
 
 

Study on the Performance of Linear Fresnel Solar Collector with 

Sensible Thermal Energy Storage for Industrial Process Heat 

Generation 

By 

Betsegaw Gashu Kefa 

 

   
 

A Thesis Submitted to  

Thermal and Aerospace Engineering Program  

School of Mechanical, Chemical and Material Engineering 

 

Presented in partial fulfillment of the r equirement for the degree of Master of 

Science in Thermal Engineering 

 

 

 

Adama Science and Technology University 

 

 

 

 

 

 

Adama, Ethiopia 

October, 2019 



 
 

Study on the Performance of Linear Fresnel Solar Collector with 

Sensible Thermal Energy Storage for Industrial Process Heat 

Generation 

 

By: Betsegaw Gashu Kefa 

 

Advisor:  Dr. Gezahegn Habtamu 

 

   
 

A Thesis Submitted to  

Thermal and Aerospace Engineering Program  

School of Mechanical, Chemical and Material Engineering 

 

Presented in partial fulfillment of the requirement for the degree of Master of 

Science in Thermal Engineering 

 

 

 

Adama Science and Technology University 

 

 

 

 

 

Adama, Ethiopia 

October, 2019 



 
 

Declaration 

I hereby declare that this M.Sc. Thesis entitled ñStudy on the Performance of Linear Fresnel Solar 

Collector with Sensible Thermal Energy Storage for Industrial Process Heat Generationò in partial 

fulfillment of the requirement of the degree of Master of Science in Thermal Engineering is an 

authentic record of my own work carried out from September 2018 to October 2019 under 

supervision of Dr. Gezahegn Habtamu, Assistant Professor of Thermal Engineering program, 

Adama Science and Technology University. 

The matter embedded in this thesis has not been submitted for the award of a degree or diploma in 

any other university. All relevant resource information used in this paper has been duly 

acknowledged. 

 

.............................................               ...............................................             ...................................... 

Student                                               Signature                                           Date 

 

This is to certify that the above statement made by the candidate is correct to the best of our 

knowledge and belief. This has been submitted for examination with our approval. 

 

............................................              ................................................          ........................................ 

Advisor                                             Signature                                           Date 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Adama Science and Technology University 

School of Mechanical, Chemical and Materials Engineering 

Thermal and Aerospace Engineering Program 

 

Approval of Board of Examiners 

We, the undersigned, members of the Board of Examiners of the final open defense by Betsegaw 

Gashu Kefa have read and evaluated his thesis entitled ñStudy on the Performance of Linear 

Fresnel Solar Collector with Sensible Thermal Energy Storage for Industrial Process Heat 

Generationò and examined the candidate. This is, therefore, to certify that the thesis has been 

accepted in partial fulfillment of the requirement of the Degree of Master of science in Thermal 

Engineering. 

 

éééééééééééé........       ééééééééééé..          ééééééé. 

Chair person                                          Signature                                         Date 

 

éééééééééééé........       ééééééééééé..          ééééééé. 

Internal Examiner                                  Signature                                         Date 

 

éééééééééééé........       ééééééééééé..           ééééééé. 

External Examiner                                 Signature                                          Date 

 

 

 

 

 

 



i 
 

ACKNOWLEDGMENT  

First and foremost, I would like to thank my Lord Jesus Christ for giving me the strength, 

knowledge, ability and opportunity to undertake this research study and to persevere and complete 

it successfully. Without his blessings, this achievement would not have been possible. 

I am very grateful to my advisor Dr. Gezahegn Habtamu, for his inspiration, guidance, support and 

valuable instructions at all times. 

I would like to thank my families and friends for they have been beside me all the time and 

supported, encouraged, and motivated me. Special thanks to my brother Natnael Gashu for his help 

in computer programming.  

Many thanks to Ato Abera Dagnachew and his colleagues from Ah-Wan Food Complex. They 

have given me all the valuable information I need during my study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

ABSTRACT 

Solar thermal energy to supply process heat in different industrial sectors has become very 

promising in recent years. Industries can reduce their fuel consumption by replacing them with 

solar process heat with non-conventional system integration and using clean energy. 

Ah-Wan Food Complex is an industry with higher thermal energy consumption which is mainly 

used in the drying stage of the pasta production. Superheated water at 140 ÁC and 4.5 bar is used 

to control the temperature and humidity conditions of a pasta drying tunnel. Currently, the 

industry uses a conventional boiler which has a capacity of 11kg/s with average annual fuel 

consumption of 740,918 liters, costing approximately 12 million Birr.  This energy demand can be 

replaced partially or wholly by a solar thermal system.  

This thesis presents a performance analysis of solar thermal system consists of a linear Fresnel 

collector and concrete thermal energy storage for industrial process heat generation based on 

energy requirement of Ah-Wan Food Complex. A one-dimensional transient numerical model is 

developed for the linear Fresnel collector accounting of optical and thermal losses and coping up 

with the intermittent and inherent variable solar input. In addition to that, a transient numerical 

model is developed for concrete thermal energy storage which is integrated with the collector. The 

models were solved using a finite difference scheme which is implemented in a Python program. 

Based on the results from the numerical results in Adama metrological conditions 120 modules of 

Linear Fresnel collector with an aperture area of 2838 m2 can fulfill the daily energy requirement 

of the factory (with 6 hours of thermal energy storage). Besides, 98 m3 of concrete thermal energy 

storage is required for 6 hours of thermal energy storage. It is also noticed that the mass flow rate 

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

Keywords: Solar thermal, Process heat, Linear Fresnel collector, Concrete, Thermal energy 

storage 
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CHAPTER ONE 

INTRODUCTION  

1.1 Background 

According to U.S. Energy Information Administration (EIA) (2017), industries are responsible for 

around one-third 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 a release of a significant amount of CO2, but 

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 considerable renewable and clean energy with the reserves of fossil energy decreasing, 

while the consumption increasing.  

In Ethiopia, as the number of industries are growing drastically the process heat energy demand is 

also increasing. However, the use of renewable 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 collectors, among other solar heating technologies. 

Concentrated solar collectors are the most widely used solar collectors used in industries for 

process heating due to their high-quality solar power. Parabolic trough collectors and linear Fresnel 

collectors are the most common of this type and there are a number of manufacturers in different 

parts of the globe. Parabolic trough collectors are the most matured of the concentrating solar 

power technologies 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 and aspects 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 type, the linear Fresnel collector (LFC), 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 could be manufactured locally. Small-sized linear Fresnel 
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reflectors meet the medium temperature ranges (100 ï 250oC) for the generation of industrial 

process heat (Kalagirou, 2009). In addition, integration of this collectors with storage systems can 

substantially enhance their performance and feasibility for industrial use.   

There are so many industries in Adama city that uses fuel or electricity for generating industry 

process heat. Since solar energy is abundant in Adama city these industries process heating demand 

can be completely or partially replaced using solar energy. For instance, Ah-Wan 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 its parent company, Ah-Wan Industry Group, which are; PP 

mat, PP bag, and plastic factories. The factory engages in the milling of wheat flour and converting 

to value-added products like Pasta and Macaroni, a fraction of the milled flour for in house 

consumption 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 weather condition. The study is 

based on a finite difference method by developing a python program and using process heat 

requirement of Ah-Wan Food Complex as a representative industry. This code can be easily 

adapted for other industries process heat generation requirement. 

The linear Fresnel collector, which is concentrating type is the main component 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 concrete heat storage 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 energy heat source 

and increases the stability of the system. 



3 
 

1.2 Statement of the Problem 

It is well known that a considerable percent of industrial process energy requirement is in the form 

of heat. Currently, most of industries in Ethiopia are using electricity or fossil fuels to meet their 

heat energy demand. However, this has a negative economic impact for the industries as the price 

of electricity and fossil fuels is increasing each year and the government of Ethiopia have already 

stopped fossil fuel subsidiary. 

There are many industries in Adama, one of industrial city in Ethiopia, among which Ah-Wan 

Food Complex is a food processing industry with large amount of process heating energy need. 

The current heat generation section of the company uses a conventional boiler to heat a pressurized 

water to a temperature of 140oC that is used to control the temperature and humidity of a pasta 

drying machine. The company consumes around 740,918 liters of diesel fuel per year, costing it 

approximately 12 million of Birr only for pasta drying process. This is a substantial cost factor for 

the industry, affecting its profitability.  

In this thesis a performance of solar heating system based on a linear Fresnel collector as an 

alternative source of energy for industrial process heat generation is studied. The system is 

designed to meet the partial energy demand of Ah-Wan Food Complex and it can be easily adapted 

for other industries. Even though a lot of researches have been done based on linear Fresnel solar 

heating systems most of them focuses in optical and thermal characterization of the system. As it 

is evident that the performance of solar heating system is mainly dependent on the geographical 

location and environmental variables, a diurnal performance analysis based on the location of the 

factories is essential. In addition, integration of a storage system can increase the performance and 

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

1.3 Objective of the Study 

1.3.1 General Objective 

The general objective of this thesis is to study the performance of linear Fresnel collector with 

sensible thermal energy storage constituted of concrete for industrial process heat generation based 

on thermal energy demand of Ah-Wan Food Complex pasta drying process. 
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1.3.2 Specific Objectives 

The specific objectives of the study are 

ü To conduct optical and transient thermal performance modeling of the linear Fresnel 

collector. 

ü To carry out transient thermal performance evaluation of concrete thermal energy storage. 

ü To use the model for design a linear Fresnel solar collector for process heat generation in 

Adama weather condition.  

ü Estimate monthly performance of the linear Fresnel solar collector. 

ü Estimation of linear Fresnel collector size that can meet the energy demand of AH-Wan 

Food Complex throughout the day. 

1.4 Significance of the Study 

The industry under study (Ah-wan food complex) uses fossil fuel as a primary energy source for 

process heating. This results in a higher amount of energy cost for the factory, which is agitated 

by the rising of the cost of fossil fuels. If implemented in the industry, the system will minimize 

the cost and the environmental impact related to fossil fuels. Along that as many industries in 

Ethiopia are mainly dependence on fossil fuels the study will show a way for harnessing solar 

energy as a renewable source. 

The linear Fresnel collector has many advantages for use in the industry relative to other 

concentrating systems including high ground usage, lower investment cost, low operation and 

maintenance cost, easy on cleaning of the mirrors and low wind load.   

1.5 Scope and Limitations 

1.5.1 Scope of the Study 

This study mainly focuses on the theoretical performance analysis of a linear Fresnel solar 

collector that is designed to cover daily thermal energy consumption of Ah-Wan Food Complex. 

The study also includes the analysis of concrete thermal energy storage integrated to the linear 

Fresnel collector.  
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1.5.2 Limitation of the study 

The study focuses on the study of the thermal and optical performance analysis of the main 

components of system. It doesnôt include the design and analysis of tracking mechanisms, the 

mechanical or structural systems, piping and fittings, pumps and heat exchangers.   
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CHAPTER TWO  

LITRATURE REVIEW  

2.1 Solar Heat for Industrial P rocess 

This section covers the application aspect of concentrating collectors specifically in the industrial 

sector which consumes a large proportion of the total power consumed. In many countries, oil 

products are used as an energy source for their industries. For example, according to U.S. Energy 

Information Administration (EIA) (2017), the share of oil products consumed by 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 

application is 80ÁC-250ÁC and about 45% of the process heat is consumed 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 processes and working temperature range (Kalagirou, 2009). 

Industry  Process  Temperature (ÁC) 

Dairy  Pressurization, Concentrates  60ï80 

 Drying , Sterilization 100ï180 

Tinned food  Sterilization  110ï120 

 Pasteurization, Cooking  60ï90 

Textile  Bleaching, dyeing  60ï90 

 Drying, degreasing, Fixing  100ï180 

Paper  Cooking, drying  60ï80 

 Bleaching  130ï150 

Chemical  Soaps  200ï260 

 Synthetic rubber  150ï200 

Plastics Distillation, Preparation  120ï150 

 Separation  200ï220 

Flours and by-products  Sterilization  60ï80 
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From Table 2.1, it can be inferred that a significant portion of low and medium temperature 

heat is required in food, beverages, paper, textile, and chemical sectors. Solar thermal systems for 

low heat (less than 140ÁC) basically consist of flat plate collectors, with or without an evacuated 

tube, which can supply energy at temperatures around 120ÁC.  This technology has a major 

advantage since it is relatively mature and readily available. 

However, as the temperature increases, non-concentrating collectors becomes inefficient and in 

order to supply medium heat (temperature range of 120ÁC-400ÁC) concentrating solar collectors 

are best suited because of high concentration ratio and efficiency. Concentrating collectors have 

been used for generating electricity for decades and smaller version of similar design can be 

employed to provide process heat with a capacity of 10 kWth to 2 MWth (Kalagirou, 2009). 

2.2 Concentrating 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. So, high-temperature levels 

can be achieved because the heat flux values are high and so the thermal 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 trough collector (PTC) and the linear 

Fresnel collector (LFC), while the point focus are the solar dish concentrators and the solar towers. 

The most usual solar concentrating systems are the linear because the majority of the worldwide 

projects are based on them. The 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 mature solar 

concentrating technology, while LFC is rapidly evolving technology which is being well-

established with higher potential for improvement. The advantage of the PTC is the high efficiency 

and maturity, while the advantage of the LFC is the low investment cost and the decreased 

mechanical difficulties during the operation.  
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Figure 2.1: Linear concentrating solar technologies; a) Parabolic trough collector b) Linear 

Fresnel reflector (Lillo et al., 2017) 

2.3 Fresnel Solar Collector 

In this kind of collector, due to high concentration, very high temperatures of more than 400ÁC 

can be achieved. As the sun moves over the day and over the year concentrating collectors 

continually track the sun. The functioning principle of a linear Fresnel collector is similar to 

parabolic trough collector (PTC) but instead of using a parabolic reflector, flat or slightly curved 

mirror strips are used to achieve desired aperture area and approximate the parabolic profile. A 

heat transfer fluid (pressurized water, steam or thermal oil) circulates through the absorber and 

provides thermal energy to the process. The receiver is a fixed one unlike parabolic trough and 

thus made up of fewer moving parts which eliminates the need for strengthening materials. The 

whole idea of LFC is to provide cheaper alternative to PTC. 

 



9 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Working principle of linear Fresnel collectors (Gunther, 2017) 

2.3.1 The Convectional LFC Design 

Linear Fresnel collector is a solar concentrating technology with concentration ratio in the range 

of 10ï50. The LFC has segmented primary reflectors which are placed close to the ground. This 

design makes the mechanical difficulties due to wind loads to be low and also the land utilization 

is low with this concentrating technology (Baharoon et al., 2013). 

The receiver of the LFC does not move and it is located some meters over the ground. It is useful 

to state that the LFC has a lightweight supporting system which makes the collector cost to be 

relatively low. The receiver of the LFC has usually evacuated tube collector coupled to a secondary 

concentrator. The secondary concentrator has a parabolic shape which is usually a compound 

parabolic concentrator (CPC). Another conventional design is with a trapezoidal cavity receiver 

with many tubes inside it. The drawback of this kind of receiver is that, due to the width of the flat 

window, it is difficult 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 diameter. Figure 2.3 shows the 

conventional receivers of LFC, the trapezoidal design in Figure 2.3a and the design with an 

evacuated tube coupled to a secondary concentrator in Figure 2.3b. 
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(a)                                                                          (b) 

Figure 2.3: Conventional receivers of LFC a) Multi-tube cavity receiver b) Single tube receiver 

with a secondary concentrator (Bellos and Tzivanidis, 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 increased. Figure 2.4 depicts both the flat and the curved design. 

According to the results obtained by Benyakhlef et al., (2016), it has been suggested that a small 

deflection of 2 mm is the optimal design for the LFC primary mirrors.  

 

                            (a)                                                                              (b) 

Figure 2.4: Primary reflectors of an LFC a) Flat mirrors b) Curved mirrors (Benyakhlef et al., 

2016) 
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Related to working fluids, thermal oils, water or steam can be used for various thermal applications 

up to 400 ÁC. The molten salts can be also used for power production applications which use also 

the molten salt for storage purposes. In the work of Bellos et al., (2018) it is reported that 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 ÁC. 

2.3.2 Comparison of LRC with PTC 

The basic competitive technology of the LFC is the PTC. Both are linear concentrating 

technologies which present similarities and differences. PTC and LFC usually are compared in 

energy and financial terms in order to determine the most suitable choice for every 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 concentration ratios are in the same ranges from 10 up to 50 and 

generally, the operating temperatures of both technologies can reach up to 400ï500 ÁC. The 

working fluids are similar and they can be water, steam, thermal oils or molten salts. 

However, their difference is many and important. Firstly, the primary concentrator of the LFC is 

segmented, while the PTC has a continuous concentrator. So, the wind loads are great in the PTC 

and low in the LFC (Montes et al., 2017). The tracking system of the LFC 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 while the LFC is constant. 

This situation makes simpler the connections in the LFC 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 make the LFC be a low-cost technology compared 

to the PTC. Moreover, the design with the segmented mirrors in the LFC gives the possibility of 

increasing the concentration ratio without great land utilization (Wendelin et al., 2014). 

In the efficiency comparison, the PTC presents higher thermal efficiency performance than the 

LFC because of the important optical losses of the LFC. The segmented primary reflectors 

introduce important optical losses due to blocking and shading effecting among them. Also, the 
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optical end losses of the LFC are more important than the PTC because the focal length to distance 

ratio is greater in the LFC, the fact that increases the shaded part of the receiver especially in low 

solar altitude cases (Bellos et al., 2018). Figure 2.5 shows the Incident Angle Modifiers (IAMs) 

for PTC and LFC. It is clear that the existence of two different factors in the LFC, transversal and 

longitudinal (IAM L and IAMT), makes the overall optical efficiency of this technology lower than 

the PTC which has only one factor (IAM).   

 

 

 

 

 

 

 

 

Figure 2.5: Comparison 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. The LFC is always located with the linear axis in the 

South-North direction while it follows the sun in the East-West direction. This strategy is also 

usual in the PTC systems but the PTC can operate with other strategies such as their axis in the 

East-West direction and tracking the sun in the South-North direction, as well as with polar 

tracking systems (Sharma et al., 2013).  

About the cost, the LFC seems to be a less expensive technology compared to the PTC. Generally, 

the cost of the LFC can be found in lower values in the literature such as Askari et al., (2017). It 

is also important to state that in all the comparative literature studies between LFC and PTC, the 

cost of the LFC is always lower to the PTC, the fact that makes clear the cost relationship between 

these technologies. Furthermore, the operation and maintenance costs are lower for the LFC 
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compared to the PTC due to the smaller movement of the concentrator and the stable receiver 

(Huang et al., 2014). 

In addition, cleaning of mirrors is one of the most important factors for performance and cost. 

LFC, with flat primary mirrors and the possibility to position all primary reflectors horizontally 

offers the advantage of an easily accessible surface that can also be cleaned with very little water 

consumption. 

2.4 Related Studies on LFC 

Qiu et al., (2014), developed a model for performance analysis of LFC 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 method to 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.  

Beltagy et al., (2016) presented a theoretical and experimental study of a prototype using Fresnel 

solar collector system. The theoretical model used to determine various essential parameters design 

of the set up that are easily compared to measured data. It has been shown that thermal power 

production and daily efficiency are well predicted as compared to measurements. For a 250 kW 

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

Reddy and Kumar, (2014), performed a two-dimensional numerical analysis of convective and 

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, convective and 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 performance analysis of small scale LFC with two-tube trapezoidal 

cavity receiver. The collector was equipped with four bar link mechanism for single axis tracking 

and orientation was along North-South axis. The collector could produce 2.4 kg\h and 6.3 kg\h 

steam at 1.5 bar with reflector area of 5 m2 and 13 m2, 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 170ÁC and 13 m3/h flowrate. This model was compared 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%, respectively. Along with this, during the experiment, the average 

efficiency of the receiver was 72%. 

Ghodbane et al., (2019), perform a transient numerical one dimensional simulation on a linear 

Fresnel solar reflector directed to produce superheated water steam for the power plants, in order 

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 47.5%, while the pressure drop within the 

absorber pipe has reached 2.0 bars. As for superheated steam temperatures variations, it ranged 

between 233.35 and 263.75 oC, with water steam inlet temperature when entering the absorber 

tube is equal to 140 oC. 

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 non-evacuated glass envelope, evacuated tube 

absorber and absorber tube with flat glass shield. The analysis was done for temperature range 100 

to 550ÁC where 100-250ÁC called small-scale, and 250-550ÁC as large-scale. The heat losses as 

well as secondary reflector surface temperatures were least for evacuated tube receiver. Also, for 

small-scale applications, it was suggested to use receiver with glass shield because of easier 

construction and performance similar to non-evacuated receiver.  

Two different methods were presented by Hemisath 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 was detailed representation of convection and temperature distribution but was relatively 

time consuming. It was concluded that for absorber temperature close to 350ÁC and above, the 

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 two-dimensional thermal analysis. The results were then compared with the ones obtained 
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from laboratory tests and good agreement was seen between theoretical and 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 non-evacuated tube receiver with secondary reflector and glass shield. 

The results 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 and trapezoidal 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 analysis 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 contributes more than 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 irradiance. 

A model for optical analysis of a solar azimuth tracking LFC was presented by Huang et al., (2014). 

The results obtained from analytical model were compared with ray tracing software SolTrace. 

According to the model the total efficiency of the Linear Fresnel Collector is 61% and it is greater 

than parabolic trough collector which operate at similar condition. In addition to this, it was 

observed that height of receiver affects shading and blocking among mirror rows, as height was 

increased, shading and blocking also went up. Also, width of receiver influenced heat loss 

significantly. 

A design method was developed by He et al., (2012), to calculate efficiency of mirror elements 

through ray tracing and geometrical study. Simulations were performed by varying mirror width 

and receiver height using an LFC with 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 East side performed better than Western rows, however, the reverse 
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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 First OPTIC was developed by Zhu (2013). 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 into longitudinal and transversal can provide results with 

reasonable accuracy.  

Bellos et al., (2018), has developed analytical expressions for the Incident Angle Modifiers of a 

Linear Fresnel reflector for the longitudinal and the transversal directions. Simple 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 to accurate results with mean deviations up to 5%. Moreover, the 

trends of the Incident Angle Modifier curves are the same between the model and the literature 

data. It is suggested that, the developed analytical expressions can be used for the quick calculation 

of the optical performance of a Linear Fresnel reflector, as well as they can be used for the 

geometry optimization of the collector. 

2.5 Worldwide Installed Projects Based on LFC 

In addition to theoretical and experimental studies, projects related to process heat generation 

through linear Fresnel collectors have been done. The projects can be small scale experimental 

setups and full-sized industrial installation setups. One of the largest experimental installations is 

at Engineering School of Seville, Spain where a linear Fresnel collector is constructed on the roof-

top which generates steam and produces 174kWth supplied to a double effect lithium-bromide 

water absorption chiller (Pino et al., 2013). The solar steam system is also assisted by an auxiliary 

gas boiler. The projectôs target is to analyze the performance of the collector and suggest possible 

improvements in design in order to come up with a set of guidelines for future projects. According 

to the experiments conducted nominal temperature output was 174ÁC with 72% average absorber 

efficiency.  
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Figure 2.6: Experimental unit installed in Seville, Spain (Pino et al., 2013) 

Other previous projects based on similar LFC is a prototype installation in Freiburg, Germany 

where experimental analysis was done and another 132 m2
 system manufactured in Bergano, Italy, 

shown in which was coupled with ammonia-water absorption chiller .        

 In addition to experimental prototypes, an operational industrial setup is installed in South Africa 

at datacenter of a telecommunication company (Industrial solar). This roof top unit as shown in 

Figure 2.7 has a peak cooling capacity of 330 kW and used as a power source for driving a lithium 

bromide-water absorption chiller. Employing such a system for cooling purposes brings down both 

ozone depletion potential and global warming potential of the refrigerant to naught. The total 

collector area was 484 m2
 and made up of 22 LFC modules (11 mirror rows in each module). 

Tracking is done through a computer code in which GPS coordinates, date, time and mirror 

inclination are control inputs. The receiver is a combination of an evacuated tube and compound 

parabolic secondary reflector to prevent radiation spillage. The working fluid is water which is 

heated to maximum temperature of 180ÁC at 12 bars and return temperature is 165ÁC. The output 

of the system is controlled either by varying flowrate of the water or defocusing mirror rows in 

case of excess energy collection. 
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Figure 2.7: The roof-top installation in South Africa (Industrial solar) 

In Jordan, a LF based direct steam generation unit is installed in a pharmaceutical company 

(Haagen et al., 2015). The collector comprises of 18 Fresnel modules of 22 m2
 each which are set 

up on factoryôs roof top. The receiver is evacuated tube place 4.5 m above ground and other 

components are steam drum, recirculation and feed pumps, treated water tank and steam interface 

to the factory. The plant capacity is 222 kWth and is used to supply steam at 166ÁC and 6 bars as 

depicted in the Figure 2.8. 

 

Figure 2.8: Diagram of direct-steam LFC system in Jordan (Haagen et al., 2015) 



19 
 

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 intermittent and 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 be stored 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 to 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 to the off-peak load 

period, which can be achieved by energy storage. Hence, the successful application of load shifting 

depends to a large extent on the method of energy storage adopted. Generally, it is possible to 

divide thermal storage systems in active and passive systems. An active storage 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 through a 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 assistance of any 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 medium is used for storing the heat.  
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Figure 2.9:  Methods of thermal energy storage (Kalaiselvam 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 change. Phase change can occur in different forms: solidïsolid, solidïliquid, solidïgas, 

and liquidïgas. Solidïliquid transitions are an economically attractive option for use in thermal 

energy storage systems. In fact, these transformations have comparatively smaller latent heat than 

liquidïgas, but involve only a small change (of about 10% or less) in volume. The storage capacity 

of the latent heat storage system with a solid-liquid process is given by (Farid et al., 2004): 

ὗ ά ᷿ ὅȟὨὝ ‗ ᷿ ὅȟὨὝ                                      (2.1) 

The first term of the second member is the sensible heat of the solid phase, ‗ represents the specific 

latent heat and, finally, the third term is the sensible heat of the liquid phase. In the Equation 2.1 

ὅȟ and ὅȟ are specific heat of solid and liquid phase respectively and Ὕ  is the melting 

temperature of the material. 

Thermochemical Heat Storage 

Thermochemical thermal energy storage systems use an endothermic chemical reaction, where the 

energy associated with a reversible reaction is required for the dissociation of the chemicals. In 

this case, the heat stored is given by equation: 



21 
 

ὗ ὥάɝὬ                                                           (2.2) 

where ὥ is the extent of conversion, ά is the amount of storage material and ɝὬ is the 

endothermic heat of reaction. Thermochemical materials have higher energy densities relative to 

PCMs and sensible storage media. Because of higher energy density, thermochemical systems can 

provide more compact energy storage relative to latent and sensible thermal energy storage 

systems. This attribute is particularly beneficial where space for the thermal energy storage is 

limited or valuable. Drawbacks include complexity and high cost. 

Sensible Heat Storage 

In sensible heat storage systems, thermal 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 used for domestic heating and domestic hot water in every household. The 

amount of energy stored is given by the relation (Kalaiselvam and Parameshwaran, 2014): 

ὗ ᷿ άὅὨὝ άὅ Ὕ Ὕ                                              (2.3) 

where ὗ is the amount of heat stored in the material, ά is the mass of storage material, ὅ is the 

mean specific heat of the material evaluated in the operative temperature range and  Ὕ and Ὕ are 

the initial and final temperature of the process, respectively. 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 therefore are not used for sensible heat or cold storage. Table 2.2 reports some 

common materials used in sensible solid heat storage systems (Kalaiselvam and Parameshwaran, 

2014). 
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Table 2.2: Typical materials used in sensible heat storage systems (Kalaiselvam and 

Parameshwaran, 2014) 

 

2.7 Concrete Thermal Energy Storage 

The TES system using concrete as the sensible heat storage 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 Figure 2.10). The advantages of concrete thermal energy storage system include:  

ü Low cost of thermal storage media, 

ü Relatively adequate heat transfer rates into and out of concrete, 

ü Available in worldwide  

ü Uncomplicated processing (Easy on site processing) and 

ü Aggregates for concrete available everywhere cheaply 

As a result, the application of concrete system is an attractive option regarding investment and 

maintenance costs in solar thermal processes. 

 

     Material 
Density 

[kg/m3] 

Specific heat 

[J/kgĀK] 

Volumetric 

thermal capacity 

[MJ/m3ĀK] 

Clay  1458  879  1.28 

Brick 1800  837  1.51 

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 988 4182 4.17 
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Figure 2.10:  Concrete thermal energy storage (without insulation) (Valentina et al., 2014) 

Concrete materials for thermal storage are principally composed of a binder system, aggregates 

and a small amount of auxiliary materials. The thermo-physical properties of the solid storage 

materials, such as density, specific heat capacity, thermal conductivity, coefficient of thermal 

expansion and cycling stability as well as availability, costs and production methods are of great 

relevance. A high heat capacity reduces the storage volume and a high thermal conductivity 

increases the dynamic in the system. The coefficient of thermal expansion of the storage material 

and the embedded metallic heat exchanger should fit. A high cycling stability is important for a 

long lifetime of the storage.  

With respect to these techno-economic aspects, high-temperature resistant concrete as developed 

for parabolic trough power plants is proposed as suitable solid storage material (Laing et al, 2008).  

For the high-temperature concrete, blast furnace cement is used as binder, again iron oxides are 

used as main aggregate, as well as flue ash and again a small amount of auxiliary materials. The 

material properties have been analyzed at German Aerospace Center (DLR). Shear stress analysis 

has proven that the contact between tubes and the solid is very good at ambient temperature as 

well as at elevated temperatures until 350 oC. 

Between 1991 and 1994, two concrete storage modules were tested at the storage test facility at 

the Centre for Solar Energy and Hydrogen Research (ZSW), a research Centre belonging to DLR, 

in Stuttgart. ZSW in collaboration with other companies examined the performance, durability and 



24 
 

cost of using solid thermal energy storage media in parabolic trough power plants. The system 

uses the standard HTF in the solar field, which transfers its heat through an array of pipes system, 

imbedded in the solid storage media. The main advantage of this approach is the low cost of the 

material, including a good contact between the concrete and piping, and the heat transfer rates into 

and out of the solid medium. 

These tests took place in the Plataforma Solar de Almeria (PSA) in Southern of Spain during 2001ï

2006. DLR performed initial testing and found that both castable ceramic and high-temperature 

concrete were suitable for solid media, sensible heat storage systems. However, the high-

temperature concrete is favored. 

German aerospace center has performed an experiment on solid storage based on concrete (Laing 

et al, 2008). A 20 mį solid media storage test module was built in Stuttgart and is cycled by an 

electrically heated thermal oil loop. By end of October 2008, the solid media storage test module 

had accumulated four months of operation in the temperature range between 300  and 400 ÁC and 

about 50 thermal cycles with a temperature difference of 40 K.  

A one-dimensional unsteady model of the heat transfer and energy storage in a solid heat storage 

module was developed using a modified lumped capacitance method in the work of Yongfang et 

al., (2014). The method is valid for large Biot numbers with the introduction of an effective heat 

transfer coefficient. Experiments using water as the heat transfer fluid and concrete as the storage 

material were used to validate the model. The model was used to analyze a cylindrical energy 

storage unit to study the energy storage in the storage module and optimize the design. 

Rungrudee and Sukrudee, (2016), made an experiment on solid storage based on concrete material. 

The thermal energy storage prototype was composed of pipes embedded in a concrete storage 

block. The storage prototype had the dimensions of 0.5 x 0.5 x 4 m. The charging temperature was 

maintained at 180ÁC with the flow rates of 0.009, 0.0012 and 0.014 kg/s whereas the inlet 

temperature of the discharge was maintained at 110ÁC. The performance evaluation of a thermal 

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. The energy 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 minutes of operation time, the energy efficiency at this flow rate was 53% and the exergy 

efficiency was 38%, respectively. 

Jian et al., (2014), studied a one-dimensional unsteady model using the modified lumped 

capacitance method for a solid cylindrical concrete heat storage unit. A modular 

charging/discharging control strategy is proposed to improve utilization of the solid storage 

material. The control strategy of modular charging/discharging using two modules could increase 

the storage material utilization from 33.4% to 38%. 

Bai et al., (2008), studied sensible heat storage unit with a hollow cylinder of solid media semi-

analytically. The heat transfer process in the heat storage medium was solved by using an integral 

approximate method. The forced convective heat transfer inside the tube was coupled with the 

heat conduction in the heat storage media. This method enables evaluation of the performance of 

the storage device in transient conditions. Different heat transfer fluids such as water and air with 

variable thermal properties dependent of temperature are used in calculations. Concrete and cast 

iron are selected as heat storage materials. From the simulation results presented in this paper, the 

thermal conductivity, the distance between the tubes, heat transfer fluid, tube size and flow 

velocity are the key parameters for such heat storage unit design. 

2.8 Conclusion from 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 optical performance characterization of the collector is the 

main focus point of the studies. Adequate performance, coupled with relatively low cost makes 

this collectôs application feasible. The collector have been applied in many applications such as 

electricity production, steam production, space-cooling and desalination etc. Various systems have 

been studied worldwide, especially in locations with relatively high solar potential. Ethiopia, as 

located near the equator, is a country with high solar potential, which reaches 6.5 kWh/m2/day 

(Samuel and getachew, 2014). Adama is relatively hotter climate city in Ethiopia; and it is a 

representative location for solar energy utilization. So, in this paper, a comprehensive model is 

developed to study the energetic performance of LFC by integrating it with a concrete thermal 

energy storage.  



26 
 

The model is based on previously discussed works, but unlike most of researches presented in 

literature where main focus is optical or thermal performance and lacks detailed studies about the 

daily performance and characterization of integrated LFCs, this research presents a diurnal analysis 

of the collector by integrating it with a low cost, newly emerging concrete thermal energy storage 

in Adama weather condition. 
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CHAPTER THREE  

PERFORMANCE ANALYSIS OF LINEAR FRESNEL 

COLLECTOR  

3.1 The Examined Linear Fresnel Collector 

The examined linear Fresnel reflector is depicted in Figure 3.1 where the main dimensions of this 

collector are given. This collector has been also examined by (Haagen et al., 2015; Christian and 

Oliver, 2012). Main components of the system are 

¶ Supporting structure (1) 

¶ Primary reflectors (2) 

¶ Receiver, consisting of secondary reflectors and absorber tubes (3) 

The collector has a receiver containing an absorber with a selective absorber coating. A detailed 

thermal performance of the receiver is presented in the next chapter. Moreover, Table 3.1 gives 

data about the receiver and the overall collector system. 

 

Figure 3.1: The examined linear Fresnel collector with three modules (Haagen et al., 2015) 
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Table 3.1: Specifications of the linear Fresnel collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Primary mirr or geometrical specifications (Industrial Solar LF-11 

Technical data sheet) 

 

Width   7.5 m 

Parallel mirror rows   11 m 

Aperture width   5.5 m 

Height  4ͯ.5 m 

Aperture area per module   22 m2 

Gap between mirror rows  0.2 m 

 

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

 

Receiver length                                                                              4 m 

Inner absorber diameter                                                                 0.066 m 

Outer absorber diameter                                                                0.070 m 

Inner glass cover diameter                                                             0.125 m 

outer glass cover diameter                                                             0.115 m 

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 0.43 

Glass envelope transmittance   0.95 

Intercept factor                                                                                  0.94 
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ὡ 

ὡ  
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1. Geometry 

The simplified two dimensional geometry of the examined LFC is given in Figure 3.2 with details. 

This LFC has flat primary mirrors with a width (ὡ ) and the distance between the mirrors (Ὀ ). 

The focal distance (F) and the distance of every mirror (Fi) and the position angle (•) are also 

important parameters of the collector.  

Abbas et al., (2018) compared different secondary reflector shapes, more specifically the 

compound parabolic concentrator, the adaptive design concentrator and the segmented parabolic 

secondary concentrator (CPC). From these, CPC shows a higher efficiency for higher heat flux 

ranges. In this study, for possibility of operation at higher heat fluxes CPC is used as a secondary 

concentrator. In addition, this kind of concentrator is simple in design and construction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: A simplified model for an LFC, Adopted from (Bellos and Christos, 2018) 

 

The total collector width (ὡ ) is equal to (Bellos and Christos, 2018)    

                                                        ὡ ὡ ὡ                                                                  (3.1) 
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The collector width (ὡ) is the distance between the centers of the mirrors in the right and in the 

left sides. Totally there are (ςὔ ρ) mirrors. The parameter (ὡ) is calculated as (Bellos and 

Christos, 2018). 

                                                         ὡ ςὔ ρὈ                                                              (3.2) 

The location of every mirror (ὢ) is calculated as 

                                                              ὢ ὭὈ                                                                       (3.3) 

2. Aperture Area 

The aperture area of a reflected element is an important construction parameter of a solar radiation 

concentrating system, as it determines the maximum solar radiation captured. The aperture 

area, ὃ, of each reflective element, i, is calculated as the product of its aperture width, ὡ , and its 

length, ὒ: 

                                         ὃ ὡȢὒ                                                                   (3.4) 

If the size of each mirror is the same the total aperture area is found by multiplying Equation 3.4 

by n (number of mirrors).Thus the selected collector has an aperture area of 22 m2 per module. 

The distance (Ὂ) is calculated as: 

                                                          Ὂ Ὂ ὭὈ                                                            (3.5) 

The position angle (•) of every mirror can be calculated as (Bellos and Christos, 2018):  

ÃÏÓ• ρ Ὥ                                                    (3.6) 

Table 3.2: Position angle of each mirrors (symmetrical mirrors have equal angle) 

Mirror number 1 2 3 4 5 6 

Position  angle (•) 0.0 

 

9.92 

 

19.29 

 

27.69 

 

34.99 

 

41.19 
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3. Concentration Ratio 

The concentration ratio of a solar radiation concentrating system is another important parameter 

which affects the constructionôs efficiency. It determines the operating temperatures of the system. 

The concentration ratio,ὅ is defined as the ratio of the direct solar radiation flux incident on the 

aperture of the reflector, Ὂ , to the solar radiation flux concentrated on the receiver, Ὂ: 

  

ὅ                                                                      (3.7) 

However, the concentration ratio, C, can be determined without any measurement. It is 

equivalent to the ratio of the reflectorsô effective aperture area, ὃ , to the receiver illuminated 

aperture area, ὃ. 

ὅ                                                                    (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 surface is smaller and the collected solar radiation is lower. The 

effective aperture area, ὃ, of the ith reflective elements as encountered by the approaching solar 

light rays in the transversal plane can be calculated by the formula: 

ὃ ὡȢὧέί—Ȣὒ                                                          (3.9) 

Where (—) is the solar radiation incidence angle on the ith reflector. 

3.2 Tracking Angle (Mirror I nclination) 

LF is equipped with single axis tracking system and it changes the inclination of mirrors throughout 

the day. The inclination angle (‪) depend on position of sun, height of receiver (F) and position of 

the mirrors relative to central axis  and is found by means of Equation 3.11 and using geometries 

shown in Figure 3.3. 
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Figure 3.3:  Slope of primary flat mirror in the LFC (Bellos, 2018) 

In order to obey to the Snell-Descartes low (the incident angle is equal to the angle of reflection), 

each mirror admits its own normal surface. The tracking angle ‪  is 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) 

Where • is the angle between the optical axis and the line joining the mirror and the receiver (the 

position angle of each mirrors), and — is the transversal incident angle. At noon, the incident angle 

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

‪                                                                   (3.12) 

On differentiating Equation 3.11 with respect to time: 

                                                          (3.13) 

According to Equation 3.13, the rate of change of ‪  depends solely on sunôs motion. Therefore, 

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 of energy 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 impinges on the reflectors is the optical efficiency 

and for a LFC, it depends on sunôs position, focal length of primary mirrors, height of the absorber 

above the primary mirror plane, width of primary mirror strips, latitude of location, gap between 

the mirror strips 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 performance analysis of a 

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, reflectorsô slope error, reflected solar radiation spillage on the receiver, Sun tracking 

errors, and material characteristics. As 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 

geometrical dependent due to the fact that the directions of sun rays and the considered phenomena 

(solar raysô reflection and refraction) are independent of the solar radiation values. 

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 here because they are difficult to parametrize. 

– – Ȣ– Ȣ– Ȣ– Ȣ–                                 (3.14) 

Where: 

¶ –  describes the reduction of the optical efficiency due to soiling of the reflectors; it 

is considered to be equal to 1 as it is difficult to be parameterized and prescribed and 

depends on the reflectors cleaning system. 

¶  –  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 the reflected 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. 

¶  –  and –  account for shading and blocking effects that occur when Sunôs 

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

¶ –  occur due to cosine effect 

The optical efficiency, – , can also be described using the product of the maximum optical 

efficiency, –  and  Incident Angle Modifier, IAM, as expressed by Equation 3.15. The optical 

efficiency at normal incidence on perfectly clean reflectors which are not shaded and the reflected 

solar radiation is not blocked is given by Equation 3.16 (Mohamed and Amr, 2016). 

–
Ӷ

– ȢὍὃὓ                                               (3.15) 

– †Ȣ”Ȣ‎Ȣ‌                                                            (3.16) 

In Equation 3.15 and 3.16  ή  represents the absorbed radiation . ὍӶ represents the beam 

component of solar radiation, †, ”, ‎, and ‌ represents the transmitivity of glass cover, reflectivity 

of primary mirrors, Intercept factor and absorptivity of the absorber, respectively. The intercept 

factor ‎ is defined as the fraction of the reflected radiation that is incident 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 off-normal incidence due to dependence of optical properties of 

the collector on direction of incident sun rays. So IAM is used to correct the collectorôs 

performance at normal incidence to off normal directions (Bello and Tzivanidis, 2018). In case of 

LFC, biaxial IAM is required, that is, one for transversal incidence angle (—) and other for 

longitudinal (—) as shown in Figure 3.4.  
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Figure 3.4:  Transversal and longitudinal incidence angle for LFC (Wagner, 2012) 

The relation between —, solar azimuth (ɔs) and solar altitude (Ŭs) for North-South orientation is 

shown in Equation 3.17 and for — by Equation 3.18 . 

ÔÁÎ— ίὭὲ‎ȢÔÁÎ —                                                  (3.17) 

ÔÁÎ— ÃÏÓ‎ ȢÔÁÎ —                                                 (3.18) 

Zenith angle (—), can be found from the relation given by (Duffie and Beckman, 2013): 

                    ÃÏÓ— ÃÏÓ•ȢÃÏÓ‏ȢÃÏÓ‫ ÓÉÎ•ȢÓÉÎ(3.19)                                          ‏ 

Here, • represents the longitude of the location, .the declination angle ‏ the hour angle and ‫ 

The IAM is determined by taking product of two components, (Mohamed and Amir, 2016) as 

shown in Equation 3.20. 

Ὅὃὓ—ȟ— Ὅὃὓ—ȟπ Ὅzὃὓπȟ—                                    (3.20) 

IAM is a complex parameter and its calculation usually needs a ray tracing software like TracePro, 

Tonatiue or Soltrace. It is computationally intensive process as the method relies on generating a 

large number of vectors (rays) and calculating their interaction with optical materials. However 
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the model developed by Bellos and Christos (2018) shows that the IAM can be calculated 

analytically with reasonable accuracy. The model is developed for flat mirrors which neglects the 

existence of curvature in primary mirror field. The analytical model accounts the following optical 

losses: 

¶ Cosine losses 

¶ Shading losses 

¶ Blocking losses 

¶ End losses 

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

 

 Ὅὃὓ — = ÃÏÓ ÓÉÎ    for — —ȟ                      (3.21) 

  

 Ὅὃὓ — = ÃÏÓ ÓÉÎ Ȣ
 

 
   for  — —ȟ .. 

..................................................................................................................................................(3.22) 

The expression in Equation 3.22 utilizes only primary perimeters of the collector geometry (ὡ , 

Ὀ , • , ύ and F) and the transversal solar angle ( —). The mean value of the angle (• ) angle 

can be calculated as follows:  

                                                • ςȢÁÒÃÔÁÎ                                                  (3.23) 

Where; 

—ȟὧὶὭὸωτȢτφ ςȢυρωȢ‗ υυȢχρ‗ πȢτψ• ρȢχχ ρȢρυȢ‗Ȣ•           (3.24) 

The parameter (ɚ) is the ratio of the mirror width to the distance between the mirrors (ɚ=ὡ /Ὀ ). 

The angles (—ȟὧὶὭὸ) and (• ) are in degrees. Moreover, this equation is valid for the following 

conditions: 

ςπ • χπ and 
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πȢυ ‗ πȢωυ  

The longitudinal IAM can be expressed in the following expression (Bellos and Christos, 2018): 

 Ὅὃὓ — ÃÏÓ— Ȣρ ȢÓÉÎ —                              (3.25) 

Equation through 3.21 to 3.25 can be used to calculate the daily IAM for LFCs. Figure 3.5 shows 

variation of IAM with incident angles and Figure 3.6 shows the hourly IAM variation of January 

17 for Adama in north-south orientation (East-West tracking).  

 

Figure 3.5: Incident Angle Modifier vs. Angle of Incidence 

 

Figure 3.6: Hourly IAM of the LFC in January 17 for East-West tracking 
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To simplify the analysis a daily mean Incident Angle Modifier is used in this paper.  

 

Figure 3.7: Daily mean Incident Angle Modifier for Adama in North-South orientation 

The absorbed solar energy, which is reaching the absorber can be calculated by (Mohamed and 

Amr, 2016). 

ή – ὼὃ ὼὍӶὦ ‌Ȣ”Ȣ†Ȣ‎Ȣ Ὅὃὓ ὃ ȢὍӶὦ                    (3.26) 

Where: ὍӶ is the beam component of global radiation. 

Concentrated solar power technologies utilize only the beam component of the solar radiations and 

beam radiation reaches the earth surface without any hindrances (absorption and reflection) from 

the atmosphere. The estimation of solar radiation is presented in Section 3.8 based 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: 

ή ά ὅ Ὕ ȟ Ὕ ȟ                                       (3.27) 
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¶ ή represents useful heat generated 

¶ ά  the mass flow rate of HTF 

¶ ὅ  the specific heat capacity of HTF 

¶ Ὕ ȟ and Ὕ ȟ the inlet and outlet temperature from the LFC 

The HTF is assumed to be in a single phase region in its working temperature range. So only 

sensible heating should be considered in useful energy calculation. 

The instantaneous thermal efficiency of the LFC, – , is calculated based on the heat gain, solar 

intensity and aperture area of the collector and it given as 

–
Ӷ
                                                         (3.28) 

The heat gain of the circulating water in the pasta drying line, ή , can be given by:  

ή ά ὧ Ὕȟ Ὕȟ                                                    (3.29) 

Where:  

¶ ά  represents the mass flow rate of water 

¶ ὧ the specific heat capacity of the water 

¶ Ὕȟ and Ὕȟ the inlet and outlet temperature of the water 

3.5  Description of Industrial Process and Requirements 

The drying stage of the pasta production in Ah-Wan Food Complex requires a large amount of 

thermal energy necessary to dry the product. Superheated water at 140 ÁC and 4.5 bar (liquid state) 

is used to control temperature and humidity conditions of the pasta drying tunnel. The drying 

tunnel consists of a series of drying sections namely: pre-dryer, dryer, stabilizer and humidifier 

each of them with different temperature need. The drying process for each production line is 

managed by a Programmable Logic Controller (PLC) which, collecting data from sensors to 

manage climate regulation within the different areas (sections) of the dryer.  
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The pasta making process needs, besides high-temperature thermal energy required for drying the 

product, even cooling energy. The product must be cooled from drying out and the heat produced 

during the extrusion of product (the extrusion pressure is about 100 bar) must be dissipated. Both 

these sections are equipped with a cooling tower and a vapor compression refrigeration chiller. 

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

3.5.1 Thermal Energy Consumption  

As stated before, the thermal loads are due to the heat required of the pasta dryers that employ 140 

ÁC and 4.5 bar superheated water. The temperature of superheated water at the exit of the dryers 

is about 120 ÁC with a mass flow of about 11 kg/s. The superheated water is also used to produce 

hot water (45 ÁC) necessary 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 generation section has a boiler with 1760 kW rated thermal output and 

1933 kW rated heat input. Based on this, the boiler has an efficiency of 0.91 neglecting the decrease 

in efficiency with time. The Nameplate of the boiler can be found in APPENDIX (ANNEX B). 

From The factory, heating load was found by investigating the annual diesel fuel consumption, the 

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

Based on the companyôs long term experience a 2 weeks of maintenance schedule with no 

production per year is considered. Therefore there are 351 working days per year. The net heating 

value of diesel fuel is taken as 38 MJ/lit. From Table 3.3 we can infer that the industry consumes 

about 740,918 liters of diesel fuel per year which corresponds to 845 kW of power. The monthly 

fuel consumption of the industry shows that there is a quite flat annual thermal load profiles 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 consumption of the factory (Ah-Wan Food Complex) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Month 

 

Fuel consumption (Liter)  

 

July 2017-June 2018  

 

 

July 2018-June 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 

September 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 design is to distinguish the level 

at which solar heat is integrated. As described by Bastian (2016), it can be distinguished between 

supply level and process level. Many industries have a central boiler house for heat generation and 

distribution. Mainly natural gas or fuel oil is used to generate steam or pressurized water, which is 

transferred via a central distribution system to the different decentralized heat consuming 

processes. A general distinction between supply and process level seems reasonable to simplify 

the integration of solar heat, since generalizations regarding the required temperature levels can 

be done and thus conclusions regarding suitable collector technologies can be drawn (Bastian, 

2016). 

3.5.2.1 Process Level 

The integration at process level usually comes 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 level. In the case of Ah-wan Food Complex, the process 

for  this integration concept can be pre-drier (41-65 ÁC), drier (79-86 ÁC), and stabilizer (68-69 

ÁC) sections of the drier tunnel or to produce hot water (45 ÁC) necessary to obtain a good mixture 

in kneaders. 

 

Figure 3.8: Integration concept 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-up water, all integration concepts come along with high set 

temperatures that have to be provided by the solar heating system. The minimum set temperature 

for a solar heating system is approximately 100 ÁC, and can easily exceed 200 ÁC, based on the 

respective system concept (parallel or serial integration) and the boundary conditions of the heat 

generation and supply system (hot water or steam circuit) Therefore, the integration on supply 

level should be preferred in regions with very good irradiation (Bastian, 2016). 

Using concentrating collectors at locations with sufficient direct irradiation, solar steam can be 

generated that is fed into the existing heat supply system. Therefore, the integration concept 

illustrated in Figure 3.9 can be applied. In addition, concentrating collectors with pressurized water 

or thermal oil as heat transfer medium are used to feed a heat exchanger. The produced steam or 

pressurized water is fed into the process line and provided to the different heat loads within the 

factory. 

 

Figure 3.9: Integration concept for indirect solar steam generation at supply level (Bastian, 2016) 
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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 indirect steam generation with a simple 

modification.   

3.5.3 Solar Integration for the Direct Production of Thermal Energy at 

Supply Level 

As discussed before, the knowledge of where the solar heating system is integrated is critical. A 

supply level integration is chosen here due to the availability of adequate solar radiation in the 

factory location i.e. Adama and its simplicity in integration. It is also important to note that the 

control system shouldnôt be compromised. Integrating in a process level can interfere in the 

production process which is already existed. The solar heating system is designed to cover the 

daily energy requirement of the factory including night time. The possibility of integrating the 

conventional production of thermal energy by means of a solar plant is with a concrete thermal 

energy storage is illustrated in Figure 3.10. The 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 of 11 kg/s at 4.5 bar) which must be regularly 

heated from 120 ÁC to 140 ÁC; 

2. A concentrating solar thermal power plant made up of a system of small-size linear  

Fresnel collectors which heats the HTF above 140 ÁC (as functions of the direct normal 

irradiance and 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 collector and thermal energy storage is a food grade oil (Paratherm-NF) to 

prevent any possible toxic contamination of the superheated water passing through the heat 

exchanger. A shell and tube heat exchanger is 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 system for Ah-Wan 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 with three modules in series is used for analysis. 

Therefore the total mass flow rate in the solar field is the product of the mass flow rate in three 

modules by the number of parallel lines. It is also important to note that the water circulating 

through the industry drying section is at liquid state. 

3.6 Collector Loop Pressure Drop 

Classical formulae are used to evaluate the pressure drop and power requirement along the LFC 

pipe system. Properties are evaluated at average temperature in the absorber. The estimation of the 

pressure drop is with an assumption of internal flow in a straight pipe (neglecting joints and bends) 

to have an order of the magnitude idea of the power requirement in the LFC loop.  
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The Bernoulli s head loss and pressure drop can be written as the function of Fanning friction 

factor, f. Zigrang-Sylvester equation is used to evaluate the friction factor, where Ů is the surface 

roughness of the pipe material (for steel Ů =0.015mm).  

τÌÏÇ 
Ȣ ȟ

Ȣ
ÌÏÇ 

Ȣ ȟ
                           (3.30) 

Ўὖ ςὪ
ȟ
” ὠz                                          (3.31) 

ὖέύὩὶЎὖ ὗzὯὡ                                                 (3.32) 

In Equation 3.30 through 3.32; 

¶  Ὀ ȟ represents internal diameter of the absorber pipe 

¶ ὙὩ  the Reynolds number inside the absorber pipe  

¶ ”  the density of heat transfer fluid 

¶ V the velocity of the HTF inside the pipe 

¶ Ўὖ the pressure drop  

¶ ὒ the total length of the absorber pipe 

¶ Q the volume flow rate inside the pipe in m3/s. 

3.7 Heat Exchanger 

Figure 3.11 shows a schematic of an adiabatic countercurrent heat exchanger with inlet and outlet 

temperatures and capacitance rates of the hot and cold fluids. 

 

 

 

Figure 3.11: Schematic of an adiabatic counterflow heat exchanger (Duffie and Bechman, 2013) 
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The heat transfer based on the maximum possible temperature drop of the hot fluid from HTF inlet 

temperature (Ὕ ȟ) to water inlet temperature (Ὕȟ) can be expressed as (Duffie and Bechman, 

2013): 

ὗ άὧ Ὕ ȟ Ὕȟ                                            (3.33) 

The maximum possible temperature rise of the cold fluid would be from Ὕȟ to Ὕ ȟ. The 

corresponding maximum heat exchange would be 

ὗ άὧ Ὕ ȟ Ὕȟ                                            (3.34) 

The maximum heat transfer that could occur in the exchanger is thus fixed by the lower of the two 

capacitance rates, άὧ and is given by: 

ὗ άὧ Ὕ ȟ Ὕȟ                                          (3.35) 

Based on energy balance between HTF and water the actual heat exchange Q is given by 

ὗ άὧ Ὕȟ Ὕȟ άὧ Ὕ ȟ Ὕ ȟ                      (3.36) 

The actual heat exchange Q can also be related with overall heat transfer coefficient U and mean 

temperature difference ЎὝ  which can be written as (Duffie and Bechman, 2013): 

1 ὟὃЎὝ                                                              (3.37) 

Where A is the total surface area of heat exhanger. 

Effectiveness,‐ is defined as the ratio of the actual heat exchange that occurs to the maximum 

possible, ὗȾὗ ,  

‐
 ȟ ȟ

ȟ ȟ

ȟ ȟ

ȟ ȟ
                      (3.38) 

Since either the hot or cold fluid has the minimum capacitance rate, the effectiveness can always 

be expressd interms of the temperatures only.The working equation for the heat exchanger can be 

given by (duffie and beckman, 2013). 
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 ὗ άὧ Ὕ ȟ Ὕȟ                                              (3.39) 

The dimensionless capacitance rate is given by : 

ὅ                                                              (3.40) 

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

streams can be determined as: 

Ὤȟ Ὤȟ .                                                        (3.41) 

The exit enthalphy, Ὤ ȟ, of the HTF is determined from an energy balance on the fluid: 

Ὤ ȟ Ὤ ȟ                                                     (3.42) 

The Ὗὃ for the heat exchanger at the reference state is provided as a parameter to the exchanger 

model.at partial loads, the Ὗὃ will decrease with the decreasing flow rates of the streams. The 

relationship between the reference Ὗὃ/flow rate and a reduced Ὗὃ/flow rate can be derived. The 

Ὗὃ of an unfinned, tubular heat echanger is defined as the total termal resistance to heat transfer 

between two fluids. 

                              (3.43) 

Where: 

¶ Ὤ represents convective heat trnasfer coefficient 

¶ ὃ is surface area 

¶ Ὑ  is fauling factor,per unit area 

¶ Ὀ is diameter  

¶ Ὧ is the thermal conductivity of the material between the fluids 

¶ L is the length of the heat exchanger 

¶ Subscripts i and o refer 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, Equation 3.43 is reduced to: 

                                                         (3.44) 

Ὗὃ is 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 energy systems, the tasks of performance simulation and succeeding 

economic evaluation require accurate estimates of direct beam irradiation data. This data is 

available from some weather ground stations. Solar irradiation data can also be derived from 

satellite imagery, where models of surface and cloud reflectivity allow the solar radiation at ground 

level to be estimated with reasonable accuracy. The purpose of this section is therefore to use the 

available sources of solar irradiation data, which is found from National Metrological Agency to 

arrive at a good estimate of the solar resource at Adama city, in such a way that subsequent 

modelling can predict the LFC system output with some confidence.  

In this paper an empirical model to predict and estimate solar radiation 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 earth. An astronomical model is used for 

determining the sunôs position in the sky (as seen from Adama) as a function of the day of the year 

and of the time of the day. This model allows calculating for each day of the year, the day time 

duration, and, Ὄ  , the global daily solar irradiation (J/m2 day) received by a horizontal surface 

located at the upper limit of the earth atmosphere.    

Solar hour angle should be calculated first and to calculate the hour angle at any time for a ‫ 

specific location, a correction between local time and solar time must be made. Solar time 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):  

 

ίέὰὥὶ ὸὭάὩίὸὥὲὨὥὶὨ ὸὭάὩτὒ ὒ Ὁ                             (3.45) 

 

Where  ὒ  represents Standard Meridian for the local time zone; in degrees west; πЈ ὒ  

 σφπЈ, ὒ   represents  Longitude of the location in question; in degrees west; 0Á Ò ὒ Ò 360Á. 

The parameter Ὁ is the equation of time (in minutes), and is given by (Duffie and Beckman, 2013): 

Ὁ ςςωȢςπȢππππχυπȢππρψφψὧέί‍πȢπσςπχχίὭὲ‍πȢπρτφρυὧέίς‍ πȢπτπψωίὭὲς‍....(3.46) 

In equation 3.46, B is obtained by using equation (Duffie and Beckman, 2013) 

ὄ ὲ ρ                                                                (4.47) 

Where ὲ is the nth day of the year, thus ρ ὲ σφυ 

Hour Angle: angular displacement of sun east or west of the local meridian due to rotation of earth 

on its own axis at 15Á/hour; morning negative, afternoon positive. And is given by (Duffie and 

Beckman, 2013) 

‫ ρυίέὰὥὶ ὸὭάὩρς                                                  (3.48) 

Declination angle, angular position of the sun at solar noon (i.e., when the sun is on the local 

meridian) with respect to the plane of the equator, north positive; -23.45Á Ò d Ò 23.45Á.The 

declination, d, can be calculated using the approximate equation of Cooper (Duffie and Beckman, 

2013): 

‏ ςσȢτυÓÉÎ ςψτὲ                                               (3.49) 

Where n is the nth 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 surface. The relationship between the angle of 

incidence — and the other angles is given by (Duffie and Beckman, 2013): 

ὧέί—ίὭὲ‏ίὭὲ•ὧέί‍ίὭὲ‏ὧέί•ίὭὲ‍ὧέί‎ὧέί‏ὧέί•ὧέί‍ὧέί‫

                ὧέί‏ίὭὲ•ίὭὲ‍ὧέί‎ὧέίίὭὲ‍ίὭὲ‎ίὭὲ(3.50)                                                       ‫‏‫ὧέί 
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If the slope, ‍, and the surface azimuth angle, ‎ , are zero, the above-mentioned relationship can 

be simplified to obtain the zenith angle: 

ὧέί— ὧέί •ὧέί ‏ὧέί(3.51)                                       ‏ ‫ίὭὲ•ίὭὲ 

Where: • refers to the latitude and is equal to 8.54o for Adama. 

At sunrise, the hour angle magnitude,ʖ , and the local solar time, 34, are calculated as follows: 

ὧέίʖ ὸὥὲ •ὸὥὲ (3.52)                                                      ‏ 

34 ρς                                                             (3.53) 

The local solar time at sunset, 34, is given by: 

34 ρς                                                             (3.54) 

Thus, the day time duration, N (h), equals: 

ὔ ‫                                                                (3.55) 

The global daily solar irradiance received by a horizontal surface at the upper limit of earth 

atmosphere, is calculated as follows (expressed in J/m2 /day): 

Ὄ
ᶻ

Ὅ ρ πȢπσσÃÏÓ ᶻὧέί•ὧέί‏ίὭὲ‫ “ ίὭὲ•ίὭὲ(3.56)          ‏ 

Where Ὅ  is the solar constant, is 1367 W/m2.  

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 estimated from sunshine 

records by the modified Angstrom correlation, as suggested by Page and others as (Duffie and 

Beckman, 2013): 

ὥ ὦ                                                             (3.57) 

Where Ὄ is global daily solar radiation on horizontal surface, Ὄ  is the global daily solar radiation 

outside of the atmosphere for the same location, ὥ and ὦ are empirical constants, (Values are 
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evaluated by regression), ὲί is the daily hours of bright sun shine and ὔί is the maximum possible 

daily hours of bright sunshine. 

The regression parameters a and b can be obtained from: 

ὥ πȢρρππȢςσυὧέί‰πȢσςσ                                           (3.58) 

ὦ ρȢττωπȢυυσὧέί‰πȢφωτ                                             (3.59) 

 

Figure 3.12: Bright sunshine hours for the representative days of each month for Adama (Ethiopia  

National Meteorology Agency) 

 

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

The monthly average daily diffuse radiation on a horizontal surface, Ὄ , can be determined from 

the monthly average daily global radiation on a horizontal surface and the number of bright 

sunshine hours (Duffie and Beckman, 2013): 

πȢωσρπȢψρτ                                                 (3.60) 

The daily beam solar radiation hitting a horizontal surface at ground level, Ὄ   (J/m2day), is 
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can be found by simple deduction: 

Ὄ Ὄ Ὄ                                                              (3.61) 

 
 

Figure 3.13: Monthly average daily global, beam and diffused radiation on a horizontal surface 

 

3.8.4 Prediction of Monthly Average Hourly  Radiation from Sunshine Duration 

The monthly average hourly beam and diffuse  radiation 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 Collares-Pereira and Rabl, 1979, (Duffie and Beckman, 2013). In this 

thesis a one second resolution of solar radiation is taken for transient analysis in the subsequent 

sections. thick marks are used only for of differentiating between plots. 

ὍӶ
ᶻ

ὥ ὦὧέί‫z Ὄ                               (3.62) 

ὍӶ
ᶻ

ὥ ὦὧέί‫z Ὄ                               (3.63) 

Where 














































































































































