustion technology is the
only one that may be called fully zero-emission in terms
of gaseous pollutions. The only products discharged to the
atmosphere are the air with reduced oxygen content, water,
and dissipated heat.

The biggest challenge for the power units with oxy-
combustion is the need to separate large amounts of oxygen
from the air. The air separation unit (ASU) is an autonomous
system here. At present, the technical possibilities of oxy-
gen production with the required quantity and purity at the
level of 95.0%-99.5% are only revealed by cryogenic ASU,
which is mature, but high energy-consuming technology
[8-10]. Other oxygen separation techniques are also devel-
oped, among others adsorption methods, low-temperature
and high-temperature membranes or hybrid systems. These
methods still do not allow for the production of oxygen
of the required quantity and quality, but they show that
in the future a reduction in energy consumption asso-
ciated with the separation of oxygen from the air may be
expected [11-15].

2. Ion transport membranes

The ion transport membranes (ITM) have been known for
many years, while in recent decades they were intensively
developed, especially in terms of use in zero-emission energy
units. They are made of ceramic materials, which heated to a
sufficiently high temperature of at least approximately 700°C,
allow for the passage of oxygen ions through their structure.
There are mainly perovskite or fluorite membranes having
in their structure vacancies accepting oxygen ions, which
can permeate through the membrane passing between these
vacancies. On the other hand, the dense structure of ceramic
membranes is impermeable to other gases. This structure of
ITM makes that, assuming no leaks, cracks or other defects
in the construction of the membrane, they can be used to
produce pure oxygen [6,16-18].

The oxygen separation process through the membrane
consists of numerous phenomena occurring in the membrane,
with each of these phenomena can have an impact on the total
oxygen flux permeating through the membrane. However,
in membrane models made for the purpose of energy sys-
tem analyzes, the influence of most of these phenomena may
be neglected, as they may affect the separation process only
under certain conditions [19]. Two processes are crucial in
this case. For large membrane thickness, the oxygen diffusion
is limited by the volumetric diffusion of oxygen through the
membrane, depending on the difference in oxygen chemical
potentials. In turn, for thin membranes, below the charac-
teristic thickness of the membrane, the greater limitation is
the surface transfer of oxygen, in which the driving force is
the difference in oxygen partial pressures [20]. This feature
means that reducing the thickness of the membrane much
below the characteristic thickness does not correspond to a
significant increase in the flow of oxygen permeated through
the membrane. For a membrane thickness greater than the
characteristic thickness, the Nernst-Einstein relationship is
valid and the oxygen flow is inversely proportional to the
membrane thickness:

, p
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where j, - the unit flow of oxygen ions permeated

through the membrane, mol/(m? s); o, — ion conductivity
of the material, S/m; R — universal gas Constant R = 8.3145
J/(mol K); T,, — membrane temperature, K; d — membrane
thickness, m; n — number of carrier charges (for oxygen ions

n = 2); F — Faraday constant, F = 9.6485 x 10* C/mol; ( ) -
partial oxygen pressure on the air side of membrane,

kPa; and (po ) — partial oxygen pressure on the sweep gas
side of membrane, kPa.

For many membranes the characteristic thickness is
below 100 um, but such thin membranes are reinforced by
a porous support made of the same or similar material as
the dense layer. The membrane itself can withstand constant
operation in temperatures of up to 1,100°C, which are too
high for a porous support, for which the use of temperatures
close to 1,000°C causes sintering, which reduces its porosity
and, thus, the performance of such a membrane [16]. At the
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current stage of the development, small size membranes are
produced and tested in many research centers around the
world. The literature particularly distinguishes membranes
from BSCFO perovskite material (Ba,.Sr,.Co,.Fe .0, ),
which achieves high values of oxygen ion conductivity com-
pared with other materials [21-24]. Authors in this article also
adopted the membrane operating parameters characteristic
for this material. Among the key issues to be mastered prior
to the commercialization of ITMs, there is an improvement of
their efficiency, chemical and thermal stability, mechanical
strength and a reduction of the materials prices [16].

3. Oxy-combustion power plants with ion transport
membranes

ITM may be used to build an external ASU, but high
temperatures of operation allow for their integration with
the gas turbine cycle, therefore the concepts of power plants
using ITMs are considered as a separate group of power
plant with oxy-combustion solutions. This solution allows
to reduce the power plants efficiency drop associated with
the production of oxygen [6]. So far, no pilot power plant
using ITMs has been created. At the current development
state, research aimed at confirming the legitimacy of imple-
menting this technology on a commercial scale is conducted.
In addition to issues related to the development of ITMs
themselves, the literature contains a number of concepts of
zero-emission power plants integrated with ITM, among
which the most frequently mentioned are AZEP (advanced
zero emission power) [25] and ZEITMOP (zero emission
ITM oxygen power) [6]. In AZEP plants, instead of the com-
bustion chamber of the gas turbine, the use of a membrane
reactor is proposed, which performs three basic functions:
(I) separation of oxygen from compressed air through the
ITM; (II) heat exchange to heat the oxygen-depleted air; (III)
near-stoichiometric combustion of gaseous fuel. The flue gas
in the semiopen membrane reactor cycle is composed almost
exclusively of CO, and H,O, so the CO, capture from the
flue gas stream leaving the membrane reactor is limited to
the removal of the excess moisture. The flue gas leaving the
membrane reactor cycle has a high temperature, therefore,
before CO, capture, its heat energy is utilized. Two solutions
of the AZEP plant differed in the manner of the flue gas
heat utilization can be specified in the literature. In the first
concept, the flue gas is directed to the heat recovery steam
generator (HRSG), allowing to increase the steam turbine
power [25,26]. In the second concept, the increased pressure
in the membrane reactor cycle is used and the flue gas leav-
ing this cycle is expanded in a gas-steam (CO,/H,O) turbine
[27,28]. The efficiency of electricity generation exceeding
50% is indicated for both solutions, and the efficiency drop
associated with the use of CO, capture is estimated at about
5% points.

The studies on modeling and analyzes of AZEP plants
available in the literature indicate on the need for multicri-
teria analyzes of power plants integrated with ITM, which
will allow to estimate the potential of this solution and to
identify its key aspects requiring significant improvement
before commercialization [29,30]. The paper presents the
results of thermodynamic analyzes of combined cycle power
plant integrated with a membrane reactor with an increased

gas pressure and a gas-steam turbine. The membrane reactor
numerical model made by authors allows for the initial cal-
culation of the key parameters of the ITM and a membrane
reactor, necessary to determine the thermodynamic effi-
ciency of the AZEP plant, without the need to determine the
geometric parameters of the membrane and heat exchangers.
The impact of the improvement of the most important ITM
parameters on the power plants efficiency and membrane
reactor surface areas was also assessed. It allowed to esti-
mate the potential of using ITM in AZEP plants in the case of
developing new membranes with more favorable properties
or their improvement within currently known materials used
for their production. Thus, the presented analyzes showed
which of the ITM properties constituted to the greatest con-
straints and how big impact on the AZEP plant operation
could bring their improvement.

4. The model of the power plant with a membrane reactor

The analyzed zero-emission combined cycle power plant
with a membrane reactor is based on the AZEP cycle concept
[25], therefore, it is marked with this symbol in this paper.
The structure of the power plant model is shown in Fig. 1.

The developed AZEP plant model consists of a gas tur-
bine GT integrated with a membrane reactor MR, a steam
cycle with HRSG SC and a carbon dioxide conditioning
unit CCU. Models of discussed AZEP plant components
were made and integrated using GateCycle™ software [31]
and own calculation codes with the use of Microsoft Excel
environment.

4.1. Gas turbine and steam cycle

In the AZEP plant model assumed the constant electrical
gas turbine power N, obtained at the generator terminals,
equal to 200 MW. The gas turbine was supplied with air of
parameters 15°C, 101.325 kPa and relative humidity of 60%.
The air filter pressure loss was 1%. The compressor pressure
ratio (defined as the ratio of outlet pressure to inlet pressure)
was equal to 3 = 20. The compressed air was directed to the
membrane reactor, where it passed over part of the oxygen
and was heated to a temperature of ¢, = 1,280°C, and then
was expanded in the turbine to a pressure of p, =105.5 kPa.
The isentropic efficiencies of the compressor and the turbine
were, respectively, 1. = 0.88 and 1, = 0.90, mechanical effi-
ciencies were equal to1_.=n_, =0.995. The open-air cooling
of expander blades was used in the gas turbine. The air flow
drawn from behind the compressor for cooling was deter-
mined based on the equation of heat flow in the turbine blade
system, shown, for example, in Refs. [32,33].

The oxygen-depleted air leaving the gas turbine, with the
temperature t, = 539°C, for the above-mentioned assump-
tions, was directed to the HRSG in the steam cycle. The
steam cycle was based on the operation of a steam turbine ST
consisting of three sections: high pressure (1), intermediate
pressure (i), and low pressure (I). The steam turbine was
powered by steam generated in a triple-pressure HRSG with
steam reheating before the intermediate pressure steam tur-
bine section. The temperature and pressure of live steam
and reheated steam were, respectively, 519°C/18.0 MPa and
519°C/4.0 MPa. The applied steam temperature resulted
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Fig. 1. The structure of the combined cycle power plant with membrane reactor AZEP (C — compressor, CC — CO, compressor,
CCH - combustion chamber, CF — circulation fan, CND - condenser, CS — condensation separator, F - filter, G — generator, GST -
gas-steam turbine HRSG - heat recovery steam generator, LHX, HHX, RHX - heat exchangers, M — ion transport membrane,

ST - steam turbine, and T — turbine).

from the temperature difference at the HRSG hot end, equal
to 20 K. The pressure of the low-pressure steam is 0.3 MPa.
The steam turbine isentropic efficiency was assumed at the
level of 1., = 0.90. The condenser pressure was equal to
5 kPa. Pressure losses in the steam cycle were: in economiz-
ers 1%, in evaporators 4%, in steam superheaters 3%, before
the high-pressure steam turbine section 3%, and before
other steam turbine sections 2%. Such design parameters of
the steam cycle as steam pressure levels and temperature
differences in HRSG were selected by means of optimization
with the use of a genetic algorithm, which was successfully
used in similar optimization problems [34].

The efficiency of all generators used in the AZEP plant
was 1, = 0.985. The total own needs rate of machinery and
auxiliary equipment in GT and SC installations was assumed
to be equal to 2% of the gross electric power of the power
plant Nd.gmss.

4.2. Membrane reactor and carbon conditioning unit

In the membrane reactor model, assumptions correspond-
ing to the current technological and material limitations of the
used components, was applied. The most important mem-
brane material properties used in the model were assumed
based on data for BSCFO [20,22]. The air temperature at the
membrane cold end corresponded to its minimum operating
temperature and was equal to t,, =(t,)) . =700°C, while the
flue gas temperature at the membrane hot end corresponded
to the maximum operating temperature, which, limited by
the use of a porous carrier, was equal to ¢, = (,),, = 900°C.

Due to the narrow temperature range of the ITM operation,
the membrane modules with additional heat exchangers
were used in the membrane reactor. The low-temperature
heat exchanger LHX before the membrane was responsible
for heating the compressed air to the required temperature
t,,» while the high-temperature heat exchanger HHX behind
the membrane was intended to heat the air to the tempera-
ture significantly above its upper operating temperature.
Membrane modules with chessboard structure allowed to
achieve the density of heat exchange surfaces at the level of
800 — 1,000 m?/m?, therefore the use of surface areas of the
order of hundreds of thousands of square meters is possible
in big power plants [25].

Currently, the maximum operating temperature of
heat exchangers is about 1,300°C [25], therefore, a flue gas
temperature of tzg = 1,300°C was assumed at the hot end of
HHX. With an assumption of a constant temperature differ-
ence at the hot end of HHX, equal to AT, ., = 20 K, the
oxygen-depleted air temperature at the HHX hot end was
t, .. = t;, = 1,280°C. Basing on the known air temperature in
LHX (cold end temperature dependent on the compression
ratio, equal to t,, =t,, hot end temperature was ¢,, = 700°C)
and the flue gas temperature at the LHX hot end (t4g), which
was determined in the membrane calculation model, the
LHX cold end flue gas temperature (th) was calculated. Part
of the compressed air directed to the membrane reactor was
heated in the regenerative heat exchanger RHX by the flue
gas stream leaving the membrane reactor. Temperature at the
RHX hot end corresponded to HHX (t“g =ty be =1 ), and
the air temperature at the RHX cold end was the same as in



334 M. Job, ]. Kotowicz / Desalination and Water Treatment 128 (2018) 330-340

LHX (t,,, = t,,,)- The LHX cold end temperature difference
was assumed to be equal to AT, ., = 40 K. The heat losses
in LHX, HHX, and RHX were 0.5%. Areas of heat exchangers

were determined in accordance with the equation:
Q=kx AxAT,, 2)

where Q- heat flux, W; A — surface area, m? k — heat trans-
fer coefficient of heat exchanger, W/(m? K); and AT,, — mean
logarithmic temperature difference at both sides of heat
exchanger, K.

Based on [20], heat transfer coefficients k were adopted,
respectively, for LHX, HHX, and RHX heat exchangers:
k=70 Wm*K, k. =100 W/m*K, and k_,, =90 W/m>K.
The total heat exchange surface in a membrane reactor was a
sum of the surfaces of all heat exchangers and the membrane:
Apy = Apax T Ay + A+ Arpix ®)

The total pressure losses in the membrane modules are
indicated in the literature at the level of 12%-14% [20,35].
In the developed model, the total air and flue gas pressure
losses coefficients (defined as the difference between inlet
and outlet pressure divided by the inlet pressure) in the mem-
brane module were assumed to be equal to C, = C. = 0.125.
Following the analyzes presented in Ref. [20], assumed distri-
bution of total pressure losses was as follows: 60% at the inlet
manifold, 20% at the outlet collector, whereas the channels of
the membrane modules were responsible for remaining 20%.
A linear pressure drop in channels of the membrane mod-
ules, proportional to the surface of the module, was assumed.

The issue of modeling of the ITM involves simultane-
ous processes of mass and heat exchange on the membrane
surface in the presence of pressure losses. No heat losses
in the membrane were assumed in the model. It was nec-
essary to determine the membrane surface A, and the heat
flow transferred through the membrane surface. The mem-
brane model used the Nernst-Einstein relationship (Eq. (1)),
taking into account the membrane surface and the membrane
temperature change resulting from the heat exchange:

a4 | 0, xRT,,

p
g, = Ay x My, % || prr: (re.), dA

x M “)
(ro, ).

where A , — membrane surface, m* M, —specific molar mass
of oxygen, kg/kmol; and A constant “factor C, was distin-
guished from Eq. (4), defined by the dependence

R
C=—— 5
4d(nF) ©

Ion conductivity o, is a characteristic parameter of
the membrane material. The o, values are subjected to
the Arrhenius temperature dependence, according to the
equation:

Eu

6,xT, =C,xe ¥ ©6)

2

where E - activation energy for ion conductivity (in the
model E =56 kJ/mol); and C, — constant coefficient charac-
teristic for the membrane (in the model C, =517,236.2).

The value of C, coefficient was determined by fitting
Eq. (6), using the least squares method, to the values of o,
determined experimentally for BSCFO, taken from Ref.
[22]. A membrane structure with a porous support with the
thickness of dense layer equal to d = 0.1 mm was assumed.
In order to determine the membrane surface A,, and its
other operating parameters, a simplified model was used,
in which the membrane was divided into n (n = 100) seri-
ally connected parts. In each part of the membrane, constant
pressure and temperature of gases, being arithmetic means
of inlet and outlet values; temperature of a given mem-
brane segment equal to arithmetic mean temperature of the
gases on both sides of the membrane; and linear change in
molar oxygen proportion with the membrane surface, were
assumed. The membrane model assumed equal flow of oxy-
gen permeated through the surface of each membrane part:

(1o, ) =+, %

The total oxygen flow permeated through the membrane
was described by the oxygen recovery ratio from the air R ;:

R, =5 ®)

where (mo ) is mass oxygen flow rate in the air at the mem-
2/22a

brane inlet.

In the model, for given values of R, and streams of gases
on both sides of the membrane, a surface of each mem-
brane part A, ; required to permeate assumed flux of oxy-
gen ( i ) (moz) was calculated using the Egs. (4)—(7). In the
next step,xfor calculated surface A, , a heat transfer through
each membrane part QM was determined according to
dependence Eq. (2), for the membrane heat transfer coeffi-
cient k,, = 90 W/m?K. A flue gas ratio coefficient vy, which is
a ratio of membrane inlet flue gas flow (at the hot end) to the
membrane inlet airflow (at the cold end), defined by Eq. (9),
was responsible for the regulation of the flue gas cycle in the
membrane reactor.

©)

This ratio has a crucial influence on the temperature
differences in the membrane modules and was regulated so
as to reach the assumed oxygen-depleted air temperature at
the hot end of HHX (¢,, =1,280°C).

The flue gas with oxidant leaving the membrane module
was directed to the combustion chamber CCH through the
circulating fan CF. The flue gas pressure and temperature at
the combustion chamber outlet were equal to p, = 1,800 kPa
and t, = 1,300°C. Methane (100% CH,) with parameters of
15°C, 3 500 kPa and lower heating value LHV = 50.049 M]/kg
were used as a fuel. The combustion chamber efficiency was
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TNys = 0.99, while the pressure losses in the combustion cham-
ber were 4%. Considering the CO, capture, excess oxygen
in the flue gas is undesired, therefore, near-stoichiometric
combustion was maintained with a slight excess of oxygen
to maintain stability of the combustion process. For this pur-
pose, the oxygen recovery ratio in membrane R, (Eq. (8)) was
regulated so as to maintain a constant oxygen content in
combustion chamber outlet flue gas at the level of ©,),,= 2%.
Due to the mutual dependence of the membrane surface,
temperatures and pressure losses of the gases, both calcula-
tions, for the membrane and for the entire membrane reactor
cycle were performed iteratively, matching the two main
regulation parameters of v, and R in subsequent iterations.
The computational algorithms of the ITM and the membrane
reactor cycle are described in detail in Ref. [36].

The flue gas stream leaving the membrane reactor cycle,
after cooling in RHX, was expanded in the gas-steam tur-
bine GST to a pressure of p, = 105.5 kPa and then directed
to the carbon conditioning unit CCU. A simple design of
the gas-steam turbine, with no blade cooling system and
isentropic efficiency equal to 1, = 0.85, was assumed. The
circulation fan isentropic efficiency was assumed at the
level of 1., = 0.80. The auxiliary power of the membrane
reactor AN, was equal to the electric power consumed
by the circulating fan N, reduced by the electric power
generated by the gas-steam turbine N ., according to the
dependence:

1GST

ANy = Nycp = Nogsr (10)

The flue gas directed to CCU consisted almost exclu-
sively of CO,, H,O, and a small amount of O,, therefore,
the required CO, purity, adopted at the level of 90% mol.,
was achieved by removing the excess moisture, without the
need for any additional purification of the captured gas. The
gas was cooled to the temperature of 30°C and dried in con-
densation separator CS. Then, an eight-section compression
process of captured CO, was performed. In first seven sec-
tions of the CO, compression CC, the gas was compressed to
the pressure of 6.5 MPa, with identical compression ratios in
each section and intercooling to the temperature of 30°C. In
the last section the gas was cooled to the temperature of 15°C
and condensed under subcritical conditions. This allowed for
the use of liquid CO, pump, compressing the gas to the pres-
sure of 13 MPa. The isentropic efficiency of compressors and
CO, pump was equal to 80%. Waste heat from intercoolers
was dispersed to the environment.

5. Thermodynamic analysis

The most important indicator determining the efficiency
of operation of power plants, including the analyzed AZEP
plant, is the efficiency of electricity generation. The gross
electric efficiency n is expressed by the dependence:

el.gross

- Nel-gmss — Negr + Nasr (11)
Mo =5 LAV sin LAV
where N, = — gross electric power of combined cycle

power plant, MW; N .. — gas turbine electric power, MW;

N, — steam turbine electric power, MW; and 71 fLHV — fuel
chemical energy flux, MW.
Electric efficiency of gas turbine n

Nusc is described by relations:

.cr and steam cycle

Nyer
_ e 12
nelGT meHV ( )
N
Metse = é:c (13)

where Q,, is a heat flow rate of oxygen-depleted air feeding
the HRSG.

The net electric efficiency of AZEP plant is defined by
analogy to Eq. (11), but it applies to the net electric power of
AZEP plant N, taking into account the total own needs of
the power plant AN :

N N,...—AN,
— el — el.gross el 14
T‘lel . . ( )
i LHV i LHV
AN, =Y AN, =AN.. +AN_ + AN, (15)

where AN . — auxiliary power of gas turbine and steam cycle
installations, AN, — auxiliary power of carbon condition-

ing unit, and AN, — auxiliary power of membrane reactor
(Eq. (10)).

The total own needs ratio of AZEP plant is described by
dependence:

(16)

el.gross

Among the AZEP plant operation parameters presented
in Chapter 4, the following were obtained as a result of an
optimization of: gas turbine pressure ratio ( = 20), oxygen-
depleted air temperature at the turbine inlet (t,, = 1,280°C),
flue gas pressure in membrane reactor (p, = 1,800°C), air
temperature at the membrane cold end (t,, = 700°C),
and flue gas temperature at the gas-steam turbine inlet
(t,, = 482°C). A boundary condition in the selection of
optimum values of abovementioned parameters was the
maximum heat exchange surface in the membrane reactor,
equal to (A,), .. = 200,000 m> Multistage analyzes and the
selection of optimal AZEP plant operating parameters are
presented by authors in detail in Ref. [37]. The most import-
ant operation parameters of AZEP plant are presented in
Table 1.

The gas turbine in the AZEP plant model achieved the
electric efficiency n ., at the level of 35%, which was a low
value compared with the current high-power gas turbines
with efficiency exceeding 40%. Among the factors responsi-
ble for low efficiency one could distinguished:

* Low temperature of the oxygen-depleted air supplied to
the turbine (t,, = 1,280°C), resulting from limited endur-
ance of the materials used in heat exchangers.
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Table 1
Selected characteristic parameters of AZEP plant model

Parameter Symbol, unit Value
Fuel chemical energy flux mLHV, MW  571.0
Gas turbine electric power N ov MW 200.0
Turbine internal power N, MW 497.6
Compressor internal power N,, MW 290.6
Gas turbine electric efficiency Nucr — 0.3502
Gas turbine outlet air heat flow Q,, MW 336.1
Steam turbine electric power N_oy MW 106.4
Steam cycle electric efficiency Tuscr — 0.3144
Power plant gross electric power dgrosy MW 306.4
Power plant gross electric efficiency Nt grossy ~ 0.5366
Gas turbine and steam cycle ownneeds AN., MW 6.1
Gas-steam turbine electric power N v MW 23.6
Circulation fan electric power N,cp MW 20.0
Membrane reactor own needs AN, MW 3.6
CO, conditioning unit own needs AN ., MW 114
Total power plant own needs AN, , MW 13.9
Total power plant own needs ratio O = 0.0454
Power plant net electric power N, MW 292.5
Power plant net electrical efficiency Ny — 0.5122
Oxygen recovery ratio R, - 0.3818
Flue gas stream ratio Yo~ 0.6304
Membrane surface A, m? 27,100
LHX surface A e M7 53,500
HHX surface A M 86,900
RHX surface Ao M2 32,300
Total membrane reactor surface A, m? 199,800

MR/

e High heat losses in the flue gas leaving the membrane
reactor.

e The need to compress a larger stream of air than the
oxygen-depleted air stream expanded in the turbine,
which was a consequence of some of the oxygen losses
in the ITM. In a classic gas turbine, the expanded stream
is higher than the compressed air by the stream of fuel
provided in the combustion chamber.

e High-pressure losses of air in the membrane reactor.

The low flue gas temperature at the HRSG inlet (¢,)
allowed for the use of steam temperature of 519°C. This was
significantly lower value than currently achieved, of up to
600°C, resulting in a lower efficiency of steam cycle 1 . than
in modern combined cycle power plants.

The net efficiency of electricity generation 1), is the most
important indicator allowing for the assessment of a power
plant. The largest own needs, at the level of 11.4 MW, were
generated by the carbon conditioning unit CCU. In the mem-
brane reactor the electric energy consumed by the circulation
fan N . was lower than the power generated by the gas-
steam turbine N, resulting in a negative total own needs,
equal to AN, . = -3.6 MW. Thus, the membrane reactor was
an additional source of energy in AZEP plant. Finally, the net
electric efficiency of AZEP plant 1, was at the level of 51.2%,

which was the competitive value compared with other con-
cepts of the power plant with oxy-combustion [27,28,38].

6. The influence of membrane parameters on the
power plant

The paper presents results of the analyzes of the impact
of the improvement of selected properties of the ITM on
the parameters of the AZEP plant. The first parameter to
be changed was the maximum working temperature of the
membrane, while the second was the ion conductivity of the
membrane ¢, For the analyzes all other assumptions were
constant, that is, the temperature differences on the HHX hot
end and on the RHX cold end, and equaled to AT, =20K

E.HHX

and AT .y = 40 K, respectively. In order to maintain a con-
stant temperature difference AT, .., and an oxygen content

in the flue gas equal to [O,], = 2%, the values of flue gas
ratio vy, and oxygen recovery ratio R, were changed as the
membrane properties change.

6.1. Membrane ion conductivity

The ion conductivity o, is a characteristic feature of the
material used to make the membrane and, therefore, the
change in o, value is tantamount to a change of the used
material. Thus, the analysis of the change in ion conductiv-
ity aimed at providing answers what changes in the AZEP
plants performance could be achieved by the development
of membranes based on materials with higher oxygen ion
permeation intensity than the best currently available mate-
rials, such as BSCFO [22]. Because the ion conductivity is not
a constant parameter, but changes with the temperature of
the membrane according to Eq. (6), the change of o, was per-
formed by changing the value of coefficient C, in the range
from the base value of 517,236 to 1,000,000. The value of o,
as a function of the membrane temperature t,, for selected
values of C, is shown in Fig. 2.

The influence of changes in the membrane ion conductiv-
ity (through the change of coefficient C,), on the net efficiency
of electricity generation n, of AZEP plant and surfaces of
heat exchangers and the membrane in the membrane reactor
is shown in Fig. 3.

The improvement of ion conductivity of the membrane
M reduced its surface A,, which led to an increase in the
temperature differences in the heat exchangers, also reducing
their surface area. The increase in the flue gas temperature at
the LHX cold end corresponded to a slight reduction in fuel
consumption and corresponding increase in the gas turbine
efficiency 1 ... However, at the same time, the change of C,
from 517,236 (base value) to 1,000,000 has increased the cir-
culation fan’s power N . by 2.4 MW, that is, by 12%. As a
result, the change of C, from base value to 1,000,000 allowed
for reducing the membrane reactor area A, by 29%, while
the net efficiency of AZEP plant n, decreased by 0.2% point.

Considering the fact that the highest net efficiency of
AZEP plant was obtained for such operating parameters,
where it was necessary to use very large areas of membrane
reactor A, the selection of optimal operating parameters
of AZEP plant was limited by the maximum surface A,,,, in
this work adopted at the level of 200,000 m?. The pressure
ratio 3 =20 and the flue gas pressure in MR of P = 1,800 kPa,
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Fig. 2. Ion conductivity of the membrane o, as a function of the
membrane temperature t,, for selected values of coefficient C,.
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Fig. 3. Net electric efficiency of AZEP plant n, and surfaces A of
membrane reactor components as a function of membrane ion
conductivity coefficient C,.

applied in the analysis, were chosen as optimal for the value
of coefficient C, = 517,236. Therefore, new values of  and
p,, were selected for changed value of C, to 1,000,000. The
analysis was performed for the change of pressure ratio 3
in a range from 10 to 30, choosing for each (3 such flue gas
pressure p, , where the membrane reactor area was equal to
the maximum A, = 200,000 m? or slightly lower, with step
of 10 kPa. In addition, a limitation of the maximum flue gas
pressure of p, < 4,000 kPa was assumed in analysis. Results
of the analysis are shown in Fig. 4.

The maximum net efficiency of AZEP plant 1, = 0.5173
was obtained for 3 =17 and Py = 2,150 kPa, which meant that
the improvement of the ion conductivity of the membrane by
approximately 93% allowed to raise the net efficiency of the
power plant by 0.51% point.

6.2. Maximum membrane temperature

The maximum working temperature of the membrane
is primarily related to its high-temperature resistance. The
maximum temperature of 900°C, adopted in the analysis,
was a limitation not resulting from the resistance of dense
layer of the membrane, but a porous support used to ensure
sufficient mechanical resistance to high-pressure differences
on both sides of the membrane. The porous support is usually
made of the same material as the dense layer, but shaped at

337

0.520 4500
4000

3500

o

n

@
=]

3000

2500

2000

Net electric efficiency n,, -
3
5

Flue gas pressure p,,, kPa

0.505 1500
g

1000

0.500 500
10 12 14 16 18 20 22 24 26 28 30
Compressor pressure ratio {, -

Fig. 4. Net electric efficiency of AZEP plant 1, and flue gas
pressure p, as a function of compressor pressure ratio {3 for
coefficient €, = 1,000,000.

temperature of 1,050-1,100°C to avoid its sintering. It means,
that the long-term exposure of the porous support to high
temperatures of 1,000-1,050°C causes its sintering, reducing
its permeability and, thus, reducing the ion conductivity of
the entire membrane.

The increase of the membrane operating temperature
should allow to improve its operating parameters, since,
according to Eq. (6), the ion conductivity o, is significantly
dependent on the membrane temperature T,,. The highest
temperature observed in the membrane was the flue gas tem-
perature at the membrane hot end ¢, v therefore, the analysis
of the influence of changing t3g in a range from base value of
900°C to 1,050°C on the parameters of the AZEP plant, was
performed. The change of ion conductivity o, as a function of
membrane temperature t,, for the base value of coefficient
C,=517,236, is shown in Fig. 5. The influence of flue gas tem-
perature tsg on the net efficiency of the AZEP plant n; and
the surfaces of the membrane and the heat exchangers in the
membrane reactor are shown in Fig. 6.

The increase in flue gas temperature ¢, v analogous to
the membrane ion conductivity increase, reduced the mem-
brane surface A,, which led to an increase in temperature
differences in the heat exchangers, also reducing their sur-
face areas. The fuel consumption reduction resulting from
the LHX cold end flue gas temperature raise, corresponded
to an increase in the gas turbine efficiency, but with slight
decreases in the electric power of steam turbine ST and
gas-steam turbine GST, at the same time. The LHX hot end
flue gas temperature raise in combination with the increase

2.5

by = »
> n o>

Ion conductivity o;, S/cm

14
n

700 750 800 850 900 950 1000 1050
Membrane temperature 7, °C

Fig. 5. Membrane ion conductivity o, as a function of the
membrane temperature t,, for the value of coefficient C,=517,236.
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of its flux with the change of t, from 900°C to 1,050°C,
increased the electric power of Clrculatlon fan by 10 MW,
that is, by 50%.

The total efficiency drop by 0.81% point with a tempera-
ture raise from 900°C to 1,050°C was primarily caused by the
growth of the circulation fan ownneeds. However, a significant
reduction in the membrane reactor area A, by 51.5% was
obtained. Therefore, in analogy to the previous analysis, new

Table 2
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Fig. 7. Net electric efficiency of AZEP plant n  and flue gas pres-
sure p, as a function of compressor pressure ratio § for flue gas
temperat’ure t,. =1,050°C.

values of  and p, were selected with the conditions of the
maximum membrane reactor area (Agadmae = 200,000 m? and
maximum flue gas pressure (p, ), .. 4,000 kPa. The results of
the analysis are shown in Fig. 7

The maximum net efficiency of AZEP plant 1, = 0.5195
was obtained for =16 and p, = 2,380 kPa, which meant, that
increasing the maximum flue gas temperature in the mem-
brane from 900°C to 1,050°C improved the net power plants
efficiency by 0.73% points.

Selected characteristic parameters of the AZEP plant cases: AZEP, AZEP_1, and AZEP_2

Parameter Symbol, unit AZEP AZEP_1 AZEP_2
Fuel chemical energy flux mLHV, MW 571.0 588.6 595.4
Gas turbine electric power N, oy MW 200.0 200.0 200.0
Turbine internal power N, MW 497.6 473.9 465.8
Compressor internal power N, MW 290.6 267.1 259.1
Gas turbine electric efficiency Nucr — 0.3502 0.3398 0.3359
Gas turbine outlet air heat flow Q,, MW 336.1 354.6 362.3
Steam turbine electric power N, o MW 106.4 117.4 121.9
Steam cycle electric efficiency Nuser = 0.3144 0.3288 0,3341
Power plant gross electric power agrosy MW 306.4 317.4 321.9
Power plant gross electric efficiency Netgross’ ~ 0.5366 0.5393 0.5407
Gas turbine and steam cycle own needs AN ., MW 6.1 6.8 6.9
Gas-steam turbine electric power N, sy MW 23.6 24.4 24.8
Circulation fan electric power N, oy MW 20.0 19.2 19.1
Membrane reactor own needs AN, MW -3.6 -5.2 -5.7
CO, conditioning unit own needs AN .,y MW 114 11.3 114
Total power plant own needs AN, MW 13.9 13.0 12.6
Total power plant own needs ratio O, = 0.0454 0.0408 0.0391
Power plant net electric power N, MW 292.5 304.5 309.3
Power plant net electrical efficiency N = 0.5122 0.5173 0.5195
Oxygen recovery ratio R, - 0.382 0.396 0.401
Flue gas stream ratio Vo= 0.630 0.631 0.633
Membrane surface Ay m2 27,100 25,500 52,500
LHX surface A e M 53,500 55,900 53,000
HHX surface Apppe M 86,900 84,200 57,600
RHX surface ARHX, m? 32,300 34,400 34,900
Total membrane reactor surface A 199,800 200,000 198,000

MR’
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Table 2 presents selected operating parameters of three
cases of the AZEP plant:

* base case AZEP (C, = 517,236, by = 900°C, B = 20,
P = 1,800 kPa),

e case AZEP_1 (C, = 1,000,000, ty = 900°C, p = 17,
Pie= 2,150 kPa),

e case AZEP 2 (C, = 517,236, ty = 1,050°C, B = 16,

Pig = 2,380 kPa).

7. Summary

The paper presents the model of zero-emission combined
cycle power plant integrated with membrane reactor AZEP,
which uses ITM, and analyzes of the impact of key mem-
brane properties on the operating parameters of the power
plant. The analysis of the base power plant indicated that
with currently available membranes and other limitations
of AZEP plant (e.g. high-pressure losses and low admissible
temperatures in the membrane reactor) it was possible to
achieve the net efficiency of electricity generation 1 at the
level of 0.512, which was competitive with other concepts of
zero-emission combined cycle power plants.

Performed analyzes showed that while maintaining
constant pressure levels in the gas turbine () and in the
membrane reactor (p,), the improvement of both mem-
brane properties associated with increasing oxygen diffu-
sion intensity through the membrane (i.e, membrane ion
conductivity coefficient C, and membrane hot end flue gas
temperature ¢, ) allowed for the reduction of the surfaces of
membrane A, and the entire membrane reactor A, , but at
the loss of the net electricity generation efficiency of AZEP
plants n,, (Figs. 3 and 6). However, the choice of new B and p,
values for the assumed improvement of C, in case AZEP_1,
and t3g in case AZEP_2, respectively, with the maximum
membrane reactor area of (A,,) _ =200,000 m? allowed to
improve the net electric efficiency 1, by 0.51% and 0.73%
points, respectively, compared with the base AZEP plant.
The net efficiency increase was obtained by both, the increase
of the gross electric efficiency n,, .. as well as the reduction
of the own needs of the membrane reactor AN, ..

Analyzes showed, that the development and the use of
ITM with higher ion conductivity o, or with higher max-
imum operating temperature t, in AZEP power plants
would allow to reduce the membrane reactor area A,,, or to
improve the efficiency of the power plant, while maintain-
ing the same A, . Thus, the development of ITM for poten-
tial application in AZEP plants would allow to reduce fuel
consumption and reduce the size of membrane reactor and
related investment costs.
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Symbols

A —  Surface area, m?

C — Constant coefficient, —
d —  Membrane thickness, m

339

E, — Activation energy for ion conductivity, kJ/mol

F — Faraday’s constant, F = 9.6485 x 10* C/mol

Jo, ~— Unit flow of oxygen ions permeated through
membrane, mol/(m? s)

k —  Heat transfer coefficient, W/(m? K)

LHV — Lower heating value, MJ/kg

M —  Specific molar mass, kg/kmol

n —  Number of carrier charges, number of membrane
parts in membrane model, —

N — Power, MW

p —  Pressure, kPa

po, — Partial oxygen pressure, kPa

Q  — Heatflux, MW

R —  Universal gas constant, R = 8.3145 J/(mol K)

R, — Membrane oxygen recovery ratio, —

t, T — Temperature, °C, K

Greek symbols

B — Compression rate, —

Yo —  Flue gas stream ratio, —

o, — Own needs rate of power plant, —

AT  — Temperature difference, K

AN  — Auxiliary power, MW

C —  Pressure loss rate, —

n — Efficiency, -

o, — Membrane ion conductivity, S/m

Indexes

a, A — Air

el — Electric

3G — Fluegas

i — Isentropic, number of actual membrane part in
iterative calculations

m — Mechanical

max — Maximum

min — Minimum

S — Steam or water in steam cycle
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