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Abstract

The paper presents the results of experimental and compu-
tational research concerning the parameters of the separation
process of N2/O2 mixture, regarding the composition of am-
bient air, using capillary polyimide membranes. The analysis
focused on the potential applicability of polyimide membranes
in oxy-MILD combustion units. The experimental data, col-
lected using a sophisticated experimental test stand, was used
to approximate continuous functions, describing the dependen-
cies of essential parameters of the air separation process on
variable operational conditions. These functions were used as
fundamental blocks to develop a complete mathematical model
of the membrane separation unit (MSU), including polyimide
membranes and additional equipment, intended for use within
oxy-MILD power generation units. Computational research was
performed for three variants of MSU unit configuration, includ-
ing: serial connection of membrane modules, multiple reten-
tate recirculation and multiple permeate recirculation. Results,
presented in the form of characteristic curves of investigated
dependencies, indicate that the highest parameters of the sep-
aration process were gained for serial connection, whereas the
lowest were for permeate recirculation. The collected data sug-
gests that retentate recirculation might be beneficial for specific
conditions, with limited application for continuous operation.

Keywords: ambient air separation, membrane sep-
aration, polyimide membranes, membrane separator
design, oxy-MILD combustion

1 Introduction

The techniques of energy and heat production, due
to their crucial influence on local and global markets,
have for years remained the subject of wide and pro-
found scientific research [1]; [2]; [3]; [4]; [5], both
experimental and theoretical [1]; [6]; [7]. Worldwide
electrical energy demand is rising continuously, driven
by rapid economic development in numerous regions.
Furthermore, since technological processes of energy
generation are mainly based on the combustion of fos-

sil fuels, this gives rise to higher consumption of pri-
mary energy sources, such as coal, natural gas, and
crude oil, influencing emissions of greenhouse gases.
Among these gases, carbon dioxide and water vapor
as the ones most responsible for the greenhouse ef-
fect, should be mentioned [8]; [9]; [10]. Due to their
negative impact on humans and the natural environ-
ment, a range of compounds coming from combustion
of fossil fuels should be separated from the stream of
exhaust gases before they are released to the atmo-
sphere [1]; [11]. Similarly, compounds affecting global
warming should be separated too [1]; [8]; [12]; [13].

Considering the reduction of CO, emissions, mod-
ern power generation units utilize various technolo-
gies, such as carbon capture and storage (CCS) in-
stallations [2]; [11]. In order to introduce such instal-
lations, three technological concepts are used: pre-
combustion — capturing CO; before burning the fuel,
post-combustion — capturing CO, after burning, and
oxy-combustion — burning fuel under high oxygen con-
centration conditions [14]; [15]; [16] .

The main goal of oxy-combustion is to increase the
percentage share of CO; in the total stream of ex-
haust gases leaving the combustion chamber [16].
The oxygen stream, used as the oxidizer instead of
air, is produced in an air separation unit, where am-
bient air is separated into streams of oxygen and ni-
trogen with residual traces of other gases. The use
of pure oxygen could trigger serious engineering and
operating challenges [3]. Innovative Moderate or In-
tense Low Oxygen Dilution (MILD) technology in-
creases the efficiency of the power generation unit
while reducing emissions of target pollutants such as
NOy and CO [17]; [18]. Oxy-MILD combustion tech-
nology, which combines the advantages of both oxy-
combustion and MILD technologies, uses a concen-
tration of oxygen in the oxidizer stream of no more
than 40%, to prevent a significant drop in the content
of heat absorbing compounds, such as N, and CO,,
within the primary stream of exhaust gases. The main
effect of insufficient N> and CO» is a substantial rise in
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Table 1: Comparison of characteristic features of the
gas separation technologies

PSA TSA Mem-
brane
Commercial ma- develop-  devel-
maturity ture ing oping
Availability of avail-  available lim-
medium- or able with lim- ited
large-power itations
systems
Expected quality of high moder- mod-
the process ate to erate
high to
high
Complexity of the mod- moder- low to
control systems erate ate to mod-
high erate
Expected mod- moder- high
investment costs erate ate to
for industrial-scale high
units
Expected mod- moder- low to
maintenance costs erate ate to mod-
for industrial-scale to high erate
units high

the temperature of the exhaust gases [17], promoting
excessive generation of thermal NO, among others.
The separation of oxygen from ambient air might be
performed by different techniques, including pressure
swing adsorption (PSA), temperature swing adsorp-
tion (TSA) and membrane units. The most common
of them are briefly characterized in Table 1 [18]; [19];
[20]; [21]; [22].

Utilization of membrane methods, based on semiper-
meable films (membranes) made from polymeric and
other materials [23]; [24]; [25], might introduce major
benefits compared to commonly implemented, com-
mercially mature technology of pressure swing adsorp-
tion (PSA). The benefits come primarily from the in-
ternal construction of the membrane modules, lacking
permanent adsorbents, and requirement for alternat-
ing depressurization of the adsorber vessel.

The membrane separation module (membrane sepa-
rator) consists of a set of single membrane modules,
connected either in parallel or series. More sophisti-
cated combinations of these simple connections are
often applied. Complete modules are compact in
size, which is a crucial feature favoring widespread
introduction of carbon capture installations in exist-
ing power generation units and other industrial plants
with high CO, emissions [26]; [27]. The consideration
of type, sizing and characteristics of the membrane

modules, which are fundamental to the construction
of a membrane separator, depends primarily on the
budget and the desired nominal operational parame-
ters of the separation unit [2]; [12]; [28]. Thus, op-
timizing the configuration of a membrane separation
unit, regarding its internal construction, is a key task.

This paper presents a semi-experimental analysis of
the operational parameters of selected variants of the
membrane separator configuration. A semi-empirical
model was constructed on the basis of the experiment
to predict the variability of complex parameters of the
separator [18].

2 Theory

2.1 Experimental Research

The experimental test stand utilized during the funda-
mental, experimental part of the research is presented
schematically in Fig. 1 [18].
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Figure 1: Chart of the experimental test stand: 1
- membrane module, 2 - external tanks of gaseous
mixture, 3 - pressure reducers, 4 - pressure and tem-
perature measurement, 5 - throttling valve, 6 - gauge
manometer, 7 - flow measurement, 8 —pressure con-
trol throttling valves, 9 — the temperature and hu-
midity control unit, 10 — safety evacuating valve [18]

During the experimental analysis, the module (Fig. 1,
point 1) was fed with an artificial mixture of gases at
initial temperature of 15°C, stored in external tanks
(Fig. 1, point 2) of 10m3 total volume under a pressu-
re of 200 bar. As safety and control equipment, mul-
tiple two-stage pressure reducers were used to reduce
and stabilize the pressure of the feed (Fig. 1, point
3). The setup was equipped with a feed temperature
and humidity control unit (Fig. 1, point 9) including
an electric heater, to maintain the temperature of the
inflowing mixture at 23°C.

The selected artificial feed simulated dry air and
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consisted exclusively of nitrogen (79%) and oxygen
(21%). At the outflow duct of the pressurized ves-
sel, a set of measuring instruments (Fig. 1, point 4),
including a gauge manometer and a thermocouple,
were located. An additional throttling valve (Fig. 1,
point 5) at the same duct acted as an additional flow
stabilizer. The gaseous mixture was supplied to the
membrane module, consisting of an NM-B02A capil-
lary membrane (55 mm diameter and 360 mm length;
400 I/h flow at nominal conditions) produced by UBE
Industries Ltd., Japan. The membrane was selected
based on its worldwide commercial availability and re-
latively low market price (compared to rival products)
— a key factor affecting investment cost in large-scale
membrane separation units [23]; [27]; [29]. The final
measurement and control units were located at the
outlet ducts of the separation unit and contained pres-
sure sensors (Fig. 1, point 6), thermocouples, and flow
measurements instruments in the form of rotameters
(Fig. 1, point 7). The control function of the unit was
fulfilled by additional throttling valves (Fig. 1, point
8), responsible for regulating the flow of the permeate
and retentate streams transported to the gas compo-
sition analyzers [18].

Two customized oxygen/carbon oxides gas analy-
zers (Servomex(R) 4900 and AtestGaz(R) PI-044) were
used.

During the experimental part of the research, a num-
ber of key separation process parameters were inves-
tigated. The literature [4]; [9]; [17]; [23] identified
these parameters as:

1. purity of the permeate, meaning the concentra-
tion of oxygen in the permeate stream, YO,,
recovery coefficient R, meaning the ratio of ele-
mentary oxygen flows in the permeate and feed
streams, defined by Eq. 1,

real separation factor o, meaning ratio of the
concentrations of the ingredients of the mixture
in the permeate stream relative to the ratio of
the concentrations of the ingredients in the re-
tentate stream, defined for oxygen with respect
to nitrogen, as given by Eq. 2.

2.

’/LPYOQ
anOQf

(1)

where: n, - molar stream flow of permeate, YO, -
oxygen content in the permeate, ns - molar stream
flow of feed, XOor - oxygen content in the feed

YO,
XN,

XO27"
X Na,.

where: XN - nitrogen content in the permeate, XO,,
- oxygen content in the retentate, XN, - nitrogen
content in the retentate.

These values were obtained on the basis of direct mea-
surements on the feed, permeate, and retentate stre-
ams, respectively. These measurements were perfor-
med by respective instrument, located in appropriate
ducts, as well as the gas composition analyzers [18],
under unsteady flow conditions (with feed flow regu-
lated in the range 500-950 I/h, retentate flow in the
range 100-500 |/h and permeate flow in the range 20-
350 I/h) and variable retentate pressure (up to 6 bar)
[18].

Values of subsequent investigated parameters were
collected together with the operational conditions of
the membrane unit. Sets of respective data were then
analyzed in order to perform the curve fitting process.
The fitting of a continuous function curve was per-
formed using the least squares method. The best fits
were selected on the basis of the highest values of the
Pearson product-moment correlation coefficients for
the respective sets.

2.2 Computational Analysis

The experimental research delivered the data on which
a set of empirical functions was obtained that descri-
bed the dependence of key parameters of the separa-
tion process quality on the environmental conditions.
The continuous mathematical functions, obtained for
a single membrane module on the basis of a curve
fitting process, were then used as fundamental functi-
ons of the mathematical model of the separation unit.
To ensure the accuracy of computational results, the
model of a separation unit was extended to include
a description of the Joule-Thomson effect, which ap-
pears in real units [30].

The computational algorithm included within the ma-
thematical model of the unit is presented in chart form
in Fig. 2.

The set of empirical dependencies shown on the al-
gorithm chart (Fig. 2), included a list of polynomial
functions of either fourth or second order, indicated
in the form of Eq. 3-0.

The functions showing the dependence of the real sep-
aration factor on permeate (Q,) and feed (Qs) stream
flows, introduced by Eq. 3 and Eq. 4, respectively,
were obtained on the basis of a least squares method
approximation for six points referring to the results of
the experiment.

a=Te"Q,” —122.4¢7%Q, + 52.3 (3)
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Figure 2: Algorithm of calculations and computational
data processing [18]

a=Te"Q;* —5e71Q; +1 (4)
Functions describing the oxygen recovery coefficient
(R) in the permeate with respect to the perme-
ate (Qp) and the feed stream flows (Qs), presented in
the form of Eq. 5 and Eq. 6, respectively. As with the
previous equations, these functions were estimated on
the basis of: six measurements in the equation show-
ing the dependence of (R) on the permeate (Q,) and
18 points in the equation showing the dependence of
(R) on the feed (Qy).

R=9¢7"Q,% — 1.4551Q, + 624.4 (5)
R=—5e"1Q} +2¢77Q% + 2¢7Q7
+66.9¢2Q + 20 (6)

Dependencies Eq. 7 and Eq. 8, indicating permeate
purity (YO3) with respect to the permeate (Qp) and
feed (Qf) stream flows, respectively, were based on
values acquired for a series of 18 measurements. The
final model included all of the presented equations
concerning the functions stated for the permeate and
the feed flows. The double statement of the respec-
tive values (separation factor, recovery coefficient and
permeate purity) was a crucial element for the purpose
of obtaining high accuracy for the calculations, as
both the permeate and retentate in any module might
be used as the feed for another module in the com-
putational model. Furthermore, their results might

be compared, depending on the configuration of the
modelled unit.

YOy = —1e73Q,? + 1.6795Q, + 631.3  (7)
YO, =9 11Qs* — 3¢73Q 4% 4 4e74Q 2
+162.4¢72Q s + 100 (8)

Due to the limited utilization of the function presented
in Eq. 9, caused by a required decrease in the com-
putational cost of the analyses, this function was not
doubled in the model by any other equation describing
oxygen concentration in the retentate.

XOq, =3e79Q ;% —3.2¢74Q; (9)

3 Results

3.1 Results of the Experimental Re-
search

Fig. 3a and Fig. 3b depict the characteristic curves
of the oxygen recovery coefficient (R) and the per-
meate purity (YO,), obtained for constant retentate
stream (Q,) equaling Q, = 500I/h, at varying feed
pressure [18]. Fig. 4a and Fig. 4b show the results of
the permeate purity (YO;) and the oxygen recovery
coefficient (R) versus the retentate stream flow (Q,),
at constant pressure equal to 5/6 bar, respectively.
Fig. 4c and Fig. 4f show data from the NM-B02A
membrane module, regarding the dependence of vari-
able permeate (Qp) and feed flows (Qf), as well as
retentate pressure (pR), on the real separation factor
(o0), permeate purity (YO3) and the oxygen recovery
coefficient (R) [18].
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Figure 3: Characteristic curves for: (a) permeate YO,
and R with respect to retentate pressure p,, (b) per-
meate YO, and R with respect to feed flow Qs
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Figure 4: Experimental characteristic curves: (a) for
the permeate YO, and R as a function of retentate
flow Q, for a pressure of 5 bar, (b) for the permeate
YO, and R as a function of retentate flow Q, for a
pressure of 6 bar, (c) for a with respect to permeate
flow Qp, (d) for the real separation factor a with re-
spect to retentate pressure pg, (e) for oo with respect
to feed flow Qy, (f) for the permeate YO, and R with
respect to the permeate flow Q,

3.2 Results of the Computational Re-
search

The first of the analyzed configurations of the mem-
brane separation units involved the serial connection
of the membrane modules by the permeate duct. The
principle of operation of the discussed configuration is
based on the fact that the stream flow of the permeate
from one module becomes the feed for the following
one. The configuration of the discussed MSU, (sys-
tem ) is schematically presented in Fig. 5.

Fig. 6a and Fig. 6b present the results of the compu-
tational analysis concerning the serial connection of
modules. Figure 6a depicts dependence of the sepa-
ration factor on a number of modules, for variable feed
flow Qs. The results of further investigation, shown
in Fig. 6b, indicate the influence of the number of
modules connected in series on permeate purity YOo.
The results of the investigation, presented in Fig. 6c,
depict dependence of the minimum number of mod-
ules required to maintain permeate purity YO, ex-
ceeding 95%, under variable feed flow Qf. Fig. 8a
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Figure 5: Chart of the membrane separator with serial
connection of modules (system 1) [18]

and Fig. 8b show the results concerning the second
of the investigated separator configurations (system
[1), based on a single-membrane-module with mul-
tiple retentate recirculation. Fig. 7. schematically
presents the discussed system, with essential elements
connected. Figure 8a presents the dependence of oxy-
gen concentration XO,, in the retentate versus num-
ber of retentate recirculation stages nc and primary
feed flow values Qf. The dependence of permeate
purity on the number of stages of retentate recircula-
tion for varying feed flows Qs is depicted in Fig. 8b.
The characteristic curve shown in Fig. 8c presents
the residual content of oxygen in the retentate (for
single-membrane separator) as a function of feed flow

Qr.

The last of the analyzed MSU configuration systems
was the single-module separator with multiple perme-
ate recirculation ncp. Fig. 9 shows the investigated
configuration. The resulting data, indicated in Fig.
10, present permeate purity YO, as a function of the
number of permeate recirculation stages.
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Figure 6: Characteristic curves of the variant with se-
rial connection of modules: (a) separation factor as
function of number of modules in series for varying
feeds, (b) purity of the permeate vs. number of mod-
ules in series for varying feeds, (c) minimum number
of modules in series required for YO, > 95%.
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Figure 7: Chart of the separator with multiple recir-
culation of the retentate (system IlI) [18]
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Figure 8: Characteristic curves of the variant with
multiple retentate recirculation: (a) oxygen concen-
tration in the stream flow as function of retentate re-
circulation stages for variable feed flows, (b) permeate
purity as function of retentate recirculation stages for
variable feed flows, (c) maximum oxygen concentra-
tion in the retentate as function of variable feed flow.
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Figure 9: Chart of the separator with multiple recir-
culation of the permeate (system III) [18]
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4 Discussion

The results of the experimental research, acquired at
constant retentate stream flow Q, equal to 500 I/h,
indicate that an increase in pressure of the retentate
is followed by a rise of recovery coefficient R and per-
meate purity YO,, as seen in Fig. 3a.

As depicted in Fig. 4c, at constant retentate stream
flow value Q, equal to 5001/h a rapid increase in sep-
aration factor a follows a rise in permeate flow Qp.
The key part of the acquired data concerns the re-
sults of the computational analysis. With reference
to the serial connection-based MSU (system 1), an in-
crease in the number of modules in serial connection
(Fig. 5) was followed by an exponential rise in the
real separation factor o of the system, as shown in
Fig. 6a. Nevertheless, the rate of change of separa-
tion factor o depends on the feed flow Qs supplying
the system. As indicated, for feed flows Qf<1000 I/h,
the value of separation factor o for a seven-module
system corresponded to roughly twice the value of the
separation factor for a single-module system. For feed
flows exceeding Qf > 1200 I/h, a seven-module unit
is characterized with a rise of over 10 times in the
separation factor. As regards permeate purity YO,
an almost linear rise with the increase in the num-
ber of modules was observed for this configuration of
the separator, as presented in Fig. 6b, with the peak
value being 99%. However, the slope of the acquired
trendline depends to a great extent on the feed flow —
the highest values of oxygen concentration in the per-
meate were observed for the largest feed flow.

As shown in Fig. 8a, the MSU system concerning mul-
tiple retentate recirculation (system I, indicated in
Fig. 7) might be used to reduce the oxygen concen-
tration in the retentate. However, the results show
strong dependence of the drop in oxygen concentra-
tion both on the number of recirculation stages nc
and feed flow Q. Regarding the feed flows Qs < 1000
I/h, triple retentate recirculation is followed by the ac-
quisition of retentate with almost no oxygen content.
Nevertheless, further increase in feed flow Qf results
in a substantial rise in the number of recirculation
stages required to obtain a similar effect. For the feed
flows Qf > 1300 I/h, the oxygen fraction in the reten-
tate takes significant values, independently on further
rise in recirculation stages. For feed flows exceeding
1600 I/h, the maximum residual content of oxygen in
the retentate might rise to 20%, as shown in Fig. 8c,
which suggests an operating failure of the membrane.
Furthermore, an increase in the number of retentate
recirculation stages results in drop of the permeate
purity, especially for low feed flows. As indicated in
Fig. 8b, for feed stream flow of 700 I/h, introduction

of double retentate recirculation is followed by a drop
in permeate purity exceeding 10 percentage points.

As for the multiple permeate-recirculation configura-
tion of the investigated separator (system Ill, shown
in Fig. 9), the results of the computational analysis
indicate a smooth rise in permeate purity YO, with an
increase in the number of stages for lower feed flows
(Qf < 900 I/h). Nevertheless, significant fluctuations
in purity are observed for feed flows exceeding 1300
[/h, with the peaks corresponding to either double or
triple permeate recirculation.

5 Conclusions

Research concerning the membrane separator con-
sisting of a number of modules connected in series
showed an exponential increase in the real separa-
tion factor of the system with the increase in num-
ber of recirculation stages. However, the rate of rise
of the factor clearly depends on the feed flow, with
peaks observed for the highest flow rates. Therefore,
one may conclude that the serial connection of mod-
ules in an industrial MSU unit might lead to major
operational benefits in the case of large volumetric
flows of the feed. Factoring in all the research re-
sults, including permeate purity, the serial connection
of single modules seems to be the most beneficial in
the case of the large flows of exhaust gases typically
found at nominal operational states of industrial-scale
power plants. Nevertheless, for the low and moderate
feed flows occurring, for instance, during the start-
up of the unit, the operational parameters of serial-
connection MSU are insufficient for direct application
in oxy-MILD technology.

Regarding the data obtained for the system based
on multiple retentate recirculation, a substantial non-
linear fall in oxygen concentration was observed in
the permeate following a rise in the number of recir-
culation stages. The rate and value of the reduction
in permeate purity depended on the feed flow value.
Thus, the results clearly indicate that the introduction
of retentate recirculation leads to a decrease in the op-
erational parameters of the separation unit with regard
to the purity of the permeate. This is caused by the
significantly greater pressure losses between the feed
and the permeate outlet than between the feed and
retentate outlet in the membrane modules under con-
sideration [18]. Multiple-retentate recirculation sep-
arators might be introduced for specific operational
conditions of the plant, or where the retentate is an
important by-product used in another part of the pro-
cess, but the real applicability of such a configuration
in most oxy-MILD power units is marginal.
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Analysis of the results of MSU configuration with mul-
tiple permeate recirculation indicates a rise in perme-
ate purity following an increase in number of permeate
recirculation stages, especially with low feed flows (be-
low 900 I/h). Nevertheless, for high feed flows, large
fluctuations of the permeate purity, damping with a
rise in the number of stages were observed during
steady-status of the unit with further gas recircula-
tion, which resulted in unstable performance and op-
eration of the oxy-MILD unit. This might be explained
by the oxygen transport capacity of the investigated
membrane reaching the local limit.

As regards general application of investigated MSU
configurations for their application as oxidizer sources
in oxy-MILD power generation units, the research re-
sults indicate that the investigated membrane separa-
tion technology is only partially able to compete with
mature methods. This basically corresponds to low
to moderate purity of the permeate for simple con-
struction of separators. In order to reach the goal, se-
rial connection of multiple modules is required. This
would necessitate a high number of compressors and
potential substantial rise in overall power demand of
the unit, which will be the subject of future investiga-
tion.
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