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Abstract

In this article computational algorithm and exemplary results for a model of an air separation unit (ASU) with
“four end” high temperature membrane (HTM) were presented. First, the software environment for building
of a "four end" membrane separator model was chosen. Then, a model of an air separation unit was created
and preliminary calculations were made on that model. The air separation unit structure consists of a “four
end” membrane, heat exchanger, electrical generator, air compressor and expander. Parameter that determines
all flows in the ASU model is the oxygen mass flow rate. This mass flow rate is approximately the same as
oxygen mass flow rate feeding oxy boiler working in a 460 MW power plant. The most important step of this
paper was the integration of a model of pulverized fuel boiler in the oxy-combustion technology and the air
separation unit model by sending flue gas from boiler to ASU. The characteristics of ASU such as power and
efficiency as a function of the oxygen recovery rate were made. Maximal value of oxygen recovery rate was
calculated. The difference between optimal compressor pressure ratio of the autonomic gas turbine and of the

air separation unit are presented in this paper.

Introduction

Currently appearing world trend to reduce emis-
sions of harmful substances such as greenhouse
gases into the environment is changing a direction
of the energy technologies [1]. Particularly im-
portant is the development of low emission coal
technologies that play a significant role in the bal-
ance sheets of many countries including Poland, in
which a significant part of electricity is generated in
coal-fueled power plants. Additionally, during the
production of electricity in coal-fueled power plants
carbon dioxide emission per produced electricity
unit is higher than in other power generation tech-
nologies, for example, about 2.5 times more than in
gas-steam blocks fueled with natural gas. The two
most important directions of research aiming to
reduce the emissions from coal-fueled power plants
may be mentioned. The first one is the optimization
of a power plant within its structure and work
parameters. The second direction of development
of low emission coal technologies is finding new
and optimization of the already known low-energy
carbon capture technologies [2]. The currently de-
veloped carbon capture technologies are as follows:
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pre-combustion technology;
post-combustion technology;
oxy-combustion technology.

Oxy-combustion technology is based on fuel
combustion in an atmosphere with increased oxy-
gen concentration in order to eliminate nitrogen
from the flue gas. In this technology, flue gas that
leaves boiler is composed mainly of carbon dioxide
and steam, so the separation of carbon dioxide from
flue gas is based on the low energy-consuming
condensation process [3, 4]. The oxy-combustion
technology is now the most promising solution for
carbon energetic technologies [5, 6, 7]. Currently,
most advanced is a cryogenic air separation tech-
nology. Membrane air separation technologies are
also considered, in particular air separation units
(ASU) with high temperature membranes (HTM)
[8].

Among the currently investigated high-tem-
perature separation membranes, a “three-end” and
“four end” membrane-types should be distinguished
[9]. The oxygen flow through the membrane is
caused by the oxygen partial pressure difference
on both sides of a membrane. “four-end” type

Scientific Journals 31(103)



Analysis of a gas turbine used in a high temperature membrane air separation unit

membrane used for air separation is immersed on
one side by compressed air, while the other side of
a membrane is immersed by flue gas from boiler.
Oxygen mass flow rate permeating through the
membrane depends on a membrane constant (C),
oxygen partial pressure on the feed side of the
membrane (po, r) and oxygen partial pressure
on the permeate side (po> per). The relationship be-
tween these quantities is expressed by the following
formula:

Poz ¥

jozz(fdn[ J [mol/sm’] (1)

Po2 per

The membrane constant (C) in (1) depends,
among other, on the thickness of the membrane and
the membrane working temperature.

Figure 1 shows a power plant diagram with
average integration with air separation unit (ASU)
that contains “four end” high temperature mem-
brane for air separation. It should be noted that for
the increase of the oxygen partial pressure on the
feed side of membrane the compressor with pres-
sure ratio fx is used. Steam cycle of this power
plant is composed of a steam turbine, four low
pressure and three high pressure feed-water heaters,
condenser, deaerator, condensate pump, feed-water
pump, one low-pressure and one high-pressure flue
gas-water heat exchangers and one low pressure
retentate-water heat exchanger. The steam turbine
consist of three parts: high-pressure, intermediate-
-pressure and low-pressure. Between the interme-
diate and high-pressure part of the steam turbine

steam is reheated. Water heated in steam cycle is
directed first to the two parallel economizers and
then the water is directed to the boiler. One of the
economizers is fed with the flue gas and second
with the permeate. Flue gas with the temperature
at 850°C leaving the boiler are subjected to high
temperature filtration. Then, part of the flue gas is
supplied to the air separation unit. The remaining
flue gas is cooled by water and then compressed.
The air separation unit is composed of the “four-
-end” high temperature separation membrane,
counter-flow permeate-air heat exchanger, econo-
mizer, permeate fan, air compressor, expander and
electric generator. The flue gas supplied to ASU
is flowing to the separation membrane, where is
enriched in oxygen. The gas leaving the membrane
(called permeate) heats compressed air in a counter-
current permeate-air heat exchanger. Then, the
permeate is cooled to a temperature of 320°C in the
economizer and is supplied by the fan as an oxidant
to the boiler's combustion chamber. The air drawn
to the ASU is compressed and then heated to
a temperature of 750°C in permeate-air heat ex-
changer. Then, the air flows to the separation mem-
brane (feed) where the oxygen is separated. The gas
leaving the membrane, that consists mostly of
nitrogen, is called retentate. The retentate enters the
expander and then is cooled by a feed water in the
steam cycle. Expander drives the air compressor,
and the excess of the mechanical power is used to
generate electricity.

The paper includes the analysis and comparison
with a classic gas turbine of an air separation unit
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Fig. 1. Solution diagram of “four end”, average integration [9]
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(ASU). The computations results obtained with
ASU model were compared with the results ob-
tained using an autonomous gas turbine model. The
air separation model will be used to build the mod-
els of oxy-combustion power plants.

Model of the air separation unit (ASU)
and assumptions for calculations

Air separation unit structure consists of: coun-
ter-flow air heater (APH), air compressor (C),
expander (EX), electric generator (G) and “four-
-end” type membrane (M). The expander drives the
air compressor. Depending on the assumed quanti-
ties the expander and compressor can give or take
electricity from the grid. The structure of the air
separation unit is shown in figure 2. The character-
istic basic quantities of the air separation unit and
autonomous gas turbine are gathered in table 1.

It was assumed for the calculations that the air
taken from environment is a dry gas consisting of
21% oxygen and 79% nitrogen (volumetric compo-
sition).

The characteristic quantities gathered in table 1
were used for computations performed on a “four-
end” membrane air separation unit model, made in
GateCycle™ software. The built-in components
were used to build the air separation unit model.
The quantity that determinates the value of the
mass flow rate in the entire ASU model is a mass
flow rate of oxygen. This mass flow rate is approx-
imately the same as the oxygen mass flow rate
feeding an oxy boiler working in a 460 MW power
plant. It was assumed that through the membrane
flows pure oxygen.

M

Table 1. Characteristic quantities for investigated air separation
unit (ASU)

Name Symbol | Value | Unit
Ambient pressure Dot 101.3 kPa
Ambient temperature Lot 20 °C
Membrane working temperature tmem 750; 850 | °C
Stream of separated oxygen ity 107.56 | kg/s
Oxygen recovery rate R 40100 %
Compressor pressure ratio )% 2+30 -
Compressor isentropic efficiency Nis 0.88 -
Expander isentropic efficiency it 0.9 -
Generator efficiency 1y 0.99 -

Flue gas——»

14

The structure of an autonomous gas turbine
as opposed to a structure of ASU shown in figure 2
does not contain a “four-end” type membrane.
In the autonomous gas turbine model the assump-
tion concerning a compressor, expander and air
heater are the same as in the ASU model. The air
mass flow rate in both models are the same, the
difference is only in the mass flow rate and compo-
sition of gas flowing into the expander. In the ASU
model the composition and mass flow rate of the
gas is different from air because some oxygen is
separated from air in the membrane. In the autono-
mous gas turbine model the mass flow rate and
composition of gas flowing into the expander is the
same as mass flow rate and composition of air leav-
ing the air heater.

The results of calculations of air separation
unit and autonomous gas turbine

The air mass flow rate depends on the separated
in membrane oxygen mass flow rate (i, ), oxygen
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Fig. 2. Scheme of the air separation unit with gas turbine (ASU)
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recovery rate (R) and mass content of oxygen in the
air (gozair)- The relation between these quantities is
as follows:

. Mgy
g = @
802-air
Next, the air is compressed by the compressor.
Effective power required to drive the compressor
depends on the air mass flow rate (m,,), the air

temperature (77,), the average specific heat ((Ep )K ),

the compressor pressure ratio (f), the heat capaci-
ty ratio contained in the factor (x& = ((y — 1)/y)x),
the compressor isentropic efficiency (77) and the
compressor mechanical efficiency (77,x). The equa-
tion showing the relation between these quantities
is as follows:

. [~ |
NeK zmla(cp)KTla (f;(n] (3)
iK//mK

The mass flow rate flowing through the expand-
er is lower than the oxygen mass flow rate separat-
ed in the membrane by the mass flow rate flowing
through the compressor. This mass flow rate de-
pends on the oxygen mass flow rate separated from
the air in the membrane (m,, ) and the air flow rate

(m,,). The relation between these quantities is as
follows:
My =1y, — My 4)

The expander effective power depends on the
retentate mass flow rate (m,,), the retentate tem-

perature (73,), the average specific heat ((Ep )K ), the

compressor pressure ratio (fx), the reduction factor
of compressor pressure ratio (o), the heat capacity
ratio contained in the factor (ur = ((y — 1)/%)1), the
expander isentropic efficiency (7;r) and the ex-
pander mechanical efficiency (7,1). The equation
showing the relation between these quantities is as
follows:

Ny =my, (Ep )TT4a [1 —(o ﬂK)_#T ]77iT Moy (5)

Figure 3 shows computed gross electric power
as a function of oxygen recovery rate. The curve
in this figure is determined for Fx =20 and
t3, = 750°C. The gross electrical power depends on
the expander gross power (N.r), the compressor
gross power (Ngk) and the generator efficiency (77,).
The relation between these quantities is as follows:

Nerg Z(NeT _NeK)Ug (6)
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Fig. 3. Electrical power achieved or required for power the
turbine set in ASU model as a function of oxygen recovery rate
for fx =20 and t3, = 750°C

Figure 4 shows a graph of the electric power
generation efficiency for fx =20 and t;, = 750°C.
This efficiency depends on the gross electrical
power (Nerg) and the heat supplied to the unit (Qy).
The relation between these quantities is as follows:
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ﬂel - (7)
Oy

— 24
S
= 2
£ T~
5 16 ~—_
2 12 -
V) 8 ~
B ~
)
2 0
Q
2 4 \‘\
K- N\
2 ~N
S 12
G)

-16

40 45 50 55 60 65 70 75 80 85 90 95 100
Oxygen recovery rate [%]

Fig. 4. Gross efficiency of ASU model as a function of oxygen
recovery rate for fx =20 and 3, = 750°C

The heat supplied to the unit depends on the
air mass flow rate (m,,), the air enthalpy (%,,),
the retentate mass flow rate (m,,) and retentate

enthalpy (44,). The relation between these quantities
is as follows:

Qd = m4ah4a - rh2ah2a (8)

It should be noted that the gross electrical power
(Fig. 3) at a large oxygen recovery rate is below
zero. Equation for the maximal oxygen recovery
rate using (2) and (5) is as follows:

R, <

1 T 1 (Cp)K B -1

1=t

o Ty ik it Tk i (cp )T 1= ()™
)

~
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Figure 5 shows graph of maximal oxygen recov-
ery rate as a function of a compressor pressure
ratio. Computations made for this graph were
carried out with the use of GateCycle™ software
for the two different membrane working tempera-
ture (3, = 750°C and 3, = 850°C).
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In the (8) optimal compressor pressure ratio
( [,B;pt(NeTG)Jkl) is determined in the same way as for

a classic gas turbine. Calculated optimal compres-
sor pressure ratio values, due to generated electrici-
ty from the turbine set are gathered in table 2.

Table 2. The optimal compressor pressure ratio values, due to

< generated electricity from turbine set
- 95 Frpp
% ¢ (\ Name Symbol Value
i s 3 5 ™ Oxygen recovery rate R [%] 50 70 90
o . &
2 Optimal compressor
o —
g 65 ‘\ pressure ratio for ASU Peasuop [ | 64 1 58 5.3
=]
S 55 ™ Optimal compressor
g \\ pressure ratio for TG P rGop [71 | 78 78 1 78
45 AN
35

10 12 14 16 18 20 22 24 26 28 30
Air compressor pressure ratio [—]

Fig. 5. Maximal oxygen recovery rate in the ASU model as
a function of the compressor pressure rate for two different
membrane work temperature

Figure 6 shows a graph of gross electric power
of the air separation unit (marked as “ASU” on
a graph) as a function of the compressor pressure
ratio for the two different oxygen recovery rate
(50% and 90%). The same figure also shows the
gross electric power of the autonomous gas turbine
(marked as “TG” on graph) as a function of the
compressor pressure ratio for the same oxygen
recovery rate.
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Fig. 6. Gross electrical power for both units as a function of

compressor pressure ratio for two different oxygen recovery
rate

It should be noted that the optimal compressor
pressure ratio in the air separation unit and the
autonomous gas turbine are not equal. Using (3)
and (5) the optimal compressor pressure ratio in air
separation unit can easily be determined:

optMNyrg) optMNyrg) 1
,BKP 16 z[ﬂKp 1o ]kl(l_gozR)ﬂK*f‘r (10)

The optimal compressor pressure ratio values,
due to the gross efficiency, as well as for the auto-
nomous gas turbine depends on the optimal
compressor pressure ratio values, due to electricity

generated from the turbine set ( ,Blzpt(NeTG )) and the

gross efficiency of the electricity generation of the
unit (77.16). The relation between these quantities is
as follows:

1

H Hip
j (11)

Equation (11) was determined using (3), (5) and
(7), with the condition d 7./ dfk = 0.

Figure 7 shows a graph of gross efficiency of
electricity generation as a function of the compres-
sor pressure ratio for the two different oxygen re-
covery rates in the air separation unit (50% and
90%) and for autonomous gas turbine.
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Fig. 7. Gross efficiency of both units as a function of compres-
sor pressure ratio for two different oxygen recovery rate

Calculated optimal compressor pressure ratio
values, due to the gross efficiency are gathered in
table 3.
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Table 3. The optimal compressor pressure ratio values, due to
gross efficiency of both units

Name Symbol Value
Oxygen recovery rate R [%)] 50 70 90
Optimal compressor
pressure ratio for ASU P asuop [71 ] 1191 10.2 1 8.8
Optimal compressor
pressure ratio for TG P reop 21| 176 1 17.6 1 176

Conclusions

In this paper the air separation unit with “four-
-end” high-temperature membrane (HTM) was
analyzed.

For the analysis of the air separation unit and of
the autonomous gas turbine power and efficiency
characteristic as a function of oxygen recovery rate
and compressor pressure ratio were determined.
The characteristics for both units are summarized
and compared in the figures 6 and 7.

The maximal oxygen recovery rate as a function
of the compressor pressure ratio for the two differ-
ent membrane work temperature were determined.
This quantity separates the area of work in which
we get the extra power from expander in the air
separation unit from the area of work in which we
must deliver additional power to drive the compres-
sor.

The optimal compressors pressure ratio due to
a power of turbine set and due to the efficiency of
electricity generation for different oxygen recovery
rates in the air separation unit and in the autono-
mous gas turbine were determined. The optimal
values of compressor pressure ratio in the air sepa-
ration unit are decreasing with the increase of the
oxygen recovery rate. In the case of the autono-
mous gas turbine, these values are constant.
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