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Electricity demand in Malaysia has been projected to escalate and this has led to additional coal-fired power
plants being built. Combustion of coal has released greenhouse gases such as CO- into the atmosphere. It is
predicted that CO, emission from coal fired power plants will grow 4.1 % annually to reach 98 Mt by 2020.
Greenhouse gases like CO; is claimed to be the root of global warming, closely related to the verdict of 2 °C
increase in global temperature. To resolve this issue, amine unit has been integrated into the power plant for
acid gas removal. Amine is highly preferred due to its characteristic of high selectivity. The drawbacks of this
technology are costly operation, energy intensive and exhibits process dynamic. Detailed process simulation
utilising Aspen Plus is able to optimise the process and overcome these limitations. In steady state simulation,
the optimal operating conditions of absorber and stripper are found. Absorber should be operated at 30 °C (1
atm), while stripper at 120 °C (2 atm). The MDEA to MEA ratio is fixed at 3 : 7 with 40 wt% of amine in the
solvent. By comparing the optimised parameters to TNBR'’s result, acid gas removal rate showed an
increment of 5.5 % which resulted in 91.27 % of CO, removal rate. 300 % reduction in energy penalty and
heat duty cost are achieved when MEA/MDEA is used instead of MEA. A more economical and feasible acid
gas removal process with optimum operation is achieved. This has provided better insight for large scale
implementation of amine unit in industries with low energy penalty.

1. Introduction

There are 41 % of global electricity worldwide is generated from coal burning due to its low cost and
availability resulting in 24.5 % of greenhouse gases emission in 2012 (WCA, 2016). In Malaysia, coal-fired
power plant has accounted for 41 % of total electricity generation and is expected to increase in capacity by
2020. Commissioning of the first ultra-supercritical coal technology of 2 GW capacity in Peninsular Malaysia in
2016 (EC, 2016) has provided energy to power the need of 2 million people but at the same time increases
the greenhouse gases emission due to the high carbon content of coal. Global warming is hotly discussed
publicly relating to the CO2 emission from coal-fired power plant. No commercial CO, capture plant has been
built to capture the CO, from a coal-fired power plant associated to the high energy penalty in the operation of
these technologies. Under some potential climate policies, concern has been arisen regarding the
environmental issues associated with coal-fired power plant; a number of researches are prompted to resolve
this issue by introduction of highly effective CO, capture plant in pilot scale. To this regard, theoretical and
experimental researches on the amine unit have been conducted to minimise the energy consumption of the
scrubbing and amine regeneration process. Process simulator like Aspen Plus version 8.8 allows the
optimisation study for steady state operation of amine unit at lower cost (Dyment and Watanasiri, 2015). In
fact, the high energy penalty operation of amine unit is due to the poorly operated acid gas removal and amine
regeneration operation (Zurlo, 2013), which causes wastage in energy. Process optimisation is addressed in
this paper allowing the study on parameters correlated to amine unit efficiency and economy. Fluctuation in
the COz loading and temperature of the flue gas produced by coal combustion due to the variation of coal
composition makes the process exhibits dynamic behaviour (Nittaya et al., 2014). A mechanistic dynamic
process model and controllability analysis of this post-combustion unit must be developed for achieving a low
cost operation of less energy intensive. In order to produce a reliable mechanistic dynamic model for handling
of process dynamic, a valid steady-state model must be assembled. Optimisation is done to achieve a target
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of 90 % of CO2 removal rate or higher (Dyment and Watanasiri, 2015). Up to date, there are limited studies
working on the economics and energy aspects of amine unit, especially for the blended amine MEA/MDEA.
So, more studies on these areas are highly encouraged to make the commissioning of amine unit
economically feasible. Harun et al. (2012) had studied on the steady state simulation of amine unit. Some
studies had been done in accordance to high energy penalty of amine unit, as stated by Kaplan (2011), amine
unit are very energy intensive and has consumed 35 % of the electricity produced by a typical coal power
plant. Kidnay et al. (2011) further emphasises amine regeneration as the major cost determination factor.
Solvent selection can significantly reduce the energy penalty, which makes blended amine as one of the
approach to make amine unit economically feasible. These provide some insight for the current research.
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Figure 1: Result for case study done by TNBR (Rani et al., 2015)

Previous studies were focusing on a single amine instead of blended amine. A complete mechanistic model of
blended amine MEA/MDEA has not been explicitly addressed in literature. The aim of this paper is to prove
that blended amine is able to lower the energy penalty and operational cost of amine unit and then
optimisation of CO, capture unit using MEA/MDEA is presented and simulated using Aspen Plus (2016). Case
study done in TNBR pilot plant is taken as the base case scenario as shown in Figure 1. The structure of this
paper is as follows: Section 2 presents the detail of the model used throughout the simulation. Section 3 lists
out the base case operating condition and presents the economic analysis of CO, capture plant in steady-
state mode followed by Section 4, conclusion to summarise the outcome obtained based on this study.

2. Model development and preliminary study

The model used is based on the previous research done by Tenaga Nasional Berhad Research (TNBR)
situated in Kajang, Selangor as part of the Advanced Research Low Carbon Power Generation Program in
specific area of CCUS, specifically in amine absorption in reducing the CO» emission (Rani et al., 2015). Flue
gas is produced as the by-product of coal-fired power plant. Table 1 showed the detail information related to
flue gas and amine solution.

Table 1: Design information for column sizing

Criteria Design information

Flue gas density (kmol/m®) 0.039

Molar flow rate (kmol/h) 1 — 25 (Given by TNBR carbon capture pilot plant)
Space velocity (h™") 14,400 (Chunbo, et al., 2012)

L/D ratio 3.75

Amine solution (kg/h) 45.24 (30 wt%)

Based on the design information provided, absorber had been sized with the dimensions as below. The
dimensions for both tray and packed columns are shown in Table 2. This information is used as basic
information in steady state simulation. This information was used to carry out preliminary study in choosing the
most efficient column type for further simulation studies. Based on the preliminary simulation done, packed
column has proven much efficient in acid gas removal with higher removal rate as compared to the case when
tray column is used giving 77.75 % of CO removal. This result is in agreement with the information provided
by TNBR for the base case operating condition with 77.14 % of CO, removal giving less than 1 % of error
between both models rendering the simulation model valid to be used for further simulation. Refer to Figure 1
for result provided by TNBR model.
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Table 2: Specification of packed and tray column to be used for steady-state simulation

Unit Operation Absorber Specification (Packed column) Specification (Tray column)
Height of packing 1.50 m 1.5m

Diameter of column 0.40m 0.40m

Column packing Rasching ring.ceramic.packing (25 mm x 25

mm X 2.5 mm ; 505 kg/m® voidage of 0.78
(Pingxiang V-Shion Packing Co., 2014).
Actual number of trays 7 trays, 0.25 m spacing

3. Optimisation of operational parameters and economic analysis

Through steady state simulation, optimisation is carried out to improve the operability of amine unit. The main
objective of carrying out optimisation is to make the commissioning of amine unit economically and
environmentally feasible and less energy intensive. The acid gas removal rate and the amine regeneration
rate must be studied along with economic analysis. Table 3 showed that variables which are manipulated in
steady-state simulation for 2 objective functions of amine unit. Aspen Plus is used throughout the simulation.

Table 3: Manipulated variables and the range

Measured variables (output) Manipulated variables (input) Range of manipulated variables
Objective 1: Acid gas (COy) Lean amine flow rate (kg/h) 0 to 200
removal rate Amine to water ratio Oto1
MDEA to MEA ratio Oto1
Flue gas temperature (°C) 20 to 80
Lean Amine temperature (°C) 20 to 80
Absorber pressure (atm) 1to2
Objective 2: Amine Stripper pressure (atm) 1t03
regeneration rate Stripper temperature (°C) 100 to 140

Figure 2 showed the complete simulation layout in Aspen Plus which involves unit operation like absorber,
stripper, amine-amine heat exchanger, cooler, mixer and also auxiliary equipment like valves and pumps.
Simulation had been run repeatedly to provide the result as shown in Figure 3. All graphs showed the
relationship between acid gas removal rate and the manipulated variables. From the graphs, optimal point of
removal rate was determined by taking into consideration other factors like cost and surrounding condition.
The dotted line shows in the graphs are the optimal point chosen based on some justification.
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Figure 2: Complete steady-state simulation flowsheet in Aspen Plus

The optimised value for each parameter is listed in table form; the absorber and stripper are optimally
operated with the operating conditions as shown in the Table 4 below. The optimised removal rate showed
increment as compared to the base case operating condition to 91.27 % CO, removal rate with an increment
of 5.5 %.
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Figure 3: (a) — (h) Graphs showing the relationship between removal rate or amine recovery rate and various
manipulated variables

Table 4 showed the comparison between the optimised parameters to the one operated in TNBR. Based on
the result, economic and energy penalty analysis were done using Aspen Plus. Economic aspect of acid gas
removal using amine is determined by the stripper cost, stripper installation cost, utilities cost, operating cost
and the cost due to the amine degradation. Economic analysis mainly focuses on the stripper unit as stripper
unit is the unit which is accounted for more than 80 % of the total operating cost (Alptekin et al., 2009). By
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studying on the stripper’'s economic aspect, cost saving can be achieved. Reboiler in the stripper is the major
contributor to the plant operating cost (Slagle, 2013). Heat duty of the reboiler is specified by the user in the
Aspen Plus simulation, which impact on the amine regeneration as well as amine circulation rate. According to
Slagle (2013) the circulation rate is corresponded to the reboiler duty, the higher the amine circulation rate, the
higher is the reboiler duty. This parameter must be carefully studied as it directly influences the operational
cost and amine loss. In addition, the amount of MEA and MDEA lost through the absorber (CLEANGAS
stream), and stripper (CO2 and DISTILL streams) must be topped up into the absorber along with the lean
amine circulation stream. These has accounted for some cost. In this analysis, Aspen Plus with its activated
analysis was used for the economics and energy analysis. In carrying out this analysis, economics button was
activated; next, mapping, sizing, evaluation and investment analysis were done accordingly. By doing so, the
total capital cost and utilities cost were obtained. The equipment cost and installation cost of all equipment
were available in the investment analysis file. Analysis and comparison were done based on the result
obtained.

Table 4: Table of comparison between optimised parameters TNBR base case base case condition

Manipulated variables TNBR Optimised value
Lean amine flow rate (kg/h) 100 100

Amine to water ratio 3:7 4:6

MDEA to MEA ratio 5:5 3:7

Flue gas temperature (°C) 30 30

Lean Amine temperature (°C) 70 30

Absorber pressure (atm) 1 1

Stripper pressure (atm) 2 2

Stripper temperature (°C) 112 120

In comparing the operating cost between the case when blend amine is used as the solvent to the case when
only MDEA or MEA is used as the solvent, reboiler heat duty is fixed at 20,000 W at first. By referring to Table
5, when the heat duty is fixed, the utilities cost is almost the same for all cases. Cost of amine losses is
dependent on the type of amine used. For MDEA case, least amount of amine is lost as MDEA which is
tertiary amineis easier to be regenerated. This accounts for the lowest operating cost among the 3 cases. The
case when MDEA is used alone, the acid removal rate is also the lowest, which is 22 % lesser that the case
when blended amine was used. This explains why MDEA is not suggested to be used as the only solvent.
Operating cost for the case when blended amine was used has shown some cost saving.

Table 5: The operating cost for different amine used

Amine type Total amine loss  Total utilities cost of Total capital cost Total operating CO; removal
(20,000 W) cost (USDly) stripper (USDly) (stripper) (USD) cost (USDly) rate (kmol/s)
MEA only 766.76 6,140.86 411,500.00 6,907.61 0.00002898
MDEA only 247.99 6,140.86 411,500.00 6,388.85 0.00001819
MEA+MDEA 635.95 6,086.47 411,500.00 6,722.42 0.00002799

Next, comparison was made for the case when the heat duty was not fixed, but cost of amine losses was fixed
at an amount of 640 — 770 USD/y as shown in Figure 4. In this case the heat duty of 6,000 W is enough to
minimise the cost due to amine losses to 645.11 USD/y. Compare with the case when MEA is used alone,
20,000 W of heat duty was supplied yet the cost due to amine losses was still very high at 766.76 USD/y. The
reduction in the heat duty requirement has shown that, cost and energy could be saved by more than 300 %
when blended amine was used instead of MEA only. The usage of blended amine is able to reduce the energy
penalty (%) (Aroonwilas and Veawab, 2009) and operating cost. This emphasise on the importance of using
blended amine in amine unit and the necessity to study the process of MEA/MDEA absorption.

4. Conclusion

This paper presented a mechanistic steady state model of an amine unit using blended amine MEA/MDEA as
absorbent for removing CO, from flue gas. This model is proposed in accordance to the pilot scale amine unit
operation in TNBR. The main objective of this unit is to maintain the acid gas removal rate at 90 % and above.
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In steady-state simulation, optimisation of the operating condition and sensitivity study had been carried out.
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Figure 4: Chart of operating cost for different type of solvents which are MEA/MDEA, MEA and MDEA

This result had been compared to the base case scenario in TNBR. The comparison had proven that
optimisation has improved the effectiveness of amine unit in removing acid gas by 5.5 % giving CO2 removal
rate of 91.27 % which is much higher than the targeted 90 % of CO, removal. The objective of this study has
been achieved. While economic study further proves the suitability of blended amine MEA/MDEA in saving the
operating cost by as much as 300 %. This proven that utilisation of blended amine in acid gas capture unit
makes the installation of amine unit more promising with lower energy consumption. In future study, a
mechanistic dynamic model can be designed based on the outcome of this study to tackle the dynamic of this
process.
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