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Abstract: Chemical absorbents with low-energy requirements have become the primary focus of the
research on CO, capture from flue gas in power plants. To verify the absorption performance of the
NICE absorbent developed by the National Institute of Clean-and-Low-Carbon Energy in China,
a performance optimization test was conducted in Zhejiang University’s pilot-scale platform, and
the effects of the liquid—gas ratio, regeneration pressure, rich liquid fractional flow, and interstage
cooling on the absorption performance and regeneration energy consumption were investigated. The
results showed that in the CO,; pilot test, the optimized minimum regeneration energy consumption
was 2.85 GJ/t CO,, and the corresponding process parameters were as follows: a liquid—gas ratio of
1.82 L/m3, regeneration pressure of 191 kPa, an interstage cooling temperature of 40 °C, and a rich
liquid fractional flow ratio of 0.18. This study preliminarily verified the low-energy consumption
performance of the NICE absorbent and showed its good potential for industrial applications. Addi-
tionally, the NICE absorbent showed promise for capital and operating cost savings because of its
low liquid—gas ratio.

Keywords: carbon dioxide; absorbent; pilot-scale experiment; regeneration energy; process optimiza-
tion; NICE

1. Introduction

Currently, carbon neutrality is China’s national strategy. According to the prediction
made by the Intergovernmental Panel on Climate Change (IPCC), the contribution of
carbon capture, utilization, and storage (CCUS) technology will reach 14% in 2050 if the
mean global temperature increases by more than 2 °C [1]. CCUS technology is essential
for achieving carbon neutrality in China, and its application range will be considerably
broad. Among many CO, capture technologies, the post-combustion chemical absorption
technology is one of the technical routes with the highest potential for large-scale CO,
capture, owing to its good flue gas adaptability, high capture efficiency, and relatively
mature technology [2-5]. Currently, most carbon capture devices worldwide adopt chemical
absorption technology.

Amine-based solvents, such as monoethanolamine (MEA), are commonly used for
absorption processes. Due to its high absorption rate, large CO, capacity, low viscosity, and
high chemical/thermal stability, MEA is used widely; however, its energy consumption
for regeneration is as high as 4.0 GJ /t CO, [6], accounting for 60-80% of the total energy
consumption [7,8]. Therefore, the development of organic amine absorbents with low
regeneration energy requirements has become the focus of research. In laboratory studies,
blended amine solvents [9,10], water-lean solvents [11,12], ionic liquids [13,14], amino acid
salts [15], and biphasic solvents [16-18] have been investigated to reduce the regeneration
energy consumption for CO, capture. In this regard, significant progress has been achieved.
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The regeneration energy consumption of the 2-amino-2-methyl-1-propanol based non-
aqueous absorbent has been shown to be 2.1 GJ/t CO; [19]. The regeneration energy
consumptions of alkanolamine biphasic absorbents has been shown to reduce to 2.6 GJ/t
CO; [20]. The regeneration energy consumption of the MEA-sulfolane biphasic absorbent
has been shown to successfully reduce to 1.8 GJ/t CO, [21]. However, the rapid increase
in viscosity during CO, absorption using such absorbents deteriorates mass transfer and
liquid transportation, which are crucial for industrial applications [22]. High capital and
operating expenses also limit their industrial applications.

While there are many laboratory-scale studies on these absorbents, there are few
studies on their industrial-scale feasibility, and most pilot plant studies have focused on
amine-based absorbents. The regeneration energy consumed during the 100,000 tons/year
Piperazine absorber demonstration carried out by the Alabama Carbon Capture Center
was as low as 2.6 GJ/t CO; [23]. The regeneration energy of the amine solution, which
was tested at the 0.7 MWe CO, capture facility at Kentucky Utilities, was in the range of
2.9-3.3 GJ/t CO; [24]. The 150,000 tons/year demonstrative regeneration of mixed amine
absorbent carried out by China’s Jinjie Power Plant consumes 2.4 GJ/t CO;, [25]. These
pilot plant studies are necessary to evaluate absorbents under practical conditions to bridge
the existing knowledge gaps. However, these absorbents with low regeneration energy
requirements function based on low reaction heat and have a relatively high liquid-gas
ratio, ranging from 2.55 to 4.80 L/m3 [23-26]. An absorbent with a high CO, absorption
capacity resulting in a low liquid—gas ratio (<1.9 L/m?) has been scarcely studied. The
high-capacity absorbent just requires a low solvent flow rate in the circulating system, and
the operating and equipment costs can be reduced. However, the quantifiable strengths
and weaknesses of high-capacity absorbents is still unclear. On the other hand, many
over 1,000,000 tons/year CO, absorption capacity facilities with amine solution will be
built in China. As a result, a pilot-scale study on high-capacity absorbents is necessary to
investigate whether high-capacity absorbent has good potential for industrial applications.
It is also necessary to study whether the current absorption equipment is suitable for high-
capacity absorbents. Furthermore, these absorbents are still expensive in China, selling at
prices more than 60,000 CNY /t. The development of novel absorbents with low production
and operating expenses remains a major challenge.

In this paper, the NICE absorbent developed and named by the National Institute
of Clean-and-Low-Carbon Energy (NICE) in China showed an improved CO, absorption
capacity, a low liquid—gas ratio, and a low regeneration energy. Compared to MEA, the
NICE absorbent exhibits lower corrosion rates, solvent degradation rates, and amine
loss [27]. In this work, the NICE absorbent was tested to determine if it can exhibit its
best performance in traditional MEA absorption system. Through this pilot test, the
regeneration energy consumption of the absorbent was investigated. The optimal operating
parameters of the absorbent were obtained and compared to those of the MEA from
previous tests, including the liquid—gas ratio, regeneration pressure, rich liquid fractional
flow, and interstage cooling, in relation to their effects on the absorption performance of the
absorbent. While there is a major focus on saving cost in producing the NICE absorbent,
compared to the case with MEA, the actual operation properties of the NICE absorbent also
determine the design of the corresponding new capture system.

2. Methods
2.1. Experimental Device

The pilot-scale test platform was built at the Thermal Energy Institute at the Zhejiang
University. The process flowchart and elevation layout of the platform are shown in
Figures 1 and 2, respectively. The test platform was divided into six layers with a total
height of 16.2 m. The whole system includes five towers: absorption I, absorption II,
stripper, pretreatment, and water-washing.



Processes 2022, 10, 599

30f12

Fiue gas CTTTTTTT 3
outlet =T K : L a1 1
. —__ZAdd absoroen Gas
Waltlér- Z /Jqé]:ooler o
washing Lean 2
5 D] cooler = outlet
absorber X Léan- X
II  [X| richheat DJ
N | exchange [ X stripper
: L X Steam
inler
Flue gas X
inlet L reboiler
Pretreatment Rich solution

tank

Figure 1. Process flowchart of the test platform.
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Figure 2. Elevation layout of the test platform.

The flue gas treatment capacity of the system is 200-300 Nm?/h. An oil-fired boiler
flue gas is employed with a CO; dry base concentration of 10-12%. The heat required for
regeneration is also derived from the oil-fired boiler steam.

2.2. Experimental Process Flow

The experimental process flow involves several steps. The flue gas from the outlet
of the oil-fired boiler is pre-treated by an alkali scrubber and subsequently decarburized
by an absorption tower. The flue gas enters the absorption tower from the bottom of the
absorption tower and encounters the absorption liquid in reverse. The absorbent absorbs
CO; in the flue gas, and stays in the absorption tower about 2~3 min. The interstage cooling
process reduces the reaction temperature and improves the absorption efficiency. After
decarbonization, the flue gas is cooled by the washing tower and the loaded absorbent in
the flue gas is eluted simultaneously; thereafter, it is finally discharged into the atmosphere.
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After absorbing COy, the rich liquid exits the absorption tower through the pump at
the bottom of the tower. A portion of the rich liquid is sent to the plate heat exchanger to
absorb the heat of the lean liquid, after which it is sent to the regeneration tower. Another
portion of the rich liquid is directly sent to the top of the regeneration tower to condense
the water vapor in the regeneration gas and recover the regeneration heat. The desorption
of the absorbent lean liquid in the regeneration tower occurs with cooling by the liquid
heat exchanger and the lean liquid cooler; thereafter, it returns to the absorbent tower to
complete the absorption cycle.

The regeneration gas desorbed from the top of the regeneration tower is cooled to
obtain the product gas, CO;, and the condensate water of the regeneration gas is returned
to the regeneration tower.

Once changing the process conditions, the platform needs to run for 3 h to achieve
a steady state. In this experiment, samples were obtained at 30 min intervals. The data
points were obtained by sampling five times on average.

2.3. Test Method
2.3.1. Gas Component Analysis

The inlet flue gas, outlet flue gas, and regenerated product gas of the absorption tower
were fed into the Beijing Huayun portable infrared analyzer (Beijing Huayun Analytical
Instrument Research Institute Co. LTD, Beijing, China) through a drying pipe to analyze
the CO; concentration. The instrument model used was GXH-3011E; instrument ranges
were 0-5%, 0-15%, and 0-100%; the inlet volumetric flow rate was 0.9 L /min; measurement
linearity was <#2% ES; and reproducibility was <41% E.S. Before the test, standard gas
was used to calibrate the measurement accuracy.

2.3.2. Amine Solution Concentration Test

The amine concentration was measured by an acid-base neutralization reaction.
An aqueous solution of organic amine presents weak alkalinity, owing to the hydroly-
sis reaction. In the acid-base neutralization reaction, with the continuous addition of the
acid, the pH and potential in the solution changed. The concentration of the amine solution
was calculated by adding the amount of acid and measuring the potential of the solution.
The calculation formula used is as follows [28]:

VH* X CH*

C = 1000 x 1)

S
where C is the amine solution concentration (mol/L), V; is the volume of the sample (uL),
Cy+ is the concentration of acid used for titration (mol/L), and Viy+ is the volume of acid
(mL). Before the test, the standard solution was used to calibrate the measurement accuracy,
which was less than 1%.

2.3.3. CO;, Loading Test

As shown in Figure 3, the sealing fluid was poured into a level bottle. Thereafter,
400 pL of an amine solution was injected into the small isolation flask of the carbon dioxide
reaction bottle. Subsequently, 2 mL of an H»SO4 solution was added to the outside of the
isolation flask, the clock was rotated to the tee position, and the level bottle was raised so
that the liquid level set in the measuring pipe reached the top mark. Afterward, we rotated
the cock until the gas cylinder was only connected to the CO, reaction bottle, after which
we placed the level bottle down to determine the system’s airtightness. After determining
that there were no leakage issues, the reaction bottle was tilted, and the amine solution
was in good contact with sulfuric acid. The reaction bottle was shaken vigorously until the
liquid level of the pipe remained constant. Thereafter, the level bottle was raised closer to
the pipe, and the two liquid levels were positioned in parallel. The volume (V), temperature
(t), and atmospheric pressure (P) were read, and the CO; loading of the amine solution
was calculated.
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Figure 3. Amine load titration system.

2.3.4. Regeneration Energy Consumption Calculation

The regeneration energy consumption is an important index for evaluating the cycle
characteristics of absorbents and the operation cost in industrial applications. The calcula-
tion of the regeneration energy consumption is based on the amount of CO, produced and
steam consumption, and is calculated using the following formula [29]:

oy
W= Qsteam(H — H')
Qco2

@

where W is the regeneration energy consumption, GJ/t COy; Qsteam is the mass flow rate
of steam in the reboiler, t/h; Qco; is the mass flow rate of CO; in the regeneration gas, t/h;
H is the enthalpy of water vapor, GJ/t, H' is the enthalpy of condensate water, GJ /t. The
steam mass flow rate was directly measured using a steam flowmeter. The mass flow rate
of the regeneration gas was further calculated considering the temperature and pressure by
the following formula [30]:

P'c0rTcor
— 3)

Qcoz = Vcoz 0co?
Pco2T'co

where V(o is the volumetric flow rate of the regenerated CO, in the standard state, m3/h;
P’y is the regeneration pressure, kPa; Pcoy; is the standard atmospheric pressure, kPa;
T’ coz is the regeneration temperature, K; Tco; is room temperature, K; pco; is the density
of CO, in the standard state, t/m?3.

3. Results and Discussion
3.1. The Effect of the Liquid—Gas Ratio

The liquid-gas ratio is an important parameter in the solvent absorption process,
which directly affects the working efficiency of the absorption tower, material transport,
and regeneration energy consumption. In the test, the flue gas flow rate was maintained
at a maximum value of 275 m3/h, the steam consumption was maintained at 75 kg/h,
the regeneration pressure was 101.3 kPa, the difference between the rich and lean liquid
outlets of the heat exchanger was 3.5 K, the interstage cooling temperature was 40 °C, the
rich liquid fractional flow ratio was 0, the solution flow range was 400-1000 L/h, and the
corresponding liquid-gas ratio was 1.45-3.64 L/m?3.

The CO; loadings of the lean and rich liquids in stable operation, at different liquid—
gas ratios are shown in Figure 4. With the liquid-gas ratio increasing from 1.45 to 3.64 L/m?,
the CO; loadings of the lean liquid increased by 94%, loadings of the rich liquid decreased
by 8%, and the circulating loadings decreased by 64%. The lean liquid is the outlet solution
of the regeneration tower, and its load quantity represents the situation of the regeneration
process of the solution. The higher the load quantity, the lower the regeneration efficiency,
which is the ratio of regenerated solution to rich liquid. With a fixed steam amount, the
higher the liquid—gas ratio, the higher the amount of the solution that needs to be heated
per unit time and the lower the regeneration efficiency. The rich liquid is the outlet solution
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of the absorption tower, and its load represents the situation of the absorption process
of the solution. The higher the load amount, the higher the absorption efficiency of the
solution. At a constant flue gas flow, the smaller the solution flow, the higher the loading.
However, in the actual test process, when the liquid-gas ratio was below 2.9 L/m?, the
distribution uniformity of the solution in the absorption tower was destroyed, resulting
in a slight decrease in the absorption efficiency of the solution. This phenomenon results
in a horizontal trend of rich liquid loads with liquid-gas ratios between 1.8 L/m? and
2.9 L/m3. When the liquid-gas ratio was further reduced, the absorption capacity of the
solution exceeded the influence of the absorption tower and the rich liquid load increased.
If the flue gas flow can be increased, the NICE absorbent can exhibit improved absorption
performance. Notably, the loading of the rich liquid (3.74 mol/L) is 15% lower than the
results obtained in our lab (4.29 mol/L). This equipment is not suitable for the NICE
absorbent. Consequently, the optimal regeneration energy consumption was not achieved
in this test.

o\.__ ._./.—.\

—>

—8— Lean liquid  —®=— Rich liquid
2.5

CO2 loading capacity (mol/L)

1.3 1.8 2.3 2.8 33 3.8

Liquid-gas ratio (L/m?)
Figure 4. Effect of the liquid-gas ratio on the CO, loading capacity of lean and rich liquids.

The regeneration energy consumption and CO, removal rate of the NICE absorbent are
shown in Figure 5. Since an increase in the liquid-gas ratio promotes the absorption process
but reduces the desorption process efficiency, the energy consumption of regeneration
presents a U-shaped trend with an increase in the liquid—gas ratio. Combined with the
curve of the CO, removal rate, which needed over 80% and had the lowest regeneration
energy consumption, the optimal liquid—gas ratio was determined. In this section, the
lowest regeneration energy consumption was 3.34 GJ /t CO;, the highest CO, removal rate
was 94%, and the optimal liquid-gas ratio was 1.82 L/m3. The optimal liquid-gas ratio
was reduced by 50% compared with that (3.64 L/m?>) obtained with the base absorbent
(30% MEA) tested on the same platform.

3.2. The Effect of Regeneration Pressure

The regeneration pressure directly affects the CO, concentration of the product gas
and the temperature in the regeneration tower, which directly affect the regeneration energy
consumption of the system. The product gas is composed of CO, and saturated water
vapor, and the amount of saturated water vapor is only related to the temperature in the
product. In the process of optimizing the regeneration pressure, the steam consumption
was maintained at 60 kg /h, the liquid-gas ratio was 1.82 L/m3, the regeneration pressure
varied from 101 to 191 kPa, and other process conditions remained unchanged.
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Figure 5. Effect of the liquid—gas ratio on the regeneration energy consumption and removal rate.

When the regeneration pressure increased, the internal temperature in the desorption
tower increased, and the partial pressures of water vapor and CO; in the top gas of the
desorption tower simultaneously increased. When the pressure was lower than the critical
value, the partial pressure of CO, increased rapidly, leading to an increase in the proportion
of CO;, in the top gas of the desorption tower. In this case, less water was carried by the CO,
recycled from the top of the tower, reducing the latent heat required for regeneration. When
the pressure was higher than the critical value, the partial pressure increased rapidly, and
thus, the proportion of CO; in the top gas of the desorption tower decreased [31]. Evidently,
the critical parameter is the optimal regenerative pressure. At a pressure of 191 kPa, the
outlet temperature in the reboiler increased from 104 °C to 117 °C, and the temperature
in the regeneration tower increased from 92 °C to 101 °C, as shown in Figure 6. The
results show that increasing the regeneration pressure can effectively reduce the heat loss
of the system and improve the heat utilization efficiency in the regeneration process. The
increasing temperature in the regeneration tower benefits the preheating of the rich liquid
in the desorption tower and the fast desorption process, and the increasing temperature in
the outlet of the reboiler benefits the slow desorption process of the absorbent. The actual
regeneration energy consumption was consistent with the prediction.

120

115 p

110 p

Temperature (°C)

—8— Temperature of outlet of the reboiler

—&— Temperature of the regeneration tower
100

95 .//

90 2 2 2 2
100 120 140 160 180 200

Regeneration pressure (KPa)

Figure 6. Effect of the regeneration pressure on the temperature in the regeneration tower and the
outlet of the reboiler. The steam consumption is 60 kg /h, liquid-gas ratio is 1.82 L/m3, interstage
cooling temperature is 40 °C, and rich liquid fractional flow ratio is 0.
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As shown in Figure 7, the regeneration energy consumption decreased with an in-
crease in the regeneration pressure. Due to the limited design of the device, it can only be
pressurized to 191 kPa, with a minimum renewable energy consumption of 2.91 GJ/t CO,
and energy savings of 12%. The minimum regenerative pressure for the energy consump-
tion of the base solvent tested on the same platform was 181 kPa, and the regenerative
energy consumption was reduced by approximately 5%. Therefore, the NICE absorbent
has an outstanding high-pressure desorption potential and is suitable for high-pressure
desorption processes, which help to reduce energy consumption during the subsequent
compression process.

3.35 110.00
&
= Q
@} =
- N’
,}1 3.25 = 90.00 e
g =
N’
= [
= >
= 3.15 = 70.00 =
=) £
£ @
= =
w
= . ~
S 305 F —e— Regeneration energy consumption 1 50.00
s
eo
) —e— Removal rate
5 2.95 | 4 30.00

2.85 - d - d 10.00

100 120 140 160 180 200

Regeneration pressure (KPa)

Figure 7. Effect of the regeneration pressure on the regeneration energy consumption and removal rate.

3.3. The Effect of the Rich Liquid Fractional Flow Ratio

In the traditional desorption process, the rich liquid enters the heat exchanger for heat
exchange with the lean liquid. The rich liquid fractional flow process feeds a portion of the
rich liquid directly into the regeneration tower and the other part into the heat exchanger.
In this process, the waste heat of the regenerating gas was used to heat the cold rich liquid.
At the same time, the flow rate of the rich liquid into the heat exchanger decreased, which
resulted in an increase in the temperature in the rich liquid at the outlet and a consequent
increase in the utilization rate of the waste heat in the regeneration tower.

The test regeneration pressure remained at 191 kPa, the rich liquid fractional flow
ratio was 0-29%, and the other process conditions remained unchanged. Figure 8 shows
the change in the outlet temperature in the heat exchanger and the temperature in the
regeneration tower when the liquid to rich flow ratio is varied. The outlet temperature
in the heat exchanger and the tower temperature show the same trend of increasing first
and subsequently decreasing with an increase in the rich liquid diversion ratio. When the
split ratio was lower than 0.18, the decrease in the rich liquid fractional flow ratio did not
affect the efficiency of the heat exchanger and induced an increase in the outlet temperature.
At this time, the heat exchange between the cooling rich liquid and the hot product gas
in the regeneration tower was sufficient, causing an increase in the temperature in the
tower kettle. When the split ratio was greater than 0.18, a very low flow rate was observed,
which led to a decrease in the heat exchanger efficiency. Furthermore, a large amount of
cooling-rich liquid entered the regeneration tower, resulting in insufficient residual heat
and temperature drop. Figure 9 shows the regenerative energy consumption corresponding
to the rich liquid fractional flow ratio; the optimal rich liquid fractional flow ratio was
determined to be 0.18. At this time, the regeneration energy consumption was 2.85 GJ /t
CO;, the energy consumption was reduced by 2%, and the removal rate was greater than
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80%. The lowest regeneration energy point was also the highest temperature point, and
the regeneration energy reduced with the increasing temperature. The cold fractional flow
directly into the top of regeneration tower could recycle the heat of the product gas. As
a result, rich liquid fractional flow is suited to the NICE absorbent, and needs to be added
in future process design.
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Figure 8. Effect of the rich liquid fractional flow ratio on the temperature in the regeneration tower
and the outlet of the heat exchanger. The steam consumption is 60 kg/h, liquid—gas ratio is 1.82 L/ m3,
regeneration pressure is 191 kPa, and interstage cooling temperature is 40 °C.
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Figure 9. Effect of the rich liquid fractional flow ratio on the regeneration energy consumption and
removal rate.

3.4. The Effect of the Interstage Cooling

Interstage cooling can reduce the temperature in the absorption tower and strengthen
the absorption process. The effect of interstage cooling can change depending on the
column height at which it is applied [32]. However, the location of the inter-cooling was
dictated by the layout of the pilot plant. The optimum location for inter-cooling was not
determined. In this test, other process conditions were kept unchanged, and only the
influence of interstage cooling on the regeneration energy consumption was investigated.
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Figure 10 shows the influence of interstage cooling on the energy consumption of the
system. The energy consumption of open interstage cooling was 2.86 GJ/t CO, and that of
closed interstage cooling was 2.88 GJ /t CO,; the energy consumption increased by 0.7%.
Interstage cooling had a small influence on the energy consumption of the base solution
and could reduce the energy consumption by 5% in this pilot plant. This difference may
be caused by two reasons. Firstly, the NICE absorbent, compared with the base solution,
can still maintain a certain absorptive capacity at a high temperature, which is conducive
for reducing the absorption—-desorption temperature difference and offers a direction for
further improvement in the process. Secondly, the location of the inter-cooling does not fit
with the NICE absorbent, where the absorbent still has a high capture ability and does not
need to be cold.

2.89

288 p

287 p

2.86

Energy consumption (GJ/t CO,)

2.85

Interstage cooling on Interstage cooling off

Figure 10. Effect of interstage cooling on the regeneration energy consumption. The steam con-
sumption is 60 kg/h, liquid-gas ratio is 1.82 L./m?3, regeneration pressure is 191 kPa, and rich liquid
fractional flow ratio is 29%.

3.5. Comparison between the NICE Solvent and MEA

Compared with the base absorbent (30% MEA) tested on the same platform, the NICE
absorbent showed a low regeneration energy consumption of 2.85 GJ/t CO,, where the
optimal liquid—gas ratio was 1.82, as shown in Table 1. The circulation volume of the
NICE absorbent was half that of the base absorbent, and the operating cost of the NICE
sorbent could be reduced by approximately 50%. The energy consumption of the NICE
absorbent was approximately 70% that of the base absorbent, which could also reduce the
energy cost by 30%. Contrarily, a relatively low circulation volume of the absorbent implies
that a relatively small facility can be utilized, and the equipment capital can be reduced
by approximately 10-20%. Thus, this test exemplifies the excellent potential of the NICE
absorbent for industrial applications.

Table 1. Comparing the regeneration energy consumptions and the optimal liquid—gas ratios of the
NICE absorbent and 30%MEA.

Regeneration Energy Optimal Liquid-Gas Ratio (L/m?3)

Consumption (GJ/t CO3)
30% MEA 4.0 3.64
NICE absorbent 2.85 1.83

4. Conclusions

The absorption performance of the NICE absorbent was studied in a pilot absorbent
platform at the Zhejiang University, and the effects of the liquid—gas ratio, regeneration
pressure, rich liquid fractional flow, and interstage cooling on energy consumption were
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investigated. By maintaining the maximum flue gas flow and a removal rate greater than
80%, the minimum regeneration energy consumption of 2.85 GJ/t CO;, was achieved,
and the corresponding process parameters were as follows: the steam consumption was
60 kg/h, the lean liquid flow rate was 0.5 m?/h, the liquid—-gas ratio was 1.82 L/m?, the
regeneration pressure was 191 kPa, the interstage cooling temperature was 40 °C, and the
rich liquid fractional flow ratio was 0.18. The test initially demonstrated the industrial
feasibility and potential for capital and operating cost savings in the production of the NICE
absorbent. This work has shown a good industrial application prospect of high-capacity
absorbents, which also can reach a similar regeneration energy consumption in comparison
to traditional low reaction heat absorbents. In this way, many simply structured amines can
be used to reduce the cost of absorbents. Additionally, the current absorption equipment is
not suitable for high-capacity and low liquid-gas ratio absorbents. The traditional capture
system cannot reach full potential of high-capacity absorbents; although, increasing the
flue gas flow can be a solution. A novel capture system that is suitable for the high-capacity
absorbents must be designed in future works, which is the biggest challenge for the broad
application of high-capacity absorbents.

5. Patents

Zhang Shizhe, Li, Zhao Xinglei, Method and system for capturing carbon dioxide
and/or sulfur dioxide from gas stream. CN111185071A, 25 August 2011.
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