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Title of Master Thesis

A T e c-lBcanomic analysis of solar calcination for cement plants including calcium looping
forCO-neutral Operationo

Motivation

One of the wor |l dow®dagisthenemiksion & gréenhouseagbsish asg e s
carbon dioxide and other chemicals that cause global warming. It is more important to find a
sustainable fuel source as both the world average temperature and energy demammigise.

term prevention of catastrophic climate change is made possible by working toward emission
reductions processes from the industries. Being an energy engineering student and environment
enthusiastl have always desired to contribute in the work which processes towaetsayre

sustainable world.

Aim of Master thesis

Cement production is one of the most energyd CQ-intensive industrial industries in the
world. It contributes to 8% of all global anthropogenic GHG emissions. The calcination process

of raw materials is responsible for 60% of the carbon emissions in a cement factory [1]. Thus
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efficient decarbonization strategies should be put into practice in order to meet the worldwide
targets for lowering global greenhouse gas emissions. This works mainly concentrated on
techneeconomic evaluation of cement production by using concentrated gower for
calcination and involving calcium looping for the carbon capture. The technical analysis is
performed through detailed process modelling and simulation via AApsi12.1 including

mass and energy balances. In the economic study contains capital and operating cost estimations
based on technical and financial parameters.

The task list contains the following points:

Literature review of conventional cement plant and its solarization
Model development of a solarized cement plant in Aspen Plus and annual performance

Comparison of costs and @G®missions from solarized process
Variation of solarization extent to assess influence on cost and emissions
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Abstract

Given the growing worldwide worries about climate change and carbon emjshmssvitch

to sustainable and environmentally friendly industrial operations is now ess€hisateport
offers a thorough techreconomic analysis for solar calcination as an innovative approach for
making cement that incorporates calcium looping technofogynhancedcarbon capture
Significant potential exists for lowering energy use and greenhouse gas emissions in the cement
manufacturing process by usiogncentrategdolar energy in the calcination process. This work
evaluates the technical feaditlyi, economic viability and environmental benefits of integrating

a concentrating solar powslstemand calcium looping into the cement calcination process.
The examination covers a wide rangetopics such & process modellingdifferent solar
multiple casesconcentrating solar powegslant modellingand optimization solar energy
collection and conversigrearbon capturefficiency and cost effectivenesthe adoption of
solar calcination andalcium loopingin cement production is also examined with potential
prospectand difficulties. The finding of this study contribute valuable insights in to integrated
approach to revolutionize the cement industitgspaving the way for lovearbon sustainable
cement produmn while addressing the urgent need for carbon reductAswording to the
results CO, emissions can be decreased by Yith the solar multipleaseof 3.75 and the
estimated price of the final produabhd CQ avoidance coswill be 116 $/temand 110$/tco2

respectively



Introduction

Concretethe primary building material used to construct hgrhedges highways dams and
numerous other infrastructures produced mostly from cement. Over the past few decades
the demand for the production of cement have accelerated as a result of the ongoing global
economic growth. Cement production requires a substantial amount of energy and natural
resourcesand it is one of the major sources of £missions. Cement production accounts for

8 % of global anthropogenic GHG emissipasound 1.4 Gt of C®emissions per yedP5].

Hence to achieve the international targets reducing the global greenhouse gas emissions

effective decarbonization measures should be implemented.

The cement production process consists of mainly three, sheyysare (i) the extraction and
processing of raw materials; (ii) the manufacturing of clinked (iii) the mixing and milling

of cemen{25]. Among thesghe clinker production process is the one that uses the most energy
and produces the most carbon. In the clinker manufacturing procesalgreng technology

has been widely used teplace some of the outdated production technjcgieh as the shaft

kiln processin response to the continuously rising demand for the cefleatcalciner is the

one of the key equipment in the procemsd mainly undertakes the partial fuel combustion
gassolid heat exchangand a large portion of raw mater@décompositionThe process raw
materi al i's a fine powder known as firaw me:
(CaCQ) with the inclusion of oxides containing silicon (Sipn (Fe) and aluminum (Al). The

raw meal is burned in a kiln until it reaches the sintering temperature during the clinker
production process. When the Ca{d® calcined it interacts with Si@ FeOs, and AbOs to
produce clinkerwhich istheprimary component of cement. In the eoement is produced by
milling the clinker along with gypsum and other additives.

During the cement manufacturing progessticularly clinker production stag€Q, emissions
account 40 % from the fuel combustion and remaining 60 % are being linked with calcination
process and thus difficult to abgib, 61] The most populadecarbonization techniques
currently involved are replacing clinker and raw meal with substitute matdomaisring the
clinker to cement ratiosswitching from conventional fuel to less carbatensive fuelsand

2



improving in energy efficiencj24]. Technologies for Carbon Capture and Storage (CCS) must
be used to effectively decarbonize the cement industrial sector. Differentc&siure
technologies have been investigated to be integrated in a cement production prolcelssg
oxy-combustion postcombustion absorptigrmembranes and @um looping (Cal)[45].

CaL is one of the promising technologies for &@pture in the cement industries. It is based
on the high temperaturesversible reaction between CaO and>Cl@ the carbonator reactor
operating around 650C, the exothermic carbonation reaction takes place when flue gas
containing CQ is brought into contact with a solid stream containing ¢48). Considering

that cement factories already have the infrastructure required for processing solid nmigerials
integration of CGCalL with cement manufacturing is especially interesting. Since the CO
sorbents adsorption capacity declines with the quantity of carbonation and calcination cycles
some of the solid recirculating in the €aL must be purged in order to ensure an adequate
level of CQ adsorption. The manufacturing of clinker can use this minetath primarily
consists of CaQn place of usual raw materialvhich lowers the calcination processesha

kiln to reduce C@emissiong25]. CG-Cal is already demonstrated in several piagjects

and attained a lot of attention in the industries for carbon redye2oi32]

The combustion of carbemased fuels provides the reaction heat in conventional procedures.
Under these circumstange®mbustion contributes to around 40 % of the totat @0issions.

Hence switching to renewabtdrom fossil combustion during the calcination of limestone can
reduce CQemissions by 40 422]. CaL has also been investigated for use of thesh@mnical

energy storage system (TCES) in concentrated solar power plants[{T.SRhovative solar

driven CaL have been proposed by several researchers in the literature for improving carbon
capture in the coal power plants. In this instance a heliostat field is used to provide all or some
of the energy required for sorbent regeneraff9]. Some authors also proposed hybrid solar
and coaldriven clinker production where a solar calciner is used in the raw meal calcination
[52].

This work mainly concentraseon the techneeconomic analysis of the cement production
integrated with soladriven calcination including CaL system for the carbon capture. The
design subjeds to reduce the C&emissions by both coal consumption and calcinafitwe.
analysisconsists of detailegrocess modellingCSP plant analysis for yearly operation and
economic aspectghe workwas carried out for different solamultiple cases targeting the

emission and fossil fuel reduction.



Literature Review

2.1 CementOverview

A brief introduction to the properties and manufacturing process of the cement is given at the
outset of this section. Followed by the effects of the cement production on environment and

variety of solutions that have been used over the years are discussed

2.1.1Cement characteristics and Propertes

Cement is a commonly utilized building material that is essential to the construction of
infrastructure all over thevorld. Cement is among the most produced material glollalé/to
its broad use in construction activitidgsw cost and geographical abundance of iey kaw

component$35].

Concrete a building material is basically made up @aédment.Cement and watelbonded
togetherwith aggregatenake a paste that combines with saiedk and hardens to produce
concretg26]. The contribution of cement and other components to the creation of concrete is

shown inFigurel.

Admixtures
1%
Coarse Cement
aggregate 10 279,
mm
Coarse 5 Ll ‘ Nanosilica
aggr;%;:te —~ 4 39,
9% ~— Water
5%
Quartz Quartz sand
powder Sl

8%

Figure 1. Composition of concrete mi%6]
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Cement is made up of calcium silicgteslcium aluminates and calcium aluminoferrite
minerals. It is formed from a variety of raw materjalgh calcium carbonate serving as a main
source of lime which is needed to combine with the cement minerals allicaing and iron
oxide[27]. The secondary raw materials usedniake the silicaaluming and iron oxide are
aluminium silicate clays and shalesilica sand bauxite and iron or¢46, 65] These raw
components are combined to create a,fwell blended powderwhich is transported to a
cement kiln. The materials react with one another in the kiln during the heating process to
producean intermediate clinkerthis is then ground with gypsum to produce the finished
product[4].

The finished cement product is finepround inorgani¢ nonmetallic compound having
hydraulic binding capabilitie#\s previously describedhen it is combined witlvater, cement
createsa strong hard paste that holds the sand and rocks together in mortar or concrete due to
the formation of calcium silicate and aluminate hydraestland cement is one of the most
used cement currently which consists 95 % of clinker and 5 % of gypsum. The gypsum is
pulverized along with the cement clinker to regulate the settings of cement and allows mortars

to put into molds and place around reicementg37].

2.1.2Cement Clinker

Cement ismajorly composed of clinker components which is formed during the intermediate
stage of thananufacturing. It is made by sintering clay and other aluminosilicate minerals
during the cement kiln stad®]. The clinker essentially contains four mineralsere two of

them are calcium silicatesicaldum silicate known as Alite (§5) andDicalcium silicatecalled

Belite (C2S) along withtricalcium aluminate (6A) and Tetracalciumaluminoferrite C4AF)

[54, 70] The weight composition of clinker components and gypsum in cement are listed in
Tablel.



Table 1. Chemical composition of Ceme}i4]

Name Formula Shorthand Weight %
Tricalcium silicate 3Ca0.SiQ CsS 5560
Dicalcium silicate 3 Ca0.SiQ C.S 1520

Tricalcium 3 CaO. AlO3 GCA 5-10
aluminate
Tetracalcium 4 CaO.AbOsFe2Q C.,AF 5-8

aluminoferrite

Gypsum CaSQ.,H0 CSH 2-6

2.1.3Cement production

Cement production is key indicator of economic development and construction activity in a
country. Globakement production showexnsistencyevel trendsn the years before 2021.

The demand for cement was primarily driven by reasons such as ujbikization rising
population and more infrastructure projectshe global productionrate of cementin recent
yearsis shown inFigure 2. In the year 2021almost 4300 Mt of cememas producedand

expected tdoe constanin the upcoming yea{88].

Global cement production

5000
4500

4000
3500
3000
2500
2000
1500
1000
50

20102011 201220132014 201520162017 2018 2019 2020 2021
Year

Cement production in Mt

o o

Figure 2. Global cement productidi8]

6



To meet the rising demand for cement while taking the ecological effects into ateolnical
expertise along with commitment towards the sustainability is ess&#ialent industries can
build a resilient and green future by embracing the innovatiae part that followswve will

go through th@est available technique (BAT) used by the cement industries at the moment for

cement production.

2.1.4State-of-the-art cement kiln

The procedure described below has been identified as the BAT for the fwadafcCement
[61]. As shown inFigure 3 with a capacityof 3000tc/d, thereare three main steps in the
manufacturing of cement. They aftage 1. Raw material preparatioprwhich includes
guarrying crushing prehomogenizatignand grinding raw mealStage 2 Clinker burning
which comprises preheatingrecalcining clinker generation in the kijas well as cooling and
storing Stage 3 Cement preparatioronsists of blendingcement grindingadding additives

to the clinker for cement formatidB86]. The primary stages of the process mentioned above
goes for several internal steg$e followingsubchapters provide a clear explanation of these

procedures.

1

Limestone TR, Flue Gas
I Raw Matenal

Clay Crushing and
Q Grinding Hot Air
|
Raw Materials . , y e
Fertiary Air ( 3 )
Pre-heater — - /
| Kiln Exhaust Secondary Air \ b
u ﬂ Hot ' Cold [P
Gl Clinker o Clinker Clinker  cement
l o alciner - — inker Cooler S e
| 5 4 _. Kiln y y Grinding
Fuel Air Fuel Ambient Air Additives

Figure 3. Process block diagram of cement producfgsj



2.1.4.1Raw material preparation

The most common raw materials used for the cement production are limestolseanctlay

as shown irmable2. Thesematerials are extractexit of the quarriegollowed by crushing and
grinding. Later the raw mix is fed in to the furttetage where the procesdistinguished by

the amount of moisture in thraw feed entering into the kiln stage and are referred to as the
following. Wet processsemiwet processsemidry process and dry procesBhe clinker
production process historically transitioned from wet to dry process pathwaysch the raw
materials are ground and dried to create a mix in the form of a flowable powder and then fed
for the subsequent process. Additionallyshould be emphasized that the dry produrctio
method uses less fuel than the wet process because of its less energy demand. The majority of
the cement manufacturers are currently operated through the dry process for above mentioned
reasons. Approximately.50 tof raw mix is required to produce 1 t of clinker due to calcination

[37].

Table 2. Raw material compositioj1]

Components Mass Fraction (wt.%)
CcacQ 78
SiO; 13.9
Al,Os 3.3
Fe:0s 2.0
MgCO; 15

2.1.4.2Preheating System

Preheating systems aiee initial approachfor allowing part of the clinkering process to take
place in a fixednstallation outside the kiln. As a resutie rotary kiln became shorter which
decreased the heat lossesl improvecdenergy efficieng. There are twaypes ofpreheaters
(a) Grate preheaterand(b) Suspension preheatgp3]. Currently the grate preheater systems

are totally replaced by the suspension model.



Suspension Preheating System

The rawmaterial in the suspensiqgmeheater exchange hedth hot gasrom therotarykiln,
preheatingand even partial calcination of the dry rengal takeplace. Theoreticallthemuch

increaseaontact surface allows for nearly maximal heat exchivje

Raw

s meal
\ /a Cyclone
L ; preheater
I .

I A
“ ﬁﬂ C
e 7 4

|
Tertiary air duct
J: Fuel

A’
—H—(‘ *I H‘z ¥ Clinker
%ﬁ\ \ A ' —]O
/N - Rotary kiln

Raw mill Filter Stack Clinker cooler

alciner

q/‘“

Figure 4. Clinker production process &AT reference planir5]

There are many different suspension preheater systems. They typically contain four to six
stagesstacked one on the top of the other in a tower that4$2B80m high asllustratedin

Figure4 [72]. Fornew dry process facilitiegiln systems with five cyclone prehea@ndone
precalciner are considered as a standard technpI@)yTwo parallelcyclonesin the higher

stage are used to separate the dust more effectiMedycyclone stages receive the exhaust
gases from the rotary kiln fmo bottom up. Before reaching to the highest cyclone sthge
exhaust gas is mixed with the dpowdery raw material mixture. It is separated from the gas

in the cyclones and rejoins it before the next cyclone stage. At each tl@sebrocess is
repeated until the material is finally discharged into the rdt#my For the most effectivheat
transfer there must be alternate mixirgeparation and remixing at higher temperat{irés

As the number of cyclones increasthe thermal efficiency of the system also increases. The
gas risers between the various preheater stages and the cyclones for collecting the heated raw
mix powder and passing it to the following stage of the preheater are the essential parts of the

gas suspension systd87].



2.1.4.3Precalciner

The suspensiopreheatesystemwhich wasintroducedn the 1970s wakaterdeveloped in to
precalciner system. As seenFigure 4, it comprises a combustion chamber (Calciner) situated
between the suspension preheater and the kiln where the preheated raw mix can be almost
completely calcine@4%)before entering the kilf15]. Whencompared to a kiln with merely

a suspension preheattre use of such@arecalciner enables shorter kiln lengths and can reduce
energy usage by-50 %[23]. A precalcineutilizes 60-70% of the cemenp | &s iotaldfuel

supplyto run the reactio2) while theremaining fuel is burned itherotary kiln[62, 72] The

mainreactions mentioned in secti@B occurs in precalcination stage.

The precalciner receives the raw miain thepreheating section such as limestaslay and

other elements along with the controlled amount of combustion air. The raw meal is exposed to
temperature between 800C to 900°C. The input is almodiully calcined as a result of this

heat producing calcined clinker nodules. The calcined material then goes into the rotary kiln for
clinker production procesg58]. The cement precalciner considerably increases energy
efficiency by heating lhe partially calcining raw meal using the waste heat from the preheater
exhaust gase®recalcinatioralso lowers the thermal load results in lower fuel consumption
and boats total energy effectivene§s7]. It also enables the regulated partial burning of the
fuel. The calcinermeates better conditions for the combustion by dividing the fuel combustion
into two phases (precalciner and kjli@ading to decrease fuel consumption and fewer
emissions of greenhouse gases (GH&Juding CQ [80]. By separate combustion they offer

a fuel type flexibility by providing wider range of fuel options. Alternative fuels including
biomassfuels made from wastand tires can be added to the cement manufacturing process
more simply at calciner. This makes it possible toamgariety of lowcarbon and renewable

fuel sourcesthus decreasing the impact on the environn@&ns7].

2.1.4.4Rotary Kiln

The rotary kiln iautilized in a variety of solid process&scluding drying incineration heating
cooling humidification calcination and reduction. Its capacity to withstand a range of loads
with substantialariations in particle size is one the reason for its extensivi®8s&he rotary

kiln is a cylindrical steel structure that is slightly inclined and rests on the bearing rollers as

10



indicated inFigure 4. It has an internal lining and a rotating motor that creates a turning motion.
At the start of the 19century a gas/solid contactor of this type was developed for the cement
industry[13].

They are vital in the conversion of raw material into clinkarall hardnodules are formed as

a result of the chemical reactions that takes place within the kiln high temperatures during the
sinteringprocess. Rotating kilns operate at temperature that are typically betweefCl#00
2000°C [60].The chemical reactions and physical transformations necessary for the generation
of the clinker depend on this extreme hé#it gases are produced during the combustion of
the fuel such as caatatural gas or alternative fuels which circulate throughout the kiln. By
transferring heat to the raw materials these ghs§s to accelerate chemical reactions and
moisture evaporatiofi2]. The rotating kiln burnarequiresaround 1/3 of the fuel used in the
facility. The temperature of the gas phase in the rotating kiln can reaciQ80ile the solid
material reaches 1451. The raw material components undergo intermediate phases while
moving through the kiln to eventually generate clinikdy.

The hot clinker is cooled once it exists the kiln in order to maintain its quality and adverse
reactions. The desired cooling rates are achieved by using a variety of cooling teglsnicjues

as air quenchingoragr at e cool er s. T, di@ameter slopa ang int&nall n 6 s
features contribute to its desigmhich also effects residence tinieat transfematerial flow

all of which have a big impact on clinker quality and kifperation[29]. The type of fuel used

has an I mpact o0 nemisdioasarkl gehenabetficiemay.elo lgsgen thesr enpact

on the environmentement mills frequently mix fossil fuels with alternative fuels like biomass
and fuel obtained from wasfd3]. Optimal clinker generation also depends on proper Kiln
managementvhich includes managing rotational spesid flow, and temperaturdistribution.

To guarantee kiln longevity and performanceutine maintenangeand refractory lining

replacement are required

Later, the cement is preparegoing through the steps of mixingrinding, storing in cement

silo, and ultimately being sold as a finisheaduct[38].
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2.2 Environmental Impacts and Solutions

The shortage of resources and pollutants emissions are acknowledged as significant
environmental challenges facing the cement indwstdthe high level of GHG emissions are

the most frequently addressed environmental imf@@jt Cement is responsible for 36 % of

all emissions connected to construction activifi@s and 8 % of all anthropogeniCO;
emissiong52]. At least 70% of the GHS emission linked to the production of concrete come
from the cement productidB0]. The clinker productioduring the kiln stage is the main source

of the GHG emissions in the cement indudbyt grinding raw material sorting and packaging

also contribute to the emissions in a negligible {&&}. The global environmental impact of

the GHG emissions from the concrete industry carbeofully addressed by mitigating
strategies alone and technological advancements are required to meet globatlitgjeBon

goals.

2.2.1Carbon Dioxide Emission

Fuel combustion and limestone conversion to CaO angdDfng the calcination process at
high temperature are the two factors that cause emissions from tHgHilCalcination of
limestone results in the release of about 0.55 tonnes pfd@@very tonne of cement clinker
produced69]. A sizable amount of the G@missions from cement manufacturing are caused
by this process. The energytensive nature of cement manufacture results in significant CO
emissions in addition to calcination. Caail, and natural gas are the major fossil fuels that are
utilized to provide high temperatures needed in the kiln for clinker formdtioreased kiln
efficiency and use of the lower carbon fuels can significantly reduce emisgibich are
produced by the combustion of energy sourcasmduyrocess and approximately 0.31 kg of
CO, per kg of cement is exhaustd®]. The inherit material related G@missions induced by
calcination are still present even when the energy supply is decarb{fzbtefls a resultthe
degradation of limestone during calcination accounts for around @&3he total GHG
emissiong52] when cement is produced by applying a stdithe-art dry process rotary kiln

fitted with a precalciner.
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2.2.2Application of Alternative Raw M aterials

The useof alternativeraw materials can contribute to the reduction of process and fuel related
CO, emissions.Because the preceding process that produced thee@@sions can be
minimized by employing decarbonated materials. Waste from recycled concrete or fiber
cementsas well as other elements like blast furnace slag and asindlgxamples of alternative
materials. The main drawbacks of this method are the lack of readily available substitute
materials and the requirement to modify the composition of raw material mixture in order to

maintain product quality and kiln operatjdooth of which are only partially feasib&9].

2.2.3Energy Efficiency M easures

A crucial technique to lower@ emissions is to increase energy efficiency in the manufacture
of the cementCement millscan put in place a numbef energy efficient solutions. These
consists of maximizing the use of process hetlizing energyefficient machineryputting

waste heat recovery systems leading to lower the fuel requirement. Energy efficiency

improvements directly cut G@missions from energy use by lowering the energy delfii&hd

2.2.4Alternative Fuel and RenewableEnergy

Utilizing alternativefuels and renewable energy sources to produce cement is another way to
reduce CQ emissions. It can be accomplished by switching from fossil fuels to bipmass
municipal solid wasteor nonrecyclable industrial wastg0]. The use of renewable energy
sources is one of the most important ways to lower the environmental effects of cement
production. Particularly concentrated solar power (CSP) has demonstrated tremendous
potential for supplying the heat and electricity needed in the cement process. In order to produce
high temperature heat that can be used for calcinatigting and power generatip&SP
technology concentrates sunlight onto a receiver using mirrors or |fged hrough this
integration the usage of fossil fuel would be significantly reduced and can lower the GHG

emissions.
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2.3 CO2 Capture Technologies forCementProduction

The cement industry can reduce its partic@&»r emissions through a variety of methpds
including improved efficiencythe use of alternative fuelgsing alternative raw materials and
renewable integratioms described before. Howeyd¢hese methods have previously been
heavily utilized and then thewre only partially effective at reducing emissi¢®8, 75} Since

only onethird emissions are caused by fumly this share can be avoided by fuel switching

The use of th&€O, capture and storage (CCS) can dramatically lower emissions from both
process and the fuels. It is noted as having the greatest potential for additional overall emission

reductions in the cement indus{B6, 39}

Typically, cement kilns last between -2® yearq75]. Even though certain kilns may need to

be renovated to satisfy criteria set by governing bodies for pollutant emissions and technical
performanceit is unlikely to build many kilns in the near future given that cement production
predicted to remain about constant over the ensuing de[38]eJ hereforeit is crucial that

CO, capture systems may be adapted to existing cement facilities in order to @Qgce

emissions from cement manufacturing.

The three primary categories into which the technique to carbon capture hds/bszhin the
literature arepre-combustion Oxy-combustion and PostCombustionas Figure 5 illustrates
[37]. Since the majority of research and this work focu€altiumLooping(CalL)technology

thorough explanation af is providedhereand other were given a summary
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Figure 5. CO, Capture processgs]
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2.3.1Pre-Combustion Capture

PreCombustion capture is the process of captu@@y from fossil fuels prior to combustion.

For instancea feedstock (such as coal) is partially oxidized in steam and oxygen/air at high
temperatures and pressure to prodsgegas on the gasification processes. A mixture of
hydrogen (H), carbon monoxide (CQL O and other smaller gases substances are produced.
The watergas shift process can be used on the syngas to change CO and wateanat &k,
resulting a mixture of gases that is&hd CQ-rich as shown iifrigure 5. The concentration of

CQ is in between 15%0%. The H-rich fuel can subsequently be burned while the: GO

capturedtransported and finally sequestefgfi

Although precombustion capture miglie uselt o -dartbanize the fuel source used in the
cement proces® It alsohas two significant limitations that makiés application undesirable.
First of all even with precombustioncapture the exit gases from the kiln would still contain
significant amounts o€O, because of thealcinationreaction( 2) which occurs after th€O,
associated with the fuel has been separated. Due to dec@@sedncentrationsadditional

and expensiv€O, removal would be necessary. This would include using one of the various
COq reductiontechnologies. Seconthere are few opportunities to include the fuel conversion
process into the existing procedure sjno#ike power generation facilitiehe cement process
lacks of an existing steam cycle it aasg which will drive up expenses related to the process.
For these two primary reasonsfm@mbustionis capture is not considered to be very appga

way to reduce C@emissions linked to the cement productjida].

2.3.2PostCombustion Capture

In postcombustion captureghe process of cleaning up flue gas is including@ removal

stage. Then it is separated from the flue gas using technologies before being stored and released
into the atmospheras opposed to being released directly in to the atmospFiguee(5) [5].

It is anticipated thalCO, separation methodsvhich are now widely used in industrial
manufacturing refining and gas processingight be usedor the postcombustioncapture
procesf/5]. When compared to other existing and developing capture prabeskading

commercial technologies use a chemical process that provides high efficelecyivity, and
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the lowest energy use and c@&a, post combustion capture seems well suited to use at a cement

factory given the higi€O, concentrations in flue gas (30 %).

Mari Voldsund et al[75] has performed a technical assessmemtdew of these post

combustion capture techniquesed in theementindustriesare described belaw

2.3.2.1MEA COCapture

MEA (Monoethanolamine) absorption process is the most mature technology for capturing CO
from the flue gas€i€1]. There are several modelling studies about the MEA capture process in

the literaturewith majority of studies concentrating on power plants.
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Figure 6. MEA CQ;, Capture for cement kilf¥ 5]

The standard technology MEA absorption is a {woshbustionmethod that uses a solvent
called MEA to absoriCO;, from flue gas before leaving it in to the atmosphere as shown in
Figure 6 [48]. Before the flue gas comes intontact with solventhe quantity of NQand SQ

in the flue gas must be decreased below the authorized emission in order to limit solvent
degradatiorj75]. Theflue gasis cooleddown in a direct contact cooler (DE,@vhere water is
alsoremoved and SQ is eliminated by scrubbing with NaOH. The flue gas can then be
transferred to the absorbExlumn after coolingvhereCOz is removed from the gas by aqueous
MEA solution (30 wt. %])75]. The filtered flue gas is separated from the evaporated MEA in

a water wash section at the top of the absorber. A desorber column is used to reb@w the
rich MEA solvent and the resulting higpurity CO; is compressed to meet the criteria. In
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addition to power for the fans and pumps used in the absorption process as well as for the

compression of the absorb€d,, the process necessitates a significant quantity of heat for the

solvent regeneration. A portion of the heat requirement can be satisfied using wagtg]heat

2.3.2.2Membrane-Assisted CQ Liguefaction

The CO, liquefaction process is combined with polymeric membranes in the membrane

assistedCO; liquefaction (MAL) technology as shown figure 7. The bulk separation process

uses polymeric membranes to produce moderately @Oseas the end product. This product

undergoes additional processing in @@; liquefaction methogdin which CO; is liquefied to

create high puritfCOy, and the partially decarbonized tail gas is recycled into the membrane

feed gag75].

In a DCG water is first removed from the flue gas before it is compressed and transferred to

t he

me mbr ane

modul e. Bo

th the f

l ue gas

comp

pumps on its permeatgide produce the pressure differential and pressure ratio over the

membrane modulg’5].

The kind of

pol ymer

affect s

and it is frequently noted that these membranes tolerancextar®8MOx is questionablg6].

pol yn

The technology is postombustion and does not further integrate with or provide feedback to

the cemenplant. Comparatively to MEA absorptignvhich has higher energy consumption

and operational difficultiesnembranebased CO2 capture offers enegfjicient and scalable

separatiof37].
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2.3.30xyfuel Combustion Capture

Oxy-Combustion is the burning of fuel in practically pareygen as compared to air. An air
separation unit (ASU) removes the nitrogen from the warich normally contains78 %
nitrogenby weight in order to produce oxygen needed for burning. According to the fuel and
particular oxycombustion methqahe flue gas is cooled after combustion to condense water
vapor, andthe resulting flue gas hashigh percentage of GA80-95 %). In additionto these
products the flue gas will also include diluents in the oxygen feadh asNOx, SOx, inert

gases from the fuel or leaks into the system atc@bustion stage. Stoichiometric combustion
temperaturdor fuel in an atmosphere with oxygen is extremely high (3&)(37]. A part of

the flue gas can be recycled back to the burner as a diluent to manage this by lowering the
temperature. Remaining G@as containing goes for compression and stoiégje

2.3.4Calcium-Looping Technology

In the cemenindustry, the calcium looping proceg€al) offers a possible route for carbon
capture. It is viable option for lowering G@missions due to its high capture efficiency
affordability, and capacity to use alreadyisting calcium rich feedstockg3]. The calcium
looping processlso known asegenerative calcium cycle (RCC) is a secgederation carbon
capture technologj21]. It uses calciunbased sorbents to remo@®, from the flue gases.

Calcination and Carbonation are the two primary phases in the pescslewn irFigure 8.

91 Carbonation is the first stage of the CaL procesere flue gas is sent into the reactor
named carbonator. In thstage COzin the flue gas interacts with the calcium sorbent
(CaO) causing the reaction to produce calcium carbonate (&af@@. This occurs
typically around 65€700°C makingit suitable for high temperature productjmocess.

This process is exothermic and releases heat that can be used for other plant operations

like drying raw materials or producing stefh.

#AlI#/10#A#K o xHHF T 1 (1)
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Figure 8. Calcium Looping Process

1 The secondstage in CalL is calcinatigoriake accounin decomposinghe CaCQ@
produced in the carbonation stage to extremely high temperatsuedly between 850
950°C. The reactiorg 2) explains how this heat causes Ca@@ecomposgeleasing
the capture€€ O, and regenerating the CaO sorbfjt The process is endothermic and
heat is supplied through various wayge emittedCO, can subsequently be collected
compressed and stored for usage of processes like chemical symihest®very etc.

The continuous cycle of carbon capture and release can be completed by recirculating
the regenerated CaO back to the carbonation stage to captur€ @de3].
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Given its high C@emissionsand accest calciumrich resources like limestone as feedsfock

the cement industry makessaitableoption for the calcium looping process. £€missions

can be greatly decreased by implementing @& during the cement production. The
compatibiity of calcium looping technology with the current cement plant infrastructure is one

of its key benefits. The incorporation of this technique does not necessitate significant changes
or new machinery because the carbonation and calcination stages ioanrperated to the
cement manufacturing process as showrigare 9. Calcium looping is a desirable alternative

for cement producers seeking to lower their carbon footprint without sacrificing production
efficiency[31].

The sorbent is also a cesffective choice for largecale deployment because it can be
produced from readily available and affordable raw materials like limestone or doJainite
Researchas al so been done on CalL technol ogyds c
of applying CaL in cement factories has been assessed by cost as@lgi®s[75]. These
assessmentgvetakeninto account things like the pri¢er sorbent preparatioenergy needs

plant integration potential revenue from CGstorage use. The findings show that calcium

looping, especially when integrated with ongoing operations and using inexpensive sorbent

materials can be a financially viable solution for @€apture in cement plang$l].

2.4 Solar Energy

Our most abundant and accessible source of enrggun provides a sustainable answer to

our expanding energy needs. The quantity of solar energy that reaches earth in single hour is
equal to the amount of energy used by all humanity combined in a singlygd8y 205Q
solarenergy is predicted to make up 16% of all worldwide electricity production according to
International Energy Agendyil]. The solar energy sector has been expanding rapsdhe

amount has been installed worldwide as of 2020 exceede@\k6@ substantial rise from just

5.5 GW in 2005[42].

Solar energy has many different applications. Solar Photovoltaic systems (PV) and solar
thermal systems are two of them that are extremely in utilization. Resideotrahercialand
utility -scale applications all frequently use solar PV systems. Rosfiappanels and other
structuresan produce electricity for individual use or can send extra power back in to the grid.
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On the other handsolar thermal technology uses the heat from the sun to geregite
temperaturefor power productionsuch asconcentrated solar powemn concentrated solar
power (CSP) plantsunlight is focused through mirrors and lens that reflects the light to a
targeted area to that produces heat to run high temperature reastii@ms generation that
powers turbines to produemergyon a biggescale More details of CSP plants are discussed

in section2.4.1

By tackling the issues of climate changeergy security and economic growdblar energy is

essential for building a sustainable future.

2.4.1Concentrated Solar Power (CSP)

Concentréing solar power (CSP) technologies may play a crucial role in the rich and diversified
portfolio of renewable energy source in view of some distinctive features. CSP entails
concentrating solar radiation onto a solar receiver using optical sun trackingsr(tieliostats)

from which it can be used to fuel power cycl@®vide process heair support solapowered
chemical proced51]. CSP is distinguished by a few noteworthy and distinctive characteristics
that make it a viable solution for particular applications. (a) CSP has the potential to achieve
substantially better thermal efficiency because it can utilize the entire solauspastopposed

to just a few spectral region®) CSP becomesdispatchable energy source on an howtay

time scale when coupled with cheap thermal energy stéf&fe) systems (c) CSP might be a
source of useful higkemperature thermal energy tltan be used as process heat or in hybrid

plants where CSP is combined with endothermal physicahemical process§28].

CSP technologies that are frequently used in industry are mainly four types: Linear Fresnel
reflector (LFR) Parabolic dishParabolic troughand Solar tower Central receiver as shown in
Figure 10 [63]. These technologies can broadly classify according to their optical design
receiver form heat transfer characteristics and heat storage capdaityng the four
technologies the central receiversanadvantage to achieve higher operating temperature than
other systemswvhich allows more efficient power conversion and energy storage opfiohs

Central receiver systeis the only optiorfor cement productioat large scale singerequires
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very high temperature to drive the process.e8S80SP plant with solar tower model is designed

in this study for the calcination process.

Linear Fresnel reflector (IFR) Central receiver Parabolic dish Parabolic trough
. Solar tower - .
Curved -
mirrors
[i ﬂ t ‘{\ 'ﬁ % Reflector
/ | | , ‘ ‘\ l)>| Receiver/, .o — Absorber tube
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Absorber tube Heliostats Reflector
and reconcentrator

Figure 10. Types of Concentrated Solar Power technoloiék

Solar Tower System

Solar power tower alsknown as central receiveystemincludes employing a field of mirrors
called heliostats to concentrate bgint onto central receiver situated on the top of the tower as
shown inFigure 11. Concentrated sunlight is absorbed by the recgivieich acts as thermal
source for the various high temperature processes such as desalmatéral processing and
cement production. The temperature reaches more tharfC@@pendingn the material used

in the receivef56].

_wReceiver

o _‘Heliostats

Figure 11. CentraltowerReceiver CSP Plafi83]
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The design of the towers are finalized by the multiple factors dependinfeonumber of
receiversthe dimensions of the fields and its orientation. Heliostétgch plays a crucial role
are also designed in various shapes and sizes with surfaseamgiag from 1 to 160 A{10].
Based on the total area needdte number of heliostats determined. Additionallythe

placements should mptimizedto prevent the shadowing and obstructing problgs@k

There are already 142 CSP plants active and under construction worldetdeding to a
research by Solar Paces mentioning the progressive increase in CSP utilization. Among these
more than 30 projects are using sotawerbasedtechnology. NOOR III, the largest
concentrated solar towgalant in the world is located ilMorocco with an investment of
877million USD delivering 50(MW total capacity{56].

As a high energy processment production integrating with CSP offarsattractive solution

to lower carbon emissionsicrease energy efficiencgnd encourage sustainable practices in
the cement industries. CSP also ensures the availability of reasonably pricelibdheenergy
while assisting the transformation of cement manufacturing into a cleanere

environmentally friendly proces
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Modelling of CSP-CaL CementPlant

The reference cement plant taken into consideration in this wadorsventionally run facility
that has been classified as BATis specified and modelled G§EMCAP, an EU-project that
aimed at CQ capturing technologies for cement productj6f]. It is based on the dry kiln
method and consists of a rotary kilgrate cooler and five step preheater cyclones with a
precalciner. The clinker production capacity of the referred cement plant is about 3800 t/d

represents an average cement plant in Europe.

In this work initially a conventional model taken from the reference document is modelled and

later it is developed with solar and CC technology for the integration.

3.1 Aspen PlusSetup

The process modelling and simulation is perfornrethe Aspen Plus V12.1 softwar&he

cement process is complexcluding several chemical reactions and heat transfer phenomena.
Accurately describing the qualities of the solids involved in the process is one of the crucial
aspects Solids like limestone and clay are important in the cement productiah their

properties plays a major role in the efficiency and product quality. ABhen provides a
property met hod c al | e decis® Snodeliing ©fosolidshaad theia | | o w
interactions in the system.

To precigly represent the behavior of solid materidlspenP | us 6s sol i d proper
number of parametersncluding particle size distributignparticle density and specific

capacity. These characteristics are essential for simulating@w@ske chemical processes

mass transparand heat transmission&long with Solid property method a stream class of
MIXCINC ischoserbased on the componentds sub strear

gases are considered as mixed (MIX9lids are CISOLIDS (C])Coal and Ash are nen
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conventional (NC).The HCOALGEN and DCOALIGT modelgespectively are used to

compute the characteristics of the remmventional components.

3.2 Solarized Process Description

The conceptual desigas seen ifrigure 12 primarily comprises of two operations: Solar and
Conventional. In contrast to the conventional portiwhich only contains one preheating
systema combustion chamber and a calcjtiee solar part includes a splittédiree preheating
systems and a solar calciner. The entire solar system is run by CSP from the helibdéats
the conventional is powered by coal burning. Due to its operational perfanli(8per day
depending on sun availabilitythe capacity of solar operation should be approximately three
times bigger than the conventional part where it operates@4d day continucsly. In terms

of feeding cement raw meal (CRM)0 % of it goes in to the solar section and remainingal0
fed in to the conventional pard maintain the conventional calciner operation and system
temperatureA major goal of this work is to limit the use of coal and its emissions in calciner

so major part of the calcination takes place in solar operation.

In Splitter], the feed entering the solar system is first divided in half and transferred to
preheating system 1 and 2. In order to transfer the theasolid raw meadjoes through the
cyclones and gets into contact with the hot gases originating from the calciner. The preheated
CRM enters the solar calcinavhich is positioned on top of the solar tower and heated using
CSP heat to perform the calcination procedure. The hat t6& is emitted during the
calcination process enters the preheating process into sysiathleaves on top of the cyclone
where it is collected and stored (&Out). The calcined hot solid material then moves to the
preheating cyclone systeBwhere it exchanges heat with incoming ambient airif8ibefore

cooling in Cooler 2 and stored for continuous operation duringsptar hours. The heated air

sent into cyclone systefor preheating before being released into the atmospher®ir
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Figure 12. Schematic representation ©SRCement Production

The calcined material from storage is separated into two strea8giiter 2, whereoneis

directedtowards the carbonator containing the amount required for carboriBt®nemaiing

amount mixed with 10 % of raw meal enters into the preheating syStesnmaterial travels

through each cyclone to exchange the heat with hot gases originating from the rotary kiln and

precalcinerand leavinghe preheatingystem as flue gasater, the preheated material goes

into the calciner where heat from the coal is used to calcine the raw matédiaost

completely calcined material enters in to the rotary kiln for the sintering prodaiss is the

stage where clinker formation takesq#aThe produced clinkés sent into a cooling system

for cooling and later stored for usage as explained in seztioh

The conventional pl ant 6s

f | ue Splites2ara fedlinta

the carbonator. Her¢he CQ in the flue gas is absorbed by CaO to form Ca@®shown in

stre

reaction( 1). CaCQ that has been renewed is recycled back in to the solar calciner as feed to
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remove and store tHeO,. To capture the C&from the combustioplant, this procedure will

be carried outontinuously.

The rext section contains further technical information regarding the modelling approach.

3.3 Process Modelling

Here the model containpreheater cyclonesoal combustioncalcination (Figure 12-grey

boxeg andcarbonatiorbut the rotary kiln has been neglected. In consideration of the model's

progressonly the precalciner is being solarizednd the kiln is not modifiegince the goal is

to keep the feed properties (temperatunass and composition) the same asGEMCAP

case. Hencehe rotary kiln outputs are determined in accordance with the CEMCAP report 4.2

[61] for the calcination modelling. The model needs input parameters such as cyclone

efficiency, extent of reaction in the calciner and heat losses etc.

Figure 13shows an overview of the Aspen Plus flowsheet used to simulate a cememtfhant
stream representation from the CEMCAP Mdé4]).
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3.3.1Preheaing systens

A set of mixture Gibbs reactor and SEP unit operatitmgether form a cyclondotally five
cyclones are designed similarly tepresent theompletepreheating systerasdesignedn

Figure 14. It combines raw meal solids from above with the gas from below. After passing
through the reactor the mixture is sent to SEP block which separates the mixture. The gas and
solid temperatures in each stage are considered to be constant. Each cycloney effisggnc

and certain amount of heat losses is considered as per the CEMCARP Tapospecific
operatingconditions are listed imable4. In solar operationthe same preheating method is
employed but there are only three cyclon@s each systenas opposed to five in the
conventional section. In contrast to the single preheating system in the conventiona) section

the solar part has three as showFigure 12.

3.3.2Coal Combustion

The combustion of coal is simulated using the RGibbs model. By reducing the Gibbs free
energy RGibbs simulates chemical equilibrium. Yetbecause coal is a naonventional
component it is not directly possible to compute the Gibbs free energy of the coal.
Decomposing of coal has to be performed before feeding it into the RGibbs block. This is
carried out in the DECOMP block of RYield. During the coal burpihg heat of reaction is
related to coal degradation must be taken into accounp& Beat stream is used to carry this

of reaction from the RYield block to RGibbs blogk we see iRigure 14.

TheTable3 contains the characteristics of the coal burned in the precalcination process.

Table 3. Key values for coatombustion

Parameter Value Unit
Fuel Composition
C 69 wt. %
H 4 wt. %
S 0.5 wt. %
N 0.48 wt. %
O 9 wt. %
H.0 0.5 wt. %
Cl 0.02 wt. %
Ash 16.5 wt. %
Fuel lower heating value 27 MJ/kg
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When compared to a completely conventional planhe s ol ari zed model 6s
calcineris setjust 10 % of the coahs90 % of the material is calcineéh the solar calciner.

The primary air supplied here for the combusti®mlso reduced in same ratio as the coal
supply.

3.3.1Conventional Calciner

The calciner receives the heated raw meal from the cyclones. Heat is produced by the
combustion of coal and hot flue gasfrom the kiln. The reactions involved in the calciner

are endothermic. The calciners primary chemical reactions are as follows:

#A#P #AI#/ Y pxBH T 1 (2)

- CH#HIO-CI #1 (3)

A RGibbs reactor is used to model reactiph$ and(2) . According tothe CEMCAPreport
a heat loss of 11.3 GJas considered. Due to the absence of certain components in Aspen

Plus some reactions are not considered in the calciner. The ignored reactions are listed below.

#AI V1 O #] (4)
CHAI&A O #& (5)
C#HAI3IEO #3 (6)
#3 #AP #3 (7)

Additionally, tricalcium Silicate (GS) known as Alitg 7 ), was considereds clinker for the
total process simulation. These reactions will have anpact on t he <cal ci nel
(increased concentration of CaO) and temperature (reactions are exothermic). As a result of
these consideration and exclusipeguilibrium of reaction( 2 ) is impacted.Due to the
aforementioned factptemperature approach to equilibrium was tuned to achieve a good
agreement considering the outlet temperature and calciner efficiency with the CEMCAP
report.
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Generakechnical detailsequired for the modelling are tabulated below.

Table 4. General data foAspen Modelling

General data Conventional Solar part
Part [61]
Raw meal inlet temperatureC 60 60
Fuel inlet temperaturéC 50 -
Preheater
Number of preheating systems 1 3
Number of stageim each system 5 3
Cyclones efficiency (b stages) 96/86/86/86/76 96/86/86
Heat loss in each stageV 625 625
Calciner
Calcinertemperaturg®C 865 900
Fuel consumptiorkg/s(stream 13) 0.24 -
Calcinationdegree% 92 20
Primary air mass flow rat&g/s(stream 7) 0.07 -
Tertiary air mass flow ratdg/s(stream 18) 16.2 -
Tertiary air temperaturéC (stream 18) 1050 -
Heat losskW 3138 -
Carbonator
Temperature®C 650 -
CO; Capturerate % 90 -
Carbonation% 50 -
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Figure 14. Aspen Plus model faonventional operation

(Red box: Coatombustion and calcinatipBlue box:Preheating systenGreenline: Recyclestream)

3.3.2Solar Calciner

A working temperature 0900 °C is set for the breakdown of CaCGQOwith a high CQ
concentrationcompared tathe conventionabperation of 860°C low CO, concentration
release The RStoic model is chosen maodel the calcination. The functioning of RStoic
reactor unit is adaptable in terms of operating conditi@astion type and rate of conversion.
In this level of our simulatioronly the reactiorf 2 ) is considered with conversion of 90 %
rate (Table 4). All other reactions areeglected at this particular stage. This calcination is
purely driven by CSRs the reaction is endotherm#crotary kiln is considered for the solar

calcination which is currently being developed at DLR.

3.3.3Carbonator

Similar to the solar calcingthe carbonator is modeled usingRStoicreactor. However the
reaction is reversible to calcination.,$lee operating conditiorsre set asnentioned ifrable
4, Only a single reaction is considered in the carbonator as capturing of this ®major

target. With the conceptual data several carbonation criteria amtbed carbonation rate of
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50 % {.e., 50 % ofCaO reacts) is selected in order to remove 90 % of thefilo@ the flue
gas (.e, 90 % CO, reacts) in the reaction. Late¢he generated product (Cag)@nd unreacted
solids goes for the recycling into solar process and hotl€dflue gasis released into the

further processuchas drying beforgoing into the atmosphere.

RS S | S

HIERARCHY

cooueR2
; "

) N
HIERARCHY bl
FJL
En
3|

(S

Figure 15. Solarized Aspen Plus model of cement produrctio

(Green box: solar preheating systatack box: Solar calcingRedbox: Carbonator)

3.4 Solar SystemDimensioning

CSP serves as the major souot¢hermal energy in this designed case. A siz&l3® plant

with a solar towerheliostats and receiver should be designed. As the heliostats plays a major
role inoverall performance and capital in the CSP plant consequgngcrucial tobuild the

plant with best possible dimensioriRegarding this goalDLR developedthe HFLCAL
(Heliostat Field_ayoutCalculator)softwarethat focuses especially on the CSPdiayout and

its optimization has been used hefe.design the solar fieldnotherparameter is important

call ed 6Solar multiplebd
Solar Multiple

Solar multiple (SM) is defined as thetio between the thermal energy produced by the solar
field at the design point during sun availability to the thermal power required to operate the

plant continuously{51]. A higher solar multiple would imply a greater proportion of solar
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thermal energy used in the cement manufacturing progeseell as potentially greater energy
cost savings and lower greenhouse gas emissions. It also results in more calcination of more
raw meal and storage for the continuous conventional operation. Based on the cHpacity

nominal power required for the 24/7 operation in our case is 127 iM\WSM = 1).

Pl xAOT AQARNAIAZARABAOBCET O (8)
bl x AAN O ELAMR

3 -

For solar toweplants with a specific energy output capacitee HFLCAL is primarily used

for planning and optimizing the heliostat field. The desigaracteristicef heliostatssuch as

size and shape must be specified in HFLCAL. For optimization ofidia: it also need
additional design criterjauch as site locatigtower heightDirect Normal irradiancel{NI),
aperture shape and sjziesign time point and design power. The Aspen Plus simulation result
is used to determine the receiver design powdrch is a key factor for field layout
dimensioning. The settings needed to start the HFLCAL field optimiz&tiosolar multiple
3.75are listed inTable5.

Table 5. HFLCAL required inpufor SM =3.75

Parameter Value Unit
Latitude 314 °
Height above sea level 999 m
Design time 21.March12:00

Design DNI 945.0 W/m?
Aperture type circular

Design flux 1250 kW/m?
Receiver power at design point 238.5 MW
Receiver efficiencydreq 0.85

In this study the location for plant operation was selected as Odé$SA. The yearly
irradiation of Odessa is approximately 2486-8The latitude and height above the sea level

are obtained from the meteorological data for the picked locatiendesign datef 21. March
is chosenbecause it it between the solar solsteand thus representing average condgion
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TheOdessads meteorological data at the ti me
The receiver efficiency is selection is made through equationpexplained in sectio8.5. The

tower height is fixed in this work considering the stable position of the receiver and preheater
placement on tgpotally limiting the height to 240 m approximately. This is one of the reasons

for decrease in the field efficiency.

Based on the capacity and construction feasib#itywo tower CSP system is considered. The
two towers share the power demand and operation equally. The inputs and calculations

performedn this workarefor asingle tower and later adapted to the other in every aspect.

The current study evaluated the operationlifferent solar multiples as mentionedTiable 6
and conducted the analysis fdfcase. The results mentioned in the below table are generated

by the HFLCAL for each case at appropriate design power for single tower.

Table 6. HFLCAL Results

Solar Multiple 2.5 2.75 3 3.25 3.5 3.75
Energy required 318 350 380 412 444 478
for two towers
(MW)

Energy required 159 175 190 206 222 238
single tower(MW)
Towerheight (m) 199 199 199 199 199 199

Mirror area (nd) 285123 318099 351986 387246 423033 458756

Annual field 58.79 58.29 57.85 57.39 57.25 56.5
Efficiency (%)

Here in Figure 16, we can see thaptimized filed placement of the heliostats and their efficiency

for the SM 3.75 at design tim&heblack dotin the middle refer to the tower and the red dots
defines the shadow of the tower. The heliostats are bound to be on the north direction as per the
location and suns altitud@he colored dots scattered across the field are helipatadsthe

color determines the efficiency of each heliostat. The color red represents least efficient and
the color green indicates the most efficient as showing on the left side scale of the figure in

percentage.
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3.5Energy Analysis
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Figure 16. HFLCAL field placement of heliostats

This sectiordescribes the method for estimating annual power production of the modelled CSP

plant based on the solar irradiation available in each hour of the year. Using the raw

meteorological datahe overall power production is calculated as shown in equ@ipn

Energy(W) = DNI (W/m?) * Mirror Area (nf) * Gfield * Crec (9)
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Figure 17. DNI distribution on01. January2022

Initially, the DNI from meteorological data is obtained for each hour of the year using
Meteonorm softwardor the year 20221t considers seasonal variations in atmospheric
conditions such as particulate matfegginessand cloudiness @ihedesired locationThe area

required for the total heliostat field is taken from the HFLCAL ressittswnin Table 6.

HFLCAL also provides the total field efficiendfsieid) related tothes un6s posi ti on
elevation and azimuth angle into accodrite Epsilonsoftwareis used to extract the position

of the sun for every hour of the year and matched it to the field effici@heyreceivespecific
parameters are obtained from Buckds expl anat

(dred and design flux for the CentRec through the equdti@), which has a similar geometry

as the solar calcingt4].

L 10
S r . Ok D4 ED 4 ; 4 Og (10)
Thus 1 = 0.95 is theeffective solarabsorptivity . = 0.9 effective thermal emissivity,

A V& X %t — is the StefarBoltzmann constant’y j w T 0 is the receiver
particle outlet temperaturdn = 30 — is the heat loss coefficiertb the ambientand

4 o ™ #s the ambient temperaturepP= 1250 — is the solar flux density on the

aperture Figure 18 explains the efficiency of both field and receiver on a Januag022 It

shows that the solar operation begins ard0@ and reachegs maximum around.3:00and

then stops at8:00depending on the sun setting point
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Efficiency Chart
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Figure 18. Field and receiver efficiency orlQJanuary2022for SM 3.75

Other necessary considerations were also made in order to calculate the total power output over
the course of the yeaFhe plant should go for shut down and maintenance for a few days in
order to exercise the ,ploductiondplantsgegdire30 dgyseforat i o
this maintenance and there will be no power generation from the plant during this peeod.

30 dayscontinuouslywith the lowest power outpuiver the course of the year should be
eliminated. The lowest cumulative power getiem is found to be in between Januar{f@ad
February 29 of the every year. Therefqrthe entire month of January is taken into account for

the shutdown and maintenance. Additiongaihe total power generation from the CSP plant is
limited to 110% to avoid the excess energy and unnecessgupmentsage The calcination
receiver must also be heated for the operation at the start of treodlag first solar hour power

of the day is also ignorddr this purpose. Following all limitationthe total power production

of each hour of the year is shownFigure 19 Thetotal power producedith these limitationsvill

be 867,602MWh where total power required would He019636MWh, which makes 8%46 of

solarization.
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