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A B S T R A C T   

CO2 utilization is one of several tools available to us to mitigate climate change. This paper aims to study and 
optimize the urea production in the largest CO2 utilization plant in Iran. The location, magnitude, and source of 
thermodynamic inefficiencies of the plant are evaluated using exergy, exergoeconomic and exergoenvironmental 
analyses. The optimization process uses as decision variables the temperature of the lean monoethanolamine 
solution and loading, along with the height of the absorber and the stripper of the plant. The decision variables 
and objective functions are trained with a hybrid combination of an artificial neural network with a genetic 
algorithm. The multi-objective genetic algorithm results in a pareto front of solutions. The exergy efficiency of 
the overall system is found to be 30.89% and 3.57, 2.86, 2.21% of the exergy of the fuel provided to the plant is 
destroyed in the soda ash wash direct contact, the stripper, and the absorber columns (424.07, 339.71 and 
258.61 kW), respectively. The exergoeconomic analysis shows that the heat exchangers E-7 and E-8 result in 
relatively low exergoeconomic factor; therefore, an enhancement in the thermodynamic performance of the heat 
exchangers should be considered. The absorber column is found to have the largest environmental impact, equal 
to approximately 0.1205 mPt/s. The highest environmental impact of exergy destruction, equal to 33,256.3 
mPts/hr is found in the stripper.   

1. Introduction 

Climate change is one of the most challenging environmental, social 
and economic threats of the last century [1]. Industries manily rely on 
fossil fuels for their operation, whereas renewables are capital-intensive, 
and their accessibility declines their competitiveness with fossil fuels 
[2]. Therefore, fossil fuels play a vital role in the future energy mix of the 
world specially in developing countries such as Iran. Iran is developing 
the greenhouse industry because of its high population growth, harsh 
and diverse climate, and the growing water crisis [3]. Carbon Capture, 
Utilization and Storage (CCUS) is an option to reduce greenhouse gas 
emissions. Even though the implication of such systems is recognized to 
battle climate change, its commercial large-scale application is yet to be 
realized, mainly due to its associated energy penalty [4,5]. There are 
three main categories of capture processes: post-combustion, pre-com
bustion and oxyfuel processes. Chemical absorption using amine sol
vents is the most advanced technology for post-combustion CO2 capture 

[6]. The main method for CO2 recovery is the absorption of the CO2 in 
the flue gas of a power plant using an amine-based solvent; a process that 
is then followed by the desorption of the CO2 and the regeneration of the 
solvent [7]. The most common amine that is often employed for CO2 
scrubbing processes, is Monoethanolamine (MEA). The main challenge 
in this kind of systems is to reduce the energy required for the regen
eration of the solvent discussed in [8] and [9]. The thermal energy 
required to regenerate the solvent in post-combustion CCS is typically 
provided with low-pressure steam extracted from the plant which leads 
to some efficiency penalty [10]. The regeneration of the solvent and 
consequently the CO2 recovery, is supported with heat transfer from 
low-pressure steam extracted from the power plant [11]. Table 1 shows 
important parameters of Post-combustion Carbon Capture (PCC) re
ported in similar systems in the literature. 

More relevant studies on the evaluation of CO2 capture systems 
include the application of exergy analysis [18]. Lara et al. [19] used the 
second law of thermodynamics to reduce the energy penalties of a CO2 
capture process. Atsonios et al. [20] applied exergy analysis to identify 
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the losses and evaluate the performance of diverse CO2 capture tech
nologies, i.e., amine scrubbing, calcium looping, and oxyfuel combus
tion for fossil fuel-fired power plants. Ferrara et al. [13] simulated 
chemical absorption using a MEA-based solvent with a capture rate of 
90% in a coal-fired power plant. They analyzed the system using exergy 
and exergoeconomic analyses. They traced most irreversibilities in the 
components where the chemical capture of the CO2 took place. An 
achieved improvement in the design of the plant reducing the unit cost 
of carbon capture from 35.0 to 31.8 US$/ton CO2. Gatti et al. [21] 
applied thermodynamic analysis to study alternative structures of 
methanol absorption for acid gas removal to design a CO2 capture unit. 
Valenti et al. [22] realized energy and exergy analyses of carbon capture 
using a chilled ammonia process. The chilled ammonia technology focus 
on reducing the energy use and solving corrosion and degradation 

issues. 
Odejobi et al. [23] simulated a CCU plant for methanol production, 

and evaluated the system with an exergy analysis. They reported higher 
irreversibility in the CCU plant is occurred in the heat exchanger fol
lowed by the lean cooler and the stripper. Shirmohammadi et al. [12] 
realized a technoeconomic analysis of a natural gas-fired power gener
ation system with CO2 capture using MEA absorption. Most irrevers
ibilities were found in the components where the chemical capture and 
release of the CO2 were carried out, i.e., the CO2 absorber and stripper. 
Yulia et al. [24] conducted a comprehensive study of coal-fired power 
generation system with CO2 capture. They optimized the system to 
maximize the exergy efficiency and minimize the exergoenvironmental 
impact of the plant. They found relatively low exergy efficiencies for the 
heat exchangers, regenerators, and absorbers. 

In this work, exergy, exergoeconomic, and exergoenvironmental 
analyses are used to identify the location, magnitude, and sources of 
thermodynamic inefficiencies and environmental impacts (EIs) in an 
integrated CO2 capture and utilization unit. Finally, an artificial neural 
network (ANN) is used to train the data and a GA is used to optimize the 
process in terms of exergy efficiency and total cost of the system. 

Nomenclature 

Abbreviations 
ANN Artificial Neural Network 
CCU Carbon Capture and Utilization 
CCUS Carbon Capture Utilization and Storage 
EI Environmental Impact 
GA Genetic Algorithm 
LCA Life Cycle Assessment 
PFHE Plate and Frame Heat Exchanger 
TOPSIS Technique for Order of Preference by Similarity to Ideal 

Solution 

Symbols 
b specific environmental impact per exergy unit (mPts/kJ) 
Ḃj environmental impact rate of material stream (mPts/s) 
C Cost (USD) 
ex Specific exergy (J/kg) 
ĖD Exergy destruction rate (kW) 
Ėf Fuel exergy rate (kW) 
Ėp Product exergy rate (kW) 
h Specific enthalpy (kJ/kg) 
K Component 
ṁ Mass flow rate (kg/s) 
P Pressure (kPa) 
Q̇ Rate heat transfer (kW) 

R Universal gas constant (kJ/kmol.K) 
S Specific entropy (kJ/kg.K) 
T Temperature (K) 
V Velocity (m/s) 
Ẇ Work transfer rate (kW) 
Ẏ component related environmental impact rate (mPts/s) 
Ż Capital investment (USD) 

Greek symbols 
ε Efficiency 
φ Maintenance factor 
τ Annual operating hours 

Subscripts 
0 Reference state condition (1 atm, 298 K) 
1, 2, …, 116 Points in Fig. 1. 
Ph Physical exergy 
Ch Chemical exergy 
D Destruction 
F Fuel 
P Product 
tot Total 

Superscripts 
i Number of components 
n Number of operation years  

Table 1 
Important parameters of PCC with MEA solvent.  

Reference Mol. fraction of 
CO2 [%] 

Mass fraction of 
Solvent [wt%] 

Pressure of 
Stripper [bar] 

Temperature of 
steam [◦C] 

Duty of reboiler 
[kJ/kgCO2] 

CO2 final 
pressure [bar] 

Efficiency of 
capture [%] 

Shirmohammadi et al. 
[12]  

11  30 3.3  150 3410 15  82 

Ferrara et al. [13]  13  30 1.6  130 5112 152  90 
Geuzebroek et al. [14]  3.5  30 N/A  140 4300 N/A  90 
Amrollahi et al. [15]  3.8  30 1.86  145 N/A 110  90 
Yu et al. [16]  12.6  30 N/A  296 N/A 130  90 
Wang et al. [17]  14.4  30 2.1  296 4550 N/A  90  

Table 2 
Composition of the flue gas stream.  

Substance Mole fraction 

N2  0.724 
CO2  0.0678 
O2  0.0326 
H2O  0.1756  
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2. Case study 

Kermanshah Petrochemical Industries Co. (KPIC) manufactures and 
sells chemicals and agricultural fertilizers. The company produces urea 
fertilizers, liquid ammonia and nitrogen. In this petrochemical complex, 
a CCU was established to capture the carbon dioxide exhausted with the 
flue gas of the primary reformer of the ammonia plant. The composition 
of the flue gas is provided within Table 2. The captured CO2 is then 
transferred to the compressor of the urea plant. This project was 
licensed, designed and realized by Shahrekord Carbon Dioxide Co. 
(SCD) to recuperate 132 Metric Tons Per Day (MTPD) of CO2 from the 
flue gas. This technology has enabled KPIC to reduce its natural gas 
consumption by 21.1 Million of Normal Cubic Meters (M Nm3) per year, 
and helps the company avoid over 40,000 tons of CO2 emissions annu
ally. Additionally, the production capacity has increased by 5%, without 
any additional investment [25]. 

3. Simulation framework and process description 

The CCU plant is simulated via the chemical process simulator 
ASPEN Hysys® V. 10, using the Acid Gas Property Package models [26]. 
The CCU plant contains three columns, i.e., the soda ash wash-direct 
contact (SADCC), the absorption, and the stripper columns. The 
SADCC column contains of two packed sections with a height of 6 m and 
diameter of 3.8 m. The absorber contains 5 segments with a total height 
of 13 m. The cooling and washing sections are located at the top part and 
two intercoolers are placed in the middle section of the absorption 
column. The lean solvent is delivered to the third segment of the 
absorber, in which the absorption with the aqueous solution MEA takes 
place. Two intercoolers are located in the middle section of the ab
sorption column to enhance the absorption rate. The rich solution is 
heated in the two-stage rich-lean heat exchangers. The rich solvent is 
then entered into the top segment of the stripper, in which the regen
eration of solvent is being completed. The stream from the top of the 
stripper, containing high amount of CO2, is delivered to the condenser in 
which the vaporized part is separated and quite pure CO2 (with 95% 
molar concentration) is sent to the compressor of the urea plant [27,28]. 
Table 3 shows the thermodynamic properties of the streams in the CCU 
plant. A flow diagram of the CCU plant is shown in Fig. 1. 

4. Methodology 

The CCU plant is evaluated using exergy, exergoeconomic, and 
exergoenvironmental analyses, the methodology of which is presented 
in the following sections. 

4.1. Exergy analysis 

Considering this presumption that there are no kinetic and potential 
energies, the exergy of a stream is divided into physical and chemical 
[29]. The physical exergy is the maximum available work generated by 
bringing a stream from its actual condition to the dead state expressed 
by P0 and T0. The physical exergy (eph) is calculated as[30]: 

eph = (h − ho) − To(s − so) (1)  

Where,h and s are the specific enthalpy and entropy, respectively. h0 and 
s0 are the enthalpy and entropy of the thermodynamic environment (h0 
=f (T0, P0) and s0 =s (T0, P0)). The chemical exergy of an ideal mixture is 
[31]: 

Table 3 
Thermodynamic properties of the streams of the CCU plant.  

Stream 
No. 

Type of 
stream 

Mass flow rate 
(Kg/s) 

Temperature◦

C)) 
Pressure 
(bar) 

1 Flue gas  17.58  178  0.8776 
2 Flue gas  16.56  42  0.8621 
3 Flue gas  16.56  47  0.9007 
4 Vent  14.99  43  0.8776 
7 H2O-Na2CO3  26.82  42  2.5 
8 Rich MEA  33.68  51.7  1.4 
16 Rich MEA  33.68  57  4.7 
17 Rich MEA  33.68  87  4.4 
18 Semi-lean 

MEA  
32.29  90  3.8 

19 Semi-lean 
MEA  

32.29  116  3.6 

20 Lean MEA  32.13  126  2.35 
21 Lean MEA  32.13  100  2.15 
22 Lean MEA  32.13  70  1.95 
23 Lean MEA  32.11  48  1.75 
25 Captured CO2  1.86  86  2.2 
26 CO2 

(product)  
1.57  43  2 

27 Reflux (H2O)  0.29  43  2 
28 Drainage 

(H2O)  
28.40  65  2.5 

29 Purge (H2O)  17.58  43  2  

Fig. 1. Flowchart of the CCU plant.  
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ech =
∑

xiei
0 +T0R

∑
xilnxi (2)  

Where, xi and ei
0 stand for the molar fraction and chemical exergy of 

each components existed in the mixture, and R stands for the universal 
gas constant [31]. Examples of standard chemical exergy values 

(kJ/mol) are 3.97 for O2, 0.72 for N2, 19.48 for CO2, 337.9 for NH3, and 
900 for liquid H2O, [32]. 

Exergy of a blend for real solutions can be obtained where activity 
coefficients, i.e., Ƴi are recognized for the components: 

ech =
∑

xiei
0 +T0R

∑
xilnxiƳi (3) 

The total specific chemical exergy of a mixture can be calculated 
using the following equation. 

ech =
∑

xiei
o (4) 

However, for a real mixture, intermolecular forces must be accoun
ted for as well and the following equation can be used. 

ech =
∑(

xiei
o

)
+ΔGmix (5) 

The Gibbs free energy ΔGmix is estimated as follows: 

ΔGmix = G −
∑

xiGi (6) 

Table 4 shows the physical and chemical exergy of streams in the 
CCU plant. 

The exergy efficiency is defined as the ratio of the useful exergy 
output (ĖP) to the total input exergy ĖF [31]: 

ε =
ĖP

ĖF
(7) 

The exergy destruction rate (ĖD,k) for an equipment is then calculated 
as: 

ĖD,k = ĖF,k − ĖP,k (8) 

The exergy rate of heat transfer Q̇ is [33]: 

ĖQ = Q̇
(

1 −
T0

T

)

(9) 

The definition of exergy of the fuel and product for each component 
is done and the exergy balances for the components of the system are 
presented in Table 5. 

4.2. Exergoeconomic analysis 

The economic assessment of the CCU plant is caried out via Aspen 
Process Economic Analyzer® (APEA). The capital costs typically include 
the purchased equipment cost (PEC) and their installation costs. The 
operational costs generally comprise of utility costs. APEA is a package 
to approximate costs of equipment and installation in a variety of pro
cesses [34]. By means of employing APEA in lieu of correlation-based 
economic methods implies that more parameters are taken into ac
count to approximate the cost of equipment [35]. In this study, the 
project type “plant addition-adjacent to existing plant” is selected in the 

Table 4 
Physical and chemical exergy of streams.  

Stream No. Physical exergy (kW) Chemical Exergy (kW) Total Exergy (kW) 

1  847.44  795.47  1642.91 
2  58.49  571.74  630.22 
3  127.21  571.74  698.94 
4  86.25  164.67  250.92 
7  64.21  5910.48  5974.69 
8  167.58  4684.57  4852.15 
16  176.08  4684.57  4860.65 
17  669.09  4684.57  5353.67 
18  1349.40  4576.11  5925.51 
19  1657.92  4576.11  6234.02 
20  1798.90  4547.77  6346.66 
21  1408.68  4547.77  5956.44 
22  653.23  4547.77  5200.99 
23  114.97  4547.77  4662.74 
25  197.60  733.68  931.28 
26  76.96  671.03  747.99 
27  0.75  62.65  63.40 
28  306.04  6257.26  6563.30  

Table 5 
Exergy balances at the component level of the plant.  

Component Exergy of the fuel Exergy of the 
product 

Exergy Destruction 

SA-DCC EF,SA− DCC = E1 +

E7 − E28 

EP,SA− DCC = E2 ED,SA− DCC =

EF,SA− DCC− EP,SA− DCC 

Blower EF,Blower = Wb EP,Blower = E3 −

E2 

ED,Blower = EF,Blower −

EP,Blower 

Absorber EF,AB = E3 − E4 EP,AB = E8 −

E23 

ED,AB = EF,AB − EP,AB 

Pump EF,Pump = WP EP,Pump = E16 −

E8 

ED,Pump = EF,Pump −

EP,Pump 

Stripper EF,St = E17 + EQ− Reb. EP,St = E25 +

E20 − E27 − E19 

ED,St = EF,St − EP,St 

E-2 EF,E− 2 = E22 − E23 – ED,E− 2 = E22 − E23 −

EQE2 

E-7 EF,E− 7 = E21 − E22 EP,E− 7 = E17 −

E16 

ED,E− 7 = EF,E− 7 −

EP,E− 7 

E-8 EF,E− 8 = E20 − E21 EP,E− 8 = E19 −

E18 

ED,E− 8 = EF,E− 8 −

EP,E− 8 

Condenser EF,Cond. = E25 −

E27 − EQ− Cond.

EP,Cond. = E26 ED,E− 8 = EF,Cond. −

EP,Cond.

Overall 
plant 

EF,tot = EQE2 + WP +

WB + EQ− Reb. +

EQ− Cond.

EP,tot = E26 Ėl,Total = E4 + E28 +

E29 + EQE2 

ED,Total = ΣED,k  

Table 6 
PEC and TDC of the process equipment.  

Equipment tag Equipment type ModMmtype Equipment description PEC/ (USD) U (USD) TDC/ (USD) 

SA-DCC (intercooler) DHE PLAT FRAM PFHE 14,000 126,600 
SA-DCC DTW PACKED Packed tower 599,800 918,700 
Stripper DTW PACKED Packed tower 294,400 530,300 
Stripper (reboiler) DRB U TUBE TEMA shell and tube exchanger 73,400 177,400 
Absorber DTW PACKED Packed tower 736,200 1,070,000 
Absorber (intercooler) DHE PLAT FRAM PFHE 5000 89,900 
Absorber (intercooler) DHE PLAT FRAM PFHE 3400 85,400 
Absorber (intercooler) DHE PLAT FRAM PFHE 5000 89,900 
Blower EFN ROT BLOWER Horizontal centrifugal 16,600 30,500 
Pump DCP CENTRIF Horizontal centrifugal 10,000 60,300 
E-2 DHE PLAT FRAM PFHE 8900 115,100 
Condenser DVT CYLINDER TEMA shell and tube exchanger 18,400 108,300 
E-7 DHE PLAT FRAM PFHE 9200 115,400 
E-8 DHE PLAT FRAM PFHE 9200 115,400  
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APEA. The plant is designated to be located in Asia, and USD is the used 
currency. Table 6 presents the PEC and the total direct costs (TDC), 
including total material and manpower cost of the integrated CCU plant. 
The costs calculated using APEA are updated to the year 2020. The cost 
of intercoolers located in absorber and SA-DCC as well as reboiler in 
stripper are considered within the cost of correspondence column. Plate 
and Frame Heat Exchanger (PFHE) are employed for the main process 
heat exchangers as well as intercoolers. 

As the system simulated by Aspen version 10 (2017); therefore, the 
cost must be updated. To update a given cost (original cost) to a refer
ence year, the following equation can be used [36]: 

Cost at reference year = Original Cost ×
CEPCIreference

CEPCIOriginal
(10) 

The Chemical Engineering Plant Cost Index (CEPCI) is an index 
widely used to update the equipment costs [37]. Fig. 2 shows the vari
ation of CEPCI between 1960 and 2020. 

The exergoeconomic balances are defined for each component k in 
the process and for the overall plant [38]: 

ĊF.k + Żk − ĊP.k = 0 (11) 

ĊF.k, ĊP.k, ĊD.k are associated costs related to fuel, product and 
destruction of a component; respectively. ŻK is the cost rate of compo
nent k and includes the capital investment and operation and mainte
nance costs (ŻCI,K and ŻOM,K). Furthermore, ŻK because of inflation is 
being corrected to the reference year 2020 as follows [39]: 

ŻK =
CEPCI2020

CEPCI2017
×

CRF × φ
τ × PECK (12)  

CRF =
i(1 + i)n

(1 + i)n
− 1

(13)  

Where CRF is the capital recovery factor, φ is the maintenance factor set 
at 1.06, τ stands for the annual operating hours considered to be 8000 h, 
i is the interest rate, assumed to be equal to 10%, and n is the number of 
total operational years equal to 20 years [39]. 

The specific cost of the exergy of the fuel exergy is the cost at which 
the exergy of the fuel is provided to the kth component and calculated as 
[31]: 

cF,K = ĊF,K

/
ĖF,K (14) 

In the same way, the specific cost of the product of exergy is esti
mated as: 

cP,K = ĊP,K

/
ĖP,K (15) 

The cost rate of exergy destruction for each component, i.e., ĊD,K, is 
calculated multiplying the specific cost of the component with its exergy 
destruction calculated in a preceding exergetic analysis: 

ĊD,K = cF,KĖD,K (16) 

Table 7 represents the overall cost balances and auxiliary equations 
assumed for each of equipment in the CCU plant. The cost rate associ
ated with electrical power consumed in the blower and the pump of the 
CCU plant is assumed to be 21 $/GJ. The cost associated with thermal 
energy is equal to 2.89 $/GJ, and the cost of cooling with cooling water 
is considered equal to 0.21 $/GJ [35]. 

The relative cost difference rk between the average cost of the unit 
product and fuel exergies is defined as: 

rk =
CP,K − CF,K

CF,K
=

1 − εk

εk
+

Żk

CF,KĖP,K
(17) 

The exergoeconomic factor, fk, shows which percentage of the total 
cost is associated exclusively with the investment cost Żk. 

fk =
Żk

Żk + ĊD,K
(18) 

fk offers a relative criterion to assess the economic performance of a 
component. 

The sum of total costs associated with exergy destruction and in
vestment of a component, Żk + ĊD,K, provides an objective way to 

Fig. 2. CEPCI values in the years 1960–2020 [35].  

Table 7 
Cost rate balances and auxiliary equations for components of the proposed 
system.  

Component Cost rate equations Auxiliary equations 

SA-DCC Ċ1 + Ċ7 + ŻAb. = Ċ2 + Ċ28 c1 = 0; c7 = 0.21 $/

GJ; c2 = c28 

Blower Ċ2 + ĊW,blower + Żblower = Ċ3 cW,blower = 21$/GJ 
Absorber Ċ3 + Ċ23 + ŻAb. = Ċ8 + Ċ4 c3 = c4 

Pump Ċ8 + ĊW,Pump + ŻPump = Ċ16 cW,Pump = 21$/GJ 
Stripper Ċ17 + Ċ19 + Ċ27 + ĊTE + ŻSt. =

Ċ18 + Ċ20 + Ċ25  

E-7 Ċ16 + Ċ21 + ŻE− 7 = Ċ17 + Ċ22 c22 = c21 

E-8 Ċ18 + Ċ20 + ŻE− 8 = Ċ19 + Ċ21 c20 = c21 

E-2 Ċ22 + ŻE− 2 = Ċ23 – 
Condenser Ċ25 + ŻCond. = Ċ26 + Ċ27 c26 = c27  

Table 8 
Component balances of the exergoenvironmental analysis.  

Component Exergoenvironmental equations Auxiliary equations 

SA-DCC Ḃ1 + Ḃ7 + ẎAb. = Ḃ2 + Ḃ28 b1 = 0; b7 = 0 ; b2 =

b28 

Blower Ḃ2 + ḂW,blower + Ẏblower = Ḃ3 bW,blower = 5050mpt/
GJ 

Absorber Ḃ3 + Ḃ23 + ẎAb. = Ḃ8 + Ḃ4 b3 = b4 

Pump Ḃ8 + ḂW,Pump + ẎPump = Ḃ16 bW,Pump = 5050mpt/GJ 
Stripper Ḃ17 + Ḃ19 + Ḃ27 + ḂTE + ẎSt. = Ḃ18 +

Ḃ20 + Ḃ25  

E-7 Ḃ16 + Ḃ21 + ẎE− 7 = Ḃ17 + Ḃ22 b22 = b21 

E-8 Ḃ18 + Ḃ20 + ẎE− 8 = Ḃ19 + Ḃ21 b20 = b21 

E-2 Ḃ22 + ẎE− 2 = Ḃ23 –  

Table 9 
Allowed value ranges of decision variables.  

Decision variables Range 

Lean MEA Temperature ( ֯ C) [40–60] 
Lean MEA Loading (mole CO2/MEA) [0.05–0.35] 
Absorber packing height (m) [5–14] 
Stripper packing height (m) [3–12]  
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evaluate and rank the components based on their degree of importance. 
These values also reveal the components that should be looked at first in 
the optimization process following the analysis. 

4.3. Exergoenvironmental analysis 

The primary step to conduct an exergoenvironmental analysis is a life 
cycle assessment (LCA). LCA involves of (i) target and scope identifi
cation, (ii) inventory analysis, (iii) impact evaluation and (iv) inter
pretation [40]. The EI assessment can be carried out with different life 
cycle impact assessment (LCIA) methods; here the Eco-indicator 99 
method is used [41]. The results using this indicator incorporate all of 
the impacts into one value expressed in eco-indicator points (Pts). 

The exergoenvironmental analysis combines the exergy analysis with 

the preceding LCA. The goal with this analysis is to reveal the compo
nents and processes with the higher EI and find trade-offs between 
thermodynamic inefficiencies and EIs [42]. The EI of a material flow, Ḃj, 
expressed in eco-indicator units (Pts/s), is defined as: 

Ḃj = bjĖj (19)  

Where bj stands for specific EI and Ėj for exergy of the stream. The EI 
related of power and heat transfer are calculated by: 

Ḃw = bwẆ (20)  

Ḃq = bqĖq (21) 

The EI balances are stated at the component level as [43]: 

ḂP,k = ḂF,k + Ẏk (22)  

Where, Ẏk is the EI of the construction of component k. 

Ẏk = ẎCO
k + ẎOM

k + ẎDI
k (23)  

Where, ˙YCO
k includes the manufacturing, transport and installation of 

the component, ẎOM
k is the EI of operation and maintenance, ẎDI

k is the 
impact of the disposal of the component. 

The exergoenvironmental evaluation is realized using some variables 
following similar practices as in the exergoeconomic analysis. First, the 
EI of exergy destruction is estimated as: 

ḂD,k = bF,kĖD,k (24) 

Fig. 3. Schematic of the optimization procedure.  

Table 10 
Results of the exergy analysis at the component level.  

Component ε(%) ED,k(kW) EF,k(kW) EP,k(kW)

SA-DCC 59.78 424.07 1054.30 630.22 
Blower 76.67 20.91 89.63 68.72 
Absorber 42.28 258.61 448.02 189.41 
Pump 61.75 5.26 13.76 8.50 
Stripper 95.50 339.71 7554.25 7214.54 
E-2 0.00 9.67 538.25 0.00 
E-7 65.26 262.43 755.45 493.01 
E-8 79.06 81.71 390.22 308.51 
Condenser 78.50 222.22 1033.61 811.39 
Overall plant 30.89 1673.73 2421.71 747.99  

Fig. 4. Sankey diagram of exergy flows in the system.  
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To reveal the most significant components from an EI viewpoint, the 
total EIs, Ḃtot,k is estimated: 

Ḃtot,k = Ẏk + ḂD,k (25) 

The relative difference of EIs, rb,k, is an indicator of the reduction 
potential of the EI of a component: 

rb,k =
bP,k − bF,K

bF,K
=

1 − εk

εk
+

Ẏk

ḂD,k
(26) 

The exergoenvironmental factor, fb,k, presents the relative contribu
tion of the EI linked with the construction of a component to the sum of 
its EIs, and it is calculated as: 

fb,k =
Ẏk

Ẏk + ḂD,k
(27) 

Table 8 shows the component balances of the exergoenvironmental 
analysis. The EI rate of electrical power used in the blower and the pump 
of the system is assumed to be 5.05 mPts/MJ (obtained from SimaPro 
software as medium voltage {IR}| market for | APOS, U). The EI rate of 
the thermal energy of the steam used in the regeneration of the solvent is 
assumed to be 9.86 mPt/kg (obtained from SimaPro as Steam, in 
chemical industry {RoW}| market for steam, in chemical industry | 
APOS, U). The used steam with its given pressure and temperature has 
an enthalpy of 2.745 MJ/kg. As a result, its EI is equal to 3.592 mPts/MJ. 
The EI of the cooling water is assumed to be zero [44]. 

5. Optimization 

Genetic algorithm (GA) among evolutionary optimization ap
proaches is extensively employed in the design of neural networks due to 
the exceptional capability of finding a global optimum in multi-modal 

and/or non-differentiable search space. Training of neural networks 
by means of associated weights or coefficients generally are executed by 
such aforementioned stochastic methods. These methods normally 
perform better than traditional gradient-based techniques [45]. 

In this study, a multi-objective optimization problem is being solved. 
The objectives are to minimize the total cost rate and maximize the 
exergy efficiency. Two single-objective GAs and a NSGAII two-objective 
GA are used to obtain the optimum values[46]. For this goal, design 
variables are selected from both design and process operating condi
tions. The considered decision variables are the lean MEA temperature 
and loading, and the heights of the absorber and stripper. The design 
space for the GA is based on the values reported in [47]. The studied 
range values of the decision variables are listed in Table 9. 

The objective function is anticipated with the trained ANN, instead 
of solving sets of equations. In this way, the running time of the opti
mization process is decreased significantly for each optimization 
execution [48]. The modeling procedure is repeated 100 times based on 
100 random sets of input data. Next the output data are trained by the 
ANN. Fig. 3 shows the schematic of the optimization procedure. 

6. Results and discussion 

6.1. Exergy analysis results 

After the simulation of the CCU plant and the calculation of the 
exergy of the involved material streams, the results of the analysis are 
presented in Table 10 and Fig. 4. It is seen that the main part of the 
exergy is destructed in the SADCC, the stripper and the absorber col
umns, with absolute amounts of 424.07, 339.71, and 258.61 kW, 
respectively. The exergy destruction within the CO2 stripper is linked to 
chemical reactions and separation, as well as the considerable thermal 
energy loss in the inter coolers of the absorber and SADCC columns. 

Table 11 
Exergy costs of streams.  

Stream c [$/GJ] Ċ[$/h]

1  0  0.00 
2  0.58  1.32 
3  3.3  8.30 
4  3.3  2.98 
7  0.21  4.52 
8  33.31  581.85 
16  33.32  583.04 
17  34.57  666.27 
18  38.82  828.10 
19  38.82  871.22 
20  30.57  698.46 
21  30.57  655.52 
22  30.57  572.38 
23  33.91  569.21 
25  30.57  102.49 
26  34.34  92.47 
27  34.34  7.84 
28  0.58  13.70  

Table 12 
Results of the exergoeconomic analysis.  

Equipment Ż($/h) CP($/GJ) CF($/GJ) ĊD($/h) ĖD(GJ/h) Ż + ĊD($/h) rk(%) f k(%)

SA-DCC 10.30 1.32 0.00 0.00 1.53 10.30 100 100.00 
Blower 0.28 28.24 21.00 1.58 0.08 1.86 34.50 15.05 
Absorber 12.60 18.54 3.30 3.07 0.93 15.67 461.82 80.40 
Pump 0.17 39.03 21.00 0.40 0.02 0.57 85.86 29.94 
Stripper 6.20 30.54 26.81 32.79 1.22 38.99 13.90 15.90 
E-2 0.15 0.00 1.64 0.06 0.03 0.21 - 72.48 
E-7 0.15 46.89 30.57 28.88 0.94 29.03 53.40 0.52 
E-8 0.15 38.82 30.57 8.99 0.29 9.14 26.99 1.64 
Condenser 0.32 34.34 27.83 22.26 0.80 22.58 23.39 1.42  

Table 13 
LCA of the plant components.  

Equipment Material ECO 99 
(mPts/kg) 

Weight 
(kg) 

Total 
(mPts) 

Yk 
(mPts/s) 

SA-DCC Stainless 
steel  

1220 27,950 34,099,000  0.0540 

Blower Stainless 
steel  

1220 3606 4,399,320  0.0070 

Absorber Stainless 
steel  

1220 62,350 76,067,000  0.1205 

Pump Stainless 
steel  

1220 525 640,500  0.0010 

Stripper Stainless 
steel  

1220 25,450 31,049,000  0.0492 

E-2 Stainless 
steel  

1220 2531 3,087,820  0.0049 

E-7 Stainless 
steel  

1220 2693 3,285,460  0.0052 

E-8 Stainless 
steel  

1220 2703 3,297,660  0.0052 

Condenser Stainless 
steel  

1220 2071 2,526,620  0.0040  
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Among the heat exchangers included in the process, the heat exchangers 
E-7 and E-8 result in the largest amounts of exergy destruction equal to 
262.43 and 81.71 kW, respectively. These are heat exchangers needed 
between the absorber and stripper columns and their use cannot be 
avoided. Although in PCC system it is common to use one heat ex
changers between these columns, in this system two-stage heat 
exchanger is used to enhance the CO2 stripping. Heat exchanger E-2 is 
considered dissipative because it has no useful product. The generated 
thermal energy here is exhausted and not further used. The condenser 
also results in a considerable amount of exergy destruction, with the 
value of 222.22 kW. 

6.2. Exergoeconomic analysis results 

Table 11 presents unit the exergy cost and cost rates for each material 
stream in the CCU plant. The cost of the feeding stream, i.e., the flue gas 
from ammonia plant is considered zero. As seen, the cost rate of captured 

CO2 from the CCU plant increases when passing through the equipment 
of the system, particularly in the case of the compressors that are driven 
by electricity. 

After carrying out the exergy and exergoeconomic analysis, the 
operation and evaluation of the individual components takes place. The 
results of the mentioned parameters are presented in Table 12. 

The significance of each component is revealed from the scale of its 
total costs, Żk + ĊD,K. The components are consequently ranked in 
importance based on that cost, with the components with highest values 
ranked first. The highest sum of costs is calculated for the CO2 stripper, 
followed by the heat exchanger E-7. The exergoeconomic factor shows 
the contribution of the investment cost on the total cost. When the fk is 
high, a decrease of the investment cost of the component should, most 
probably, be considered. High exergoeconomic factors are calculated for 
the SADCC and absorber columns. A reduction thus of their investment 
cost could be a way to improve the exergoeconomic performance of the 
plant. A low fk, shows a high exergy destruction that implies that the 
thermodynamic performance of the component should be considered. In 
this study, low values of the exergoeconomic factor are calculated for 
the process heat exchangers. 

6.3. Resutls of the exergoenvironmental analysis 

To calculate the EI of each component in the process, the material 
type and weights of each used material need to be known or accordingly 
calculated. The LCA of the components of the CCU plant is shown in 
Table 13. Overall, the absorber column is found to have the largest EI, 
equal to approximately 0.1205 mPt/s. 

Table 14 presents the results of the exergoenvironmental analysis. It 
can be seen that the largest part of the total EI of the system stems from 
the exergy destruction of the components. The highest EI of exergy 
destruction, equal to 33,256.3 mPts/hr, is calculated for the stripper. 
This is mainly linked to the significant use of steam in the reboiler of the 
stripper. The exergoenvironmental factors are generally found to be 
relatively low, with the exception of the absorber. This shows that the EI 
associated with the components is negligible when compared to that of 
the exergy destruction. 

6.4. Optimization results 

In order to verify that the ANN has been adequately and appropri
ately trained, its results are compared to those of the actual modeling. R- 
squared, R2, (the coefficient of determination) is considered to measure 
the performance of the ANN model. How close the coefficient of deter
mination of the exergy efficiency is to the actual values calculated, as 
shown in Fig. 5, shows the reliability of the generated ANN model. 

The cost functions in a multi-objective optimization may lead to 
tradeoffs in optimization, where the improvement of one may lead to 
poorer performance of another. Since this is the case here, the Pareto 
front is used in the optimization efforts. Fig. 6 shows the Pareto front 
obtained from the multi-objective optimization problem. As mentioned, 
the objective functions for optimization are the maximization of the 
exergy efficiency and the minimization of the total cost rate. The 

Table 14 
Component-level results of the exergoenvironmental analysis.  

Equipment bF,k (mPts/GJ) bP,k (mPts/GJ ḂD,k (mPts/hr) Ẏk (mPts/hr) ḂTot,k (mPts/hr) rb,k (%) f b,k (%)

SA-DCC 0.00 17.0319 0.00 194.50 194.50 - - 
Blower 5050.00 6634.70 380.16 25.09 405.25 31.4 6.19 
Absorber 659.10 723.03 613.62 433.88 1047.50 9.7 41.42 
Pump 5050.00 8939.95 95.68 3.65 99.33 77.0 3.67 
Stripper 27193.23 31230.94 33256.30 177.10 33433.40 14.8 0.53 
E-2 16.60 0.00 0.58 17.61 18.19 - - 
E-7 31263.00 47893.10 29536.01 18.74 29554.75 53.2 0.06 
E-8 31263.00 39588.00 9195.79 18.81 9214.60 26.6 0.20 
Condenser 28168.10 34911.00 22534.30 14.41 22548.71 23.9 0.06  

Fig. 5. Coefficient of determination of the exergy efficiency.  

Fig. 6. The Pareto front and selected optimal points.  
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solutions on a Pareto front are non-dominant and each of these solutions 
may be selected as the optimum solution depending on designer’s 
preferences. Nevertheless, a solution providing the best trade-off among 
the different objective functions is commonly of interest. 

7. Conclusion 

In this work, the exergoeconomic and exergoenvironmental evalua
tion, as well as a multi-objective optimization are carried out for a CO2 
utilization plant. The plant is developed and simulated in Aspen Hysys™ 
v.10 software and results in an overall exergy efficiency equal to 
30.89%. The exergy analysis reveals that the main part of the exergy is 
destroyed in the SADCC, the stripper and the absorber columns, with 
values equal to 424.07, 339.71, and 258.61 kW, respectively. The 
exergoeconomic analysis shows that the process heat exchangers of the 
system, specifically E-7 and E-8, result in relatively low value of the 
exergoeconomic factor i.e., 0.52 and 1.64 respectively, while, on the 
other hand, high values of the factor are calculated for the SADCC and 
the absorber columns with the amounts of 100% and 80.4%. It is seen 
thus that an improvement in the thermodynamic performance of the 
heat exchangers and a decrease in the investment cost of the SADCC and 
absorber should be considered to improve the overall exergoeconomic 
performance of the system. 

The data obtained from the simulation of the plant have been used to 
train an artificial neural network that is then used with a genetic algo
rithm to optimize the plant, by minimizing the total costs and maxi
mizing the efficiency. Relevant decision variables were the lean 
monoethanolamine temperature and loading, and the heights of the 
absorber and the stripper. The results of the life cycle assessment shows 
that the absorber column has the largest EI, while the highest EI of 
exergy destruction is estimated for the stripper of the plant. 
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