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Abstract 

This study gives an overview and analysis on the effect of operating parameters on the thermal 

performance of solar water heating systems with two distinct collector configurations; flat 

plate and heat pipe evacuated tube collectors. The thermal analysis of these two systems was 

conducted based on the account of variation in weather conditions of Adama city, volume flow 

rate, collector orientation and storage tank size, and it was carried out by the virtue of T*SOL® 

Pro simulation programme. 

 The results showed that for a fluid circulating at 120 l/h, the highest monthly solar fraction of 

FPC and ETC systems were 80% and 64.6%, respectively, and these values were found around 

November (Hidar) which have a total solar irradiation of 191 kWh/month. For both systems, 

the hourly tank outlet temperature was higher during November at 12:00 PM with 87 °C and 

71.2 °C for ETC and FPC, respectively. At the end a typical day in April, the energy 

accumulated in the collectors would reach 2.71 kWh/day for ETC and 2.26 kWh/day for FPC. 

Regarding the flowrate, simulation of the systems is done for three flow rates (80, 120 and 160 

l/h). The results also showed that for a typical day in April, the hourly maximum tank inlet-

outlet temperature difference was obtained for both ETC and FPC at 12:00 PM at a flow rate 

of 160 l/h, where the corresponding maximum tank outlet temperature becomes 74 and  62.5 

°C. At this volume flow rate, a solar water heating system efficiency of 59% and 50%,  and 

also a system solar fraction of 82% and 68.1% could be achieved for a SWH system employing 

ETC and FPC, respectively. For a stationary collector in Adama, the highest solar fraction 

has been found at a collector inclination of 10° to be 74 and 57.1 for ETC and FPC, 

respectively. The corresponding mean hourly collector outlet temperature was 40 and 36.2 °C. 

ETC’s energy accumulation in the tank at the end of a year it reached 6074.1 kWh/year, 6266.3 

kWh/ year and 6390.5 kWh/ year for 360, 450 and 540 l, respectively, whereas for FPC, it add 

up to 4836.6 kWh/ year, 5127.93 kWh/ year and 5335.43 kWh/ year, for 360, 450 and 540 l, 

respectively. The annual system solar fraction for ETC’s SWH system is 72%, 74% and 74.1%, 

for 360, 450 and 540 l, respectively and the system solar fraction for FPC’s SWH system is 

55.1%, 57.1% and 58.5%, for 360, 450 and 540 l, respectively.  

Annually, a solar irradiation of 10962 kWh/year will fall on both collectors, and ETC’s SWH 

system lost 3869 kWh/year of this energy at the collector, 760.4 kWh/year at the pipe and 309.4 

kWh/year at the storage tank, while FPC’s SWH system lost 5094 kWh/year of the collected 

energy at the collector, 591.5 kW/year at the pipe and 242.4 kWh/year at the storage tank. 
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CHAPTER ONE 

Introduction 

1.1 Background 

Energy plays a pivotal role in our society because of new the life trends which are accompanied 

with high energy consumption. In a modern society we live in, demand for electric energy is 

on the rise throughout the world. The tendency of global demand reveals that the emerging 

economies will begin to require more and more electricity, given their exponential growth. Due 

to this increasing energy demand, our society has been on the lookout to find different kind’s 

energy sources that are affordable and efficient to meet the specific needs of the people. At the 

moment, coal, natural gas, woods and oil are among the most used and exploited energy 

sources. To avoid the harmful effects of these energy sources, we need to find such type of 

energy source which produce energy as much as conventional fuel like fossil fuel and that 

source must be not limited. The best option is to use renewable energy. Renewable energy is 

energy that comes from resources which naturally build up again on a human time scale, such 

as sun light, wind energy, geothermal heat, rain, tidal energy, wave heat etc. One form of 

renewable energy is solar energy [1].  

Solar energy is heat and radiant light (energy) from the sun. Solar energy technologies produces 

marketable energy by converting this natural phenomena (sun radiation), into either electrical 

energy or thermal energy by using solar collectors [2]. The  development  of  solar  energy  

requires  accurate  estimation  of  the  available  solar  energy resources  and  suitable  sites  for  

solar  collector  installations. The generation and distribution of solar energy is highly 

dependent on the geographical location and topography. Accurate knowledge of the available 

solar energy resource is very important for the design of any solar-based energy system. This 

knowledge can significantly contribute to better siting and economic assessment of the new 

installations, monitoring of their performance and forecasting of delivered energy [3]. Ethiopia 

has abundant solar energy resources. The national daily average irradiance is estimated to be 

5.2 kWh/m2/day with seasonal variations that range between the minimum of 4.5 kWh/m2/day 

in July to a maximum of 5.6 kWh/m2/day in February and March. The solar resource is 

relatively lower in the most populous Northern, Central and Western highlands of the country 
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while the rift valley regions, western and eastern lowlands of the country receive higher annual 

average irradiance well above 6 kWh/m2/day [4]. 

Solar Water Heating (SWH) systems installed in Ethiopia are mostly simple and modular 

collectors with separate water tanks.  An estimated 80% of total installed capacity of SWHs is 

within Addis Ababa.  It is estimated that the residential housing SWH market takes the lion’s 

share of 90 % while the surplus goes to hotels and tourism. The SWH market was started with 

locally manufactured products and is currently entirely based on imported products. The market 

for solar water heaters started with locally manufactured products about a decade ago but 

currently, local manufacturing has been squeezed out of the market for it could not compete 

with cheaper but higher quality imported products so, the market nowadays is entirely based 

on imported products. The country’s predominant operator model in the SWH industry is 

known for companies that engaged in importation, retail, installation and maintenance.  

Technologies available in the market range from simple flat plate collectors to evacuated tube 

with heat-pipes. Currently, there are about seven companies that import and sell SWHs in large 

volumes [4].  

The proper design of SWH systems is important to assure good performance. There are many 

studies in the literature that address the design method of these systems. These design methods 

can be broadly classified into two categories, namely, correlation-based methods and 

simulation-based methods. The typical correlation based methods include the ϕ method and f-

chart method. These design methods have been widely used in preliminary design due to their 

convenience and inexpensiveness in predicting long-term performance compared to detailed 

simulation-based methods. The application of these design methods, however, is limited, 

particularly when the meteorological data and the usage characteristics of the SWH system are 

different from the data used for corrections [5]. On the other hand, a number of simulation-

based methods such as TRNSYS, T*SOL and SOLCHIPS have been applied for the design of 

SWH systems and are also available on the market as user-friendly software tools. Researchers 

and designers can numerically evaluate the effects of design variables on long-term energy 

performance by conducting a series of simulations. These design variables could include the 

collector area, number of the collectors, storage tank volume, auxiliary heater capacity, and 

number of the auxiliary heaters. However, even one of these design variables could cause a 

variation in the SWH system’s performance. Therefore, the number of simulations increases 

exponentially according to the increase in the number of design variables and parameters. 
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Moreover, these methods also require the involvement of experts and significant computation 

time [6]. 

1.2 Problem Statement 

While solar water heating systems have the potential to provide the majority of household hot 

water and to lower carbon emissions, yet it’s only recently that these systems started to be 

introduced to a developing city like Adama. Thus, like any other upcoming technology, there 

can be some uncertainties among residents of the city regarding the effects of various operating 

variables on energy production from small-scale (domestic) solar collector installations. Due 

to this reason, most consumer’s goal is largely aimed only at subsidizing purchase and 

installation on the assumption that these are sufficient steps towards constructing a system that 

can meet the required hot water demand efficiently. The subsequent analysis provides evidence 

to the contrary because, without having the proper understanding on the system’s sizing (for 

system components and operating parameters) and how they should be operated, it would be 

impossible to build a system, one that operates using its full potential. Investigation on areas 

of performance improvement would provide the local consumers of these technologies with an 

essential knowledge to build a more efficient domestic solar water heating system. 

1.3 Objectives 

1.3.1 General objective 

The main objective of this thesis is to investigate the effect of different weather conditions of 

Adama city, inclination angles, volume flow rate, and system sizes on the performance of 

domestic solar water heating systems that uses flat plate and heat pipe evacuated tube 

collectors, and also to compare the performance of these two systems with each other, based 

on thermal analysis. 

1.3.2 Specific objectives 

The specific objectives of this thesis are: 

 To give a brief overview on areas that can be seize to improve the thermal performance 

of domestic solar water heating systems. 

 To perform the simulation of the two SWH’s systems using T*SOL pro 5.5 software 
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based on thermal analysis with different weather conditions, inclination angles, volume 

flow rate, and storage tank sizes to study the impact of these operating conditions on 

the system efficiency, system solar fraction, storage tank outlet temperature, collector 

outlet temperature, energy accumulated and collected in the tank and collector. 

 To investigate the overall thermal losses of the two solar water heating systems. 

1.4 Significance of the Study 

The main significance of this project is to provide any local person who is interested in using 

solar water heating technologies, with the necessary informations required to select the most 

appropriate solar collector system and its operating conditions. The proper selection and 

employment of SWHs that can solve a problem that our community faces regarding the 

shortage and rise of energy cost. 

1.5 Scope and limitation of the Study 

Scope 

This project is intended to investigate and compare the effect of various operating elements on 

the thermal performance of heat pipe evacuated tube and flat plate collectors. 

Limitations 

i. Currently available SWH simulation softwares (TRNSYS, TSOL and PolySun) doesn’t 

provide the option to alter the characteristics of the constructing elements of a collector 

like; number of tubes, absorber plate thickness, glazing type and insulation thickness 

and others, thus are not included in this study. 
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CHAPTER TWO 

Literature review 

2.1 Overview of Solar Water Heating systems 

The idea of using solar energy collectors to harness the sun’s power is recorded from the 

prehistoric times when at 212 BC the Greek scientist/physician Archimedes devised a method 

to burn the Roman fleet.  Amazingly, the very first applications of solar energy refer to the use 

of concentrating collectors, which are by their nature (accurate shape construction) and the 

requirement to follow the sun, are more ‘difficult’ to apply. The interest for water and house 

heating appeared in the mid-1930’s, but gained interest in the last half of the 40’s. Until then 

millions of houses were heated by coal burn boilers. The idea was to heat water and fed it to 

the radiator system that was already installed. The manufacture of solar water heaters (SWH) 

began in the early 1960’s. Since then, the industry of SWH’s have expanded very quickly in 

many countries of the world. The greatest advantage of solar energy as compared with other 

forms of energy is that it is clean and can be supplied without any environmental pollution. In 

addition to the thousands of ways in which the sun’s energy has been used by both nature and 

man through time, to grow food or dry clothes, it has also been deliberately harnessed to 

perform a number of other jobs such as; to heat and cool buildings, to heat water for domestic 

and industrial uses, to heat swimming pools, to power refrigerators, to operate engines and 

pumps, to desalinate water for drinking purposes, to generate electricity, for chemistry 

applications, and many more [7].  Two types of active solar energy systems can be used to heat 

domestic and service hot water:, direct circulation and indirect. These are called active systems 

because a pump or fan is employed in order to circulate the fluid. 

2.1.1 Direct circulation systems 

In direct circulation systems, shown schematically in Fig. 1, a pump is used to circulate potable 

(drinkable) water from storage to the collectors when there is enough available solar energy to 

increase its temperature and then return the heated water to the storage tank until it is needed. 

As a pump circulates the water, the collectors can be mounted either above or below the storage 

tank. Direct circulation systems can be used in areas where freezing is not frequent. For extreme 

weather conditions, freeze protection is usually provided by recirculating warm water from the 

storage tank. Direct circulation systems often use a single storage tank equipped with an 



6 

 

auxiliary water heater, but two-tank storage systems can also be used. Direct circulation 

systems can be used with water supplied from a cold water storage tank or connected directly 

to city water mains. Pressure-reducing valves and pressure relief valves are required however 

when the city water pressure is greater than the working pressure of the collectors. Direct water 

heating systems should not be used in areas where the water is extremely hard or acidic because 

scale deposits may clog or corrode the collectors.  

 

Figure 1. Direct circulation system [Kalogirou] 

 

2.1.2 Indirect water heating systems 

Indirect water heating systems, shown schematically in Fig. 2, circulate a heat transfer fluid 

through the closed collector loop to a heat exchanger, where its heat is transferred to the potable 

water. The most commonly used heat transfer fluids are water/ethylene glycol solutions, 

although other heat transfer fluids such as silicone oils and refrigerants can also be used. When 

fluids that are non-potable or toxic are used double-wall heat exchangers should be employed. 

The heat exchanger can be located inside the storage tank, around the storage tank (tank mantle) 

or can be external. It should be noted that the collector loop is closed and therefore an expansion 

tank and a pressure relief valve are required. Additional over-temperature protection may be 

needed to prevent the collector heat transfer fluid from decomposing or becoming corrosive 

[1]. 
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Figure 2. Indirect water heating system [Kalogirou] 

2.2 Solar thermal collectors 

Solar collectors are devices that are used to harness the energy from the sun, converting the 

incoming solar radiation into useful heat energy. Being the key element in solar energy 

utilization systems, solar energy collectors act as heat exchangers that converts the solar 

radiation energy into internal energy of the transport medium. The solar energy will be 

collected by absorbing the incoming solar radiation and converting it into heat, and transferring 

this heat to a fluid. Then, this heat energy will be transferred from the fluid to the heat 

application processes or the storage tank [9]. 

There is a high consumption of non-renewable primary energy for domestic hot water systems. 

Therefore, a potential solution is needed for the accelerating surge in the share of the energy 

demand. This led to development of energy-saving technologies and the use of renewable 

energy sources such as solar energy [2]. Solar energy collectors are basically distinguished by 

their motion, i.e. stationary, single axis tracking and two axes tracking, and the operating 

temperature. Stationary solar collectors are permanently fixed in position and do not track the 

sun. Three types of collectors fall in this category are Flat plate collectors (FPC), Stationary 

compound parabolic collectors (CPC) and Evacuated tube collectors (ETC) [1]. 

Exergy analysis has been performed for different types of solar collectors. Most of it is in the 

field of flat-plate solar collectors. The second most popular area of study refers to combined 

photovoltaic and thermal collectors. Also, a few studies has been done on parabolic trough 

collectors and evacuated tube collectors too. Parabolic dish collectors have been analysed and 

optimized by a number of researchers and showed to have high exergetic efficiency. Other 
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types of collectors less often researched are compound parabolic collectors, heat pipe collectors 

and cavity receivers [9]. 

The energy generated by a solar collector is dependent on the angle at which it is tilted and the 

orientation of the solar collector. For maximum energy gain, solar panels should be inclined at 

optimal tilt angle and seasonal adjustment of the panel may lead to considerable gain in energy 

obtained from solar energy. The optimum North – South tilt angle and East- West orientation 

angle is different for each months of the season and shows variation in the direction of sun with 

time of day and month of the season. The collected solar energy will be greater if we choose 

the optimum panel tilt for the season [8]. 

2.2.1 Flat plate collector 

Flat plate collectors (FPCs) are primarily composed of a glass cover, absorber plate and 

insulation material. The glass cover is used to trap the hot air by reducing the radiation and 

convection losses to the surrounding, the absorber plate has tubes filled with the working fluid 

whereas the insulation material is used to reduce conduction losses. For flat plat collectors, the 

materials, the dimension, number and size of tubes and number of glass covers can vary for 

different application and are selected based on the chosen criteria of the specific application 

[10]. A typical flat-plate solar collector is shown in Fig. 3. 

 

Figure 3. Pictorial view and sectional view of flat plate collector [Farzad and Emad] 

Addisu et al. [11] investigated the potential use of solar energy for large-scale water heating 

systems on four selected sites; Addis Ababa tannery, Dire tannery, Ethiopian tannery and 
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Jimma hospital, Ethiopia. The transient analysis was performed for a 2 m2 flat plate collector 

and the system gave a corresponding solar contribution to the heating load and a maximum 

solar fraction of 1 and 80.9% for Addis Ababa tannery; 0.981 and 76.2% for Dire tannery; 0.91 

and 81.6% for Ethiopian tannery; and 0.975 and 81.8% for Jimma hospital, thus proving solar 

energy can be used for large-scale water heating systems in Ethiopia. 

A new approach have been proposed that improves the hot water production from flat plate 

collector. The optimization of the thermal energy efficiency was guaranteed by using an 

electronic architecture that controls the mono-axial tracker. The electronic system dedicated to 

the control and command consumes an average of 278.2 Wh/day. From 7:00 to 9:30 AM, the 

FPC receives a remarkable quantity of solar radiation equal to 1040W, while the stationary 

FPC receives an average of 531W. This improvement of solar radiation collection influences 

directly on the hot water production performance, allowing the improved FPC to produce an 

average of 719 W, while the stationary FPC produces 353 W [12]. 

By increasing the mass flow rate of the working fluids we can increases the efficiency of the 

flat plate collector. Water gives a lower efficiency at lower flow rates but for a flow rate of 

0.016 kg/s and above, since the pumping power adversely affects the thermal efficiency of the 

collector, at the turbulent flow conditions water becomes more efficient HTF [13]. 

The investigations on the performance of FPC were done for two different two climatic 

conditions with TRNSYS software. In order to get suitable outlet temperature (70 to 90 °C) 

they used three collectors which are connected in series. Based on the study the thermal 

efficiency is increased with increasing the inlet temperature. So the first collector has more 

useful energy gain (3775 kJ/hr) than the second one (3300 kJ/hr) also, the useful energy gain 

is more than from the second one is more than the third one (2825 kJ/hr) [14].  

Weiqiang et al. [15] introduced a dynamic test method is which is an improved transfer function 

method that features on two new collector parameters. One is time term which can indicate 

solar collector’s inner heat transfer ability and the other is a second order term of collector 

mean fluid temperature which can obtain fluid thermal capacitance in data processing. It was   

concluded that, the improved transfer function method can accurately and stably estimate flat 

plate solar collector under dynamic test conditions with correct test procedure and data 

processing method. 

In order to improve the performance of the solar energy collectors, a reflector was introduced. 

It was observed that the collector efficiency and heat transfer rate depend on solar radiation. 
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The collector efficiency, without reflector is about 51%, but this can be maximized by 10% to 

an efficiency of 61% by mounting a glass to prevent the radiation emitted by the absorber plate 

from escaping, and using a reflector to concentrate the solar heat on the collector [16]. 

Lacour et al. [17] carried out the year round performance analysis of two commonly of two 

commonly installed forced circulation SWH systems in temperate climates has been carried 

out using trial installations. Results obtained show that for an annual total in-plane solar 

insolation of 1087 kWh/m2, a total of 1984 kWh of heat energy were collected by the 4 m2 

FPC system. Over the year, a unit area of the FPC generated 496 kWh/m2 of heat. For 3149.7 

kWh of auxiliary energy supplied to the FPC system, its annual solar fraction was 38.6%. The 

annual average collector efficiency was 46.1% and 60.7% while the system efficiency was 

37.9%. Chandraprabu et al. [18] has studied the performance of CuO/Water nanofluid instead 

of water as an outer fluid in the tube of condensing unit of air conditioner. 

2.2.2 Heat pipe evacuated tube collector 

Heat pipe evacuated tube collector (ETC) contain two glass tubes made of borosilicate where 

the inner and outer glass tubes are separated by vacuum space. The vacuum plays the role of 

an insulator to block the short wave radiation from escaping and this has proven to be the best 

methods to trap radiation. It is also used to direct the radiant energy incident inside the tube 

without a huge heat loss. These solar collectors consist of a heat pipe inside a vacuum-sealed 

tube, as shown in Fig. 4. The pipe, which is a sealed copper pipe, is then attached to a black 

copper fin that fills the tube (absorber plate). Protruding from the top of each tube is a metal 

tip attached to the sealed pipe (condenser). ETC use liquid – vapour phase change materials to 

transfer heat at high efficiency. The heat pipe contains a small amount of fluid (e.g. methanol) 

that undergoes an evaporating-condensing cycle. In this cycle, solar heat evaporates the liquid, 

and the vapour travels to the heat sink region where it condenses and releases its latent heat. 

The condensed fluid return back to the solar collector and the process is repeated. When these 

tubes are mounted, the metal tips up, into a heat exchanger (manifold). Water, or glycol, flows 

through the manifold and picks up the heat from the tubes. The heated liquid circulates through 

another heat exchanger and gives off its heat to a process or to water that is stored in a solar 

storage tank [19].  
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Figure 4. Pictorial view and sectional view of heat pipe evacuated tube collector.  

Evacuated tube collector is preferably used for high temperature applications such as 

desalination of sea water, air conditioning, refrigeration, and industrial heating processes since 

their performance is better than that of Flat Plate Collectors [20].  

Evacuated tube solar collectors (ETC) are the most widely used type of collectors because they 

have a high working temperature and thermal efficiency compared to other collectors such as 

flat plate solar collectors. The efficiency of evacuated tube collector can be increased by using 

a heat pipe as the absorbing element in the collector tube. The heat is transferred through the 

heat pipe having a small temperature difference of fluid between the heat input and output. The 

heat pipe consists of a closed container integrated with a capillary device then charged with a 

working fluid suitable for the operating conditions. The fluid first gain a latent heat of 

vaporization in the pipe, and then it vaporizes in the manifold [21]. 

Xianhua et al. [22] stated that, higher thermal efficiencies can be achieved for the evacuated 

tube solar collectors by the reducing the inlet fluid temperature. For temperatures below zero, 

the thermal efficiencies increase as the reduced temperature decreases, and the growth rate of 

the thermal efficiency will decreases slowly. The growth rate of the thermal efficiency is higher 

for lower solar irradiances which are the higher sensitivity to the mass flow rate and the solar 

irradiance changes.  
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The heat collecting efficiency of evacuated tube solar collector is conducted by the simulation 

method. The results show that the annual average heat efficiency of the evacuated tube solar 

water heating system is 42.9%. The heat efficiency of ETC was the largest in August, and the 

lowest in December, which goes to show that the air (ambient) temperature has great influence 

on the heat collecting efficiency of the collector [23]. 

A two part experiment, one for the evacuated tube collector/storage with a compound parabolic 

concentrator and one without a compound parabolic concentrator were conducted by Piotr and 

Robert [24] to measure the heating medium flow rate and solar radiation intensity using a flow 

meter and pyranometer, respectively. They found that for the first 80 minutes, the paraffin’s 

temperature increased steadily for the evacuated tube collector/storage with a compound 

parabolic concentrator and without it, but soon, the CPC showed to have an effect on the rise 

of the temperature causing the temperature of the paraffin to rise more rapidly. The main reason 

for this is the fact that the CPC will direct more solar radiation on the surface of the evacuated 

tube. 

After conducting an investigation on 2m2 concrete absorber plate solar water heater, Ajinkya 

[25] stated that, during months of September, January and April average water temperature of 

150 l of water collected per day is  found to be 62 °C, 59 °C and 69 °C respectively at a water 

flow rate of 30 l/h. Thus, with this capacity of the evacuated tube  solar  water heater, it is 

possible to fulfil the demand of hot water for various purposes in most  weather conditions 

mostly for normal weather days and partially, for cloudy days.  

From the thermal standpoint, the ambient conditions selected for the design will determine the 

number of solar collectors required to attain the targeted performance from the system. Larger 

collector areas can be used to compensate for certain deficiencies such as lower inlet 

temperatures and a lower solar radiation intensities [26]. 

Rigardt et al. [27] developed a numerical model and implemented EES (Engineering equation 

solver) to investigate the performance of a SWH system using a heat pipe evacuated tube 

collector. Results from the analysis showed that for a city that is located in South Africa in 

summer, a 40° slope produced the least amount of useful heat and outlet temperature, whereas 

the 25° slope produced the most. In winter, the opposite was observed, and the 40° slope 

produced the greater amount, thus showing the dependency of optimal collector angle on a 

season.  
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To increase the outlet temperature of the working fluid it’s recommended to lower the mass 

flow rate of the fluid and use optimum length of collector. The net heat energy gain at high 

solar intensity is highly affected by the change in the ambient temperature. Based on the study, 

water has proven to be the best heat energy absorber fluid compared to air and LiCl-H2O 

solution [28].  

Dimitri et al. [29] investigated the performance of evacuated tube collectors and flat plate 

collectors having equal gross surface area (2 m2) in Nordic climate condition of Estonia. The 

testing of solar collectors was held from August to September and March to April. On rainy 

and cloudy days, ETC produced 21-64% more energy than FPC and using solar trackers 

increased the productivity of ETC by 41%. 

2.3 Sizing a Solar Water Heating (SWH) system 

Sizing  a  solar  water  heating  system  is  by  determining  the  collector  area  that  will meet  

the  heating  load,  depending  upon  the  irradiation  level  and  in  some  cases,  the collector 

area that will give maximum life cycle solar savings (minimize life cycle cost)  of  SWH  system  

[30]. It is therefore possible to minimize life-cycle cost by sizing a system that meets 100 

percent of the load on the sunniest day of the year. SWH system sizing also involves the 

determination of the required storage tank capacity to provide an energy buffer between periods 

of low irradiation levels such as night and cloudy days, and periods of high irradiation levels. 

Pumps can be selected according to the recommended flow rate of the fluid in the collector as 

specified by the collector manufacturer [31]. 

2.3.1 Collector choice, surface sizing and orientation 

Selecting the right collector is the most important factor in building a solar water heating 

system. For seasonal pool heating, cheaper collectors of worse thermal properties will be 

sufficient, for prolonging a bathing season to the spring and autumn, collectors for all year 

operation shall be used (black chrome or Sunselect surface), as well as in case when all-year 

solar-heated DHW and additional heating is desired. For better energy gains or for operation 

under extreme temperatures, the best solution is using tube collectors, especially the versions 

with many tubes without mirrors bring energy gains even from diffuse radiation, i.e. during 

cloudy periods (diffuse radiation is reflected only very little by mirrors). A calculation of a 

collector surface size always comes out from the heat quantity needed and the period in which 

this need shall be covered. The energy needed is then compared to the average quantity of solar 
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energy received by one square meter in the period in question, decreased according to the solar 

system efficiency. The result is the size of collector surface needed, possibly increased by an 

index in case of adversely oriented collectors, which is finally re-calculated to the number of 

collectors needed. Solar collectors are usually calculated to cover 100% of DHW need in the 

period between April and August. The orientation of a collector with respect to the South and 

its inclination (the angle from a horizontal plane) represents another factor influencing the total 

energy balance [32].  

2.3.2 Daily hot water consumption 

Estimation  of  hot  water  consumption  is  a  difficult  task because  the consumption pattern 

(profile) depends on many variable factors difficult to quantify such as  living  standards,  

gender  and  purpose  of  the  building. ASHRAE [35], recommends hot water consumption of 

75 litres per day per person. Also, according to the National Renewable Energy Laboratory 

(NREL) of the US Department of Energy, a workshop on solar thermal technology and 

applications by Roger Taylor [36] provided the following values for hot water usage in various 

types of buildings in Table 1. 

Table 1. Typical hot water usage in buildings [36] 

Type of building Consumption per occupant 

Dormitory  49 litre per day per person 

Motel  57 litre per day per room 

Hospital  68 litre per day per bed 

Office  4 litre per day per person 

Food Service  9 litre per day per meal 

Residence   75 litre per day per person 

School   7 litre per day per student 

 

2.3.3 Required storage tank capacity 

The size of the storage tank affects the outer surface area and hence affects the tank’s heat loss 

conductance. The storage tank can be sized according to the total collector area and the daily 

heating load requirements [23]. When sizing a DHW tank or an accumulation tank, usually a 

size for 1-1.5 day heat consumption is used. For DHW tanks, sizing comes out from the number 
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of persons to be served, the usual size of a tank for calculations is 75 litres per person [33]. 

Duffie and Beckman [30] recommends tank capacities ranging from 50 to 200 litres per square 

metre of collector  for  an  annual  system  performance  to  be  insensitive  to  tank  capacity. 

Due to an unstable energy supply from the sun, it is advisable to oversize the tank a little bit. 

2.3.4 Estimating total heating load 

The loads to be met by a solar water heating system are generally grouped into two; hot water 

load and heat losses from tank and piping.  The heat losses from the tank and piping are 

estimated as a fraction of the total hot water load [34]. If the total daily need of hot water is 

known, the heat required to heat it up can be calculated by the popular equation Q=mc (T2-T1).  

2.4 Factors affecting SWH systems performance 

2.4.1 Weather conditions 

The  amount  of  incident  radiation  determines  the  absorbed  solar  radiation  by  the  collector  

while  the  ambient  temperature  determines  the  thermal  losses  from  the  collector.  Cloudy 

conditions limit the beam radiation levels and thus the radiation absorbed by the collector 

especially the concentrating collectors [31]. 

2.4.2 Collector orientation and tilt 

Geographic orientation and collector tilt can affect the amount of solar radiation the system 

receives. Collector  orientation  is  critical  in  achieving  maximum  performance  from  a  solar  

energy  system.  In  general,  the  optimum  orientation  for  a  solar  collector  in  the  northern  

hemisphere  is  true  south  (azimuth  of  180°)  as  illustrated  in  Fig. 5. However,  recent  

studies  have  shown  that,  depending  on  the  location  and  collector  tilt, the collector can 

face up to 90° east or west of true south without significantly  decreasing  its  performance.  

The  Optimum  tilt  angle  for  solar  collector  is  an  angle  equal to the latitude [30]. 
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Figure 5. Collector orientation in the Northern Hemisphere 

2.4.3 Transport fluid flow rate 

Low collector fluid flow rates increases the thermal performance of the collector by increasing 

the degree of storage tank thermal stratification. In a stratified tank, the temperature of fluid at 

the bottom of the storage tank is lower than at the top. Collector inlet temperature is reduced 

because the collector inlet fluid is fed from the bottom portion of the tank. Lower inlet collector 

temperature reduces thermal losses. This results in increased useful energy gain.  

2.4.4 Collector array arrangement and characteristics 

Collector area and its glass cover optical properties affect the amount of the incident  solar  

irradiation  that  can  be  absorbed  while  collector  insulation  thickness  and  its  thermal  

conductivity  affect  the  overall  heat  loss  coefficient  and  thus  the  thermal  losses. The 

performance of the collector array depends on how the collector modules are connected.  In  

parallel  connection,  module  inlet  and  outlet  ports  are  fed  to  the  common respective 

headers. Assuming identical modules, fluid inlet temperature is the same to all modules in the 

array. This is also true to fluid outlet temperature. The performance of the collector array is 

thus the same as the performance of the individual collector. In series connection, the 

performance of the second and subsequent modules will not be the same as the first  because  

its  inlet  temperature  is  the  outlet  temperature  of  the  first [30].  

2.4.5 Working fluids 

For effective heat transfer, the fluid should be stable at high temperatures, noncorrosive and 

safe. It also should be cost-effective. Air is attractive for heating and cooling applications. 

However, the heat transfer is very poor. The most commonly used working fluids are 
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pressurized water, liquid metals, therminol 55, and Mobile therm 603 [37]. Water based fluids 

can be either pure water or a water and glycol mixture with either ethylene or propylene glycol 

which are types of “antifreeze”. 

Distilled water 

Distilled water has been suggested for use in solar collectors since it avoids some of the 

problems of untreated potable water. Since the distillation process removes contaminants such 

as chlorides and heavy metal ions the problem of galvanic corrosion should be eliminated. 

However, distilled water is still subject to freezing and boiling. For this reason glycol-water 

concentrations are most preferable [38]. 

Glycol-water antifreeze 

Non-freezing liquids can be used to provide freezing protection. These liquids are circulated in 

a closed loop with a double wall heat exchanger between the collector loop and the storage 

tank. In this part there is only a description of the antifreeze solutions and their properties. 

Water-Glycol antifreeze solutions are the most commonly used because their cost is less 

compared to silicon fluids. Ethylene and propylene glycol are the two most common antifreeze 

solutions. A concentration of 50% ethylene or propylene glycol and 50% water solution 

provides freeze protection to about -20°C. The boiling point also rises to about 120°C [38]. 

The use of glycol-water solutions has the disadvantage of corrosion. Glycol-water solutions 

corrode galvanised pipes and at high temperatures glycols may break down to form glycolic 

acid. This break down usually occurs at 85°C and accelerates as the temperature reaches 95°C. 

This glycolic acid corrodes almost all the metals used in solar collectors including copper 

aluminium and steel. The decomposition rate of glycol varies according to the degree of 

exposure to air and the service life of the solution.  

Most glycol-water solutions require periodic monitoring of the pH level and the corrosion 

inhibitors. The appropriate value of pH is between 6.5 and 8.0. Also the replacement of the 

solution is done every 12-24 months or even sooner in high temperature systems. Table 2 shows 

the physical properties of water and water glycol mixture at a mean temperature of the fluid. 
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Table 2. Physical properties of heat transfer fluid [38] 

Fluid  Temperature 

(°C) 

Density 

(kg/m3) 

Viscosity 

(g/ms) 

Specific heat 

(kJ/kg °C) 

Thermal conductivity 

(W/m °C) 

Water 38 993 0.684 4.166 0.628 

93 963 0.305 4.208 0.661 

Ethylene glycol 

and water, 50 % 

by weight 

38 1054 2.3 3.43 0.398 

93 1016 0.76 3.64 0.433 

 

2.5 Conclusion of literature review 

This study presented the review of flat plate and evacuated tube collectors. Applications and 

processes include the use of phase change materials either in the collection or storage of thermal 

energy, heating, solar cooling, drying, domestic cogeneration, solar assisted heat pumps and 

others. Here, the utilization of solar thermal collector’s specifically focuses on solar water 

heaters which undertake the conversion of solar energy into thermal energy (heating).  

The general conclusions of the review are 

 The performance of solar water heater systems depend on the mass flow rate of the heat 

transfer fluid. 

 Weather conditions (Air temperature, solar intensity and wind speed) in which the 

system is located or installed also affect the performance of solar water heating systems. 

 A calculation of a solar water heating system’s size always comes out from the heat 

quantity needed and the period in which this need shall be covered (hot water 

consumption profile). 
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CHAPTER THREE 

Simulation setup 

3.1 Simulation software 

In this study, the T*SOL® Pro 5.5 (R6) analysis tool is used for analysing the solar water 

heating system. T*SOL® is  a  dynamic software programme  used to  simulate  and optimise 

solar  thermal  systems  such  as  hot  water  systems  and  space  heating  applications. This is 

preferred to other analysis tools because it has an integrated MeteoSyn tool which allows users 

to create climate data for locations outside of the included data base.  It  also  requires  input  

parameters  such  as  project  climate  data  location,  system  consumption,  collector  type  

selection  and  system  configuration  selection  to  automatically size the collector and storage 

tank. It provides project report, economic analysis, efficiency calculation and annual simulation 

of the system as output [39]. The assessment of the DWH systems will be based on the first 

law of thermodynamics. The results are determined by a mathematical model calculation. 

Actual yields can deviate from these values due to fluctuations in climate, consumption and 

other factors. 

The  T*SOL® software  programme  accepts  the  following  parameters  as  inputs; weather 

data, average daily hot water consumption, desired hot water temperature,  type  of  collector,  

tank  capacity,  slope  of  collector,  collector  azimuth  angle and  cold  water temperature. The 

programme outputs the following; 

i. Total annual global solar irradiation in the plane of the collector and fraction of diffuse 

component of solar irradiation. 

ii. System  components  in  terms  of  required  number  of  collectors,  total  gross collector  

area,  total  collector  aperture  (active)  area,  collector  surface  area  irradiation, annual 

circulation losses, volumetric flow rate per m2 of collector area and collector 

manufacturer. 

iii. Thermal  performance  in  terms  of  the  resulting  annual  energy  requirement, annual  

system  energy losses,  energy  produced  by  collector  and  collector  loop, contribution  

of  solar  to  annual  energy  requirement,  energy  from  auxiliary  heating, solar fraction 

and system efficiency. 
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3.2 Operational sequence of T*SOL simulation software 

A simplified operational sequence for the simulation of a thermal solar water heating system 

with T*SOL looks like the following: 

1.  Create new project or new variant: After starting T*SOL, it’s possible to create 

a new project, open the last project edited or select another project (if it already exists). 

Within a project, one can create any number of system variants and edit up to eight of 

them at one time.  

2.  Set weather and site data: In order to design a useful solar system, the 

climatic conditions in which it operates and its site data must be known. 

3.  Set hot water consumption: The DHW requirement and its distribution over the 

year are key values for simulating a solar system. At the same time, the total 

consumption for the operating time and the resulting energy requirement are displayed. 

The weighted consumption profile is displayed as a graph and a table for every day of 

the week, the entire week, and the year.  

4.  Select system: On starting, one must first select a system. The system is the solar 

system that is selected with a predefined collector loop configuration, storage loop with 

corresponding tank type, consumption loop, and the associated control strategy. The 

separate components can be exchanged in the system definition. 

5.  Define component parameters: The systems are made from individual 

components. Define or modify the properties of these components in the relevant 

dialog. Go through all the components in this system and enter the required parameters. 

6.  Run simulation: After setting the parameters of the solar system, it’s now 

possible to simulate its operational state over the period of a year. The simulation is 

carried out for the project's active variant. 
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3.3 Weather data 

For this study, the solar radiation, ambient temperature and wind speed of Adama, Ethiopia 

(8.330 N and 39.170 E) was selected from the MeteoSyn tool database, and based on this data, 

the simulation analysis was done on each hour, day and months of a year. APPENDIX A shows 

tables of mean hourly, daily and monthly values of ambient air temperature, solar radiation and 

wind speed of Adama city.  

3.4 DHW consumption profile 

The DHW requirement and its distribution over a year are key values for simulating a solar 

system. The monthly average hot water consumption is roughly constant across a year. For this 

study. Adama’s daily load pattern used for the load cycle simulations was adopted for detached 

house (Single-family dwelling), together with the simulation software’s automated hot water 

draw off system to mimic domestic hot water use. The amount of hot water needed for a 

particular household is based upon how much hot water is typically used per day.  An average 

household in Adama uses about 75 L of hot water per person per day and according to the 

Ethiopia Rural Socioeconomic Survey (ERSS) [42], Ethiopia’s average household size is 5.1 

persons. This means, for a family of five, the total daily hot water consumption will be 375 l. 

Fig. 6 shows the profile of the daily domestic hot water demand. 

 

Figure 6. DHW consumption at different times of a particular day 
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3.5 Description of the SWH systems 

An indirect active system was selected as the basis for the design of the systems. The main 

components of the SWH system includes solar thermal collector, controller, electric pump and 

storage tank. A schematic diagram of the examined water heating systems is shown in Fig. 7. 

 

 

 

 

 

 

Figure 7. Schematic diagram of a) ETC and b) FPC SWH systems 
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3.5.1 Thermal collector 

T*SOL® provides up to date database of many certified solar collectors which are tested 

according to the Solar Collector Certification Program (SRCC) and certified by independent 

institutes. Out of those collectors, the type KSC-AE/200/S and OPC 15 are selected for the 

simulation representing the flat plate collector and heat pipe evacuated tube collector, 

respectively. In order to get suitable water outlet temperature (60 °C), the SWH system is 

modelled with three collectors which are connected in series. Here, the outlet temperature of 

the second and subsequent collectors will be more and not the same as the first, because its 

inlet temperature is the outlet temperature of the first, and the water collects more and more 

energy along its way. 

Cold water (T1 = Tfi = 22.5 °C) which have the same temperature with water entering the 

storage tank will be pumped to the inlet of the first collector where the sun radiation falls and 

energy is contained and trapped, thus heating the water contained in the tubes. The water heated 

(outlet) from the first collector (T2) will be inlet to the second collector, where it collects more 

energy, which then increases the temperature of the water to (T3). Finally, the water outlet from 

the second collectors will pass through the third collector where it is again heated to a higher 

temperature (T4 = Tfo). 

The rate of thermal energy of the tubular collector available will be carried away by the fluid 

flowing through the tube under steady-state conditions. This can be calculated using the energy 

balance on the fluid volume as follows: 

𝑄𝑢 = 𝑚̇ 𝐶𝑝(𝑇𝑓𝑜 − 𝑇𝑓𝑖)                                                           (1) 

The collector efficiency is defined as the ratio of the actual useful energy gain over a specific 

period of time to the incident solar energy over the same period, and it can be computed by the 

following equations: 

𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝑄𝑢

𝐴𝑝 𝐼
                                                              (2) 

𝜂1𝑠𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝑚̇ 𝐶𝑝(𝑇2 − 𝑇𝑓𝑖)

𝐼 𝐴𝐶1
                                             (3) 

𝜂2𝑛𝑑 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝑚̇ 𝐶𝑝(𝑇3 − 𝑇2)

𝐼 𝐴𝐶2
                                             (4) 
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𝜂3𝑟𝑑 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝑚̇ 𝐶𝑝(𝑇𝑓𝑜 − 𝑇3)

𝐼 𝐴𝐶3
                                               (5) 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 =
𝑚̇ 𝐶𝑝(𝑇𝑓𝑜 − 𝑇𝑓𝑖)

𝐼 𝐴𝐶
                                         (6) 

The energy absorbed by the collector and output to the collector loop with heating losses is 

calculated as follows: 

𝑃 = 𝐼𝑑𝑖𝑟 𝜂𝑜 𝑓𝐼𝐴𝑀 +  𝑓𝐼𝐴𝑀𝑑
  𝐼𝑑  𝜂𝑜 𝑘𝑜(𝑇𝐶𝑚 − 𝑇𝑎) 𝑘𝑞(𝑇𝐶𝑚 − 𝑇𝑎)2        (7) 

with  Idir = Part of solar irradiation striking a tilted surface 

         Id = Diffuse solar irradiation striking a tilted surface 

         TCm = Average temperature in the collector 

         Ta = Air temperature 

         fIAM = Incident angle modifier 

After deduction of optical losses, a part of the absorbed radiation is lost through heat transfer 

and radiation to the environment. 

Orientation angle is set as face to south and no tracking device was used. According to Adama 

city water supply corporation [40], the temperature of water supplied for Adama is between 21 

ºC and 24 ºC, so average temperature of 22.5 ºC was chosen as the water inlet temperature. 

Table 3 shows the characteristics of both collectors. 

Table 3. Collector design parameters 

Parameter for ETC for FPC 

Type OPC 15 KSC-AE/ 200/ S 

Gross area of collector 2.13 m2 1.94 m2 

Active area of collector 1.7 m2 1.7 m2 

Length of collector 1.25 m 0.99 m 

Width of collector 1.7 m 1.97 m 

Number of collectors 3 3 

Total active area of collector 5.1 m2 5.1 m2 

Specific heat capacity of collector 12413 Ws/m2 K 12059 Ws/m2 K 

Linear heat transfer coefficient 1.02 W/m2 K 3.89 W/m2 K 
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Height of collector 0.1 m 0.1 m 

Surface azimuth angle 0 0° 

Collector inclination 20° 20° 

Water inlet temperature 22.5 °C 22.5 °C 

3.5.2 Storage tank 

As in all hot water systems, the storage tank's task is to balance peak demand and charging 

power in supplying hot water by compensating for time differences between solar energy 

supply and hot water requirements. Dual coil indirect hot water tank is applied for the storage 

tanks modelling of both systems from the T*SOL® component library.  

Since it’s a closed loop solar water heating system, the storage tank will feature a heat 

exchanger at the bottom. Hence, heat absorbed by the water in the solar collectors is then 

transferred to the water in the cylinder through a heat exchanger. This takes place where, the 

cold water intake is always in the lowest storage tank layer and the heat transfer fluid (water 

coming out of the collector) does not come into direct contact with the water being heated. 

Finally, hot water is generally drawn from the highest layer of the storage tank.  

Assuming a fully mixed storage scenario the energy stored (Qst) in the tank is expressed as: 

𝑄𝑠𝑡 = 𝑚̇ 𝐶𝑝(𝑇𝑡𝑎𝑛𝑘 𝑜𝑢𝑡 − 𝑇𝑓𝑖)                                                (8) 

The capacity of the storage tank should be large enough to cover for at least one day. For 

domestic hot water (DHW) storage, the tank should hold the average daily consumption (in l) 

for that residency. Using the previously mentioned average volume of 75 l per person per day 

[33], a five-person family will require a 375 l storage tank (5×75 l = 375 l), but to accommodate 

for guests or other unexpected personnel in the house, the tank is sized with a 20% allowance 

resulting a 450 l storage tank. The exterior of a storage tank would be insulated to retain heat 

and reduce losses. Specifications of the storage tank are given in Table 4. 
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Table 4. Hot water storage tank properties 

Parameter Value 

Type Dual coil indirect hot water tank 

Volume 450 l 

Height 1.35 m 

Number of tanks 1 

Insulation material Mineral wool 

Thickness of tank insulation 0.1m 

Thermal conductivity of insulation 0.045 W/m K 

 

The SWH system efficiency is defined as follows: 

𝑆𝑊𝐻 𝑠𝑦𝑠𝑡𝑒𝑚 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑊𝐻 𝑠𝑦𝑠𝑡𝑒𝑚

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟
         (9) 

3.5.3 Pump 

A Standard single speed pump is used to circulate water from the storage tank in the solar 

collectors. The pump is switched on and off by the temperature difference between the solar 

tank and the standby tank. The pump’s input energy fluctuates between 3 to 6 kWh depending 

on the fluid volume flowrate fluid inlet temperature and other changing parameters. Gary [43], 

suggested possible operational flow rate of HTFs to be in the range of 40 to 250 l/h. 

3.5.4 Pipe and insulation 

Pipes of the solar system must be fitted with thermal insulation so that thermal dissipation from 

the pipes does not deteriorate a total efficiency of the solar system. Heated water from the 

collector passes through a pipe connected to the hot water storage tank. From there, cold water 

move down the pipes into the solar collector where it was being heated, again. In addition to 

this, there will be a pipe where the hot water gets transferred from the storage tank in to the 

building.  

The single length of piping and the thermal conductivity coefficient for insulation is subdivided 

and entered for inside, outside, and between the collectors. Gary [43] recommended the pipe 

diameter and length of the pipe to be around 0.02 meters and more 10 meters, respectively. The 

distinction influences the calculation of piping losses. Mineral wool is commonly used as an 
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insulation throughout a house in pipes, sidewalls, attics, floors, crawl spaces ceilings and 

basements [44]. Compared with normal pipe insulation materials, mineral wool has low 

thermal conductivity and maximum service temperature so, mineral wool is an ideal choice for 

insulation material. It is recommended to have the thickness of the insulation to approximate 

the nominal diameter of the pipe [39] thus, the insulation thickness will also be 0.02 meter. 

Some specifications of the pipe are given in Table 5. 

Table 5. Specification of pipe and insulation 

Parameter Value 

Pipe length (Inside the building) 7 m 

Pipe length (Outside) 4 m 

Diameter of pipe 0.02 m 

Insulation type  Mineral wool 

Insulation thickness 0.02 m 

Thermal conductivity of insulation 0.045 W/m K 

3.5.5 Controller 

The controller monitors the operational state of the solar system and ensures the most efficient 

use of the energy irradiated. This control principle compares the temperatures at the absorber 

and in the storage tank. If the absorber temperature is at a level above that of the storage tank, 

the circulation pump in the collector loop is switched on by the controller. The irradiation 

energy converted to heat in the absorber system is transported to the storage tank, whose 

temperature increases. When the temperature of the storage tank is equal to that of the absorber, 

no more energy can be supplied to the storage tank and the pump is switched off. 
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3.6 Simulation parameters of examined SWH systems 

Simulation of two SWH systems is performed for two collectors, ETC and FPC of the same 

size and system design parameters. Though, the temperature requirement for domestic 

applications is known to be at 49 °C [45], the desired DHW temperature is set to be 60 °C, 

because the hot water storage regulation, AS1056 [41]. The thermal analysis will be performed 

for four different operating variables which includes weather conditions, volume flow rate, 

collector inclination angle as well as storage tank size. The system operating parameters and 

their range of variation is given in Table 6. 

Table 6. Simulation parameters and their range of variation. 

 

3.7 Methodology 

The steps used to assess the Performance of the two collectors based on the performance in this 

thesis were 

i. Determining the incident solar irradiation level on the plane of the collector  

ii. Estimating the daily hot water heating requirement of the consumer 

iii. Sizing the solar water heating (SWH) system  

iv. Analyzing the system's thermal performance through annual simulation using the 

T*SOL® simulation programme for solar thermal heating systems. 

v. Record, organize and present the results in a meaningful way to discuss afterwards. 

 

 

Variables Simulation parameters 

Solar radiation and ambient temperature 

(weather conditions) 

Hourly, daily and monthly 

Volume flow rate 80 l/h, 120 l/h, and 160 l/h 

Inclination angle of collector 10°, 20°, 30° and 40°  

Storage tank size 360 l, 450 l and 540 l 
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CHAPTER FOUR 

Results and discussion 

4.1 Validation of T*SOL simulation software 

The validation focuses on the comparison between the the simulation software and the 

experimental results for FPC. The experimental results has been done by Farzad and Emad 

[46], for flat plate collector. The experiments were conducted at the solar energy research center 

of Islamic Azad University, South Tehran branch in an open loop system equipped with 

electrical heater for the pre-heating of fluid, circulation pump for flow rate regulation, and flat 

plate collector as specified in Table 7. The output from the simulation software (T*SOL) has 

been run according to same configuration and parameters done in experimental work by them. 

Since they provided no information about the ambient air velocity used in their experimental 

facility, it is assumed as 3 m/s. 

Table 7. Design condition for flat plate collector 

Parameters Value 

Absorber area  1.6 m2 

Working fluid Water 

Optical efficiency 76% 

Inlet water temperature 300 K 

Emissivity of absorber plate 0.92 

 Thickness of the back insulation 50 mm 

Thickness of absorber plate 0.75 mm 

Thermal conductivity of the absorber plate  237 W/m K 

Thermal conductivity of the insulation 0.04 W/m K 

Inner diameter of pipes 13 mm 

Collector tilt  40° 

Adhesive resistance Negligible 

Thermal conductivity of water 0.608 W/m K 

Specific heat capacity of water 4180 J/kg K 

Dynamic viscosity of water 0.0004 kg/m s 



30 

 

Thermal conductivity of insulator 0.045 W/m K 

Thermal conductivity of absorber plate 384 W/m K 

Mass flow rate 0.04 kg/s 

 

According to the results given in Table 8, there is a very good agreement between the 

experimental data [46], and the simulation predicted data of efficiency, absorber plate 

temperature and overall heat loss coefficient of the collector. In all the cases, the simulation 

software yields a result that is closely less or greater than the predicted values. The absolute 

errors of T*SOL for the collector efficiency, absorber plate temperature and overall heat loss 

coefficient for FPC system are 4.95%, 0.39% and 16.8%, respectively. This shows that, the 

simulation software (T*SOL) can be used to analyse any SWH problem since it gives almost 

same values as compared to the experimentation done in Farzad and Emad’s research paper. 

Table 8. The comparison between the simulation and experimental results 

Output parameters T*SOL Experiment [46] Difference  

Collector efficiency (%) 48 50.5 -4.95 

Absorber plate temperature (K) 306.3 307.5 -0.39 

Overall heat loss coefficient (W/m2 K) 3.4 2.91 +16.8 

 

 

4.2 Comparative analysis on effects of operating parameters on the SWHs 

The collector’s comparative thermal analysis is performed with four operating variables 

namely, weather conditions, volume flow rate, collector orientation angle as well as system 

size, to study how each variable’s parameters affect the tank and collector outlet temperature, 

energy collected and accumulated in the tank and collector, efficiency and solar fraction of the 

system. 

4.2.1 Effect of weather conditions 

Fig. 8 shows trend of the changing energy collected by the collector that has been observed for 

all twelve months for a fluid circulating at 120 l/h, where the purple line represents ETC and 

the blue one is for FPC. For ETC, the maximum daily energy collected at the collector was 

found during November to be between 18 and 21.7 kWh/day and a minimum energy was 
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collected in July to be between 6.1 and 18.2 kWh/day. FPC’s maximum daily energy collected 

at the collector was found again in November ranging between 13 and 19.1 kWh/day while the 

minimum energy was collected in June to be between 3.9 and 15.5 kWh/day. Thus, November 

and July represented the highest and lowest monthly mean energy collected for both collectors, 

respectively where, for ETC, the highest mean energy collected is 20.1 kWh/day (in 

November) and the lower is 16.7 kWh/day (July), and for FPC, the highest mean energy 

collected is 17 kWh and the lower is 13.9 kWh/day. The total energy collected by the collector 

during November is 603.6 kWh/month and 510.3 kWh/month for ETC and FPC, respectively. 

Averagely, ETC has collected an energy that is 15.4% and 16.8% more higher than that of FPC 

for June and November, respectively. It is apparent that during winter months, solar intensity 

can get low by which the systems won’t be performing at their maximum energy level, whereas 

during summer its value gets higher. These shows, as solar radiation increases, so does the 

radiation absorbed by the absorber plate and the evacuated tubes, thus the energy gained by the 

solar collector increases. However, when the solar radiation increases the desired increase in 

the efficiency of solar collector may not be obtained due to the limit of absorption capacity of 

heat transfer fluids and increase of thermal losses.  
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Figure 8. Daily energy collected by the collector for each month 

Fig. 9 shows the annual solar fraction of both SWH systems, since to demonstrate the actual 

effect  of  weather conditions on the solar fraction in a DHW system, it is necessary to analyse 

the  entire year of operation of such systems, including the periods characterized by less 

favourable weather conditions (lower solar energy inputs and lower ambient air temperatures). 

As it is shown in the figure, the solar fraction of both systems closely follow the profile of the 

global solar irradiation showing their dependency on the available solar energy. The monthly 

solar fraction of ETC’s system varied between 64% in August and 80% in November 

meanwhile, FPC’s monthly solar fraction varied between 47.5% (in August) and 64.6% (in 

October). The lowest solar fraction was found during August (‘Nehase’ for Ethiopian calendar) 

at a solar irradiation of 152 kWh/m2/month. It should be noted that this period includes only 

small portion of the annual insolation in the city of Adama, thus, a low solar fraction was 

expected. The highest solar fractions of both systems were recorded during March and 
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November (‘Megabit’ and ‘Hidar’ in Ethiopian calendar) at a solar irradiation of 191 kWh/m2. 

The higher energy collection in this period is primarily associated with the greater average solar 

energy elevation in spring months. As more favourable atmospheric conditions prevailed, 

higher values of radiation intensity will be observed. The aftermath is, temperature of the 

collector will be increasing and in turn a faster rise of temperature of water in the tank will be 

observed. Hence, the system will be more capable of fulfilling the hot water demand. The mean 

annual solar fraction in the case of ETC was 73.7%, while in the case of FPC it was 57.1%. 

Therefore, using ETC over FPC in this case improved the annual solar fraction by 22.5%. 

 

Figure 9. SWH System solar fraction at different solar irradiation throughout a year 

Fig. 10 demonstrates each storage tank’s hourly variations of outlet temperature of water for 

each month of a year. For a given day, the difference between the highest and lowest tank outlet 

temperature of each collector varies with each month. Out of all months, the highest tank outlet 

temperature of the water occurred in November, and the outlet temperature at this month varied 

between 43 and 87 °C for ETC, and 33.6 and 71.2 °C for FPC at 9:00 AM and 12:00 PM, 

respectively. Once again, the highest mean tank outlet water temperature was found in 

November to be 58 °C for ETC and 45.4 °C for FPC. These higher tank outlet temperatures are 

a result of a higher solar radiation intensity and higher ambient air temperatures that exist 

during this month (November). During this period, a large temperature difference will be 

developed between the air and the tubes which leads to a higher heat transfer rate from the air 

to the fluid, increasing the temperature of the fluid that is transferred to the storage tank. August 
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gave the lowest mean tank outlet water temperatures of 38.2 and 33.8 °C for ETC and FPC, 

respectively. The lower outlet temperature were found during Winter months, because average  

ambient air  temperature  and  the  solar  radiation  intensity of this season are significantly 

lower  than  of  the other warm  seasons.  This  results  in  a  significant  drop in  the  average  

daily  temperatures  of  the  water  in  the  storage  tank.  

 

 

Figure 10. Hourly tank outlet temperature of ETC and FPC SWH system for each month 
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Fig. 11 shows the amount of energy collected by the two collectors throughout a day and it 

obviously shows, higher solar radiation will result in higher amount of energy collected by the 

collector that reaches its peak during noon and then decreases with the solar intensity. The 

ambient temperature causes significant variation in the net heat absorption capacity at higher 

solar intensity and the effect is relatively insignificant at lower solar intensity. For the total 

solar intensity throughout a day, ETC has collected an energy that is 18.6% higher than that of 

FPC. At noon, the daily solar irradiation on the active areas of the collectors can get as high as 

4.19 kW and the energy accumulated in the collectors would reach 2.71 kWh/day for ETC and 

2.26 kWh/day for FPC. Correspondingly, ETC and FPC collected 59.1% and 48.04% of the 

solar intensity throughout the day. A higher solar intensity yields a higher rate of heat 

absorption by the working fluid. This is due to the fact that, when the ambient temperature 

increase with the solar intensity, the heat transfer rate to the fluid increases. In addition to that, 

with the rise of solar intensity, there is a significant increment in radiative heat transfer between 

the outer glass and the inner glass tube (for ETC) and between the glass and absorber plate for 

(FPC), hence there is an increase in net heat energy absorbed by the working fluid. 

 

Figure 11. Influence of solar intensity on energy collected and accumulated by the collectors in a day 
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4.2.2 Effect of volume flow rate 

Fig. 12 compares the time wise variation of storage tank outlet temperature of water with 

different volume flow rates. Here, the analysis is done for volume flow rates of 80, 120 and160 

l/h. For a particular day in April, at the highest flow rate (160 l/h), the tank outlet temperature 

of water can reach up to 74 °C and 62.5 °C for ETC and FPC, respectively. It is certain that 

increasing the amount of flow rate of the working fluid raises the tank outlet temperatures in 

each situation. For example for ETC, the mean tank outlet temperature has been improved by 

14.06% as the volume flow rate is increased from 80 to 120 l/h, and by 6.36% as the volume 

flow rate is again increased from 120 to 160 l/h, also for FPC the mean tank output temperature 

of the fluid has been improved by 12.7% and 6.21% for the same respective flow rate boosts. 

The reason behind this is, though, at lower flow rates there is a longer period of contact between 

the working fluid and tube (heat pipe wall for ETC), it takes a while for the water to reach the 

storage tank, so in the meantime, it will lose much of its heat to the surrounding before it 

reaches the tank. But, at higher flow rate the fluid can quickly reach the tank without losing 

much heat and transfer it through the heat exchanger, hence there is an increase in the tank 

outlet temperature. The differences between the mean daily tank outlet temperatures of the two 

systems has been obtained indicating ETC’s tank outlet temperature to be higher than FPC’s 

by 20.3%, 21.5% and 21.6% for a volume flow rate of 80, 120 and 160 l/h, respectively.  

 

Figure 12. Storage tank outlet temperatures ETC and FPC for different flow rates on a typical day 
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Fig. 13 displays the variation of SWH system efficiency for different volume flow rates of the 

fluid as a function of the parameter Ti-Ta/IT. This is a usual parameter for expressing the thermal 

efficiency of solar collectors. In comparative simulation of these two collectors, the highest 

SWH system efficiencies were achieved at a volume flow rate of 160 l/h for both ETC and 

FPC. This phenomenon is due to the decrease in the overall thermal loss of the collector at 

higher flow rates. Although the efficiency obtained at a flow rate of 80 l/h is low, it is a more 

preferable situation for the winter season. Nevertheless, a volume flow rate of 160 l/h emerges 

as a preferred value throughout a year, because it is at this volume flow rate that the highest 

efficiency of 59% and 50% could be achieved for ETC and FPC, respectively, at inlet water 

temperature of 22.5 °C. ETC’s system efficiency has shown to be higher than FPC’s by 28.6%, 

21% and 18.21% for a volume flow rate of 80, 120 and 160 l/h, respectively. Increasing the 

inlet water temperature also reduces the efficiency of the system by 3 to 8% based on water 

inlet temperature. Both ETC and FPC presented a significant drop in the efficiency values at 

lower flow rates, since at lower fluid flow rates, the collector temperature rises and more heat 

will be lost out through the glazing and absorber plate (for ETC), then this heat loss reduces 

the heat output of the collector. However, high volume flow rates at low inlet water 

temperatures and solar radiation values can be disadvantageous since it can cause the outlet 

temperature to be lower, which is the basic purpose of SWHs. 

 

Figure 13. Variation of SWH system efficiency with different flow rates 
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Fig. 14 demonstrates the actual effect of fluid flow rates on the solar fraction in a SWH system. 

The solar fraction of both SWH systems increased with increasing volume flow rates. ETC’s 

mean monthly solar fractions are 66.1%, 73.7% and 75.2% for 80, 120 and 160 l/h, 

respectively, while in case of FPC, the corresponding solar fractions becomes 47.5%, 57.1% 

and 60.1%. The monthly lowest and highest solar fraction of ETC’s system exist during August 

and November, respectively, and lies between 57.8% and 72.2% for 80 l/h, between 64% and 

80% for 120 l/h and between 65% and 82% for 160 l/h. In contrast, FPC’s monthly lowest and 

highest solar fraction values existed for the same months as ETC’s (August and November, 

respectively)  and varied between 39.8% and 53.6% for 80 l/h, between 47.5% and 64.6% for 

120 l/h and between 49.6% and 68.1% for 160 l/h. Hence, the lowest solar fraction was 

recorded at a flowrate of 80 l/h, in which it did not exceed 55% in both cases systems. The 

highest system solar fraction of both collectors were found at a flow rate of 160 l/h, and for 

ETC, its value amounted to 82%, while, it is 68.1% in the case of FPC. Therefore, the use of 

high volume flow rates increased the energy absorption and usage of water in the storage tank, 

thus improved the annual solar fraction the systems averagely by 12.1% and 20.9% for ETC 

and FPC, respectively, when the flow rate is increased from 80 to 160 l/h. 

 

Figure 14. Variation of solar fraction with fluid flow rate throughout a year 
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4.2.3 Effect of collector inclination 

Fig. 15 shows the effect of varying collector inclination on the solar fraction of a SWH system 

which circulates fluid at 120 l/h. Solar fraction is defined as the amount of energy provided by 

the solar collector (system) divided by the total energy required by the system. For both 

collectors, it’s evident from the graph that at an inclination angle of 10°, relatively consistent 

solar fraction can be achieved than any other inclination angles, since a collector at this 

inclination has a better chance of picking up the solar radiation from wide range of angles. For 

ETC, the variation of inclination angle; 10, 20, 30 and 40° gives a respective annual solar 

fraction of 74, 72.8, 70.6 and 66.4% respectively, and for FPC, at these inclination angles, the 

annual solar fraction will be 57.1, 56.6, 54.7 and 51.4%, respectively. This indicates, for 

Adama, a city located at 8.33° N, a stationary flat plate and evacuated collector would give a 

better performance if it is installed at low inclination angle, preferably 10°. The reason for this 

being, at this angle the collector is oriented in such a way that it will minimize the angle of 

incidence and maximize the transmittance of the glass cover and absorptance of the absorber 

plate hence, absorbs the maximum amount of solar radiation for most days of a year. As seen 

from the figures, the variation of inclination angle from 10 to 20° is not largely critical to the 

performance of flat plate and evacuated tube collectors since the annual solar fraction of both 

systems is almost the same, decreasing only by 1%. Beyond 20°, with each 10° increase in 

collector inclination, the annual solar fraction of both collectors reduces roughly by 5%. Based 

on the results, for each inclination angle, the annual solar fraction of ETC is higher than FPC, 

thus it can meet the heating load requirement more efficiently than FPC. It is clear from the 

figures that, a unique optimum tilt angle exists for each month of a year that corresponds to the 

maximum point of each curve. 
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Figure 15. Monthly solar fraction for ETC and FPC SWH systems at different inclinations 

The optimum tilt angle of different months have been discussed in earlier sections to determine 

the best inclination angles of each month, but for stationary solar collectors it will be necessary 

to figure out and decide a fixed angle which will be capable to extract the most out of the 

available solar radiation. Fig. 16 demonstrates the variation of collector outlet fluid temperature 
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as a function of different tilt angle of solar collectors. ETC’s mean hourly collector outlet 

temperature were 40 °C, 39.2 °C, 38 °C and 36.6 3 °C for 10, 20, 30, and 40°, respectively, 

while in case of FPC, the corresponding mean hourly collector outlet temperature became 

36.2°C, 35.6 °C, 34.7 °C and 33.5 °C. The results show that in Adama, Ethiopia, the best 

performance for ETC and FPC occurs when the collector is tilted at angle around 10°. 

Therefore, the tilt angle of both collectors can be taken as 10°, since the highest hourly collector 

outlet temperature was found at this inclination angle to be 74.5 and 65 °C for ETC and FPC, 

respectively. 

 

Figure 16. Variation of annual energy gain as a function of different tilt angles 

The yearly useful energy collected from the ETC and FPC for four different collector 

inclination angles (10, 20, 30 and 40°) are shown in Fig. 17. The results showed the yearly 

useful energy accumulated for ETC at 10°, 20°, 30° and 40° is about 6332, 6285, 6100 and 

5780 kWh/year, respectively and 5178, 5142, 4975 and 4683 kWh/year for FPC, so the 

corresponding yearly energy accumulated in ETC is around 0.7, 4 and 9% less than FPC for a 

full year. It is also observed that, the yearly useful energy accumulated in ETC is around 18% 

more than that of FPC for each inclination angle. The results showed that, more energy would 

be accumulated at lower inclination angles which is around the latitude of Adama city for both 

ETC and FPC. 
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Figure 17. Energy accumulated at a collector for different inclinations throughout in a year 

4.2.4 Effect of storage tank size  

Size is one of the most important parameters of SWH systems because the total system size is 

associated with the demand for DHW and the type of heat source. The effect of storage tank 

size on the energy accumulated in the tank of both ETC and FPC SWH systems is shown in 

Fig. 18 for 360, 450 and 540 l tanks. ETC’s energy accumulation in the tank increased with 

each day, and at the end of a year it reached 6074.1 kWh/year, 6266.3 kWh/year and 6390.5 

kWh/year for 360, 450 and 540 l, respectively, whereas for FPC, at the end of a year the energy 

accumulation add up to 4836.6 kWh/year, 5127.93 kWh/year and 5335.43 kWh/year, for 360, 

450 and 540 l, respectively. Overall, as the tank volume is increased from 360 to 450 and 540 

l, the energy accumulated in the tank increased for ETC’s system by 3.1 and 4.9% and for 

FPC’s system by 5.69 and 9.34%, respectively.  
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Figure 18. Energy accumulated at a storage tank of different sizes throughout a year 

As it is shown in Fig. 19, the hourly storage tank outlet water temperatures of the three different 

storage tank sizes are determined for both systems. For a particular day, the maximum tank 

outlet temperature decreased as the tank size (volume) increased. By increasing the tank size 

from 360 l to 450 l then 540 l, the respective maximum attainable tank outlet temperature of 

water decreased from 75.2 °C to 70.6 °C and 68.2 °C for ETC and from 62.8 °C to 59.8 °C and 

57.6 °C for FPC. However, the daily mean tank outlet temperature increased with the tank size 

and for ETC, the mean tank outlet temperature became 47.4, 48.1 and 48.9 °C for the 360, 450 

and 540 l, respectively, and the corresponding tank outlet temperatures for FPC were, 36.2, 

37.7 and 39.1 °C. Compared to using the 360 l tank, employing 450 l and 540 l correspondingly 

resulted the mean daily tank outlet temperature to be increased by 1.39% and 1.86% for ETC, 

and 3.87% and 3.66% for FPC. The increase in mean tank outlet temperature is in response to 

the tank increment which in turn increases the amount of incoming (collector outlet) hot water 

that can be stored in the tank, thus smaller tanks will have higher tank inlet temperatures. But, 

a larger tank size also increases the amount of inlet water that is fed to and stored in the tank, 

which then the low heat energy gets balanced with the tank inlet hot water, so it will ultimately 

give a relatively lower tank outlet temperature. 
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Figure 19. Variation of hourly tank outlet temperature with size 

The effect of adopting a larger and smaller storage tanks on the solar fraction of the SWH 

system has been shown in Fig. 20. The system solar fraction for ETC’s SWH system is 72%, 

74% and 74.1%, for 360, 450 and 540 l, respectively and the system solar fraction for FPC’s 

SWH system is 55.1%, 57.1% and 58.5%, for 360, 450 and 540 l, respectively. For ETC system 

with a 450 litre storage tank, increasing and decreasing the size of the tank by 90 litres (by one 

person with a safety factor) consequently reduced and improved the system solar fraction only 

by 2.2 and 0.54%. For FPC, with the same tank volume (450 l), increasing the size of the tank 

by 100 litres to 540 l improved the solar fraction by 3.5% while decreasing the volume by 100 

litres to 360 l reduced the solar fraction only by 2.4%. Though it is known that the performance 

increases with the size of the overall system, the adoption of a larger storage tank in itself 

doesn’t really change the annual solar fraction of both systems considerably. This indicates, 

the improvement of collector performance due to change in tank size is barely sufficient to 

compensate the increase in heat loss from the larger tank. 
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Figure 20. Variation of solar fraction a SWH system for different storage tank volumes 

4.3 Collector, pipe and tank losses of the proposed SWH systems 

FPCs have collector heat losses due to the temperature difference between the absorber and 

ambient air that results to convection and radiation losses. The convection losses are caused by 

the angle of inclination and the spacing between the glass cover and the absorber plate, while 

the radiation losses are caused by the exchange of heat between the absorber and the 

environment. For ETC, conductive and convective heat losses are greatly reduced because 

there is no air to conduct heat or to cause convective losses. But, there is some radiant heat loss 

(heat energy will move through a space from a warmer to a cooler surface, even across a 

vacuum). Fig. 21 shows monthly global solar irradiation on the collector and also the surface 

and optical loss of the collectors. The total monthly solar irradiation on the collector’s active 

area varied between 761 kWh/month in July and 1030 kWh/month in November. The highest 

and lowest optical losses were also recorded in the months of November and July in which for 

ETC, it varied between 219 and 299 kWh/month while for FPC it’s between 239 and 299 

kWh/month. The surface loss of ETC varied between 52 and 59 kWh/month whereas FPC’s 

varied between 134 and 165 kWh/month. Here, unlike the solar irradiation and optical loss, 

lowest values of the surface losses were recorded in August. The corresponding monthly 

average optical loss of ETC and FPC becomes 264.4 and 273.2 kWh/month, while the surface 
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losses are 58 and 151.3 kWh/month. In general, the annual global solar irradiation on the 

collector’s active area is 10962 kWh/year, from which a total of 3869 kWh/year and 5094 

kWh/year were lost in the collectors of ETC and FPC, respectively. Averagely, 28.9 and 6.35% 

of ETC’s collected solar radiation is allotted to the optical and surface losses respectively, while 

29.9 and 16.6% of this energy is lost as optical and surface loss in FPC. Thus, optical losses 

are proved to be the main source of energy loss within a collector. During months of January 

to February and October to December the optical loss of ETC is greater than that of FPC’s 

since the sunlight hitting the tubular solar collector is reflected with much more radiation than 

FPC’s as only small part of beams gets on tube perpendicularly and the majority of the beam 

is reflected. During the remaining months, the optical loss of FPC is higher because, as the 

sunshine fall on the surface with an angle, the shade of sunlight increases and the quantity of 

the radiation getting through gaps between the tubes decreases.  

 

Figure 21. Average monthly optical and surface losses of ETC and FPC 

Fig. 22 shows monthly energy losses of internal and external pipe which are used to 

interconnect the collector, tank and other components of the systems. The former represents a 

pipe installed inside the building while the latter is for a pipe outside a building. Pipe losses are 

due to temperature drop as the fluid flows between the collector outlet, the coil inlet to the 

storage tank and to the appliances. For an annual solar irradiation of 10962 kWh/year, a total 

of 7093 and 5868 kWh/year were delivered to the pipes of ETC and FPC, respectively. Monthly 
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internal pipe loss of ETC varied between 36.7 and 51.7 kWh/month, whereas the external pipe 

loss varied between 17.7 and 20.9 kWh/month. FPC’s monthly internal pipe loss varied 

between 28.3 and 41.7 kWh/month, while the external pipe loss varied between 12.6 and 14.9 

kWh/month. Knowing high temperature seasons contribute to higher performance of the 

systems, this shows heat losses along the supply side of the solar circuit occurred especially at 

high collector outlet temperatures being transported through pipes. Annual external pipe loss 

of the ETC and FPC SWH systems were 233.4 and 168.5 kWh/year, respectively. Annual 

internal pipe loss of ETC and FPC systems were 527 and 423 kWh/year, respectively. The total 

annual supply pipe loss was 760.4 and 591.5 kWh/year for ETC and FPC, respectively. Overall, 

for both systems, around 4% of the collector’s energy was lost by the external pipe and 12% 

of energy was lost by the internal pipe when delivered to the storage tank. The internal pipe 

loss was higher compared to the external one due to its large length. The supply pipe length 

should therefore be kept as short as possible and all joints insulated to reduce heat losses 

otherwise, it is necessary to place the storage tank inside the building on which the collectors 

are installed. 

 

Figure 22. External and internal pipe losses of ETC and FPC SWH systems 

Fig. 23 shows monthly energy losses of both ETC and FPC at the storage (hot water) tank. 

Annually, 6332.6 kWh/year and 5276.5 kWh/year of energy was delivered to the storage tank 

of ETC and FPC systems, respectively. The monthly storage tank loss of ETC varied from 23.8 
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to 29.9 kWh/month, and for FPC, it varied from 17.7 to 22.5 kWh/month. This shows 

regardless of the amount of energy transferred to it, the energy loss of the storage tank is 

somewhat consistent throughout a year. The mean monthly tank loss is found to be 27.8 

kWh/month and 20.5 kWh/month and the annual tank loss is 309.4 and 242.2 kWh/year for 

ETC and FPC, respectively. Thus, the tank loss of ETC is 26.2% higher than that of FPC’s. 

ETC system’s tank loss is higher than FPC system’s since it collects and stores more energy in 

the storage tank. Even though the storage tank is well insulated, thermal (heat) losses from the 

tank to the environment occur through the tank’s wall, top and bottoms surfaces due to the high 

tank storage temperatures. 

 

Figure 23. Energy collected and lost at the storage tank 
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CHAPTER FIVE 

Conclusion and recommendation 

5.1 Conclusion 

In this study, an hourly, daily, monthly and seasonal year-round thermal performance analysis 

of a commonly used SWH systems with ETC and FPC was carried out by using T*SOL® Pro 

simulation programme. The software is used to mimic real life operation taking into 

consideration of the interaction between the collectors, storage tank and users. The analysis of 

the SWH system regarding the estimation of the daily heating load was based on domestic hot 

water demand. The influencing characteristics of the volume flow rate, weather conditions, 

collector inclination angle and the storage tank size were discussed in details. 

The results from the study showed, that the system efficiency, solar fraction and tank outlet 

temperature increased with the volume flow rate due to the increase in the heat supplied to the 

fluid. Thus, it can be concluded that the collectors will be more efficient operating at relatively 

high flow rates such as 160 l/h, but there will only be a low collector outlet temperature rise. If 

the flow rate is decreased all the way to 80 l/h, collector outlet temperature rises. However, 

more heat will be lost to the surrounding through the glazing, tubes and absorber plate, and 

these losses reduce the heat output of the collectors.  

The monthly total solar radiation, incident on the collector surface have a maximum value 

during October to December and minimum value during July to August. Sunny seasons and 

warmer climates are usually associated with higher water temperatures since, higher solar 

radiation will result in higher amount of energy collected by the collector. Despite the 

promising  effects  of  the  use  of  SWHs, this  study showed  that  during  the  colder season  

it  was  difficult to obtain satisfying water temperatures in the storage tank in the cases of both  

systems. Water inlet temperature can be associated with weather condition and at higher inlet 

temperature, the useful energy collected will decrease. 

A yearly average fixed tilt angle is utilized for both DHW systems in Adama, and a relatively 

maximum solar fraction is found at low inclination angles, preferably 10°. Only March and 

September gave a more or less consistence optimum inclination angle which is again, around 

10°. The optimum tilt angle escalates during the winter months and reaches its maximum value 

in December while it drop down during the winter season. 
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The collectible solar radiation energy shows a small sensitivity storage tank size variation, and 

the performance of ETC’s water heating system was found to be even less sensitive to it than 

FPC. It was showed that, a higher collector area doesn’t corresponds to maximum system solar 

fraction but to maximum tank outlet temperature.  

The system lost the sun’s collected energy at various points of the system such as the collector, 

pipe and storage tank. ETCs lose their heat mainly by radiation and FPC losses their heat due 

to convection and radiation losses. Losses within a collector are mainly attributed to the optical 

loss while the pipe loss is mostly for the internal piping. Out of the three components (collector, 

pipe and storage tank), the system lost most of its heat in the collector. 

5.2 Recommendation 

Based on the results from this study the following recommendations can be made 

1. During  the  colder season  (July - August), less heat will be collected by the solar 

collector, so it  was  impossible  to  obtain satisfying  water  temperatures  in  the  storage  

tank  in the  cases  of  both  systems. Thus, to substantially increase the temperature of 

the water in the tank along with avoiding legionella growth, it’s better to use an 

auxiliary heater in addition to the house's solar heating system. 

2. The performance of SWH systems can be studied using simulation softwares like 

T*SOL®, which can be used to design and simulate solar thermal systems with hot 

water supply, swimming pool heating, process heat and large-scale systems. 

 

 

 

 

 

 

 

https://advice.manomano.co.uk/how-to-heat-your-home-925
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Appendix A 

Climate data for Adama, Ethiopia from Meteosyn tool 

Table 9. Monthly climate data collected for a year 

Months Ta [°C] G. Rad [kWh/m²] v [m/s] 

Jan 25.3 180 1.61 

Feb 25.4 168 1.51 

Mar 25.1 191 1.5 

Apr 24.7 178 1.89 

May 24.1 177 2.2 

Jun 22.3 171 2.19 

Jul 22.1 154 2.4 

Aug 22.8 152 2.3 

Sep 24.4 165 2.4 

Oct 26.8 191 2.49 

Nov 27 186 2.4 

Dec 26.1 181 1.8 

 

Table 10. Daily climate data collected for each month 

January 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 29.3 4.93 1.36 

2 27.1 5.51 1.15 

3 27.6 6.46 1.74 

4 25.8 6.07 0.97 

5 25.2 4.5 1.52 

6 24.9 6.11 1.53 

7 25 6.32 0.85 

8 24.2 6.15 1.96 

9 23.6 5.63 1.47 

10 24 6.27 3.02 

11 24.7 6.29 2.26 

12 20.4 5.42 1.06 

13 22.5 5.93 1.5 

14 22.9 5.55 0.76 

15 21.5 5.45 2.65 

16 23.2 3.26 0.82 

17 24.5 5.3 1.78 

18 25.4 6.03 2.31 

19 26.4 5.2 2.28 

20 26.1 4.8 1.64 
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21 27.3 6.48 3.17 

22 27.8 6.62 1.46 

23 25.9 6.44 0.49 

24 23.8 6.47 0.83 

25 24.3 6.15 0.73 

26 26.9 6.66 1.77 

27 26.7 6.37 3.32 

28 25.6 6.24 1.53 

29 26.2 6.35 1.32 

30 26.6 6.47 1.32 

31 28.5 4.58 1.13 

 

February 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 28.1 5.58 1.71 

2 27.2 6.56 1.72 

3 26 5.95 0.7 

4 22.9 6.36 1.36 

5 24.9 4.6 1.66 

6 24.5 6.56 1.25 

7 25.4 5.44 0.79 

8 23.2 5.39 1.23 

9 22.6 5.41 1.57 

10 23.7 6.28 1.06 

11 24.2 6.37 2.08 

12 23.5 6.32 1.47 

13 25.8 3.67 1.54 

14 21.2 6.3 2.07 

15 21.9 6.08 3.95 

16 24.7 7.14 1.54 

17 26.2 5.83 2.45 

18 24 5.44 1.01 

19 25.7 4.97 0.93 

20 26.9 6.78 1.44 

21 28.7 6.28 1.47 

22 29.2 5.5 1.63 

23 26.6 6.86 1.4 

24 26.7 6.53 1.52 

25 26.4 5.76 1.06 

26 25.2 6.73 1.15 

27 27 6.64 1.41 

28 27.6 6.73 1 
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March 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 25.7 6.16 1.09 

2 25.4 5.46 2.02 

3 23.4 6.4 1.31 

4 22.7 6.86 1.01 

5 23 5.14 1.07 

6 24.2 6.77 1.91 

7 23.8 6.93 2.23 

8 20.8 6.99 1.77 

9 21.6 6.84 1.45 

10 22.4 7.23 1.53 

11 24 6.67 0.25 

12 23.6 6.52 1.08 

13 24.2 2.93 1.57 

14 24.7 3.34 1.45 

15 25.7 3.21 1.54 

16 26.4 7.24 1.64 

17 28.7 6.35 0.96 

18 28.1 6.91 0.98 

19 27.2 6.99 1.52 

20 24.6 5.68 1.09 

21 25 7.34 2.62 

22 26.7 6.91 1.05 

23 26.2 7.14 1.8 

24 26.3 7.07 1.96 

25 25.9 6.85 1.34 

26 25.2 7.56 2.24 

27 26.9 6.18 1.22 

28 26.5 5.48 2.34 

29 25.5 3.53 1.12 

30 26 5.93 2.14 

31 27.4 6.79 1.14 

 

April 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 23.1 5.55 2.23 

2 23.4 4.11 2.66 

3 24.2 4.7 0.57 

4 24.4 7.3 0.91 

5 27.1 7.5 1.6 

6 26.5 5.47 1.08 
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7 27.5 6.58 2.68 

8 26.8 6.1 1.75 

9 26.1 7.44 2.69 

10 27.9 7.6 2.65 

11 28.4 7.34 0.53 

12 25.6 4.78 2.63 

13 25.2 6.94 1.86 

14 24.8 7.23 3.55 

15 25.2 5.87 3.64 

16 25 6.47 1.03 

17 23.9 7.28 0.61 

18 23.9 7.17 1.1 

19 22.3 3.76 1.62 

20 23.4 3.4 1.9 

21 23 3.38 1.99 

22 24.1 6.99 1.17 

23 24.5 7.27 3.73 

24 22.9 7.09 1.78 

25 24.6 3.79 1.08 

26 24.4 5.05 3.03 

27 24.8 4.8 1.97 

28 23.5 4.69 1.83 

29 21.9 6.91 0.96 

30 21.4 5.4 1.73 

 

May 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 24.3 6.35 2.62 

2 25 5.34 1.07 

3 24.8 3.94 0.5 

4 24.6 4.18 1.6 

5 25.5 2.49 0.45 

6 25.9 5.51 1.8 

7 24 6.47 1.8 

8 23 6.57 2.13 

9 22.3 6.99 2.07 

10 21.9 4.81 1.49 

11 23.1 4.86 2.56 

12 20.7 6.43 1.28 

13 22.5 6.23 2.95 

14 21.3 6.31 4 

15 23.9 4.77 4.02 

16 23.4 6.93 5.52 

17 23.2 6.99 2.25 
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18 22.9 5.75 2.47 

19 23.5 1.61 1.17 

20 27.3 5.94 0.83 

21 26.7 7.2 1.67 

22 25.3 5.94 3.44 

23 25.2 7.06 3.99 

24 24.2 7.07 3.5 

25 24.5 7.03 1.39 

26 24.7 5.39 2.47 

27 25.1 6.54 1.93 

28 26.1 5.23 0.76 

29 24.4 7.04 1.57 

30 23.5 6.83 1.15 

31 23.6 3.46 3.7 

 

June 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 22 5.98 2.09 

2 22.1 3.49 1.78 

3 22 4.74 2.99 

4 20.5 6.4 3.79 

5 21.7 5.79 2.53 

6 21.1 3.15 1.52 

7 21.2 5.66 1.63 

8 20.1 5.82 0.71 

9 21 4.95 2.4 

10 21.4 6.43 3.48 

11 22.2 6.01 1.66 

12 22.6 5.69 0.6 

13 23 4.89 1.19 

14 22.7 6.51 2.38 

15 21.9 6.49 4.54 

16 22.5 6.24 1.16 

17 20.8 6.39 1.6 

18 22.6 6.25 3.58 

19 25.1 5.66 2.14 

20 24.7 5.45 1.97 

21 24.4 6.43 1.45 

22 23.9 6.3 1.8 

23 23.7 5.53 0.4 

24 23.3 5.22 1.21 

25 24.2 5.53 1.06 

26 22.3 6.03 1.29 

27 21.5 3.61 1.01 
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28 22.4 6.54 4.06 

29 21.8 6.7 2.41 

30 21.2 6.74 7.37 

 

July 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 21.9 5.21 3.45 

2 22.9 6.76 3.63 

3 23.4 4.1 1.68 

4 21 6.36 0.56 

5 20.9 4.58 1.93 

6 19.5 2.21 5.93 

7 21.7 2.94 1.6 

8 22.8 5.34 1.75 

9 25.3 6.23 3.63 

10 23.6 5.01 2.18 

11 22.5 5.56 1.37 

12 22.1 4.75 1.8 

13 21.9 2.37 1.96 

14 19.8 5.46 2.64 

15 18.9 6.19 0.56 

16 20 4.64 2.85 

17 21.4 4.71 0.89 

18 23.3 5.91 2.99 

19 23.2 5.26 1.4 

20 20.5 4.74 2.15 

21 26.3 5.62 0.7 

22 24.2 2.67 4.27 

23 23.8 6.49 4.07 

24 22.6 5.52 2.52 

25 21.2 4.91 2.64 

26 19.3 4.82 1.7 

27 21.5 4.7 4.66 

28 22.4 4.82 1.65 

29 24.1 5.03 1.33 

30 20.7 4.49 2.5 

31 23 6.66 3.4 

 

August 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 21.9 6.08 2.23 

2 21.6 6.94 5.11 

3 20.8 3.66 2.01 
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4 19.3 3.51 0.98 

5 21.2 6.28 0.92 

6 21 6.13 0.4 

7 19.2 2.05 2.11 

8 21.7 3.6 4.37 

9 21.4 3.54 4.03 

10 22 6.16 2.29 

11 22.6 6.03 4.38 

12 23.1 6.14 3.04 

13 22.5 6.61 0.92 

14 22.8 2.21 3.31 

15 22.8 3.92 2.86 

16 22.9 4.06 1.44 

17 23.8 6.3 1.8 

18 25.3 5.34 1.06 

19 25.9 4.91 2.03 

20 24.2 5.65 2.09 

21 23.3 5.59 1.93 

22 22.2 5.21 2.34 

23 22.3 2.51 1.76 

24 23.4 4.14 1.25 

25 24.3 3.81 0.64 

26 23.6 6.54 1.8 

27 24.5 3.12 4.22 

28 24 6.84 1.89 

29 23.7 4.11 1.43 

30 23.9 4.4 1.08 

31 24.7 6.52 5.46 

 

September 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 26.3 7.28 1.32 

2 26.7 4.54 1.63 

3 26.7 2.64 0.07 

4 28 4.5 2.36 

5 27.5 2.87 1.41 

6 24.5 3.85 1 

7 23.5 5.95 2.83 

8 23.6 5.75 5.61 

9 22.6 7.08 1.81 

10 22.9 6.9 1.71 

11 21.8 7 4.02 

12 22.2 5.96 1.92 

13 23.4 7.05 1.69 
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14 22.7 6.85 4.22 

15 24.5 6.87 3 

16 24.3 6.37 4.19 

17 23.1 5.84 1.62 

18 24 3.58 0.94 

19 23.2 1.63 1.92 

20 23.8 6.3 1.04 

21 24.6 7.38 2.14 

22 24.2 7.15 2.44 

23 24.1 6.9 3.41 

24 26.5 6.69 4.86 

25 25.8 2.86 1.26 

26 23.2 3.35 4.96 

27 23.6 5.94 3.08 

28 24.7 3.47 1.46 

29 25 6.62 2.44 

30 25.4 6.16 1.59 

 

October 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 25 7.11 1.2 

2 24.3 6.96 3.76 

3 25.5 6.92 1.99 

4 26.1 6.87 5.13 

5 26.8 6.76 2.1 

6 27.2 6.91 3 

7 27.5 4.75 3.23 

8 26.9 7.25 3.45 

9 27.7 6.94 2.13 

10 29.7 7.09 4.9 

11 30.2 6.17 2.13 

12 29.2 5.55 1.59 

13 28.8 6.68 0.55 

14 28.5 5.78 1.37 

15 28 7.15 2.56 

16 27.1 5.79 1.92 

17 27.4 5.79 3.08 

18 27.3 6.63 1.8 

19 26.5 5.85 2.63 

20 27.8 3.18 1.44 

21 27.8 4.43 2.94 

22 26.7 5.9 7.15 

23 26 6.46 1.95 

24 26.4 6.47 4.2 
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25 25.6 5.08 1.9 

26 24.7 5.73 1.6 

27 25.2 5.63 0.87 

28 23.9 6.02 1 

29 25.8 6.56 0.88 

30 26.2 6.16 2.74 

31 25.7 6.68 2.14 

 

November 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 24.6 6.46 3 

2 25 5.92 2.21 

3 25.4 6.7 3.85 

4 25.6 6.58 3.11 

5 26.3 6.24 3.1 

6 26.5 6.44 2.07 

7 26.6 6.12 0.8 

8 27.1 6.23 1.33 

9 27.4 5.97 2.7 

10 29.2 6.52 1.07 

11 30 6.08 4.4 

12 26 6.03 3.32 

13 27.2 6.68 2.57 

14 25.1 6.14 1.09 

15 26.7 6.31 1.9 

16 27.4 5.51 1.69 

17 26.5 6.24 3.47 

18 27 6.43 3.53 

19 30.6 6.23 4.26 

20 29.5 6.1 2.35 

21 27.8 4.98 1.35 

22 28.7 5.1 1.97 

23 28.9 5.87 3.18 

24 26.9 6.55 2.35 

25 28.2 6.46 2.67 

26 26.9 6.63 0.36 

27 25.6 6.39 0.99 

28 26.1 6.41 4.21 

29 25.8 6.25 1.95 

30 26.2 5.92 1.28 
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Decembers 

Days Ta [°C] G. Rad [kWh/m²] v [m/s] 

1 27.1 5.97 1.21 

2 25.8 6.36 2.34 

3 28.6 6.18 0.81 

4 28.3 6.04 0.72 

5 26.9 6.26 1.95 

6 26.1 6.02 2.33 

7 26.2 6.01 2.11 

8 26.7 6.04 0.67 

9 25.6 6.03 0.88 

10 25.9 5.04 1.07 

11 24.8 5.67 1.85 

12 26.6 5.54 3 

13 25.3 6.19 2.52 

14 27.4 4.62 4.12 

15 27.6 5.71 0.76 

16 29.3 6.01 2.39 

17 27.3 6.19 2.4 

18 28.9 5.91 2.14 

19 28 6.26 3.37 

20 27.8 6.27 1.15 

21 24.5 5.87 0.91 

22 26.4 5.67 1.47 

23 25 5.82 1.83 

24 23.7 6.13 0.87 

25 22.6 5.98 1.86 

26 23.1 5.58 1.37 

27 23.9 5.31 1.93 

28 24.2 5.85 1.55 

29 25.1 4.88 3.27 

30 25.4 6.1 1.6 

31 24.6 5.76 1.43 

 

Table 11. Hourly climate data collected for a typical day of each month  

January 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 20.9 0 1 

2 20.1 0 1 

3 19.3 0 2 

4 18.9 0 1.3 

5 18.5 0 0.3 

6 18.2 0 0.2 
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7 18.2 0 0.1 

8 19.6 0.103 0.7 

9 21.8 0.298 1.6 

10 24.2 0.483 2.8 

11 26.5 0.632 0.9 

12 28.4 0.729 2.5 

13 30 0.769 2 

14 31 0.734 3.3 

15 31.5 0.639 6.4 

16 31.5 0.491 4.9 

17 30.7 0.31 3.8 

18 29.2 0.112 1.5 

19 27.6 0.001 1 

20 26.5 0 0.3 

21 25.5 0 0.5 

22 24.4 0 1.3 

23 23.4 0 1.8 

24 22.3 0 1.5 

 

February 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 19.4 0 0.5 

2 18.4 0 0.6 

3 17.4 0 1.1 

4 16.9 0 0.7 

5 16.4 0 0.1 

6 16.1 0 0.1 

7 16 0.001 0.3 

8 17.9 0.136 0.5 

9 20.9 0.39 0.6 

10 24 0.636 0.7 

11 27.1 0.842 0.7 

12 29.7 0.965 0.6 

13 31.7 1.011 0.2 

14 33.1 0.978 2 

15 33.8 0.866 2.3 

16 33.9 0.68 3 

17 32.9 0.443 4.5 

18 31.1 0.186 5.4 

19 28.9 0.003 4 

20 27.8 0 2 

21 26.6 0 1.3 

22 25.5 0 1.5 

23 24.4 0 2.6 
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24 23.3 0 1.7 

 

March 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 22.3 0 1.6 

2 21.3 0 1.2 

3 20.2 0 2.9 

4 19.7 0 1.4 

5 19.2 0 0.4 

6 18.8 0 0.6 

7 18.8 0.003 0.2 

8 20.8 0.17 0.7 

9 23.5 0.425 2.2 

10 26.2 0.657 1.9 

11 28.7 0.847 4.8 

12 30.9 0.974 3.2 

13 32.6 1.015 3.2 

14 33.8 0.983 2.9 

15 34.3 0.859 1.6 

16 34.3 0.672 1.6 

17 33.4 0.44 1.6 

18 31.7 0.186 1.1 

19 29.8 0.005 1.4 

20 28.8 0 2.2 

21 27.8 0 0.6 

22 26.8 0 0.2 

23 25.9 0 0.7 

24 24.9 0 1.1 

 

April 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 21.8 0 1.6 

2 21.2 0 1.9 

3 20.5 0 5.3 

4 20.1 0 3 

5 19.8 0 6.7 

6 19.6 0 4.1 

7 19.8 0.012 1.8 

8 21.6 0.179 2.1 

9 23.6 0.37 2.6 

10 25.6 0.557 3.8 
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11 27.4 0.703 7.5 

12 29 0.802 7 

13 30.2 0.832 4.8 

14 30.9 0.765 2.4 

15 31.2 0.659 3.4 

16 31 0.51 9.1 

17 30.3 0.338 9.1 

18 29.1 0.138 4.8 

19 27.7 0.002 1.8 

20 26.7 0 1.8 

21 25.7 0 0.9 

22 24.7 0 0.4 

23 23.8 0 0.9 

24 22.8 0 0.5 

 

May 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 19.6 0 6.7 

2 19.4 0 4.7 

3 19.2 0 6.7 

4 19.1 0 3.7 

5 19 0 3.2 

6 19 0 2.8 

7 19.3 0.014 3.7 

8 21 0.159 7.7 

9 22.7 0.311 6.7 

10 24.3 0.436 7.7 

11 26 0.592 6.2 

12 27.4 0.653 4.7 

13 28.5 0.69 3.7 

14 29.1 0.624 2.3 

15 29.5 0.552 3.4 

16 29.3 0.396 3.7 

17 28.6 0.246 3.2 

18 27.5 0.095 2.8 

19 26.3 0.002 4.3 

20 25.4 0 2.5 

21 24.5 0 1.9 

22 23.5 0 1 

23 22.6 0 1.8 

24 21.7 0 1.3 
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June 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 18.6 0 1 

2 17.9 0 0.4 

3 17.2 0 0.6 

4 16.8 0 0.4 

5 16.5 0 0.2 

6 16.2 0 0.2 

7 16.5 0.017 0.1 

8 18.8 0.223 0.2 

9 21 0.415 1.2 

10 23.1 0.6 1.4 

11 24.7 0.686 0.6 

12 26.1 0.758 0.9 

13 26.9 0.719 3.4 

14 27.6 0.755 3.4 

15 28.1 0.729 3.1 

16 28.1 0.56 1.4 

17 27.4 0.375 0.6 

18 26.2 0.165 1.2 

19 24.7 0.009 2.8 

20 23.7 0 4.2 

21 22.8 0 2 

22 21.9 0 3.7 

23 21 0 3.4 

24 20.1 0 3.4 

 

July 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 18.3 0 0.8 

2 17.8 0 0.5 

3 17.2 0 0.4 

4 16.9 0 0.3 

5 16.7 0 0.1 

6 16.5 0 0 

7 16.7 0.011 0 

8 18.2 0.142 0 

9 19.9 0.302 0.5 

10 21.8 0.474 0.6 

11 23.4 0.581 1 

12 24.7 0.631 1 

13 25.7 0.681 2 

14 26.3 0.614 2.2 

15 26.6 0.525 3.8 
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16 26.4 0.405 2.9 

17 25.7 0.245 2.2 

18 24.6 0.097 2.2 

19 23.3 0.003 0.1 

20 22.6 0 0.1 

21 21.9 0 0.3 

22 21.2 0 0.1 

23 20.5 0 0.1 

24 19.7 0 0.2 

 

August 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 20.7 0 1 

2 20.1 0 1.9 

3 19.6 0 3.1 

4 19.3 0 2.2 

5 19 0 2.4 

6 18.8 0 2.4 

7 19.3 0.022 2.2 

8 21.4 0.223 1.7 

9 23.5 0.422 1.1 

10 24.6 0.43 1.1 

11 26 0.607 0.5 

12 27.2 0.697 0.4 

13 28 0.664 0.9 

14 27.6 0.34 1.1 

15 27.3 0.35 1.7 

16 26.5 0.184 1.2 

17 25.5 0.088 0.5 

18 24.5 0.03 0.9 

19 23.6 0.004 0.8 

20 22.9 0 1.1 

21 22.2 0 1 

22 21.5 0 2 

23 20.9 0 1.7 

24 20.2 0 1.7 

 

September 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 19.6 0 6.5 

2 18.9 0 2.8 

3 18.3 0 3.9 

4 17.9 0 3.9 
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5 17.5 0 3.5 

6 17.3 0 2.3 

7 17.6 0.015 3.2 

8 20 0.217 2.3 

9 22.6 0.459 4.5 

10 25.2 0.671 5.1 

11 27.5 0.839 5.5 

12 29.4 0.932 4.8 

13 30.8 0.967 3.7 

14 31.7 0.903 4.2 

15 32.1 0.786 2.1 

16 31.9 0.593 1.2 

17 30.8 0.361 3 

18 29.2 0.127 2.3 

19 27.4 0.001 1.6 

20 26.4 0 1.2 

21 25.3 0 1.3 

22 24.3 0 1.3 

23 23.2 0 0.5 

24 22.2 0 1.3 

 

October 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 24.3 0 1.1 

2 23.4 0 1.5 

3 22.5 0 2.2 

4 22.1 0 1.8 

5 21.6 0 1.8 

6 21.3 0 1.8 

7 21.7 0.02 1.5 

8 24.1 0.255 2.4 

9 26.6 0.51 2 

10 29 0.732 2.7 

11 31 0.893 4.3 

12 32.7 0.987 4.6 

13 34 1.004 3 

14 34.7 0.937 2.6 

15 35 0.794 3.9 

16 34.6 0.588 3.4 

17 33.5 0.335 3.9 

18 31.9 0.093 5.2 

19 30.2 0 4.6 

20 29.3 0 2.4 

21 28.3 0 2 
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22 27.3 0 1.1 

23 26.3 0 0.5 

24 25.4 0 1.1 

 

November 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 23.4 0 1.5 

2 22.3 0 4.7 

3 21.1 0 4.1 

4 20.5 0 3.5 

5 19.9 0 1.8 

6 19.5 0 0.7 

7 19.6 0.012 0.9 

8 21.6 0.211 0.5 

9 23.8 0.44 0.1 

10 25.9 0.643 0.2 

11 27.7 0.796 1 

12 29.2 0.879 0.5 

13 30.3 0.88 0.5 

14 30.8 0.805 0.4 

15 31 0.683 0.4 

16 30.5 0.496 1.4 

17 29.5 0.266 1.6 

18 27.9 0.032 0.9 

19 27 0 0.9 

20 26.1 0 0.1 

21 25.2 0 0.1 

22 24.3 0 0.2 

23 23.4 0 0.2 

24 22.5 0 0 

 

December 

Hours Ta [°C] G. Rad [kW/m²] v [m/s] 

1 22.5 0 0.3 

2 21.9 0 0.6 

3 21.2 0 0.6 

4 20.9 0 1 

5 20.6 0 0.5 

6 20.3 0 0.8 

7 20.5 0.006 0.3 

8 22.6 0.189 0.2 

9 25 0.398 1.3 

10 27.2 0.57 2.4 
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11 29.7 0.809 1 

12 31.3 0.803 0.7 

13 32 0.667 1.6 

14 32.4 0.628 1.3 

15 32.2 0.461 0.8 

16 31.2 0.292 0.7 

17 30.1 0.172 1.7 

18 28.7 0.049 2.6 

19 27.5 0 3.2 

20 26.5 0 1.4 

21 25.6 0 0.6 

22 24.7 0 1 

23 23.7 0 0.3 

24 22.8 0 0.7 
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Appendix B  

T*SOL Pro 5.5 Solar Thermal System Software Programme 

Evacuated tube collector specifications 
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Flat plate collector specifications 
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Heat transfer fluid characteristics 

 

 

Collector array piping and installation specification 

 



77 

 

DHW consumption profile 
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Storage tank specifications 

 

The results tool bar gives the summary of the SWH system (project report) 

 

 


