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KEYWORDS Abstract Diethanolamine (DEA) solutions are used in refineries to sweeten gas. DEA is responsi-
Amine regeneration unit; ble for absorbing H,S from sour gas. In an Amine Regeneration Unit (ARU), the rich amine with
DEA; H.S is regenerated. A refining column in the Middle East started commercial production in 2020.
Energy; Using Aspen HYSYS V.11, an amine regeneration unit in the refinery that supplies lean amine to
Exergy destruction; the delayed cooker unit for gas sweetening was simulated, and an exergy study was performed on
Exergy efficiency; various equipment. Exergy is destroyed in an irreversible process, while energy is converted from
Refining one type to another. The sum of the physical and chemical exergy is the total exergy. The chemical

exergy was calculated using a series of equations embedded in Excel, while the physical exergy was
calculated using HYSYS. The DEA concentration used is 25 wt%. Each equipment’s exergy
destruction rates, destruction efficiency, and percentage share of destruction were determined.
The regenerator had the highest destruction rate of 2144.11 kW and an 80.21 percent share of total
destruction. With a value of 326.00 kW and a percentage share of 12.20 percent of total destruction,
the air cooler has the second-highest exergy rate. Exergy has a 99.70 percent overall efficiency. Due
to system losses, the DEA concentration fell from 25% to 20% of the design value. The regenerator
had the highest destruction rate of 2616.74 kW followed by the air cooler with a value of 294.61 kW.
In DEA 20%, an exergy analysis was carried out. Exergy research showed the same percentage
share distribution for equipment at a concentration of 20 DEA wt. percent. To find related equip-
ment relationships, the results of the unit’s exergy analysis were compared to those of another ARU
exergy study at the same refinery plant. The regenerators were found to have the highest exergy
destruction of the two units with a percentage share of the overall destruction reaching 80% fol-

lowed by the air coolers with values reaching 9%.
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Nomenclature

Area of heat transfer

Sensible heat

Distillate rate

Specific exergy

Exergy rate

Kinetic energy

Potential energy

Exergy efficiency

Distillation feed rate

Gravitational Acceleration constant
Enthalpy

enthalpy rate

Specific enthalpy

Specific enthalpy in distillate
Specific enthalpy in feed

Specific enthalpy in residue

Rate of the liquid flow return returning to the top

CFFSTTIR T Mmme O >

plate
m Mass rate
P pressure
P; pressure due to friction
0 Heat duty
Q. Condenser duty
Q. Reboiler duty
S Entropy
R Gas constant
T Temperature
T, hot fluid temperature inlet
T, hot fluid temperature outlet
t cold fluid temperature inlet
tr cold fluid temperature outlet
Tim log mean temperature
U overall heat transfer coefficient
A% Rate of the vapor at the top plate
v velocity

w Distillation bottom rate

W, Shaft work

X4 Distillate composition in top

X Distillate composition in feed
Xy Distillate composition in bottom
z elevation

Greek letter

A The difference between inlet and outlet
Mmix Latent heat of vaporization for overhead mixture
Asteam  Latent heat of vaporization for reboiler steam
P Liquid density

Subscripts

¢ Condenser

che Chemical

d Distillate

e Exit

f Feed, friction

1 Inlet, specie in a mixture

k Kinetic

Im Log mean

p Potential

r Reboiler

S Shaft

W Residue

0 Standard conditions

Superscripts

ch Chemical

ph Physical

0 Standard conditions

1. Introduction

Hydrogen sulphide is a toxic, corrosive pollutant that is pro-
duced in refineries. It causes acid rain, which is harmful to
equipment as well as human health [1,2]. Sulphur recovery
plants (SRU) use hydrogen sulphide as a feedstock to produce
elemental sulphur [3,4]. The primary goal of SRU plants is to
avoid H,S emissions from violating global environmental reg-
ulations [5-8]. Sulphur is most commonly generated using the
modified Claus process [9 —11]. Some dangerous pollutants
are present in the process sour water provided by refinery
plants. In sour water, the major contaminants are hydrogen
sulphide (H»,S) and ammonia [12-14]. H,S and NH; are
extracted from sour water using strippers [15-17]. Amine treat-
ing units are used to sweeten sour gas that contains acid gas
such as H>S. H,S is removed from the gas by a lean Amine
solution, which is then stripped from the rich amine in a regen-
erator [18,19]. This role is performed by the amines Diethano-
lamine (DEA) and Methyl diethanolamine (MDEA) [2,20-22].
MDEA is used when an acidic gas contains both CO, and H,S

because of its high selectivity for H,S over CO, [23-25]. An
amine scrubber unit is shown in Fig. 1.

The fastest-growing population on the planet has resulted
in a significant rise in energy consumption [26,27]. The value
of optimum energy use for community growth cannot be over-
stated. Optimal energy usage is now a significant measure of a
community’s degree of growth from an energy standpoint. As
a result, energy optimization and loss prevention in different
industries are critical. Chemical processes with higher energy
consumption have higher operating and production costs, as
well as lower device performance [28]. Though energy is con-
served in chemical reactions, exergy is irreversibly lost. Exergy
is the amount of work or power we can get from a given
amount of energy concerning the natural environment. Poten-
tial, kinetic, chemical, and physical exergy are all components
of total exergy. Potential and kinetic exergy is often ignored
because of their lower values as compared to physical and
chemical exergy [11]. The chemical exergy is described as the
maximum amount of work performed when a material transi-
tions from an environmental state to a dead state. Only the
environment is involved in the process of process exchange
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and heat transfer. The maximum amount of work is often con-
sidered in the concept of physical exergy, but when the mate-
rial is transported from its initial state to the state of the
environment, the physical exergy concept is used. Only thermal
contact with the environment is involved in physical exergy
[29]. Ibrahim et al. carried out an energy optimization analysis
on the same refinery plant to conserve steam from the SWSI,
SWS2, ARUI, and ARU2 units. The research saved
1,537,206.38 $/year [10]. Some researchers studied the effect
of using nanofluid on exergy. Sheikholeslami et al. mentioned
that Hybrid nanofluid is useful to increase the exergy efficiency
of solar water heaters. Sheikholeslami et al. concluded that
using nanofluids can result in reduces exergy losses. Sheik-
holeslami et al. added hybrid nanoparticles to enhance the effi-
ciency of solar collector. The exergy loss decreases about
8.671%. [30-32].

There was no notable examination of energy and exergy
analysis of Amine scrubber units and Amine regenerator units
in the literature review. (Mohamadi-Baghmolaei, et al.) per-
formed an exergy analysis on various compositions of a mix-
ture of DEA and MDEA, as well as the CO, emissions of
the exit sweet gas from the blended mixture. There was no
research on the individual DEA solution and the impact of
its original concentration being reduced due to operational
issues [20]. Except for an exergy analysis conducted by Ibrahim
et al. for the same refinery plant [33], there were no exergy
studies related to the individual DEA solution and the impact
of a decrease in the original concentration due to operational
problems. Aspen HYSYS V.11 was used to simulate an indus-
trial ARU unit. Two amine regeneration units regenerate the
rich amine solution to lean amine in a refinery plantin the
Middle East that began official production in 2020. All refinery
units are serviced by ARUI, except the Delayed Coker Unit
(DCU). ARUI1 unit was exergy studied by Ibrahim et al.
[33]. The second unit, ARU?2, is only responsible for regenerat-
ing DCU’s rich amine. The research presented here is for
ARU?2. The study aims to calculate the exergy destruction
rates for all equipment, as well as the percentage share of

Amine scrubber unit.

equipment that is destroyed. To infer the relationships between
similar equipment, the current ARU No.2 research results
were compared to the results of the ARU No.1 study. These
recent exergy studies will aid in the reduction of exergy losses
in process systems. DEA is present in the solvent solution at a
concentration of 25% by weight. Exergy analysis (chemical
and physical) and local irreversibility in equipment are per-
formed after model validation. The distribution of destructed
exergy between equipment is compared, and the exergy effi-
ciency of different equipment is calculated. Due to system
losses, the concentration of DEA fell to about 20%. The same
exergy analysis is carried out on the DEA solution at a concen-
tration of 20% to see what changes occurred in the exergy
calculations.

2. Materials and methods

2.1. Simulation step

The amine regeneration unit is simulated with Aspen HYSYS
software V.11, and the simulation output, which describes the
plant, is shown in Fig. 2, along with the feed characteristics in
Table 1.

Fig. 2 is an output from the simulation and can be consid-
ered as a PFD for the plant.

2.2. Simulation sections

Rich amine from other refinery process units and absorbers is
regenerated to lean amine in the regenerator column, and acid
gas from overhead is sent to the Sulphur Recovery Unit (SRU)
for further processing. The rich amine solution is pumped to
the tube side of the (lean/rich Amine heat exchanger E1) and
fed to the Amine regenerator by the Rich Amine Pump (P1).
The regenerator reboiler provides heat to the regenerator,
which is used to remove H2S from the rich amine solution.
In the regenerator overhead condenser, the vapour from the
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Table 1 Feed characteristics. 2:4. Validation step
sl desmiiion  LAED A The simulation results were compared to the industrial data
Temperature 103 for validation. Since the unit’s goal was amine regeneration,
Pressure 2 the simulation’s two-stream selected were 217 (regenerated
Mass flow 73176.4 LA) and 223 (Acid gas to SRU).
Total Weight Comp. Fraction
DEA 0.243 . )
Water 0728 2.5. Exergy calculations [11,20,28,29,33]
H, 0.000
NH; 0.000 The physical and chemical exergy is determined using the fol-
H.S 0.028 lowing equations in a sequence:
CO, 0.000 ‘
Physical exergy = (H — Hy) — To(S — Sy) (1)
Chemical exergy = Z ex’che + RT Z x; Inx; (2)
Destruction exergy = Z mie; — Z me€e 3)

regenerator is cooled to 55 °C. SRU receives the acid gas from
the Regenerator Reflux Drum. The lean amine solution from
the Amine regenerator is transferred to El’s shell side and
cooled to about 88.2 °C. After cooling at El, the lean amine
is pumped to the lean Amine Air Cooler by (Amine charge
pump P2).

2.3. Simulation criteria

Chemical Solvent was the fluid package used in the simulation.
This package was appropriate for component feeding. The
results will deviate if the fluid package was selected incorrectly.
The regenerator was simulated as a distillation tower, which
needed some data (the number of trays, inlet and outlet stream
connections, bottom pressure, top pressure, bottom tempera-
ture, and top temperature), and the column was based on flow
rates or top and bottom component fractions. El is simu-
lated as a standard heat exchanger. This necessitated a set of
values for the cold and hot side streams, including flow rates,
temperatures, and pressure drops. The pumps P1 and P2 were
chosen as pumps.

ex%e che is the standard chemical exergy found directly from
tables or calculated by methods, where x; is the mole fraction
of specie “i” in the mixture.

Enthalpy, entropy, temperature, global constant of gases,
and standard condition are represented by the letters H, S,
T, R, and 0. We did not disregard chemical exergy because
its value is comparable to and higher than physical exergy;
therefore, total exergy is calculated as the amount of physical
and chemical exergy.

EP" = meP" (4)

Ech — 1,hech (5)

The sum of the physical and chemical exergy values for
each stream is used to calculate the exergy of the material
stream.

E =FEPh 4 E® (6)

The exergy efficiency of system components is defined as
the ratio of outlet exergy to inlet exergy for each component,
and the exergy efficiency of the entire system is defined as
the percentage of inlet exergy converted to the system’s outlet.



Exergy study of amine regeneration unit for diethanolamine

105

2.6. Exergy destruction calculations equations of equipment

Table 2 shows exergy in, exergy out, and exergy destruction
equations based on equipment types in the studied unit.

2.7. Material and energy balance concepts [34]

A distillation column with a condenser and reboiler (the regen-
erator), one heat exchanger, two pumps, and an air cooler were
among the several pieces of equipment in the ARU unit. This
paper tries to use a method for calculating the plant’s material
and energy balance that will be useful to readers.

2.7.1. Material balance equations
The general material balance equation is as follows:
Input — output + generation — consumption
= accumulation. (7)

In the case of steady-state conditions, no accumulation
exists, and the equation can be written as follows:

Input + generation = output + consumption. (8)

2.7.2. Material balance assumptions

In the case of a non-reactive system with no generation or con-
sumption, the plant operates at steady-state conditions.

2.7.3. Material balance equations used in plant

Equation refers to reactive systems. The equation for the con-
tinuous nonreactive system is as follows:

Input = output. 9)

Otherwise, the equation is written as follows:

Zm, = Z m; (10)

input output

2.7.4. Energy balance equations

The overall energy balance equation is as follows:
AH + AE, + AE, = Q — W, (11)

The enthalpy difference is calculated based on the following
equation:

AH = Zmi]:[i_zmi]:]i (12)

output input

Table 2 Exergy calculations.

The kinetic energy is calculated based on the following
equation:
AE = my[2=Y mp?/2 (13)
output input
The potential energy is calculated based on the following
equation:

AEF = E ngz; — Em;gz_, (14)

output input

2.7.5. Energy balance assumptions

Since there was so much equipment at the factory, it was
important to make assumptions about each piece of
machinery.

o If there was no noticeable change in pressure from the inlet
to the outlet, if there was no temperature change, phase
change, or chemical reaction, and AH = 0 (the mechanical
energy balance was more useful in this case).

e [f a temperature change, phase change, or chemical reaction
occurred, AH#0, (AEk, AE,,) could be neglected.

e If there were no great vertical distances between the inlets
and the outlets, AEp =0.

e If the system and its surroundings were at the same temper-
ature or the system was perfectly insulated, then O = 0 and
the process was adiabatic.

o [f the energy was not transmitted across the system bound-
ary by a moving part, an electric current, or
radiation, W, = 0

2.7.6. Plant equipment energy balance equations
For the pumps, the following equation was used:
AH = W, (15)

For the condenser and reboiler, the following equation was
used:

AH =0 (16)
For the mixers, waste heat boilers, and adiabatic reactors,

the following equation was used:

AH =0 (17)

Felder et al. provided material and energy balance equa-
tions for various processes and equipment, along with assump-
tions for each case [31].

Equipment Exergy in Exergy out Exergy destruction

Pl Ey;p + Q_PI Esiz Eziz + Q_PI - Ey3

El Eziz + Egps Ei3 + Eng Esis + Exis— Ei3- Eig

Regenerator E»i4 + Q_Reboiler E,5s + Epxns + Q_Condenser E>i4 + Q_Reboiler - E; 5 — Exs - Q_Condenser
P2 E>is + Q_P2 Esi6_out Esis + Q_P2 - Esi6 ou

Air Cooler Ezm_om Ezi7 E216_Oul - Eziz
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2.8. Detailed equipment equations [35 ]

2.8.1. Distillation (Stripper)

A distillation column (Stripper) can be described using several
material and energy balance equations. Fig. 3 shows a typical
distillation column. The overall material balance can be found
as follows:

F=D+B (18)

where F, D, and B are the feed, distillate, and bottom rates,
respectively (kg/h). The component material balance can be
found as follows:

Fx; = Dxp + Bxp (19)

where X Xp, and xp are the distillate compositions in the feed,
distillate, and residue, respectively.
The overall heat balance can be found as follows:

Fhy+ Q, = Dhy+ Why + 0, (20)

where Q, and Q. are the reboiler duty and condenser duty,
respectively, and hg, hy, and hg are the specific enthalpies (J/
kg) for the feed, distillate, and residue, respectively.

0. = Vi = (mc,AT)
Here, c,, is the sensible heat (J/kg °C).

(1)

water

V=L+D (22)

Here, V and L are the rates of the vapor at the top plate and
liquid flow returning to the top plate (kg/h), respectively.

Qr - ’/n,rteam/lsleam (23)

Here, Apix and A geam are the latent heat of vaporization (J/
kg) values for the overhead mixture and reboiler steam, respec-
tively [32] (see Fig. 4)

2.8.2. Heat exchanger equations

The material balance equations were presented in equation
(10). The general equation for the heat transfer across a surface
is as follows:

0 = UAAT,, (24)

where Q, U, A, and AT,, are the heat transfer per unit time
(W), overall heat transfer coefficient (W/m? °C), area of heat
transfer (m?), and log mean temperature difference (°C),
respectively. The log mean temperature difference was calcu-
lated using the following equation:

(' —6)—(Ih—1n)
(T1—n) ’
(Ta=11)

AT]m = (25)

In
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Fig. 4 Percentage share of equipment.

where T, is the hot-fluid inlet temperature, T, is the hot-fluid
outlet temperature, t; is the cold fluid inlet temperature, and
t, is the cold fluid outlet temperature.

2.8.3. Pump equation

The total energy required can be calculated from the following
equation:

AP AP
gAz+7—7f—W:o (26)

where W is the work done (J/kg), Az is the elevation difference
between z; and z, (m); AP is the system pressure difference
between P, and P, (N/m?); AP;is the pressure drop due to fric-
tion, including miscellaneous losses and equipment losses (N/
m?); p is the liquid density (kg/m’), and g is the acceleration
due to gravity (m/s?) [32].

3. Results and discussion

3.1. Validation results

Table 3 shows the validation findings, which demonstrate that
the industrial and simulation results are almost identical. The
authors’ experience with numerous simulations has shown that
the most important aspect in simulation is the adequate pack-
age selection, which allows for high accuracy results. The tem-
perature of stream 223 has the largest variance in this
simulation, with a deviation of (—9.09 percent). In terms of
component composition, there is almost no difference. In this
case, the (chemical solvent package) was chosen.

3.2. Calculations for DEA concentration of 25%

3.2.1. Physical and chemical exergy calculations for streams

The streams’ physical and chemical exergy calculations were
based on section equations (2.5 Exergy Calculations). The

molar flow rates, mass flow rates, and mass exergy for the
streams were determined by HYSYS and are shown in Table 4.

The streams’ physical exergy, chemical exergy, and total
exergy were determined using the equations in Section 2.5
(Exergy Calculations) and are described in Table 5.

Q_P1, Q_P2, Q_Reboiler, and Q_Condenser had respective
values of 13.29, 20.03, 5428.11, and 2534.72 kW. Table 2
shows the values that were used in the equipment destruction
calculations. The magnitude of chemical exergy is usually
greater than that of physical exergy. In all of the streams,
the depletion of chemical exergy was greater than 99 percent.

3.2.2. Exergy destruction and exergy efficiency of equipment

Exergy destruction calculations for equipment are computed
using the equations in Table 2, and exergy efficiencies and per-
centage share of destruction are computed using the section
(2.5 Exergy Calculations) and provided in Table 6.
Regenerator has the highest destruction rate, with a value
of 2144.11 kW and an 80.21 percent share of total destruction,
followed by air cooler with a value of 326 kW and a 12.2 per-
cent share of total destruction. Fig. 4 shows the destruction
percentage share. Exergy has a 99.7 percent overall efficiency.

3.3. Calculations for DEA concentration of 20%

3.3.1. Physical and chemical exergy calculations for streams

The streams’ physical and chemical exergy calculations were
based on section equations (2.5 Exergy Calculations). The
molar flow rates, mass flow rates, and mass exergy for the
streams were determined by HYSYS and are shown in Table 7.
Q_P1, Q_P2, Q_Reboiler, and Q_Condenser had respective
values of 12.77, 19.00, 5188.04, and 1718.01 kW. Table 2
shows the equations that were used in the equipment destruc-
tion calculations. The physical exergy, chemical exergy, and
total exergy calculations for the streams were based on the
equations in 2.5 (Exergy Calculations) and listed in Table 8.
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Table 3 Validation results.

Stream 217 (Lean Amine) 223 (Acid gas to SRU)
Property Design Simulation Dev Design Simulation Dev
Temperature (°C) 60.00 60.00 0.00 55.00 50.00 9.09
Pressure (kg/cm?g) 8.50 8.50 0.00 0.80 0.80 0.00
Mass flow (kg/h) 71272.50 71126.93 0.20 2049.60 2049.47 0.01
Component Total Weight Comp. Fraction
DEA 0.250 0.250 0.00 0.000 0.000 0.00
water 0.749 0.749 0.00 0.046 0.046 0.00
H, 0.000 0.000 0.00 0.000 0.000 0.00
NH; 0.000 0.000 0.00 0.000 0.000 0.00
H,S 0.002 0.002 0.00 0.953 0.953 0.00
CO, 0.000 0.000 0.00 0.000 0.000 0.00
Table 4 HYSYS calculations for streams. Table 6 Exergy destruction and exergy efficiency results.
Strezm 1\]/([0]2‘: liliow l\l/(laslsl oy ﬁass ey (Ll Equipment Destructed energy Percentage Exergy
T X L) (kg/h) ) (KW) share Efficiency (%)
gg Ry ;}SZ;} ;31;2'28 gz;‘ Regenerator 2144.11 80.21 98.55
214 3189.51 73176.40 3'5 21 Air Cooler  326.00 12.20 99.75
: : : El 194.93 7.29 99.93
223 61.53 2049.47 43.01 Pl 420 0.16 100.00
215 3127.98 71126.93 63.03 P2 3‘98 0.15 100'00
216 3127.98 71126.93 26.40 Sum 2673.23 100.00 9970
126-Out 3127.98 71126.93 27.21
217 (LA) 3127.98 71126.93 10.71
The exergy calculations for streams with a 20% DEA con- Table 7 HYSYS calculations for streams.
centration were identical to those for streams with a 25% DEA Stream Molar flow Mass flow mass exergy (kJ/
concentration. The chemical exergy values were higher than number (kmol/h) (kg/h) kg)
the physical exergy values. The percentage share of the 212 (RA) 3189.51 69983.85 847
destruction for the chemical exergy exceeded 99% in all the 213 3189.51 69983.85 8.92
streams. 214 3189.51 69983.85 35.01
223 103.16 2760.81 144.77
3.3.2. Exergy destruction and exergy efficiency of equipment 215 3086.35 67223.04 62.56
. . . 216 3086.35 67223.04 25.39
Exergy destruction calculations for equipment are computed
. . . .. 126-Out 3086.35 67223.04 26.20
using the equations in Table 2, and exergy efficiencies and per- 217 (LA) 3086.35 67223.04 10.43

centage share of destruction are computed using Section 2.5
Exergy Calculations and provided in Table 9.

Regenerator has the highest destruction rate, with a value
of 2616.74 kW and an 84.25 percent share of total destruction,
followed by air cooler with a value of 294.61 kW and a 9.49
percent share of total destruction. Fig. 5 shows the destruction
percentage share. Exergy has a 99.56 percent overall efficiency.

Table 5 Stream exergies.

3.4. Comparison of DEA concentrations of 25% and 20%

Table 10 shows a comparison of DEA concentrations of 25
and 20 percent. By 432.7 kW, the total destroyed exergy with
25% DEA was less than that with 20% DEA. From an exergy
viewpoint, this indicated that working with a higher concentra-

Stream number Epn (kW) Eq (kW) Eot (kW) Percentage share of Epj, in Eq
212 (RA) 177.74 141480.75 141658.49 99.87
213 186.83 141480.75 141667.58 99.87
214 715.62 141480.75 142196.37 99.50
223 24.48 13209.95 13234.44 99.81
215 1245.35 128465.86 129711.21 99.04
216 521.63 128465.86 128987.49 99.60
126-Out 521.63 128465.86 128987.49 99.60
217 (LA) 211.68 128465.86 128677.54 99.84
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Table 8 Stream exergies.

Stream number Epn (kW) Eq (kW) Eiot (KW) Percentage share of E;p, in Eo
212 (RA) 164.62 113677.76 113842.38 99.86
213 173.34 113677.76 113851.10 99.85
214 680.60 113677.76 114358.36 99.40
223 111.02 12742.93 12853.96 99.14
215 1168.10 101189.59 102357.70 98.86
216 474.12 101189.59 101663.71 99.53
126-Out 474.12 101189.59 101663.71 99.53
217 (LA) 194.70 101189.59 101384.30 99.81

Table 9 Exergy destruction and exergy efficiency results.

Equipment Destructed energy Percentage Exergy
(KW) share Efficiency (%)
Regenerator 2616.74 84.25 97.81
Air Cooler  294.61 9.49 99.71
El 186.73 6.01 99.91
P1 4.05 0.13 100.00
P2 3.80 0.12 100.00
Sum 3105.93 100.00 99.56

tion would be preferable. The regenerator was the primary
cause of this decline.

The main purpose of the difference in destructed values in
the regenerator must be established. Table 2 demonstrates
how to calculate the destructed exergy in the regenerator using
the equation (E,;4 + Q_Reboiler - E;j5 — Es; - Q_Con-
denser). condenser duty decreased by 816.71 kW, while the
reboiler duty regenerator 25 percent exceeds 20 percent by
240.06 kW. The discrepancy between the two values is
576.65 kW, which is roughly the total destruction value sur-
passed in both cases (432.72 kW). Since some other small val-
ues may increase or decrease, we're just talking about the key
contributor. The streams related to regenerator destruction
calculations are shown in Table 11.

Table 11 shows that some exergies measured for streams
with a 25 percent concentration outperformed those calculated
for streams with a 20 percent concentration by large amounts.
As an example, the (214) stream can be considered. The E
value of the stream, at 25%, was 27838.01 kW higher than
the E value of the stream, which was at 20 percent. The
sum of physical and chemical exergy values is the overall
exergy. By just 35.02 kW, the E,;, value of 25% was higher
than the value of 20%. As a result, it wasn’t the primary con-
tributor. The E., value at the 25 percent concentration was
higher than that with the 20 percent concentration by
27802.99 kW. E, was the cause of this difference. The Eg,
value determined using the equation (3" xiexohe + RTo 30X
In x;) was primarily influenced by the component composition.
The chemical standard chemcial exergy of the DEA was much
higher than that of water. DEA and H,O; have ex%, values of
2718.1 kJ/mol and 0.90 kJ/kmol, respectively. As a result, the
chemical exergy at the 25% concentration was substantially
higher than at the 20% concentration.

Table 12 indicates the difference in mole fractions between
these compositions with with ex%e

3.5. Exergy results comparison with ARU2 study

Ibrahim et al. performed previously an exergy study of the first
ARU unit of the plant. DEA used to provide LA to all the

O.QO/Q

B Regenerator

® Air Cooler mE1 P1 mP2

Fig. 5 Percentage of destruction share of equipment.
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Table 10 Comparison between destruction values for DEA
concentrations of 25% and 20%.

Concentration 25 20 Difference
Equipment Destructed Destructed

energy (KW) energy (KW)
Pl 4.20 4.05 0.15
El 194.93 186.73 8.20
Regenerator 2144.11 2616.74 —472.62
P2 3.98 3.80 0.18
Air Cooler 326.00 294.61 31.39
Sum 2673.23 3105.93 —432.70

plant units except the DCU is regenerated in this unit. The
DEA concentration decreased from the design concentration
of 25 wt% to 20% wt.% due to system losses. The design con-
centration value of the amine is set by the licensor of the pro-
cess to guarantee that the amine will perform efficiently for
H,S gas sweetening. The decrease in this concentration due
to any purposes may lead also to other severe problems. Sys-
tem losses in general for amine may happen due to many pur-
poses. The study was conducted on two different
concentrations (25% and 20%) by weight [30]. A comparison
was conducted between the similar equipment of the current
study of ARU2 unit providing LA to the DCU and the previ-
ous study to conclude the similar relationships between
equipment.

3.5.1. Columns comparison

It was observed that the main highest exergy destruction in the
two units was in the columns (Regenerators). Table 13 shows
the tower values in the two units and the percentage share of
these values in total unit destructions.

It was observed that the columns in the two units have the
highest destruction rate. All destruction rate values of the col-
umns exceed 79% of the total destruction of the units.

3.5.2. Air coolers comparison

The air coolers exist in ARU and SWS. The air coolers in their
units have the second-highest destruction rates and percentage
shares in destruction as shown in Table 14. The destruction
values exceed 9% in the two units.

3.5.3. Pumps comparison

The pumps in the two units have the lowest percentage share in
the destruction of the units. Table 15 shows a comparison
between pumps destructions in ARU1 and ARU?2 units. The
pumps have a contribution lower than 1% in three units.

4. Summary and conclusions

In 2020, a refining plant in the Middle East began commercial
production. An amine regeneration unit in the refinery supplies
lean amine to the delayed cooker unit for gas sweetening.
HYSYS V.11 was used to simulate the unit, and an exergy
study was performed on various equipment. The study aims
to calculate exergy destruction rates for all equipment, as well
as the percentage share of exergy destruction for each equip-
ment and exergy efficiencies. The concentration of regenerated
diethanolamine is 25% by weight. Regenerator, with a value of
2144.11 kW and a percentage share of 80.21 percent of total
destruction, has the highest destruction rate, followed by air
cooler, with a value of 326.00 kW and a percentage share of
12.20 percent of total destruction. Exergy has a 99.70 percent
overall efficiency. The total amount of energy destroyed was
2673.23 kW. Due to start-up issues, the DEA concentration
was reduced to 20% by weight. At a concentration of 20
DEA wt. percent, an exergy analysis revealed the same per-
centage share distribution for equipment. The regenerator,
with a value of 2616.74 kW and a percentage share of 84.25
percent of total destruction, has the highest destruction rate.
With a value of 294.61 kW and a percentage share of 9.49 per-
cent of total destruction, the second-highest one was also an
air cooler. The overall efficiency of the exergy is 99.56 percent.
The total amount of exergy destroyed was 3105.93. At a 20

Table 11 Regenerator streams.
Stream Conc Eph Ech Etot
Inlet 214 25 715.62 141480.75 142196.37
20 680.60 113677.76 114358.36
Diff 35.02 27802.99 27838.01
Q_Reboiler 25 5428.11
20 5188.04
Diff 240.06
Stream Conc Eph Ech Etot
Outlet 215 25 1245.35 128465.86 129711.21
20 1168.10 101189.59 102357.70
Diff 77.24 27276.27 27353.51
223 25 24.48 13209.95 13234.44
20 111.02 12742.93 12853.96
Diff —86.54 467.02 380.48
Q_Condenser 25 2534.72
20 1718.01
Diff 816.71
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Table 12 Standard chemical exergy values and mole fraction
of DEA [26,27,30].

Table 15 Comparison between pumps destructions in two
units.

pumps

DEA Concentration ex%e (kJ/kmol) 25 wt% 20 wt%
Components Mole Fr.

DEA 2718.10 0.05 0.04
H,Op 0.90 0.93 0.94
H, 236.09 0.00 0.00
NH; 337.90 0.00 0.00
H,S 812.00 0.01 0.01
CO, 19.48 0.00 0.00

—-

Table 13 Comparison between regenerators destructions
ARUI and ARU2.

n

Columns (Regenerators)

Unit Destructed
energy (KW)

Total unit % share of
destruction (kW) destruction in its

unit
ARU2 2144.11 2673.23 80.21
25%
ARU2 2616.74 3105.93 84.25
20%
ARU1  13459.73 16907.45 79.61
25%
ARU1  15571.65 18964.53 82.11
20%

Table 14 Comparison between air coolers destructions in two
units.

Air cooler

Unit Destructed
energy (KW)

Total unit % share of
destruction (kW) destruction in its

unit
ARU2  326.00 2673.23 12.20
25%
ARU2 294.61 3105.93 9.49
20%
ARU1  2096.65 16907.45 12.40
25%
ARU1  2034.29 18964.53 10.73
20%

percent concentration, the overall destruction increased by
16.19% in contrast to the other concentration (432.70 kW).
The regenerator, which had a higher destruction value for
the DEA concentration of 20% by 472.62 kW, was found to
be the cause of the discrepancy. The sum of chemical and phys-
ical exergies is known as total exergy. Chemical exergy calcu-
lations of all streams in DEA concentrations of 25% and
20% revealed that a percentage share of the total exergy values
of each stream exceeded 99 percent. Equipment’s exergy effi-

Total unit
destruction (kW)

Unit Destructed
energy (KW)

% share of
destruction in its

unit
ARU2 8.18 2673.23 0.31
25%
ARU2 7.85 3105.93 0.25
20%
ARU1 19841 16907.45 0.59
25%
ARU1  198.95 18964.53 0.53
20%

ciency should be compared to its destructed values. In both
cases, the regenerator has the highest destruction values but
also has a good exergy efficiency of over 97 percent. The find-
ings of the ARU2 exergy study were compared to those of the
ARUI1 exergy study at the same refinery plant. The regenera-
tors were found to have the highest exergy destruction of the
two units. With a percentage share of the overall destruction
reaching 80% the second-highest destruction rates were found
in air coolers, with values reaching 9% of the overall destruc-
tion of their units. The pumps in the two units contribute the
least to the destruction of the units, accounting for less than
1% of the overall destruction in the two of them.
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