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Chapter 1: Process Introduction

Kazakhstan's enormous energy reserves are widely recognized. Its potential in the energy
industry is large, and its output is expected to increase in the near future. The crude oil
production only in Kashagan field is going to be increased by 955 kilo barrels per day (kbpd) of
crude oil only [1]. Moreover, Kazakhstan takes 9th place in production of coal worldwide in
2018 [2]. On the other hand, with the expansion of natural energy reserves production, the
ecological situation of the country deteriorates. The primary source of greenhouse gas emissions
in Kazakhstan is the energy sector, which accounted for 77.6% of all CO, gas equivalent
emissions in 2020 [3]. Nowadays the government is working towards the improvement of the
situation. In the framework of the Paris Agreement, Kazakhstan has set the goal of reaching
carbon neutrality by 2060. There are several ways to achieve neutrality, including calcium
looping, oxy-fuel combustion, integrated gasification combined cycle, and chemical absorption
by amine-based solution. The last one is widely used in the field because of its applicability for
dilute CO, streams and possibility to fit into the existing plant [4].

Unfortunately, Kazakhstan's production has not yet employed this approach, even though
it is clear that it would be beneficial for the country to satisfy the domestic and international
demand of nearby countries by producing essential chemicals. Therefore, the ultimate goal of
this Capstone project is to design and to simulate the most efficient, cost-optimized production of
monoethanolamine solution for further use in the carbon capture process. The scope of the
project covers the selection of the main manufacturing pathway, final product specification,
suitable kinetics and catalyst, design of major and minor equipment, choice of plant location,
economic and market analysis and future projections.

1.1. General Physical and Chemical Properties of Ethanolamines

Ethanolamines (EAs) - organic compounds that include two different functional groups:
amines and alcohol. Types of EAs are determined by the number of ethyl alcohols attached to the
nitrogen. There are three compounds of EAs: monoethanolamine (MEA), diethanolamine
(DEA), and triethanolamine (TEA).

MEA and TEA are viscous and colorless liquids in ambient conditions. They can absorb
moisture from the environment. Alternatively, DEA is present as a viscous liquid or as a
crystalline solid at room temperature. All of them are flammable and prone to degradation at
high temperatures. They are corrosive to several materials, like rubber and plastic. Different
physical properties of ethanolamines are presented in Appendix A [5-6].

As ethanolamines have both amino and hydroxyl groups, they show basic properties. The
pH values for MEA, DEA, and TEA are 12.1, 11.0, and 10.5, respectively [6-8]. Moreover, the
chemical properties of EAs are also dependent on these functional groups. For example, salt is
formed when they react with strong acids like nitric acid [9]. When they degrade, nitrogen oxide
in gaseous form is emitted [10].

In the reaction with carbon dioxide, MEA and DEA produce solid carbamates,
bicarbonate, and zwitterion. The reaction is present in Appendix A [11-12]. In contrast, TEA



does not react actively with carbon dioxide, therefore, it is rarely used for the carbon capture
process.

1.2. Monoethanolamine Application and Production Rate

As this Capstone project’s topic is related to the production of MEA solution, MEA
application and production rate of the plant are discussed mainly in this chapter.

The major use of MEA 1is the post-combustion carbon capture process, along with DEA
and other compounds. Aqueous solution of MEA is widely used for this purpose. The
widespread usage of MEA for carbon dioxide removal is explained by its large gas absorption
capacity and strong alkalinity [13]. The process flow diagram for the carbon capture process is
presented in Appendix A [4]. Moreover, MEA is useful for gas purification because of its
solubility in hydrocarbons. An example of gas purification is the removal of acidic compounds
like hydrogen sulfide from natural gas using MEA solutions [14]. Additionally, MEA is a
reactant for the production of aziridine and ethylenediamine, which are necessary for paper
manufacturing [5]. Fields of application of DEA and TEA include agriculture, cement
production, textile manufacturing, and surfactant fabrication [15].

The desired product for this project is 30 wt% aqueous MEA solution. The choice of the
final product is explained by the high absorbance capacity of carbon dioxide and reasonable
expenditures for the carbon capture and storage (CCS) process comparatively with other
solutions used for this purpose [16]. The production rate of this project is derived from
Kazakhstan’s strategic planning of CO, emission reduction by 15% until 2030 [17]. The average
CO, emission rate from 2019 to 2021 in Kazakhstan was 215.65 million tonnes, while other
Central Asian countries’ emission rate value was 220.57 million tonnes [18]. Details of CO,
emissions of different countries are given in Appendix A. Taking into account that 2.2 kg of
MEA can absorb 1 tonne of CO,, the final value of pure MEA production was calculated as
20.56 kilotonnes (kt) per year [19]. Since MEA made up 30% of the final product, the total
production rate is ~70 kt per year. The detailed calculation is presented in Appendix A.

1.3. Review on the Selected Production Route

There are several ethanolamine production options including ammonolysis of ethylene
chlorohydrin [5, 20], ammonolysis of ethylene oxide [20-22], biological EA production by
fermentation [23-25], and direct synthesis of EA from cellulose [27,28]. Table A.3 outlines the
advantages and disadvantages of each approach. Among these, the reaction of ammonia with
ethylene oxide stands out as a well-established and reliable process, offering high product yield
and purity. However, due to the slow progress of the EO and anhydrous ammonia reaction,
catalysts like water [28], ion-exchange resin [29], silica-alumina [30], zeolite-based catalysts
[29], or rare earth element-supported catalysts [31] are necessary. Table A.4 presents the
performance properties of heterogeneous and homogeneous catalysts used in EA production.
Upon comparing existing catalyst options, water emerged as the most suitable choice due to its
relatively high MEA selectivity, low reaction temperature, ease of separation and recycling,
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cost-effectiveness, and availability. Therefore, water-catalyzed ammonia and EO reaction was
selected as the primary production route for this project.

In terms of thermodynamics, the Amines model was selected for describing
ethanolamines’ thermodynamic properties and kinetics. EO reacts with aqueous ammonia in
three consecutive competitive reactions resulting in a mixture of MEA, DEA, and TEA [32, 33],
as given in Egs. (1.1), (1.2), and (1.3), respectively:

NH, .+ C,H,0, =~ CHNO (1.1)
C,H,NO  +CH0, ~CH NO, (1.2)
C,H,NO, +CHO, > CHNO (1.3)

Here, the side reaction involving water and ethylene oxide, leading to ethylene glycol
formation, is not taken into account due to its insignificance. In addition, the presence of
ethylene glycol in the ethanolamine mixture is permissible for carbon capture applications [34].

The kinetics of selected ammonia and EO reactions catalyzed by water have been studied
by Potter and McLaughlin [32], Miki et al. [33], Park et al. [35], and Cheng et al. [36]. In their
work, the determination of rate constants and activation energy was based on the assumption that
the reaction followed an irreversible competitive consecutive second-order reaction. Kinetic
studies show that for EO and aqueous ammonia reactions, the activation energy is the same for
all three reactions in Egs. (1.1), (1.2), (1.3), and the rate constants obey the Arrhenius-type
relationship [32-36]. Since the rate constants are the functions of water concentration, the water
content in the system highly impacts the kinetic rates for the production of MEA, DEA, and
TEA. It has been observed that increasing water concentration in the reaction system contributes
to enhancing the selectivity of MEA [36]. Based on the comprehensive analysis and validations
using all presented kinetic studies in Table A.5, it was concluded that employing the kinetics
proposed by Miki et. al. [33] for reactions in Egs. (1.1) and (1.2), and the kinetics presented by
Cheng et al. [36] for reaction in Eq. (1.3), resulted in the closest mathematical approximation to
the experimental data. The respective reaction rate expressions of each component and reaction
kinetics details are given in Appendix A.

1.4. Basic Economic Analysis

To understand the importance of the plant and the production process itself, it is
important to search about the global demand for ethanolamines. According to the statistical
information, the global production of ethanolamine, especially of the MEA in 2022 was 1700
thousand tonnes with an overall cost of 3.2 billion USD [37]. This is 4.1% higher than the
production in 2021 [37,38]. By 2032 many of the major producing countries aim to increase their
production rates by 2500 thousand tonnes with an overall cost of 4.8 billion USD. Such
statistical data shows that the demand for EAs is high and this plant in Kazakhstan may be an
economical benefit. The big companies around the world that produce the EA are BASF
(Germany), Dow Chemical Company (USA), INEOS (UK), CNPC (China), Nippon Shokubai
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(Japan), Thai Ethanolamines Co. (Thailand), Alkyl Amines Chemicals Ltd (India) and others
[37,38]. Currently, most companies are located in the Asia-Pacific region, which is forecasted to
be the fastest-growing area with the biggest share in the ethanolamine market [39].

Additionally, the preliminary economic analysis was done for raw materials as well. As it
was mentioned before, the main raw materials in the production are ammonia and ethylene
oxide. On the world market, ammonia is a raw material with high demand and application in
various industries. In 2021 the global production of ammonia was 185 million tonnes. The major
producer of ammonia was China with 15 % global production. [40,41]. Regarding the EO in
2022, the global production was about 28 min tonnes with an overall cost of 546 min USD
[42,43]. Such numbers also show that in the global market, there is a high demand for both raw
materials. Their additional analysis by searching costs and comparing them is done in Chapter 7
to select the appropriate company or country to buy the material for production.

Chapter 2: Process Summary

The production of monoethanolamine solution consists of four main stages: production of
EAs, separation of ammonia, separation of water, and purification of MEA. The process flow
diagram for the production of targeted 30 wt% MEA solution is presented in Figure 2.1 and
material balance calculations are provided in ESI.

M-101 P-101 P.102A/B P-103A/8 E-1U1 M-10Z E-1UZ S.101 R-101 R-102 R-103 E-103 T-101 g.qpq E-104  DV-101 E105 T-102 DV-102 T-103 P-104  M-103
NH3 ~ NH3  Water ~EOFeed EO ~ Water Water Ethylene First ~Second Third Reaction Flash vyapor NH3 NH3  Decompression Product Distilation Decompression Distilation MEA Water
Feed andFeed Pump Pump Feed  and NH3 and oxide  Plug  Plug Plug  product drum  compressorRecycle Valve for Stream  Column for Valve for column for Product and MEA
Recycle Pump Heater Mixer ~NH3 Splitter  Flow  Flow Flow cooler for Cooler Product Stream Heater water Product Stream MEA Stream  Mixer
Mixer Heater Reactor Reactor Reactor NH3 Pump

Tadsorption Unit! © 0

for ammonia
[y Fresh water

30 wt%
MEA
product

Short notations:

Temperature, G

Pressure, bar

EO - Ethylene Oxide cw - Cold water
MEA - Monoethanolamine  hw - hot water
DEA - Diethanclamine

TEA - Tristhanolamine

Streams:
#1 - Ammonia feed, liquid phase
#2 - Water feed, liquid phase

DEA and TEA | #3 - EO feed, gas phase
$-101 | conversions after PFR's: #4 - Ammonia feed and recycle mixed stream
NH3: 6.1% #5 - EO feed, liquid phase
EO: 99.9% #6 - Ammonia and water mixed feed
#7 - Ammonia and water preheated feed
\aoe/ #8 - Reaction product stream

] i - @ #9 - Separated ammonia stream, gas phase

‘)—<S> e—! #10 - Recycle ammonia stream, liquid phase
#11 - Product stream without ammonia, liquid|

P-103A/B  E-101 phase
#12 - Separated water
#13 - Product stream with MEA, TEA and DEA
mixture
#14 - DEA and TEA mixture stream
#15 - Separated MEA stream, gas phase
#16 - Fresh water feed for mixture with MEA
#17 - 30 wt% MEA stream, desired product

Figure 2.1. Process Flow Diagram of EA production.
Production of Ethanolamines

In the process, three primary streams of raw materials are introduced into the reactor:
ammonia, water, and EO. Pure liquid ammonia (Stream 1) enters the system at 45°C and 18 bar.
Water (Stream 2), acting as a catalyst, is at ~30°C and 1 bar. EO (Stream 3) is introduced in
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liquid phase at 10°C and 1.05 bar. Prior to entering the reaction stage, all raw materials undergo
treatment to adjust their properties to meet the required reaction conditions.

Initially, fresh ammonia (Stream 1) is combined with recycled ammonia (Stream 10)
coming from the T-101 flash drum in the M-101 mixer and subsequently pumped through P-101
to elevate the pressure from 18 bar to 27 bar, resulting in Stream 4. In case of water, Stream 2 is
pressurized through P-102 A/B successively, raising the pressure from 1 bar to 5 bar and then to
27 bar, respectively. Ammonia solution (Stream 6) is formed by combining Streams 2 and 4 at 27
bar in the M-102 mixer. Stream 6 is then heated from 36°C to 54°C (Stream 7) using E-102 to
conform to the operating conditions required in the reactor. Similar treatments are applied to
fresh EO feed, where Stream 3 undergoes a series of pressure and temperature adjustments
through a sequence of pumps and heater (P-103A/B, E-101). These adjustments involve
increasing the pressure from 1.05 bar to 5 bar, and further increasing the pressure from 5 bar to
27 bar, and finally increasing the temperature from 10°C to 54°C, respectively, resulting in
Stream 5. Stream 5 is then divided into three equivalent streams of EO before proceeding into
the reactor.

To manage the exothermic reaction, three Plug Flow Reactors (PFR) arranged in series
are employed, each receiving a distinct feed of ethylene oxide (EO). The reactors operate at
54°C and 27 bar. The 77 wt% ammonia solution (Stream 7) and one-third of EO feed (Stream 5)
in liquid phase and at right operating conditions are directed into the initial PFR, R-101. The
resulting product from R-101, along with another one-third portion of EO (Stream 5), progresses
to the subsequent reactor, R-102. Subsequently, the product from R-102, accompanied by the
remaining one-third of EO (Stream 5), advances to the third reactor, R-103. This sequential
process yields Stream 8, comprising a mixture of unreacted ammonia, water, and the compounds
MEA, DEA, and TEA. The overall conversion rates for raw materials stand at ~9% for ammonia
and 99.9% for EO. The respective conditions of stated streams and flow rates are presented in
Table 2.1 below.

Table 2.1. The material balance results from production of EAs.

Stream 1 2 3 4 5 6 7

Temperature, ‘C 45 30 10 46 54 35 54

Pressure, bar 18 1 1.05 27 27 27 27
Phase liquid liquid liquid liquid liquid liquid liquid

Components mass flow rate

Total, kg/h 2095 3203 3700 11996 3700 15199 15199
NH;, kg/h 2095 0 0 11945 0 11945 11945
EO, kg/h 0 0 3700 0 3700 0 0
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H,O0, kg/h 0 3203 0 46 0 3249 | 3249
MEA, kg/h 0 0 0 4 0 4 4
DEA, kg/h 0 0 0 0 0 0 0
TEA, kg/h 0 0 0 0 0 0 0

Separation of Ammonia

Before entering the flash tank, the reaction mixture, maintained at 54°C and 27 bar,
experiences a temperature reduction from 54°C to 28°C via the E-103 cooler. Subsequent to this
cooling process, the liquid phase Stream 8 is introduced into the T-101 flash tank to recover any
unreacted ammonia. The flash drum functions at 28°C and 5.4 bar pressure. The resultant vapor
phase top product, designated as Stream 9, is then directed to the C-101 compressor to raise the
pressure from 5.4 bar to 18 bar. Subsequently, it undergoes cooling in the E-104 cooler,
decreasing the temperature of the ammonia stream from 145.4°C to 47°C and transitioning the
phase of ammonia from gas to liquid. The resulting Stream 10, now at 47°C and 18 bar pressure,
is then directed to the NH; feed and mixer M-101. The bottom product, Stream 11, containing a
mixture of water, EAs and non-recycled ammonia, proceeds for further separation in columns

T-102 and T-103, respectively. Table 2.2 below shows the conditions and flow rates of mentioned

streams.

Table 2.2. The material balance results from ammonia recovery.

Stream 8 9 10 11
Temperature, ‘C 28 28 47 28
Pressure, bar 27 54 18 54
Phase liquid gas liquid liquid
Components mass flow rate
Total, kg/h 18899 9901 9901 8998
NH;, kg/h 10883 9850 9850 1033
EO, kg/h 0 0 0 0
H,0, kg/h 3248 46 46 3202
MEA, kg/h 2793 4 4 2789
DEA, kg/h 1191 0 0 1191
TEA, kg/h 783 0 0 783
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Separation of Water

Stream 11, discharged from the T-101 flash drum, is routed through valve DV-101 and
heater E-105, to adjust flow pressure and temperature to 0.75 bar and 25°C before entering the
T-102 distillation column for water separation. The column operates with a reflux ratio of 0.7
with a reboiler condition of 172 “C and 0.84 bar pressure. Condenser conditions are 78.5 ‘C and
0.6 bar pressure. Water and remaining ammonia exits the column at the top as Stream 12 and
ammonia vapor is then treated with chemical adsorption. The bottom product containing EAs
and non-recycled water is directed to the final column T-103 as Stream 13. Respective conditions
and mass flow rates of streams in both water and MEA separation stages are given in Table 2.3.

Table 2.3. The material balance results from water and MEA separation.

Stream 12 13 14 15 16 17
Temperature, ‘C 79 172 178 53 25 27
Pressure, bar 0.6 0.84 0.0445 0.013 1 1
Phase gas liquid liquid liquid liquid liquid

Components mass flow rate

Total, kg/h 4237 4762 1183 2778 6481 9260
NH;, kg/h 1033 0 0 0 0 0
EO, kg/h 0 0 0 0 0 0
H,0, kg/h 3199 3 0 3 6481 6484
MEA, kg/h 4 2785 10 2775 0 2775
DEA, kg/h 0 1191 1191 0 0 0
TEA, kg/h 0 783 783 0 0 0

Purification of Monoethanolamine

The stream 13 undergoes pressure reduction via a throttling valve DV-102, lowering the
pressure to 0.022 bar. The targeted separation of MEA from the mixture occurs within the T-103
vacuum distillation column with a reflux ratio of 1.3. Following this separation process, the
bottom product, containing DEA and TEA, exits the column as Stream 14. The top product
denoted as Stream 15 and comprising 99 wt% of MEA, undergoes a treatment involving pump
P-104 to facilitate its blending with fresh water, forming a 30 wt% MEA solution. In pump
P-104, Stream 15 is pressurized from 0.013 bar to 1 bar. The resulting MEA stream is combined
with the fresh water stream (Stream 16) in mixer M-103. Ultimately, 30% MEA solution exits
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the system as Stream 17. The comprehensive list of all used equipment and their functions are
explained in Table 2.4 below.

Table 2.4. List of equipment used in the EA production.

Code Equipment type Function and comments
Production of EAs
. To mix the raw ammonia feed stream and ammonia
M-101 Mixer recovery stream from T-101 flush drum.
To increase the pressure of ammonia from 18 to 27 bar to
P-101 Pump meet the reaction conditions.
To increase the pressure of the water from 1 to 27 bar to
P-102A/B Pumps meet the reaction conditions.
. To mix the feed streams of ammonia and water to make
M-102 Mixer 77 wt.% of ammonia solution.
To heat the mixture of water and ammonia from 36°C to
E-102 Heat exchanger 54 °C to meet the reaction conditions.
To increase the pressure of the EO from 1.05 to 27 bar to
P-103A/B Pumps meet the reaction conditions.
To heat the EO feed from 10°C to 54°C to meet the
E-101 Heater reaction conditions.
. To split the EO up to 3 streams before entering the
S-101 Splitter reactor.
R-101
To produce the mixture of EAs. Since the reaction is
R-102 Plug flow reactors | exothermic, a fresh stream of EO is supplied to each
reactor to decrease the temperature.
R-103
Ammonia recovery
To decrease the temperature from 54°C to 28°C to meet
E-103 Cooler the condition of the flash tank.
To recover the 90% of ammonia from the reaction
T-101 Flash drum mixture.
To increase the pressure of the recovery ammonia stream
C-101 Compressor up to the initial storage conditions.
To decrease the temperature of the recovery ammonia
E-104 Cooler stream up to the initia%) storage conditions.
Water separation
DV-101 | Decompression valve | To decrease the pressure to meet the conditions required
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for the T-102 distillation column.

To heat the stream from -8°C to 25°C to meet the
E-105 Heater conditions for the T-102 distillation column.

To separate the water and remaining ammonia from the

T-102 Distillation column mixture of the EAs.

MEA separation

To increase the pressure of the stream to meet the

DV-102 | Decompression valve operating condition of the T-103 distillation column.

T-103 Distillation column | To separate the MEA from the mixture of EAs.

P-104 Pum To increase the pressure of the MEA from 0.013 bar to 1
p bar, the standard pressure of fresh water stream.

. To mix the fresh water and MEA streams to produce the
M-103 Mixer final 30 wt.% MEA solution.

Chapter 3: Major Equipment Design

In this chapter, the design of 5 main equipment, 1 reactor, 3 separation units and 1 heat
exchanger, is discussed. The methodology of design and working principles of each unit is
presented in detail further.

3.1. E-102 heat exchanger design

There are many different liquids available in monoethanolamine production according to
their storage conditions. To allow the basic reaction to proceed, the raw process materials must
be heated or cooled to a certain temperature. Also, the liquids or gasses coming out of the
distillation columns during the production process must be subjected to temperature changes for
further use. In this section, the E-102 heat exchanger will be considered and its design
parameters will be described.

3.1.1. Working principles of heat exchangers and E-102 itself

A heat exchanger is a device used in industry to efficiently transfer heat energy between
two or more streams of liquids or gasses with different temperatures. The basic principle of
operation is the exchange of heat between liquids without mixing. There are different types of
heat exchangers (shell and tube, double pipe, plate, spiral), but despite this, they have common
principles of operation. The main components of a heat exchanger are hot and cold liquids
separated by a solid boundary, which is a component of the heat exchanger material. The hot
fluid transfers its heat to the cold fluid through this barrier. Various factors affect the efficiency
of heat transfer: the temperature difference between the fluids, the surface area of the heat
exchanger, the thermal conductivity of the materials, and the flow rate of the fluids. Based on the
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construction design there are several types of fluid flow in the heat exchanger: parallel flow,
counterflow, single-pass crossflow and multipass crossflow [44-47].

In this production, the E-102 heat exchanger is one of the most important pieces of
equipment. This heat exchanger is used to heat the mixture of ammonia and water to the required
temperature before starting the chemical reaction process in the reactor. The mixture of raw
materials, which is located on the tube side, is heated by hot water, which is located on the shell
side of the heat exchanger.

3.1.2. E-102 design calculations

To start the calculation procedure some basic parameters were selected from the reference
data [47]. Values such as inlet and outlet diameters of the tube, an assumed overall heat transfer
coefficient, physical properties of the fluids in the exchanger (density, thermal conductivity,
viscosity, heat capacity), the flow rate of the process fluid, heat duty of the exchanger from the
energy balance were used in the hand calculations for the design of this equipment. Since the
heat exchanger mainly works with temperature change, this parameter is one of the most
important in the design calculation. All necessary information about flows in and out of the
exchanger is presented in the following Table 3.1.1.

Table 3.1.1. Information about streams entering the E-102 heat exchanger.

Fluid type Process Heating
Inlet temperature, ‘C 36 75
Outlet temperature, C 54 49
Inlet pressure, bar 27 1
Outlet pressure, bar 26.95 0.99

The next step in the design calculation is to select the appropriate equipment sizing
according to the standard reference data [47]. For this heat exchanger to satisfy parameters such
as the linear velocity of the fluids, pressure drop, and overall heat transfer coefficient the
following design parameters were selected from Table 3.1.2.

Table 3.1.2. Basic geometry parameters for the E-102 heat exchanger design.

Parameter of the tube | Inner diameter | Outer diameter Thickness Length

Value, m 0.0479 0.050 0.0021 4.88
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The values from Tables 3.1.1. and 3.1.2. are used in the main hand calculations.
Temperature values are used to find the logarithmic mean temperature, A7), and correction
factor, F, by using the meaning of R and S ratios, which formulas are presented below.

(Hi_co)_(Ho_ci)

AT = e 311
Im ln(ﬁ) ( )
H—-H
R=—= (3.12)
c—C
§ == (3.1.3)

where, H and c are the hot and cold streams, and i and o are the inlet and outlet temperatures.
After those main parameters were calculated by multiplying them the so-called “true
temperature difference”, 7,, may be calculated to use for further steps of the design. The next
important step is to obtain the assumed area of the heat exchanger by doing some mathematics
according to the following equation:
A=—" (3.1.4)

assumed ~m

where, Q is the heat duty of the reactor taken from the energy balance from the previous report,
T,, is the “true temperature difference” as it was mentioned before, U ... 1S the assumed overall
heat transfer coefficient, which was taken from the appropriate graph by considering the process
fluid as boiling organics and service fluid as boiling water.

After all calculations, the overall heat transfer coefficient will be calculated. The next key
parameter of the design is the number of tubes in the heat exchanger, N, It can be found by
dividing the assumed area 4 by the surface area of one tube, 4,. They can be derived by the
following equations:

t

A=1Ldm (3.1.5)
A

No== (3.1.6)

where, the L is the length of the tube, d,, is the outer diameter of the tube.

The next stage is the design of the bundle and shell diameters, D, and D, , respectively.
The bundle diameter is directly dependent on the tube arrangement and number of passes. In the
E-102 heat exchanger, the rectangular tube arrangement is used and the number of passes is
equal to 4. Based on that information the bundle diameter can be determined by the following

equation: .

N n
D, =d (35 3.1.7)

where, d, is the outer tube diameter, A, is the total number of tubes, K and », values that were
taken from the appropriate table.
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By knowing the bundle diameter and using a specific graph with the necessary
information the shell diameter may be found by summation of the bundle diameter with some
constant obtained from the graph.

Finally, the important thing is to calculate the actual meaning of the overall heat transfer
coefficient, U,.,.,. This parameter may be found by using mainly the heat coefficients from both
tube and shell sides, /4, and A, respectively. These values are found by using the following

equations:
_ 1
actual h%"’%h% (3.1.8)
k. 033
ht:Ti]hRe Pr (3.1.9)
1
h =--j, RePr’ (3.1.10)

where, d, and d; outer and inner diameters of the tube respectively, £,, is the thermal conductivity
of the materials of the heat exchanger, & is the thermal conductivity of the fluid, j, is the heat
transfer factor, d, is the equivalent diameter.

By applying the above-mentioned Eq. (3.1.8) the actual heat transfer coefficient was
obtained to be 1121 W/(m*-K). By comparing the actual heat transfer coefficient value with the
assumed heat transfer coefficient, which is 800 W/(m?-K), it can be concluded that the hand
calculations were done in the right way, since U0 > Ulssumed-

All necessary calculations were done using information from the above tables by
following the principle from the reference and presented in the “Group 5, E-102 design” Excel
sheet in the ESI [47]. By validating hand-calculated results in Aspen Plus V14 software the main
information about heat exchanger design was obtained and presented in the following Table 3.1.3
and the remaining parameters may be found in the “Group 5, E-102” TEMA sheet in the ESI.

3.1.3. E-103 specification sheet
The unit specification sheet in Table 3.1.3. was developed using Aspen simulation results.

Table 3.1.3. Design geometry from Aspen Plus V14 software.

Schematic representation of the equipment
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Parameter Tube side Shell side

Inner diameter, m 0.0479 0.5397

Outer diameter, m 0.050 0.5588

Pitch diameter, m 0.0625

Baffle spacing, m 0.17

Tube pattern 90° square arrangement

Number of baffles 26

Number of tubes 46 -

Tube passes 5 -

Shell in series - 1

Shell in parallel - 4

Type of material Monel

Selection of the specific type of material is based on the recommendations related to the
material, namely fabrication properties, mechanical properties, galvanic corrosion and average
material cost. The selected material satisfies the parameters mentioned above [48].

By comparing results obtained from hand calculations and Aspen software it can be seen
that there are some small differences in the values of the same parameter. It can be explained
based on several reasons: physical properties of the heating fluid in the shell side were taken
directly from the Aspen database, not from the literature; Aspen software makes the design based
on its programming standards and therefore the obtained results from the hand calculations may
be considered as an alternative design as well.

3.2. R-101 reactor design

The production of ethanolamines happens in a PFR. In this process, the main constituents
are ethylene oxide and high excess ammonia solution with water. Reactors are placed in series in
order to maximize the conversion of ethylene oxide so that there is no side reaction with water.
In this chapter, only the first reactor R-101 design details are given, R-102 and R-103 are
presented in the next chapter, Minor Equipment Design.

3.2.1. Review of different reactor types

In previous reports, two types of reactors used for the production of ethanolamines were
mentioned: reactive distillation (RD) and plug flow reactor (PFR). The main difference between
them is that the RD operates in an unsteady state, which means that MEA is removed as soon as
the reaction between ammonia solution and ethylene oxide occurs [49]. Different studies have
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been concluded that using RD in ethanolamine production decreases capital and total
expenditures [28,50]. However, the model complexity of the column makes the design of
equipment more difficult, therefore, it was decided to design the conventional reactor type - plug
flow reactor.

PFR is a widely used reactor type for this process. Ammonia and water are mixed in
advance before entering the reactor. Ethylene oxide stream is metered into the aqueous ammonia
solution in the mixer upstream the reactor. The schematic diagram of PFR is presented in
Appendix B1 [52].

For the production of EAs single or multiple PFRs in series can be used. For this project,
series arrangement is implemented, as almost total conversion of EO could be achieved.
Otherwise, there is a possibility of occurrence of side reaction of EO with water downstream.
Moreover, the yield of MEA was reported more than 70% by weight in the series arrangement of
reactors [51]. Other advantages of PFR over RD are the low effect of operating pressure on
reaction rate and relatively ease of maintenance [28, 52]. Summing up all of the aforementioned
reasons, it was decided to design 3 PFR in series.

3.2.2. The working principle of reactor

Upstream the reactor, water and ammonia are premixed. Ammonia solution and ethylene
oxide are preheated and pressurized until 54°C and 27 bar. The reactants are introduced to the
reactor in the liquid phase, water acts as a catalyst. There are three reactions taking place in the
reactor, which are presented in Egs. (1.1), (1.2), and (1.3). The kinetic model data is described in
Table A.5.

Ammonia solution and EO plugs are continuously consumed, an axial concentration
gradient is the outcome of the reaction that occurs as the reactants flow throughout the length of
the reactor. As a result, the reactor constantly emits MEA, DEA, and TEA and excess ammonia
with water. There are three multi-tube reactors. Each reactor has a separate EO stream, while
ammonia and water enter only the first reactor. It is explained by the possibility of the occurrence
of side reactions with water, therefore only a limited amount of EO is supplied so that it is totally
converted. As a result, R-101, R-102 and R-103 have equal EO supply amount.

The reactor works in isothermal mode, temperature is controlled by a cooling medium,
that is cold water. Choosing isothermal operation of the reactor can be explained by high water
content and longer residence time in the case of adiabatic mode [53]. The reaction takes place in
the tube side, while the coolant fluid is in the shell side.

3.2.3. Reactor design equations

According to the literature, the concentration of ammonia in aqueous solution can be in
the range 30-99 wt% [54]. It was estimated that the concentration of aqueous ammonia solution
inlet is 77 wt% of ammonia, which corresponds to the range. Another important factor is
ammonia to ethylene oxide ratio. In the literature it was found that the higher the ratio of
ammonia feed to ethylene oxide, the bigger is the yield of MEA in product flow [28]. For this
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process, in general, the ratio is 8.33. There is another assumption made during the derivation of
the mathematical model of reactor parameters: EO inlet concentration is significantly smaller
than ammonia and water and their concentrations do not change considerably throughout the
length of reactor, it was assumed that inlet concentration of EO is constant. Figure B1.2 depicts
the change of reactants concentration with the change of reactor length in Aspen simulation.
Residence time and volume are the important parameters of PFR design. As all reactions
happen in one reactor, it was decided to express the residence time through the first reaction
between ammonia and ethylene oxide.

dCNH3
- rNHs - klcNHSCEO T G20
Rearranging the equation: i, dc,

NH 1 NH3 EO

Integrating both sides of the equation results in the following expression:

Cf
NII3 dCNH T
J ———=1/at (3.2.3)
) 1 NH3 EO 0
Cc
. T dc T
~=— | dt 324
ke, Cf Co { ( )
’ 0
1 %
T =—— In(+) (3.2.5)

where, 7 is the residence time (min), k is rate constant (L/(mol min)), €~ is inlet EO
EO

concentration (mol/L), and C 0 C, are inlet and outlet ammonia concentrations, respectively
NH3 NH3
(mol/L).
The inlet concentration of water is 7.07 mol/L. Other parameters are taken from Table B2.
The rate constant was found as 1.08 - 107 L/(mol - min) using the Eq.(3.2.6):

—11000

k= (41+4.0c" )100e " (3.2.6)

Inlet and outlet concentrations of ammonia are 27.48 and 27.32 mol/L, respectively. The inlet
concentration of EO is 1.10 mol/L. All concentration values are taken from Aspen simulation
results. Substituting all values into Eq. (3.2.5), the residence time is 293.66 s.

Volume is calculated by multiplying residence time by the volumetric flow rate of
entering fluid:

= 10 (3.2.7)

hand calculated

As a result, hand calculated volume is 2.08 mg.
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The volume of a reactor in Aspen was calculated in the following way:

=N _ A L (3.2.8)

Aspen tubes = cross—sectional area  tube

where, N, is the number of tubes, A, secrional area 18 the cross-sectional area of the tube (m?),
L, 1s the length of the tube (m). Substituting parameters presented in Aspen simulation, the
volume of the reactor in Aspen is 1.13 m’.

There is a difference between hand calculated and Aspen simulation volume value. This
might be due to the above mentioned assumption about constant EO concentration throughout
the length of the reactor. Hand calculation of other parameters in both shell and tube sides are
presented in the Excel file “Group 5, R-101 design” in ESI. The results of hand calculation and
Aspen simulation vary significantly, therefore, the hand calculated parameters are considered as
an alternative design. Hand calculation was conducted using the example of the first case study
in Chapter 11 by Albright [55]. In the literature it was written that it is essential to provide the
turbulent flow into the reactor in order to prevent backmixing [53]. According to hand
calculation results, the Reynold number is 8524.27, which corresponds to the turbulent flow.
Another proof of optimal hand calculation results is the Peclet number. According to Albright,
satisfaction of plug flow condition happens when the Peclet number exceeds 10 [55]. For the
case of reactor length 8 m, the Peclet number is 683.92.

3.2.4. R-101 unit specification sheet

The unit specification sheet in Table 3.2.2. was developed using Aspen simulation results.
During calculation of the reactor volume, inner diameter only was considered, since it was
specified in reactor parameters in Aspen simulation. Corrosion resistivity, mechanical strength
and possibility of the formation of tris(ethanolamino)-iron complexes in other materials makes
stainless steel an optimal material for the reactor design [48, 56]. Calculation of shell thickness is
interpreted from Albright's book and presented in Eq. (B.1) [55].

Table 3.2.2. R-101 specification sheet.

Operating conditions

Temperature, °C 52-55

Pressure, bar 26-28

Aq. ammonia solution. wt.% T7%

Type and sizing
Type of reactor Homogeneous, Length of reactor, m 8
isothermal plug flow
reactor
Material SS316 Outer diameter of 3.80 - 102
the tube, m
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Orientation Horizontal Inner diameter of 3.59 - 102
the tube, m

Number of tubes 140 Volume of the 1.98
reactor®, m?

Tube thickness, m 4.0 - 103 Shell thickness, m 22 - 1073

Schematic diagram of R-101 reactor

Cold water
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3.3. T-101 flash drum design

After the reaction stage, the resulting mixture containing MEA, DEA, TEA, along with
unreacted ammonia and water, is directed to the first separation unit. Here, ammonia and an
insignificant amount of water is separated and recycled from the top back to the ammonia feed.
This section will cover the design and operational principles of the T-101 flash drum employed
in this process. The hand calculations of product flow rate and compositions, and drum sizing
were primarily based on Phillip Wankat's book [57].

3.3.1. The working principle of flash drum

Flash distillation stands out as one of the fundamental separation techniques commonly
employed in the industry [57]. In this process, the selection of a flash drum is based on the
significant difference in boiling points between ammonia (-33°C) and other components present,
namely water (100°C), MEA (171°C), DEA (268°C), and TEA (335°C). The liquid reaction
mixture, initially at 54°C and 27 bar, is cooled to 28°C and sent into a T-101 flash drum, which
operates isothermally at 5.4 bar pressure. When a high pressure feed flashes into a low-pressure
tank, a large pressure drop causes the vaporization of some of the volatile components present in
the feed. Consequently, the mixture undergoes partial vaporization, leading to phase separation
into distinct vapor and liquid phases [57]. Ammonia, being lighter with a lower boiling point,
evaporates more readily, while heavier components like EAs predominantly remain in the liquid
phase. Optimal flash drum conditions at 28°C and 5.4 bar are carefully chosen to meet following
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criteria: ensuring over 90% ammonia recovery, minimizing EAs content in the top product, and
maintaining a sufficiently high mole fraction of ammonia in the vapor phase.

Flash drums can assume either vertical or horizontal configurations, often incorporating a
demister or mist eliminator to prevent liquid droplets from being entrained in the vapor phase
[57]. In the following sections, main flash drum design considerations and demister selection
will be discussed.

3.3.2. Multicomponent flash distillation calculations

K-value or vapor-liquid equilibrium ratio is an important parameter when calculating the
flash distillation product flow rate and composition. It can be found from modified Raoult’s law
as [57]:

K=y — (3.3.1)

where, K; is vapor-liquid equilibrium ratio, P;* is the saturation pressure, P is drum pressure, and
v; 1s the activity coefficient (for an ideal solution, activity coefficient is 1).

The saturation or vapor pressure itself can be found using the Antoine equation. Due to
the lack of literature data on Antoine constants for EAs at the drum temperature of 28°C, these
constants were acquired from the Aspen Plus database, PLXANT-1, as presented in Table C.1.
The extended Antoine equation is given as follows [58, 59]:

m(P"“y=4A+Z+ClnT+DT (3.3.2)

where, A, B, C, D, E are Antoine constants, P* is the saturation pressure (bar), and 7 is the drum
temperature (K).

The Rachford-Rice equation is considered as one of the main steps in the flow rate and
composition calculations. It is used to determine the fraction of the feed that is vaporized and

given as [57]:
5
Ly oy 333
f(F)_; +HEK-1)% (3.3.3)
i=1 i F
where, F' is feed molar flow rate, J is vapor product molar flow rate, z; is feed molar
composition.

The vaporized fraction of the feed, denoted as V/F, ranges between 0 and 1, and is
determined through an iterative process, aiming to converge Eq. (3.3.3) to 0. After finding the
V/F ratio, the liquid flow rate is determined from overall material balance and the vapor and
liquid compositions are found by following formula [57]:

xi = m (3.3.5)

y,=Kx (3.3.6)

where, x; is liquid molar composition, and y; is vapor molar composition.
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Given the feed flow rate, mole fractions obtained from material balance, and the
operating temperature and pressure of the flash drum, the Rachford-Rice equation converges to 0
at a vaporized fraction of 0.461. However, during Aspen Plus simulation under the specified
operating conditions, the vaporized fraction was found to be 0.65. This disparity can be
attributed to the K-value. In the hand calculations, the activity coefficient was assumed to be 1.
To account for this non-ideality, the vaporized fraction was adjusted to 0.6. The summarized
results of these calculations are presented in Table 3.3.1 below. The intermediate results of vapor
pressure and K-values can be found from the Excel file “Group 5, T-101 design” in ESI.

Table 3.3.1. Feed, vapor, and liquid flow rates and compositions.

Components | F, kmol/hr z; V, kmol/hr Vi L, kmol/hr X;
Ammonia 637.78 0.725 478.98 0.909 157.76 0.448
Water 180.00 0.205 1.872 0.004 178.09 0.506
MEA 45.68 0.052 0.008 0.000 45.66 0.130
DEA 11.32 0.013 0.000 0.000 11.32 0.032
TEA 5.23 0.006 0.000 0.000 5.23 0.015
Total 880.00 1.000 398.05 0.913 398.05 1.131

3.3.2. T-101 flash drum sizing

Once the vapor and liquid flow rates and compositions have been determined, the flash
drum can be sized. The design of a vapor-liquid separator starts by determining the maximum
permissible vapor velocity at the maximum cross-sectional area, as expressed in Eq. (3.3.7), also
known as the Souders-Brown equation [57].

PPy

perm — Cdrum Py,

(3.3.7)

where, u,,,, 1s the permissible vapor velocity, p; and py are the liquid and vapor densities, and
K. 18 the empirical constant (ft/s).

The K., parameter can be calculated using either Watkin’s graphical correlation or the
Blackwell equation, given as [57]:

2 3 4
Kdrum=exp[A+BlnFlU+ C(lnFlv) +D(lnFlU) +E(lanu) ] (3.3.8)

where, 4, B, C, D, E are constants given in Table B2.2, and F), is the flow parameter.
The flow parameter F), itself is given by:

F =—t,[+ (3.3.9)
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where, W, and W, are liquid and vapor mass flow rates, respectively.

The calculation steps of vapor and liquid molecular weights, densities, and mass flow
rates are presented in Appendix B2. The permissible vapor velocity was calculated to be 1.9 m/s.
Utilizing the known vapor flow rate, it can be converted into a cross-sectional area as outlined in

[57] as:
vV (MW,)
A = (3.3.10)

u
¢ perm pV

where, V' is vapor molar flow rate, MW, is molecular weight of vapor, and pj is the density of
vapor.
For a vertical drum, the vessel diameter is determined as follows:

4 A
D= : (3.3.11)

T

As a result of the hand calculation, the diameter was found to be 0.68 m. However, when
designing a flash drum, the vessel diameter is selected to ensure that the vapor velocity is lower
than the terminal velocity of drops, as specified by [60]:

P,.=Py

u_ = 0.07 (3.3.12)

v

where, u, is terminal velocity of drops (m/s), and p, and py denote the densities of liquid and
vapor, respectively.

For a terminal velocity of 1.0 m/s, the vessel diameter should be 0.93 m or greater.
Therefore, a diameter of 0.95 m was chosen, taking into account safety measures and ensuring a
vapor velocity lower than the terminal velocity of drops. The minimum wall thickness required
for a 1-meter diameter, including a 2 mm corrosion allowance, is 5 mm [61].

Once the diameter of the vessel is determined, the height of the drum can be calculated
either by using a rule of thumb or by considering the required liquid surge volume. For a vertical
orientation, the rule of thumb suggests that the ratio of the total height to the diameter of the
drum typically falls within the range of 3.0 to 5.0. The total height of the drum itself can be
divided into three parts [58].

First, the height from the centerline of the inlet nozzle to the top of the vessel without a
mist extractor is determined using Eq. (3.3.13) below. The minimum value is 1.22 m [57, 61].

D
h, = 0.9 4 —sue (3.3.13)

Where, /4, is the height from centreline of inlet nozzle to top of vessel (m) and D, ..., is the outer
diameter of the inlet nozzle.

The height of the vessel from centerline of inlet nozzle to the maximum level of liquid
pool can be found using Eq. (3.3.14). The minimum value for this height is 0.45 m [57, 61].

D
h,= 0.3 + -t (33.14)
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where, 4, is the height from the centreline of the inlet nozzle to the liquid pool (m) and D, ... 1S
the outer diameter of the inlet nozzle.

The depth of the liquid pool can be determined from the desired surge volume [57]:

h = Lsrse (3.3.15)
L np%/4

where, £, is the liquid pool level, D is the drum diameter, and V. is surge or liquid pool
volume.

The surge volume itself is found using Eq. (3.3.16). Usually, the residence time ranges
from 3 and 6 min in separators [61].

LMW

=Q,t = ~t (3.3.16)

N pL N

surge

where, O, is liquid volume flow rate, ¢, is the residence time, L is liquid molar flow rate, MW, is
liquid molecular weight, and p; is liquid density.

With a residence time of 5 minutes, the surge volume was calculated to be 1.29 m’,
resulting in a pool level of 1.82 m. After some trial and error, the outlet diameter of the nozzle
was determined to be 0.65 m. The calculation of nozzle velocity is shown in Appendix B2. This
nozzle's outer diameter led to a height from the centerline of the inlet nozzle to the liquid pool of
0.63 m and a height from the centerline of the inlet nozzle to the top of the vessel of 1.24 m.

3.3.3. Demister pad considerations

Now, the demister pad must be included in the total drum height. To eliminate small
liquid droplets and solid particles from the gas stream, mist extractors are installed at the vapor
exit. These can be wire meshes, vanes, or microfiber pads, as given in Table B2.3. While
wire-mesh pads are the cheapest, they are prone to fouling and deterioration over time,
potentially releasing wires into the gas stream. Vane units, though more expensive, are less
susceptible to such issues. Micro-fiber units are the most expensive but effective at capturing
small droplets [62]. Therefore, the vane-type mist extractor is selected for this process. The pad
thickness typically ranges from 100 to 300 mm, with 150 mm chosen for this application.
Additionally, there should be a minimum free space of 0.15m above the demister pad [63].

Material selection for the vessel and internals is critical due to potential corrosion,
pressure, and temperature effects. Duplex stainless steels, like UNS S32205, and 316 Stainless
Steel are preferred for flash drum construction, given their suitability against these factors [64].
Duplex exhibits superior resistance to corrosive pitting, particularly in chloride-rich
environments. Additionally, there are notable differences in their chemical composition. Duplex
typically comprises 18-28% chromium and 4-8% nickel, while 316 stainless steel contains 16%
chromium and 8% nickel. This not only enhances duplex's corrosion resistance but also makes it
more cost-effective due to its lower nickel content [65].
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3.3.4. T-101 unit specification sheet

The unit specification sheet in Table 2.3.2 below is prepared based on the hand
calculations.

Table 3.3.2. Specification table for T-101 flash drum.

Unit T-101 Schematic diagram
Designation Flash drum
Operating conditions
Vapor product
Temperature, ‘C 28
Pressure, bar 54 0.15m
Demister pad 0.15m
Parameters of T-101 0.95m
124 m
Orientation Vertical o
. -ib 0.65 mI -_——-——————— -X Center line of inlet nozzle
Diameter, m 0.95 S—
0.63m
Total height, m 3.99 - Liquid pool level
Thickness, m 0.005 182 m
Demister type Vane
Demister thickness, m 0.15 ~— i
Construction UNS $32205, Hiquid product
material SS316

3.4. T-102 distillation column

The distillation column T-102 separates water and non-recycled ammonia from the
bottom of the flash tank T-101 from the mixture of ethanolamines, namely mono-, di-, and
triethanolamines. Before the bottom product of the flash tank enters the T-102 column, the feed
conditions are adjusted using the valve and heater.

3.4.1. T-102 distillation column working principle

The main working principle of the distillation column is separation based on the relative
volatility of key components with respect to the reference component (mainly the heavy-key
component). Components with higher volatility are collected at the distillate, while non-volatile
components are discharged as bottom products.

Vapors rise up from the bottom of the column and get into contact with the descending
liquid from the top of the column. Anytime contact takes place there is a dynamic equilibrium
between vapor and liquid phases. The contact area acts as a medium for a mass transfer between
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the phases. The trays inside the column are designed to enhance this contact. In addition, the
reflux ratio in the column plays a significant part in the separation process. Changes in the reflux
ratio result in changes of equilibrium conditions. Therefore, affecting the efficiency of
separation.

The optimal design must be created, to get high purity of EAs. The main focus is the
effective combination of reflux ratio, number of stages, internal tray spacing, and column
diameter. In addition, the feed location, reboiler, and condenser temperatures were taken into
consideration. An important factor is the relative volatility, which is not constant throughout the
column, because of the high-temperature difference between the top and bottom trays. To
account for this, the relative volatility is calculated as the geometric mean of values at condenser
and reboiler conditions.

3.4.2. Component relative volatility

The saturation pressure of the component needs to be calculated using the Antoine
equation, to approximate the relative volatility. The coefficient of Antoine equation can be
retrieved from Table B3.1. The saturation pressure are found with the following equation:

_ _ B
l0g10(Psat) =4 T+C

(2.4.1)

where, P, is the saturation pressure (bar), A, B, and C are Antoine coefficients and 7 is the
temperature (K). ,
sat,
a, =—-— 242
l] Psat,j ( )
Where, a; is the relative volatility of component i with respect to component j, P,,; is the
saturation pressure of the component i, and P,,,; is the saturation pressure of the component ;.
The results of calculations are presented in the following Table 3.4.1.

Table 3.4.1. The saturation pressure and relative volatility of feed components.

Condenser Reboiler Geom. Mean
Component

P, bar | Relative Vol. | P, bar | Relative Vol. Relative Vol.
NH; [66] 40.31 1956.33 202.57 187.52 621.62
H,0 [67] 0.45 21.71 9.00 8.78 13.81
MEA [68] 0.02 1 1.03 1 1
DEA [69] 1.11-10* 2.85-10° 3.49-10% 3.40-107 3.11-10*
TEA [70] | 5.61-107 1.39-10° 3.98-10° 3.88-10° 7.35-107
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3.4.3. T-102 column design

For the primary design of the T-102 column, the Fenske-Underwood-Gilliland method
was applied. Using the FUG approach, the number of the minimum and actual theoretical
number of stages and reflux ratios were calculated.

The following Fenske equation is used to calculate the minimum number of stages
required to separate the components at total reflux [71]:

log (), ("))
o= og(@ ) (3.4.3)
where, x;x is a molar fraction of the light-key component, x;; is a molar fraction of the
heavy-key component, g, is a relative volatility of the light-key component, and subscripts b, d
refer to bottom and distillate products respectively.

To calculate the minimum reflux ratio the Underwood correlation is used [71]:

ax

ZTL'; =R _+ 1 (3.44)
where, a; is the relative volatility of the component with respect to the heavy-key component, x;
is the molar fraction of the component in the distillate, 0 is the root of the equation, and R,,,, is
the minimum reflux ratio.
The following equation is used, to calculate the 6 value, which numerically should be in
between the relative volatility of heavy-key and light-key components [71]:

ax.
Z_La%—l'e =1-gq (3.4.5)

where, x;is the molar fraction of the component in feed, and g is the quality of the feed stream.

The quality of feed is a molar fraction of liquid in the stream. At 25°C and 0.75 bar feed
quality is taken as 0.813. The calculations yield that the minimum number of stages required is
5.51 and the 0 value is equal to 1.229, which gives the minimum reflux ratio equal to 0.0728. To
make an approximate design of the column the optimal reflux ratio and corresponding number of
stages are required. The combination of the reflux ratio and the number of stages can be
calculated using Gilliland’s correlation [71]:

V= R+’;”" (3.4.6)
where, R,,;, is the minimum reflux ratio, R is the arbitrary reflux ratio, and s is the correlation
coefficient. NN

—min _ 4 _ 1+54.4y  y-—1
N+1 1 exp( 11411729 08 (3.4.7)

where, N is the number of theoretical stages at a given reflux ratio, N,,;, is the minimum number
of theoretical stages.
The results of calculations using different reflux ratios can be seen in the table 3.4.2.
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Table 3.4.2. Combination of reflux ratio and the corresponding number of theoretical stages.

R 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.5

Nytages | 11.6 | 10.5 | 9.7 9.2 8.8 8.4 8.2 7.9 7.7 7.6 7.2

After several tries to design the distillation column using the calculated values, it was
decided that the optimal reflux ratio is 0.7, and the distillation column will consist of 9 stages,
including partial condenser and reboiler.

In addition to the calculation of a number of stages, it is necessary to choose a feed point
location. To calculate the ratio of number of stages above and below the feed point, the following
formula is used [71]:

N X X
. B : (2 ,0.206

=[5 1] (3.4.8)
s LK, f HK,d

where, N, is the number of stages above the feed, N, is the number of stages below the feed, B is
the molar flow rate of bottom products, D is the molar flow rate of distillate products, x; , is the
molar fraction of the heavy—key component in the feed stream, x;x ,is the molar fraction of the
light-key component in the feed stream, x;x , is the molar fraction of the light-key component in
the bottom stream, and xzx , is the molar fraction of the heavy-key component in the distillate
stream.

The feed stage is estimated to be located at the 6th stage. Based on the feed stage the
pressure of the condenser and reboiler is calculated. Pressure drop per tray is approximated as
0.03 bar. The pressure of a condenser is found to be 0.6 bar and the pressure of the reboiler is
0.84 bar.

3.4.4. T-102 column internal design

After the overall design of the distillation column is finished, it is necessary to provide
the design for the internal components of the column. The distillation column has an internal
design that can be divided into 2 regions: above and below the feed stage. Both regions consist of
sieve-type trays, but regions differ in tray spacing and column diameter. The different designs are
needed to account for big flow rates and get normally operating hydraulic plots of the column.

The maximum superficial vapor velocity is calculated, to identify the column diameter
[71]:

u = (= 0.170° + 0.271 — 0.047) (pr—VpV)O'5 (3.4.9)
where, 7, 1s the maximum superficial vapor velocity (m/s), /, is the tray spacing (m), p; is the
density of the liquid (kg/m?), and py is the density of the vapor (kg/m®).

The column diameter is calculated using the following relation [71]:

D = y (3.4.10)
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where VW is the vapor mass flow rate (kg/s), py is the density of the vapor (kg/m?), and i, is the

maximum superficial vapor velocity (m/s).

The height of the column is related to the number of trays and tray spacing. For the
chosen design the height corresponding to the 9 trays is 4.97 m. By the rule of thumb to the
bottom and top of the column 1.5 to 3 m should be added [72]. The height of the column is
approximated to be 8 meters. The table below represents the sizing of the tray spacing and
column diameter for internal sections. The calculated values of sizes of internal sections are
presented in Table 3.4.3. More information on internal sizing can be found in Appendix B3.

Table 3.4.3. The sizing of internal sections.

Section i,, m/s [, m D, m
Above feed 2.89 0.75 1.19
Below feed 2.64 0.61 1.25

The Aspen Plus V14.0 is used to verify the design in the simulation environment. Some
hand calculations are not the same as in Aspen software. The reason behind the inconsistency is
that simulation software accounts for the imperfections of the system, while the hand
calculations are based on the ideal conditions. However, the chosen combination of reflux ratio,
number of stages, condenser and reboiler pressures, and feed point location is optimal for
efficient column operation. All the calculations can be retrieved from the Excel file “Group 5,
T-102 design” and Python code “Group 5, T-102 design” in ESI.

3.4.5. T-102 specification sheet

The following specifications sheet is done based on the calculations and Aspen Plus
simulation results.

Table 3.4.4. The specification sheet of the T-102 distillation column.

Unit T-102 Schematic diagram
Designation Distillation column
Height, m 8
Number of Stages 9
Reflux Ratio 0.7
Inlet Conditions
Temperature, °C 25
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Pressure, bar 0.75 Distillate
Reboiler Conditions
Type Kettle | Stage2 |
Temperature, °C 78.6
Cs-1
Pressure, bar 0.84 Tray Spacing: 0.75m
Column Diameter: 1.4 m
Condenser Conditions
Type Partial-Vapor Foad
o —| _ Slaged
Temperature, °C 172
Pressure, bar 0.6 €52
Tray Spacing: 0.61 m
Column Diameter: 1.65 m
— Bottom product
Mass Flow, kg/h Internal design
Feed 8991 CS-1 CS-2
Distillate 4237 Tray Type Sieve Sieve
Bottoms 4754 Tray Spacing, m 0.75 0.61
Material Carbon Steel [54] | Column Diameter, m 1.4 1.65

3.5. T-103 Vacuum Distillation Column Design

After the separation of water is completed, the product stream containing MEA, DEA and
TEA is introduced into the T-103 distillation column. In this column, the MEA is separated as
the top product with a molar purity of 99% from a mixture of DEA and TEA which leaves the
column as the bottom product. This chapter contains detailed information on the design
parameters for the vacuum distillation column.

3.5.1. Working principle of vacuum distillation column

The main consideration in the process of MEA distillation is the temperature of the
product streams, due to the thermal degradation of MEA by which the usage of it in the carbon
capture process becomes problematic. This is also the case for DEA and TEA since these
chemicals have a tendency to thermally degrade at higher temperatures. The temperature value
that both top and bottom products should not exceed is 180 °C [54]. Throughout the column, the
temperatures can be controlled by pressure values of the condenser and reboiler, in which the
temperature does not go above a value of 180 °C. However, the pressure values corresponding to
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such values are below atmospheric pressure. That is the reason why the distillation column
should be designed as a vacuum column.

Considering that the pressure drop across the column should be low, the choice to design
a packed column was made. Packing materials for vacuum distillation have relatively low
pressure drops per stage, which is favorable for separation [73]. To keep the temperatures of top
and bottom products below 180 °C the operating pressure of the column was selected as 0.022
bar and operating temperature is 100 °C. The feed compositions were taken from the mass
balance from the previous report. For calculations the selection of the light key (LK) and heavy
key (HK) in the column was required. By difference in boiling points of ethanolamines, the most
volatile component - MEA was selected as LK and less volatile component - TEA was selected
as HK.

3.5.2. Calculation of design parameters

The design parameters were calculated using a shortcut method for distillation columns.
The principles and equations are described in a book by Towler and Sinott [71].

3.5.2.1. Minimum reflux ratio and number of stages

The value of minimum reflux ratio is very important in this separation, since it directly
affects the separation of MEA from other components and hence indicates the purity of the top
product. The minimum reflux ratio is obtained by the Underwood equation, Eq. (3.4.4). Eq.
(3.4.5) represents the relation between the quality and 0.

The relative volatilities of MEA and DEA with respect to TEA is found by the relation of
the saturation pressures. The saturation pressure of components is found by Antoine equation,
Eq. (2.4.1). Antoine constants are taken from Yaw’s Handbook [74] and presented in the
Appendix B4. The value for saturation temperature is evaluated for MEA at 0.022 bar, which is
equal to 79.5 °C. At this value, saturation pressures for DEA and TEA are 1.34-10* and
1.41-107 bar, respectively. Relative volatility is calculated by equation 2.4.2.

By Eq. (2.4.2), relative volatility of LK with respect to HK was found to be 1560 and for
DEA with respect to HK was found to be 9.57. Using these values in equation 2.4.5, obtained
value for 6 was 11.94. Applying this value further into Eq. (3.4.4), the R,,;, value was calculated
to 0.0042.

3.5.2.2 Assumption on reflux ratio and number of stages

Since the obtained value for Rmin is low, the decision to adapt the values from paper by
Devaraja [54] was made for convenience of the design. In the paper, a dividing-wall column was
used to separate MEA, DEA and TEA as top, side and bottom products simultaneously. Due to
this fact, the column had 40 stages. Knowing that in T-103 only the separation of MEA as top
product is required, the assumption of using 20 stages with 1.3 reflux ratio was made. The feed
stage number is 5.
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3.5.3. Column sizing and packing selection

Proceeding with the sizing of the distillation column, it is important to understand that
T-103 has two sections. First section is from 2nd stage to Sth stage, where the feed is located and
second section is from 6th stage until 19th stage. The diameters for these sections are identified
separately, according to the column internals data from Aspen Plus. According to the hydraulics
calculations from Aspen, the best value for diameters were found to be 1.8 m and 1.3 m for Ist
and 2nd sections, respectively.

According to Fernandes, random packed pall rings are efficient for separations where gas
and liquid mass transfer is essential [75]. Packing size of 50 mm is selected with respect to the
diameter according to the Towler and Sinott [71]. The packing material is selected in accordance
with the corrosive nature of ethanolamines. Due to their corrosivity, the material for the packing
was selected as ceramics as suggested by Towler and Sinott [71].

Height of the packed column is evaluated by the height equivalent to the theoretical plate
(HETP). This number is equivalent to the height of an equilibrium stage and used for evaluations
of column heights. According to Eckert, for distillation columns the HETP for a packing with
particular sizes is independent of the physical properties of the system and thus constant [76].
For 50 mm packing size, the corresponding HETP values are in the range of 0.75m and 1m. The
HETP value for the column was selected to be 0.75. The height of the column is calculated by:
columm = YHETP - N (3.5.1)
where, N is the number of stages excluding reboiler and condenser. The height of the column was
found to be 13.5m.

The pressure drop per stage for packed vacuum columns is 0.0009 bar. Condenser
pressure is 0.0175 bar and pressure in the reboiler is 0.0346 bar.

3.5.4. T-103 unit specification sheet
The unit specification sheet is presented in Table 2.5.1 based on the design parameters.

Table 3.5.1. T-103 unit specification sheet.

Operating conditions Schematic diagram

37



Feed flow rate, 62.23

kmol/hr
Inlet pressure, bar 0.022
Inlet Temperature, °C 100
Reflux ratio 1.3
Distillate flow rate, 45.6 | p=tam_ _
km()l/hr Height=13.5m
Bottoms flow rate, 16.63
kmol/hr
Top product 594
temperature, °C
Bottom product 172.3 - jge
temperature, °C
Condenser conditions Reboiler conditions
Pressure, bar 0.0175 Pressure, bar 0.0346
Heat duty, kW -1349.9 Heat duty, kW 832.4

Column sizing parameters

Section 1 Section 2
Stage interval 2-5 Stage interval 6-19
Diameter, m 1.8 Diameter, m 1.3
Height, m 3 Height, m 10.5

Packing parameters

Type of packing Random
Size of packing, mm 50
Material of packing Ceramics
Column construction material SS316

Chapter 4: Minor Equipment Design

Besides the main equipment that was discussed in the previous chapter, many other
industrial units are also involved in all intermediate processes in this production. The main
parameters of minor equipment are presented in this chapter. It is important to mention that
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parameters for temperature and pressure changing units, and reactors are taken from Aspen Plus,
while hand calculations were done for storage tanks.

4.1. Heaters and Coolers Design

In this process, there are several heating and cooling units since different liquids enter the
process in different temperature conditions. For main production to happen it is important to
change the temperatures of the process fluids into the required temperatures. In the designing of
such kind of equipment, it is important to find the heat duty value, which may be calculated
according to the following formula:

Q = meAT 4.1.1)
where, Q is the heat duty of the heating or cooling equipment, 71 is the flow rate of the stream, C,
is the heat capacity of the compound and AT is the temperature change.

In this process, there are 2 coolers and heaters. Considering the E-103 cooler, it needs to
decrease the temperature of the process fluid before entering the T-101 flash tank. E-104 is used
to cool the recovery vapor NH; to satisfy the initial condition to be mixed with feed of the
ammonia.

Now considering heaters in the process, there are mainly 3 heating units: E-103 and
E-101, 105. E-103 is a major heat exchanger described in the chapter above. The very first heater
needed to heat up the stream of raw EO up to the temperature required for the reaction to happen.
And the remaining E-105 is used to heat the fluid after the flash tank to satisfy the condition of
the T-102 separation column. The separated solution of EAs and water is heated before the water
treatment process. All the heat duty values of coolers with the inlet and outlet temperatures are
presented in Table 4.1.1. below.

Table 4.1.1. The design values of the coolers.

Coolers Heaters
Parameters E-103 E-104 E-101 E-105
Inlet temperature, C 54 145.4 10.64 -8
Outlet temperature, ‘C 28 47 54 25
Heat duty, kW -466.5 -3820.47 75.6 289
Phase change No Yes No No

4.2. Compressor design

In this process, there is only 1 compressor to increase the pressure of the ammonia
coming from the flash tank T-101. Since there is a recovery of ammonia it should be at the same
conditions as the inlet stream of raw ammonia. It is important to mention that in designing the
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compressors the final work value is a major parameter to consider, which can be calculated based

on Eq. (4.2.1). PV )~(P x )
W = = 4.2.1)

where, W is the power of the compressing unit, P, and P, the pressure at the outlet and inlet of
the stream respectively, V, and ¥, the outlet and inlet volumetric flow rates respectively, y is the
specific heat ratio of the component to be compressed.

The obtained results by Eq. (4.2.1). need to be divided by the efficiency of the
compressor, which is 0.8. All the work values of the compressors with the inlet and outlet
pressures are presented in Table 4.2.1 below.

Table 4.2.1. The design values of the compressor C-101.

Parameters Inlet pressure, bar | Outlet pressure, bar Power, kW

Value 5.4 18 668.56

4.3. Pumps design

In this production, there are also other types of pressure-changing units. Since most of
our process fluids are in the liquid phase, the principle of the pumps was used to make the
simulation in Aspen Plus software with an efficiency of 80 %. The working principles of the
pumps can be divided into 4 types, P-101, 102, 103, and 104 to increase the pressure of the raw
materials, which are liquid NH;, H,O and EO from their storage pressure condition up to the
operating condition of the reactor; P-105 to increase the pressure of the main product up to
standard pressure to prepare the final solution. For designing the pumps it also needs to consider
the final value of the work as it was done for the compressor, however using the different
formula which is provided by Eq. (4.3.1):

W = VAP 4.3.1)

where, W is the power of the pump, V is the volumetric flow rate and AP is the change in
pressure related to the operating stream.

For the pump, the same procedure applies to the compressor by dividing the result by the
efficiency of the pump, which is 0.8 as it was mentioned earlier. All the work values of the
pumps with the inlet and outlet pressures are presented in Table 4.3.1. below.

Table 4.3.1 The design values of the pumps.

Pump P-101 P-102A | P-102B | P-103A | P-103B P-104

Inlet pressure, bar 18 1 5 1.05 5 0.013
Outlet pressure, bar 27 5 27 5 27 |

Power, kW 6.59 0.45 2.47 0.57 3.18 0.096
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4.4. Reactors design

The unit specification sheet in Table 4.4.1 was prepared using Aspen simulation results.

Table 4.4.1. R-102 and R-103 specification sheet.

Operating conditions
Temperature, °C 52-55
Pressure, bar 26-28
Type and sizing
Type of reactor g&?}?ﬁ:ﬁg‘ﬁ% Length of reactor, m 8

Material SS316 Outer diameter of the tube, m 0.038
Orientation Horizontal Inner diameter of the tube, m 0.0359
Number of tubes 140 Volume of the reactor, m* 1.983

4.5. Storage tank design

In this process, there are fluids to be stored to enter production or to be collected for
further selling. Considering such cases 5 storage tanks were designed: 3 for raw materials and 2
for the obtained products. For the raw materials storage tanks are under specific storage
conditions for each component to keep its purity and phase. The volume of the storage tanks is
calculated by using the following equation:

V=0t 4.5.1)

where, V' is the volume of the storage tank, Q is the volumetric flow rate and ¢ is the appropriate
storage time of the component. Obtained results of storage tank calculations with storage
conditions of the components are presented in Table 4.5.1 below.

Table 4.5.1. The design values of storage tanks.

Storage tank TK-101 TK-102 TK-103 TK-104 TK-105
Stored material NH; Water EO MEA solution | DEA, TEA
State liquid liquid liquid liquid liquid
Temperature, C 47 30 10 25 25
Pressure, bar 18 1 2 1 1
Flow rate, m*/year 32214 28246 36456 81581 24639
Storage time, month 1 1 1 1 1
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Volume, m* 2700 2400 3050 6800 2100

Volume of 1 tank, m* | 3000 [77] [ 3000 [77] | 5000 [78] 10000 [79] 3000 [77]

Number of tanks 1 1 1 1 1

Material of tank SS316 Fiberglass SS316 SS316 SS316

Chapter 5: Plant Location and Layout

The selection of optimal plant location and its layout are important aspects of industrial
plant design, impacting process design, project profitability, and future expansion possibilities.
This chapter will discuss future plant location considerations and present plant layout
arrangements.

5.1. Plant Site Location

Several factors need to be considered in choosing the suitable plant location: (1) market
proximity, (2) transportation, (3) proximity to raw materials, (4) availability and cost of utilities,
(5) business environment, and (6) environmental risks and climate [80]. The decision on plant
location, based on the mentioned factors, will be discussed below.

5.1.1. Market Proximity

Market proximity is considered the pivotal criterion for selecting a plant location due to
its direct correlation with transportation expenses. Kazakhstan emerges as a significant producer
of coal, crude oil, and natural gas, all major contributors to greenhouse gas emissions [81]. As of
2022, CO, emissions from coal combustion in Kazakhstan totalled 152.7 million tonnes, with oil
combustion contributing 61.33 million tonnes and gas combustion 37.01 million tonnes [82]. In
2021, electricity and heat production accounted for 52% of the country's energy-related CO,
emissions, while industry contributed 13% [83]. Considering that 59% of total electricity is
generated from coal, 26.7% from natural gas, and just 3.3% from oil [84], it was concluded that
coal-fired thermal power plants represent the primary market for ethanolamine, a valuable
resource for carbon capture purposes.

In this context, Table C.1 provides a list of the main petrochemical plants and thermal
power plants in Kazakhstan, organized by region. The content of this table is summarized in
Figure 5.1 below, which illustrates the locations of major state regional power plants (SRPP),
thermal power plants (TPP), combined heat and power plants (CHPP), and refineries across
Kazakhstan [85-87].
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Figure 5.1. Map of major thermal power plants and refineries of Kazakhstan. Locations are
approximate.

Kazakhstan has three major oil refineries: Pavlodar Petrochemical Plant in Pavlodar,
PetroKazakhstan Oil Products in Shymkent (Turkistan region), and Atyrau Oil Refinery with
capacities of 7 million tonnes, 6 million tonnes, and 5.5 million tonnes of oil per year,
respectively [87]. Figure 5.1. illustrates the prevalence of coal-fired thermal power plants in
Kazakhstan. Among the significant ones, with electrical power capacities exceeding 500 MW,
are Ekibastuz SRPP-1, Aksu SRPP, Ekibastuz SRPP-2, Pavlodar CHPP-3 in the Pavlodar region,
Jambyl SRPP in the Jambyl region, Karaganda CHPP-3, Karaganda SRPP-2 in the Karaganda
region, CHPP-2 and TPP MAEC in the Mangystau region, and Almaty CHPP-2 in the Almaty
region. Summarizing the above-mentioned analysis, the Pavlodar region emerges as the optimal
location for the plant to supply thermal power plants and refineries with ethanolamine. Following
Pavlodar, other viable options include the Karaganda, Jambyl, Mangystau and Almaty regions.

5.1.2. Availability and Cost of Utilities

Based on the previous sub-chapter it was mentioned that the location will be the Pavlodar
region. The next important criteria to prove the suitability of the selected location are utility and
availability. As shown in Figure 5.1, there are several industrial plants in this region and
Pavlodar counts as one of the regions with a designated industrial area. In 2011 by the decision
of the government the special economic zone “Pavlodar” was created and some plants are
already located in this zone [88,89]. Based on that fact it can be considered that the main utilities
such as electricity, gas lines, railways, water, roads, and border services are connected to that
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zone. This is a great benefit to locate the plant in a special economic zone and to consider the
Pavlodar region as the major candidate for the selection.

During the production of ethanolamine 2 main utilities need to be considered: electricity
and water. Based on the information provided by the companies involved in the provision of
public utilities JSC “Pavlodar Energo”, LLP “Pavlodar Vodokanal” the utility costs without
value-added tax (VAT) are found: 27.56 KZT/kW -h™ for electricity, for technical water 95.19
and wastewater disposal 254.25 KZT/m* [90,91]. Also, it is important to mention that 34.5% of
the total water resources of Kazakhstan are located in the East Kazakhstan and Pavlodar regions,
which also may be considered a benefit to selecting the Pavlodar region for the plant location
[92]. The water deposited there can be implemented in various heat-exchanging operations.

5.1.3. Proximity to Raw Materials

The production of EA requires ammonia, ethylene oxide, and distilled water, which acts
as a catalyst. This section will discuss the availability and proximity of the selected regions to the
ammonia and EO suppliers.

JSC “KazAzot”, situated in the Mangystau region (Aktau), stands as Kazakhstan's sole
ammonia production facility and serves as our primary supplier for the EA production project
[93]. On the other hand, ethylene oxide is not produced domestically, leading to reliance on
imports, primarily from Russia. However, due to sanctions affecting Russian exports, prices have
surged, reaching 2293 USD per tonne in mid-2023 [94]. Considering alternatives, prices in the
USA, Europe, and the Asia-Pacific region vary, with the latter offering the lowest rates at 912
USD per tonne [95]. China, as a major producer, offers ethylene oxide at 876 USD per tonne
[96], significantly undercutting Russian prices by 2.4 times. Considering both the proximity of
China, which borders Kazakhstan to the east and the availability of ammonia within Kazakhstan,
it confirms that Pavlodar is indeed a suitable location for the plant.

5.1.4. Transportation

As it was mentioned earlier the raw materials will be coming from the Mangystau region
and China. It is important to look at the presence of a direct railway to transport each of the raw
materials to the selected region [97]. According to the railways system of Kazakhstan, the liquid
ammonia can be transported directly from Aktau city, Mangystau region to Pavlodar, the starting
station is Mangyshlak and the final is Pavlodar. Regarding the gaseous EO, it will be transferred
from the Zhetisy region as the closest station to the border of Kazakhstan and China directly to
Pavlodar, from Dostyq station, Zhetisy region.

Now considering transportation the main product, as mentioned before the main
customers will be power plants, which are mostly located in the North (Pavlodar), Central
(Karagandy) and South (Almaty) parts of the country. So it is important to consider the direct
railways to those regions. Again looking through the railways system of Kazakhstan, it can be
obtained that the main product of the plant can be transported to above mentioned regions. This
fact also proves that the Pavlodar may be counted as a good option to locate the plant.
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The transportation will be done by “KTZ-Freight Transportation” JSC, the main company
in the country that works in this field. According to their standards, the tanks for liquid cargo for
the final product and liquid ammonia and tanks for gases for EO will be used [98].

5.1.5. Business Environment

The business environment of the Pavlodar region is assessed through several factors,
including taxation, availability, and cost of labor. The above-mentioned special economic zone
“Pavlodar” was created to develop the chemical, petrochemicals, and scientific fields. This
project meets the requirements to enter this zone, therefore, corporate income tax, property tax,
land tax and customs duties are at the rate of 0% [99,100]. It is one of the reasons to construct
the plant in this region.

Labor availability is estimated through the number of working-age population. In
Pavlodar region, the working age population is approximately 450000 people at the beginning of
2023 [101]. The number of men and women is almost equal, 227319 and 222592, respectively.
The number of specialists in the field of construction and production is 107603. It is expected
that this number will rise after the realization of the project since people from other regions will
migrate. Taking into consideration the fact that the average number of workers in a plant with
similar production rate during its operation is around several hundred people, there will be
enough professional staff in the region [102].

In terms of the cost of labor, the evaluating factor is the average salary amount. For 2023,
the average salary of the Pavlodar region was 329989 tenge, which is slightly below the
Republican average salary amount [103]. This means that the cost of labor in Pavlodar region is
relatively smaller in comparison to other regions.

Taking into account the opportunity to enter a special economic zone, labor availability,
and cost of labor it was concluded that the plant location in the Pavlodar region is a beneficial
idea in terms of the business environment.

5.1.6. Environmental Risks and Climate

In the Pavlodar region, the ecological situation is deteriorated by the presence of different
production plants [104]. However, the worsening of ecology in the region is only explained by
the air quality. Based on the US Air Quality Index (AQI), the current AQI in the Pavlodar region
is 60, indicating an average level of air pollution. The primary pollutant contributing to this
index is PM2.5, with concentrations in Pavlodar currently at 3.3 times higher than the World
Health Organization's annual average air quality guideline [105]. Nowadays regional authorities
and business owners are working towards diminishing the emissions amount. In addition,
according to the ecological report made by Kazgidromet, the quality of the Irtysh river was
classified as 1st class in 2022, which means that no significant pollutants were detected in the
river [106]. The current aqueous ecological situation of the Pavlodar region will not deteriorate
significantly in the case of plant construction, since the leakage of significant amounts of EAs
into the river is unlikely to occur.
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The next factor is the climate of the region. For the storage and transportation of EAs it is
important to have low humidity, as corrosion can take place. Pavlodar region is located in
sharply continental climate conditions [107]. The temperature change between daytime and
nighttime can reach 15-20°C. The minimum temperature detected in the wintertime was -47°C.
The precipitation level is low, 200-300 mm per year. Another important factor is air circulation.
Winds are directed from the West to East, the velocity can reach 15-20 m/s. The advantage is the
rapid purification of the atmosphere, blowing polluted air out of cities. Due to this reason, the air
in cities, despite the intense impact of transport and economic facilities, still does not have high
pollution rates [107].

In conclusion, considering all the stated factors, plant location in Pavlodar is the most
optimal place for the construction of EAs production plant. The selected region is a great
opportunity to fully develop the capacity of the plant considering all the above factors, especially
the availability of utilities and raw materials by geographical factors and their transportation
within the country as an advantage for the construction of EAs production plant in Kazakhstan.

5.2. Plant Layout

Designing an ethanolamine production plant layout requires a systematic approach to
design, focusing on safety, efficiency, and compliance with environmental regulations. Principal
factors that should be considered are economic considerations (construction and operating costs),
process requirements, convenience of operation and maintenance, safety, and future expansion
[80]. This chapter will discuss main plant layout considerations and plant layout design for EA
production.

5.2.1. Plant Layout Design

The EA production process involves three primary stages: the treatment of raw materials
using pumps and heating units; the reaction phase employing three PFR reactors; and finally, the
separation phase to separate ammonia, water, and MEA from the reaction mixture. These
components are integrated within a single plant area designed for potential future expansion.

Beyond primary processing units, essential on-site facilities comprise raw material and
product storage, shipping and receiving areas, maintenance workshops, stores, quality control
laboratories, fire stations, utilities, administrative offices, canteens, changing rooms, first aid
points, and parking lots. The layout for the EA production plant is given in Figure 5.2.
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Figure 5.2. EA production plant layout.

Tank farm

Control
room

Tank farm

Expansion Area

Expansion Area

The plant was divided into different zones based on their level of risk. Red areas are the
most critical zones for the safety of the plant. Orange zones mark potential machinery and
equipment hazards, while green zones denote safe areas equipped with first aid resources. Other
considerations regarding safety, efficiency, environmental impact, and future expansion will be
discussed in the next section.

5.2.1. Plant Layout Considerations

Firstly, concerning raw materials storage, ethylene oxide poses a high risk due to its
reactivity and flammability [10]. Therefore, it is stored in some safe space apart from ammonia
and distilled water tanks. The storage rooms for products include two dedicated tanks for a 30
wt% MEA solution and a mixture of DEA and TEA. These tank farms are strategically placed
near the railway station to facilitate shipping and receiving processes efficiently.

The layout is designed for optimal flow of materials and energy efficiency. The plant
area, housing all processing equipment such as three PFR reactors, separators, pumps,
compressors, and heat exchangers, is positioned near the raw material storage and product tank
farms. This proximity minimizes transport time and reduces the risk of material degradation.
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A control room equipped with automated systems, sensors, and instruments is situated
adjacent to the plant area to ensure optimal monitoring of all operations. The on-site laboratory,
responsible for analyzing raw materials, in-process materials, and final products to ensure
adherence to specifications, is situated across the road from the plant area. This location is also
shared with the plant utilities, providing convenient access to essential services.

Safety measures include placing first aid and fire stations, along with emergency water
access, close to the ethylene oxide storage tank and plant area for quick access in case of an
emergency situation.

The maintenance and workshop areas are strategically positioned to ensure easy access
for conducting routine checks and repairs. The administrative building, intentionally positioned
farthest from the plant and tank farms to enhance safety measures, provides offices, amenities for
staff, and meeting rooms. Additional facilities such as changing rooms, a canteen, stores, a hotel
equipped with a gym, restaurant, and restrooms, and a parking lot are situated within the safe
zone for the convenience of plant workers and visitors. These amenities aim to provide comfort
and accessibility within the operational environment.

Adequate space is reserved near the plant area and within the empty tanks in both tank
farms to accommodate future expansion. This foresight accounts for potential increases in
production rates, the addition of separation units for DEA and TEA purification, ethylene glycol
side product separation, and wastewater treatment.

Chapter 6: Environment and Waste Streams

During the design and construction of industrial plants, it is important to assess the
possible emissions, waste streams, and overall environmental impact of products. Environmental
risks associated with the production of EAs are emission of the ammonia and MEA with water
steam as a top product of the water separation column and leakage of the DEA and TEA mixture
into the environment as a bottom product of the MEA purification step.

According to environmental regulations in the working space, the limit of ammonia
permitted concentration is 20 mg/m’. For the ethanolamines, there is no legal limit for the
working space. Therefore, the legal concentration limit of MEA in the atmosphere of living areas
is considered, it is 0.02 mg/m’ [108].

In the full process flow simulation of Aspen, it is seen that the allowable concentrations
are exceeded for both MEA and ammonia. There are several negative consequences associated
with the high content of ammonia and MEA in the atmosphere. Starting with the first compound,
the large concentration of ammonia leads to ammonia deposition in the atmosphere, which
further results in eutrophication and acidification [109]. Due to this factor, algae blooms, oxygen
depletion and deposition of nitrogen acids in the soil and water can occur. Moreover, ammonia
is one of the components of fine particulate matter (PM2.5), which causes various diseases,
including Chronic Obstructive Pulmonary Disease (COPD) and lung cancer [110]. In contrast,
the MEA is not considered a hazardous pollutant in the air in the U.S. Environmental Protection
Agency (USEPA) list [111]. However, it can be absorbed by soil through precipitation. When the
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water containing a high concentration of MEA is absorbed by the soil, it negatively impacts the
vegetation living there. MEA has a high pH, which causes a chemical burn in plants [112].

The methods of decreasing the concentration of ammonia in water vapour include
adsorption by microporous silica-alumina powder. In this method, reversible adsorption is
achieved and the process is conducted in ambient conditions [113]. It is beneficial in terms of
reducing cost, as no expenditures are required for the treatment conditions. Zeolite-based
adsorption coated with MOP is another method of remediation of the exceeding amount of
ammonia. This approach showed the retention of 88% amount of ammonia under humid
conditions [114]. The ammonia scrubber system uses sulfuric acid to neutralize the ammonia gas
forming the salt, however, for this method, it is necessary to consider the removal of the salt,
including additional equipment and utilities [115]. Therefore, the chemical adsorption method is
suitable for reducing ammonia concentration. In addition, the MEA amount can be decreased in
the liquid phase through the reverse osmosis method with a polyamide membrane. It can
decrease the amount of MEA by 98.7%. It was concluded that the final product after treatment
with the membrane is environmentally safe and can be disposed of to sewage without any risks
[116]. In the future, the remediation steps consist of purification of the water stream from the
ammonia and direction of the stream into the M-103 mixer, which is necessary to produce the
final product, 30 wt% MEA solution. While it is not realized, the adsorption method is applied
for the ammonia and then the water vapor is emitted. Alternatively, the measures to meet the
legal limit concentration of pollutants include decreasing the ammonia vapour concentration,
condensation of the water with MEA and reduction of MEA concentration. Another approach to
water treatment includes further purification of water vapour through distillation, however, it
requires more financial investment to install the distillation column.

There is also a stream containing the mixture of DEA and TEA in the purification of the
MEA stage. In normal operating conditions, no environmental hazards occur. However, there is a
risk of leakage in case of abnormal functioning. DEA and TEA both negatively affect an
individual's health [10]. When TEA is exposed to heat, thermal decomposition releasing
poisonous cyanide gases occurs. Therefore, the leakage of EAs must be dealt with by dry
absorbents, subsequently disposing of them by saturating them with water before sealing. It is an
essential stage, as when EAs-rich absorbents are exposed to air, thermal degradation can occur,
resulting in spontaneous combustion [56]. In the future, the mixture of DEA and TEA is going to
be separated and sold. The risks of leakage can be reduced and minimized by the installation of
control devices and connecting them to the emergency shutdown system.

Chapter 7: Total Investment and Profitability

This section provides an economic analysis of the profitability of the plant, including
calculations for total investment, fixed cost and variable cost. The main calculations were done
manually and using the Aspen Process Economic Analyzer (APEA).
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7.1. Price of Raw Materials and Final Product

Before starting the economic analysis of the plant it is important to look through the cost
of raw materials. It is important to mention that the price of both raw materials is dependent on
the global price of crude oil and gas. By making an appropriate analysis and taking into account
the prices of raw materials in different countries and regions, and by making comparisons, which
are presented in Table 7.1.1 below, it was decided that the liquid ammonia will be transported
from the “KazAzot” company and EO from China.

Table 7.1.1. The global prices of raw materials.

Price, USD per tonne
Seller country or region
NH; EO

China 495 [117] 876 [96]
USA 940 [118] 1251 [119]
Asia-Pacific region 657 [118] 912 [119]

Kazakhstan 600 [120] -

Russia 824 [121] 2293 [94]
Europe 793 [118] 1509 [119]

It is also important to consider the selling price of the final product. In this case, the
world prices of EAs for 2022-2023 also were considered and presented in the following Table
7.1.2. below.

Table 7.1.2. Global prices of MEA for the 2022-23 time period.

MEA [122]
Region USA Europe SEA Middle East India
Price, USD per tonne 1850 1740 1650 1790 1570
DEA [123]
Region Europe Saudi Arabia USA Mexico Canada
Price, USD per tonne 1880 1250 2570 2780 2070
TEA [124]
Region USA Asia Europe Middle East and Africa
Price, USD per tonne 1330 1010 1180 1040
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By analyzing the prices of main products, approximate selling prices of target products
may be predicted. As can be seen in Table 7.1.2., prices from Asian countries are cheaper than
those from Europe or the USA. Based on that, the preliminary predicted price for MEA will be
1700 USD per tonne, for DEA 2400 USD per tonne and TEA 1100 USD per tonne.

7.2. Cost of Equipment and Storage Tanks

The cost of equipment that is required for plant operations was estimated with the help of
APEA. The total cost of equipment, including installation was estimated to be roughly 9 600 000
USD. The results are shown in Table 7.2.1.

Table 7.2.1. Cost of equipment.

Equipment ID Equipment cost, $ Installation cost, $
P-101 73800 180 000
P-102A 5600 42300
P-102B 52600 92900
P-103A 5600 38800
Pumps P-103B 55600 92800
P-104 14700 91200
E-101 11400 73500
E-102 11700 85700
Heater/Cooler E-103 624 200 920 900
E-104 28100 127 800
E-105 20300 106 200
Compressor C-101 1 409 200 1 627 400
Reactor R-101 169 200 578 100
Flash tank T-101 35400 139 500
Distillation column T-102 369 000 1 043 500
Vacuum Distillation T-103 442 900 1049 900
Total Cost 9619 800

The cost of the storage units was estimated via the weight of the tank and unit price for
material per kg. The unit price for SS316 was taken as 4.951 USD/kg and for fiberglass as 1.8
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USD/kg [125, 126]. The total cost required for storage tanks was found to be 2 800 000 USD.
The results for cost estimations are presented in Table 7.2.2.

Table 7.2.2. Cost of storage tanks.

ID Weight, kg Cost, USD
TK-101 87900 435193
TK-102 87900 158 220
TK-103 123 400 610953
TK-104 240 200 1 189 230
TK-105 87900 435193

7.3. Capital Investment Estimation

To estimate the total capital investment, evaluations of the Inside Battery Limit (ISBL),
Outside Battery Limit (OSBL), Engineering Cost, and Contingency Charges are required. ISBL
includes the cost of equipment, installation, construction, and other expenses that show the cost
of the plant. Evaluation of ISBL value can be conducted via the Bridgewater method [127].
Since the production rate of the plant is 80100 tonnes per year, the Eq. (7.3.1) for Q > 60000 is
used:

0 0.675
C = 3200 - N(-%) (7.3.1)

where, N is the number of functional units, s is reactor conversion, Q is the production rate, and
C is the ISBL value.

N is equal to 6, Q is 80100 kt/year and s is 0.31. The final ISBL value was found to be ~
87 400 000 USD.

OSBL is the offsite cost that is required to be spent for any additional infrastructural
changes. Typically, offsite costs are estimated as 40% of ISBL cost. The OSBL cost was found to
be ~34 950 000 USD.

Engineering Costs (EC) are the costs required for detailed engineering design and
engineering services. The Engineering Costs are evaluated with a rule of thumb which states that
EC is the sum of 30% of ISBL and OSBL. Engineering Costs were found to be ~36 700 000
USD.

Contingency Charges are the costs added to the project budget for cost fluctuations, like
changes in prices. It is suggested that projects should estimate that the cost of Contingencies
should be evaluated as 10% of ISBL and OSBL sum. It was found to be ~12 200 000 USD. The
following table represents the results of capital investment estimations.
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Table 7.3.1. Capital investment estimations.

Component of Capital Cost Capital Cost, USD
ISBL 87 368 000
OSBL 34 947 000
Engineering Costs 36 694 000
Contingency Charges 12 231 000
Total 171 240 000

7.4. Fixed and Operating Labor Costs

The annual operating cost of the plant consists of fixed and variable costs. This chapter
will estimate the fixed cost of the production plant with the operating labor.

7.4.1 Operating Labor Cost Estimation

An important factor to consider is the cost of operating labor. The cost of operating labor
is calculated using a correlation equation by Alkhayat and Gerrard [73]:

2 0.5
N, =(6.29 + 3L7P + 0.23N ) (7.4.1)

where, N, depicts the number of operators given per shift, P is the processing steps number with
particulate solids handling, and N,,, is the process steps with the non-particulate matter.

Since there is no solid handling in the process of EA production, the value of P is taken
as 0. Further, the number of equipment needs to be calculated using the following equation and
Table 7.4.1:

an = Y Equipment use (7.4.2)

A number of equipment is equal to 12 (pumps and vessels or equipment with no
substantial cost are not considered in calculating N,,). Thus, from Eq. (7.4.2) the value of N, is
3.01.

Table 7.4.1. Number of equipment used in the plant.

Equipment Type Number of equipment N,
Reactor 3 3
Compressors 1 1
Pumps 6 -
Heat Exchangers 5 5
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Distillation Columns 2 2

Flash tank 1 1

Total 18 12

Therefore, the plant that ideally operates 365 days a year requires 1098 shifts. Single
operator works 48 weeks a year, 5 full working day (8 hours) shifts a week, resulting in 240
shifts a year. Thus, the number of operators needed is 4.58 operators (this exact number will be
used for further calculations). The average salary of industrial engineers is close to 400 000 KZT
per month (4 800 000 KZT per year) [128], which is 10 700 dollars annually. The operating labor
is calculated using the following equation:

Operating labor = NOL . an (7.4.3)

The operating labor is equal to 13.76, which is rounded to the nearest integer 14. The cost
of the operating labor is found using the following formula:

COL = Operating Labor - Average Salary (7.4.4)

The calculations revealed that the annual cost of operating labor is approximately 149
800 USD.

7.4.2. Estimation of the Fixed Costs and Total Labor Cost of Production

The total cost of labor consists of other components such as supervision, and direct salary
overhead. The calculations of fixed costs are done using assumptions of average costs.
Supervision is approximated as 25% of the operating labor cost, while direct salary overhead is
taken as 50% of the operating labor cost plus supervision.

In addition to operating labor, the plant has 3 500 000 USD as maintenance cost, which is
4% of ISBL. Property tax and insurance are only 1.5% of ISBL and environmental charges are
1% of ISBL plus OSBL fixed cost. Eventually, the general plant overhead, which is used to
cover overhead functions such as human resources, research and development, finances, and
informational technologies, costs 65% of total labor plus maintenance [73]. Table 7.4.2
summarizes the fixed costs and calculations can be retrieved from the Excel file “Group 5,
Economic Analysis” in ESI.

Table 7.4.2. Estimation of fixed costs of production.

Component of fixed costs Cost, USD/year

Cost of Operating Labor 149 800
Supervision 37450

Direct Salary Overhead 112 350
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Maintenance 3494707
Property Tax and Insurance 1310515
General Plant Overhead 3 689 447
Environmental Charges 35 820 747
Total 44 615017

7.5. Variable Cost of Production
7.5.2. Cost of Raw Materials

The production of the MEA solution requires water, ammonia and ethylene oxide. The
cost for raw materials and catalyst are used to calculate the profit of the production plant. The
ammonia expenses (15 500 tonnes/year and price 600 USD/tonne) are equal to 9 300 000
USD/year, for ethylene oxide (27 300 tonnes/year and price 876 USD/tonne) the cost is 23 900
000 USD/year and for water the price can not be adequately calculated and not taken into
account. Annual cost of raw materials equal to 33 200 000 USD/year.

7.5.3. Cost of Utilities

Utilities were evaluated with the ASPEN Economics tool. Main utilities were identified
as electricity, cooling water and steam. Taking into account the cost of these utilities and their
involvement in operation of major and minor equipment in the plant, the total cost for utilities
was found to be 3 913 573 USD/year.

7.5.4. Cost of Waste Treatment

To evaluate the cost of waste treatment, it is important to identify the composition of the
top product after the T-102 column, since only this stream requires treatment actions. This
stream, indexed as stream 12, possesses ammonia as gas at moderate amounts and mainly water
vapor. The ammonia removal is planned to be conducted by zeolite adsorption. To calculate the
cost of the waste treatment, the mass of zeolite required for purification of 1 gram of ammonia
was taken as 26.94 milligrams [129]. The cost of zeolite powder is 3.5 USD/kg [130]. The mass
flow rate of ammonia leaving the T-102 at stream 12 is 1032 kg/hr. Therefore, the cost required
for ammonia treatment was calculated to be 852 000 USD/year.

7.6. Economic Analysis

The economic indicators related to the plant production are calculated using Excel and
can be retrieved from the Excel file “Group 5, Economic Analysis” in the ESI . The construction
of the chemical plant takes 2 years. Thus, the calculations are done for 9 years starting from 2026
up to 2034.
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7.6.1. Revenue Estimation

The total revenue of the plant consists of sales of MEA, DEA, and TEA solutions. The
main revenue comes from selling the 30% MEA solution. Considering the total production rate
of the MEA solution (9255 kg/h, or 68500 tonnes/year) and the price for pure MEA (1700 USD
dollars/tonne) the annual revenue of sales equals 116 500 000 USD dollars. In addition, the
revenue can be increased by sales of DEA and TEA solutions that are considered as a
by-product. The DEA and TEA solution can be separated into pure components (8800 tones/year
of DEA, 5800 tones/year of TEA). In that case, the revenue will increase by 27 500 000 USD
dollars. Therefore, the annual revenue of the plant is projected to be 144 000 000 dollars.

7.6.2. Expenses Estimation

The initial investments are approximated as 171 200 000 USD dollars with fixed costs 44
600 000 USD per year. The annual variable cost of production is 37 100 000 USD dollars.
Moreover, the plant pays 20% of EBIT as a corporate tax that is increased every year with the
growth of the plant and inflation rates. The main expenses related to production are presented in
Table 7.6.1.

Table 7.6.1. Main expenses related to production of EAs.

Expenses Value
Capital Investment, USD 171 200 000
Fixed Costs, USD/year 44 700 000
Variable Costs, USD/year 37 100 000
Income corporate tax at the end of 1st year, USD 13 500 000

7.6.3. Estimation of Other Economic Indicators

To perform the economic analysis some assumptions were made. It is assumed that the
capital cost of the plant is 20% with the growth rate equal to 3%. In addition, the corporate tax in
Kazakhstan is 20%. Gross profit in the first year of operation 121 200 000 USD dollars a year.
The unlevered income of the plant for the first year is 54 000 000 USD. The Net Working Capital
(NWCQ) is equal to 57%. For the economic analysis the inflation rate of 9.8% was projected for 9
upcoming years, 2026 to 2034 [131]. The Net Present Value (NPV), Internal Rate of Return
(IRR), Free Cash Flow and Payback Period were calculated. The depreciation for 15 years is
considered in calculating NPV [132].

The Net Present Value is equal to ~149 500 000 USD dollars with IRR equal to 32.6%.
Based on the Cumulative Free Cash Flow the payback period is 4.15 years. The values for the
economic indicators are presented in Tables 7.6.2 and 7.6.3. The graphs presenting the
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cumulative cash flow, NPVs at different rates, and free cash flows can be obtained from
Appendix D. The economic analysis can be retrieved from the Excel file “Group 5, Economic
Analysis” from ESI.

Table 7.6.2. Economic indicators for the end of 2026 and 2034.

Economic indicator 2026 2034
Revenue 157 700 000 333 100 000
Cost of Raw Materials 36 500 000 77 000 000
Total Fixed costs 49 000 000 103 600 000
Utility Cost 4 300 000 9000 000
Gross Profit 121 200 000 256 100 000
Unlevered Income 54 000 000 114 400 000

Table 7.6.3. Main economic indicators of the production plant.

Economic indicator Values
Payback Period 4.15
NVP, USD dollars 149 500 000
IRR, % 32.6

Chapter 8: Conclusions and Future Work

In conclusion, this project comprehensively established the industrial process for
monoethanolamine solution production for CO, capture in Kazakhstan. To accomplish the goal,
previously the choice of catalyst and chemical pathway, the study of kinetics, and preliminary
economic and market analysis were done. This report describes the production route, detailed
design of the major and minor equipment used in the process, and plant layout. Moreover, this
project covers the environmental considerations connected with the plant waste streams, and an
initial economic analysis on investments and profitability was conducted by estimations of fixed,
variable, and operating costs.

Among the existing ways of monoethanolamine production, the reaction between
ammonia and ethylene oxide with water as a catalyst was selected as the main production route.
The kinetics for this reaction were studied and validated with Aspen software and Python
programming language. The main advantage of this production path is the high yield of MEA.
The process involves the reaction in PFR, followed by the separation of MEA from remaining
ammonia, water, and formed byproducts. The production rate of the process was established as
68.5 kt of 30 wt% MEA solution per year.
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Establishing the mass balance of the process was followed by a detailed design of the
major equipment used in the process including heat exchanger, reactors, flash tank, and
distillation columns. Calculations were done using various shortcut methods for process design,
materials of construction, and operating parameters were considered. Subsequently, results were
validated with Aspen. The design of minor equipment including heaters, coolers, and pumps and
energy balance for equipment was conducted mainly by hand calculations and Aspen simulation.
The process was summarized in PFD.

After the design and identification of process flow, the next essential step was to consider
the plant location. In the considerations for plant locations factors such as market proximity, raw
materials and utility availability, transportation, business environment, and environmental
considerations were taken into account. As a result, the Pavlodar region was selected as the most
suitable location for plant construction. The detailed plant layout was established according to
safety requirements, efficiency analysis, and environmental risks.

The next main consideration regarding the plant was the total investment and profitability
analysis. The initial investment analysis for the plant was considered by ISBL, OSBL, EC and
CC. Estimates for total fixed and variable costs, revenues and profit found by the financial
realization of products enabled the possibility to identify the profitability of the industrial plant.
The calculations were done manually and information on equipment and utilities expenditures
were analyzed with APEA. The NPV of the plant was found to be 149 500 000 USD with a
payback period of 4.15 years.

One of the drawbacks of the current project is neglecting the production of DEA and
TEA, as they are not components of the desired final product. In the future, this project may be
improved by considering the separation of DEA and TEA. Moreover, ammonia vapor collected
through adsorption does not have further implementation. Since chemical adsorption is a
reversible process, the collected ammonia can be recycled back into a fresh stream. Water vapor
with MEA can be mixed with purified MEA and freshwater streams to obtain the final solution,
it is the way of optimization of the production and future novelty of the project. In addition, the
usage of produced EAs for other purposes than CO, capture may be considered. The side product
of the EA production is ethylene glycol, but in this project side reaction occurrence is neglected.
Considering the fact that the kinetics of ethylene glycol formation was also validated previously,
in the future, the plant can be expanded for the production of this compound.
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