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This paper studies the techno-economic feasibility of the solar-assisted regeneration process of
the largest industrial CO, removal monoethanolamine-based plant in Iran. The plant incorporating
parabolic troughs is modelled using System Advisor Model software and the weather data are derived
from the European Commission’s Photovoltaic Geographical Information System. Sensitivity analyses
are realized to evaluate the effect of important parameters, i.e., the solar multiple and the hours of

Keywords: storage, and to reveal the optimum case. The studied impacts are linked to the overall net energy
Parabolic trough collector generation and the levelized cost of heat (LCOH). The optimum case is found to have a solar multiple
System Advisor Model of 3.1 and 18-hours of storage, resulting in a solar share of 0.7 and a LCOH of 3.85 (¢/kWh). When
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Solar-assisted carbon capture systems
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compared to the base case (solar multiple of 2 and 6 h of storage), the optimum solution results in
a similar LCOH but it achieves the generation of an additional 16,112 MWhy, annually. The thermal
energy supplied by the solar system leads to an annual reduction in the natural gas consumption of

approximately 3.8 million m? that results in a CO, emission reduction of 7.1 kton.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

CO, emissions of power plants and energy intensive indus-
tries are the principal causes of climate change (Salkuyeh and
Mofarahi, 2012). Undoubtedly, shifting to a low-carbon energy
system is required to alleviate global warming. Possible meth-
ods to reduce the CO, emissions from fossil-fuel-fired plants in-
clude: (1) efficiency improvement of the supply and demand,
(2) shifting from coal to renewable energies and fuels with high
Hydrogen-to-Carbon ratio, and (3) development of carbon cap-
ture and utilization plants (Ghoniem, 2011). Furthermore, global
climate policies aim to expand the application of renewable en-
ergy technologies to battle the adverse effect of CO, emissions in
regard to climate change. To this end, novel renewable energy-
based CO, capture systems are being developed and evaluated
for practical applications to mitigate environmental emissions
(Flores-Granobles and Saeys, 2020; Mokheimer et al., 2020; Sid-
diqui et al., 2020; Wang et al., 2021a). Although the significance
of carbon capture system (CCS) is recognized to fight climate
change, its commercial large-scale application is yet to be real-
ized, mainly due to its associated energy penalty (Iribarren et al.,
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2013; Petrakopoulou and Tsatsaronis, 2014). 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 (Shirmohammadi
et al., 2018; Petrakopoulou et al., 2012). For this reason, solar-
assisted carbon capture systems (SACCS) have been developed
to supply full or part of the thermal energy demand with solar
energy (STE) (Wang et al., 2021b).

After wide attention in the 1970s, yet few deployments, the
application of concentrating solar technologies for thermal and
industrial purposes have been increasing (Schoeneberger et al.,
2020). Wibberley (2010) initially developed the amine-based
solar-assisted post-combustion carbon capture (SPCC) in which
STE was employed to regenerate the solvent. Parabolic trough
collector (PTC) and flat plate collectors have been widely con-
sidered because of their capability to provide low-grade thermal
energy desired for solvent regeneration (SR). To reduce the exergy
destruction in a heat transfer process the temperature difference
across which the heat exchange taking place must be minimized.
This makes the choice of the appropriate solar thermal collectors
(STC) very important. Extensive overviews of amine-based SPCC
have been conducted. Parvareh et al. (2014) divided SACCSs into
full or partial solar-assisted systems on the basis of solar frac-
tion. Saghafifar and Gabra (2020) categorized these systems into
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indirect solar assisted (ISA) and direct solar assisted (DSA) CCSs
depending on the connection between STCs and CCSs. Studies on
diverse features of ISA and DSA amine-based SACCS are presented
in Table 1.

Khalilpour et al. (2017) utilized STE to heat up the solvent
directly. The solvent, used as the heat transfer fluid (HTF), was
stored in a two-tank storage unit that intrinsically saved STE.
However, it was reported that the technical possibility and op-
erating factors of the combination of STC with the regeneration
system without any connecting medium must be further exper-
imentally investigated. Zhai et al. (2017) proposed two configu-
rations with STC integration. Inconsistency between the STC and
operating temperatures of the regeneration was found and partly
fixed in direct systems. To realize that the high-quality solar
energy was initially used to increase the feed water temperature
and the low-grade heat was then employed to regenerate the
solvent. Li et al. (2012) conducted an analysis to compare the
integration of PTC and evacuated tube collector (ETC) within a
post-combustion carbon capture (PCC) unit. This study empha-
sized the significance of STC integration in this application in
terms of operating temperature and showed that capital cost
of STC increases with the operating temperature. Qadir et al.
(2013) examined the effect of five different collectors, i.e., PTC,
ETC, compound parabolic collector (CPC), flat plate collector (FPC),
and linear Fresnel collector (LFC). Their results showed that opti-
mization of heat integration by means of low temperature STCs
is very important. They reported that the accessible low-quality
heat at the reboiler outlet could be used for heating a low-
temperature process stream. Finally, they improved the overall
thermal performance by utilizing useful waste heat. Wang et al.
(2015) conducted experiments on an integrated laboratory-scale
pilot plant with linear Fresnel collectors and PTC. They concluded
that integration of STE for SR causes a vast disruption in the oper-
ation of the system because of the variability and intermittency
of the solar energy. Wang et al. (2017a) also studied the same
setup as an continuance of the earlier work, and discussed the
advantages and disadvantages of SACCSs. Their results showed
the significance of the consistency and dynamic reply of the
system in terms of sporadic operational conditions. Qadir et al.
(2015a) investigated various features of SPCC in Australia. They
concluded that the system had better to generate additional elec-
tricity. Moreover, the LCOE of the SPCC as found to be higher than
that of the system not integrated with solar energy. However,
these results may vary on the available solar source, the price of
the electricity and the CO, emissions of a particular region.

In this paper, a techno-economic analysis of an industrial SPCC
is carried out using the System Advisor Model (SAM) software. To
the best of our knowledge, there is no other work in literature
presenting the analysis of an industrial SPCC. This work explores
the possibility of integrating a solar industrial process heat (SIPH)
to an industrial CO, capture and utilization (CCU) unit. The de-
veloped structure is a solar-assisted CCU plant coupled with an
ammonia plant utilizing from low-pressure steam from an am-
monia reformer. The SIPH system is driven by the heat absorbed
by the HTF. The heat is transferred to the water through a heat
exchanger generating steam and it is then used to regenerate the
solvent. Integrated thermal storage provides the required thermal
load when solar radiation is not available. Parametric studies are
then conducted considering main variables, i.e., the solar multiple
(SM) and the hours of storage, in order to optimize the overall net
energy and the levelized cost of heat (LCOH). A detailed analysis
of the selected case is then realized.
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2. Case study

The structure studied here is a solar-assisted CCU plant, re-
ceiving low-pressure steam from the ammonia reformer of an
ammonia plant. Petrochemicals have been considered as a great
potential for implementing and integrating of CCU plants, also
because of the possibility to increase the product capacity of
the plant by producing of new product (Shirmohammadi et al.,
2020a). The operational data for simulation of the CCU plant
included in the SPCC plant studied here is provided by Ker-
manshah Petrochemical Industries Co (KPIC). KPIC is involved in
manufacturing and selling agricultural fertilizers and chemicals
and produces urea fertilizer, liquid ammonia, and liquid nitrogen
(Shirmohammadi et al., 2021). The simulation of the CCU plant is
presented in Shirmohammadi et al. (2020b).

Fig. 1 shows the schematic of the SPCC system. The solar field
(SF) made of trough-shaped collectors gathers the heat received
from the sun onto tubular receivers. Every collector includes
mirrors and supporter structures allowing it to track the sun and
resist wind-induced forces. The receivers are made of a metal
tube with an absorbing surface in a vacuum inside a coated glass
tube. Heat is transported by a HTF from the SF to the regenerator.
The required thermal energy for the reboiler can be supplied
by solar energy or steam from other units such as low-pressure
steam of turbines. In this case, most of the required energy for the
SR is supplied by STE, while the remaining is provided by steam
from the reformer in the ammonia plant. When there is plenty of
solar irradiation, the working fluid heats up, part of it is stored
in the thermal energy storage (TES), while the remaining part is
used to generate steam for the SR. When there is not enough solar
energy, stored thermal energy from the TES supplemented by
steam extraction from the ammonia reformer are used for the SR.
There are noteworthy differences in solar irradiation and ambient
temperature in the different seasons. The SF is designed based on
monthly climate data of a typical year and the TES is designed to
provide energy for a specific predetermined amount of hours.

3. The solar industrial process heat model

The weather data for the case study is based on data for a
representative year, as provided by European Commission’s Pho-
tovoltaic Geographical Information System (PVGIS) (Pvgis, 2018).
PVGIS is a free and open-access web site that provides data
on solar radiation as well as photovoltaic system performance.
The website can also be used to calculate the amount of energy
generated from various kinds of solar systems at nearly any place
in the world.

The plant is simulated using the chemical process simulator
ASPEN Hysys® V. 10, incorporating the Acid Gas Property Pack-
age models to calculate the thermodynamic properties (Dubois
and Thomas, 2018). The CCU plant consists of three columns,
i.e., the soda ash wash-direct contact column and the absorption
and stripper columns. The soda ash wash-direct contact column
consists of two packed sections with a diameter of 3.8 m and
a height of 6 m. The absorber has 5 sections with a 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 column. The lean solvent is delivered to the third segment
of the absorber, where the absorption with the aqueous solution
MEA takes place. The washing section uses a contact-cooler to
avert water equilibrium, as well as amine loss. Two intercoolers
situated at a height of 3 and 6 m in the middle section of the
absorption column lead to surging in absorption rate. The rich
solution is heated and refluxed in the two-stage rich-lean heat
exchangers using heat from stream and the regenerated solution.
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Table 1
Summary of existing research on SACCS.
References Year  Location Capacity Integration Solar Solar thermal Working Operating
scheme fraction (%) collector fluid temperature (°C)
Li et al. (2012) 2012 China & USA 520 MWe DSA Nominal: ETC & PTC Steam 160
30-90
Mokhtar et al. (2012) 2012  Australia 300 MWe DSA Annual: LFC Steam 140
0-70
Zhao et al. (2012) 2012  China - DSA/ISA Annual: 27.6 PTC Steam <200/300
Qadir et al. (2013) 2013  Australia 660 MW DSA Annual: LFC, PTC, ETC, Steam 120
0-90 FPC & CPC
Zhao et al. (2014) 2014 China 330 MWe ISA - PTC Thermal oil 330
Carapellucci et al. (2015a) 2015  Italy 100 MWe DSA Maximum: LFC Steam 1335
80
Brodrick et al. (2015) 2015 USA 440 MWe ISA - PTC Steam 336 °C
Carapellucci et al. (2015b) 2015 Italy 100 MWe DSA Maximum: LFC Steam 270
83
Qadir et al. (2015b) 2015  Australia 660 MWe DSA/ISA - PTC Therminol 120/250
VP-1
Parvareh et al. (2015) 2015  Australia 660 MWe ISA - PTC Therminol 270
VP-1
Wang et al. (2017a) 2015 - - DSA - LFC & PTC Steam 140
Khalilpour et al. (2017) 2017  Australia 660 MWe DSA Annual: 83.9 PTC MEA 120
Wang et al. (2017b) 2017  China 300 MWe DSA/ISA Annual: PTC Steam ~200/200-400
30.02
Zhai et al. (2017) 2017 China 1000 MWe  DSA/ISA - PTC Steam 387.7
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Fig. 1. Schematic of the SPCC system.

Then the rich solvent is delivered to the top segment of the strip-
per, where the solvent regeneration is completed. The stripper
has two packed sections, excluding the cold striper, with the total
height of 9 m. The solvent is then delivered to the condenser
where the vaporized part is separated and relatively pure CO,
with a molar concentration of 95% is delivered to the compressor
of the Urea plant. A flow diagram of the CCU plant is shown
in Fig. 1.
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To realize the techno-economic analysis of the system in-
cluding the industrial process heat from parabolic troughs, the
software SAM is used that incorporates the transient system
(TRNSYS) simulation tool for modelling (Blair et al., 2014). SAM
is a software developed by the National Renewable Energy Labo-
ratory (NREL) able to evaluate diverse renewable energy systems
using economic analyses. Here the latest version of SAM software,
i.e., 2020.2.29 is used (Lopes et al., 2020). The weather data for the
case study are derived from PVGIS and added to the solar resource
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Fig. 2. Interrelation of the software used in the calculation process.

library of SAM. The required energy for the SR is calculated with
the ASPEN Hysys software and the value is imported as a heat
sink power to the SAM. The heat sink power is the demand of
the stripper (constant). Fig. 2 presents the way in which the tools
are linked together.

SAM provides a detailed design along with an hourly simula-
tion for the system. Modelling by SAM requires input to define the
features of the physical equipment of the system and estimated
the costs of the project. The receiver and the collector are initially
configured, followed by the specification of the HTF and the
operating temperatures that specify the design point of the cycle.
Then, parameters related to the thermal storage are configured,
to obtain the economic results. Eventually, the optimum case
considering of the SM and the TES capacity is received.

4. Site characteristics and key performance indicators

Iran has affluent space and plenty of solar hours. This leads
to attracting local and international investment in solar power
generation. Bisotun is located in the Kermanshah province in
western Iran. The latitude and longitude of the location are 34.356
and 47.431, respectively. Fig. 3 shows the resource beam normal
irradiance (W/m?) for the case study. Fig. 4 shows the variation
of the DNI and the dry bulb temperature for a summer day (1
July).
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Several key performance indicators are considered for the
design of solar plants. The design of the SF is the starting and
most significant decision parameter. The heat sink power, defined
as thermal input at the design point, is set to 7.44 MWhy,. The
hours of the TES at full load is set to 6 h. The HTF (working fluid)
selected is the Hitec XL. The design point DNI is set to 850 W/m?.
The angle between the plane of the collector and the horizon (tilt)
is set to the latitude of the location. The azimuth angle is set to
0°. The target SM is the ratio of the target receiver thermal power
and heat sink power at the design point, defined as follows:

Receiver thermal power (MWth)

SM
Heat sink power (MWth)

(1

where, the receiver thermal power is the power required at the
receiver outlet to meet the design thermal load, and the heat sink
power expresses the thermal load of the process heat. The SM can
oversize the receiver design output relative to the heat sink and
is herein set to 2.

5. The calculation method of the LCOH

To obtain the LCOH for the system, the fixed charge rate (FCR)
of the project needs to be calculated. The financial assumptions
include a ten-year period, with an inflation rate of 2.5%, a nominal
debt interest rate of 5% and an annual effective tax rate of 20%.
The FCR represents the required annual income from the project
to make up for its investment cost and it is obtained with the
following equation:

FCR = CRF x PFF x CFF (2)

where, CRF stands for capital recovery factor, PFF for project
financing factor, and CFF for construction financing factor. SAM
calculates the FCR from a set of financial assumptions using the
following equations to calculate the CRF, PFF and CFF:

WACC

1
(1+WACC)"

CRF = (3)

where, WACC stands for the weighted average cost of capital in
period N. The WACC is obtained with the equation given in Box I,
where, RROE is the real return on investment, RINT is the real-
debt interest rate and tax is the rate of effective tax. The RROE is
defined as:

1+1IRR
RROE = + -1 (5)
1+1
where, IRR is nominal return on investment.
RINT is obtained by the following equation:
1+ NINT
RINT = T4 (6)
141

with NINT the nominal-debt interest rate.
PFF is a function of the depreciation schedule and the rate of
effective tax:

1 — TAX x PVDEP
1—-TAX
where, PVDEP is the present value of depreciation, obtained as:

PFF = (7)

N

PVDEP = Z q

n=0

DEP,
1+ WACC) x (1 + i))n+D

(8)
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Fig. 4. Variation of the DNI and dry bulb temperature on the 1st of July.

WACC =

1+ ((1 = DF) x (14 RROE) x (1+41i) = 1)) + DF x ((1+RINT) x (1+1) = 1) x (1 - TAX) _

1

1+i

(4)

Box 1.

CFF is calculated as:

CFF =) " CONc x (14 (1= TAX) x (14 CINT)“H*% — 1) (9)
c=0

where, CINT is the nominal construction financing interest rate.

With all above parameters estimated, FCR is calculated using

Eq. (2). Thus, the LCOH is:

FCR * TCC + FOC
AEP

LCOH = +voC (10)
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where, TCC is the total capital cost, $; FOC is the fixed annual
operating cost, $; VOC is the variable operating cost, $/kWh; AEP
is the annual energy production (Ezeanya et al., 2018).

6. Optimization process

In this study, the integrated analytic hierarchy process (AHP)
and technique for order preference by similarity to ideal solution
(TOPSIS) method is implemented. AHP has been used in the anal-
ysis of decision problems related to renewable energy systems
(Gutierrez et al,, 2021). The pair-wise comparison matrix is cre-
ated based on the judgements of experts using the fundamental
scale of AHP, Eq. (11) (Saaty, 1988).

a1 dn Qa1n
a1 dx [
A=
(11)
an1 an2 Apn
1

a; > 0.q5 = —.a; =1

ij ij a ii
In this equation aj is the decision-maker’s preference of the ith
criterion over the jth criterion. The normalized pair-wise matrix
is built by dividing each element of matrix A with the sum of the
column the element belongs to (Eq. (12)):

- dn a2 A
n n n
Zn:1 an1 Zn:] an2 Zt:l Qn
az1 az Qan
n n n
X= Zn:l an1 Zn:l (n2 Zt:l Atn
Qny a2 Ann
n n n
LD pe1 Ont D peg On2 > i1 0m
X1 X12 X1n
X21 X2 Xon
= (12)
L Xn1  Xn2 Xnn

The criteria weight vector, W, is calculated by averaging across
the rows of X (Eq. (13)):
n

2
n=1

n w1
Wzl sz” — | W2
n n=1
Wn (13)

n
ant
L t=1 .

n
Z wi = 1
i=1

The inconsistency of the pair-wise comparison matrix (CR) is
then calculated with Eq. (14). In this equation, RI is the random
consistency index, which is presented by Saaty (1988) in terms of
the order of the pair-wise comparison matrix 2, and Cl is the con-
sistency index, which is calculated using Eq. (15). In this formula,
Amax 1S the maximum eigenvector of the pair-wise comparison
matrix, estimated by Eq. (16).

a
CR= — (14)
RI
Amax — 1
a="% — (15)
n—1
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AXW = Apax X W (16)

The inconsistency of subjective judgements of decision-makers is
then assessed. If the consistency ratio is smaller than or equal to
0.1, the inconsistency is acceptable.

For the next step, the decision matrix using Eq. (17) is created:

CG...G
Ar [81 812 -+ &
Ay | 821 82 - &
D=
(17)
A L& 8 - i
i=12..... m
j=12..... n

where, A; denotes the alternatives i, C; represents the jth criteria
and g; is a crisp value that indicates the performance of each
alternative with respect to each criterion. The decision matrix is
then normalized using Eq. (18).

8ij

V > &

The weighted normalized decision matrix is created using Eq. (19)

Tij = (]8)

(19)

The optimal positive and negative solutions are determined using
Eqgs. (20) and (21)

Vij = Wj - Ty

A* = {(maxvylj € J) or (minvylj € J')} = {vy 07 ..o} (20)
A™ = {(minvglj € J) or (max vylj € J')} = {vyvy....0p} (2D

where ] is the set of benefit or positive criteria, and ]’ is the set
of cost or negative criteria.

The distance D between the value inserted into the matrix
using the n-dimensional Euclidean distance is calculated by Egs.
(22) and (23):

n

2 (-

j=1

v; (22)

J

+)2
n

> (=

j=1

v

; (23)

)2
The relative closeness, RC, to the ideal solution is calculated using
Eq. (24). The solutions are finally ranked based on descending
order of RC.

D~

1

Df +D;

RC = (24)

7. Results and discussion
7.1. Base case results

The base case has an SM of 2 and a TES of 6 h. To compare
the operation of the system in the chosen location, various other
locations with solar potential have been chosen as well. Namely,
Tucson of Arizona, USA; Almeria of Andalusia, Spain; Xining of
Qinghai, China; Chihuahua, Mexico; and Shiraz, Iran. A summary
of the design point parameters is presented in Table 2. These are
used similarly in all of the used locations.

The receiver thermal power required at the receiver outlet of
the base case to meet the design thermal load is equal to 14.9
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Table 2 Table 4
Design point parameters of the base case. Results of the sensitivity analyses.
Parameters Values No. of  TES Solar Annual energy Solar LCOH
Target receiver thermal power 149 MW, runs hours  multiple, SM (MWhyg,) share (%)  (¢/kWh)
Field thermal output 15.1 MWy, 1 6 1 15255.9 234 3.75
Actual SM 3.03 2 6 13 19996.5 30.7 3.60
Total aperture reflective area 25584 m? 3 6 1.6 23845.8 36.6 3.71
Solar field area 64750 m? 4 6 1.9 28018.0 43 3.75
Actual number of loops 39 5 6 2.2 29993.9 46 4.03
Loop optical efficiency 0.722 6 6 2.5 30939.2 47.5 4.42
Total loop conversion efficiency 0.693 7 6 2.8 31549.0 48.4 4.83
TES thermal capacity 44.6 MWhy, 8 6 3.1 32041.4 49.2 523
9 6 34 323319 496 5.62
10 6 3.7 32647.0 50.1 6.08
11 6 4 32764.6 50.3 6.52
MW4,. This is obtained by multiplying the SM with the heat sink }; }; 1 3 }g;gg'i gg; g'gg
power. The field thermal output is the delivered thermal energy 14 12 16 235455 361 375
of the SF under design conditions at the actual SM. The nominal 15 12 1.9 28197.3 433 373
thermal capacity of the storage system is equal to 44.6 MWhy,. A 16 12 22 32882.1 50.5 3.71
summary of the results of the system in the different locations is 17 12 25 373584 57.3 373
shown in Table 3. 18 12 2.8 40040.5 61.4 3.89
. . 19 12 3.1 41888.3 64.3 409
Among the chosen locations, Shiraz and Tucson are found to 20 12 34 431334 66.2 434
result in the highest value of annual net energy of 34,775 and 21 12 3.7 43807.5 67.2 463
34,038 MWhyy, respectively. Thus, these locations also have the 22 12 4 44481.6 68.3 4.95
highest amount of solar share, obtained by the ratio of annual net 23 18 1 151135 232 386
energy of the solar system over the annual required energy in the 24 18 13 195003 299 369
. 25 18 16 233048 35.8 3.79
power block. Locations have also the lowest values of LCOH equal 26 18 19 27944.0 429 3.76
to 3.24 and 3.31 ¢/kWh, respectively. Xining results in the highest 27 18 22 326154 50 3.74
value of LCOH equal to 4.88, and the lowest amount of annual net 28 18 2.5 372771 57.2 3.74
energy (22,367 MWh), making Xining the place with the worst ;g }g ;? Zlggé'g g;'g g;g
performance among the studied locations. For the initial case 31 18 34 470011 721 11
study in Kermanshah, the annual net energy is found to be equal 32 18 37 485442 742 428
to 28,841 MWhyy, and the LCOH equal to 3.85 ¢/kWh. To find out 33 18 4 494104 75.8 4.45
which type of solar system can increase the annual net energy ;g ii 13 }ggggg 536 ?‘-73‘3‘
con51der1ng_the LCOH, a sensitivity analysis and optimization of 36 24 16 230944 354 382
the system is realized. 37 24 19 277296 425 3.79
38 24 2.2 323845 49.7 3.77
7.2. Sensitivity analyses and optimization 39 24 25 37036.4 56.8 3.76
40 24 2.8 41062.4 63 3.81
The hours of TES and the SM have a strong influence on the j; ij gl j;lggi'g Sg g'g‘;
LCOH. The aim is to achieve the values for the SM and the hours of 43 24 37 49336.1 757 415
storage to minimize the energy cost, i.e., the LCOH. A lower LCOH 44 24 4 50346.4 77.2 437

results in a more profitable project with which more energy can
be produced at a lower cost (Ezeanya et al,, 2018). The required
sensitivity analysis was realized in SAM and the obtained results
are presented in Table 4. Fig. 5 also shows variation of the solar
share with LCOH for various values of SM and TES hours.

The value of the SM controls the size of the solar collector,
i.e., increasing the SM results in a SF with a larger reflective area
that can provide more heat. The hours of storage specify the
ability of the solar subsystem to store additional heat from the
solar collector. Increasing the SM only makes sense when it is
possible to use the excess heat at the same time. One option to
use the excess heat is to store it and use at night-time, hence
increasing the SM must, in most cases, be accompanied with
an increase in the hours of storage. There exists an important
relationship between SM and hours of storage. The case with 6 h
of TES and an SM equal to 4 results in the highest value of LCOH

(6.52 ¢/kKWh). It is clear that the case with highest values of TES
and SM (i.e., 24 and 4) has the highest amount of solar share. In
this case, 50,346.4 MWhy, energy can be produced annually.
The LCOH and the solar share remain practically unchanged
for different choices of hours of storage when the SM is below
2. This is because increasing the size of the SF by increasing the
SM cannot provide more than six hours of heat duty to the plant
(six hours of storage). As the SM gets higher than 2, the six hours
of storage become inadequate, and it becomes beneficial both in
terms of cost and solar share to have larger storage tanks. This
is evident from the fact that the solar share of the six hours
of storage curve stops rising for SM values above 2.2, whereas
the solar share of curves associated with higher storage hours
continues rising. The same argument can be used with the LCOH

Table 3

Annual net energy and LCOH of the base case at different locations.

Parameters/Locations Kermanshah Shiraz Tucson Almeria Xining Chihuahua
Latitude 34.36 29.6 32.13 36.83 36.6 28.63
Longitude 47.43 5253 —110.94 —2.46 101.7 —106.07
Collector tilt 34° 29.5° 32° 37° 36.5° 28.5°
Annual DNI (kW/m?) 2157.8 2565.2 2687.9 23189 1690.4 2599.4
Solar share (%) 443 52.8 52.1 47.8 343 47.6
Annual net energy (MWhy,) 28,841 34,775 34,038 31,057 22,367 31,062
Solar system LCOH (¢/kWh) 3.85 3.24 331 3.59 4.88 3.61
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Fig. 5. Variation of the solar share and the LCOH with respect to various SM and TES hours.

curve. For six hours of storage, going beyond an SM of 2 does
not yield any financial benefit in terms of fuel saving and it can
be seen that the LCOH rises constantly because of the increasing
cost of the SF.

The SM is also varied for different hours of TES with the goal
to optimize the LCOH. The performance of the different scenarios
with respect to LCOH and solar share variation at different values
of the SM and hours of storage is presented in Fig. 6.

In this regard, four criteria with corresponding weights i.e., SM,
(0.1); hours of TES, (0.1); solar share, (0.4); and LCOH, (0.4)
have been considered. Weights for each criterion are obtained
by the integrated AHP-TOPSIS and are then used to evaluate all
alternative scenarios. Table 5 shows the RC to the ideal solution
of all scenarios considered using the new pairwise comparison
matrix. As expected, the 30th scenario is ranked first due to
its relatively high solar share and acceptable LCOH. The relative
closeness of this scenario to the ideal solution is equal to 0.817.
After this scenario the scenarios 31th, 32th and 33th have the
highest value of relative closeness, respectively.

The best performance is found when a point is located at
the bottom right of the figure, where the highest solar share
and the lowest LCOH can be achieved. The red points present
the optimum cases, while for every blue point there is another
blue or red point with a lower LCOH and a higher solar share.
The point with the lowest solar share has also the lowest LCOH.
The case with a solar share of 0.7 and a LCOH of 3.85 (¢/kWh)
corresponding to an SM of 3.1 and 18-h of TES is selected. Ideally,
the objective is to achieve solar shares about or greater than 70%,
something that eliminates the points with considerably lower
solar shares. In addition, a sharp increase of the LCOH after the
selected point also eliminates the points with solar shares. The
selected point achieves a relatively high solar share at a relatively
low cost.

7.3. Selected case analysis

A few control input and design parameters similar to ones
presented in Section 4 are considered as the standard values
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Table 5
The relative closeness of each scenario to the ideal solution.

No. of scenario Value Rank No. of scenario Value Rank
1 0.406 41 23 0.375 43
2 0.457 34 24 0.425 39
3 0.492 30 25 0.459 33
4 0.547 24 26 0.524 27
5 0.562 22 27 0.599 20
6 0.552 23 28 0.680 17
7 0.529 26 29 0.749 12
8 0.504 29 30 0.817 1
9 0.477 31 31 0.815 2
10 0.450 35 32 0.815 3
11 0.428 38 33 0.807 4
12 0.390 42 34 0.361 44
13 0.440 37 35 0.412 40
14 0.475 32 36 0.444 36
15 0.541 25 37 0.506 28
16 0.619 19 38 0.578 21
17 0.699 16 39 0.653 18
18 0.746 13 40 0.715 15
19 0.772 9 41 0.768 10
20 0.775 8 42 0.790 6
21 0.754 11 43 0.792 5
22 0.725 14 44 0.781 7

for the PTC systems, whereas the rest are assumptions made
based on other published research. The SF module computes the
thermal output SF, and the thermal storage module computes
the energy flow into the TES system and the thermal energy
provided for to the reboiler. Like before, the case with an SM
of 3.1 and 18-h of TES corresponding to a solar share of 0.7
and a LCOH of 3.85 (¢/kWh) is chosen. The SIPH system with a
capacity of 7.44 MWhy, is designed based on PTC using as HTF
Hitec XL and an 18-h indirect molten salt storage capacity at
full load. Fig. 7(a) shows the heat sink thermal power following
the required designed value, i.e., 7.44 MWhy,. It is clear that
in the summer where the solar energy is sufficient, the system
can operate independently based solely on solar. Some months,
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Fig. 7(a). The annually heat sink thermal power.

especially during the winter season, cloud formation prohibits,
in many cases, the use of solar energy. The heat sink thermal
power is presented here in Fig. 7(b) for two different months,
i.e., January and July. The slope and quantity of the increment
between 8 to 10 h is different in January and July, because the
system in January is discharged totally at 8, while the system
in July is almost working constantly using the saved energy in
the storage system. The detailed results of the optimal case are
presented in Table 6. Interesting conclusions can be obtained
when comparing Table 6 with Table 2 that show the optimum
system and the base case, respectively. Although both systems
have the same value of LCOE (3.85 ¢/kWh), the annual net energy
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for the optimum case is 16,112 MWhy, higher than that of the
base case system.

7.4. Transient analysis

The nominal thermal capacity of the storage system is ob-
tained by multiplying the storage hours by the thermal power
of the plant. Fig. 8 shows the charge state of 18 h of TES with
maximum storage capacity about 135 MWhy,. When the charge
state reaches this number, it means that the storage system
can provide 18 h of storage, covering the entire night-time and
possibly some cloudy periods during the day. The selected system
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Fig. 8. TES charge state (MWhy,).

keeps the storage full almost throughout the entire summer.
This means that the system can operate based solely on solar
energy and without any backup for most of the summertime.
But this is not the case during the winter season. In that case,
the storage system never reaches its maximum capacity during
January, February, November, and December. This reduces the
annual solar share of the system to about 70%.

Fig. 9 shows the charge (a) and discharge (b) process of the
TES on the summer solstice. To better understand how charging
and discharging take place, the processes are presented for three
different cases. The reference case with an SM of 3.1 and a TES
of 18 h, the case with an SM of 4 and a TES of 6 h (case with the
highest amount of LCOH), and the case with an SM of 4 and a TES
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of 24 h (case with the highest amount of solar share). The system
charges between 7:30 to 15:30 and discharges during the rest of
the day.

7.5. Share of solar and auxiliary energy

The amount of electricity that the power plant could have
produced with the energy used in the CCS unit is obtaining with
multiplying of annual total annual heat input (7.44*8760) with
the efficiency of the power generation unit (30%), which is equal
to 19.5 MW. To estimate which part of that energy would have
come from the sun, we can multiply the 19.5 MW with the solar
share (0.7) that results in 13.5 MW. The relative reduction in the
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Fig. 9. TES charge (a) and discharge (b) on the summer solstice.
solar energy is thus equal to the solar share, found by dividing the To evaluate the amount of natural gas saved annually due
13.5 MW with the total amount of electricity produced if there to the incorporation of the solar system, a boiler with a 90%
were no CCU plant (19.5 MW). efficiency is assumed here. The flow rate of the steam used in the
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Fig. 11. Monthly share of solar energy versus auxiliary energy for stripper demand.

SR is equal to 11.5 tone/hr at 153 °C and 4.2 bar. The condensed
steam has a temperature of 132 °C and a pressure of 3.8 bar.
Considering the enthalpy of these points, almost 7440 kW heat
is required to supply the thermal demand of the stripper. The
amount of heat required in the steam generator, considering the
boiler efficiency of 90%, is thus equal to 8266.6 kW. The volume
flow rate of the required natural gas is then obtained by dividing
the generated heat with the lower heating value of natural gas
(47.1 MJ/m?). It is found that approximately 5.5 million m> nat-
ural gas would be required to provide the demand of the stripper
annually. Natural gas consists of CH; and minor quantities of
ethane and heavier hydrocarbons and it burns as: CHy + 20,
— CO, + 2H,0. Natural gas volumes are measured at 15 °C
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and approximately 1 atm pressure, subsequently 1 m? results in
42.3 mol or 1.86 kg of CO,. The system would thus release over
10 million kg CO, annually if it were fully supported by natural
gas. With around 70 percent of the thermal required covered
by the solar system, the natural gas consumption is reduced by
approximately 3.8 million m>. This leads to a similar reduction
in the CO, emissions, that results in 7.1 kton of CO, avoided
annually. Fig. 10 shows the amount of natural gas consumption
and CO, emissions of the base case and the SACCS.

Fig. 11 shows the share of solar energy versus the auxiliary
energy consumed annually in the integrated structure to provide
the demand of the stripper. It is clear that from the middle of June
and until September, the system can operate almost fully based
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Table 6

Selected system results of the optimum case.
Parameters Value
Target receiver thermal power 23.06 MWy,
Field thermal output 23.2 MWy,
Actual SM 3.12
Total aperture reflective area 39,360 m?
Solar field area 97,124 m?
Actual number of loops 60
Loop optical efficiency 0.722
Total loop conversion efficiency 0.693
TES thermal capacity 133.9 MWhyg,

Annual net energy 44,926.9 MWhy,

on the solar system. Fig. 12 shows the share of solar energy versus
the auxiliary energy at different hours of June 21. It is seen that
the system required auxiliary energy between 3-6 am to operate
continuously.

8. Conclusion

This paper presented the techno-economic analysis of a solar-
assisted post-combustion carbon capture system. A solar indus-
trial process heat unit was modelled using parabolic trough col-
lectors to provide the required regeneration heat of the solvent
in the carbon capture process. The thermal energy required for
the regeneration of the solvent was calculated in dynamic simula-
tions supported by hourly solar irradiation data obtained from the
European Commission’s Photovoltaic Geographical Information
System (PVGIS). Sensitivity analyses of critical variables were
then realized with the goal to optimize the structure and min-
imize the levelized cost of the generated heat. The case with a
solar multiple of 3.1 and a thermal energy storage of 18-h was
selected with a solar share of 0.7 and a levelized cost of heat of
3.85 ¢/kWh. Although the optimum case had a similar cost to the
base case, the first resulted in a higher annual generation of net
energy (44,927 MWhy, versus 28,815 MWhy, ). The transient anal-
ysis realized showed that the system used the storage unit during
the summer almost continuously and generated the required heat
for the solvent regeneration. With 18 h of storage, it also reached
about 135 MW, covering a large part of the night-time operation
and some cloudy periods during the day. When the sunlight is
insufficient during the winter, however, the solar system cannot
provide the required thermal energy for the regenerator. For
example, the storage system never reaches its maximum capacity
in January, February, November, and December. This reduces the
annual solar share of the plant to about 70%. Considering that
70% of the thermal energy required is supplied by the solar
system, the annual natural gas consumption and CO, emissions
are decreased by approximately 3.8 million m> and 7.1 kton,
respectively.

Nomenclature

AEP Annual Energy Production
AHP Analytic Hierarchy Process
CCS Carbon Capture System

Cccu Carbon Capture and Utilization
CPC Compound Parabolic Collector
CRF Capital Recovery Factor

CFF Construction Financing Factor
CINT Nominal construction financing interest rate
DSA Direct Solar Assisted

ETC Evacuated Tube Collector

FCR Fixed Charge Rate

FOC Fixed annual Operating Cost
FPC Flat Plate Collector

HTF Heat Transfer Fluid
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IPH Industrial Process Heat

ISA Indirect Solar Assisted

IRR Nominal return on investment

LFC Linear Fresnel Collector

NINT Nominal-debt interest rate

NREL National Renewable Energy Laboratory

PCC Post-combustion Carbon Capture

PFF Project Financing Factor

PTC Parabolic Trough Collector

PVDEP  Present Value of Depreciation

RROE Real Return on Investment

RINT Real-debt Interest rate

SAM System Advisor Model

SF Solar Field

SIPH Solar Industrial Process Heat

STC Solar Thermal Collector

TCC Total Capital Cost ($)

TOPSIS  Technique for Order Preference by Similarity to
Ideal Solution

RC Relative Closeness

SPCC Solar-assisted Post-combustion Carbon Capture

SACCS  Solar-assisted Carbon Capture System

SM Solar multiple

STE Solar Thermal Energy

SR Solvent Regeneration

TES Thermal Energy Storage

vOoC Variable Operating Cost ($/kWh)

WACC  Weighted Average Cost of Capital
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Appendix

The detailed results related to solar field parameters, collector,
receiver, and storage system are presented in the following table.
Heat sink power in conjunction with the target SM determines
the receiver design conditions (see Table A.1).
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Detailed results of the developed solar system.
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Solar field

Loop inlet HTF temperature 150 °C Pumping power for HTF through heat sink 0.55 kW/kg/s
Loop inlet HTF temperature 170 °C Single loop Aperture 656 m?
Row Spacing 15 m Min single loop flow rate 1 kg/s
HTF Pump efficiency 0.85 Max single Loop flow rate 15 kg/s
Collector tilt 34° Min field flow velocity 0.1 m/s
Collector azimuth 0° Max field flow velocity 1.6 m/s
Stow Angle 170° Header design min flow velocity 1 mfs
Deploy Angle 10° Header design max flow velocity 3 m/s
Field HTF Fluid Hitec XL Water usage per wash for mirror 0.7 Ljm?
Freeze protection temp. 120 Washes per year 12

Field HTF min operating temp. 238 °C Assemblies No. of SCA/HCE per loop 8

Field HTF max operating temp. 593 °C SF area 24 acres
Filed loop piping thermal inertia 4.5 Wht/K-m Total land area 27 acres
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