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ABSTRACT

Solar thermal energy to supply process headiifierent industrial sectors has become very
promising in recent years. Industries can reduce their fuel consumption by replacing them with

solar process heat with nesonventional system irgeation and using clean energy.

Ah-Wan Food Complebs an industry with higher thermal energy camsption which is mainly
used in thelrying stage of the pasta producti®uperheatedater atl 4 0 anél €5 baiis used

to control the temperater and humidity conditions of pasta drying tunnelCurrently, the
industry uses a conventional boiletich hasa capacity of 11kg/s with average annual fuel
consumption of 740,918 litersosting approximatelg2 million Brr. This energy demand can be
replacedpartially or whollyby a solar thermal system.

This hesis presenta performance analysis @olar thermal system consistsafinear Fresnel
collector andconcrete thermal energy storag@r industrial process heat generation based on
energy requirement gkh-Wan Food ComplexA onedimensional transientumercal model is
developed for the linedfresnel collectomaccounting obptical and thermal lossesd coping up
with the intermittent and inherent variable solar input. In addition to,thdtansient nummcal
model is developed faoncrete thermatnergy storagavhich is integrated with the collectorhe
models were solved using a finite difference scheme which is implemented in a Python program.
Based on the results from the numerical resul&dama metrological conditions 120odules of
Linear Fresnel colleabr with an aperture area of 2838 can fulfil the daily energy requirement
of thefactory (with 6 hours of thermal energy storag@®esides98 m® of concrete thermal energy
storageis required for éhours of thermal energy storage. It is also noticed thamass flow rate

is the main parameter to control the output temperature from the collector.

Keywords: Solar thermalProcess bat, Linear Fresnel collector, &crete, Thermal energy

storage
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CHAPTER ONE

INTRODUCTION

1.1 Background

According to U.S. Energy Information Administration (EIA) (2017), industriesesgonsible for
around onehird of the total energy demand in the world. The major share of industrial energy
demand is pertained to heat for industrial processes which are in the lower and medium
temperature range. This reality does not only cause aseelef a significant amount of G(ut

it is also a substantial cost factor. Thus, as fuel prices continue to rise, industrial energy supply
ultimately also affects the competitiveness of countries and industries. Solar energy is certainly
the most conserable renewable and clean energy with the reserves of fossil energy decreasing,

while the consumption increasing.

In Ethiopia, as the number of indties are growing drasticalljye process heanhergy demand is

also increasing. However, the use of rgable energy sources like solar energy is at its infancy
stage. As a growing country, developing a technological trend of using renewable energy sources
is very essential. One of the main potential areas of using renewable energy (specifically solar
energy is industrial process heating. This heat energy requirement can be obtained by using
concentrated solar energy leaitors, among other solaeating technologies.

Concentrated solar collectors are the most widely used solar collectors used in influstries
process heating due to their highality solar power. Parabolic trough collectors and linear Fresnel
collectors are the mosbmmonof this typeand there are a number of manufacturers in different
parts of the globeParabolic trough collectsrare he most matured of the concentrating solar
powertechnologies and the majority of worldwide installed capacity is of this type. They offer an
acceptable performance level but some limitations do still exist. The curved mirrors are relatively
expensive anaspects such as the need for flexible couplings and strong foundations to combat

wind loads result in a high cost per kWh. The scope for future cost reduction is also limited.

The other line focusing pe, the linear Fresnel collect@FC), is comparatively new and offers
much potential for cost reduction. It is projected to have a lower investment cost per kWh. The

technology also uses simpler parts that ctnéldnanufactured locally. Smaized linear Fresnel

1



reflectors meet thenedium tenperature rangeslQ0i 25C0°C) for the generation of industrial
procesdeat (Kalagirou, 2009)n addition, integration of this collectors with storage systems can

substantially enhanceer performance and feasibility for industrial use.

There are sonany industries in Adama city that uses fuel or electricity for generating industry
process heat. Since solar energy is abundant in Adama city these industries praogssdmeand

can be completely or partially replaced using solar energy. For instama¥an Food Complex

is a food processing factory which is located in the industrially developed Adama town at Kebele
16, Wereda 2 of an industrial area which produces its process heating energy using fossil fuel.
There are also other factories under asemt company, Awan Industry Group, which are; PP

mat, PP bag, and plastic factories. The factory engages in the milling of wheat flour and converting
to valueadded products like Pasta and Macaroni, a fraction of the milled flour for in house
consumptio and excess for the local market. The pasta and macaroni products are being produced
using pasta production equipment where the pasta drying section is the most important part of the

production.

This thesis focuses on studying the performance of a linear Fresnel solar collector with sensible
thermal energy storage in producing process heat under Adama waaitgion. The study is

based oma finite difference method by developing a python progeand using process heat
requirement of AWVan Food ©@mplex as a representativedustry. This code can be easily
adapted for other industries process heat generation requirement.

The linear Fresnel collector, which is concentrating type is the ommponent of the system
which convert the solar energy in to heat. The collector has two main subcomponents, which are
primary collector and a receiver tube through which a heat transfer fluid flows. As solar energy is
intermittent in nature, a concreteatestorage device is also integrated, which accumulates heat
when it is surplus and supply it if there is insufficient solar radiation for short period of time. In
addition, the storage device reduces the influence of relatively unstable solar enespuhmat

and increases the stability of the system.



1.2 Statement ofthe Problem

It is well known that a considerable percent of industrial process energy requirement is in the form
of heat.Currently,mostof industriesin Ethiopiaare usingelectricity or fossil fuels to meet their

heat energy demanHowever, thishasa negativeeconomiampact for heindustries as thprice

of electricity andfossil fuels is increasing each year d@nhd government of Ethiopizavealready

stoppedossil fuel subsidiary.

There are manyndustries in Adamaone of industrial city in Ethiopismmong whichAh-Wan

Food mplex is a food processing induststh largeamountof process heating energged

The current heat generation section of the companyeus@sventional boiler to heat a pressurized
water to a temperature of 14Dthat is used to control the temperature and humidity of a pasta
drying machineThe company consumes arourd,918 liters of diesel fuel per year, costing it
approximately 12 milion of Birr only for pasta drying procesEhis is a substantial cost factor for
the industryaffecting its profitability

In this thesis a performance of solaatingsystem based on a linear Fresnel collee®ran
alternativesource of eneng for industrial process heaenerationis studied. The system is
designed to meet the partial energy demand e¥\fim Food Complex andéanbe easilyadapted

for other industriesEven though 4ot of researchelave been done based lorear Fresnel solar
heating systemmost of thenfocuses in optical and thermal characterization of the systent

is evident that the performamof solar heating systeis mainly dependent on the geographical
location and environmental variablegjiurnal performance ahgisbasedon thelocation of the
factories is essentidh addition, integration of a storage system can increase the performance and

feasibility of the system as solar energy is intermittent in nature.

1.3 Obijective of the Study
1.3.1 General Objective

The general objective of this thesisto study the performanagf linear Fresnel collectowith
sensible thermal energy storage constituted of confoneitedustrialprocess heat generatibased

on thermal energy demand Ali-Wan Food Complex pasta dryipgocess.



1.3.2 SpecificObjectives

The spedic objectives of the study are

U To conductoptical andtransientthermal performame modeling ofthe linear Fresnel
collector.

U To carry outransienthermal performance evaluation of concitsiermal energy storage.

U To use the model fatesign aihear Fresnetolarcollector for proces heat generation in
Adama weather condition

U Estimate monthly performance of the linear Fresnel solar collector.

U Estimation of linear Fresnel collector size that can meet the ederggn of AH-Wan

Food mplexthroughout the day.

1.4 Significance of the Sudy

The industry under study (Alvan food complex) uses fossil fues a primary energy source for
process heatingdrhis results in a higher amot of energy cost fahe factory, which is agitated
by the rising of the cost of fossil fuel.implemented in the industry, the system will minimize
the cost and the environmental impact related to fossil fudlsng that asmany industries in
Ethiopiaare mainly dependeer on fossil fuels the study will show a way for harnessing sola

energy as a renewable source.

The linear Fresnel collector has many advantages for use in the indelstiye to other
concentrating systemacluding hgh ground usagdower investment ast low operation and

maintenanceost easy on cleaning of thairrorsand bw wind load

1.5 Scope and Limitations
1.5.1 Scope of the &dy

This study mainly focuses on ttieeoreticalperformance analysisf a linear Fresnelsolar
collector that$ designed taover dailythermal enggy consumption of AWVan Food @mplex.
The study also includes the analysis of concrete thermal energy stotegated to the linear

Fresnel collector



1.5.2 Limitation of the study

The study focusesn the study of the thermal angbtiwal performanceanalysis of themain
components of systemh.t doesnot i n c Inalydieof ttatkimg ntkehanisgdiie and a
mechanical or structuralystemspiping and fittingspumps andheat exchangers.



CHAPTER TWO
LITRATURE REVIEW

2.1 Solar Heat for Industrial P rocess

This section covers the application aspect of concentrating collsgiecdically in the industrial

sector which consumes a large proportion of the total power consumed. In many countries, oll
products are useak an energy sourdéer their industriesFor example, according to U.S. Energy
Information Administration (EIA) (2017), thenare of oil products consuméxy the industrial

sector in Ethiopia is approximately 24.4%, even though there is no data for how much of it is for
process heat generation. From long term experiences, the temperature ranges for most industrial
applicati2&m®AiCs a8 dA @he process Heatd% cangumed in low and medium
heat applications (Kalagirou, 2009). Table 2.1 shows a list of industries where there is a possibility

of energy delivery through solar systems.

Table 2.1 Industrial processeand working temperature rangegliégirou, 2009)

Industry Process Temper at
Dairy PressurizationConcentrates | 60i 80
Drying, Sterilization 1001 180
Tinned food Sterilization 1101120
PasteurizationCooking 60i 90
Textile Bleaching, dyeing 60i 90
Drying, degreasing-ixing 1001 180
Paper Cooking, drying 60i 80
Bleaching 1301 150
Chemical Soaps 2001 260
Synthetic rubber 1501 200
Plastics Distillation, Preparation 120/ 150
Separation 2001220
Flours and byproducts | Sterilization 60i 80




From Table 2.1 it can be inferred that a significant portion of low and medium temperature

heat is required in food, beveragpaper, textileandchemical sectorsSolar thermal syems for

low heat (lessthan 140C) basi cal ly consi st withdutah évactiatep | at e
tube, which can supply energy at temperature

advantage since it is relatively mature and readily available

However,as the temperatutiacreasesnonconcentrating collectors becomiegfficient and in

orderto supply medim heat (temperature range oD1A€00AC) concentrating
are best suited because of high concentration ratio and efficiency. Concentrating collectors have
been used for generating electricity for decades smaller version of similar design can be
employed to provide process heat with aacdy of 10 kWh to 2 MW, (Kalagirou,2009.

2.2 Concatrating Solar Collectors

Concentrating solar thermal collectors are the devices which use a concentrator in order to
concentrate the incident direct beam irradiation in the absorber area. Sterhgrature levels

can be achieved because the heat flux values are high andtlserthal losses are restricted due

to the small absorbing area. Solar concentrating technologies are separated into linear and point
focus technologies. The linear technologies are the parabolic tcoligbtor (PTC)and theihear
Fresnekollector (LFQ, while the point focusre the solar dh concentratorand the solar towers.

The most usual solar concentrating systems are the linear because the majority of the evorldwid
projects are based on thefrhe linear concentrating systems consist of a linear concentrator and

a linear absorber. The concentrator has a parabolic shape or a segmented parabolic shape, while
the absorber is located to the focal line (or very close to it). PTC is the most realare
concentrating technology, whileFC is rapidly evolving technology which is being well
establishedavith higher potential for improvemerithe advantage of the PTC is the high efficiency

and maturity while the advantage of theFC is the low investmet cost and the decreased

mechanical difftulties during the operation



Figure 2.1 Linearconcentrating solar technologjeg Parabolic trough collector b) Linear
Fresnel reflectofLillo et al., 2017)

2.3 Fresnel Solar Collector

In this kind of collectordue to high concentratiopn er y hi gh t emper atures
canbe achieved. As the sun moves over the day and over the year concentrating collectors
continuallytrack the sun. The functioning principle ofliaear Fresnel collector is similao t
parabolic toughcollector(PTC) but instead of using a parabolic reflector, flaskghtly curved

mirror strips are used to achiedlesired aperture area and approximate the parabolic profile. A
heat transfer fluid (pressurizedater, steam or thermail) circulates through the absorber and
provides thermal energy to tipeocess. The receiver is a fixed one unlike parabolic trough and
thus made up of fewer movinrts which eliminates the need for strengthening materials. The

whole idea of LIE is toprovidecheaper alternativie PTC.



=)
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Figure 2.2: Working principlefdinear Fresnel collector&unther, 2017)

2.3.1 The ConvectionalLFC Design

Linear Fresnel collectds a solar concentrating technology with concentration ratio in the range
of 10/ 50. TheLFC has segmented primary reflectors whicé placed close to the grourithis

design makes the mechanical difficulties due to wind loads to be low and also the land utilization
is low with this concentrating technologB#&harooret al., 2013)

The receiver of theFC does not move and it is located some meters over the gribusidseful

to state that th&FC has a lightweight supporting system which makes the collector cost to be
relatively low. The receiver of tHe=C has usually evacuated tube collector coupled to a secondary
concentrator. The secondary concentrator haarabplic shape which is usually a compound
parabolic concentrator (CPC). Another conventional design is with a trapezoidal cavity receiver
with many tubes inside iT.he drawback of this kind of receiver is that, due to the width of the flat
window, it isdifficult to evacuate which in turn decreases the system efficiency by convection
losses and selective coating is difficult due to air is in contact. In addition to that, the pumping
power is higher due to the number of collector tubes with smaller diarfegare2.3 shows the
conventional receivers dfFC, the trapezoidal design inigare 2.3a and the design with an
evacuated tube coupléal a secondary concentrator igére2.3h
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Figure 2.3: Conventional receiversldiC a) Multi-tube cavity receiver b) Single tube receiver

with a secondary concentrator (BellsdTzivanidis 2019

The primary reflectors can be flat or curved. The flat reflectors are less expensive but they
introduce higher optical losses. The curved mirrors have a parabolic shape and they can increase
the overall optical efficiency. But the curved reflectors have problems because of the need for
curved mirrors and so their cost is increaseduf€ig.4 depcts both thdlat and the curved design
According tothe resultobtained byBenyakhlefet al.,(2016) it has been suggested that a small

deflection of 2 mm is the optimal design for ttf€C primary mirrors.

oy /Flatreciever wd o /Flatreciever
v 4 i, U Sun rays

<3 }'.— Sun rays

~

Flat heliostat

Curved heliostat

(a) (b)

Figure 2.4Primary reflectors of ahFC a) Hat mirrors b) @rved mirrors (Benyakhlef et al.,
2016)
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Related to working fluidshiermaloils, water or steam can be used for various theapyalications

up to 400 AC. The mol t enproduatiort applicatmmshichesea@sos o u's
the molten salt for storage purposksthe work of Bellos et al.(2018)it is reportedthat the

operation with molten salt leads to higher thermal efficiency compared to the operation with
thermal oil and also it is highlighted that the molten salt gives the possibility for operation in higher

temperatures up to 600 AC.

2.3.2 Comparisonof LRC with PTC

The basic competitive technology of thd-C is the PTC. Both are linear concentrating
technologies which present similarities and differences. PTALBGdusually are compared in

energy and financial terms in order to determine the most suitable dbpieeery application.

The similarities of these collectors are based on the linear character of their concentrators. So, the
absorbers are linear and in many cases, the absorbers of the PTC (evacuated tubes) can be used in
the LFC configurations. The carentration ratios are in the same ranges from 10 up to 50 and
generally, the operating temperegs of both technologies can reagh to 4005 00 AC. The
working fluids are similar and they che watersteam, thermal oils anolten salts.

However their dfference is many and importarkirstly, the primary concentratof the LFC is
segmented, while the PTC has a continuous concentrator. So, the wind loads ardlygei @

and low in theLFC (Monteset al., 2017) The tracking system of tHd-C is simpler because the
primary mirrors are rotated close to the ground and there are not great movements of all the

systems.

Furthermore, the receiver of the PTC is moving during its operation whileR@as constant.

This situation makes simpler thermections in theFC because they can be stable and not flexible

as in the PTC. So, the risks for working fluid leakage are lower something that reduces the safety
measures that have to be taken. All these facts makd-thée a lowcost technology comped

to the PTC. Moreover, the design with the segmented mirrors iDRGayives the possibility of

increasing the concentration ratiotmout great land utilization/erdelin et al., 2014)

In the efficiency comparison, the PTC presents higher thermeleeify performance than the
LFC because of the important optical losses of . The segmented primary reflectors

introduce important optical losses due to blocking and shading effectinggathmem Also, the
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optical end losses of thé-C are more impdant tharthe PTC because the focal length to distance
ratiois greater in th&FC, the fact that increases the shaded part of the receiver especially in low
sdar altitude cases (Bellos et al., 201Bijgure 2.5shows thdncident Angle Modifiers IAMS)

for PTC andLFC. It is clear that the existence of tdiferent factors in th&FC, transversal and
longitudinal(IAM L and IAMy), makes the overall optical efficiency of this technology lower than
the PTC which has onigne factor (IAM.

100%
90%
0%
T%
B0%
50%
40%
30%
20%
10%

Incident angle modifiers

0%
0 10 20 30 40 a0 &0 70 80 a0

Incident solar angles (°)

Figure2.5. Comparson of IAM for LFC and PTC (Bellos et al., 2018)

Moreover, it is important to state that both technologies need a single axis tracking mechanism in
order to follow properly the sun position. ThEC is always located with the linear axis in the
SouthNorth direction while it follows the sun in the Ea8est direction. This strategy is also

usual in the PTC systems but the PTC can operate with other strategies such as their axis in the
EastWest diretion and tracking the sun in the SoWbrth direction, as welbs with polar

tracking systeméSharmeet al., 2013).

About the cost, theFC seems to be a less expensive technology compared to the PTC. Generally,
the cost of th&.FC can be found in lower valués the literature such asskari et al., (2017)It

is also important to state that in all the comparative literature studies bdix€eand PTC, the

cost of theLFC is always lower to the PTC, the fact that makes clear thst pelationshifpetween

these technologied~urthermore, the operation and maintenance costs are lower faF@e
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compared to the PTC due to the smaller movement of the ripatme and the stable receiver
(Huang et al., 2014).

In addition, cleaning of nrors is one of the most important facgdor performance and cost.
LFC, with flat primary mirrors and the possibility to position all primary reflectors horizontally
offers the advantage of an easily accessibliaserthatan also be cleaned with vditgle water

consumption.

2.4 RelatedStudieson LFC

Qiu et al., (2014), developed a modftal performance analysis &FC with receiver comprising
evacuated tube and compound parabolic reflector. The heat transfer fluid used in the model was
molten salt. First, optical efficiency was obtained through Monte Carlo ray tracing code and was
then coupled with finite volume methdd evaluate thermal performance. The peak optical
efficiency was found to be 65% and collector efficiencies for all conditions were more than 46%.
The flux and temperature distribution on absorber had similar profile.

Beltagyet al., (2016presentda theoretical and experimental study of a prototype usiegnel
solar collector systenthe theoretical model used to determine varessential parameters design
of the set up that are easily compared to measured data. It has beentlsaiothermal power
productionand daily efficiency are well predicted as compared to measurerfents.250 kW

installed thermaprototype, a thermal daily efficiency over 40% was measured.

Reddy and Kumar, (2014), performed a tdimensional numerical analysis of conveetiand
radiation losses in an inverted trapezoidal cavity receiver with multiple tubes and glass shield. The
study was done by varying receiver dimensions, operating temperature and ambient conditions. In
the optimum design proposed in the research, coirreeand radiative heat losses were 12.76%

and 54% lower, respectively. Furthermore, radiation losses from glass shield were found to be

most significant compared to other losses for all geometries considered in the study.

Sen et al., (2013), studied parftance analysis of small scale LFC with ttube trapezoidal
cavity receiver. The collector was equipped with four bar link mechanism for single axis tracking
and orientation was along NofBouth axis. The collector could produce 2.4hkgnd 6.3 kih

steam at 1.5 bar with reflector area of 5 amd 13 m, respectively.
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In another study a one dimensional heat loss model was developed by Pino et al., (2013), for a
LFC with secondary reflector and evacuated tube receiver. The maximum output temperature was
set to be Yhflowkat. This dodel vdas aompared with experimental results and the
difference between calculated and measured output temperature and heat absorbed by receiver was
found to be below 1% and 7%, respedivélong with this, dunhg theexperiment, the average

efficiency of the receiver was 72%.

Ghodbane et al., (2019), perform a transient humeoical dimensional simulation on a linear
Fresnel solar reflector directed to produce superheated water steam for the power platdgs, in or

to determine its efficiencies (optical and thermal), where the heat transfer fluid mass flow inside
the copper absorber tube is 0.045 kg/s. The optical efficiency of the LFC solar receiver has reached
63.7% where the thermal efficiency has reached %y Wwhile the pressure drop within the
absorber pipe has reached 2.0 bars. As for superheated steam temperatures variations, it ranged
between 233.35 and 263.76, with water steam inlet temperature when entering the absorber

tube is equal to 14%C.

A detailed study on effect of radiation absorption by secondary reflector on receiver heat loss
through thermal resistance model was done by Hofer et al., (2015). Three types of receiver
configurations were considered, absorber with-eeacuated glass envelgpevacuated tube
absorber and absorber tube with flat glass shield. The analysis was done for temperature range 100
to 550AC-20eArCe clatsthle dnd 85818 0 A C  @cale. [Tkehepelosses as

well as secondary reflector surface tempeestwere least for evacuated tube receiver. Also, for
smaltscale applications, it was suggested to use receiver with glass shield because of easier

construction and performance similar to rewacuated receiver.

Two different methods were presented by hsath et al., (2013), to calculate the heat loss and
temperature distribution of a receiver. First ray tracing combined with CFD was used. The thermal
resistance model gave similar results when compared with CFD model, however, the advantage of
latter wasdetailed representation of convection and temperature distribution but was relatively
time consuming. It was concluded that for abs

radiation absorbed by secondary reflector should be taken into consideration.

Foristall, (2008), had performed a detailed thermal analysis of an evacuated tube. He uses both

one and twalimensional thermal analysis. The results were then compared with the ones obtained
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from laboratory tests and good agreement was seen betweegtitted@nd experimental surface

temperatures.

In another study, Xu et al., (2015), developed a thermal resistance model to calculate thermal losses
and useful energy gain in a nemacuated tube receiver with secondary reflector and glass shield.
The resuls obtained from thermal analysis were later used to estimate performance of an LF for

direct steam generation.

A small sized LF was studied by Mokhtar et al., (2016). The collector, located in Blinda (Algeria),
was made up of reflective mirror strips analpezoidal cavity receiver and was used for heating

tap water. The study was conducted both theoretically and experimentally. The theoretical model
was based on energy balance and finite difference method. Results from both numerical and
experimental angbis showed good agreement and thermal efficiency of collector was slightly
above 29%.

Qiu et al., (2015), have proposed a similar study for an LFC with a trapezoidal cavity receiver,
showing that the radiation loss is the dominant mode and contrimatesthan 80% to the total

heat loss from the tubes. In addition, they found that the temperature profiles on the tubes follow
the no uniform solar fluxes and that the heat loss increases with the steam temperature but varies

slightly with direct normal radiance.

A model for optical analysis of a swlazimuth tracking LF@as presented by Huang et al., (2014)
The results obtained from analytical model were compared with ray tracing software SolTrace.
According to the model the totalfieiency of theLinear Fresnel Gllector is 61% and it is greater

than parabolic trough collector which operate at similar condition. In addition to this, it was
observedhat height of receiveaffectsshading ad blocking among mirror rowss height was
increased, shaaly and blocking also went up. Also, width of receiver influenced heat loss

significantly.

A design methd was developed by He et al., (2011®)calculate efficiency of mirror elements
through ray tracing and geometrical study. Simulations were perfdognedrying mirror width

and recerer height using an LF@ith eight mirror rows. It was found that mirrors closer to the
central line of the collector had higher efficiency than outer rows at normal incidence. Furthermore,

in the morning rows on the Eastls performed better than Western rows, howetherreverse
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was observed for the times after solar noon, that is, West side efficiency was higher than East side

during second half of the day.

An analytical approach called RIIGPTIC was developed by ZIi2013) The model was basically

a batch of MATLAB code. The results were validated by comparing with previously verified ray
tracing program SolTrace. The study focused on calculation of incidence angle modifier (IAM)
and suggested that dividing IAM int@rgitudinal and transversal can provide results with

reasmable accuracy.

Bellos et al, (2018),hasdevelopedanalytical expressions for the Incident Angledifiers ofa

Linear Fresnel reflector for the longitudinal and the transversal direcBongle and accurate
formula for all the possible solar angles ranges is created for flat mirrors. The developed equations
are tested with literature data from other studies and from commercial collectors. It is found that
the developed equations lead twarate results with mean deviations up to BAéreover, the

trends of the Incident Angle dlifier curves are the same between the model and the literature
data. It is suggested that, the developed analytical expressions can be used for the quictrcalculati
of the optical performance & Linear Fresnel reflector, as well as they can be used for the

geometry optimization of the collector.

2.5 Worldwide Installed Projects Based onLFC

In addition to theoretical and experimental studm@®jects related to process heat generation
through linear Fresnel collectors have been done. The projects can be small scale experimental
setups and fulsized industrial installation setug3ne of the largest experimental installations is

at Engineerig School of Seville, Spain wherdimear Fresnel collectas constructed on the roof

top which generates steam and produces 1#4kWplied to a double effect lithivtiromide

water absorptiochiller (Pino et al.2013) Thesolar steam system is alsssested by an auxiliary

gas boiler. The pr ojpefermance oftha cobpetdr and suggesbpossiblea | y z
improvements in design in order to comewith a set of guidelines for future projects. According

to the experiments conducted oait e mper at ur e owith 78% averaga absorbér 4 A C
efficiency.
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Figure 2.6 Experimental untiinstalled in Seville, Spain (Pino et al., 2013)

Other previous projects based on similaiCLIs a prototype installation in Freiburg, Germany
whereexperimental analysis was done and another Z3%stem manufactured in Bergano, Italy,

shown in which was coupled with amma-water absorption chiller

In addition to experimental prototypes, an operational industrial setup is insteedtim Africa

at datacenter ad telecommunication company (Industrial solahis roof top unit as shown in
Figure 2.7has a peakooling capacity of 330 kW and used as a power source for driving a lithium
bromidewaterabsorption chiller. Employing suehsystem for cooling purposes brings down both
ozonedepletion potential and global warming potential of the refrigerant to naught. The total
collectorareawas 484 nf and made up of 22 IEmodules (11 mirror rows in each module).
Tracking is donghrougha computer code in which GPS coordinates, date, time and mirror
inclination are contranputs.The receiver is a combination of an evacuated tube and compound
parabolic secondary reflecttr prevent radiation spillage. The working fluid is water which is
heated to maximum temperatrd 18 0AC at 12 bars and return t
of the system is controlled eithiby varying flowrate of the water or defocusing mirror rows in

case of excess energy collection.

17



Figure 2.7 The rooftop installation in South Africa (Industrial solar)

In Jordan, a LF based direct steam generation unit is installadpharmaceutical company
(Haageret al., 2015 The collector comprises of 18 Fresnel modules of 28anh which are set

upon f act dop.ylBesrecaienip évacuated tube place #«rtbabove ground and other
components are steainum, recirculation and feed pumps, treated water tank and steam interface

to the factory. Th@lantcapacity is 222 kWand isused to supplystam at 166 AC and
depicted in thé&-igure 2.8

Customer's
Steam

> Network

(6 barg/ 166°C)

Recirculation
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S

Figure 2.8 Diagram ¢ directsteam L systemin Jordan(Haagen et al., 20)5
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2.6 Thermal Energy Storage

Thermal energy storage (TES) systems allow the storage of heat or cold for later use. The main
use of TES is in all the applications where exist a mismatch between energy production and use
like in the case of renewable energies which are by nature ittiemirand whose availability is
further reduced by weather perturbation. Solar energy is available only during the day, and hence,
its application requires an efficient thermal energy storage so that the excess heat collected during
sunshine hours can beeed for later use during the night. Similar problems occur in heat recovery
systems and industrial processes where the waste heat availability and utilization periods are

different, requiring some thermal energy storage.

Accordingly, power stations have be designed for capacities sufficient to fulfil the peak load.
Otherwise, very efficient power distribution would be required. Better power generation
management can be carried out if some of the peak load could be shifted topghakofbad
period,which can be achieved by energy storage. Hence, the successful application of load shifting
depends to a large extent on the mdtbd energy storage adopte@enerally, it is possible to

divide thermal storage systems in active and passive systems.ivensagtage system contains a
mechanically assisted component for enabling the heat transfer between the system and the heat
source. Therefore, this system is characterized by forced convection heat transfer into the storage
material that circulates throbh@ heat exchanger, a solar receiver or a steam generator. In a passive
storage system, the heat transfer between the system and the heat source occurs by means of natural
convection or buoyancy forces (due to density gradient) without the assisthaly external

devices Active storage systems can be divided into direct and indirect systems. In the direct
systems, the heat transfer fluid (HTF) is used also as storage medium, while in the indirect systems,

a second mediuns used for storing the heat.
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Figure 2.9 Methods of thermal energy storagf@laiselvam and Parameshwaran, 2014))

Latent Thermal Energy Storage

Latent heat storage is based on the heat absorption and release when a storage material undergoes
a phase chang®hase change can occur in different forms: $etitld, solid liquid, solid gas,

and liquid gas. Solidliquid transitions are an economically attractive option for use in thermal
energy storage systems. In fact, these transformations have comparatai&dy stent heat than

liquidi gas, but involve only a small change (of about 10% or less) in volumestdrage capacity

of the latent heat storaggstem with a dal-liquid process is given bifarid et al., 2004):

8 HQ"Y (2.1)

The first term of the second member is the sensible heat of the solid pregs®sents the specific
latent heat and, finally, the third term is the sensible heat oighiel phase. In the Equatidhl1
0  and 0 ; are specific heat of solid and liquid phase respectively "ahds the melting

temperature of the material.

ThermochemicalHeat Storage

Thermochemical thermal energy storage sysigsesan endothermic chemical reaction, where the
energy associated with a reversible reaction is required for $seaiation of the chemicalin

this case, the heat storedyigen by guation:
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0 ®wasQ (2.2)
where @ is the extent of awversion,& is the amount of storage material arxlQ is the
endothermic heat of reaction. Thermochemical materials have higher energy densities relative to
PCMsand sensible storage mediecause of higher ergy density, thermochemicsystems can
provide more compact energy storageatige to latent and sensible thermal energy storage
systems This attribute is particularly beneficial where space fortkieemal energy storage

limited or valuable Drawbacks inclde complexity andigh cost.
SensibleHeat Storage

In sengble heat storage systentbermal energy is stored by raising the temperature of a solid or
liquid media. Sensible heat storage is by far the common method for heat storage, for example, hot
water heat storage is wkér domestic heating and domestic hot water in every household. The

amount of energytsred is given by the relatiqiKalaiselvamand Parameshwarap014)
0 . aé6QYdasd Y Y (2.3)

whereD is the amount of heat stored in the matefiais the mass of storage materil, is the

mean specific heat of the material evaluated in the operative temperature rariyaaddy are

the initial and final temperature of the processpectiely. A large number of materials are
available in any required temperature range therefore, the storage material is usually selected
according to its heat capacity and the available space for storage. Gases have very low volumetric
heat capacity and thdoge are not used for sensible heat or cold storage. Table 2.2 reports some

common materials used gensible solid heat storaggstems (Kalaiselvamnd Parameshwaran
2014)
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Table 2.2Typical materials used in sensible heat storage sygteatsiselvam and

Parameshwaran, 2014)

_ N Volumetric
Material bensity Specific hea_t thermal capacity
[kg/m?] [ J/ kgAK] MM K ]
Clay 1458 879 1.28
Brick 1800 837 151
Sandstone 2200 712 1.57
Wood 700 2390 1.67
Concrete 2000 880 1.76
Glass 2710 837 2.27
Aluminum 2710 896 2.43
Iron 7900 452 3.57
Steel 7840 465 3.68
Gravelly earth 2050 1840 3.77
Magnetite 5177 752 3.89
Water 088 4182 4.17

2.7 Concrete Thermal Energy Sorage

The TES system using concrete as the sensiblesh@@ge media is usually implemented by
embedding a tube register heat exchanger in concrete to transfer thermal energy to or from the heat
transfer fluid(see kgure2.10. The advantages of concrébermal energy storaggstem include

Low cost of thamal storage media,

Relatively adequatkeat transfer rates into and out of concrete,

i
i

U Available in worldwde

U0 UncomplicatedprocessindEasy on site processingnd
a

Aggregates for concrete available everywhere clyeapl

As a result, the application @bncrete system is an attractive option regarding investment and
maintenance costs solar thermal processes
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Figure 2.10 Concrete thermal energy storage (without insulatjga)entina et al., 2014)

Concrete materials for thermal storaaye principally composedf a binder system, aggregates
anda small amount of auxiliary materials. Ttreermoephysical properties of the solid stoeag
materials, such as densitgpecific heat capacitythermalconductivity coefficient ofthermal
expansiorand cycling stability as well aavailability, costs and productianethods are of great
relevance A high heat capacityeduces the storage volume and a hitifermal conductivity
increaseshe dynamic in the system. Theefficient of tlermal expansionf the storage material
andthe embedded metallic heat exchanghould fit A high cycling stability ismportant for a

long lifetime of thestorage.

With respect to thesechneeconomic aspects, higbmperature resistant concretedeseloped
for parabolic tragh power plants is proposedsastalde solid storage materidléinget al, 2008)
For thehigh-temperature concte blast furnace cement is usad binder, again iron oxides are
usal as main aggregate, as wellflae ash anggain a small amount of auxiliary materidltie
material properties have beanalyzed at German Aerospaan@r (DLR) Shear stresanalysis
has proven that the contdmtween tubes and the solidvisry good at ambient tgmerature as
well as at elevatdtemperatures until 35C.

Between 1991 and 1994, eavconcrete storage modules wéssted at the storage test facility at
the Centrdor Solar Energy andlydrogen Research (ZSW), a resdeCentrebelonging to DLR,
in Stuttgart. ZSW in collaborationith other companiesxaminedhe performancejurability and
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cost of using solidhermal energy storage mediaparabolic trough power plantsh& system
uses the standard HTirthe solar field, which transfers igat through an array of pipsgstem,
imbedded in the solid storageedia The main advantage of thegpproach is the low cost of the
material, including a goodatact between the concrete gmping, and the heat transfer rates into

and out of the solid medium.

These tests took place in thieafforma Solar de Almeria (PSH)Southern of Spain during 2001
2006. DLR performed initialesting and found that both castable ceramic and-eigiperature
concrete were suitable for sblmedia, sensible heat storaggstems. However, the high

temperature concretefigvored

German aerospace center has performed an experiment ostsrdige based on concrét@ing

etal, 2008)A2 0 mj s o toragk test enddul@was built 8tuttgart and is cycled by an
electically heated thermal oil loop. By end of Oc&nt2008 the solid media storage test module
had accumulated four monthsageration in the temperature rangevisn 300and 400A C a n d

about 50 thermal cyclesith a temperature difference of 40 K.

A onedimensional unsteadyodel of the heat transfer ardergy storage in a solid heat storage
module was developed using a nfatl lumped capacitanagaethodin thework of Yongfanget

al., (2014).The methodis valid for large Biot numbers with thetroduction of an effective heat
transfercoefficient. Experiments using water as the heat transfer fluid@aate as the storage
materialwere used to validate the model. The model was used to anabgimdrical energy
storage unito study the eergy storage in the storage module and optimize the design.

Rungrudee an8ukrudee(2016) made an experiment on solid storage based on comcagéeial.

The thermal energy storage prototype was composed of pipes embedded in a concrete storage
block. Thestorage prototype had the dimensions of 0.5 x 0.5 x 4 m. The charging temperature was
mai nt ained at 180AC with the flow rates of (
temperature of the discharge was mafiathérmal ned a
energy storage prototype was investigated for charging/discharging process. The experiment found
that the increase or decrease in storage temperature depends on the heat transfer fluid temperature,
flow rates, and initial temperature. Thesegy efficiency of the thermal energy storage prototype

at the flow rate of 0.012 kg/s was the best because it dramatically increased and gave 41% of

energy efficiency in the first 45 minutes after which it continued to rise yet only gradually. Over
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180 mnutes of operation time, the energy efficiency at this flow rate was 58%thanexergy

efficiency was 38%, respectively.

Jian et al., (2014), studied @nedimensional unstely model usingthe modified lumped
capacitance method for a solid cylindricaloncrete heat storage unit. A modar
charging/discharging contrdtrategy is proposed to improve utilization of the solid storage
material. The control strategy of modutdrarging/dischargingsing two modules could increase

the storage material utilidgan from 33.4% to 38%.

Bai et al., (2008), studiesensible heat storage unit with a hollow cylinder of sofiddia semi
analytically. The heat transf@rocess in the heat storage medium was solved by usimgesymal
approximate method. The forced centive heattransfer inside the tube was coupled with the
heat conduction in the heat storage media. This method enalibdaation of the performance of
the storage device itransient conditions. Different heaansfer fluids such as water and air with
variable thermalproperties dependent of temperature are usexlculations. Concrete and cast
iron are selected as hestbrage materials. From the simulation results presentenisipaper, the
thermal conductivity, the distance betweéme tubes, heaatransfer fluid, tube size and flow

velocity arethe key parameters for such heat storage unit design.

2.8 Conclusion fom Literature Review and Research Gap

The previous literature review shows that using LFC for process heat generation in industries is a
promising choice. The thermal and opticalfpemance characterization ¢iie collector is the

main focus point of the studies. Adequate performance, couplededatively low cost makes

this collec® applicationfeasible.The collectorhave been appliein many applications such as
electricity production, steam production, spaoeling and desalination etc. Various systems have
been studied worldwide, especially in locations with relatively high solar potdatibpia, as
located near the equatos, @ country with high solar potential, which reachesk8\&/n?/day
(Samuel and getachew, 2Q1Adama is relatively hotter climate city in Ethiopia; and it is a
representative location for solar energy utilizati8n, in this paper, a comprehensive madel
developed to study the energetic performance of LFC by integrating it with a concrete thermal

energy storage.
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The model is based on previously discussed works, but umidst of researches presented in
literature where main focus is optical or thermal performamcelackdetailed studies about the
daily performance and characterization of integrate@ds, this research presents a diurnal analysis
of the collector by integratinigg with a low cost, newly emerging concrékeermal energy storage

in Adama weather condition.
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CHAPTER THREE

PERFORMANCE ANALYSIS OF LINEAR FRESNEL
COLLECTOR

3.1 The Examined Linear Fresnel @llector

The examined linear Fresnel reflector is depiateigure 31 where the main dimensions of this
collector are given. This collector has been also exanbg¢Haageret al, 2015;Christianand

Oliver, 2012. Main components of the system are

1 Supportingstructure (1)
1 Primary reflectors (2)
1 Receiver, consisting of secondary reflectors and absorber tubes (3)
The collector has a receiver containing an absosliéra selective absorber coating. A detailed

thermal performance of the receiver is presented in the next chapter. Mofkaier31 gives

data about the receiver and the overall collector system.

(3)

Figure 31: The exanmed linear Fresnel collectarith three modulesHaagen et al2015
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Table 31: Specifications of the linear Fresnellector.

Primary mirr or geometrical specifications(Industrial Solar LF11
Technical data sheet)

Width 7.5m
Parallel mirror rows 11 m
Aperture width 55m
Height X 45m
Aperture area per module 22 nt
Gap between mirror rows 0.2m

Receiver geometrical specifications( Mokhtar et al., 2019, Industrial So)a

Receiver length 4m

Inner absorber diameter 0.066 m
Outer absorber diameter .070 @
Inner glass cover diameter 0.125m
outer glass cover diameter 0.115m

Optical specifications( Mokhtar et al., 2019 Schott Solar CSP GmBH

Primary mirror(coated glass) reflectivity 0.94
Absorber absorptance 0.95
Absorber emittance 0.09
Glass cover absorptance 0.02
Glass cover emittance 043
Glass envelope transmittance 0.95

Intercept factor 0.94




1. Geometry
The simplified two dimensional geometry of the examibe@ is given inFigure 32 with details.
This LFC has flat primary mirrors with a widtlw( ) and thedistance between the mirroi® ().
The focal distance (F) and the distance of every mirrgraffel thepositionangle ¢ ) are also

important parameters of the collector

Abbas et al., (2018romparé different secondary reflectashapes, more specifically the
compaind parabolic concentrator, theaptive design concentrator and gegmented parabolic
secondaryconcentrgor (CPC). From thes€€PC shows a higher efficiency for higher heat flux
ranges. In this studyor possibility ofoperation at higher heat fluxes CPC is used as a secondary

concentratorln addition,thiskind of concentrator is simple in design and construction.

-(b 1
>

o
[
<4

Figure 32: A simplified modelfor anLFC, Adopted from(Bellos and Christos, 2018)

The total collector widthd ) is equal tqBellos and Christos, 2018)

@ ®» W (3.1)
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The collector widthd ) is the distance between the centers of the mirrors in the right and in the
left sides. Btally there areq0  p) mirrors. The parametec) is calculated aBellos and
Christos, 2018)

W ¢ poO (3.2)

The location okvery mirror () is calculated as
o O (3.3)

2. Aperture Area
The aperture area of a reflected element is an important construction paramst#dapidiation
concentrating ystem as it determines the maximum solar radiation captured. The aperture
area0 , of each reflective element,is calculated as the product of its aperture wighth,and its

length,0 :
0 wd (3.4)
If the size of each mirror is the same the total aperture area is found by multipyaagon 34

by n (number of mirrors).Thus the selected collector has an aperture aremab@2module.

The distance™0 is calculated as:

O 0O Q0 (3.5
The position angles( ) of every mirror can be calculated (@®llos and Christos, 2018)
AT O p Q — (3.6)

Table 32: Position angle of each mirrors (symmetrical mirrors have equal angle)

Mirror number 1 2 3 4 5 6
Position agle¢ ) | 0.0 | 9.92| 19.29| 27.69| 34.99| 41.19
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3. Concentration Ratio

The concentration ratio @& solar radiation concentratingssem is another important parameter
which affects the const r wpgetatingteniperatuees éf ihasseme nc y .
The concentration rati,is defined as the ratio difie direct solar radiation flux incidenh dhe

aperture of the reflectpiO, to the solar radiation flux concentrated on the recei@er,

0 — (3.7)

However, theconcentration ratio, C, can be determined without any measurement. It is
equi valent to the ratio ofo  totherecewdrillummdtedr s o6 e f

aperture ared) .
0 — (3.8)

Another possibility is to take the irradiated absorber surface area as the receiver aperture area.
However, since the reflective elements are not arranged perpendicular to the incoming solar
radiation, their effective aperture swéais smaller and the collected solar radiation is lower. The
effective aperture ared, , of the I" reflective elements as encountered by the approaching solar

light rays in the transversal plane can be calculated by the formula:
O o 8oéHD (3.9)
Where () is the solar radiation incidence angle on theeflector.

3.2 Tracking Angle (Mirror I nclination)

LF is equipped with single axis tracking system and it changes the inclio&tromors throughout
the day. The inclination angle Y depend on position of sumeight of receiver (F) and position of
the mirrors relative to central axis andasnd by means dEquation 311 and using geometries

shownin Figure 33.
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Figure 33: Slope of primary flat miwr in theLFC (Bellos, 2013

In order to obey to the Sndllescartes low (the incident angle is equal to the angle of reflection),
each mirror admits its own normal surface. The tracking anglies then defined according to

Rabl (Bello and Tzivanidis 2018, as the tilt angle: angle between the horizontal plane and the

plane containing the reflective mirror:

[=— (3.11)

Wheres is the angle between the optical axis and the line joining the mirror and the receiver (the
position angle of each mirrors), ardis the transversal incident angle. At noon, the incident angle

is close to zero, and then the tracking angle is:

r = (312
On differentiatingequation 311 with respect tdime:
— -— (3.13)
According toEquation 313, the rate of changepf depends sol ely on sunds

tracking for all primary mirrors can be achieved with a single motor with constant angular velocity.
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However, in practice, each primary mirror has its own tracking motor to increase tracking accuracy

and ease aénergy dumping.

3.3 Optical Efficiency

The main objective of the optical analysis is to determine the amount of energy from solar rays
reflected from mirrors and intercepted by the receiver at any sun position. The ratio of solar energy
absorbed by the receiver and solar energy that impinggeeaeflectors is the optical efficiency
andforatFC, it depends on sunés position, focal | e
above the primary mirror plane, width of primary mirror strips, latitude of location, gap between

the mirror stpps and number of parallel mirror rows. In addition, the optical efficiency relies on

many factors such as tracking error, geometrical error, and surface imperfections.

Similar to other linear concentrating collectors like PTCs, the optical performangsisraila

LFC systems can be evaluated by studying and analyzing the influence of the most important
phenomena. These are shadowing by the receiver and adjacent reflectors, blocking by adjacent
reflectors, refl ector s o spilageme theereceiverr Sun traekind ect e
errors,andmaterial characteristicé\s a consequence, the optical analysis plays a significant role

in LF systems design. It is also important to know that optical analysis of a the collector is purely
geometricalependent due to the fact that the directions of sun rays and the considered phenomena
(solar rayso reflection and refraction) are |

The optical efficiency of linear Fresnel collectors is a function of dimensions, design parameters,
material properties and environmental effects. The efficiencies due to environmental effects are

not considered hellgecausehey are difficult to parameizie.
— — 8 8 g g (3.14)
Where:

1T — describes the reduction of the optical efficiency due to soiling of the reflgittors
is considered to be equal toas it is difficult to be parameterized and prescribed and

depends othe reflectors cleaning/stem
T - accounts for the energy losses due to the fact that when the incident angle of the
solar radiation is different from the normal, a part of #feected solar irradiation misses
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the receiver, while at the same time another part of the receiver does not receive any solar

radiation at all.
1T - and — account for shading and bl ocking

elevation angle, iBbw, or else, Sun is near the horizon.

1T — occur due to cosine effect
The optical efficiencys , can also be described using the product of the maximum optical
efficiency,— and Incident Angle ModifiedAM, as expressed by Equatiori3. The optical

efficiency at normal incidence on perfectly clean reflectors which are not shaded and the reflected
solar radiation is not blockad given by Equation.26 (Mohamed and Amr, 206

— — - 800 0 (3.19
_ 18 383 (3.16)
In Equation 3.15 and 3.1 represents the absorbeatiiation. “® represents the beam

component of solar radiatioffi, ” ,[ , and represents the transmitivity of glassver, reflectivity
of primary mirrors,Intercept factomndabsorptivityof the absorberrespectively The intercept
factor] isdefined as the fraction of the reflected radiation thiaicislent on the absorbing surface

of the receiver.
Incidence Angle Modifier (IAM)

A linear Fresnel collector attains peak optical efficiency in case of normal incidence and there is
decline in optical performance at afbrmal incidence due to dependence of optical properties of

the collector ondirection of incident sun raysSo IAMisused to correct t h
performance at normal in@dce to off normal direction®ello andTzivanidis, 2018 In case of

LFC, biaxial 1AM is required, that is, one for transversal incidence anglgand other for

longitudinal () as shownn Figure 34.
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Zenith=0

Figure 34: Transversal and longidinal incidence angle for IG~(Wagner, 201p

The relationrbetween—, s ol ar azi mut h ¢ osNorth&outth orimtatiorais al t i

shown in Equation.37 and for— by Equation 318.
OAF+ | q: A+ (3.17)
OAF+ AT10 OAF (3.18)
Zenith angle+{), can be found from the relation given (@uffie and Beckman, 2013)
ATS6 ATOBATIOATIO OEd 8FI (3.19)
Here,» represents the longitude of the locatiornthe hour angle ard the declination angle.

The IAM is determined by takg product of two componentdylphamedand Amir, 2016pas

shown in Equation.20.
00 0—h— 06 G—hmt 206 Uh— (3.20)

IAM is a complex parameter and its calculation usually needs a ray traciwgqusplike TracePro,
Tonatiue or 8ltrace.It is computationally intensive process as the method relies on generating a
large number of vectors (rays) and calculating their interaction with optical matersiever
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the model develogk by Bellos and Christos (2018hows that the IAM can be calculated
analytically with reasonable accuracy. The model is developed for flatrewmtoch neglects the
existenceof curvaturdan primary mirror field Theanalytical model accounts the following optical
losses:

{1 Cosine losses
1 Shading losses
1 Blocking losses
1 End losses

The transersal IAM can be expressed as (Bellos and Christos, 2018):

000 —=AT & OE+ for— —j (3.21)
060 —=AT O — OE+ —8—— for — —y
................................................................................................................................... (3.22)

The expressiom Equation3.22 utilizes only primary perimeters of the collector geomedsy,
O ,+ ,0 and F) and the transversal solar angte)( The mean value of the angke () angle

can be calculated as follows:

s oo~ A s <

. cAOA AL — (3.23)

Where;
—hoi Q08 ¢ ®p& LK T Y PXxX— PP BY (3.24)

The par ame tatoof the mijror width td tiealistance between the mirfoes=/O ).

The angles{hb1 )@ad ¢ ) are in degrees. Moreover, this equationatd for the following

conditions:

QT ° X Ttand
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T® O L

The longitudinal IAM can bexpressed ithe following expressio(Bellos and Christos, 2018)
VOO0 — Al©S -8p — &E+ (3.25)

Equation through 3.21 taZb can be used to calculate the daily IAM for LFEgure 35 shows
variationof IAM with incident angles and Figure63shows the hourl{AM variation of January

17 for Adama in nortksouth orientatiofEastWest tracking)

Incident Angle Modifier

1.2 — @—eLongitudinal

1 —o— Transversal
0.8
Z 06
0.4
0.2

0 10 20 30 40 50 60 70 80 90
Angle (Degree)

Figure 35: Incident Angle Modifieivs. Angle of Incidence

Hourly Incident Angle Modifier of the LFC for January 17
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Figure 36: Hourly IAM of the LFCin January 17or EastWest tracking
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To simplify the analysia daily mearincident Angle Mdifier is usedn this paper

Daily mean IAM of the LFC

0.79
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0.7

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Month

IAM

Figure 37: Daily mean Incident Angle Modifier for Adama in Not8outh orientation

The absorbed solar energy, which is reachingatteorber can be calculateg (Mohamed and
Amr, 20186.

f — G f |8 888060 O 8§ (3.26)
Where:®is the been component of global radiation.

Concentrated solar power technologiéize only the beam component of the soatiations and
beam radiation reaches the earth surface without any hindrances (absorgtrefietion) from
the atmosphere. The estimation of solar radiation is present&ddiion 3.8based on Adama

weather condition.

3.4 Thermal Performance of the LFC

Useful energy gain by the heat transfer fluid in the absorber tube section of the LFC is given by:

n a 6 Y 5 Y i (3.27)

Where
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1 1N represents useful hegénerated

1 & the mass flow rate of HTF
1 6 the specific heat capacity of HTF
1 Y jand’Y § theinlet and outleiemperaturérom the LFC

The HTF is assumed to be in a single phase region in its woikingerature range. So only
sensible heating should be considered in useful energy calculation.

The instantaeous thermal efficiency of the LFE, , is calculatedbased orthe heat gainsolar

intensity and apertura&ea of the collector and given as

S — (3.29

The heat gain of the circulating water in the pasta dryingtijne,, can be given by:
n a o "Yq "Yp (3.29)
Where

1 & represents the mass flow rate of water
1 ® the specific heat capacity of the water

T "Yy and”Y}; the inlet and outlet temperature of the water

3.5 Description of Industrial Processand Requirements

The drying stage of the pasta productioPAh-Wan Food Complexequires a large amount of
thermal energy necessarytothigp r oduct . Super hamad.®bdr(guadistate) at
is used to control temperature and humidity conditions of the pasta drying tunnel. The drying
tunnel consists of a series of drying sections namelydpyer, dryer, stabilizer and humidifier
each of them with different temperature need. The drying psoieseach production line is
managed by a Programmable Logic Controller (PLC) which, collecting data from sémsors

manageclimate regulation within the different areas (sections) of the dryer.
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The pasta making process needs, besidestbigperaturéhermal energy required for drying the
product, even cooling energy. The product must be cooled from drying out dmehth@oduced
during the extrusion of product (the extrusion pressure igtdlfi) bar) must be dissipatd&bth
these sections are eqped with a cooling tower and a vapmmpression refrigeration chiller.

However these energy needs are out of the scope of this thesis.

3.5.1 Thermal Energy Consumption

As stated before, the thermablds are due to the heat requioéthe pasta dryers thatgloy 140

A @ind 4.5 basuperheated water. The temperature of superheated water at the exit of the dryers
is aboutl20A @vith a mass flow of aboutl kg/s The superheated water is also used to produce
hot water( 4 5 ndc&syary to obtain a good mixture in kneaders. The water is heated using a

conventional water super heater which uses fuel as a primary energy source.

The currently installed heat generationteethas a boiler with 1760 kW rated thermal outgoud
1933kW rated heat inpuBased on this, the boiler has an efficiency of 0.91 neglecting the decrease
in efficiency with time.The Nameplate ofhe boiler can be found in APPENDIGANNEX B).

From The factoryheating load was found by investigating the andiegel fuel consumption, the

number of working days, the boiler efficiency and the net heating value of the diesel fuel.

Based on the c oexpedencegadswedko of ghainteeancm schedule with no
productionper yeaiis consideredTherefore there are 351 working days per y€he net heating
value of diesel fuel is taken as 38 MJMtom Table 3.3we can infer that the industry consumes
about 740,918 liters of diesel fuel per year which corresponds to 845 kW of gdweanonthy

fuel consumption of the industry shows that there is a quite flat annual thermplddides and
differences occur mainly due to electricity supply fluctuation in the city which forces the factory

to stop production.
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Table 3.3 Monthly fuel consumptiorof the factory (ARWan Food Complex)

Fuel consumption(Liter)
Month
July 2017-June 2018 | July 2018June 2019

January 58806 37647
February 85436 51609
March 69303 48920
April 70634 54403
May 69200 67480
June 82909 68952
July 76864 65181
August 62310 61241
Septembel 73552 67317
October 65840 63086
November 32940 54787
December 33950 59470
Total 781744 700093
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3.5.2 Integration Concepts

The most important criteria in industrial process heating system dedigdistinguish the level

at which solar heat is integrated. As describe®astian (2016)it can balistinguished between
supply level and process level. Many industries lzasentral boiler house for heat generation and
distribution. Mainly naturafjas or fuel oil is used to generate steamressurizeavater, which is
transferred via a central distribution system to the different decentralized heat consuming
processes. A general distinction between supply and process level seems reasonabliéyto simpl
the integration of solar heat, since generalizations regarding the required temperature levels can
be done and thus conclusioregiarding suitable collector technologies can be dr@®astian,

2016).

3.5.2.1 Process Level

The integration at process level usyaomes along with lower solar set temperatures, since all
process are operated below the supply temperature. However, the effort for integration of solar
heat can be higher compared to supply leiwethe case of Alwan Food Complexthe process

for thisintegrationconceptcan be prarier 41-65 A §; drier (79-86 A I and stabilize(68-69

AT sections of the drier tunnel or to produce
in kneaders.
Pl
Qeonv. _—
5, Ao |
HE I|
Process ¥ i
e /5
I_;:- =k |'-f

Figure 38: Integrationconcept for solar heating of product or process media with external heat

exchanger at process level (Bastian, 2016
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3.5.2.2 Supply Level

Generally, the integration of solar heat at supply level is less complex compared to process level.
Besides the heating of make water, all integration concepts come along with high set
temperatures that have to be provided by the solar heating systermifimum set temperature

for a solar heating system is approxi mately
respective system concept (parallel or serial integration) and the boundary conditions of the heat
generation and supply system (hadter or steam circuit) Therefore, the integration on supply
level should be preferred in regions with very good irradigiBastian 2016).

Using concentrating collectors at locations with sufficient direct irradiation, solar steam can be
generated thatsifed into the existing heat supply system. Therefore, the integratiocept
illustrated in Figure ® can be applied. In additioconcentrating collectors with pressurized water

or thermal oil as heat transfer medium are used to feedt &ke@angerThe produced steaor
pressurizedvater is fed into the process line and provided to the different heat loads within the

factory.

SL_1 i il

il I
L N i N
- 1. y Concentrating collectors

‘ pI‘ I- -

Condensate
Exhaust tank
gas
— - o
b 4 Ce 55
i
Boiler feed water p—

o . 5 "

i : Steam boiler 1 Degasification Jﬁh
Condensate retumn

tritt

Figure 39: Integration concept for indirect solar steam generaticgupply level (Bastigar2016)
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Even though most industries employ a steam for processes some of them may use circulating
pressurized water or oil. In this study the heat transfer fluid through the process is pressurized
water so a similar integration concept can be taken as in indtesnnh generation with a simple

modification.

3.5.3 Solar Integration for the Direct Production of Thermal Energy at

Supply Level

As discussed beforéghe knowledge of where the solar heating syseemtegrateds critical. A

supply level integration is chasénere due to the availability of adequate solar radiation in the
factory location i.e. Adama and its simplicity in integratitins also important to note that the
contr ol system s holategdating in a precess levelpcanointerfesetel .
production process which is already existed. The solar heating system is designed to cover the
daily energy requirement of the factancluding night time. The possibility of integrating the
conventional production of thermal energy by means of a ptdat is with aconcretethermal

enggy storage is illustrated in Figure 3.10he solar thermal plant can be described by the

following three basic elements:

1. The pasta factory thermal plant, where the Heat Transfer Fluid (HTF) is superheated
water (circulating with a Mass flow rate ol kg/sat 4.5 bay which must beegularly
heatedfrort 20 AC t o 140 AC

2. A concentrating solar thermal power plant made up of a system of-s@@llinear
Fresnel ollectors which heats the HTF abote4 0 (aé fGnctions of theirect normal
irradianceand the external air temperature);

3. A sensible thermal energy storage constituted of concrete

As a food production factory the industry has its own food safety standard so the HTF flowing
through the solar colttor and thermal energy storage igoad grade oil (ParatherNF) to

prevent any possible toxic contamination of the superheated water passing through the heat
exchangerA shell and tube heakehangers used to hydraulically disconnect the solar plant from

the pasta factory production lines, allowing the transfer of the thermal energy from the oil to the

superheated water.
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Figure 3.10 Schematic diagram of the proposed systemifeWan Food Complex

The LFC solar field consists of a number of modules connected in series and parallel arrangement.
A parallel arrangement of the whole solar field witheemodules in series is used for analysis.
Therefore the total mass flow rate in the solar field is the product of the mass flow tfateein
modules by the number of parallel lindsis alsoimportant to note that the water circulating
through the indusy drying section is at liquid state.

3.6 Collector Loop Pressure Drop

Classical formulae are us@o evaluate the pressure diapd power requirement along the LFC
pipe systemProperties are evaluated at average temperature in the absorber. The estirttaion of
pressuralrop iswith an assumptioaf internal flow in a straightipe (neglecting joints and bends)

to have an order dhe magnitude idea of the power requirement in the loeg.
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The Bernoulli s head | otesas#e unctionr of Basnifgceon dr o p ¢

factor, f.ZigrangSylvester equation is used to evaluate the frictienttaor , where U i s
roughness of the pipe matefalf or steel U =0.015mm)
— i< e i< (3.30
B g & '
YO ¢Q— " z (3.31)
h
0&€0QYDz0 Qw (3.32

In Equation 3.30 through 3.32

O j represents internal diameter of the absorber pipe
'Y'Q the Reynolds number inside the absorber pipe

the density of heat transfer fluid

Y0 the pressure drop

1
1
1
1 V the velocity of the HTF inside the pipe
1
1 0 the total length of thabsorber pipe

1

Q thevolumeflow rate inside the pipe in {fs.

3.7 Heat Exchanger

Figure3.11shows a schematic of an adiabatic countercurrent heat exchanger with inlet and outlet

temperatures and capacitancesaf the hot and cold fluids.

THTE,
THtro

(O( Cp) HTF

(G CP)W T » Two

Wi

Figure 3.11Schematic of an adiabatic counterflow heat exchafigéffie and Bechman, 2013)
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The heat transfer based on the maximum possible temperature dropaifflbel fromHTF inlet
temperature’Y ) to water inlet temperaturé¥() can be expressed @3uffie and Bechman,
2013:

0 abd Y 5 Yy (3.33)

The maximum possible temperature rise of the cold fluid wouldrdra “Yy to Y . The

corresponding maximum heat exchange would be
0 adw Y 5 Yy (3.34)

The maximum heat transfer that could occur in the exchasigfeus fixed by the lower dhe two

capacitance ratesg @ and is given by:

0 ad Y & Y (3.35)

0 aw Yy "Yj aw Y o5 Y R (3.36)

The actuaheat exchange Q can also bkated with overall heat transfer coefficient U and mean

temperature differenc¥’Y which can be written g®uffie and Bechman, 20)3
1 Y'Y (3.37)
Where A is the total surface area of heat exhanger.

Effectiveness, is defined as the ratio of the actual heat exchange that aocthhe maximum

possibleDT0

) I _h (3.38)

Since either théot a cold fluid has the minimum capacitance rate, the effectivenesslwags
be expressd interms of the temperatures only.The working equation for the heat exchanger can be
given by (duffie and beckma013.
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0 aw Y n Yi (3.39)
The dimensionless capacitanrate is given by :
0o —- (3.40)

Once and the effectiveness have been calcualted, the actual heat transfer between fluid

streams can be determined as:
Qr Qp —. (3.41)
The exit enthalphyQ , of the HTF is determined from an energy balance on the fluid:
Q 5 Q 5 — (3.42)

The Y 6for the heat exchanger at the reference state is provided as a parameter to the exchanger
model.at partial loads, theydwill decrease with the decreasing flow rates of the streams. The
relationship between the referend@flow rate and a reduced dflow rate can be derived. The

"Yoof an unfinned, tubular heat echanger is defined as the total termal resistance to heat transfer

between two fluids.

— — (3.43)

Where:

"Qrepresents convective heat trnasfer coefficient

0 is surface area

'Y is fauling factor,per unit area

Ois diameter

(s the thermal conductivity of the material between the fluids

L is the length of the heakchanger

=4 =4 4 4 -4 -4 -

Subscripts i and pefer to inner and outer tube surfaces
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If it is assumed that there is negligible fauling in the heat exchangers and that the thermal resistance
through the tubes can be neglected.With this assumptions, EqBat8is reduced to:

- — — (3.44)

"Ybis a function of the inner and outer surface areas of the tubes and the heat transfer coefficient

of each fluid. The surface area of the tubes will not change with partial load conditions.

3.8 Solar Radiation Estimation

For concentrator solar thermal enesggtems, the tasks of performance simulation and succeeding
economic evaluation require accurate estimates of direct beam irradiatio histdata is
available from some weather ground stations. Solar irradiation data can also be derived from
satelliteimagery, where models of surface and cloud reflectivity allow the solar radiation at ground
level to beestimated with reasonable accuratliye purpose of this sectias therefore to use the
available sources of solaradiation data, which is foxd fromNational Metrological Agencyo

arrive at a good estimate of the solar resource at Adama city, in such a way that subsequent
modelling can predict the LF&y/stem output with some confidence.

In this paper an empirical model to predict and estimate sad&tion is used due to the fact that
there is a scarcity of trustworthy solar radiation data in the region. These models use climatological
parameters of the location under study. Among which sunshine hours are the most widely and

commonly used.

3.8.1 Calculation of Extraterrestrial R adiation

Extraterrestrial radiation is the amount of energy received per unit time on a unit area of a surface
perpendicular to the sun outside the atmosphere of the Aaréstronomical model is used for

det er mi ni pogition iftlee sk (as s@en frdkalama) as a function of the day of the year

and of the time of the day. This model allogadculating for each day of the year, the day time
duration, andO , the global daily solarrradiation (J/raday) received by &orizontal surface

located at the upper limit of the eadttmosphere.

Solar hour angle should be calculated first and to calculate the houn arglany time for a

specific location, a correction between local time and solar time must be $odaidime is a time
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based on the apparent angular motion of the sun across the sky with solar noon the time the sun

crosses the meridian of the observer and it is given by (Duffie and Beckman, 2013):
[ € a0Ra QR 0 W& DARAR 0 0 O (3.45)
Where 0 represents Standard Meridian for the local time zone; in degreestiéstp

oepmd represents Longitude of the Do®@a36®A in

The parameteDis the equation of time (in minutes), and is giver{yffie and Beckman, 2013):

O GBI NMNMYBITTP WEY IT8rto ¢ TXNK M8Ip T @EFdg 18T TP ....(3.46)

In equation3.46 B is obtained by using equati@uffie and Beckman, 20}3
6 & p— (447)

Wheret is the i day of the year, thus ¢ o @ U

Hour Angle: angular displacement of sun east or west of the local meridian due to rotation of earth
onits own axis at 15A/ hour ; mor ni ngDuffieandt i ve,
Beckman, 2018

1 p LI € a0WRA @ ¢ (3.48

Declination angle, angular position of the sun at solar rfaen when the sun is on the local
meridian) with respect to the plane of the equator, north posit2e3 . 4 8@ 3. 45A. Th

declinationd, can be calculated using the approximate equation of C¢Dpéie and Beckman,
2013)

1 (@ OE+ cquyrtt (3.49
Wheren is the ' day of the year.

The zenith angle—, the angle between the vertical and the line to the sun that is the angle of
incidence of beam radiation on a horizontal surfadee relationship between the angle of
incidence—and the other angles is given uffie and Beckman, 2013)
WET Qe HIOET Qe DOET ODEN 1-@ET T ©E Q7

WET 1ol Qf e Qe § QeET i QT i Q&7 (3.50

50



If the slope] , and the surface azimuth angle, are zero, the abovaentioned relationship can

be simplified to obtain the zenith angle:
WéE+ Qéd OEiDETT Qe i Q8 (351
Where:e refers to the latitude and is equaBt&4 for Adama.
At sunrise, the hour angle magnitule,, and the local solar tim8, 4 , arecalculated as follows:
0 5 OO0 dhe (3.52)
34 pg — (353
The local solar time at suns8t4, is given by:
34 pg — (3.59)
Thus, the day time duration, N (h), equals:
0 — (3.55)

The global daily solar irradiance received bya@izontal surface at the upper limit of earth

atmosphere, is calculated as follows (expressed ifvday):
O ——0 p WOl 6— z HEQ e HEI O Qe i Q& (356
WhereO is the solar constant, is 1367 W/m

3.8.2 Calculation of Monthly Average Daily Global Radiation on a Horizontal Surface

The monthly mean daily global radiation on a horizontal surface may be estimatesiifrsinme
records by the modified Angstronorrelation, as suggested by Page and otherBa§ig and
Beckman, 20183

— D GO (3.57)

WhereOis global daily solar radiation on horizontal surfé€ejs the global daily solar radiation

outside of the atmosphere for the same locatioand ware empirical constants, (Values are
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evaluated by regressiorg), is the daily hours of bright sun shine andis themaximum possible
daily hours of brighsunshine.

The regression parameters a and b can be obtained from:
W TP P CDE | %D ¢ 6 (3.58)
O P8 T WD LVWE | %P WE (3.59

Brighter sunshine hours of representative
12 days of each month
I 1 I I

10}

Sunshine hours (hr)
(#)]

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Month

Figure3.12 Bright sunshine hours for the representative days of each rowridama(Ethiopia
National MeteorologyAgency)

3.8.3 Calculation of the Beam and Diffuse Daily Solardradiation on a Horizontal Surface

The monthly average daily diffuse radiation on a horizontal surf@cesan be determined from

the monthly average daily global radiation on a horizontal surface and the number of bright
sunshine hour@uffie and Beckman, 2013):

— TWopPpTAP = (3.60)

The daily beam solar radiation hitting a horizontal surface at ground '®vell/nfday), is

52



can be found by simple deduction:

0 0 0 (3.6

Figure 3.13Monthly average daily global, beam and diffusediation on a horizontal surface

3.8.4 Prediction of Monthly Average Hourly Radiation from Sunshine Duration

The monthly average hourly beam and diffuséiation on a horizontal surface can be calculated
from the knowledge of the monthly average daily global radiation on a horizontal surface by using
the expression proposed by CollaRereira and Rabl, 197@uffie and Beckman, 20}3n this

thesis a one second resolution of solar radiation is taken for transient analysis in ¢qaesubs
sectionsthick marks are used only for of differentiating between plots.

® O WOE 7] O (3.62)

® O WOE iz "0 (3.63)

Where
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