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Abstract: A novel process of membrane separation for Hy/CO; of shifted syngas coupled with
gasoil hydrogenation (NMGH) is proposed. First, a new process, with two-stage CO,-selective and
one-stage Hj-selective membranes, was developed to substitute the conventional PSA separation
devices to remove CO, and purify H; in coal gasification refineries to reduce energy consumption
and investment costs. Then, the process was coupled with gasoil hydrogenation and the recycled H;
produced by the hydrogenation reactor could be further purified by the Hp-selective membrane, which
increased the Hj concentration of the hydrogenation reactor inlet by about 11 mol.% compared with
the conventional direct recycling process, and the total system pressure was reduced by about 2470 kPa.
At the same time, this additional membrane separation and purification prevented the accumulation of
CO/CO; in the recycled Hy, which ensured the activity of the catalyst in the reactor and the long-term
stable operation of the devices. Further, parameters such as compressor power, PI (polyimide)/PEO
(polyethylene oxide) membrane area, pressure ratio on both sides of the membrane, and purity
of make-up H, were optimized by sensitivity analysis. The results showed that, compared with
the conventional method, the NMGH process simplified operations, significantly reduced the total
investment cost by $17.74 million, and lowered the total annual costs by $1.50 million/year.

Keywords: Hy; CO;; separation; PI membrane; PEO membrane; gasoil hydrogenation

1. Introduction

Generally, gasoil quality worldwide is declining, as it is becoming heavier and the amount of
harmful substances it contains, such as sulfur, nitrogen, olefins, and condensed aromatic hydrocarbons,
is increasing [1]. Burning inferior oil increases atmospheric pollution and causes severe acid rain and
haze, which threatens the survival of humans and other living things. In recent years, the need for
upgrading petroleum products has resulted in higher requirements regarding the content of sulfur,
nitrogen, olefins, and polycyclic aromatic hydrocarbons, while o0il hydrogenation is the most effective
conversion means for hazardous substances [2]. Therefore, hydrogen of greater quantity and better
quality is needed in the upstream process to meet hydrogenation process requirements.
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Hydrogen production from coal gasification is one of the oldest and most common methods of Hy
production [3]. The composition of shifted syngas produced this way is about 40 mol.% H; and 30 mol.%
CO; [4]. More CO; not only affects hydrogenation, but it also exacerbates the greenhouse effect.
Pressure swing adsorption (PSA) is a widely used and more developed method for H; purification [5-7].
Typically, one set of PSA devices consists of 6-12 towers and hundreds of valves, covering an area
of 300-500 m? (except for other facilities, such as compressors) [8]. Its stable production is achieved
by changing the pressure and switching the adsorption, desorption, and regeneration processes
continuously between different columns. Its flowsheet diagram is shown in Figure 1. The major
drawbacks of this method, however, include the considerable investment cost for equipment and
its complicated operation [9]. Many researchers have thus turned their attention to the membrane
separation process, due to its low investment cost and simple operation, to capture CO, in the
coal gasification hydrogen production process. Arias et al. [10] proposed a two-stage membrane
system for hydrogen separation in refining processes, a Hy product purity of 0.90 and Hj, recovery
of 90% are achieved. But these literatures have rarely been simultaneously coupled with hydrogen
purification [10-13]. Moreover, Chen et al. [14] established a mathematical model for a dual membrane
separator, which provided a new way to separate Hy/CO, of shifted syngas. And Xiao et al. [15]
designed and manufactured a hollow fiber dual membrane separation equipment, proved the dual
membrane separator holds great industrial application potential for H,/CO,/CHy4 ternary gas mixtures
separation. Limited by the selectivity of commercial membranes, its separation effect was only similar
to the cascade of a two-stage membrane, and due to packaging difficulties, this research did not extend

beyond the laboratory stage.
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Figure 1. Flowsheet diagram of the multibed PSA (Pressure swing adsorption) process.

The content of impurities, such as metal, colloid, and asphaltene, in gasoil is continuously
increasing. Many companies have developed hydrotreating technologies for different production
purposes, such as UOP (Universal Oil Product) s partially converted unicracking process [16],
Akzo Nobel’s MAK medium-pressure hydrocracking and catalytic cracking combined process, and
Aroshift’s (including process and special catalyst) proposed hydrogenation pretreatment of catalytic
cracking feedstock [17,18].

Membrane separation can remove the reaction products, which will improve the reaction rate
and conversion rate, at the same time, a more complete reaction will reduce the separation energy
consumption and material consumption of the reaction products. Finally, the integration of membrane
separation and reaction can increase the overall efficiency of the system [19]. For example, a polymer
membrane reactor system was developed in place of a water-gas shift reaction and a Selexol process
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for carbon dioxide removal in production of electricity from coal. Three kinds of polymer membrane
reactor processes (2-stage PSMR (permeative stage membrane reactor), 3-stage PSMR, MR (membrane
reactor)) were presented and optimized [20]. However, the H,/CO; selectivity range of the membrane
used in this work is 25-75, which is higher than the separation performance of the polymer membrane
in the industry. Moreover, a membrane reactor was proposed to produce propylene and ultra-pure
hydrogen in the propane dehydrogenation process. The propylene production increased by 3.12%
by dehydrogenation reactors coupled with membrane modules. The higher propane conversion and
ultra-pure hydrogen production were achieved simultaneously [21].

In addition, current research efforts usually design and optimize H,/CO, separation and
hydrogenation as two independent systems in the petrochemical industry. For this study, a novel
coupling process of Hy/CO; separation and hydrogenation was developed based on an analysis of the
shortcomings of conventional PSA separation for H,/CO, of shifted syngas and gasoil hydrogenation.
Key factors such as compressor power, membrane area, and pressure ratio on both sides of the
membrane were optimized. The economic evaluation results indicate that this novel process based on
membrane separation has more economic benefits than the conventional method.

2. Conventional PSA Separation for H/CO; of Shifted Syngas and Gasoil Hydrogenation
(CPGH) Process

The schematic diagram of the CPGH process is shown in Figure 2. The PSA separation process for
H,/CO; of shifted syngas and gasoil hydrogenation is included. First, the shifted syngas is dehydrated
and preheated for vacuum pressure swing adsorption (VPSA) to remove CO; and obtain a 90 mol.%
CO; product. After being pressurized to 15 MPa [22] by compressor K-101, it is stored or liquefied
in the CO, condensing unit. Then, the tail gas of VPSA is introduced into the PSA for hydrogen
purification to obtain 90 mol.% Hj, one part as Hy product and the other removed CO/CO; through
the decarbonization tower. After being compressed to the system pressure of 13 MPa by compressor
K-102, it mixes with the recycle H; (83 mol.%) and then enters reactor R-101 and R-102 to carry out the
gasoil hydrogenation reaction. The hydrogenated gasoil is denitrified and then enters the flash tank
for liquid separation. The gas phase contains unreacted light components such as Hy and CHy, called
recycled Hp, and returns to the reactor inlet after desulfurization, while the liquid phase is used as the
fluid catalytic cracking (FCC) feed.
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Figure 2. The schematic diagram of the CPGH (Conventional PSA Separation for Hy/CO, of Shifted
Syngas and Gasoil Hydrogenation) process.
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The gasoil hydrogenation unit has a higher purity requirement for make-up H; in order to
maintain catalyst activity; its purity is usually between 80 and 99.9 mol.%. To avoid deactivation of the
hydrogenation catalyst, the CO/CO, concentration must be controlled below 20 ppm [23]. The CPGH
process uses VPSA and PSA to separate CO, and purify Hj, and the H, concentration mixed with
gasoil in R-101 is only 74 mol.%. When the concentration of H; in the reactor is low, the total system
pressure is increased to maintain the corresponding hydrogen partial pressure.

The CPGH process has these three drawbacks:

(1)  For the separation of the Hy/CO, system by PSA, the operation and control of the devices are
complicated and the investment cost is high.

(2) The 90 mol.% make-up Hy results in a low concentration of the mixed H; entering the reactor,
thus requiring higher system pressure.

(3) CO,/CO is easily accumulated in the hydrogenation process, which reduces catalyst activity and
increases the temperature of the reactor.

In light of the abovementioned problems, this work proposed a novel membrane separation
process for Hy/CO, separation of shifted syngas and developed a new coupling process with gasoil
hydrogenation. Process design requirements: CO, concentration > 90 mol.%, CO, removal rate > 90%,
make-up H; concentration > 90.0 mol.%, and H; recovery rate > 90%.

This process was designed and simulated according to the actual production process as a typical
conventional process, and the novel coupling process was improved and optimized based on this
CPGH process.

3. Novel Membrane Separation for H,/CO, of Shifted Syngas Coupled with Gasoil
Hydrogenation (NMGH) Process

The NMGH process consists of shifted syngas membrane separation and gasoil hydrogenation,
as shown in Figure 3. Firstly, the raw material is cooled to 25 °C and the liquid water is removed by a
liquid separation tank. Then, a trace of residual droplets and some fine dust particles are caught by the
filter. The pretreated shifted syngas enters CO, selectivity membrane CM-101 to obtain a 90 mol.% CO,
product, which is then pressurized to 3000 kPa by compressor K-101 and cooled to 25 °C, next entering
CO; selectivity membrane CM-102 for further decarburization. The stream of CM-102 residue of about
50 mol.% CO; returns to the inlet of CM-101 and forms a cycle between CM-101 and CM-102 to increase
the CO, removal rate. The CO;-selective and Hj-selective membranes have their highest selectivity at
25 and 75 °C, respectively, but the temperature of recycle Hj is high (390 °C). Therefore, the residue of
CM-101 (87 mol.% Hj) mixed with recycle H; is cooled to 75 °C by cooler E-103 and then purified
by Hj-selective membrane HM-101 to obtain 99 mol.% H,. After pressurizing the obtained H; to 2.4
MPa, one part of it is collected as H, product for downstream production and the other is subjected to
CO,/CO removal by a small alkaline washing tower, which finally results in 99.9 mol.% H;. Due to the
increased make-up Hj purity, the H, concentration at the inlet of reactor R-101 eventually reaches 85
mol.%, and then the total system pressure of the reactor is decreased from 13.0 to 11.57 MPa. After the
hydrogenated gasoil undergoes denitrification and desulfurization, the liquid phase is used as an FCC
feed for the downstream reaction, and the gas phase, as recycled H; (95 mol.%), returns to HM-101 for
further purification. This design couples the hydrogen separation and gasoil hydrogenation reaction
processes and achieves an overall optimization of this system.



Processes 2020, 8, 590 50f 15

CO, selective membrane CO, selective membrane
CM-101 CM-102
Reaed N S Co
;%%;: \\‘\ _.D—»g—‘ -\\‘ —bD—.z
Filter Compressor  Cooler Compressor
K-101 E-102 K-102
T\
Fuel gas
Liguid
separation Cooler E-103 |

tank g I: H,

H, selective membrane Compressor

Yan) HM-101 K-103
Cooler E-104
Make-up Recycle H,
H,S
Hy Reactor Reactor NH, 2
Compressor R-101 R-102
K-104
L, H,S
Alkaline removal
washing NH; tower
tower removal
tower
CO+CO, Liquid
Qil pump . separation
Wax-oil tank
Flash
Heater 105 tank

FCC Feed

Figure 3. The schematic diagram of the NMGH (Novel Membrane Separation for Hy/CO, of Shifted
Syngas Coupled with Gasoil Hydrogenation) process.

The NMGH process improves three shortcomings of the CPGH process:

(1) Using the membrane separation process to substitute the conventional PSA technique for H,/CO,
separation reduces the total investment cost and simplifies the operation.

(2) The NMGH process uses 99.9 mol.% of make-up H; for hydrogenation, and the recycled Hp
enters the membrane separator for further purification instead of going into the reactor directly,
which causes the H, concentration entering the reactor to increase from 74 to 85 mol.%, thereby
reducing the total reaction pressure by about 11%.

(3) The NMGH process utilizes H-selective membrane to further purify and decarbonize the recycle
H,, thus reducing carbon accumulation and ensuring the smooth operation of the devices over a
long period of time.

Process design requirements: CO, concentration >90 mol.%, CO, removal rate >90%, make-up
H; concentration >99.9 mol.%, H; recovery rate >90%.

4. Basic Parameters of Process Design and Simulation

The hydrogen membrane separation method is one of the earliest membrane separation
technologies developed and applied. At present, an industrialized hydrogen-selective membrane can
only be used for Hy/N, and Hy/light hydrocarbon systems. However, for an Hy/CO, system, the current
membrane material selectivity is seriously insufficient; the H,/CO, selectivity of PI materials is only
2-5 [24]. Compared with Hj-selective membranes, CO,-selective membranes have developed more
rapidly, and membrane materials such as PEO can achieve CO,/Hj selectivity of 8-15 or more.

The existing literature shows that the mass transfer and separation performance of membrane
materials can be improved by adding ionic liquids, charged groups, MOFs (metal-organic frameworks),
or ZIFs (zeolitic imidazolate frameworks) to the polymer membrane, resulting in an ultrahigh selectivity
and permeability coefficient for the membrane material [25-27]. However, these membrane materials
face common problems, such as loss of functional materials, low mechanical properties, and the
inability to prepare composite membranes, forcing their research and development to remain at the
laboratory stage [28]. In industrial applications, composite membranes with excellent mechanical
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strength and solvent resistance, high permeability, and high selectivity are required. It is obvious that
these modified membrane materials are not suitable for practical industrial production. As this work
aimed to provide new improvements for practical industrial production, a lower membrane selectivity
was chosen to ensure operational feasibility and industrialization possibilities.

The mass transport mechanism through these membranes is governed by the solution-diffusion
model. Studies [29-31] have shown that plasticization and competitive sorption play an important role
in organic polymer membranes. Organic gases (such as CHy) have a greater impact on the diffusion
coefficient, while inorganic gases (such as CO,, HS, and Nj) are basically consistent with the trend of
pure gases. Therefore, the error caused here by plasticization was acceptable and the permeance of
each component in the mixed gas was approximately equal with the pure gas, as shown in Table 1 [32].
As for the permeance of N»/H,S/H,O, we defined the data by industrial production according to their
solution—diffusion rate. The feedstock used in this work was the shifted syngas of coal gasification
hydrogen production. The feed conditions and composition parameters are shown in Table 2 [4].

Table 1. Membrane permeance [32].

Membrane  Temperature Gas Permeance (GPU 1)
Material (@] H CO CO, N, H,S H,0
Hydrogen membrane PI 75 720 26 200 602 3002 15002
Carbon membrane PEO 25 195 65 1580 222 15002 30002

1 GPU =107% cm3(STP)/(cm? x s X cmHg); 2 Data from industrial production.

Table 2. Feed condition and composition.

Name Value
Temperature (°C) 300
Pressure (kPa) 3000
Flow (Nm?/h) 80,000
Composition (mol.%)
H, 41.03
CcO 1.01
CO, 29.92
N, 2.50
H,S 0.10
H,O 25.54

The parameters of the gasoil hydrogenation reaction process came from the fluid catalytic cracking
(FCC) and hydrotreater process (“FCC_w_Hydrotreater.hsc” of refining cases of samples in UniSim
Design R451 (Honeywell International, Charlotte, NC, USA, 2018) (also refer to the same process
in Aspen HYSYS V8.4 (AspenTech, Bedford, MA, USA, 2016), as shown in the Figure S1). Only the
dosage of hydrogen and the pressure in the reactor were altered in this work; other parameters
were unchanged.

The simulation process in this work was implemented in UniSim Design, where basic modules,
such as compressors, heat exchangers, and buffer tanks, were included. As for the membrane module,
the precompiled dynamic link library (DLL) file was programmed by our former groupmate, and it
included the algorithms and external definition file (EDF) defining the portable document format
(PDF) icon and user interface in UniSim Design, which allowed convenient and fast simulation of
membrane gas separation. Its accuracy was verified in his work [33].

Based on the design requirements of the above mentioned processes and basic parameters,
the simulation process was built in UniSim Design, and the selected state equation was the
Peng—-Robinson equation.



Processes 2020, 8, 590 7 of 15

5. Results and Discussion

The operating pressure ratio (R) refers to the ratio of pressure between the retentate side and the
permeate side of the membrane module during the separation process, which affects the permeate
side flow rate and gas composition. A lower pressure ratio will result in a small gas flow rate on the
permeate side and low concentration enrichment efficiency, while a higher pressure ratio will also
increase the subsequent compression operation cost. Taking into account the pressure ratio of each stage
of the compressor in the actual production and the pressure of the feedstock, the minimum pressure
ratio on both sides of the membrane was set to 5, the maximum value was 15, and an intermediate value
of 10 was used for comparison. The NMGH process was optimized and the economic considerations
were evaluated under these three different pressure ratios. Pp, stands for the pressure of the permeate
side of the membrane.

5.1. Power of Compressor K-101

The compressor K-101 was located between the two-stage CO,-selective membrane of the NMGH
process, and its power was affected by the pressure and flow rate of the CM-101 permeate stream,
which was decided by the CM-101 area. Therefore, the trend of K-101 power with CM-101 membrane
area under different pressure ratios was studied, as shown in Figure 4. It can be seen that the power of
K-101 increased as the membrane area of CM-101 increased, which led to an increase in the fast gas flow
rate on the permeate side, thereby increasing the throughput of the compressor. The compressor power
at a pressure ratio of 5 was significantly smaller than at the other two pressure ratios. Under the same
membrane area, the pressure on the permeate side of CM-101 decreases with the increase of pressure
ratio, that is, the inlet pressure of compressor K-101 decreases. When the outlet pressure is constant,
the power of compressor K-101 will increase. It could be preliminarily determined (Figure 4) that a
smaller pressure ratio of R = 5 was beneficial in reducing the compressor investment. The optimal
pressure ratio needs to be determined by subsequent economic indicators.

25,000 ——p =200kPa
~-=--P =300 kPa R=15

<20.000F _ - - p =600 kPa -
= b .
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S 15,000 '
N s,
S 10,000 o
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CM-101 membrane area(m?)
Figure 4. Impacts of CM-101 area on compressor K-101 power under different pressure ratios.

5.2. Membrane Area

5.2.1. Effect of CO, Concentration of CM-101 Residue on Membrane Area

The effect of CO, concentration of CM-101 residue on total membrane area under different
permeate pressures of the NMGH process is shown in Figure 5. As the bridge between the CO, removal
and H; purification units, the CO, concentration of CM-101 residue has a great influence on the total
area of the two-stage carbon membrane and the hydrogen membrane area: a higher CO, concentration
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means a great amount of CO, will enter HM-101, which increases the H,-selective membrane area and
its investment cost. However, if the CO, concentration was too small, a larger CM-101 membrane area
would be required, which would increase the total investment cost of the CO, removal unit. As shown
in Figure 5, when the CO; concentration was reduced from 5 to 0 mol.%, the total area of the PEO
membrane greatly increased; meanwhile, the PI membrane area decreased and the total area of these
two membranes also increased greatly. However, when the CO, concentration reduced from 10 to
5 mol.%, the PEO membrane area increased slowly and the PI membrane area decreased slightly, after
which the total membrane area gradually increased. It is easy to conclude that the change in total area
of these two membranes had the same trend as the carbon membrane area, meaning that the CO,
concentration of the CM-101 residue under different pressure ratios had a more significant influence
on the PEO membrane area than on the PI membrane area.

Considering the abovementioned trends for each kind of membrane area in combination, if the
CO, concentration of the CM-101 residue were less than 5 mol.%, a great increase of carbon membrane
area would be needed to achieve a lower carbon concentration. Therefore, in order to avoid the
CO;-selective membrane area being too large due to the smaller CO, concentration, as well as the
addition of the Hjy-selective membrane area and its investment cost caused by the excessive CO,
concentration, a 5 mol.% CO, of CM-101 residue was selected for this work.
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Figure 5. Effect of CO, concentration of CM-101 residue on membrane area under different permeate
pressures. (a) Diagram under 200 and 300 kPa; (b) diagram under 600 kPa.

5.2.2. Effect of CM-101 and CM-102 Area on CO, Product

The area of the membrane determines the total investment for the membrane separator and
product quality, so we studied the effect of CM-101 and CM-102 area on CO; concentration and removal
rate in the NMGH process to determine the appropriate carbon membrane area, the result of which is
shown in Figure 6. According to this graph, we can see that the purity of the CO, product increased
with the increasing CM-101 area when the CM-102 area was fixed, while the removal rate was basically
unchanged. When fixing the area of CM-101 and changing the area of CM-102, the concentration of the
CO; product was basically unchanged, while the removal rate increased with the increasing CM-102
area, and the removal rate remained at 98 mol.% when the area of CM-102 was greater than 450 m?2.

Thus, when the two-stage carbon membrane formed an internal cycle, different ratios of membrane
areas resulted in different CO, removal rates and product purity. In addition, the product concentration
was mainly affected by the first-stage membrane (CM-101) area, while the removal rate was chiefly
determined by the second membrane (CM-102) area, and when it reached a certain value, the removal
rate was constant. In line with Figure 6, the membrane area of CM-101 and CM-102 was respectively
defined under different pressure ratios: R = 5, Acp101 = 6800 m?, Acyi102 = 377 m?.
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Figure 6. Effect of CM-101 and CM-102 area on CO, concentration and recovery rate under different
pressure ratios. (a) Effect of CO;-selective membrane area on CO, molar concentration; (b) effect of
CO;-selective membrane area on CO; recovery rate.
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5.2.3. Effect of HM-101 Area on H, Product

Figure 7 shows the effect of HM-101 area on H; concentration and recovery rate in the NMGH
process under different pressure ratios. It indicates that an increase in membrane area was accompanied
by a decrease in hydrogen concentration along with an increase in the hydrogen recovery rate. Under
the same membrane area condition, the H, purity was higher and the recovery rate was lower when
the pressure ratio was low. When the Hj-selective membrane area was more than 5500 m?2, the H,
recovery rate remained at a constant value (98 mol.%) as the membrane area increased. At this point,
continuing to increase the membrane area of HM-101 would result in a rate of decline in hydrogen
purity that would be much higher than the increased recovery rate. This is due to the increased
membrane area increasing the permeation amount of the fast gas component, which would inevitably
lead to an increase in the permeation amount of the slow gas component, thereby lowering the purity
of Hy. When the membrane area is large enough, the recovery will no longer vary with membrane area.
On the basis of Figure 7 and the separation requirements, HM-101 areas were determined, respectively,
as: R =5, Agme101 = 5400 m?%; R = 10, Appvi101 = 4700 m%; R = 15, Appv101 = 4400 m2.

1.0
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Figure 7. Effect of HM-101 area on H; concentration and recovery rate under different pressure ratios.
(a) Effect of HM-101 area on Hp molar concentration; (b) effect of HM-101 area on H; recovery rate.
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The effect of the membrane area, as shown in Figures 6 and 7, on product purity and recovery
was different. Figure 6 shows that the two-stage carbon membrane formed a cycle inside, and the
larger the pressure ratio, the greater the purity and recovery rate of Hy, which showed a consistent
trend. Figure 7 demonstrates that, with only a one-stage hydrogen membrane, the greater the pressure
ratio, the higher the recovery rate and the lower the purity of H,. This indicates that, for a one-stage
membrane system, increasing product concentration is based on the premise of sacrificing the recovery
rate, while the two-stage membrane process can increase the recovery rate on the basis of reaching the
product concentration, and the recovery rate is mainly influenced by the second-stage membrane area.

5.3. Economic Analysis

5.3.1. Impact of Membrane Price on Total Investment Cost

The price of the membrane is an important factor in the total investment cost and total annual
cost of the NMGH process, and as the membrane preparation technology improves, the membrane
price will continue to decrease. Therefore, using the inherent selectivity of membranes in the NMGH
process, the effect of membrane prices on total investment cost under different pressure ratios was
investigated, as shown in Figure 8. Since two kinds of membranes were involved in this process,
the membrane price here was the average price of these two membrane materials.

It can be seen from the figure that the total investment cost has a linear upward trend in the
growth of the average membrane price, and the larger the pressure ratio, the larger the total investment.
According to previous research, under the same product purity, a large pressure ratio means higher
driving force on both sides of the membrane; thus, a smaller membrane area will be required, but
the compressor power will increase. The larger the pressure ratio in the figure, the larger the total
investment, which indicates that the total investment cost increases with the increase in compressor
investment. So, the compressor cost determines the total investment of the process to some extent.

54
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44 !
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Total investment(MM $)
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Figure 8. Impact of membrane price on total investment cost under different pressure ratios.

5.3.2. Impact of Membrane Selectivity on Total Investment Cost

The improved separation performance of the membrane will greatly reduce the membrane area
and the power of the compressor, thereby reducing investment and operation costs. There are two
kinds of membranes with only a one-stage hydrogen membrane, so we fixed the selectivity of HM-101
and studied the effect of the CO;-selective membrane on the total investment cost of the NMGH
process under different pressure ratios by changing the selectivity of the two-stage carbon membrane.
The results, shown in Figure 9, demonstrate that the increase in the selectivity of the membrane material
will greatly reduce the total investment cost of the process when the pressure ratio is constant, which
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mainly depends on the huge economic benefits brought by the advancement of membrane preparation
technology for actual production. At the same time, the total investment under different pressure
ratios is reduced with the decrease of the pressure ratio. Reducing the pressure ratio means increasing
the pressure on the permeate side, which decreases the amount of investment in the postmembrane
compressor, thus reducing the total investment cost of the process.

On the basis of Figures 8 and 9, the total process investment was always lowest when the pressure
ratio was 5, regardless of changes in membrane price and selectivity. So R = 5 was selected as the
coupling process operating pressure ratio in this work. Under the conditions of R = 5 and the selectivity
of the CO;-selective membrane being higher than 13, the total investment cost would be less than
$30 million, which is almost half as much as the current cost.
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Figure 9. Impact of CO,/H; selectivity of the CO,-selective membrane on total investment cost under
different pressure ratios.

5.4. Economic Assessment

Since membrane prices vary widely across different regions, we took a higher value for the
purpose of covering almost all the conditions. Other data based on the literature and industrial data,
including equipment and utility economic parameters, are shown in Table 3. The annual operating
time is 8400 h.

Table 3. Cost parameters for economic assessment.

Item Unit Price Reference
Membrane $/m 2 600/800
Compressor $/kW 1000 [34]
Other equipment 1 $/year 50,000
Total investment cost $ Membrane + Compression + Other equipment !
Electricity $/kWh 0.07 [22]
Steam $/t 14.50 [22]
Cold water $/t 0.08
Depreciation time year 5 for PSA 2, 5 for membrane, 15 for others
Total annual cost $/year Operation cost + Depreciation

1 Other equipment includes heat exchangers, vessels, alkaline washing towers, and mixers in process. 2 According
to the characteristics of water content in shifted syngas and replacement period of adsorbent, the depreciation life of
PSA in this study is set as 5 years.

The total investment cost and total annual cost of the NMGH process are shown in Table 4
(excluding the reactor part). According to these data, in the Hp/CO, separation process, the investment
cost of the compressor accounts for more than 75% of the total investment, which is 4.5 times the total
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investment in the membrane module. Among total annual costs, compressor operation cost accounted
for more than 55%. The membrane separation process requires pressure difference as the driving
force, while in the permeation process, there is a large pressure loss. Only by further increasing the
membrane selectivity and gas permeation unit can the premembrane pressure be lowered in order to
achieve the same separation target. Accordingly, the compressor investment cost and operation cost
will be reduced.

Table 4. The capital cost and operation cost of the NMGH process (excluding the reactor part).

Item Unit Value
Compressor equipment cost million $ 36.29
Membrane equipment cost million $ 8.63

Other equipment cost million $ 0.80
Total investment cost million $ 45.72
Depreciation cost million $/year 4.20
Electricity operation cost million $/year 18.14
Cold water operation cost million $/year 4.07
Steam operation cost million $/year 5.25
Total annual cost million $/year 31.66

5.5. Economic Comparison

Figure 10 is a comparison of the total investment cost and total annual cost of the CPGH (the capital
cost and operation cost of the CPGH process can be found in Table S1) and NMGH processes. From
the total investment point of view, investment in the NMGH process compressor is nearly double that
of the CPGH process (detailed operational consumptions of the CPGH and NMGH processes can be
found in Tables S2 and S3). However, due to the large investment in the PSA unit ($41.36 million) and
the small membrane module investment cost ($8.63 million), the total investment in the NMGH process
is $17.74 million less than that of the CPGH process (Appendix A). Comparing total annual costs, the
annual operation cost of the NMGH process is $4.00 million/year higher than that of the CPGH process,
but because of the membrane separation process, the equipment investment depreciation expense is
$5.50 million/year lower than the CPGH process, which makes the total annual cost of the NMGH
process $1.50 million/year lower than the CPGH process. This demonstrates the economic superiority
of the NMGH process.
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= 60 1 = Depreciation
[t
=]
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Figure 10. Economic comparison between the traditional process and the novel one. CTAC: Conventional
process total annual cost; CPIC: conventional process investment cost; NTAC: novel process total
annual cost; NPIC: novel process investment cost. The bright yellow in CTAC represents the annual
operation cost of PSA.
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6. Conclusions

A novel membrane separation process of Hy/CO, for shifted syngas produced by coal gasification
coupled with the gasoil hydrogenation process was proposed in this work, which improved the CPGH
process. Subsequently, the parameters of membrane area, compressor power, operating pressure,
etc., were optimized. Finally, the economic assessment results proved the economic feasibility of the
NMGH process.

The research results of the factors affecting the compressor power showed that the pressure
of the permeate side of the first-stage membrane and its flow rate both determined the power of
the compressor. The research on the purity and recovery of Hy/CO, products helped us define the
appropriate operating parameters, and it was found that the two-stage membrane cascade could
improve the recovery rate based on reaching the purity of the product. In addition, the purity of the
product was mainly affected by the first-stage membrane area, while the recovery rate was mainly
affected by the second-stage membrane area. The study of PEO membrane selectivity showed that
increasing the selectivity of existing membrane materials will improve the separation effect significantly.
Moreover, when R = 5 and the selectivity of the PEO membrane is higher than 13, the total investment
cost of the NMGH process will hopefully be less than half of the current cost.

The economic comparison between these two processes showed that the total investment cost
and total annual cost of the NMGH process are lower than the CPGH process. This indicates that the
NMGH process can feasibly improve the conventional PSA separation and hydrogenation process.
Especially, with advances in membrane preparation, membrane separation technology is likely to
demonstrate greater advantages and potential compared with conventional PSA-based separation
processes. Additionally, as the pressure of the NMGH process reactor is reduced by 11%, the new
process is more economical if the reactor investment cost reduction is considered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/5/590/s1,
Figure S1: The file path of the gasoil hydrogenation process used in this work; Table S1: The capital cost and
operation cost of the CPGH process (Excluding reactor part); Table S2: Operational consumption of the CPGH
process (Excluding reactor part); Table S3: Operational consumption of the NMGH process (Excluding reactor part).
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Appendix A
The investment cost of PSA was converted by:

12 = Il X (%) , (Al)

while, n = 0.75 [35], I; and Q; stands for the inherent investment and processing capacity of the PSA
device respectively. I, and Q; represent the investment and processing capacity after transformation.

The original data, I; = $7.2 MM and Q; = 14,000 Nm3/h for a set of PSA device, came from a design
institute in China [36].
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