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Abstract: Oxygen production from air belongs to energy-intense processes and, as a result, possibili-
ties for its decrease are a frequent topic of optimization studies, often performed with simulation
software such as Aspen Plus or Aspen HYSYS. To obtain veritable results and sound solutions, a
suitable calculation method hand in hand with justified assumptions and simplifications should form
the base of any such studies. Thus, an analysis of the study by Hamayun et al., Energies 2020, 13, 6361,
has been performed, and several weak spots of the study, including oversimplified assumptions,
improper selection of a thermodynamic package for simulation and omission of certain technological
aspects relevant for energy consumption optimization studies, were identified. For each of the weak
spots, a recommendation based on good praxis and relevant scientific literature is provided, and
general recommendations are formulated with the hope that this comment will aid all researchers
utilizing Aspen Plus and Aspen HYSYS software in their work.

Keywords: cryogenic air separation; oxygen production; Aspen Plus software; Peng-Robinson
equation of state; process scheme; compressed air drying

1. Introduction

Oxygen is among the most frequently produced and consumed technical gases. It has
found wide application in various industrial branches. Oxycombustion in the heat and
power production sector [1,2] benefits from higher thermal efficiency of combustors [3] and
subsequently reduced fuel consumption and lower carbon footprint [4,5], simultaneously
offering the possibility for carbon capture and storage [6,7]. This is even more pronounced
in the production and treatment of metals [8,9], where the achievable fuel and greenhouse
gas reduction potential is substantial [10,11]. Oxygen use in gasification processes instead
of air leads to products with increased heating value [12] and to reduced equipment size
due to lower volumetric flows of the gaseous product [13]. As a result of the current
COVID crisis, its importance as a medical gas has been fully revealed [14,15] and its
production capacities are strained, which draws further attention to its impact on the
environment [16,17].

Its production on an industrial scale is usually performed via cryogenic air sepa-
ration [18,19]. Other techniques such as separation by membranes [20,21] or adsorp-
tion [22,23] have the potential to reduce the specific energy consumption for oxygen
production but are still under development [24,25].

Cryogenic air separation is an energy-intensive process, which is the reason for the
ongoing research effort for its design [26,27] and operation [28,29] optimization. It is, thus,
of utmost importance that mathematical modeling of such units employs suitable thermo-
dynamic models and adopts consistent and technically feasible assumptions. In this regard,
we thoroughly analyzed the paper by Hamayun et al. (2020) [30] published previously
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in the journal Energies. The performed analysis and the presented results are followed by
generally valid recommendations for the modeling of cryogenic air separation units.

2. General Comments

Hamayun et al. (2020) [30] set up and analyzed seven different configurations of a
cryogenic air separation plant with a processing capacity of 500 th™! of inlet air. They
performed the underlying steady-state mathematical modeling in the Aspen Plus V10
environment using the Peng—Robinson property package. The Petlyuk-like column con-
figuration came out as the most energy-effective one. In this section, general comments
are formulated, while Section 3 provides more detailed comments on the plant scheme
incorporating the Petlyuk-like column configuration, supported by our own simulations.

Firstly, model assumptions as formulated in [30] are incomplete. The pressure drop in
heat exchangers assuming a constant value of 10 kPa, regardless of the position in the process
scheme, is unjustified, similar to assuming zero pressure losses as in [26]. A more feasible
approach is to adopt percentual pressure losses related to air inlet pressure. The Darcy—
Weisbach equation, Equation (1), and the ideal gas state equation show that frictional pressure
losses of gases and vapors depend on actual pressure (see Equation (2)), which justifies the
proposed approach. This is also consistent with the approach of Szablowski et al. (2021) [31]
where the assumed pressure drop in heat exchangers incorporated in the mathematical model
of an adiabatic liquid energy storage system is related to the material stream density.

L ©?
AP=fop— @
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where AP is the frictional pressure loss, Pa; f is a friction coefficient; L is the length and D is
the inner diameter of the pipeline, both in m; p is the material stream density, kgm ~3; v is
the flow velocity, ms L Pis pressure of material stream, Pa; M is its molar mass, kgmor1 ;
R is the universal gas constant; and T is the thermodynamic temperature of the material
stream, in Kelvins. Assuming an adiabatic flow and small frictional pressure losses, then
all variables in Equation (2) are almost constant and can, except for pressure, be merged
into one constant, C.

Secondly, the authors omitted pressure losses in adsorbers. The issue of pressure loss
in adsorbers is of serious concern and can be subject to optimization [32]. It contributes to
the energy consumption of the air separation unit and should thus be considered.

Thirdly, adsorbers are modeled as component splitters, the assumption of which is
oversimplified. The effect of water steam adsorption heat should be considered as it may
reach up to 30004000 k]'kg’1 of adsorbed steam [33] for conventional zeolites used in
compressed air drying by adsorption. The resulting temperature increase in air passing
through the adsorbent layer can thus exceed 10 or even 20 °C depending on the water
steam content in the inlet air which, in turn, impacts the equipment downstream.

Fourthly, the energy consumption evaluation in [30] is incomplete as it does not in-
corporate the energy needed for adsorber regeneration. As mentioned above, a significant
amount of heat is released by steam adsorption on adsorbent, and thus, its regeneration
is energy-intensive and contributes to the overall energy consumption of the air separa-
tion plant. Heat recuperation is often proposed to cut down the adsorbent regeneration
costs [19,34], which, however, adds further complexity to the plant.

Fifthly, moist air cooling in a multi-stream heat exchanger directly to —100 °C and
below after its intake from an ambient environment, as depicted in process scheme C7
in [30], is technically infeasible. It would lead to ice formation and air path blockage,
possibly followed by heat exchanger damage.

The comments above document that proper and careful formulation of assumptions
accompanied with a detailed check of each equipment piece modeled is a must before
mathematical modeling. Moreover, the aspects discussed above affect the final energy
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consumption of the air separation plant in individual configurations as the positions of the
given equipment vary, as do their thermal duties and the mass flows of moisture removed
from air.

Finally, the importance of using a proper thermodynamic package should be ad-
dressed. The Peng—Robinson equation is recommended for applications comprising non-
polar gases and vapors [35], which holds true for nitrogen and oxygen or for dry air, but
certainly not for water steam. We deal with this issue more deeply together with the chosen
approach in Section 3.

3. Data Analysis Method

Following the model description and assumptions stated in [30], an identical model
was set up in Aspen Plus® (Aspen Plus® V11, Aspen Technology Inc., Bedford, MA, USA)
and Aspen HYSYS (Aspen HYSYS® V11, Aspen Technology Inc., Bedford, MA, USA). The
scheme of the model set up in the Aspen Plus environment is shown in Figure 1.

Models in both Aspen Plus® and Aspen HYSYS served for verification of the model
calculation results shown in [30]. Peng-Robinson as well as HYSPR (Peng—Robinson for
HYSYS) thermodynamic packages were tested for compression section modeling in Aspen
Plus while Peng-Robinson was applied in Aspen HYSYS.

The Peng-Robinson equation of state is considered an ideal thermodynamic model
to predict the phase equilibria during cryogenic air separation [36]. However, the model
parameters and settings differ considerably between Aspen Plus and Aspen HYSYS.

The HYSPR property method implements the Peng—Robinson property package from
Aspen HYSYS into Aspen Plus. Several enhancements to the original Peng—Robinson
model were made to extend its range of applicability and to improve its predictions for
non-ideal systems [36].

First, Aspen Plus and Aspen HYSYS use different databanks for the estimation of
bi-nary interaction parameters. Although most of the binary parameters are similar or the
same, some of them, namely the parameters regarding the binary interactions of water, are
different or missing.

Second, the way each model treats the missing parameters differs significantly. HYSPR
estimates the missing parameters from critical volume using Equation (3):

)1/6

ki — 1- (LQj‘Qg

= 3
ij 0'5(VC/1,1/3 + Vc,j1/3> ®3)
where k;; is the binary interaction parameter, V; is the critical volume and i and j are
the respective components. However, no information is provided on how Aspen Plus
treats the missing parameters, and according to the model results, it can be assumed that
the Aspen Plus Peng-Robinson model considers no interaction where the information is
missing. Furthermore, each model uses a different alpha function, although according to
the values of acentric factors, this shall not make a difference when considering only the
main air constituents.

Finally, and most importantly, specific attention needs to be given to the way both
models treat water. Even though the user is asked about the steam tables to be used in the
main settings pane, the default option of the Peng-Robinson model is not to use the steam
tables. Hence, in order to attain comparable results, this option needs to be altered.
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Figure 1. Mathematical model of air separation unit designed in Aspen Plus. Legend: A—adsorber; E—heat exchanger;

F—phase separator; HPC—high-pressure column; K—compressor; LPC—low-pressure column; MHEX—multi-stream heat
exchanger; P—pump; Q—energy stream; S—material stream except cooling water; V—valve; W—cooling water stream.

4. Results and Discussion

Simulation results for phase separators F1 to F4 are provided in Table 1. As can be
seen, the results from Aspen Plus match those in [30] very closely. On the contrary, Aspen
HYSYS yielded significantly lower mass flows of water condensate separated from air in
the phase separators. To explain the different model outcomes, the Aspen Plus model was
adjusted, switching from the standard Peng-Robinson package to the HYSPR package.
The simulation results for phase separators F1 to F4 from Aspen Plus using the HYSPR
package were compared with those from Aspen HYSYS as well as with data provided
in [30] (Table 2). Switching from the Peng-Robinson to the HYSPR package in Aspen Plus
resulted in data that are almost identical to those obtained from Aspen HYSYS. Thus, it can
be stated that the differences in mass flows of water condensate from air visible in Table 1
resulted from the differences in the thermodynamic Peng—Robinson package implemented
in Aspen Plus and in Aspen HYSYS.

Table 1. Simulation results for phase separators F1 to F4. Press. = pressure; Temp. = Temperature.

Aspen Plus Aspen HYSYS Study [30]
Stream Mass Flow Temp. Press. Mass Flow Temp. Press. Mass Flow Temp. Press.
(kg/h) (@) (kPa) (kg/h) (@) (kPa) (kg/h) (@) (kPa)
S5 (F1) 0 40 240 0 40 240 0 40 240
S15 (F2) 459.3 40 590 2444 40 590 500 40 590
S11 (F3) 976 40 590 519.3 40 590 1000 40 590
S19 (F4) 215.7 40 740 2522 40 740 200 40 740

Table 2. Simulation results for phase separators F1 to F4 using the thermodynamic package HYSPR in Aspen Plus.

Aspen Plus Aspen HYSYS Study [30]
Stream Mass Flow Temp. Press. Mass Flow Temp. Press. Mass Flow Temp. Press.
(kg/h) (@) (kPa) (kg/h) (@) (kPa) (kg/h) O (kPa)
S5 (F1) 0 40 240 0 40 240 0 40 240
S15 (F2) 2444 40 590 2444 40 590 500 40 590
S11 (F3) 519.2 40 590 519.3 40 590 1000 40 590
S19 (F4) 252.2 40 740 252.2 40 740 200 40 740

The mass flow of condensed water in exchanger E2 was further checked by hand
calculation employing Equations (4)-(7). The mass flow of dry air was calculated first
(Equation (4)), followed by calculation of the relative mass fraction of water vapor in
air (Equation (5)). In the equations, 11 and gy are the mass flows of dry air and inlet
air to heat exchanger E2, respectively, in kgh™!; w0 is the mass fraction of water in
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inlet air; and Yo is the relative mass fraction of water vapor in inlet air. Y}, is the
equilibrium relative mass fraction of air leaving heat exchanger E2, which can be calculated
by Equation (6), where Py, denotes the saturated vapor pressure of water, Pa; P is the
overall pressure, Pa; and Mo and Mg represent the molar masses of water and dry air,
respectively, in kgmol~!. The saturated vapor pressure of water at 40 °C, which is the
air exit temperature from heat exchanger E2, was adopted from steam tables. The mass
flow of water condensate from air in heat exchanger E2, m 0, kgh_l, was calculated by
Equation (7), and the results are shown in Table 3, where they are compared with the mass
flows of condensed water obtained by Aspen Plus using the standard Peng—Robinson
package and by Aspen HYSYS.

o K
titg = fitsy (1 — wipo) = 500, oooig-( 1 - 0.00976) = 495.12 kg /h @)
Yipo = —2H20 000976 _ 4 poosse1 ®)

1-— WH20 N 1 —0.00976

o k
P M 7.375 kPa 18.02 &
N H0  MH20 _ . kmol - () 0078764 6
H20 = p— Prno Mo 590 kPa — 7.375 kPa  7g 96 k8 ©)

kmol

M0 = mg-(Yeno — Yino) = 495, 1201%-(0.0098561 —0.0078764) = 980.2kg/h  (7)

Table 3. Simulation results: mass flows of water condensate in streams S7 and S19 obtained by
simulations in Aspen Plus, Aspen HYSYS and by hand calculation (Equations (4)—(7)).

Stream Aspen Plus Aspen HYSYS Hand Calculation
S7 (kg/h) 1435.3 763.7 980.4
519 (kg/h) 215.7 252.2 254.7

As can be seen in Table 3, the hand calculation yielded values that are much closer to
the results from Aspen HYSYS than to those from Aspen Plus using the standard Peng-
Robinson package. This further corroborates the previous findings that the Peng-Robinson
package implemented in Aspen HYSYS is more suitable for modeling processes involving
water substance than the standard Peng—Robinson package in Aspen Plus.

Different predicted mass flows of water condensate separated in the phase separators
further affect the water load of adsorbers Al and A2. In reality, more water steam passes
through the air compression and cooling train to the adsorbers than predicted in [30] using
Aspen Plus. The difference in mass flows of water steam to be removed from compressed
air in adsorbers Al and A2 can be seen in Tables 4 and 5.

Table 4. Simulation results for adsorber Al.

Al
Aspen Plus Aspen HYSYS Study [30]
Stream Mass Flow Temp. Press. Mass Flow Temp. Press. Mass Flow Temp. Press.
(kg/h) Q) (kPa) (kg/h) (@) (kPa) (kg/h) O (kPa)
510 339.0 40 590 339.5 40 590 339.0 40 590
512 336.5 40 590 336.7 40 590 336.5 40 590
513 2.5 40 590 2.8 40 590 2.5 40 590
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Table 5. Simulation results for adsorber A2.
Al
Aspen Plus Aspen HYSYS Study [30]

Stream Mass Flow Temp. Press. Mass Flow Temp. Press. Mass Flow Temp. Press.
(kg/h) Q) (kPa) (kg/h) (@) (kPa) (kg/h) O (kPa)

518 159.3 40 740 159.5 40 740 159.3 40 740

520 158.4 40 740 158.4 40 740 158.4 40 740

S20A 0.9 40 740 1.1 40 740 1.0 40 740

The tables show that the mass flow of the remaining water steam to be removed is
around 10% higher in Aspen HYSYS than in Aspen Plus using the standard Peng—Robinson
thermodynamic package. This results in the need for a larger mass of adsorbent to be
used in the adsorbers to maintain their operating time. Moreover, the adsorption heat
release rate increases, and dry air leaves the adsorber at a higher temperature than that
corresponding to the mass flows of adsorbed water predicted in [30]. It has to be stressed
that the effect of adsorption heat is fully omitted in [30] as the adsorbers are treated as
isothermal component splitters there. We consider such an approach to be oversimplified.

5. Recommendations for Future Work

From the detailed analysis of the cryogenic air separation unit simulation performed
in [30], the following general recommendations can be drawn to increase the feasibility of
the simulation results for similar or the same processes:

e Regarding pressure losses in gas or vapor heat exchangers, assuming a constant
pressure loss value regardless of the actual thermodynamic conditions is an oversim-
plification. Adopting a percentual value related to the actual pressure of the given
medium is recommended.

e  Assuming isobaric-isothermal operation of water steam adsorbers from compressed
air is infeasible. It is recommended to consider the adsorption heat effect properly
and to consider air pressure loss in the adsorber at least equal to that in the preceding
air cooler.

e  Energy consumption for compressed air dryer (adsorber) regeneration should be taken
into account, especially when performing an energy consumption optimization study.

e A proper thermodynamic package should be selected for modeling to avoid imprecise
simulation results which may further affect the study findings and conclusions.

6. Conclusions

A thorough analysis of the study method and results presented in [30] was performed.
Weak points of the method were discussed, such as the oversimplified assumptions, omitted
thermal effects of water steam adsorption in adsorbers and the energy consumption for
their regeneration as well as improper selection of the thermodynamic package, and
recommendations for future work were formulated. It is hoped that the authors of [30] as
well as other researchers find them helpful in their future research.
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