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a b s t r a c t
A fundamental part of oxy-combustion zero-emission power plants is the ambient air separation 
unit. Amongst the various technologies utilized to perform this process, membrane gas separa-
tion might be applied as well. This paper is a continuation of previous research on operation of 
polyimide membranes in such power units. The presented results of computational analysis are 
based on experimental research, regarding the energy-related parameters of the nitrogen/oxygen 
separation from ambient air using commercial capillary polymer membranes. Empirical, contin-
uous functions describe the variability of the essential parameters for membrane separation mod-
ules of variable configuration and are used as a fundamental part of the model, used within the 
presented research. Energy consumption and efficiency of the air separation unit are investigated 
as the most influencing of these parameters. Analyses are performed for three variants of unit con-
figuration: serial connection of membrane modules, unit with retentate recirculation and unit with 
permeate recirculation. The results of the research indicate the essential differences in total energy 
consumption for the subsequent configurations. Both the highest energy demand of the air separation 
module, equal to 1.61 kJ/m3 O2, and the lowest, equal 0.02 to kJ/m3 O2, were obtained for the retentate 
recirculation (for the 800 and 1,500 L/h stream flows, respectively). Satisfactory operational parame-
ters of the separation process were indicated for both the permeate recirculation and serial modules 
connection variants, with an acceptable rise in power demand, corresponding to a maximum value of 
205 W and 88 W, respectively.
Keywords:  Air separation; Polyimide membranes; Energy efficiency; Membrane separation unit; 

Zero-emission power plants

1. Introduction

Technological processes of energy generation are mainly 
based on the combustion of fossil fuels, such as hard coal, 
lignite, natural gas, or crude oil. The by-products of those 
processes include a series of volatile chemical compounds, 
including mainly: CO2, N2, H2O, SOx, and NOx, as well as 
volatile organic compounds and particulate matter [1–5]. 
Due to the negative effects on humans (including higher 
risk of pulmonary and cardiovascular diseases) and the 
environment (by formation of acid rains and indirect water 

pollution by heavy metals), a number of these emissions 
should be separated from the stream of exhaust gases 
before it is released into the atmosphere [1,2,6]. Among 
these compounds, potentially toxic substances as well as the 
gaseous products of combustion, which have the greatest 
potential for causing global warming, might be listed [1,2,4]. 
Carbon dioxide and water vapor should be mentioned as 
the most important byproducts of the combustion process, 
when considering global warming [7–9].

Techniques for the production of useful energy, includ-
ing electric current and heat, remain the subject of many 
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profound investigations, discussed in the scientific litera-
ture [1,5,10–14], and are performed both experimentally and 
theoretically [1,15,16]. Worldwide energy demand is set to 
rise continuously, which is caused by the rapid development 
of markets globally. This gives rise to a higher consump-
tion of primary energy resources, such as fossil fuels. Their 
extraction, processing and utilization influence not only 
the higher emissions of greenhouse gases – beginning with 
significant methane emissions from ventilation shafts [17] 
– but also the significant contamination of adjacent water 
reservoirs [18]. To limit the negative impact of fossil-based 
power plants and prevent further emissions, modern power 
generation and new technologies are indeed being intro-
duced. Nevertheless, their widespread utilization might be 
limited by numerous factors [19,20].

All the processes and methods, which aim to mini-
mize the effect of negative impacts of coal combustion on 
the natural environment are called clean coal technolo-
gies [21]. Following this concept, in commercial power 
generation units, zero-emission power plants are being 
introduced. Zero-emission units are characterized by the 
almost neutral environmental impact associated with their 
operation [22,23]. When considering the reduction of CO2 
emissions, these aforementioned units utilize novel tech-
nology, such as carbon capture and storage [24,25]. In order 
to successfully introduce such installations, three techno-
logical concepts are used: (1) pre-combustion – capturing 
CO2 before the combustion of the fuel, (2) post-combustion 
– capturing CO2 after the process of combustion, and (3) 
oxy-combustion – combustion of fuel under high oxygen 
concentration conditions [23,25,26].

Oxy-combustion involves the process of fuel combus-
tion in an oxygen-enriched atmosphere, where the oxygen 
content is 100%. The main aim of this process is an increase 
in the percentage share of carbon dioxide in the total 
stream of exhaust gases [26,27]. The oxygen is produced 
in an air separation unit, where ambient air is separated 
into streams of oxygen and nitrogen, with some remaining 
residual gases [27]. Currently, to enhance its benefits, oxy- 
combustion technology is often mixed with other industrial 
combustion technologies [24]. Their main advantages are 
capturing carbon dioxide directly from the exhaust stream 
and lower energy consumption [16]. Oxygen, required 
to perform the process, is collected from ambient air, 
using several possible techniques [5,7,8].

The separation of oxygen from ambient air, using mem-
brane methods, utilize semipermeable films (membranes) 
made from polymer and other materials [28,29]. Membrane 
separation techniques are widely applied in industrial pro-
cesses, but the petrochemical industry use the techniques in 
the process of natural gas treatment, before further utiliza-
tion [30,31]. Membranes dedicated to gas separation, in the 
context of energy engineering are characterized by: resis-
tance to high temperature, chemical inertness, resistance to 
natural aging, possible modular connectivity and both low 
production and maintenance expenditure [5,28,29,32], where 
the introduction of these features are linked with modern 
material technologies. In recent research on gas separation 
membranes, strong emphasis has been put on searching for 
new polymeric or composite materials – characterized with 
higher permeability, selectivity and mechanical strength [33].

The membrane separation module (membrane sep-
arator) – which describes fully realized, independent 
device ready to be introduced within current industrial 
processes – is formed by a set of single membrane mod-
ules; these can connect in parallel, series, or in any com-
bination of both. The membrane separators also include 
any auxiliary equipment, such as filters, compressors and 
measuring instruments. Separators are required to have a 
compact size, crucial to retrofitting existing power plants 
and other industrial units, as has been described in detail 
[34]. Furthermore, separators should be characterized by 
simplicity of operation and minimized number of rotating 
parts, resulting in reduced maintenance costs [1,16] and a 
possibility of improving product lifespan. The selection 
and type of membrane modules, dedicated for use during 
the construction of a given membrane separator, depends 
mainly on available capital expenditure and the nominal 
operational parameters of the unit [5,22]. Current research 
within the field of gas membrane separators focus on scaling 
the laboratory solutions and designing large-scale modules, 
suitable for application to industrial power plants [35,36].

The operational parameters of the separator, crucially 
depend upon the functioning of individual modules and 
therefore on the methods of module connection within the 
device. Apart from the parameters of the separation process, 
which affect fundamental applicability of a given separator 
and any particulars for an intended installation site, the 
parameters regarding economy of the solution are equally 
essential [5,37]. Considering the membrane separation 
units, maintenance costs are proportional to the internal 
energy demand of the unit and are a vital factor determin-
ing widespread introduction of the unit into existing plants.

This paper continues research on operational param-
eters of ambient air separation on polyimide membranes, 
discussed in the study by Remiorz et al. [24]. The aim of 
this article is to investigate internal power demand and 
energy efficiency of the oxygen/nitrogen separation pro-
cess, taking place in membrane separators with variable 
internal module configuration and variable operational 
conditions. Studied configurations include: the serial con-
nection of individual modules, multiple recirculation of 
the retentate and multiple recirculation of the permeate 
within the separator. As the variable operational condition, 
a feed flow rate between 700 and 1,600 L per hour has been 
assumed. The fundamental separation process parameters, 
required to calculate the energy efficiency of any individ-
ual solution, were obtained on the basis of semi-experimen-
tal research, discussed in detail in the study by Remiorz 
et al. [24]. The power demand has been calculated basing 
on a computational model of the module, following the 
method proposed in previous investigation [24].

2. Computational model

The computational model, used to proceed fundamen-
tal calculations on the gas separation process, is based on 
empirical equations. The equations are obtained on the basis 
of sophisticated experimental research [24] performed on a 
test-stand, presented in details in the study by Wiciak [38]. 
These resulted from mathematical analysis of experimen-
tal data regarding the operation of NM-B02A polyimide 
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membrane, derived by UBE Industries Ltd., Japan, and 
selected due to its relatively wide range of operational con-
ditions as well as relative stability in ambient air separation 
[24]. Discussed functions were acquired for data regarding 
a single-membrane module, whereas their final forms were 
calculated as regression functions for the highest value of 
the Pearson product-moment correlation coefficient [24]. 
The empirical equations, included within the model, charac-
terize permeate purity YO2

 (concentration of oxygen within 
the permeate stream) as a function of volumetric feed flow 
and volumetric permeate flow, according to the assumed 
experimental procedure discussed in the study by Remiorz 
et al. [24] and the presented equations (Eqs. (1) and (2)). 
Introduced equations were based on data for the feed pres-
sures required to obtain stable operational conditions for the 
investigated membrane (equal to 11.2 and 12.2 bar, respec-
tively – both values are within the allowable inlet pressure 
range of the membrane) and for feed flow varying in the 
range of 500–900 dm3/h – data points defined for higher flows 
were extrapolated, which might introduce some predictive 
inaccuracy. As shown in dependencies (1) and (2), double 
statement of the permeate purity equation was introduced 
to the model. To minimize the influence of individual mea-
surement uncertainties on the computational results, as well 
as possible inaccuracies in respective curve fits for the work-
ing conditions of the investigated membrane, the in-time 
comparison and averaging of results obtained on the basis 
of both permeate- and feed-related equations are applied.

As the additional essential parameters, the model included 
experimentally obtained values of pressure decrease between 
the feed and the permeate, as well as the feed and the reten-
tate, equal to 8 and 6.2 bar, respectively, at nominal conditions.

Y e Q QP PO2
= − + +−1 1 6795 631 33 2 . .  (1)

Y e Q e Q e Q e Qf f f fO2
9 3 4 162 4 10011 4 3 3 4 2 3= − + + +− − − −.  (2)

where YO2
 – permeate purity (%), QP – permeate volu-

metric flow (dm3/h), Qf – feed volumetric flow (dm3/h).
Furthermore, part of the model included the identifi-

cation of physical properties – including density, viscos-
ity, specific enthalpy and specific entropy – of respective 
streams, based upon tabular datasets for the real gas model 
and composition. The composition of these streams is 
estimated using the empirical oxygen concentration depen-
dencies (1) and (2). Based on the identified properties and 
empirical functions, temporary operational parameters of 
a given membrane module included within the separator, 
are investigated. Next, the respective streams are virtually 
added to the computational stack iteratively. Parameters 
of the stream, when passing through the compressors are 
obtained basing on energy balance, under the assumption 
of constant compressor efficiency. The introduced assump-
tion is based on supposition of using a variable speed 
drive compressor, modulated by automatic control sys-
tems included within the separator. Such an assumption 
enabled implementation of single compressor data for all 
modeled configurations and led to both a rise in univer-
sality for the prepared model and significant reduction in 
computational cost. As shown in the study by Bounaceur 

et al. [39], to maintain satisfactory accuracy of results, 
effects of the Joule–Thomson expansion – which appear 
in the case of real piping connections between subsequent 
membranes – should be included within the model as well. 
Thus, physical properties of respective streams, virtually 
added to the computational stack and introduced via the 
energy balance calculations for any subsequent itera-
tion, are reconsidered under isentropic expansion condi-
tions. Simultaneously, the compressor power, required 
to equalize pressure of the respective streams with the 
pressure of both the feed and heat flow, required to main-
tain constant temperature, were calculated on the basis 
of the energy conservation equation. Finally, total energy 
consumed for given case and total volume of the oxy-
gen, additionally derived by the module to the permeate, 
have been computed. A schematic of the computational 
algorithm used to obtain the results are shown in Fig. 1.

Schemes of configurations of the membrane separa-
tor, which are investigated – including: serial connection of 
modules, retentate recirculation and permeate recirculation 
– correspond to the configurations considered during the 
previous stage of the research, discussed in the study by 
Remiorz et al. [24], and are shown in Figs. 2–4, respectively.

As a result of this research, the set of characteristic 
parameters for the investigated separator, as well as their 
characteristic curves are obtained. The parameters were 
defined as function of the feed flow in the range of 700–
1,600 dm3/h – to prevent degradation in the separation 
process, due to exceeding the local membrane separation 
capacity, ensuring efficient use of the membrane – and 
included:

• the permeate purity YO2
,

• total power demand of compressors Nel,

Fig. 1. Scheme of the computations performed within the 
applied model (based on the study by Remiorz et al. [24]).
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• energy efficiency of the separation Nε, defined as energy 
required to enrich the permeate with 1 m3 of pure oxy-
gen, as indicated in Eq. (3),

N
N
QP

ε =
el

O∆ , 2

 (3)

where ΔQP,O2
 – increase in the pure oxygen stream flow 

within the permeate.

• useful energy ratio H, defined as the ratio of total power 
demand of compressors to total heat flow extracted 
by the gas coolers, according to Eq. (4).

H
N
E

= el

gc


 (4)

where Ėgc – total heat flow extracted from gas cooler in the 
system.

3. Results and discussion

The first of the configurations analyzed for the pro-
posed membrane separation unit (Fig. 2) involved the serial 
connection of the membrane modules by the permeate 
duct. In this case, the total power demand states the sum 
of individual demands on the subsequent inter-module 
compressors. The individual demands depend on the vari-
able feed flow and the pressure drop between the feed and 
the permeate at nominal conditions. Results of the analy-
sis, in terms of the characteristic power demand and power 
effectiveness curves, are described in Figs. 5–7.

As shown by Figs. 5–7, power consumption rises lin-
early with both the number of modules and feed stream 
flow (Fig. 5). As indicated in Fig. 6, for the serial connec-
tion of modules, the energy efficiency of the separation 
process Nε does not depend on the number of modules in 
series. Considering the useful energy ratio H of the serial 
connection of modules, the power demand of the com-
pressors corresponds to roughly 23% of thermal energy 
potentially extractable from gas coolers. Nevertheless, as 

Fig. 2. Scheme of connections within the membrane separator, 
serial membrane connection (based on the study by Remiorz 
et al. [24]).

Fig. 3. Scheme of connections within the membrane separator, 
retentate recirculation (based on the study by Remiorz et al. [24]).

Fig. 4. Scheme of connections within the membrane separa-
tor, permeate recirculation (based on the study by Remiorz 
et al. [24]).
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indicated in Fig. 7, increasing the number of individual 
membrane modules incorporated within a given separa-
tor, is followed by an increase in the deviation between its 
maximal (Hmax) and minimal (Hmin) values. This observation 
suggests that increasing the number of modules connected 
in series has to correspond to implementation of better 
process control.

The second of the investigated cases (Fig. 3) involved 
recirculation of the retentate and its perfect mixing with 
the incoming fresh feed stream. In this case, the total 
power demand states the sum of individual compressor 
demands for all subsequent portions of the feed/retentate 
stream, flowing through the membrane, when pressurized 
to the initial value. Dependence of the demand is defined 
by: the variable feed flow, pressure drop between the feed 
and the retentate at nominal conditions and each retentate 
stream flow being recirculated at each recirculation stage. 
Results are shown in Figs. 8 and 9.

Regarding Figs. 8 and 9, the power consumption curve 
(Fig. 8) shows good qualitative agreement with the case 
of serial connection of modules (Fig. 5). Nevertheless, the 
obtained power consumption is slightly lower than respec-
tive consumption obtained for the previously discussed case. 
The Nε parameter is influenced by the feed flow Qf , and, in 
contrary to the serial connection case, significantly affected 
by number of recirculation stages. Values of Nε observed for 
the retentate recirculation (Fig. 9) are approximately 50% 
higher than for serial connection case (Fig. 6).

The last of the studied configurations (shown in Fig. 4) 
utilize multiple recirculation stages for the permeate. By 
analogy to the previous case, total power demand states 
the sum of the individual compressors demands shown 
for all subsequent portions of the feed/permeate stream, 
flowing through the membrane. The energy demand was 
identified as a function of the variable feed flow, nominal 
pressure decrease between the feed and the permeate and 
the permeate streams being recirculated at each stage. 
Results are depicted in Figs. 10 and 11.

Data depicted in Fig. 10 corresponds to the trend shown 
for the previously analyzed case, where the least energy 
demand was observed for the lowest feed stream flow, 

with significant dependence for individual values on both 
feed stream and recirculation stages. Nonetheless, the val-
ues for total power consumption are significantly higher 
when compared with the retentate recirculation case (up 
to approximately 290%). This however, cannot be inferred 
from the energy efficiency chart (Fig. 11) – the values of the 
parameter for the permeate recirculation are approximately 
45% lower than for the retentate recirculation case (Fig. 9).

Data plotted in the respective figures indicate that the 
lowest power demand is observed for the configuration 
with retentate recirculation, whereas the greatest demand 
corresponds to the permeate configuration. For all inves-
tigated cases, the power demand Nel increases proportion-
ally with increasing feed flow. This dependence comes 
from the accumulation of power required to compress 
subsequent streams either within each of the compressors 
used, or a single compressor for the recirculation variants. 
Nevertheless, considering the energy efficiency of separation 
Nε, increased volumetric feed flow resulted in an essential 
drop of the Nε parameter for all simulated configurations. 
This observation suggests that the investigated membrane 
requires greater pressure at the feed, in order to overcome 
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the initial pressure drop and to approach more favorable 
operational parameters. The highest individual value for 
the energy efficiency of separation has been reached for 
the lowest feed flow Qf case (equal to Qf = 800 dm3/h) in 
the retentate recirculation configuration. For this case, the 
value of Nε was greater than 25%, when compared with the 
energy efficiency of the serial membrane connections con-
figuration of the same volumetric feed flow. A brief summa-
rization of values for the essential parameters, obtained for 
respective cases, are shown in Table 1.

The linear shape of the indicated characteristic curves 
for energy demand, comes primarily from the linear depen-
dence of elementary energy consumption for the inves-
tigated unit with the feed flow. Since the gas compressors 
state the only energy-consuming elements within the applied 
mathematical model, total demand directly depends on 
the stream flow passing through the system. Although this 
assumption may decrease real consumption by neglecting 
energy required for auxiliary services (as valves control), 
it introduces the representative quantity for the purpose 
of comparative analysis. Nevertheless, the linearity of the 
curves in realized systems – may be partially biased by 
varying density of the fluid – caused by both a significant 
change in its composition and the variable energy efficiency 
of the compressor. The last of the mentioned factors might 
introduce crucial changes in the characteristic curves, espe-
cially in the case of invariable speed drive machines, fitted 
at different points of the system. Such to reduce potential 
influence of stated factors on final results, limited number of 
modules and the recirculation stages were concerned within 
the presented research. To perform an extended analysis, 

concerning investigation of membrane modules that contain 
a greater number of modules and/or recirculation stages, 
the current model should benefit from the implementation 
of a specific compressor characteristic datasheets.

4. Conclusions

The analysis concerning the energy consumption and 
energy-related separation parameters of the membrane sep-
arator is based upon a commercial capillary polymer mem-
brane with varying connection schemes to the respective ele-
ments of the separator.

As the results indicate, the lowest energy demand for 
enrichment of the permeate, with 1 m3 of the oxygen, was 
obtained for a series type connection of modules and per-
meate recirculation, at greater feed flow rates. Nevertheless, 
the energy efficiency of the separation process does not 
depend on the number of interconnected membranes, in 
contrast to the number of permeate recirculation stages. 
Therefore, when considering a wide range of possible sep-
arator configurations for industrial processes, serial connec-
tion of the modules seems to be preferred. Furthermore, the 
useful energy ratio H – investigated for the serial connection 
of modules – power demand of the compressors corresponds 
to roughly a quarter of thermal energy input, which might 
potentially be extracted from gas coolers. If that heat could 
be introduced as a waste heat source for municipal hot water 
production or other useful energy generation, the energy 
demand for the compressors could be assumed as negligible. 
However, if this waste heat cannot be extracted, application 
of the serial connection will require additional expenditure, 

Table 1
Summarized results for the computational analysis

Parameter Serial connection of modules Retentate recirculation Permeate recirculation

Min. Max. Min. Max. Min. Max.

Nel, kW 0.05 0.09 0.03 0.06 0.09 0.20
Nε, kJ/m3 O2 0.14 1.29 0.12 1.61 0.46 1.07
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required for the maintenance of efficient cooling systems. 
Due to greater energy consumption, the application of 
the retentate recirculation configuration in the industrial 
membrane separators might be deemed as negligible.

Nevertheless, to follow increasing flexibility of units, 
as well as to prepare these systems to future modifica-
tion, profound research in the operational parameters and 
energy consumption of mixed-connection separators should, 
therefore, be performed. Such investigation is an important 
matter for further research.
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