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Abstract: The coal to ethylene glycol (CTEG) process has drawn much attention due to the serious
conflict between supply and demand of ethylene glycol in China. However, it is inevitably accompa-
nied by the problem of high CO, emissions. Carbon capture is one of the most promising potential
effective ways to address this issue. However, the CTEG process, integrated with carbon capture
technology, will lead to energy and economic penalties. Thus, a comprehensive evaluation of CTEG
process with different CO, capture technologies is urgently needed. This study analyzed the technoe-
conomic performance of four CO, capture alternatives for the CTEG process: Rectisol, mono-ethanol
amine (MEA), chilled ammonia process (CAP) and dimethyl carbonate (DMC) technologies. Results
show the energy consumption of CO, capture of the Rectisol process is the lowest, 1.88 GJ/tCO,,
followed by the DMC process, 2.10 GJ/tCO,, the CAP process, 3.64 GJ/tCO,, and the MEA process,
5.20 GJ/tCO;,. The CO, capture cost of the Rectisol process is lowest, CNY 169.5/tCO,, followed by
the DMC process, CNY 193.2/tCO,, the CAP process CNY 232.6/tCO,, and the MEA process CNY
250.5/tCO;. As the Rectisol technology has the best comprehensive performance, it is the best option
for CTEG industry in comparison with the MEA, CAP, and DMC technologies.

Keywords: CO, capture; performance analysis; coal to ethylene glycol; acid gas removal;
process simulation

1. Introduction

Ethylene glycol (EG) is one of the basic raw material of many chemical products.
However, its domestic production capacity cannot meet the market demand in China.
Improving the production capacity of ethylene glycol is of great significance to China’s
economic development. The traditional ethylene glycol production route is based on the
petroleum-based route, which consists of three steps: first, ethylene is first produced from
petroleum; then, the produced ethylene is oxidized to produce ethylene oxide; finally, the
ethylene oxide is hydrated to produce ethylene glycol [1]. Thus, the production scale of this
route cannot be greatly increased because it depends on the scale of the supporting ethylene
plant. Facing with the energy structure of rich coal and less 0il, coal to ethylene glycol
(CTEG) technology is drawing more and more attention in China. In 2016, the National
Development and Reform Committee of China pointed out that the annual production
capacity of China’s coal-based ethylene glycol will be more than 15.25 million tons by
the year 2020 in the "13th Five-Year" Development Guide for Modern Coal Chemical
Industry [2]. It also shows the aggressive ambitions of Chinese government to large-scale
and efficient development of the CTEG industry.

The first set of 0.2 million t/y CTEG projects was built in Tongliao in 2009. By 2018,
22 sets of CTEG plants had been successfully operated, and the total production capacity is
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more than 4.42 million t/y [3]. However, the CTEG technology is inevitably accompanied
by high CO, emissions as shown in Figure 1. It is mainly caused by the difference of
hydrogen—carbon (H/C) ratio between raw coal and ethylene glycol product. Namely, raw
coal is rich in carbon and less hydrogen, while ethylene glycol is rich in hydrogen and less
carbon. In fact, the H/C ratio of raw coal is less than 1.0, resulting in that of the gasified
gas is less than 1.0 [4]. However, it is required to be 2.0 for synthesizing ethylene glycol.
Thus, there is a big difference of H/C ratio between the input and output of CTEG process.
As a result, the CTEG process is inevitably required to add a water gas shift (WGS) unit for
adjusting and increasing the H/C ratio of syngas. A large amount of CO, generated by the
water gas shift reaction, however, cannot be fixed or reused. Thereby, it causes the CTEG
process to suffer from high CO, emission.

. &
T 1

—

- 4 "
H/C<1.0 H/C<1.0 § H/C=2.0 yau =, % Y =
Coal gasification Water gas shift “ Ethylene gl';rcol
CO+H,0 = H2+COZI 0 : I 2CO+4H,+1/2 0,
lrconsrl:?;%{ion =EG+ H,0

Figure 1. Schematic diagram of the high CO, emission reasons for coal to ethylene glycol (CTEG) process.

Carbon dioxide is one of the greenhouse gases causing global warming, which con-
tributes more than 60% of the enhanced greenhouse effect, thus reducing CO, emissions
has become one of the top goals of the world [5]. In addition, after the water gas shift
unit, the shifted syngas contains a large amount of CO,, which has a significantly negative
impact on subsequent ethylene glycol synthesis and refining (EGSR) unit, for example,
catalyst poisoning. Thus, high CO, emissions of the CTEG process will inevitably hinder its
widespread use and sustainable development. CO, capture is regarded as the most promis-
ing strategy to mitigate CO, emissions and spearhead efforts to alleviate climate change [6].
Currently, lots of CO, capture technologies have been developed, such as Rectisol, MEA
(mono-ethanol amine), CAP (chilled ammonia process) and DMC (dimethyl carbonate)
technologies [7]. However, CTEG process involving CO, capture will simultaneously lead
to energetic and economic penalties. Thus, it is meaningful work to analyze the effects of
different CO, capture technologies on the performance of the whole CTEG process.

Previous works are focused on the new catalysts” development, modeling and simula-
tion, thermodynamic analysis, economic analysis, conceptual design, and optimization of
the CTEG process. For example, [8] systematically investigated the influence of low-cost
dextrin coating on the performance of Cu-SiO; catalysts for the vapor-phase hydrogenation
of dimethyl oxalate to ethylene glycol. Wei et al. [9] focused on the improved design of the
reactors and separation strategies, which proposed a new four-stage fixed bed tube-type
CO coupling reactor (CCR). Yang et al. [10,11] developed two coke oven gas-assisted coal
to ethylene glycol processes to improve the technoeconomic performance and reduce the
CO, emissions of the conventional CTEG process. However, little work has studied the
effects of different CO, capture technologies on the performance of the CTEG process.
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However, there is a lot of literature on another coal-gasification-based process, in-
tegrated gasification combined cycle (IGCC) process. For example, Rezvani et al. [12]
analyzed the techno-economic characteristics of IGCC process with four different capture
technologies. Giuffrida et al. [13] focused on the thermodynamic performance of two IGCC
systems with post-combustion CO; capture by chemical absorption to evaluate two dif-
ferent strategies of coal-derived gas clean-up. Shi et al. [14] developed a new integrated
gasification combined cycle (IGCC) plant with CO; capture to achieve deep reductions
in emissions of CO,. Comparing the IGCC process with CO, capture, only part of the
syngas produced from coal gasification unit is fed into the water gas shift unit in the CTEG
process, which is usually less than 50% of the total syngas. Therefore, a considerable part
of the CO gas is kept in the input gas of the acid gas removal unit. Since CO is the raw
material for the synthesis of ethylene glycol, in addition to the high CO, removal ratio, the
CTEG process with different CO; capture technologies must also have a high CO recovery
ratio. However, it does not need this in the IGCC process. On the other hand, the mole
fraction of CO; in the input gas of acid gas removal unit of CTEG process is lower than
that of IGCC by 10-20%, which means the carbon capture in CTEG process may be more
complicated than the IGCC process [15]. In summary, different from the IGCC process, the
carbon capture in the CTEG process is characterized by higher CO and lower CO;.

As to a project investor or decision maker, the technoeconomic performance of dif-
ferent alternative technologies is one of the most concerned and important performances
when they attempt to select the best technology solution. For example, Pettinau et al. [16]
conducted a techno-economic comparison between different technologies for CO,-free
power generation from coal. In our previous work [17], a thermodynamic and techno-
economic analysis of the CTEG process with different gasifiers was conducted to make
the appropriate and reasonable decision and choice of efficient, economical and cleaner
coal gasifier technologies. However, not many literature has been reported to the optimal
selection of CO; capture technology for the CTEG process through technical and economic
analysis. Therefore, the technoeconomic performance of CTEG process with different CO,
capture methods is conducted and compared to find the optimal CO, capture way for
this process.

To achieve mid to long-term CO, reduction targets, cost effective CO, capture from
CTEG plants needs to be evaluated, keeping in view of China’s growing demand of ethylene
glycol. This study is focused on systematically analyzing and comparing the CTEG process
with different CO, capture absorption technologies, i.e., Rectisol, MEA, CAP and DMC
technologies. The main contributions of this work are: (1) the detailed model of the CTEG
process with different CO, capture technologies (i.e., Rectisol, MEA, CAP and DMC) is
established; (2) the energy consumption of CO, capture and the whole system is analyzed
on the basis of the energy balance; (3) the total capital investment, total production cost
and internal rate of return of the above CTEG processes are compared to demonstrate
their economic advantages and competitiveness; (4) the comprehensive performance of
these processes is assessed to seek the most promising CO, capture technology for the
CTEG process.

2. Process Description and Modeling

A conventional CTEG process consists of six units: air separation unit (ASU), coal
gasification (CG), water gas shift, acid gas removal (AGR), CO and H; separation (CHS),
and ethylene glycol synthesis and refinery units, as shown in Figure 2. The models of
these units are developed using the Aspen Plus simulator (Version 11.0), which is a large-
scale general process simulation software for the design, simulation and optimization of
chemical industry. The details of the modeling and simulation of these units are explained
as follows.
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Figure 2. Schematic diagram of the CTEG process with different CO, capture technologies.

2.1. Air Separation Unit

Due to the high oxygen consumption of coal-based chemical industries, the mature
and widely used cryogenic air separation technology is selected in this work. The Peng—Rob
method is selected as the physical property method of this unit. After cleaning, the air is
compressed into an air separation column to separate O,. The four-stage air compressor and
the inter-stage cooler models are used to simulate the intercooling compression equipment.
As a result, the concentration of the output oxygen is about 95 mol%, which is used as an
oxidant in the coal gasification unit.

2.2. Coal Gasification Unit

The coal gasification is a complex process involving a series of physical and chem-
ical interactions as shown in Table S1 in the Supplementary Material [18]. In this work,
Huolinhe lignite is selected as the feedstock of the coal gasification unit, and the dry pul-
verized coal gasification technology, Choren coal gasifier (CCG), is adopted. The Peng—Rob
method is selected as the physical property method of CG unit [19]. After pretreatment,
coal is fed into the gasifier to produce syngas. For modeling, a yield reactor, a continuous
stirred tank reactor, and a Gibbs reactor are used to model the coal drying, pyrolysis, as
well as gasification and combustion stages, respectively. The detailed simulation model
of the gasifier is shown in Figure S1 in the Supplementary Material. After recovering the
waste heat, the crude syngas is sent to the water gas shift unit to adjust the hydrogen to
carbon ratio. More detailed information of the modeling and simulation of coal gasification
unit can be found in our previous work [20].
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2.3. Water Gas Shift Unit

The H,/CO ratio of the crude syngas produced by the coal gasification unit is far
from the requirements of ethylene glycol synthesis reaction. Therefore, the H, /CO ratio
has to be adjusted to be about 2.0 by the water gas shift reaction, as shown in Equation (1).
Two equilibrium reactors are used to model this reaction for a high conversion of syngas [21].
In addition, a number of coolers and heat exchangers are used to generate saturated steam.
The shifted syngas is finally cooled to 40 °C and is then fed into the acid gas removal
unit [21]. The whole simulation flowsheet and key operational parameters of the WGS unit
are shown in Figure S2 and Table S2 in the Supplementary Material.

CO + H,0 + CO, + H, 1)

2.4. Acid Gas Removal/CO, Capture Unit

To prevent poisoning of dimethyl oxalate and ethylene glycol synthesis catalysts,
the acid gases (such as CO;, H,S and COS) should be firstly removed or captured. In
this work, three mature CO, technologies, i.e., Rectisol (methanol as absorbent), MEA
(monoethanol amine as absorbent) and CAP (chilled ammonia as absorbent) technologies,
and a novel DMC technology (dimethyl carbonate as absorbent) are compared to seek
out the most economically CO, capture method for CTEG process. Membrane separation
technology, one of new chemical separation technologies, is based on the difference of
the permeation rate of each component in the membrane. However, as for large-scale
CO; capture systems, the membrane separation method still has a large gap in production
cost and reliability. Thus, it is not discussed in this paper. In addition, there is a gas
pretreatment subprocess and a H,S removal subprocess before CO, capture subprocess,
and these three subprocesses are the main components of the acid gas removal unit. As H,S
removal and CO, capture are simultaneously considered and inseparable in the AGR unit
in the coal chemical industry, H,S removal and CO, capture processes are considered as a
whole to analyze their effects on the performance of CTEG process rather than considering
the endogenous relationship between them. To facilitate the modeling and simulation of
the CTEG process with different CO, capture technologies, their Aspen Plus model and
key parameters are summarized and presented in Table 1.

Table 1. Key parameters for the simulation of four CO, capture technologies.

Technology Equipment Model ?,1::;3:::::; Equipment Model (I)’Ef:rar::t):rzl

Rectisol @ Lean cooler Heater Tout = —58°C, AP =0 CO; Flashl Flash P=138MPa, Q=0
Acid gas Absorber Radfrac N =20, P =5.5 MPa H>S con. column Radfrac N =20, P =0.2 MPa
SO, Flash Flash P=0.69MPa, Q=0 H,S Radfrac N =10, P =0.3 MPa
MEA P Cooler Heater Tout =40°C, AP =0 Desorber Radfrac N =11,P =0.19 MPa
Absorber Radfrac N =11,P =0.12 MPa Lean cooler Heater Tout =40°C, AP =0
Rich-pump Pump P=0.21 MPa, 7 =0.8 Lean pump Pump P=0.21 MPa, 7 =0.8
CAP € Heat exchanger HeatX Teola =95 °C, AP =0 Separator Flash2 Tout =40°C, AP =0
Contact cooler Radfrac N=5P=0.12MPa Rich-pump-2 Pump P=0.14 MPa, 7 =0.8
Absorber Radfrac N =20,P=0.12 MPa Heat exchanger-2 HeatX ATeoq =5°C, AP =0
Rich-pump-1 Pump P=10MPa, =038 Lean pump Pump P=0.14 MPa, 7 = 0.8
Heat exchanger-1 HeatX ATelq =5°C, AP =0 NHj3;-desorber Radfrac N =5,P=0.12 MPa
Desorber Radfrac P =2.0 MPa Cooler-2 Heater Tout =40°C, AP =0
Lean cooler-1 Heater Tout =25°C, AP =0 Lean cooler-2 Heater Tout =10°C, AP =0

Flash Flash2 Tout =40°C, AP =0 Mixer Mixer Adjiabatic mixing
DMC ¢ Absorber Radfrac N _Allg)’: PO}); .ﬁ/}lpl![l’a, Heat exchanger HeatX Tiean =30 °C, AP =0

Flash Flash2 Tout =30°C, AP =0 Lean MEA - 35 mol%

A [17];® [22]; © [15].
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Crude syngas

2.4.1. Rectisol Technology

The Rectisol acid gas removal technology uses physical absorbent, chilled methanol
(chilled to —50 °C), to remove CO, and HjS from syngas [23]. It mainly consists of
acid gas absorption column, CO; desorption column, H,S concentration column, solvent
regenerator and flashes as shown in Figure 3. After being cooled by the low-temperature
product gas, the syngas is pre-cooled to —20 °C and goes to flash to remove water. The
output gas of the flash is fed to the bottom of the acid gas absorption column, where it is in
countercurrent contact with low temperature methanol at —50 °C. As a result, the CO, and
H;S of syngas are sufficiently absorbed by the low-temperature methanol, and the purified
syngas is obtained from the top of the absorption column [23].

Purified syngas

Acid gas
absorber

Cold product

Chilled methanol H,S

-

Refrigerator

Refrigerator Tail gas

ltéj

Cooling water

Methanol
+CO,

H,S
concentration

[

gas column
Solvent
Methanol regenerator
L 4 +CO,, HoS
column
Warm product Steaml
gas éj
1
[ S|
N > Water
Methnaol 2 splitter
T@?Steam
H,O

Figure 3. Simplified simulation flowsheet of the Rectisol technology.

2.4.2. MEA Technology

The MEA technology, one of mature gas stream scrubbing methods, has been indus-
trialized for almost 70 years [15]. Its simplified flowsheet is shown in Figure 4 [24]. The
crude syngas is previously cooled and purified by reacting with the lean amine solution
in the absorber as shown in Equations (2)—(8) [22]. The rich amine solution out from the
absorber goes to the stripper after heated with the lean amine solution. The electrolyte non-
random-two-liquid (NRTL) model with electrolyte inserts for the MEA physical property
method is selected as the physical method due to it contains new parameters and Henry’s
constant for CO;, in MEA [25]. The key parameters for the modeling and simulation of this
technology are present in Table 1.

2H,0 <« H3O" + OH™ )

2H,0 + CO, <+ H30™ + HCO; 3)
H,0 +HCO; + H;O™ + CO%~ (4)
MEA + H;0" <+ MEAH" + H,O (5)
MEAH + HCO; +» MEACOO™ + H,0 (6)
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Crude
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Clean syngas

MEA
l—. (Make up)
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CO, + OH™ +» HCO; 8)

CO2

Gas cooler

Separator

< Stripper
- Lean cooler el
e
Absorber Heat
exchanger
Rich-pump .
Lean-pump

Absorber

Contact exchanger-1
cooler

Figure 4. Simplified simulation flowsheet of the MEA technology.

2.4.3. CAP Technology

The chilled ammonia process (CAP) is divided into carbon dioxide capture system and
ammonia capture system as shown in Figure 5. The crude syngas is cooled to 10 °C and
fed to the absorber. The lean ammonia solution is sent to the top of the absorber to remove
CO; in the syngas. The rich ammonia solution is sent to the solvent regeneration column
after heat exchange with the lean solution. The lean ammonia solution from the bottom
of the desorber is recycled to the absorber. Although the CAP process greatly reduces the
escape ratio of ammonia in the absorber of the carbon dioxide capture system, the exhaust
gas from the top of this column still contains a large amount of ammonia gas [26]. Thus, an
additional ammonia capture system is required to further reduce ammonia in the exhaust
gas. The syngas from the top of the absorber enters the ammonia capture system and is
contacted with the low-concentration ammonia solution in the NH3-absorber. As a result,
the concentration of ammonia in the syngas can be less than 10 ppm. The key parameters
for the modeling and simulation of this technology are indicated in Table 1.

CO2

Clean gas
Water

Flash (Make up)

Lean Lean
cooler-2 cooler-1 NH;-

desorbe

Cooler-2
Desorber

NH;-
absober

Heat
exchanger-2

Rich-pump

Rich-pump-2

Lean-pump

Figure 5. Simplified simulation flowsheet of the CAP technology.
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2.4.4. DMC Technology

Due to high solubility of CO, in DMC and a low toxicity, it shows a better performance
over traditional physical solvents in an appropriate temperature range and is regarded as a
promising and effective absorbent for CO; capture [15]. The simplified flowsheet of the
DMC technology is present in Figure 6. The syngas counter-currently contacts with the
lean DMC solution under the conditions of 3.0 MPa and 15 °C. The rich solution enters
the high- and low-pressure flashes to regenerate lean solution. After mixing with makeup
DMC, the lean solution is recycled to the absorber. The key parameters for the modeling
and simulation of this technology are shown in Table 1.

DMC 1\

Cl
S rfa':s (make up)
yng /J\ o, ———  Tail gas
A4
HP
flash
Desorber
Absorber
Crude syngas

Heat
exchanger

Pump

Figure 6. Simplified simulation flowsheet of the DMC technology.

2.5. CO and H; Separation Unit

The purified syngas is cooled in the main heat exchanger and then sent to a flash. The
gas stream of the flash is heated and fed into the PSA equipment to obtain high-purity
hydrogen. The liquid stream of the flash is successively sent to the CO/CH, and CO/N,
separation columns to produce high-purity CO. The tail gas of this unit can be used as
additional fuel to provide heat of coal gasification or other units. The RK-SOVE method is
selected as the physical property method of this unit.

2.6. Ethylene Glycol Synthesis and Refinery Unit

The high-purity CO from the CHS unit is reacted with methyl nitrite (MN) and
converted to dimethyl oxide (DMO) as shown in Equation (9) [27]. The NO is reacted
with oxygen and methanol to produce methyl nitrite as shown in Equation (10), which is
recycled and used as the raw material of the DMO synthesis reaction.

2CO + MN — DMO + 2NO ©)

2NO + 0.50, + 2CH;0H — 2MN + H,0 (10)

After separation and purification processes, the DMO stream enters the ethylene glycol
synthesis reactor, in which it is reacted with the hydrogen from the CHS unit to produce
ethylene glycol as shown in Equations (11)—(13) [9]. The kinetic data of these reactions are
shown in Table S3 in the Supplementary Material. Considering the main components are
polar substances, this unit uses the NRTL-RK method as the thermodynamic method.

DMO + 2H, — 2MG + CH;0H (11)
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MG + 2H; — 2EG + CH30H

EG + H; — ET + CH30H

(12)

(13)

The output of the ethylene glycol synthesis reactor enters the high- and low-pressure
flashes for preliminary separation. The liquid stream is sent to the ethylene glycol refin-
ery system, which involves five columns: the methanol recovery column, dehydration
column, dealcoholization column, EG product column and EG recovery column [20]. In
the first column, the recovery methanol is recycled to synthesize MN. The dehydration
and dealcoholization columns are used to remove water and low-boiling alcohols. Finally,
the high-purity ethylene glycol product is obtained from the ethylene glycol product and
recovery columns.

2.7. Flowsheet Simulation and Validation

A simplified simulation flowsheet of the CTEG process with different CO, capture
technologies is shown in Figure 7. To simulate the whole flowsheet of CTEG process, the
key parameters for modeling and simulation of four different CTEG processes with Rectisol,
MEA, CAP and DMC technologies are shown in Table 2. After simulation, the mass and
energy balance of these processes are then obtained with the aid of simulator, Aspen Plus
software. Table 3 shows the comparison results of the simulation and literature reported
data of the key streams. It can be seen that the simulation results are in good agreement
with the literature reported data, i.e., the established models of four CTEG processes can
be used for the following system analysis. The basic performance of the whole CTEG
process in terms of the simulation results is present in Table 4. The CTEG process consumes
118.98 t/h raw coal to produce 37.50 t/h ethylene glycol products and about 2.19 t/h CO,
are captured in the AGR unit. Thus, the technical and economic performance of these
processes are analyzed and compared based on the simulation results.

Cryogenic

ASU unit

AGR unit tank

Shift
syngas,

Clean
syngas

| MEA technology (Fig. 4) |

Coal

CO-tich
| capecmoiosy g ) | (e

CHS unit

CG unit
% T WGS reactors | DMC technol (Fig. 6) |
technology (Fig. rator
gasifier ash H,O stea SpaakE
° WGS unit
co H,
BGSR mt »Tail gas
nalified EG
Methanol =
recovery
column
Methanol DM
(reused) DMO|
EGS reactor
MN Methanol ~ DMOS pmo  DMC o i
regenerator tecovery column  reactor coliiin atmospheric  pressurized Methanol Dehydration EG product
column colum recovery column column column

Figure 7. Simplified simulation flowsheet of CTEG process with different CO, capture technologies.
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Table 2. Key parameters for modeling and simulation of four CTEG processes.
Unit Key Parameters Value Key Parameters Value
ASU unit O, supplied mole purity 99.8% N, supplied mole purity 99.9%
CG unit Gasification pressure 4.0 MPa Gasification temperature 1500 °C
Oxygen to coal 0.42 Steam to coal 0.25
WGS unit Pressure 3.65 MPa Shift ratio 49.25%
1st shift reactor temperature 350 °C 2nd shift reactor temperature 220°C
AGR unit Shown in Table 1
CHS unit Hj recovery ratio 95.17% CO recovery ratio 91.75%
EGSR unit DMO reactor temperature 130 °C DMO reactor pressure 0.5 MPa
Regeneration temperature 40°C H, /DMO (mole ratio) 42
EG reactor temperature 235 °C EG reactor pressure 3.0 MPa
Recovery column temperature 90 °C Pressure 0.1 MPa
Methanol recovery ratio 99.5% DMC removal ratio 95.2%
Table 3. Comparison of the simulation and reported results of key streams.
CcO Hz C02 Hzo N2+AI‘ st Others
Crude syngas ? Simulation results 59.58 27.37 12.09 - 0.68 0.25 0.03
Industrial data ® 61.30 27.10 10.47 - 0.87 0.24 0.02
Shifted syngas Simulation results 23.17 43.83 32.04 0.22 0.53 0.18 0.03
Industrial data © 22.18 40.85 35.59 0.24 0.94 0.18 0.02
Clean syngas Simulation results 34.59 63.39 - - 2.02 - -
Industrial data 4 34.60 63.96 - - 143 - 0.01
H; product Simulation results 0.01 99.91 - - 0.04 - -
Industrial data ¢ - 99.95 - - 0.05 - -
CO product Simulation results 99.06 - - - 0.94 - -
Industrial data ¢ 98.00 - - - 2.00 - -
2 dry basis; P [28]; < [29]; 4 [20].
Table 4. Basic performance of the CTEG performance.
Item Value
Input coal 118.98 t/h
Air consumption 20,2600 Nm? /h
CO consumption 1529 kmol/h
H, consumption 2846 kmol/h
Methanol consumption 3.38t/h
HNO3; consumption 2.23t/h
NaOH consumption 0.54 t/h
CO; captured (AGR unit) 2.19t/h
Captured CO; purity >95.0%
EG product 3750 t/h

3. Comparison of the Four Different CO, Capture Technologies

In this study, the energy consumption, capital investment, CO; capture cost, pro-
duction cost, and internal rate of return are conducted to compare the technoeconomic
performance of the CTEG process with Rectisol, MEA, CAP and DMC technologies.

3.1. Comparison of Energy Consumption and Energy Efficiency

In this section, the energy consumption of CO; capture, the total energy consumption
and energy efficiency of whole CTEG processes are performed to compare the technical
performance of the CTEG process with different CO, capture technologies. The calculation
of the energy consumption of CO, capture with Rectisol, MEA, CAP and DMC technologies
is shown in Equation (14). Referring to the total input and output energy, the energy
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efficiency of the CTEG process with different CO, capture technologies can be analyzed as
shown in Equation (15).

_ Qreb + Weol + Weom + Wpum

W (14
mco, )
E
n =~ 100% (15)
Einput

where W means the total energy consumption of CO, capture; Q. is the heat duty of
the regeneration process; W1, Weom and Wpum are the work consumption of cooling
equipment, compressors and pumps, respectively; 7 is the energy efficiency; Eoutput is the
energy of output ethylene glycol; Einpyt is the total input energy including coal, electricity,
steam, etc.

As Figure 8 shows, the energy consumption of CO, capture of the CTEG process
with MEA technology is the highest, 5.20 GJ /tCO,, and the CTEG process with Rectisol
technology is the lowest, 1.88 GJ/tCO;, followed by the DMC process, 2.10 GJ/tCO,, and
MEA process, 3.64 G]/tCO;. The main reasons are that:

1.  In general, there is an ASU unit in a CTEG plant, which can simultaneously provide
oxygen and cold nitrogen. The cold nitrogen is at very low temperature and has
a relative high cooling ability. Therefore, the cold utility of the Rectisol and DMC
processes can be greatly reduced by integrating with the cold nitrogen stream of the
ASU unit, which will also reduce the amount of other coolants to cool the methanol.
As a result, the energy consumption of CO; capture of these two processes is lower
than that of the MEA and CAP processes.

2. The electricity consumption of the Rectisol process is significantly lower than that of
the DMC process. Thus, although both the Rectisol and DMC are part of the physical
absorption method and have a relative similar flowsheet, the CO; capture and total
energy consumptions of the Rectisol process are lower than those of the DMC process.

3. Asthe MEA process is a chemical absorption method, it needs an amount of steam
to heat the rich solution in the reboiler. In fact, the regeneration duty of the MEA
process is about 4.08 GJ /tCO,, accounting for 78.46% of the total CO, capture energy
consumption. However, most of the CO, of the Rectisol and DMC processes is
discharged in the multistage flashes, resulting in low regeneration duty.

4.  In addition to the heat duty of CO; regeneration column (1.26 GJ/tCO;), the CAP
process requires additional steam to heat the ammonia regeneration column, which is
about 1.42 GJ /tCO,. Thus, the energy consumption of the regeneration process of the
CAP process is far less than that of the MEA process, resulting in a low CO; capture
energy consumption. Compared with the MEA and CAP processes, the Rectisol and
DMC process requires less regeneration duty due to the high solubility of acid gas.

5. As for the compression work, the MEA process consumes the highest electricity;,
1.12 GJ /t CO,, because of the highest pressure of the CO, stream from this process
in comparison with other processes. It also leads to the high energy consumption of
this process.

6.  As Figure 8 shows, the total energy consumption of the CTEG process with Rectisol,
MEA, CAP and DMC technologies is 41.38 GJ /t, 48.44 GJ /t, 45.12 GJ /t, 41.85 GJ /t,
respectively. Assuming that the ethylene glycol production of these four processes
is the same up to 37.5 t/h, their total output energy is the same up to 19.10 GJ/T.
Thus, the energy efficiency of the CTEG process with Rectisol, MEA, CAP and DMC
technologies is 46.16%, 39.43%, 42.33% and 45.64%, respectively. Therefore, the CTEG
process with Rectisol technology has the best thermodynamic performance.
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Figure 8. Energy consumption of CTEG process with different CO, capture technologies.

Thus, integration of the cold nitrogen stream from the ASU unit to the AGR unit could
greatly reduce the CO, capture energy consumption, resulting in low energy consumption
of the Rectisol and DMC processes. It could also affect their economic performance as
discussed in the following section.

3.2. Comparison of Total Capital Investment

The conventional Chemical Engineering Plant Cost Index (CEPCI) method is used
to estimate the total capital investment (TCI) of the CTEG process with different CO,
capture technologies. The total capital investment of a process mainly includes fixed capital
investment and working capital [30]. The former is employed to purchase equipment,
piping, electrical, buildings, land, etc. In general, the equipment investment (EI) greatly
determines the fixed and total capital investments [31]. The cost of equipment is estimated
via Equation (16). The main parameters containing this equation are listed in Table 5. The
other costs of the total capital investment can be estimated on the basis of their ratios to
the investment of equipment. Their corresponding ratio factor is shown in Table S3 in the
Supplementary Material. Then, the total capital investment can be estimated as shown in

Equation (17) [32].
s\ (cepci
_ 2018
El = Elof % <_Sref> X <—CEPCI,ef ) X f (16)

TCI = EI x (1 + 2121—;) (17)

where S means the processing capacity; RF; is the ratio factor of the ith capital investment;
the subscript ref. means the benchmark case for equipment cost.
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Table 5. Reference equipment investment of each unit.

Unit Benchmark sf Sref El,¢ (10° CNY) CEPCl,¢ f
AsSU? Oxygen supply 0.50 91.75t/h 105 584.6/2012 0.5
cG? Coal input 0.67 11421 t/h 135.21 394.3/2001 1.0
WGSP Syngas input 0.67 30,697 kmol/h 11.56 525.4/2007 0.6
Rectisol 2 Syngas input 0.67 200 kNm?/h 52.3 584.6/2012 0.65
MEA ¢ CO; output 0.67 66,509 t/d 206.55 525.4/2007 0.65
CcApPd CO; output 0.67 419.16 t/h 117.15 584.6/2012 0.65
DMC 4 CO; output 0.67 66,509 t/d 244.45 525.4/2007 0.8
DMOS € H; input 0.65 2845.50 kmol/h 55.20 576.1/2014 0.6
EGS © DMO input 0.65 7421t/h 77.76 576.1/2014 0.6
EGR ¢ EG output 0.65 37.50 t/h 84.32 576.1/2014 0.6
HCS? H; output 0.67 21.3kg/s 45.92 575.4/2008 1.0
PSA f H, input 0.70 944 Nm3/h 0.83 576.1/2014 1.0

@ [21];° [33]; < [15]; @ [34]; © [10L; F [19].

The total capital investment of the CTEG process with different CO, capture technolo-
gies is indicated in Figure 9a,b. To purify the same amount of syngas, the CTEG process
with Rectisol technology takes the highest capital investment, followed by the CAP, DMC
and MEA technologies as shown in Figure 9a. The investment cost of the Rectisol, CAP
and DMC processes is about 1.27, 1.21 and 1.18 times that of the MEA process, respectively.
The high capital investment of the Rectisol process is mainly due to the more complex heat
exchange network and materials integration system. The high investment cost of the CAP
process is mainly because it requires an additional ammonia capture system to decrease the
escape ratio of ammonia. As a result, the total capital investment of the CTEG with Rectisol
technology is the highest, 4.49 x 10° CNY, followed by the CAP technology, 4.45 x 10° CNY,
DMC technology, 4.42 x 10? CNY, and MEA technology, 4.28 x 10° CNY. The distributions
of the total capital investment are present in Figure 9b. It shows that the proportion of
the ethylene glycol synthesis and refinery unit is the largest, 52.90%, which includes the
dimethyl oxide synthesis, ethylene glycol synthesis, and ethylene glycol refinery processes.
In addition, the coal gasification and acid gas removal units also contribute remarkable
proportions, accounting for 19.31% and 12.64%, respectively. Thus, more attention should
be paid to reduce the capital investment of these three units.
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Figure 9. Total capital investment of CTEG process with different CO, capture technologies.



Processes 2021, 9, 207 14 of 19

3.3. Comparison of Capture and Production Costs

In this study, the CO; capture cost and total production cost (TPC) are considered
to further compare the economic performance of the CTEG process with different CO,
capture technologies. They are defined as follows [26]:

TCRy,aGR + COM; aGR — Csa,AGR

Cost of CO, capture = (18)
McO,,a
TPC — Zi TCRa,i + Zi COMa,i - Zi Csu,i (19)
MEG,a
TCR,; = TCI; x CRF (20)
r
CRF=——— 21
1—-(1+nr)" @

where TCR,; is the total capital investment required for ith unit; Cy, ; means the salvage
value of ith unit; CRF is the capital recovery factor; r and n are the discount rate (12%)
and plant lifetime (20 years) [34]; COM, ; shows the annual cost of the operational and
maintenance of ith unit, which can be calculated as follows [35]:

OM,; = FOM,; + VOM, (22)

where FOM and VOM represent the costs of fixed and variable operation and mainte-
nance, respectively.

The CO; capture cost and total production cost of the CTEG process with different
CO; capture technologies are calculated in terms of the simulation results and the market
price of raw material and utilities as is shown in Table 6. As Figure 10a shows, the CO,
capture cost of the Rectisol process is lowest, CNY 169.5/tCO;, followed by the DMC
process, CNY 193.2/tCO,, the CAP process, CNY 232.6 /tCO;, and the MEA process,
CNY 250.5/tCO;. It is mainly because the utilities of the MEA and CAP processes are
much higher than those of the Rectisol and DMC processes. Compared with the DMC
process, the Rectisol process is more maturity, resulting in a low operation and maintenance
cost. Thus, the total production cost of the CTEG process with Rectisol technology is the
lowest CNY 4631/tEG, followed by the DMC technology, CNY 4644 /tEG. The MEA and
CAP technologies have a relatively high total production cost, CNY 4750/tEG, and CNY
4716 /tEG, respectively. From the perspective of the compositions of total production cost,
there is no obvious difference in the costs of wage (CW) and period expenses (CP) of the
four process as Figure 10b shown. The MEA process has the lowest cost of maintenance
(CM) due to its lowest capital investment. However, it can be seen that the cost of utilities
(CU) and raw material (CR) of the Rectisol process is relatively lower than the other process
due to its low energy consumption and high CO, removal ratio. Therefore, the CTEG
process with Rectisol technology has the best production cost advantage compared with
the MEA, CAP and DMC technologies.

Table 6. Average market price of main raw material, utilities, product and byproduct.

Items Price Items Price
Raw material and Raw coal CNY 450/t Fuel coal CNY 200/t
utilities Electricity 0.65 kWh/t Water CNY 4.5/t
Steam CNY 70/t Ammonia CNY 2200/t
Methanol CNY 2000/t MEA CNY 10, 600/t

DMC CNY 5500/t NaOH CNY 2000/t

HNO; CNY 2500/t Catalysts CNY 300/t
Product and Ethylene glycol CNY 7500/t Light diol CNY 1966/t
byproduct Dimethyl carbonate CNY 5500/t Sulfur CNY 1026/t
Mixed alcohol ester CNY 7700/t Heavy component CNY 6154/t

Sulfuric acid CNY 250/t Cinder CNY 43/t
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Figure 10. (a) Total production cost, (b) production cost compositions of the CTEG process with different CO,

capture technologies.

3.4. Comparison of Internal Rate of Return

Internal rate of return (IRR) is an important indicator to compare the competitiveness
of alternative technologies. It can be expressed as follows [20]:

n .
) NCFjx (1+IRR)”/ =0 (23)
j=0

where NCF; means the net cash flow of jth year.

The total revenue of the CTEG process is calculated by the simulation results and the
market price of product and byproduct as shown in Table 5. According to the results of
Sections 3.2 and 3.3, the internal rate of return of the CTEG process with different CO,
capture technologies is calculated and presented in Figure 11. The internal rate of return
of the CTEG process with the MEA and CAP technologies are the lowest, 16.91% and
17.12%, respectively. This is mainly because their production costs are much higher than
the Rectisol and DMC processes. The internal rate of return of the DMC process (17.38%) is
similar with the Rectisol process (17.25%) because of its similar total capital investment and
production cost. However, compared with the DMC technology, the Rectisol technology
has been successfully operated for decades and has a larger market share.
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16.0 |
S
5 150 |
14.0
13.0
12.0
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Figure 11. Internal rate of return of CTEG process with different CO, capture technologies.
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3.5. Comparison of the Overall Performance

To comprehensively compare the performance of the CTEG process with different
CO;, capture technologies, the best value of an evaluation indicator among the comparative
processes is assumed to be 1.0, and the relative value of this indicator of one process is its
value divided by the best value for determining their relative disadvantage. Results show
that the CTEG process with Rectisol technology has the best comprehensive performance
compared with the MEA, CAP, and DMC processes, especially in capture energy consump-
tion and cost as shown in Figure 12. The comprehensive performance of the MEA is the
worst because of the high capture energy and cost. However, its total capital investment is
greatly lower than three other technologies. In summary, the Rectisol technology is a good
choice for the CTEG process to CO, capture.

capture energy
1

Good Rectisol
08 ,,/’ ........... MEA
— - — CAP
IRR o _A9;6. N \ cap:ure t
E """"" [ 7/ - P RS . investmen DMC
JERCEARE T
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capture cost

Figure 12. Comprehensive performance of CTEG process with different CO, capture technologies.

4. Conclusions

This study analyzed the technoeconomic performance of four CO; capture alternatives
for the coal to ethylene glycol (CTEG) process: Rectisol, MEA, CAP and DMC. The main
results gained from this work can be drawn briefly as follows:

1. The energy consumption of CO; capture of the CTEG process with Rectisol technology
is the lowest, 1.88 GJ/tCO,, and the CTEG process with MEA technology is the
highest, 5.20 GJ /tCO,. That of the CTEG process with CAP and DMC technologies
are 3.64 GJ/tCO, and 2.10 GJ /tCO,.

2. The investment cost of the Rectisol, CAP and DMC technologies is about 1.27, 1.21
and 1.18 times that of the MEA process, respectively. As a result, the total capital
investment of the CTEG with Rectisol technology is the highest, 4.49 x 10° CNY,
followed by the CAP technology, 4.45 x 10° CNY, DMC technology, 4.42 x 10° CNY,
and MEA technology, 4.28 x 10° CNY.

3. The CO, capture cost of the Rectisol process is the lowest, CNY 169.5/tCO,, followed
by the DMC process, CNY 193.2/tCO,, the CAP process CNY 232.6/tCO,, and the
MEA process CNY 250.5/tCO,. Therefore, the total production cost of the CTEG
process with the Rectisol process is the lowest, CNY 4631/tEG, and that of the MEA
process is the highest, CNY 4750/tEG.

4.  The internal rate of return of the CTEG process with Rectisol technology is similar to
the DMC technology, which is higher than that of the CTEG process with the MEA
and CAP technologies.

Thus, compared with the MEA, CAP, and DMC technologies, the CTEG process with
Rectisol technology has the best comprehensive performance, especially in capture energy
consumption and cost. It can be selected as the most suitable CO, capture technology for
CTEG industry. The models and results obtained in this study can be used to guide the
coal chemical industry for selecting the best carbon capture technology, such as coal to
ethylene glycol/methanol/olefins/SNG industries.
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Abbreviations

7 energy efficiency

Csa,i salvage value of ith unit

COM,,; annual cost of the operational and maintenance of ith unit
CRF capital recovery factor

FOM fixed cost

n plant lifetime

N number of stages

NCF; net cash flow of jth year

P pressure

AP pressure drop

4 discount rate

RF; ratio factor of ith capital investment

S processing capacity

T temperature

AT temperature difference

TCR,; total capital investment required for ith unit
VOM variable operation and maintenance cost
Weol work consumption of cooling equipment
Weom work consumption of compressor

Wpum work consumption pump

ASU air separation unit

AGR acid gas removal

CG coal gasification

CHS CO and H; separation
CTEG coal to ethylene glycol

CCG choren coal gasifier

CCR CO coupling reactor

CAP chilled ammonia process

CEPCI  Chemical Engineering Plant Cost Index
DM dimethyl carbonate

EG ethylene glycol

EGSR ethylene glycol synthesis and refining
EI equipment investment

H/C hydrogen—carbon
IGCC integrated gasification combined cycle

IRR internal rate of return
MEA mono-ethanol amine
NRTL non-random-two-liquid
TCI total capital investment
TPC total production cost

WGS water gas shift
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