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Abstract

¢2RIFI2Qa& ¢2NI R Aa RNJI Zieigiarisifiod to dmeRi®eNBEidayilE G KS
goals signed athe Paris Conference in 2015. Moreover, many organizatiosive also
acknowledgedthe inevitable carbon emissions in the development process of circular
economy, which may cause rise in glolahperature beyond 5 °C For the same, many of
them have considered reducing these emissions by investing hefty sum of money in the
developmentof negative emission technologies (NETisshould not only be an economical
solution but also scalablgp togiga scale capacity in orderrtmatchcapture annual emissian
Fromall NETsDirect Air Capturéechnology (DAChas found to be more engineerezhd
scalablesolution.From the descriptive comparisons of various direct air capture solutions by
CraAKAIZ tNRFOD YSAlGKQ DirettAr Daptare (HTHRC) praces sednfed LIS NI
to have a real potential of meeting the emission control demaimsrder to enhance tanet
carbon removal capture beyond 66% of a conventionaDIAC process, the employment of
solar technologies in it has been vividly studied from technical and economical point of view.
Considering various factors like climate effeb$, different scenaas of solarized HIDAC
process (SHDAC) hae been evaluatedFrom the analysis, Jordan based locatidiousd to

be more suitable for sHDAC. The results indicated that a CSP system having aroumdv800

of thermal capacity is required to capture carbatra million tonnegper annumscale And the
levelized cost o8HFDAC process is estimated to around 8% (b wihen compared to
181 k & Oh LJI dzZNB O2 4 G .ZHRs re¥edrihiialsidvestightdd Ghé énuence of
possible impactful factors and awn few inferences to make the sHDAC business
economically more attractive. Lastly, it concludes with the possible benefits of framing an

effective policyon reducing the levelized cost and making thelACT business more lucrative.
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1 Introduction

Every year almost 48t of CQarereleased in the atmosphere through various means
in order to meet the demands of the modern aref2. In the context of rising climate
issues all over the world, many governmentsganizationsand corporates are
researcling the ideal way to avoid the repercussion of the enhanced carbon dioxide
(CQ) emission in the atmospheralso known aslimate changeThe most recent IPCC
report states that the warming is expected to stabilize once the global net zero
emission is attained.According to the Emissiongap report by UN the CQ
concentration is aroundti20ppm and is rising drastically. Hendejs high tine to
activelyprogress in reduag the CQ emissiors in the environmen (2). Even though
many institutions are working on increasing the share of renewable energy to make
the economygreener and morasustainablethe usage of fossil fuels is inevitabldhn
development ofcircular economy. The transition of energy sources from fossil to
renewable energynayreduce the emission afreenhouseagases (GHGbputthe target

of the Paris climate agreememtill not be achieved without the involveent of

negative emission technologies (NET).

Currently, hereare various NETs available to be employed. However, it is impossible
to capture carbon with 100%apture rate for example the installation of point sowce
carbon capture (PSCC) technology captures carbon-a#%®efficacy and it cannot be
installed in old retrofitted powerplants (3). In addition to this, thee are multiple
sources of small emitterike long distance aviation and marine transport, which
accounts for 50% of thimtal GHG emissiorandis alsoimpossible to capture. Thus, it

ismandatory to exercisdirect air capture to attain the carbon neutrali(y).

At the moment, there are two major methodologiesnsideredor the removal of C®
from atmosphere. One of them is Bioenergy combined with carbon capture and
storage (BECCS). It has found to be gtw and land intensivbut natural and cas
effective process(4). Whereas, the other methodology of extracting Lfoiom
atmospheric airis by using Direct air carbon capture and storage (DAC&Sh

promising technology in terms of attaining climate neutsal
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According to theeport by Naional academn of sciences, there has been lot of NETs

which costless than100$/1tCQO; (4). Out of these NETSs, direct aicapturebased
technologyhas been widely discusddecause of its scalabilitgffectivity, and the
maturity of technologies involvedIin addition to this, the glect air capture
technologies are more flexible in terms of location of installation and further
sequestration.Direct air capture (DAGgchnologiescan becategorized as (1) High
Temperature (HT) direct air capture, which are chemical ligoldent basd
technologiesand(2) Low Temperature (LT) direct air capture, which are majorly-solid
sorbentbased carbon capture technologiesCurrently, there are numerousigh
temperature (HT) and low temperature (Lphocessbased solutions costing from
100-1000$/tCOp.

Around 3 decades ago, Lackner had developed a process to captre@@ir, which
inspired many to investigate and find a robust, sustainable and economical solution to
capture carbon from ai(5). Moreover, many orgaizations like Carbo&ngineering
(CE)have been developing a carbon capture process since9208e founder of this
organization, Keith has developed a very promising process HT categoryand
assessed 4 scalabilityusing the ASPEN simulation softwdf. Even thoughtheir
process isery energy intensive, it is easiigalable to higher capaciand has currently

low capture cost comparet LT technologies.

Accading to Fasihi(1), / 9 @afibon captureprocess isan unsustainablesolution
becauseof the usage ofossitbasednatural gas as aenergy sources itheir process.

The combusted natural gas contributes around 34% of total captured carbon, which
will end up in atmospherdf the CQ would be utilized instead of stored This has
broadly increased the cost of net captured carbi@h It was also inferred that the
overall cosbf the carbon capture may get reduced when energy technologittsless

carbon footprintare used in the process.

Therefore, with the inspiration from the S A $tédQ andwith a keeninterest in
investigating the application of solar technologies ie ttarbon capturgrocess, this
research has been conducted. It is majorly focused on the process modification and
techno-economic evaluation oY S A pric@ssin order to fully power it by solar

energy.The oveall thermaland electricaenergydemandof the process isulfilled by
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employing a integratedhybrid system ofConcentrated Solar Power (CSP) plamd
Photovoltaics (PV) plant.

2 Aim
The aim of the study is to evaluate the feasibility of solar powered High temperature

direct air captureHT-DAC) process from technical and economical point of view.

1 The conventionatarbon captureprocess is modified according to the solar
energy technology systenequirementsand further simulated in ASPEN

1 After optimizing the novel process, heat integoat and energy optimizaon
were conducted.

1 Further, sensitivity analysis 06 major influential factors and 4 potential
locations were studied.

1 Based on the resultebtained from simulation, detailedcost of captured

carbonwas estimated ana&:conomicviability assessed

3 LUterature review

In the light of rising global warming issues and the immense desitbeofvorld

towards carbon neutrality, negative emission technologlesve gained a peak
attention from research perspective. Moreover, the worldshaso recognized the
importance of the carbon capture and utilization or sequestrafG@U or CCt®)save

the plaret from catastrophic time.

Out of all theNETsdirect air capture technologies are burgeoning exponentially. At
present, many researcheend scientists have developed and evaluated various DAC
processes to meet the climate godlsacknerstarted the mission to capture G&om
Airaround 3 decades agond later many researcherontinued the advancements in

this technology as shown ifablel below.
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Tablel: History of development of carbon capture process

Year Author Process Description Solvent Reference
1999 Lackner Commercial flue gas absorber Ca(OH) )
2003 Zeman Commercial flue gas absorber NaOH 8)
2006 Baciocchi ~ Commercial flue gas absorber (two variations of the proc ~ NaOH 9)
2006 Keith Air contactor NaOH (10
2008 Stolaroff Agueous spray tower NaOH 11
2011 APS Contactor (Absorber parallel) NaOH (12)
2012 Kulkarni Amine functionalized monolith contactor Amine (13)
2012 Holmes Slab geometry air contactor NaOH 14
2013 Mazotti Contactor (modelled as absorber, alternate packings) NaOH (15)
2018 Keith First prototype complete plant design KOH 6)

In the Figurel below, the cost of technologies developéaa the recent years having
major and promising advances are illustratells aforementionedthese can be
categorized into two main categories (i) Rigemperature DAC (HDAC); (i) Low
temperature DAC (LDAC). High temperature DAC involves tapture of carbon
dioxide using the conventional method of employing tiguid-basedsorbent like
alkaline solutionswhere the temperature requirement of therocess may reach up
to 900°C Whereas,n LFDAC processesolid sorbents are used todaorb carbon
dioxide physically, and thesorbents areregeneratedby varying temperature or
moisture The variation of the temperature ranges fromc200. Although these
technologies operate to remov@Q from ambient air {400ppm), they differ broadly
in perspective of energy and capital investment requirement as walithsrespect to

scalability1).

HT-DAC is comparatively more energy intensive and capital intensive th&ACT
Whereas| T-DACcan beoperated on the availablewaste heat in the process industry
and has alarge potential because of its modularityHowever it has not matured
enoughto scale up to higher capacity as compared teAC As unlike LTDAC the
guality of heat required in the HDAC process cannot be fulfilled the industrial

waste heat streamsand large investmens in the energy technologwre required
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separately Nevertheless, thenaturity of technologies involved in HTACandrecent

advancementsnd its scalabilitprovide a hopdo attain thegiga scaléargets.

Cost of CQcaptured per ton
700
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Figurel: Cost comparison of various carbon capture procgdses

Although the LIDAC process seems an economically viable solution because of low
energy requirement and the low operatiacost, there are numerous issues witblid
sorbensused in it.One of the major challenges is thequirement of large structures

with regeneration facility disengaged from atmosphericailow pressure Secondly,
conflicting demand for the low costhigh sorbent performancend having dong
economic life of sorbents in impure ambient eakes itan unviable option to meet

the target capacityat the current state of the ar(1l6, §. Whereas, an alkaline based
agueous sorbent is employed in #RAC process, which helps in continuous operation
of the plant as well as in bdihg a plant of matured technologies with high operational
lifetimes (6). The major drawbacls of using aqueous systems asgnificantwater

loseesand complex regeneration system.

By recognizing the potential of the HDAC, Keith has developed an innovative and
unique carbon capture process over a decade ago. His company named Carbon
Engineering igeryactivdy engageactompanyin the field ofHT-DAC technology, which

is also partly funded by Bill Gates foundatidiney have launched a small plant of

1tCO,/d backin October 2015 and aims &stablish a commercialized process for the
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production of synthetic fuels. Keith has not only simulated thesCiNeled carbon
capture process in ASPEN, but also penfed a detailedcost estimationfor a
1 MtCQy/ a capture capacityln addition to this, they have provided their simulation
results from ASPEN forMtCQy/ a capture capacity. Also, they have provided detailed

cost analysis of it.

In the exhaustivereport by Fasihjthe cost of carbon capture for various technologies

were compared(1l). The LT based carbon capture process developed by Global
Thermostat (USA) works on the waste heat at temperature oBB3C for CQ
regeneration. Thy have built up anodelof 40ktCQ andhave estimated the capture
costaroundl13e K (p® hLY O2 YL} NR&2y (G2 UGKAAEoSsYSAGKQ
around151-209¢ Kk (p,/which is powered by natural gé®.

HT basekS A G KQa LINRE OSaa Figdre2:Ehrhdh EnGineérings HIAG 2 6y A |
process In his processthere are basically 4 major reactions carried out in 2 loops.
Firstly, atmosphericCQ interacts withdissolvedKOHat Air contactorin potassium
loop and KCQ as a product flows through its outlet streatmater, KkCQ reactswith
concentrated Ca(B): slurry in a pellet reactor, regenerating KOH asaising the
formation of CaC@salt At the end,CaC® solids undergoa high temperature
calcination process and @3 captured in pure formOut of all the reactions involved

in this process calcination step is the most energy intensive step, where the
temperature of around 900C is reqired. This heat is being supplied using the -oxy
fuel based CNG combustion systefjuation 1 is the representation of CNG
combustion.The C@emitted from this combustion chamber further contributere

than 30%in the overall C@captured.

00 cb © 060 ¢O0U Equation1
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Calciner (3)
Ca0;) + COyy

178.3 kJ/mol

Air Contactor (1) Pellet Reactor (2)

COyy) + 2KOH o)

2KOH oy + CaCOsy

HZDH: + choslacu
-95.8 kl/mol

Slaker (4)
Ca0y; + H:Op
CalOH)

K2CO3aq) Ca(0H)s5
-63.9 kl/mol

K2C0ypa; + CalOH) 55

-5.8 k1/mol

Figure2: Carbon Engineering's HDAC proces®).

According toFasihi, the cost of carbon capture is effectively high in the case of the
Y S A fréc€sa because the net carbon captespacityis comparatively low. Inost

1/3 of the total carbon capturedomesfrom the on-site combustion ofnaturalgasto
supply thermal and electrical energy tbe process Hence, the overall cost of net
carbon capture is approximately 50% highler addition to that, more carbon from
beneath the earth is being thrown out in the atmospherecase outilization of the
capturedCQ (1). To overcome this conundrunibecomes mandatory to empldgssil

free basedenergy systemgo attain high net carbon capture rate anidw carbon

capturecost.

Inthe vast literature research bByasihend Casaba(l7, 1), manycurrent state-of-the-
art DAC technologg&having enhancechet carbon removal capabilithave been
discussed. However, they ar®und to be not only energy intensive but also
cumbersome to operate and scale up at the momehiter consideringthe energy
quality and quantity requird byHT-DAGCat giga scalgexhaustive researabvervarious
sustainablesnergy technologiehas been performedFrom this researclsolarenergy
basedConcentrated Solar Power (C$9hnolog is found to bequite promisingto
meet the highclean energy demands of @Eprocess There have been lot of
advancements in the field d@SRechnolog in not only enhancingts scalability and
operational reliability but also making it cosffective and one of the cleanest
renewableenergy technologs (18). It could attain high temperatures upo 1000°C
as well as cabe scaled up to hundreds of MW capacity.
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3.1 Solar Technology

Every year we receive around 885 million terawatt hours (TWh) of solar irradiation
across the globe, making it the most abundant source of energy on earthziRg ghe
potential of it, many scietists hare developed innovative technologi¢s harvest this

energy As per the report byRENA(19), the power generated from the CSP based
system has comparatively lower levelized cost of electricity hlaostovoltaic based
system. The combination of CSP with energy storage system has proven to be valuable
in Californian maintaining the demand and supply of power smoo(@). In addition

to this, thermal energy prodied by CSP has been widely utilized as a clean energy

source in many industrig0).

As shown inFigure 3, there are 4 major types of CSP technologies widegdun
industry: Linear FresnelReflector (LFR); Parabolic dish; Parabdliough and Central
receiver. These technologies are basically characterized based on the optical design,
shape of receiver, nature of heat transfer and capability to store heat. Considering the
high temperature thermal energy requirement of a process ogampat a MW scale,

central receiver model with a solar tower is chog$enthis study.

Table2: Comparison between line focus and point focus based CSP technologies

Focus Type Line focus Point focus

Fixed System Linear Fresneteflector Solar tower

Mobile system Parabolic troughs Parabolic dishes
Linear Fresnel reflector (IFR) Central receiver Parabolic dish Parabolic trough

Curved
mirrors

/;][ll !\i\\\ Receiver/, y—
O B DO | s Bepe (_2

Absorber tube Heliostats Reflector
and reconcentrator

% Reflector
Absorber tube

«— Solar field piping

X2z

Figure3: Types otoncentratedsolarpowertechnologieg20).
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Concentrated solar tower

In contrast to other linear systems, solar tower is more efficient at high temperature
and less sensitive to seasonal variations. Howeveenands for high concentration
factor to reduce the heat losses in receiy20). The heliostats in the solar field redirect
the solar rays towards the receivarstalled on tower The temperature attained at
receiver could go beyond 1000 °C, depending on the matamaloyed in the receiver
Usually,CSP projects calls for heasgpital investment, but the return on investment

could be improved with optimal design.

Towers could be designed in multiple ways dependinthemumber of receivers, field
sizes and field orientation. In addition to thigliostatsare also designed imumerous
shapes and sizesaving surface area rangingfrom 1 to 160m? The number of
heliostatsis optimally calculated based on the overall area required. Moreover, they

must be installed with an adequate space to avoid the shading and blocking (88ues

As per the report by Solar pacekere arearound 142 operating andevelopingCSP
plants across the world. Out of which, there are more than 30 projectingaolar
tower based technology21). At present,NOOR Il is th&argest concentrated solar
tower projectin the world. It is Moroccan projechaving an investment &77 million
USDof investmentanda total power capacity of SORIW. In this solaproject, a 247
high solar tower surrounded by solar field witharound 1.3million n? of heliostat

has been installed22)

Photovoltaics (PV)

Out of all the renewable technologies, photovoltaics (PV) system has found to be
comparatively clean, sustainable and promispmwver generating technology23).

Solar PV systeis a potoelectric technology whickonverts theincoming abundant
solar energy directly into electricityFigure 4 shown below is thepictorial
representation of the solaPV set up and solar cell. At present, PV are available with
different solar cell types having different materials and configurations, cell
arrangements, etg24)
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Earlier,PVwas notaneconomically viable technologlyat could becommercializd to
increase its share in the total power production. But waldvancementin the
technological innovatiorand reduction of manufacturing costy approximately100
times, theglobal installation of PV hdeenconstantly rising upltis expected a record
breaking mark of more than 30BW installationsacross the globe in a coming year

and unmatchedacceleraton in the upcoming yearsaccording to Branker armgports

by IEA?25), (23).

Incidence of light

Solar module
\

Solar cell

Figure4: Pictorial representation of solar cell asolar modug (24).
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3.2 Overview
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Figureb: Process flow diagram of the modified-BAQorocess

Figure5 is the conceptualizednodifications in thewell-studied and commercialized
direct air capture process of CE. In this processctireventional oxyfueled calciner

has been altered taa solar calciner, which is used to regenerate CaO through a
calcination process. Solar calcis@re operatedwith the input solar thermal energy
from CSP. As CSP receives intermittent solar irradiation across thetlyeaolar
calciner the associated heat reeery equipmentand the CQ gas compressoare
operated only during the effective solar irradiation. Whereas, the rest of the process is
operated continuously with the defined operation capacity. The operation capacity is
calculated based on multiple influential variables. Itéscriptivelyexplainedin the
chapter4.8. Moreover, the storageectionof CaO andCaC®is a bridging zone of
continuous andntermittent process Thedimensioning obptimal chemicalstorage is

broadly discussed in the@edicatedstorage calculation sectidrther.
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Basically, there are four majamit operations being carried out in foyieces of

equipment: Air Contactor, Causizer, Slakeand Calciner. The reactions occurring in

thisequipmentare as follows

00 cOU® VOOU 00 Equation2

+ #/ #A (O #A#/I c+/ ( Equation3
#A#P #Al #/ Equatiord

0wl ™WOO 60 Equation5

3.3 Air Contactor

The contactors the heart of the carbon capture process, where it diregabgorbs the

CQ from the ambient air into the aqueous alkaline solutibon® Q& O2y Gl OG 2 NJ A 2
the cooling tower technologylt consists ofa largesetup of numerous draft fans
responsible to build a turbulence for an effective mass transfer and overcome the
pressure drop across the contactor. It works on the similar piaofthe industrally

wide used cooling tower. GQs captured from the aipassinghroughthe structured

plastic packing horizontallyvherethe alkalinesolution is flowing downward$aving

a film thicknessof around 50um in a crosglow manner.Based on/ 9 Stady, the

contactor designs based on thaditional vertical packed towers are found to ngore

expensive. In comparison tmmmoncooling towers, thdeight ofpacking used in this

novel AGds more than double

As per the study of CE, tmeass transfer coefficient for GOn the liquid side varies
majorly with [OH} ion concentration and temperaturdn order to understand the
influence of these parametersn the carbon capture ratethe detailed sensitivity
analysis has been carried outdathe obtainedresults are discussed expliciifysection

6.1 In addition to this, the profound research by Keju has broadly helped in
understanding the influencef temperature and relative humidity on the carbon
capture rate and the water losses from £LB). Based on the empirical formuknd

the dimensions of theontactor provided by CECQ capture ratehas been calculated

by maintaining the optimum air flow velocity of around 1@s. The pressure drop
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across the packing bed is assumed to be constant for the given air velocity, liquid flow

and packing dimensions.

3.4 Pellet reactor

The pellet reactor isa fluidized bed reactoused for the removal of carbonate ions
(CQ?) from the carbonated alkaline solution by caagiftion. Along with the
carbonatedalkalinesolution, solid coars€aC®@particlesare added from the top of
reactor and 30%concentratedCa(OH) slurry is injected irto the reactorbed. The
CaC@pelletsranging from 0.10.9 mm diameteracts as nuclei by providing surface to
Ca&*, which reacts further with C® ions, as perEquation3. The product CaGO
precipitates on the surface of soligjets THsphenomeronleads to increment in the
pellet size, whichis then controlled by the continuous circulation of sluriy the
reactor. The circulationn the reactoravoids the localized growth of the particless
the pellets grow, they settle in the bed until the finished pellets are discharged at the
bottom. The finished pellets size aroufid-0.6 mm. Around 10% of CaG@avesthe

vessel as fines, which are capturaad separated ouin the filtration process.

3.5 Slaker
The $aker is #s0 fluidized bed reactorwhere the hydrolysis of Ca@commonly

referred adime slaking is occurring simultaneously with the drying and {hreating of
grownCaC@pellets It receivesCaC@pellets at room temperature frorthe washing

unit and hot CaO at 674C from the calciner's outleir CaO storageThe pellets are

dried and preheated usng the waste heat generated in the slaking reaction, which is
also responsible to sustain the slaking reaction. As the reaction enthalpy is released at
higher temperatures in a steam based slaking process, itah#sermodynamic
advantage over traditionalwater slakingprocess Eventhough the maximum
temperature could bearound520°C, the operatiorhas been optimizedy Keith at

around 300°C to achievéaster kinetics(6).
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The fluidization in the reactor using the compressed steam flow in circulation plays a

crucial role in theslaking procesdVith a fluidization velocity of in/s, quiklime (CaO)
particles are transported and slaked to form Ca(©OK)primary cyclone and loop seal
elute and circulate small quicklime particles, while much smaller slaked particles
largely avoid the cyclone and are collected in a dust collector. Heat thherslaking
reaction is combined with the sensible heat recovered from the Ibiydrated lime

in the outgoing stream to dry and heat the pellets.

3.6 SolarCalciner

The @lciner is the most criticaquipment carryinghe calcination process in it. The
dried and preheated CaGQs solid particles at the outlet of slaker are further heated in
the CQ gas cooling exchangerés the temperature required fothe calcination
process is quite high-900°C) it shares the maximum part of the energy required in
theentire carbon capture procesSolar calciners are basically designed and developed
to decarbonize the calcination process in cement industry, which shares 13% of global
greenhouse gas emissions from industrial se26}. Its cleanliness leads fmure lime

production without any contamination of combustion {pyoducts(27).

Todecarbonizehe calcination processhere aremajorlytwo types ofsolarreceiver
basedtiechno-economicallywell studied calcinatiorsystem Rotarykiln and Centrifugal
receiver.From the internal researctiprmer receiver type not only gives freedom to
construct the kiln system independently but also offers to operate separaketym

the techneeconomic analysis of optimized versions of both reactor types in the same
research, levelized cost of heat was estimated to aro¢de/MWh and 39.6e/MWh
respectively(28). For the desired applicationof CQ capture,a maturedrotary kiln
concept isamore suitable choicén this project Figure6 shown below is the pictorial

description of the working model of rotary kiln.
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Figure6: Working model of rotarkiln (29).

inlet

Concentrated
sunlight

As per the literatureby Meier (30), there are basically two differenpossible
arrangemens for solar tower receiveto operate the solar kilrefficienty: Tower top

(TT)system andbeam down(BD) system.The representation of both configuratiomns

shown inthe Error! Reference source not fali below.

Receiver

Heliostats

(a)

Figure7: Pictorial representation of (a) Top tower, (b) Beam d{(3@)
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In the tower topsystem the rotary kiln is mounted on top of towekVhereas in the

case ofthe beam down solar system, the hyperbolic reflectordiescts the sun rays
downwards in the rotary kiln, which is installed on the ground level. BD systems are
reinforced bythe non-imaging compound parabolic concentrator (CPC), which helps in
augmenting the solar irradiation entering the kilBD isfavored CSP arrangement
system in case of use of more than two calciners because of technical and operational
issuesln the case opeak concentrated solar flux around 1200 suns (1sslkW/m?),

CPC mighalsobe required in TT system if the temperature attainectaicineris not

adequate(30).

3.7 Storage

The $orage section is one of the most importasgctionsof process, as iridgesthe
continuous section anthe intermittent calcination section. It mediates the smooth
operation of intermittent side of the process by controlling the flow of Cato@he
calciner. Simultaneously, it maintains the flow rate of CaO to the slacker for the
continuous operation of theCQ absorption process.According to Wand31), the
storage of CaC{s not very arduous. In the case of CaO storage, it has high affinity
towards water or moisture. This chemical reaction of CaO and watéraule leads to
high heatliberation. Itcould be dangerous for other inflammable chemigc#lanything

in vicinity. Therefore, the storage needs to be dry, cool and properly ventildetthis
study, the storage of Gas not been considered, as the capturec@&@ompressed
further for direct utilization or transportation Also, the heat liberation from the
storage is negligibleas per the report over thermal energy loss Bglter (32).

Therefore this heat liberation is not considered in the calculation of the heat balance.
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4 Modelling of solar DAC plant

Based on the exhaustive literature survey, Simtegydeployment ofpotential solar
energy technologies the direct aircarboncapture procestas beerconceptualized.
In this section, the developent and simulaton approach ohovel processn ASPEN
V10 simulation softwards explained In addition to this, HFLCAL and Greenius
software have been used in this project for the desng, optimization and cost
estimation of the solar energy technologies like CSP and PV respeclivalgo
discusses about the approach for the heat optimizatamd energy estimation in
section4.2, Heliostat field layoutlesigningn section4.3, meteorological data aatysis
in section4.4, energy analysis isection4.5, utility estimationin section4.6, PV plant
dimensioning insection 4.7, and estimation of storage facill in section 4.8. To
understand the dynamics of the weather cotons and develop a robust carbon
capture system, meteorological data for four different locatibias beeranalyzecand
used for theaccuratecalculation ofenergydemand storage,and theother required

utilities.

4.1 ASPENamulation

In order to simulate the chemical process of carbon capture, ASPEN is one of the best
simulation ftware with various property methods and unit operation modelsalko

allows to customize the simulatiamodelfor the non-conventionalequipment With
regarcs to performing unit operationtbased calculations or modelling, simulating,
optimizing, or performing regression analysis, sensitivity analysis, energy estimation
and energy savings, ASPEN is very powerful and reliablért@aldition to this, ASPEN

plus economic analyzer (APEA) module helps in estigh#tie project cost and in
performingan economic analysidlany researchers likeith has performed techno

commercialanalysis of variougrocess, technologies in ASPER, 6, 34.

For the case of the ionic chemical reacticBEECNR Ploperty methodwas useds a
suitablemethodandrelevantproperties were retrievedrom NIST datbank. This data

gl a TFTdZNIKSNI @Fft ARFGSR gAUGK | SYNE Qoanic O2y ad
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speciesof the componentsalso referred adrue components in the process were

determined and amendeth the component list.

In the simulation environmenthe process was developed on the flowsheet using the
existing models for conventional unit chemical process and operations. Whereas, for

the nonconventional chemical process equipment like Air contactor, USER2 model

has been considered and connectedth an Excel sheeK | Ay 3 'y | ANJ O2
process model. After simulating the developed flow sheet, preliminary results were

obtained.

In order to optimize the processhe impact of the key influential parametergas
observed using the sensitivity dgais tool.Further, the design specification tool has
also been employed to get the optimal desigrtloé process. Nevertheless, thentire

final designcould not be operated continuouslyusingthe noncontinuous energy
supplyfrom intermittently operatirg solartechnologies Therefore, the entire process

is bifurcated into two sub process: (a) Continuous process, (b) Intermittent process.
This division has been carried out based on optimum energy consumjatidghe
processwith closedheat integration networkThedetaileddescription of theprocess

flow sheet is available id.

(a) Continuous Process
In this section, all the unitperationsworking without solar thermal energy ariis
associated equipmentemployed in attaininghe optimum energy consumptign
has been considered. All the operations in this section nwiil continuously for
24 hours.From the abové-igureb, the continuousside of the process consists of
AC, pellet reactorglaker, filter, Turbinel and pumps. The operation of these

equipment is independent ohie incoming solar energy durirgplarhours.

(b) Intermittent process

In contrast to the continuous section, it consists of unit operatgmotally
dependent on effective solar irradiatidike the Solar calcineand other connected
equipment like the CQ compressor, waste heat recovery exchangeesc

Assuming the daily average of BOurs of total sunlight irradiation, the
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intermittent process has been developed and simulated accordinglyreldre,
the equipment sizes are designed to operatecampardively higher flowrates in
order to conductthe operation in limited sunlight hoursompared to normal
continuous operation. After converting the CNG basetbnventional HT-DAC
process intadhe novelsolar based carbon capture proceasensitivity analyis of
various process variables like tlmmbient air temperature, relative humidity,
temperature of pellet reactor, ethas been performedThe sensitivity analysis
feature of ASPEN gives an excellent opportunity to meticulously monitor the
influence ofmultiple variables. At the same time, it &so possible to monitor
influence of single variable ovenultiple defined dependent variablesThs
variation of these parameters vas extensivelystudied to complete the

optimizationfrom processapacity and Bergy consumption perspective

APSENmergy Analyzer andASPENProcessEconomicsAnalyzer (APEA)ave been
utilized to broadly understand the energy saving potential and geéstimation of
project costrespectivelyAfter simulating the materially optireed process, the energy
analysis facility of ASPEN smartly performed the heat balance and estimated the saving
potential of up to86% of energy in the unoptimized proce3$e result obtainedrom

energy analysismotivated further to investigatethe potential parametersand to

consider appropriate modificatiain the process

With a carefulobservation ofentire processthe intermittent process found to have
excess of energy on product line after the completion of calcination process. In an
unoptimized process, the products line having mostly CaO and somesGaliZis are
cooled down using cooling mediuim heat exchangerdike cooling water available at

30 °C. However, the high enthalpy of stream demandsiassivecooling water flow.

In the viewof sustainability, this option does not souad aviable process because an
effective solar field are mostly locatén water scarce regions. Therefore, it is always
desirable to operate the novel process with a minimum possible water consumption.
In order to recover the excess energy from the CaO stream side, a separate steam loop
cycle has been d#ggnal. It collects the energy until the desired temperature of the
CaO flow stream is attaine@uperheated steamgenerates powein Turbine-2 and

gets conveted into low pressure saturated steanThs steamis condensedhrough
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anair-cooledheat exchanger (ACHE, pumpedand revaporizedthrough a network

of heat exchangerflike theCQ gas coole), that act as the boiler in the Rankine cycle

Similarly abundant amount of bat isalsoliberatedin the exothermic slaking reaction
of continuous processThe heat is collected from the slaker through an integrated
steam loop, whichiuns the turbine later for power generatiarrhe steam available at
300°Cin the slakeris formed by thanteraction of hot CaO coming out of calciner at
674°C and the CaGQolidsflowing with an associated liquiffom washer. Atthe
washer,the associatedalkali solution is replaced by clear water. Tiheter will then
support the steam formation for slacking reaction. dkcesswater is addedin
comparison tothe enthalpy associated with the CaO patrticlpart of the liberated
heat isthen utilized in evaporating the excess watéfthisleads to less heatvailable
for collection and more volume of vapor flow in circulaion across the reactor
Otherwise, the vyield of slaking process will d@mpromisedcausing anneffective

operation and low heatollection.Also, the quick lime mixer will be overburdened.

In order toeffectively optimize the energyecoveryas well as water consumption, an
exhaustive task of sensitivity analysis has been performebugh sensitivity analysis
of various influential parameters like thmimp pressure temperature& flow rates of
water and steam the impact ofthesevariationon the chemical reactiogield and the
power generation in turbinesvas carefully studied. In addition to this,the heat

exchanger network was also analyzed ugmghanalysis method.

At the end, these parametergere tuned to obtain the optimizedersionof this
processhaving lowestitility consumption This optimized version of process has been
considered to gatheresultsfor energy savings, energy genezdiand energy required

in process. These results obtadh from simulation of mega scale carbeapture

capacitywere further used in CSP plant designing
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4.2 Energy estimation

Even though most of the energy utilized in the BIAC process is in the form of thermal
energy significant portionof it is shared by the electrical energilized in various
equipment and instrumentsThe CQ compressor is one of the major consumers of
electric power followed by the fans employed in the Air contactor and ACHE, filter,
pumps for circulation, and agitator iniring tank. In contrast tall theseenergy
consumers, there are two turbines installed for electric power generation from
available waste heatrom the ASPEN simulatiohgetpower generated from turbines
does not compensate thpower demand of planin normal operation. Howeverthe
bifurcated novel process calls for a matgnamicmodelfor the estimation ofannual

energydemandin different cases

With the division of the process, the equipment employed in each process has been
listed separately ithe Table3 below. Continuous process operates every hour of the
year. Whereas, the intermittent process operates only during the effective sunlight
hours. Since thesolar irradiationvary throughout theyear, the overall energy
consumption or production is calculatseparatelyfor every hour of the yeaDuring
these solar hourghe meanCQ capture capacity is determined throughe method

discussedn section4.5.

Table3: Power consumers and producers in two-putcesses of HDAC

Process types Continuous Intermittent

Power sources Turbinel Turbine2

Power Consumers Pumpl CQ compressor
PumpACHE Pump2
PumpkFilter ACHR2
ACHEL
Mixer
Filter
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There are basically two cases consideredafoenergy estimation, as follows
a) Solarhour

During thisperiod, the calcination process is operated productively using the
incoming adequate solar thermal power. These hours maosthgefrom 8 to 11
hours a day. The number of the solahours per day varies largeljth the season

and location. The intermittent proess leads to CaO production and collection of
pure CQ. Depending upon the G@roduction capacity, the operation capacity for
the dedicated turbine is determined and the energy consumption as well as

generation in the intermittent process is estimated.

The total captured carbon on intermittent side is spread across the year. This
average carbon capture rate is considered as a basis for the calculation of energy
utilized forvariousequipmentexcept AGn the process Contactor tendto have
different cabon capture rate based on the atmospheric temperature and the
relative humidity. Using theorrelation ofdry bulb temperature (DBT) and relative
humidity (RH%) valyeoverall energy demandin ACand other equipmentis

calculatedtogetheras mentioned irsection4.6.

b) Non-solarhour
During this period which is mostly observeth the evening, night anctarly
morning, thenon-existentincoming solar irradiation is amlequateto energize
calciners up t®00 °C and perform the calcination. Hence, the intermittent process
is kept on stanéby mode. However, the continuous process captures carbon
regularly and store it in the form of Cag€Qherefore,only the surplus energy

available irthe continuous process considered in this case.

Grid connection supports the continuous operation of the processase of additional
power requiredin certain hoursWhereas, the surplus energy is provided back to grid,
which is generated during nesolarhours. After performing the detailed estimation

of energy in botlsolarand non solarhours, the annual energgemandis calculated.

In order to fulfil the annual energy demand, PV based system is accordingly designed

and scaled up.
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4.3 Heliostat field layou

In this novelHT-DACprocess, CSP is the only source of thermal energy. In order to
harvest massivesolar thermal energy, alarge CSP plant consisting eblar tower,
heliostats, receiver, reflectas, etc arerequired Out of all theeequipment, heliotats
share the biggest portion irotal capital required for the CSP project. Therefore, it is
quite important to design the CSP project with gptimal dimension For the same,
DLR based very convenient and helpddl referred asHFLCAL (Heliostat Figéldyout

calculator) softwardnas been used.

HFLCAL tool is majorly employed for designing and optimizing heliostat fields for solar
towers projects having certaianergy productioncapacity. In HFLCAL software, the
design aspects of heliostike size, Bape, spacing between theneeds to be initially
provided.It alsoprovidesfew alreadyexisting standardized models of the heliostats.
Further, other design parameters like location details, tower height, solar DNI,
aperture shape and size, design time point is set for a specific plant. In addition to this,
the field layout details like oentation of field, fieldangle around the toweare also
provided. Based on this data, the software estimates the optimized CSP field
characteristicsAn optimization based on genetic algorithmdentifiesthe most cost
effective field layout with totali€ld size mirror areaand the optical efficiencghart
Figure8is an example of the heliostat field layout generated in HFLCAL for thefcase
Jorda-800MW.More details related to the HFLCAL can be found in the litergB85¢e

36).

From the literature(30), the correlation between the CSP heliostat field and the land
required for insallation of plant isdetermined From the simulation in HFLCAhe

total heliostat mirror area and the tower height of an optimized heliostat field are
obtained. Using the previous correlation, the total land required for that specific field
is calculatedIn the result section of HFLCAL simulation, the total field efficiency chart
can also be obtained, which helps in systematically analyzing the meteorological data,

explained in the next section.
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Figure8: CSP field plot witkfficiency of each heliostat installed

4.4 Meteorological data
In orderto observe the influence of location on the carbon capture cost, four most
promising locations are shortlisted out afore than 25suitable locationsfor CSP

installation Followingare thesix criteriausedto shortlist those suitable locations

i.  High Temperature

ii.  High relative humidity

lii.  Good DNI

iv.  Less deviation of solar hours
v. Good water availability

vi.  Good transport facilities
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According to the research, the relative humidity atemperature helps in better
carbon capture rate and low water losses in (A6). However, CSP plants demand a
good DNI for an effective energy production. Along with this, it is better to hese |
deviation indaily solar hours, in order tthave minimum storage capacity and simple
process control system. CSP systems are majorly installed in the DNI rich regions, which
also found to have less availability of water resource. But, thdKAT is que water
intensive process Hence, it is one of the most important criteria in shortlisting the
locations.Hence, the good accessibility of sea water for desalination and further
utilization in process has been considerédhstly, the good network of trapsrt
facilities is considered for the logistics of the captured cartmothe desired place of

storage and utilization

Based on these criterigreliminary analysis foall locationswas conducted and!
major potential locationsvere shortlisted Ou of these 4locations two of them are
CSP favoredocations (Morocco and Chile)and the rest are chosen as suitable
locations for DAC and C&stallations (Spain and Jordanfor theseshortlisted
countries the meteorologicaldataset is collected fothe four selected locations

Calama in Chile, Amman in Jordan, Granada in Spain, and Ouarzazate in Morocco.

Using Meteonorm software the hourly based meteorological dataset for the
aforementioned locations is collected from the nearest weather sta(®n). Raw
meteorological datasewith sample calculation has been provided®.2. Based on this
data, the average of the DNI available at 3 hoursAlALto 1 PM) of five specific days
(19" to 2349 of March)is calculated As the climate is changing, it is quite difficilt
predict the shading caused by clouds. Therefore, this mean DNIigatateulatecand
used further for the CSP plant layout design in HFf@Ahe 12PM on 2% of March
Moreover, the dataset is analyzed to get hourly averdD&ll incident in eachmonth.

This average DNI table is used in the estimatio@@fcapture capacity of planilso,

the average temperature in each month is also extracted from the raw dataset. This
average temperature values are used for the calculation of convectionaldesds in
energy analysigésection4.5). The hourly temperature and RH% values are used in the

estimation of water losses from AC.
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4.5 Energy Analysis

This section explains the approach of estimating the annualc@@ure capacity on
the basis of hourly solar irradiation available in every month of the ydaing the
same raw meteoroloigal dataset, the C{capture capacity of plant is calculated by

following 6 steps of method showim Error! Reference source not found.

Chart-1 Chart-2 Chart-3 Chart-4 Chart-5 Chart-6
i Thermal
Hourly solar DNI Field Total Solar
ou;x;;:; x Efficiency energy Net solar energy for
chart collected energy calcination
Convective Overnight Capacity
heat losses losses restrictions

Figure9: Flow chart of energy analysis method

Initially, the DNWalues areanalyzed to get the chart having 2dws (one for every
hour of the day against the 12nonths of year. The chart contains the average DNI
incident at the spcific hourand month of year. It considers the issues related to
seasonal variation in atmospheric conditions like particulate matter, fogginess,
cloudiness at the desired location. This chartthen clubbed together with the
heliostat surface area andetd efficiency chart@hart-2), which isobtained from
HFLCAL, as pire Equation6. Chart3 gives the averagkourly solar energy harvested

in the form of thermal energy in each month

0T xA®O OAA $.) s Equation6

Even though the solar energy is harvested efficiefrdyn an optimizedfield layou,

the convective heat loss causeatle to the lower atmospheric temperatureis
considered.In addition to this, the dataset is analyzed to get the monthly average
ambient temperature andthen plotted as shownin Figure10 below. Based on the
variationof temperature across the year, convective heat lossesassumedvarying

from 5% to 10%. The result of the overall thermal energy collected is represented by

Chart-4.

Title: TEA of sHDAC Date: 00.00.00 Checked byEnricPrats Salvado Page39

Created by: Nipunadtap Approval byNathalie Monnerie



i DLR

Temperature variation in Jordan
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Figurel0: Annual variation of ambient temperature in Jordan

In addition tothe convectve heat lostto the atmosphereat the receiverthroughout

the operation periodthe energy It from calciners during nesolar hours isalso
assumed. Although the solar calciners are assumed to be well insulated, temperature
is expected talecreasebelowthe operating temperatureduring the ron-operational
hours In order to roughly estimatthisloss of energpvernight, half of the design heat
capacity of reactors is assumed to be disperdadng thenon-solarhours. Therefore,

it is mandatory to recover this energy and attain the temperataround 900 C every
morning before the calcination procelsgins For this studyat least27.5MW of solar
thermal poweris requiredto initiate process ircalciner reactordravinga maximum
capacity of 593MW. Some part of thermal energy in morning ts is subtracted from
(hart-4 to obtain the effective solar thermal energy for operation, which is

represented inChart-5.

Since onlafraction of incoming energy can be utilized by calcingr$o their design
capacity, the effective solar thermal energy is further screened to (yeirt-6. It
signifies therange of thermal energyavailablefor the set of calciner, which can
potentiallyoperateminimum ofone calciner and maximum of all calcinersy@&nd the
total heat requiral to operate all calcinersall the excess energydsverted fromthe
system.Putting this capacity restriction, gives diitart-6, which represents thactual
thermal energy utilized in the calcination system.
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Based on the miulation results, the thermal energy requirementarfound 350 MW

for the operation of 256CQy/h was obtained This boils down toraenergy demand

for calcinationof around 11821.6 MWh/tC(Q includinga kiln efficiency ofi5% of kiln
efficiency Using this value i@hart-6, the averagehourly CQ productionin different
months is calculatednd arranged in final product chaffhis product chart also gives
the total carbon captured throughout the year and the average rate of carbon capture.
Moreover, the CaO production rate for every hour of month is also calculated using

the simple reaction stoichiometry and molar maasios.

The hourly average carbon capture ratebtained from the product charhelps in
accurately estimating the overall energy required for all calcination and -non
calcination hours. Along with this, trennual aerage carbon capture rate value is

broadly used in the calculation of utility.

4.6 Utility calculation

HT-DAC procesBashugewater lossandsignificant usage of powen variousprocess
equipment likepumps, fans used in air contactors, GOmpressoy etc. Needless to
say, it is one of the crucial parameters in understanding the sustainability of the
process and determine the environmentabbility of it. In this section, the detailed
approachfor the calculation of water and power usage is explained, and finally the

results for various scenarios are discussed vividly in the result section further.

4.6.1 Power estimation

Basically, there are twopproaches to estimate the annual power consumption in
plant. Either, the annualQ captureis calculated with the constant power supply, or
the total power consmed by variougprocessequipmentis estimatedwith atargeted
constantCQ capture per annum In order to focus the research on estimating the
energydemand ofmillion tons capacity plantatter approachhas beeremployedin

this study
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Based on the defined CSP thermal capacity, thep@ggdluction capacity of calciners

obtained. Power consumption in most of the equipment frozontinuous pocessis
assumed to vary linearly with theverageCQ productionrate. However the power
consumed by fans in contactas consideredo varywith givenhourly temperature
and relative humidity data. Using Equation 6, the power consumption irACis
estimated. The detailed calculationith anexampleis provided in theé.2. The carbon
capture rate (CR%f ACis calculated usingquation7. This corréation based on
relative humidity(RH%pand the ambient dry bulb temperatur@) indegreeCelsiuss
determined using thesimulation data provided in the literaturg(16). Using this
correlation and the hourly based meteorological data, the power consumed is

estimatedfor every hour

3 Y Equation?
0w

O THO ™ JIY T 0JRY'© Equation8

Whereas, theamount ofpower generated imurbine-2, and power consumed in CO
compressoris highly dependent on the Cproduction rate ofthe intermittent
process. Based on thgroduct chart obtained in the energy analystee average
monthly CQ capture rate in every hour of the day has beestimated Using this
calculatedrate and the simulation results as reference, the hourly consumption and
production of power in compress and Turbine-1 have been scaledrespectively.
Power consumption iair-cooled heat exchanger (ACHs assumed to vary linearly

with the average C&rapture rate.

Similarly significant power consumed yarious equipment employed in continuous
process(like ACHH, Filter and contactor pumps, mixemnd other contingency
pumpg needs to be estimatedAso, the power generateih Turbine-1 using the
waste heat fromthe slakerneeds to be addressedrhis power generation varies
linearly with the supply of CaO the slaker, corresponding to the G@bsorption
capacity othe contactor.
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As the calculatinsfor power consumption in continuous processjorly depend on

the average C&rapturecapacity, a constartias beerfinally obtainedseparately for
solarand nonsolarhours In the nonrsolar hours based constant, only ACGHIE not
included. It represens a summation of power consumed ambwer generated in

overall process. These constaate furtheruseddirectly.

At the end, theoverall power consumed or produced in each hour is calculated by
adding thedetermined power constant, power consued in intermittent process
equipmentand inthe AC. The sum of hourly calculation lsad the amual power
demand of process in different scenariéis.order to meet this power demandhere

are basically three solutions

)] Autonomous offgrid
In case the carbon capture plant needs to be completely operated using green
and sustainable source of enerdlyistype of energysystem could be installed.
In thistype of energysystem, the totarequired power would be supplied by
solar energypasedsystem In nonsolar hours, the excess power generated
from theprocess is stored iabattery-based system. Teienergy can be further
utilized in the energy intensive solar hours. For the additional endegyand
during solar hours, PV based system is installed to provide the adequate
amount of power througbut the year.
After carefully analyzing this type of pewsystem, it hasomparativelyfound
to bemore expensiveoption, leading toarise in overall carbon capture cost. In

addition to this, it is not a robust andell-integratedenergysolution.

i) Grid powered
In comparison to previous energy solution, teystem borrows all the required
energy from the robust grid connection. Since grid power is mostly shared by
the nonrenewable based sauesat many locationsthe carbon footprint of
the entire process is increased significantly leading to inciamset cost of

carbon removal from atmosphere.
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i) Gridconnected PV system
Fromall the solutions, thigype of energy systeris the most reliable, robust
andcleanerthan second optionin this system, the additional energy required
during solar hours is suppliedy the energy produced from the PV farms. As
the power generation in the PV system is majorly dependent on the
atmospheric condition, the offset power demand is covered by borrowing the
power from grid. Whereas, the excess energy generalieihg the nonsolar

hoursis sold back to the grid.

Post detailed analysis of all the above cases, the grid connected PV system found
to be more robust, economicand reliable. Based on this system, the excess
annual energy required in process is generated in the B¥ sy Using this energy

capacity value, the adequate sizing of the PV plant is designed.

4.6.2 Water loss estimation

According to the reports of NN\water (38), almost two third of the world population

is affected by the water scarcity for at least a monthaipear. As not every drop of
water canmeet the basic demands of largely populated humans, it is absolutely unfair

to consider the freshly available water.

In order to makethis novel carbon capture process sustainable, a long lasting and
reliable water source needs to be considered. Moreover, water is usually scarcely
available in high DNdasedregions, which is effective for solar technologies. Hence,
desalinated water asa matured technological solution for the continuous and
dependable operation is considered in this study. Even though the production cost is
highe at the moment, high learning curve and scale pgssibilityacross the world

makes it morgpromising solutio.

In an exhaustive researdby Keju(16), the water loss and the absorption rate G
in AC has beediscussedn detail From the data provided in thisource a strong
correlation with 97%accuracy was determined to predict the water losses at various
temperature and relative humidity values ranging from 0 to°@and 1®7%

respectively. Using this correlation and the atmospheric conditions of each Hg@r,
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loss toCQ capturedratio (Y)is separately calculatedError! Reference source not
found. depicts the correlation used for the calculation of the water loshis
calculationfurther givesan hourly water loss for the A@hen clubbed with the hourly

CQ capture rate

i TP T8IX Equation9
A MM pR W Equation10
9 | X2(p A Equationl1

In addition to this, the water consumed in the CSP systdikesthe water used for the
cleaning of heliostat$as also been considereficcording to the report biFalter(32),
the annual water consumption in the cleaning and othaintenance of the heliostat
fields has been estimated to around Bi&rs/m?2. Using this value, thannualwater
consunption in each scenario has beeetermined and added to the water losses in

AC to get the total water demanaf the process.

4.7 PVplant dimensioning

Photovoltaicsystems are majorlgmployed to support the additional power demand
of process ldeally, thecombined power generated by both the turbines is not
adequate to fulfil the power demands in certain hours of operation for ex: dustrtay
hours. During these periodthe robust and stable support ofirid connectionis
considered However, additionally borrowed energy from the grid is expected to be
compensatedfrom an integrated PV systemio minimize the carbon footprint of

system

Currently, there are numerous performance metrics for solar PV systérab sizes

and technologies like capital utilization factor (CUF), plant load factor (PLF), Specific
yield (Y)39, 40. These factors are quite similand found to banajorly useful for the
comparison of different locationfor PV installationsPV design analysis as well as to
assess the health of PV systdmorder to accurately design the PV platite specific

yield (Y)Yactor has been used. hepresents the amounof power generated per unit
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of the installed PV peak capacity over the ldagn, and ismeasured in kilowatt hours

per installed kilowatipeakcapacityof the system (kWh/kW). The specific yield factor
considers theseasonality shading and soiling, p@graphy and air temperature of a
region affecting the system performan¢él). For most European countries, it has
been normalized tohe value o2.93kWh/kW, (42). However the specific yield fothe
potential locationdhas beerconsideredbased on théarge dataset provied by Global

Solar Atlag41l). Table4 indicates the specific yield values for potential locations.

OATAITAGAUAEAXE Equation12
0 AME x RDAEA

Using theaboveError! Reference source not founspecified in thaeport by Leonics
for PV plant sizing42), the peak power capacity is evaluated from theeviously
estimatedmean of dailyenergy demand and the panel generation factalso known
asspecific yieldlfor all potential locationsBy providing the peak power capacity to the
Greeniussoftware, the PV plant has beeifffectively designethaving aspecifiedsolar

celltype and module system

Table4: Specific yield values for potential locati@43).

Country Specific yield ( KWh/kW )
Chile 5.365
Jordan 5.315
Spain 4.413

Morocco 5.007

Greenius software is powerful simulabr, which is developed by th&erman
AerospaceCenter (DLRInstitute of Solar Research. It is widely useid analyzeor
design the renewable energy projects like solar thermal plants, solar PV, Fuel cells,
wind parks etc. It provides results of both technical and economical calculations for
planning and installation of renewable energy proje@4). It allowsuser provide the
meteorological data consisting of RH%, ambient temperatd®] as well ashe

elevationof desired location of study. Further,atsogives room to select the type of
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modulehavingauniform set of single cell typ&or this projectpoly-silicon based solar

cell hasbeenpreferred as an economical option

For the same PV module, the annual operational cost af X0} Ras been assumed.

In addition to this, the software allows to change the inverter settings if required. For
this researb the default settings having a nominal efficiency of 95% have been
considered. In the PV system section, it allows to scale up the PV system by variating
the number of modules and inverters with multiple orientation and tracking facility like
single axisor 2-axis trackingConsidering the installation of PV systems to harvest

maximum possible energy;&xis tracking has been chosen for the PV plant.

Along with this, the software provides an opportunity to consider the energy storage
facility in the PV @int design. As the PV power is directly supplied to grid, energy
storage is not considered in the PV plant deskpr. thefinal PV plantdesign detailed
economic analysis is obtained with detailed costing distribution. At the end, the net
investment requred for the installation of this plant is obtained and used further in

the cost analysis.

4.8 Storage estimation

As previously discussethe storage section ishe most crucial part of the process
becausdt bridges the intermittent and continuous part of the process. In this unique
carbon capture process, the intermittergolar energy supply lead to the non
continuous operation of calciners. During the solar hours, calcination process occurs in
comparativdy higher scaled calciners to compensate the calcination demand in non
solar hours. Similarly, the Cagjfdoduced during the nosolar hours also needs to be
stored before its utilization in calcinershi$ chemical storage capacity needs to be

optimally cesigned for smooth and regulated operation of continuous side of process.

In order to optimally design the storage section, two different approaches were
considered for the calculation: i) Monthly analysis; ii) -Cabonth analysis. In the
monthly analysisapproach, the consumption and the production of CaO and €&CO
accounted for every month of the year. Whereas in thedaapproach, mass flow

through the storage is considered for onhl months, assuming one month of
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complete shutdown in proces$&ran the analysis of #ajor scenarios, the cost of
capture was found to be relatively higher when calculated through a second approach.
In addition to that, the maintenance period is assuneda periodess than a month

and can be adjusted necontinuouslythroughout the year. Taking all these into
account, theformer method wasconsideredas a suitableption for the storage field

sizing and optimization.

Monthly DBT & cost analysis
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Figurell: Variation of DBT, and cost of utilities and operation

Referring to CaO product chart obtained in the enegegalysissection, monthly
production of CaO isdetermined from the productChart-2. Plus, the raw
meteorological dataset ispreprocessed and therpivoted to get the water
consumption, power consumptioand the total operation cost, as shownhigurell
above Various factors such as the average ambient temperature, relative humidity of
each monthgtc. are incorporated into this power and water consumption to keep the
carbon capture rate constanBased o this monthlyvariationin the costof operation

the plant operational capacity is also varied ranging from909%6. Using thiplant
operational capacity values the monthly consumption of CaO in the continuous

processhasbeendetermined.

Balancing the overall consumption and production of CaO in entire priduesgyhout

the year gives out the optimal capacity of the CaO storage seétigurel2represents
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the variation ofproduction and consumptionf CaO and CaG@ ayearfor the case

of Jordanr800MW. Based on this variation, the storage capacity was optimally
estimated.Similarly, the storageapacityof the CaCe&wasalsoestimated. However,

in this case, the consumption of the CaO is considered as the basis for the production
of CaC@) referring to he slaking proces®\nd theconsumgion of CaCeis calculated

using the calcination reaction stoichiometry, molar masses and the monthly CaO
production rate.This method was repeated to calculate the minimum storage capacity

required for the two chemicalfor all scenarios
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Figurel2: Monthly variation inproduction and consumption of CaO (a) and GAB)Jor Jordar800MW.
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5 Economic Analysis

From the last three decades, many scierstestd researchers are working meticulously
with an aim to make the carbon capture process efficient and economical. In order to
understand the economic feasibility of technigainostoptimized processa detailed
study over various impacting factors neetb be conduced. In this section, the
exhaustive cost analysis will be explainedietail In addition to that, vast economic
analysis using the cash flow analysis method will be discu$beddetailed economic

analysis includes creating balance shestjreation of economic indicators, etc.

5.1 Cost Analysis

In order to correcly estimate therequired investment, the precise cost of all the
equipment has beemrvaluated using APEA, correlations fraesearcharticlesand the
widely used methods mentionead iproject economicsasedliterature. To further
accurately estimate the cost dlfie entire prgect, the overall cost is distributed into

capital cost and operating cost.

The capital cost majorly comprises of the investment required in the equipment
procurement & installation, project engineering, constructionlegal expenses,
O2Yy GNI OG2NIRa T e ovérall RxeddrastinanyideStynatéd dising the
widely used method ofPercentage ofelj dzA LIY Sy éind WR@GAIYR2 Y& 2F
method, whichareexpicitly explained in45). Asshown inTable5 below, the fdlowing
percentages hae been used for the calculation aftal process equipment installation
cost Whereas inoperational expenseghe cost of utilitiesthe cost ofraw material
required in the process the annual maintenance andthe labor cost hare been
considered. For thealculation ofthe same,the results obtained fronthe simulation

of 1 MtCQ capturecapacity hae been considered for the furtherostestimation of

equipment havingdifferent sizesand capacity
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Table5: Additional costs as percentage of purchased equipment cost

Categories % of purchased equipment cost
Engineering 12%
Construction expenses 25%

Legal expenses 3%
Contractor’s fee 10%
Contingency 20%

Total process equipment installatiorwost 170%

In order to accurately estimate the total investment required in each scenario, all the
equipment and energy system are segregated into 4 major categories: 1) Process
equipment, 2) Storage 3) CSPsystem and 4) PVsystem. Based on the different
geograplical locationshaving diverseweather conditions the capacity of various
required equipment has found to vary. Hence, the following method of cost estimation

has been employed tdetermine thecapital investment more precisely

5.1.1 Process Equipment Cost

Since the overall costing is comprehensively dependent on the total equipment cost,
the cost of each equipmenivas estimated with an acceptabléevel of accuracy.
Collectively, the broad list of equipment has been segregatedtimbamain segments

as shownn Tablel3.

i.  Continuousprocess

In continuous process, most of the equipment employgdonventional and

the cost for most of this conventional equipment wagaluated using APEA.
Some of this conventional equipment lilkee filter, slaker, separator, turbine,

etc. were oversized to design, procure and install. APEA could not estimate the
cost of oversized equipment because of the restriction on the data peovid

it. Therefore their costwas manually evaluated based on available literature
data for their maximum designed capacityThen, this maximum sized

equipmentwasdeployed in multiplesto meet the actual required capacity of
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equipment In case of nowwonventional equipment likehe AC, thefigures

provided in KS A (i KuByaare used for the 8OMW CSP capacity model,

considering the case of MItCQ capture capacity. Whereas, for other
equipment like pumps, washer, separators, splitters, solid separatots a

mixers, the additional cost has been approximated to around 182%or the
Jordan800MW scenarig similar to the value specified inth&S A 0 K Q& NB LJ2 NJ

ii.  Intermittent process

The ntermittent process has also conventional equipment like compressor,
cyclone, turbineandpumps. However, their costs are estimated manually using
the aforementioned method because of the sagapacityrestrictions from the
APEA side. Whereas, intermittent process also consists of many non
conventional equipment likéhe sdar calcinermand solid-solid heat exchanger

For the cost evaluation of sotgblid heat exchangerthe proposed cost for the
innovative heat exchangergrovided by external experts like Solex
Technologieshas been usedIn this reseech, the requirel sdar calciner
capacitywas estimatedn the range of 278200MW. Maximum capacity of
solar calciner has been designed uptoNs®/ thermal, which costs around

5 Me (29).

As aforementioned,installation of more thantwo solar calcinersin TT
arrangements technically very cumbersome process. Helf&solar calciner
arrangement has been considered in this stuely. thesolarcalcination system
costestimationa SA SN & & (i dzR obtdir the oNdafiof MiNEeR (i 2
cost of associated equipmeirt beam down arrangemeitike CPC respectively

(29, 30. Using thee values, the overall cost of calciners is estimated by
considering the employment of multiple 38W solar calciners ttulfill the net

CQ capture capacity. For ample If the process needs totatalcination
processcapacity of aroundl100MW, then the total of 20 small 55MW
capacity baseé calciners will besystematicallyarrangedaround the solar tower.

The overall investment in calciners is calculated simply farakfiners.
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At the end, all the conventional process equipment were clubbed together to

get thetotal equipment cost for 808W capacity. Using thislubbedvalue

andthe process capacity and year facttre process equipment cost has been
estimated for different senariosi K N2 dz3 K W9 02y 2 YBasetlon { Ol f &
this total cost of equipment involved in intermittent and continuous process,

the finalinstallation cos of process equipmenis evaluated As mentioned in

Table5, it involves the cost of installation, engineering, construction, legal
SELSyasSaz 02y imdgédy2z NRa FSS yR 02

5.1.2 Storage

In this section of the process, two major storage facilities for CaO andcGa@been
considered. In order to evaluate the cost of the storage section, the maximum design
capacity of the closed storage vessel for solid has been assumed to beni.0D@&se
storage vessels are considered in multiples to fulfil the total storagacaity demand

of the process. As per the correlatigBrror! Reference source not founpbetween

the costd &2/m3) and the designed capacity®) of this storage vessel obtained from
literature (46), the storage vessel having000m3 costs precisely8520.3¢€2024/m?.
Considering this value adasis the overall investment required in the entire storage

section has been estimated.

Fo Fapy OPUVIDYE ° B 0060 Equationl13

5.1.3 CSP system

The investment required in procurement and installation of CSP based thermal energy
system is distributed into 6 subsections: 1) Heliostat cosLa®yd, 3)Tower cost, 4)
Reflector cost, 5) CPC cost and 6) Kiln additional cost. Each ofithestmentsare

evaluatedon the basis ofeparatecorrelation obtained from Meie(30).
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I. Heliostat cost

Helostatsrepresentthe major share of the overall investment required in the
CSP system. From tkanulationresultsobtained fromHFLCAL for the desired
thermal energy output, theequiredmirror areain the project is obtained

Hence, the lowest marginatost of the heliostat of 93.32 k2Yhas been
considered(47). In general, the share of heliostat in the total CSP equipment
investment is foundo lie around 71%.Therefore,the cost of the heliostats

plays a crucialale in estimating the required investment for CSP system.

il. Land cost

For the installation of CSP plant, the suitable land has been chosendor e
potential location. Hat, barren, norindustrial and norgreen land has been
assumedfor the installation of CSP plantTherefore, thecost of land is not
expected to be very expensivéhe cost of land varies from region to region.
However, it has beeassunedto bearound2e k2¥ NBEFSNNA Yy 3 (2 aS$.
(30). Using the HFLCAL simulation software, the optimizezh af land

required in each scenariegs determined From this correlation and the
simulation result, total investment required in the required land is calculated.

On an average the land cost is found to share 6% of overall CSP equipment cost.

iii. Tower cost

Tower is one of thenost critical partsof CSP system. Similar to the previously
mentioned method, thecost of the CSP tower has been evaluated. The
simulation results obtained from the HFLCAL for the tower height of the
optimized CSP plant and therrelation between the tower height and the
investment obtained from Meier, the cost of tower is approxima{8@). As
stated in Error! Reference source not foundhe cost of tower(Costower) IS
correlated with height of tower (Tow)t has been observed that the cost of

tower shares approximately 6% of total CSP equipment cost.

Fo X.4 »GXB8TLWDYE O p YU Equationl4
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iv. Reflector cost

For the beam down based solar based calcination system, reflectors are
additionally used in the CSP plants. In order to calculate the approximate
investment required in this section, the correlatidretween reflector cost
(Coskefiecto) andthe CSREhermal capacity (MW) has been used. This correlation

is obtained from theMeier (30) and shown in theEquation 20 below. In

general, it shares around 6% of the to@®% equipment cost.

Fo Yafnght & #20 VG Equationl15

V. CPC cost

In the beam down based CSP plants, the additional equipment known as
compound parabolic concentrator (CPC) are employed to concentrate the solar
irradiation. The cost ofhis component has been evaluated on the basis of
correlation obtained against the C$Bpacity CSPin MW, as per report by
Meier (30). Error! Reference source not foundelow is the exact correlation
usedfor the CPQostestimation CPC cost shares around 10% of the total CSP

equipment cost.

Fo Ype G Bt @d YO p ygpu Equationl6

Vi. Kiln additional cost

In addition to normal calciner cost estimated in the intermittent process, some
extra cost for the arrangements tife system has been considered to integrate
the calciners setup anthe CSP base tower, and optimize the operation of

calcination system. It contributés 1% of the total CSP equipment cost.

After estimating theinvestment required foreach of theseCSRcomponents,
the total project investment is evaluated by consideringCEP constant

(Engineering, procurement, construction and maintenance) and contingency
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constantof around 11% and 15% total equipment costespectively, as per

Meier (30).

5.1.4 PV system
For the cost estimation of the PV system, tBeeeniussimulationsoftware has been

used inthis study(44). This software considers the location based meteorological dat
and other details of the PV system to approximate the size and cost of the PV system.
It provides the facility to specify éhcost of operation, cleaning and maintenanEeam

the simulation results, two types of costs are obtained: i) Capital @odii) Project
cost.Thecapital cost includes the cost of equipment involved in the project. Whereas,
the latter one includes the additional costs like operating cost, land e¢nitReferring

to Tableb, the project cost of PV system shares only 1% of the total project investment

The annual operating costf PVis assumed to be negligible in comparison to others.

After performinga detailed cost analysis of each section, tb&l capital investment

of the projectis calculated, as shown in tA&able6 below.

Table6: Distribution of the total capital investmefor Jordar800MW.

Category Investment Me 0 %sharing
Process equipment 894 53%
CSP system 289 17%
PV system 8.0 0.5%
Storage 0.9 0.1%
EPCM 326 19%
Contingency 161 10%

Total 1678

Annualmanufacturingcost consists d majortypes ofnon-variatingoperational costs:
1) Raw materials cost, 2) Utility cost, 3) Maintenawost and 4) Labor casfThe

calculation of these cosis descriptivelyexplained in the following sections.

i Raw material cost

Title: TEA of sHDAC Date: 00.00.00 Checked byEnricPrats Salvado Page56

Created by: Nipunadtap Approval byNathalie Monnerie



i DLR

In this novel carbon capture process, there is only one additional raw material
continuously feed in the proces€aC@ Coarse particlesf CaC®@are fed to
the process and the waste fine particles are filtered out and sent for the
disposal. In order to operate the process continuously, the flolCa€®@is
maintained constantly. The cost of CaCCbarse particle lies around

3.4€ k (o/ h

il. Utility cost

The continuous operation othe carbon capture process, demands for two
major utilities i.e. water and electricityAs solar based planit is situated
mostly in the water scarce regioand a desalination plant is assumed for
continuous water supply. For theame, the levelized cost of the desalinated
water of around 1.6% khis been consideredn addition to this, the power
generated from the PV is equivalent to the power borrowed from the grid
connection. As the green power generated from PV system can be
comparatively expensive than the grid power, the difference in the rates could
build upan aditional revenue. However, the real time pricing of the power is
location and technology centric. To estimate the utility cost simply, the selling
value of PV powehas been consideredquivalentto the purchasing power

costof the grid. Hence, thannualpower costis considered as negligible

iii. Maintenance:

As aforementioned, the annual maintenancestof the entire installation has
been assumed to be around 1% of net capital investment in asaehario

Adding thisvalueto the above stated other opational costsit results into the

annual manufacturing cost of the process.

Table7: Distribution of operating cost for Jord&00MW.

Category Lyydz £ %sharing
Maintenance 16.8 55%
Raw material 4.52 15%
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Utility 9.22 30%

iv. Labor cost:

Labor cost has been considered to vary every year. For the initial year, the cost
of labor has been assumed to be around®& ®he cost involved in the
employment of the labor is assumed to compound every year by 8%, which is
considered to be aninimuminflation rate.Although it has been considered as

a part of manufacturing cost, it is not clubbed with other constant costs &nd i

deducted from the gross profit in the balance sheet.

Summation ofall the equipment costs and the manufacturing cdekcluding labor
cost)for an entirelife time of equipment gives the overall investment required in the

carbon capture process.

5.2 Revaiue generation

In order to understand the economics of carbon capture process, the revenue
generated from the carbopapturebusiness is separated mtwo fragments: i) Carbon
Tax; i) Sales of GOThese are the two main possibilities of revenue genenrati

considered in this research.

5.2.1 Carbon Tax

Under section 45Q of the Energy Improvement and Extension Act of 2008, the carbon
credits could be issukfor the sequestration of C{§48, 49. It acts as a performance
based incentivizing carbon capture and sequestration or utilization. The major
intention of Internal Revenue Service (IRS) departmémt the environmental
protection indesigning this sectiowas to support the deployment of G@&nhanced

oil recovery. This has resulted into subsequent reduction in the energy prices.
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Forthe carbon capture technology installed after 2018, the carbdit is separately
valuedunder many subsectionfor permanent sequestration and utilization in the
Enhanced Oil Recovery (EOR) or Natural Gas Recovery (NGR) puip@sasbon
capture capacity above 500,00@etric tons qualify for the value of 5@ k @q/if it is
further utilized However, if the annual capture capacity does not cross the 500,000
scaled (GKSyYy (KS ONXBRAfor the EQRdzpplicatigrwhaipis alsx G / h

considered in this study.

9dzNR LISHY SYA&aarazy GNIRAy3I aegadasSy o9¢{0 A
sharing around 45% of the world capaci®ccording tothe report by the internal

revenue servicesthe carbon credits issued for the carbon capture and further
utilization variatesfrom 22.6 to 5 k (k fothyear 2016 to 202%8). Howeverthese

values are estimated to rise in the near future becausé a number of events

happening across the world likeing awareness of the climate changeyging global

econony, etc. As per the reportby Reutersthe credit value for the carbon capture

and utilization has been forecasted to risgher than araverage value of 58tCO;

(50). Using this value, the annual revenue generated by selling carbon cisdits

calculatedfor each scenario.

5.2.2 Sales of C®

In addition to thecredits obtained from indusyr partnersin exchangeof capturing
carbon the selling price of the captured €®also considered in the economic analysis
of processlnitially, the current selling price of GOf around 75 «k (ki ndustries

like beverage industry was considered adratial guessvalue for economic aalysis.

5.3 Balance sheet
Based on theannual revenue generated and the annual manufacturing cabke
balance sheet of the carbon capture unit has been developed withhilp of

assumptionsnd considerationsas shown ifmable8.
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Table8: Assumptions and considerations in economic analysis

Parameters Values

Lifetime of plant () 25 years

Loan interest rate (r) 1.43(51)
Weighted average cost of capital (WACC) 7.5%
Taxationrate (%) 30%

Increment of carbon tax ep SOSNE p
Increment in labor cost 8% every year
Amortization value pn ace€
Procurement and installation period 2 years

As per the research published by Keith and Meier, the lifetime of equipment is
considered to be 2§ears.Plus, the loan interest rate is referred from tisgatistics
providedin the report by European central banlBased on thee assumptions, the
annual depreciation is calculated using the amortization vglifitime of assetand
initial capital investmen{Capex) As per theError! Reference source not foundhe
depreciation constant valutor all yeards calculatedusing thestraightline method.
Further, theEstimated Annual Installment (EAB alsofigured out using theError!

Reference source not foundtated below.

e e i e 0N QA ET O QO WO Q€ € Equationl?
0€ €01 QWO RS g
DONWEDQOI |

#ADA@ p O Equation18

04|
) p O »p
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As shown in th&able9 and Table12, the manufacturing cost is subtracted from the

annual evenue generatedo get the Gross Profit (GP). From this GP, the annual labor
cost is deducted to get thekarnings before Interest, TaxDepreciation and
Amortization (EBITDA) of process. Furthibe aforementioned annual depreciation

amount is deducted to get thEarnings before Interest and T&8() value.

For every year the interestalueis calculated separately based on the neinpipal
loan amount except for the installation year3his interest is deducted from the EBIT
to get the Profit before tax (PBT)ax is levied further over this PBT value to get the
Profit after tax (PAT) value. Depreciation is added back to thev&@édto getthe cash
flow of the year.From the above calculate&Al, the interest over the loammountis
subtracted tocalculatethat small part of loanncludedin EA] which isalso referred as
principal Thisprincipalvalueis further subtraced from the cash flowto getthe net

annual profit of the carbon capture business

In the following year, the loan amount is slightly redubedause othe principal paid
in the previous year. Hence, the intereshountin the following year is comparatilye
low and the principal paitbr constant EAis higher.These stepare furtherrepeated
for every year to calculate thannual cash flows and the net profitdeally, the
constant riseof cash flows and the net profit is expected with increasing reveamee

decreasing interest amount.

Procurement and installation periad an anomaly for the abownentioned steps of
developing annual balance sheet. In these years, the total capital investment of the
project is distributed equally as a manufacturing c@ss. no revenue generation is
assumed in these yeardl] ¢he later steps are skipped. Thereforé)e net cash flows

for this periodare nothing but the mean project capital investment. e detailed

balance sheet foR5 years of durations represented byrablel2 as shownn 9.3.2

5.4 Economic parameters

From the estimated capital investment and the annual opieral costof the project,
it is difficult to judge the potential of the busineas well apredictthe returns.Hence,

the economic indicators likgayback period, turnover period, NBtesentValue (NPV),
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ReturnOver Investment (ROIlgtc. are extremely helpful for many investor, bankers or
financial professionals in summarizing the economics of any businessSoase.of

these major indicatorbave also beepreciselyevaluated in this research.

Payback periodenotes the number of yeargquired to equalize the cumulative cash
flow with the capital investmentDependingon industry the payback period is
acceptable up to a certain number of years. As showrainle9 of 9.3.2 the payback

period is calculated from the annual cash flow.

Turnover ratiois the ratio of annual revenue generated to the total capital invested
initially. Net present valu¢NPV)s thevalue explaining if the project worth more than

it costs.This helps in evaluating the actual return that the investors can claim if they
invest the same amount in the capital markeBy calculating the NPV value, the net
value of annual cash flows is estimatetb the present day. Therefore, the NPV is
nothing but the summation of the discounted future cash flows atefined
discounting ratelf NPV is positive, then the business is profitable and vice versa. For

zero NPV, the discounting rate is referred to asittternal rate of return (IRR}p2).

These economic parametersvere repeatedly determined for all 16 techno
economicallyoptimized €enarios.The results arevividly discussed in theesults and

discussiorsection.

5.5 Levelred cost of carbon capture

In order to compare various methods carbon capture having different technologies,
the levelized cost is found to l@every helpful parameter. The levelized co$tcarbon
capture LCOgy presents the net present value of the total invesnt in the carbon
capturing plantandcost per ton ofCQ throughout its lifetime It depictsaclear picture

of the profitability of businesdt is nothing but the minimum selling price of £S&hen
the zero NPV value is attainetenerally, if the levelized cost of the product is
estimated to be more thathe selling price of the product, then the investment does

not result into good returns.
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One of the easieshethodsto calculate the levelized costtise consideration of only

WACC and the lifetime of assgtghich is denoted asCO@acc Inthis study, the WACC

and the lifetime of the equipmenis assumed to be around 7.5&md 25years
respectively Using these parameters i&rror! Reference source not foun@nd
Equation20 for all the 16 scenarios, the levelized cost has been calculéeeith
has also evaluated the levelized cost through simaplified method, the LCO@acc

valuesare compared with the KettQa @I t dzSa o

p i Equationl9

0 YOI -
l Y

8OHQGYO0E §1Q Equation20

D606
0Nl WEEN 001 QQ

The levelized cost estimated through the previous meth@jorly focuses on only two
parameters However there are numerous other factorsvhichplays a crucial role in
the more realistidusiness casén thisresearch, there are three additiongarameters
considered in the second calculation method of levelized cost: Loan interest rate
Carbon taxand Taxationover the profits. The aforementioned values for all these
parameters are considered in the balance sheet based levelized cadstlation
method. LCO&sis nothing but the value of selling price in the balance sheet, which
nullifies the NPVHence, at the given set of values for those parameters| {B©gsis
capture cosbbtainedat zero NPWy variating the selling price in the balancestfor

16 scenarios

Further, theLCOgsresults obtained for all the 16 scenarios are categorized on the
basis ofCSP capacity amiffferent potential locationsin addition to this, the influence
of various economic parameters has beenbroadly studiedthrough a detailed

sensitivity analysis, which is discussed in the following section.
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6 Results and Discussion

With the aim ofavoidng ~34% of fossibased carborreleasing fromthe outlet of
process, the novel HDAC process wakesigned for solar applicatioAfter simulating

the process in the ASPEN software, tiesults obtained were quite undesirable.
Because the energy analysis indicated #reergy saving potential in unoptimized
processln order to enhance the process eféocy as well a® make itscalable the
sensitivity analysis of various influential parameters was performed to understand the

extent of impacton process

6.1 Sensitivity Analysis

Commonlyused sensitivity analysis tool available in the ASPEN softmas@mployed

to study the influence of parameters like temperature in pellet reactor, water flow in
the heat recovery systemssalciner conversion efficiency, outlet pressures in the
turbines and pressures in condenser pump outlets. As shown ifitheel3 below,

the effect of variation in the turbine outlet pressureon the power outputwas
determined The results of sensitivity analysis of other parametee addedfurther

in the section1.1. Through this analysithe dynamicsn variation of these parameters
were carefullystudied and later tuned appropriately to get the most optimized version
of HT-DACprocess.For example Considering the impact of sensitivity analysis on
Turbinel power output, pump and turbine outlet pressure has been optimally set to

3300 and 100 kP& hisresult in 21.22 MW of electrical energy generation in Turbine.

Sensitivity analysis of turbine power (MW)
21.5
21
20.5
20
19.5

19

Turbine power (MW)

18.5

18
40 50 60 70 80 90 100

Outlet pressure (kPa)

Figurel3: Sensitivity analysis of turbine powfer 1 MtCQ capacity.
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KejuQ das consideredmultiple factors like relative humidity and mass transfer
coefficient of the AQinlike ASPENHencefesuls2 0 G F AYSR FTNRY GKS
were considered in this studyo find a correlationfor water lossas well as power

consumption usingError! Reference source not founabove

Further, the influence on overall power generation from both the turbines was
meticulously studied by performing the sensitivity analysisatftiple parameters like
condensate pump pressure, water flow rate in the cycle, ancctirelensate pressure

on outlet of turbine. As the energy recovery systems are interconnected and
potentially affect each other during the calcination hours, the effaft similar
parameters from both heat recovery systems were analyx®@h gradual rise of
water flow rate in steam cycle has led to decreased steam temperature after collecting
the waste heat, which further resulted in the decreased power generation igyhke.
Besides, the increment in the turbine outlet pressure has resulted intolimear
decrease in the power generatiomhe results obtained weréund to bein line with

the thermodynamic efficiency estimation method@he results of the rest of semisity

analysis has e added in the sectiof.6.

As the renewable energy is quite intermittent in nature, th8uence of the climatic
conditions at differentdcations and the capacity ofSPhas been studiedFor the
same, 16 scenariosere consideredin total having 4 CSP capacities and 4 potential
locations In the Figure1l4 shown below, the carbon capture capacity obtained from
the technoeconomically most optimized process at different locatidres been

plotted.
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Annualcarboncapture capacity
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Figureld: Annualcarbon capture capacity for 16 scenarios

Byvariatingonly calcinerdesigncapacity the change in captureosthas been studied
for all 16 scenariag-igue 15 is the graphical representation of theame sensitivity
analysisfor scenarioJordanr800MW. Initially, the slant curve adecreasing capture
costwith rising calcinedesigncapacity has beenoticedin a plot illustrated inFigue

15. For 500MW design calcinercapacity, the general cost of capture has been
calculated to around 156 k (b./Tihe cost continues to further reduce ndinearlyto
reach he local minimum of the graphvhichindicates the optimal capacity of calciner

The local minimum has been indicatetth the red barin the plot

Beyond the optimum capacityery slight increnent in the cost of capturdias been
observed because of the increased capital investment for the higher solar calciner
capacity.This study of the influence of design calciner capacity on the cost of capture
result into techneeconomically optimized vexsn of process, which indirectly result

into attaining the lowest cost of carbon capture.

Because ofthis techno-economic optimization of process every scenaripuneven
trend in carbon @pture capacity for any specific locatian different CSP capacitie
has been observed'hisuncommon trend in carbon capture capacity is illustrated in

Figureld. For example compared to JordanSpainhas highercarboncapture capacity
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at 150MW by around 30@CQ/a. Whereas, Spain shou®wver capturecapacitythan
Jordanat 800 MW with a net differance of 12aCQ/a. This plot indicates thagvery

locationfavors different CSP capacities for the competitive DAC capacity

Figue 15 represents the variation of carbon capture cost with the changing design
capacity of solar calcingFor every scenarioonsidered in this researclimilar trend

has been observed.

0O Calciner design capacity variation
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Figue 15: Influence of the calciner design capacity on capturefoostordar800MW.

6.2 Utility consumption analysis

To meet the process demandthe CSPand PVsystem installations are already
consideredat locations having high DNowever, nost of these locations are situated
in the water scarceegiors. Hence, it is quite important to understand the influence of

climatic conditionsat different locations orwater and power consumption.

In ASPEN simulation, the water and energy oam#ion has been initially optimized
by performing a closed loop heat integratiohprocessandbyrecovering energy from
waste heatthough turbines. This resulted in more than 50% of energy savings. Using
these values in the energy analysis, the follayiplots for water and power

consumption are obtained for techreconomically optimized 16 scenarios.
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Figurel6: Water consumption results for 16 scenarios

In Figure16, water consumptionhas been observedo vary linearly with the CSP
capacity. For the case of Morocco and Chile, water losses are found to be broadly
overlapping with each other. When comparedthe KS A (i K Q &aviMgvate lbsses

of 4.7tH0/tCQ, Morocce800MW and ChileBOOMW scenario showcase the total
water loss ofaround 9.3and 9.5tH.O/tCQG respectively. Whereaghe analysis of
Spain800MW and JordarBOOMW scenario result int@omparatively lowerwater
losses values of around 4and 5.7tH.O/tCQ respectively. From this analysis, it
resembles that Spain could be a most favorable location for the solarizddAQT

process from the water conservation point of view

In addition towater consumption, theeffect of climatic conditions on the overall
consumption of powersalsoanalyzedFor indepth study of the power consumption,
the simulationbased results are used with the estimated power consumption in

various equipment, as pehe method discussed in the power estimation method.

FromFigurel7, the consumption of powevarieslinearlywith CSP capacityhe total
power consumed in Jordan and Chile based installationgcanred to beequivalent
and maximunvaluesare observed in thecase of MoroccoBased on the variation in
relative humidity and dry bulb temperature observed every hour of the yeaunyly

power consumption in AC has been calculatddhen, the annual sum of energy
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required in AC is determined and compared with #eith@ resultsof 82kWh/tCQ.

As shown inFigurel8, dl locationsare found tohave relatively less power demand
ranging from 5876 kWh/tCO2

with Spain being the lowesthe red linemarked on the grapindicates the resulfrom
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Figurel7: Power consumption results for 16 scenarios
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Figurel8: Utility consumption for 4 locations at 8QON.

In order to understand the dynamics of power demand of the proctss,novel
method has been employedwvhich is explicithexplained in thesection4.5. From this
calculation, thedaily trend in the operatioral power demandhas been observed
throughoutthe yearand it isshown inFigurel9. From this plotgeneration of excess
power fromthe entire procesgluring non-solar hoursof the dayhas been observed.

Also, an additional power demand during solar hoofra dayhas been noticed.
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Figurel9: Hourly distribution of power demand

With the curiosity to learn about the main contributors in tipgwer demandorofile,
a detailed distribution ofthe energy flowduring both solar and nossolar hours has
been calculated and plotted ifrigure21 and Figure21 respectively In the waterfall
chart fiownin Figure20, the energy demand andnergysupply during slar hoursare
visualizedFor the case of most cesffective scenario JordaBOOMW, the net energy
demand is estimateat around 3$27kWh/tCQ.

The ed coloredbar indicatinghermal energy demand of calciner shares around 88%
of the total energy demandOn the power side, compressor, AC and miscellaneous
applicatiors share around 8%, 2% and 2% respectively. To fulfil the power demand,

Turbinel and Turbine generate aroundl95 and 97 kWh/tCQ respectively. These
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sources of energgequireanadditional support fromthe PV plantcontributing just 1%
of total energy suppliedVoreover, grid poweris also used, whickhares around 17%
of the total power supplied Miscellaneous sémn considers the utilization of the

power in equipment like pumps, air cooled heat exchanger, mixers, filters, etc.

Energy distribution in solar hours
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Figure20: Energy distribution during the solar houfier Jordar800MW.

In the case of nofsolar haurs, theintermittent part of process is not operatirduring
this period Thereforethermal energy demanth the calciner power demand in the
CQ compressor and the power generation from Turbiare not considered. Along
with this,the PV plant will not be gesrating any power. Hence, only Aflisellaneous
equipment andlurbine-1 will be involvedor energy flonduring these hours. Both the
AC andniscellaneousapplication of power equivalenthare the total energy demand
of around 11KWh/tCQ. In heat recovery system, turbine not only offsets the total
power demand but also produces excess of enefgground 80 kWh/tCeduring the
non-solar hours operatiopshown agale green sectionf the Turbine-1 barin Figure
21. The same amount of energy is supplied back to the grid, displayed aléve-

coloredbar.
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Energy distribution in norsolar hours
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Figure21: Energy distribution during nesolar hourdor Jordar800MW.

Based on this energy distribution analysis, the annual additi@edtric energy
demand of process is estimated twe 23.35GWh/a. Based on thespecificyield
efficiency of5.32kWh/kW, the accurate peak power load &2 MW for the scenario

of Jordar800OMW has been calculate®imilar, the calculation has been repeated for
the other scenarios and the energy demand is found to lie in between 3000 and
32,500MWh/a. In addition to this, the energy dishution broadly helped in
quantitivelyunderstandinghe major energy consumers and the produceJsing this
peak power loadvalue and the meteorological datet of Jordanin the Greenius
software, the equipmentand installation costof the PV planthas been further

estimatedfor Jordan800MW caséo around6.75a eand 8.02a ¢ NB A LISOG A @St &

6.3 Economic analysis

In order to perform the detailed economic analysis, the capital investment and the
operating cost involved in every scenario has been evaluated as per the method
explained in the cost analysis sectigapital investmenin the 16scenariosranges
from535t01765 ¢ | YR ( KS 2 LIS Néais ha¥e/alsd bedd fodnd to Fe2 NJ H p
in between 260 and 858 € ®
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Beforeestimatingvariousof the aforementioned economic parameters, the levelized
cost of the captured carbofi.CO@acg isdetermined According to the method stated
in section5.5, the levelizel cost of 16 scenaridsas beendetermined assuming the

life time of equipment i) of around 25 years and discount rdtg of 7.5%.

After calculating the levelized cost of carbon capture, it is further compared with the
results obtained from theKeith@ analysis. Keith has considered multiple energy
scenarios and therefordjasa set of values for # currentyear ranging from 108 to
181€202/tCO, approximately.In comparison to thesethe values for the 800 MW
installatiors having mega ta@capacityare found to bequite comparableThe cost of
capture for 4 locations are estimated lie between 178 and 20#&2024/tCOp. Out of all

the locations, Jordan has the lowdsEO@accvalue.

Levelized carbon capture coStGOG,c)

150 300 450 800
CSP Capacity (MW)
m Chile m Jordan Spain Morocco

Figure22: Levelized cost of carb@apture (CO@acg for 16 scenarios

From the above analysis, th&€ O@accvalues were majorly estimated to compare the
OFNb2y O LJidz2NBE O02ad ¢AUGK GKS /bD o0laSR YS
Figure22. It can be inferred from the previous analysis that Jordan seems to be a
suitable locationfrom an economic point of viewo install the solarized version of
YSAGKQAE LINRPOS&aad ! {2y Heatipdsiako faukdAtd Rave @K S/ {
competitive LCO@accin Figure22 above. For eample, theLCO@accfor Morocco is
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lower than the LCO@accfor Spainin most of the casesThis indicates that the

solarization of HDAC process is not restricted withly CSP favored locations.

Even though the previous mentioned method lAEOEacccalculation considers the
discount rate and the life time of equipmenthé reallife carbon capture plant
scenario is quite different. In order to understand tb&bon capturéusiness case,
financial model is developed. It consists @fbalance sheetan annual income
statement and acash flow statement. All these econondocumentscontain the
revenue generated in business, the annomalnufacturingcost taxes over profitEAI,

cash flows, net annual profit, etc.

To apprehend the carbon capture business dasa more realistic way, the balance
sheet for thetotal of 25 years of lifetime was develope@iable12in 9.3.2indicates

the balarce sheet for27 years for the case of JordaBOOMW, including the
procurement period of two year§ he revenue found to be constant for every 5 years

and then slightly increagedue to 5¢ k (b fise in carbon taxhas been considered.

Plus, the labor cossialso considered to rise every year by 8%, leading ttothklabor
costfrom54t0342ae k| ® LY FFTRRAGAZ2Y G2 GKAazZ GKS
ever yeaand increasing trend of principal paid as a part of annual installment has been
noticed Because of which, th80%taxation levied on the profitEBITis found to

increae every yearStill, the PAT and annual cash fidvavebeennoticed to riseevery

year.
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Table9: Balance sheet for first six years of operation.

Year -1 0 1 2 3 4 5 6
Interest 23.99 23.19 22.37 21.54 20.70 19.85
Principle 56.3 57.1 57.9 58.8 59.6 60.4
Balance 1621.4 1564.3 1506.4 1447.6 1388.1 1327.6
Carbon tax 55 55 55 55 55 60
Annual Balance Prqcurement and installation Operation period

Sheet ($M) period

Total Earnings 0.00 0.00 24494 24494 24494 24494 24494 249.70
Maufacturing Cost -838.86 -838.86 -27.16 -27.16 -27.16 -27.16 -27.16 -27.16
Electricity 0.0 0.0 0.0 0.0 0.0 0.0
Gross Profit -838.86 -838.86 217.78 217.78 217.78 217.78 217.78 222.54
Labor cost 0 0 5.4 -5.8 -6.3 -6.8 -7.3 -7.9
EBITDA -838.86 -838.86 212.38 211.95 211.48 210.98 210.43 214.61
Depreciation 0.0 0.0 -65.1 -65.1 -65.1 -65.1 -65.1 -65.1
EBIT -838.86 -838.86 147.27 146.84 146.37 145.87 145.33 149.50
Interest 0.00 0.00 -23.99 -23.19 -22.37 -21.54 -20.70 -19.85
PBT -838.86 -838.86 123.28 123.65 124.00 124.33 124.62 129.65
Taxes @30% 0.00 0.00 -36.98 -37.10 -37.20 -37.30 -37.39 -38.89
PAT -838.86 -838.86 86.30 86.56 86.80 87.03 87.24 90.75
Cash flows -838.86 -838.86 151.41 151.67 151.91 152.14 152.35 155.86
Principle -56.30 -57.11 -57.92 -58.75 -59.59 -60.44
Net profit 95.11 94.56 93.99 93.39 92.76 95.42




After developing balanceheetbasedmodellike Table9 for every scenario, the NPV

wasnullified by variating the selling price of @his selling price indicates thesalistic

levelized cost of the carbon captureGOgg. In Figure23 below, the variation of

LCOegshas beervisualizedor 16 scenarios. When compared to previously calculate

LCO@acavalues LCOgshas alwaydound to be geater, and the difference in these

values has been observed to decrease gradually Me8iCSP capaais.
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Figure23: Levelied cost of carbon capture COgy for 16 scenarios
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This analysisvas helpful in getting theealistic view of carbon capture business. In
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181¢€ k (b/This capacity of CSP is called the bmadn capacity. As shown in the

Figure24 below, the breakeven capacity of CSP is estimated to be around\d®24

Beyondthis capacity value, the cost of the captyteCO@acy isexpected to decrease

further.
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