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Abstract 

The flat plate solar collector has a unique property of using both direct and indirect 

solar radiations for harnessing solar thermal energy. The cover of the collector 

transmits the solar energy in the visible and the near infrared region of the spectrum 

on to the absorber. A conventional flat plate solar collector with fixed orientation 

receives the direct solar radiation perpendicular to the collector only once a day 

during the solar noon. Compared to other solar devices producing hot water like the 

concentrated solar collector and the evacuated tube solar collector, the flat plate 

solar collector is cheaper with respect to design and joules per sek level.  

Sweden receives low-intensity solar radiation due to its geographical location and 

climatic conditions. If the efficiency of the flat plate solar collector can be improved 

throughout the year, it becomes an attractive and an economical option for the 

consumers. The proposed solar collector is used for preheating the water in the 

storage tank before it is heated by auxiliary energy source in a single-family house. 

The climatic condition of Halmstad is studied in this thesis. 

Firstly, I investigate the significance of each component and the overall heat loss 

coefficient of the flat plate solar collector. Aim of the thesis is to find if active 

changes in orientation of such collector can improve its performance. The collector 

is mounted on a double-axis solar tracker that performs azimuth and altitude 

tracking. This tracker ensures the collector changes its orientation such that it 

remains perpendicular to solar altitude and is aligned along the solar azimuth 

throughout the day.  The changing positions of the tracker on an hourly basis is 

obtained using a program in Matlab R2018a. The results clearly indicate the range 

of the angles of motion of the tracker. Lastly, the energy and exergy analysis of the 

collector with and without solar tracker is performed. The design parameters of 

solar flat plate collector LESOL 5AR is used in the study.  

The results indicate that double-axis solar tracking helps enhance the collector 

performance during the clear, sunny days. High-quality solar radiations are 

obtained for a longer period of the day using double-axis tracker compared to the 

fixed solar collector. However, the double-axis tracking is not effective on rainy 

days. Thus, the investigation indicates that double-axis solar tracking can only be 

an year-round solution for meeting the domestic hot water requirements in 

Halmstad. 

Keywords: tilt, surface azimuth, global solar radiation, flat plate solar thermal 

collector  



 
 

Sammanfattning 

 

Syftet med solfångaren är att producera solvärme. Det är en enda typ av icke-

levande enhet som kan behandla solenergi från både diffus och direkt solstrålning 

genom en glasrutan. Dessutom, utgör plana solfångaren en smart lösning för 

utnyttja solstrålning främst våglängder i de synliga och nära-infraröda delarna av 

solens spektrum. Emellertid, får en plana solfångaren som är fastmonterad i marken 

maximal direkt solstrålning en gång var av dag när solen står högst på himmeln .  

Sverige får lågintensiv solstrålning på grund av ländets geografiska läge och 

klimatet. Den föreslagna solfångaren används för uppvärmning av vattnet i 

ackumulatortanken innan det upphettas av en annan energikälla i ett småfamiljehus. 

Jag har uttagit Halmstads klimatförhållande i denna avhandling. En solfångaren 

med högre effektivitet under hela året kan bli ett attraktivt och ekonomiskt 

alternativ för konsumenterna. 

Denna avhandling undersöker betydelsen av varenda komponent och den totala 

värmeförlustkoefficienten i solfångarens konstruktion. I denna avhandling, är målet 

att utveckla en solfångaren som vrider sig så att direkt solstrålning faller på 

vinkelrätt vinkel på solfångaren hela dagen. Solfångaren är monterad på 

spårmontering med dubbla-axlar som utför både azimut och höjdspårning. Slutligen 

utförs en energianalys och en exergianalys för solfångaren LESOL 5AR med och 

utan solspårning.  

Resultatet visar att solens spårning med dubbla-axlar bidrar till att förbättra 

solfångarens prestanda under klara, soliga dagar. Högkvalitativ solstrålning erhålls 

under en längre tidsperiod med hjälp av dubbelaxelspårare jämfört med den 

solfångaren som är fastmonterad i marken. Under regniga och molniga dagar är 

dubbelaxelspårare inte effektiv att öka solfångarens effektivitet. Därför, även om 

dubbelaxelspåraren förbättrar solfångarens prestande under sommardagen , den är 

inte effektiv för uppvärmning av vatten året runt för en vanlig småfamiljehus i 

Halmstad. 

Nyckelord: lutning, ytans azimut, global solstrålning, plana solfångare 
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1. Introduction 

We live in an era where we rely on fossil fuels to meet our energy 

requirements. In Sweden there is a year-round demand of domestic hot water 

(DHW). The solar thermal energy can be one of the renewable methods to 

offset the heat demand in Sweden. However, Sweden`s climate limits the 

frequency of high intensity direct solar radiations. Interestingly, in absence of 

bright sunny days, the earth surface still receives diffused solar radiation. The 

flat plate solar collector is the only non-living energy device that realizes 

transmission of the diffused solar radiation.  

Through the energy and exergy analysis of the solar collector with and without 

the double-axis tracking , I intend to investigate if the diffused solar radiation 

can improve significantly the collector performance during cloudy days. 

 

Firstly, the anatomy of the Flat Plate Solar Thermal Collector(FPSTC) is 

investigated. The possible improvements are described based on the previous 

works and findings. What material can be used as the glazing to the solar 

collector? How can the glazing be designed so that the large but less harmful 

bandwidth of solar radiations are transmitted? How can the losses between 

the glazing be minimized? What design features improve the absorptivity of 

the absorber plate? What kind of insulations give better thermal and structural 

stability to the collector? Investigations performed to study the components 

and performance of the collector include multi-disciplinary fields - calculation 

of sun path in the sky, properties of ultraviolet and visible transmissions, 

infrared optics and the thermal properties of the collector. 

 

The azimuth and elevation tracking is proposed for maximizing the incident 

solar radiation on the collector`s aperture. The system enables transmission of 

the maximum possible direct component of sunlight and uses the diffused 

component of the incident sunlight.  

 

A Matlab program is designed for calculating the optimum orientation of the 

collector for a day in each season using historical data from 2017. The solar 

radiation on four critical dates of the year is simulated - the equinox and the 

solstice.  The logic of the program can be extended to all days in the year and 
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the output obtained can be fed to encoders for motor control of the drive of the 

solar tracking device.  

Based on the simulations, the hourly energy and exergy efficiencies are 

obtained for the proposed model.  

The research generates result that are used to analyze the below questions: 

1. Were the sunrays to fall normally throughout the day on the FPSTC and 

along the solar azimuth angle, would its performance improve?  

2. Is the  infrared (IR) component of the sunlight be effective during cloudy 

days to use solar tracking as a year round solution? 
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2. Power from the sun 

This chapter explores the phenomenon that causes the attenuation of the 

energy we receive from sun. The solar radiations are natural, abundant and 

free of cost fuel for the energy system. What role does the atmosphere play on 

the global solar radiation? How can the position and climatic conditions of any 

location effect the incident solar radiation obtained?  

2.1 Hourly extraterrestrial radiation of sun 

It is the solar radiation striking on the top of earth surface on an hourly basis 

and is dependent on solar angles, solar constant, eccentricity correction factor, 

the latitude of the location, clearness index and the hour angle.  In Figure 2.1, 

the magnitude of the radiation received from sun at upper atmosphere is 

highlighted yellow and is retrieved from the article by Viridian Solar [1].  

The total average solar irradiance from the sun is 1368 W/m2. 30% of the 

irradiance is reflected to space. The extraterrestrial solar radiation that passes 

through the earth`s atmosphere, undergoes absorption, resulting in the 

reduction of the insolation and these radiations are highlighted as blue in 

above Figure 2.1. The atmosphere absorbs some part of the radiation and gains 

heat. In other words, only a part of extraterrestrial solar energy warms up the 

earth. 

Figure 2.1: Spectral irradiance of extraterrestrial and global 

solar radiation [1] 
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2.2 Hourly global solar radiation   

It is the total solar energy on the horizontal surface at a specific location on an 

hourly basis [2]. The components of the global solar radiations on the 

horizontal surface are the direct beam and the diffuse solar radiation. 

However, on a tilted surface , a part of global solar radiation gets reflected to 

its surrounding.   

2.3 Hourly diffused solar radiation  

The component of sunlight through the earth`s atmosphere undergoes 

absorption, reflection, scattering and refraction due to air molecules, water 

vapour, clouds, dust and pollutants. They exhibit different phenomena like 

Rayleigh and Mie scattering. This field of optics is called atmospheric optics 

and is wavelength dependent. These atmospheric phenomena attenuate the 

direct beam sunlight by 10% during clear dry conditions and by 100% during 

thick cloudy days. The diffuse radiation occurs when the height of the surface 

roughness is greater than the wavelength of the incident ray. Consider the 

wavelength of the solar radiation falling on the solar collector. The roughness 

of the surface is due to the surrounding - the vegetation, the houses and other 

structures whose heights are essentially in meters. However, the wavelength 

of the solar radiation is in range of nano and micrometers . Therefore the 

diffuse reflection occurs.  

One of the most popular models of the diffused solar radiation is the Jordan 

Lui model [2]. According to this model, diffused solar radiation is due to 

specular reflection wherein the solar radiations are uniformly distributed in 

the sky. Therefore, diffuse radiations on the tilted surface are treated similar 

to the reflected radiations from the ground and such reflection is isotropic in 

nature. In the specular reflection, the angle of incidence is equal to the angle of 

reflection. In the diffused radiation, radiation is reflected in all directions. This 

model is further discussed in chapter 4 when the total solar radiation on the 

tilted surface is derieved. 
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2.4 The energy and the exergy of Sun  

The solar energy Ensun and exergy Exsun incident on the flat plate solar 

collector`s aperture is mathematically given by  

where Ac, GT and Tsun  are area of the collector`s aperture, total solar radiation 

incident on the aperture, the ambient temperature and the apparent 

temperature of sun respectively. 

From the article by Gong and Wall [3], the ratio of the exergy to the energy of 

a black body radiation which is   

Exsun
Ensun
⁄ = (1 + 1 3⁄ (

Tsun
Te
⁄ )

4

− 4 3⁄ (
Tsun

Te
⁄ ))                                    2.2 

where Tsun is the apparent temperature of the sun and is 6000K. The Te is the 

average temperature of earth and is 15OC. Thus the value of Exsun is 0.93 Ensun. 

2.5 The input data for sun`s position relative to the collector  

From the database of the European Commission’s photovoltaic geographical 

information system, the average yearly solar radiation potential on the 

horizontal mounting in Sweden is 875 kWh/m2. This value is 501.5 kWh/m2 

lesser than the value averaged in European Union members and candidate 

countries [4]. Interestingly, there are variations in solar insolation at different 

geographic locations in Sweden due to varying weather conditions and surface 

meteorology.  

 

This thesis deals with the solar thermal energy harnessed by the collector in 

Halmstad. The historical data on hourly global solar radiation and the hourly 

diffused solar radiation for Halmstad are extracted from the SMHI`s online site 

[5]. The geographical and climatic information of Halmstad and the hourly 

solar radiation on the selected days are available in appendix 1. 

 

The year-round position of the sun with respect to Halmstad can be 

determined from the stereographic sun path diagram as shown in Figure 2.2. 

Ensun= Ac∫GTdt  

 

2.1 
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This is obtained from the University of Oregon solar radiation monitoring 

laboratory [6].  

 

 

 

 

 

 

 

 

 

Figure 2. 2: The stereographic sun path diagram of Halmstad [6] 
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3. The design of the flat plate solar thermal collector 

The flat plate solar thermal collector (FPSTC) consists of glazing cover, 

absorber (collector surface), heat transfer fluid and thermal insulation. The 

part of the incident solar radiations that are transmitted by the cover is 

absorbed by the absorber which in turn is used to heat fluid in pipes 

underneath. The heated fluid delivers heat to the thermal storage tank which 

in turn heats the water supply at consumer end ,directly or indirectly. Thus the 

efficiency of the solar collector is not dependent on the temperature of the 

collector but on the temperature increase in the heat transfer fluid. Figure 3.1 

was obtained from Apricus China (personal communication, July 6, 2018). 

3.1 The cover of the solar collector 

It plays a vital role in the reception of the incident solar radiation. The change 

in the material, material composition, thickness or the number of glazing can 

alter the intensity of the solar radiation transmitted through it and the heat 

energy radiated from it. The spectral irradiance of the incoming solar radiation 

has a wide wavelength spectrum extending from around 0.3-2.5 μm.The ultra 

violet (UV) radiation spectrum lies between 0.3-0.38 μm, the visible spectrum 

between 0.38-0.78 μm and the IR radiation between 0.78-2.5 μm. 

Interestingly, the UV radiations contribute only 3%, visible radiations 44% 

and the IR radiations 53% (Figure 2.1) of total solar radiations. Every 

radiation that sun emits can heat up solid bodies.  

In the UV region of the electromagnetic spectrum, as the wavelength increases 

logarithmically , the spectral irradiance (W/m2) increases steadily. However,  

Figure 3. 1:  The components of the flat plate solar 

thermal collector  
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this portion of the solar irradiance has a damaging impact on the dark shaded 

absorber unit. The UV radiations are capable of photochemical damage – 

fading of the colour and structural damage due to the breakdown of the 

molecular bonds. The damage is not instantaneous, but gradual due to the 

cumulative effect of exposure. Therefore, this region of the solar spectrum 

should be filtered out during the transmission of the radiation onto the 

absorber via the cover so as to protect the absorber surface from the harmful 

UV rays.  

Nonetheless, in the visible and the infrared regions of the solar spectrum, the 

solar irradiance decreases with an increase in wavelength. This region 

includes the energy use for heating the transfer fluid and represents 97% of 

the total solar radiation. An efficient flat plate solar collector transmits both 

the diffused and reflected solar irradiance. The diffused radiations consist of 

short IR radiations and is a significant component of the total solar radiation 

received by the FPSTC during dark, cloudy days. Therefore, there is a scope of 

improved performance if the cover of the flat plate collector is capable to 

transmit the solar irradiance in visible, near IR spectrum range for 

wavelengths between 0.7 μm and 2.8 μm. The percentage of IR radiations in 

the total solar radiations is significant during the cloudy days. 

The solar radiation on the tilted surface constitutes not only of the direct beam 

and diffused component but also the reflectance component from the 

surroundings like vegetation, buildings, snow etc. This component, if 

transmitted successfully through the cover, can add up the total intensity of 

heat energy received by the absorber. It is interesting to note that fresh snow 

has a high albedo of 0.95. Thus, a tilted surface receives more solar radiation 

on a bright sunny day when it is surrounded by snow than without snow cover.   

Choosing a location with high spectral reflectance can enhance the collector 

performance. Comparision of spectral reflection by the different surroundings 

helps identify the environment that can improve the incident solar radiation 

on the collector. Figure 3.2 shows the wavelength spectrum of the reflection 

from common types of the environment soil, water and vegetation. Water is a 

poor reflector of  sunlight. However, the soil reflects almost 50% of the 

incident solar radiation in the intermediate IR region. Vegetation has high 

reflection percentage of solar radiation in near and intermediate IR region. 

Hence, installing the flat plate solar collector in the vicinity of low lying 

vegetation is a better option than  in the vicinity of a water body. Another 

option is to install the collector on roof coated with high albedo coating. 
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 Certain glasses are designed to include the UV transmission like the UV grade 

fused silica. However, the complementary property is desired for the solar 

collector glazing.  Figure 3.3 shows the transmission curves of different types 

of polymer glass [7].  

Figure 3.3: The transmission curve of different types of polymers [7] 

Figure 3. 2: Spectral reflection of sunlight by soil, vegetation and water and 

spectral bands of LANDSAT 7[25] 
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Among the 6 sight glasses shown in Figure 3.3, the acrylic meets the 

requirements for an ideal glazing. It exhibits almost 0 transmissivity to the UV 

radiation (transmission begins from 0.3 μm wavelength exhibits uniform 

tranmissivity between 0.6-1 μm wavelength). The transmissivity of acrylic 

fluctuates with an occasional increase and dip in till 2.5 μm wavelength. 

Another existing popular material used as glazing in FPSTC is the borosilicate 

glass and pyrex.   

The third important property associated with the cover is its low 

emissivity(low-e). The relative ability of the material surface to reradiate 

energy is called emissivity. The low-e coating material layers have transparent 

microscopic coating less than 0.15 μm. This coating is applied on the glass 

surface closest to the absorber. As discussed earlier, the increase in 

temperature of the collector does not improve the efficiency and the low-e 

reduces the heating of the glass to some extent. Thus, reducing the emissivity 

of glazing improves the insulating quality. The low-e coating reduces the 

emission of radiant IR energy, thus tending to keep the heat on the side of the 

glass where it originates.  

However, the findings of Giovannetti et al [8], indicate that the low-e glass with 

the selective absorber negatively effects the overall collector efficiency. The 

spectral selectivity cannot be achieved without reducing the solar 

transmittance of the cover in the single glazed FPSTC. Even though the 

emission of the heat radiated by the absorber is curbed, there are additional 

optical losses due to the addition of the low-e coating. Interestingly, the 

combination of low-e glass and colored, non-selective absorbers show a  10-

20% increase in the collector efficiency. At higher operation temperatures, the 

low-e coating contributes to higher efficiency [8]. Therefore, the low selective 

absorber has to be incorporated while using the low-e glass for better 

performance.  

The tempered glass is a desirable property for the cover of the collector, since 

it is tough . 

3.2 The gap between the cover and the absorber 

The gap in between the collector cover and the absorber is the potential 

medium for the conventional heat and radiation losses in the collector. Several 

studies have been conducted to find the optimum air gap for the collector 

design. The experimental study by Nahar and Gupta [9], found the optimized 

air gap in the collector-cum-storage solar collector. Their investigation 



11 
 

indicates that the collector with 50 mm air gap collects 11.64% and 7.72% 

more energy compared to identical collectors with air gaps 25 mm and 150 

mm respectively. This air gap width is further ascertained by Nahar and Garg 

[10], who examined the natural convective heat transfer loss and shade 

correction factor for collectors at the different orientation. With increasing air 

gap, the convective heat transfer coefficient decrease while shading on the 

absorber due to the collector side walls increase. It was concluded that 50 mm 

air gap ensures minimum convective losses and shading.  

In recent times, Al-Khaffajy and Mossad [11] performed a parametric study in 

FPSTC with double glazing to obtain minimum heat loss. The boundary 

conditions on the side-wall and top-glass cover was a convective heat transfer 

coefficient of 10 W/m2K at an ambient temperature of 290 K. A constant 

temperature of 355 K was assumed for the absorber surface in all cases. The 

collector angle was chosen to be 45o. The absorber surface was made of 

metallic nickel chrome with dimensions 5 mm thickness, 0.7 mx1.35 m surface 

area and the glass thickness was 3 mm, the side walls were made of wood with 

50 mm thickness. Based on the three dimensional CFD (computational fluid 

dynamics) model developed using ANSYS 13.0-FLUENT software, the lowest 

overall collector heat loss of 213.18 W was obtained for the gap between the 

absorber and lower glazing cover 40 mm and the gap between each glazing 

layer as 25 mm[11]. 

An alternative method to reduce the heat loss through air gap is by creating a 

vacuum in the space between glazing and the collector. Such flat plate 

collectors are called the flat plate evacuated solar thermal collector (FPESTC). 

A notable work has been done in this direction by Henshall et al [12]. They 

simulated the performance of a FPESTC in a durable vacuum structure. The 

notable design constraint is that enclosure shall be made from thermally 

similar materials to prevent the thermal expansion induced stress on the 

collector.  

 

3.3 The absorber   

According to Kundu [13], the absorber of the collector are a special type of heat 

exchangers that transform solar energy into the internal energy of the heat 

transfer fluid. According to Saleh et al [14], the absorber is usually made of a 

metal sheet with high thermal conductivity such as copper or aluminium, with 

integrated or attached tubes. Its surface is coated with a special selective 
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material to maximize the radiant absorbtion and minimise the radiant energy 

emission. Truly, the absorber cum fluid tube is the engine of the FPSTC system. 

In Nippon Steel tehnical report - IR emission spectroscopy and its application 

to analyze the non-smooth metallic materials surface, the single beam spectra 

of aluminium is obtained Figure 3.4 [15]. The wave number in spectroscopy is 

the inverse of the wavelength. In the Figure 3.4, the x-axis represents the 

wavenumbers and the y-axis the thermal energy emitted from aluminium 

sheet. It can be deduced that the IR wavelength emitted from aluminium at 

200°C falls within the interval 5-20 μm. 

An ideal absorber absorbs 100% incoming solar irradiance incident on it. 

Therefore, in flat plate solar collector the absorbers are dark shaded surfaces 

with high absorptivity to the solar radiations. As discussed earlier, the 

wavelength range of the solar irradiance transmitted by the cover on the 

absorber lies between 0.7-2.5 μm. However, the absorber surface heats up and, 

it radiates IR thermal radiations back towards the cover of the solar collector. 

Thermal emission of IR has an inherently higher wavelength than that of the 

incoming solar radiations.  

This difference between the incident solar radiation wavelength (0.7-2.5 μm) 

and the emitted wavelength (5-20 μm) makes the absorber receptive to the 

incident solar radiations and also a good emitter of the thermal radiations. 

Figure 3.4 shows this difference in the case of a aluminium sheet. Therefore 

metals with high thermal conductivity like aluminium (thermal 

conductivity=210 W/mK) or copper (thermal conductivity=380 W/mK) are 

suitable for the absorbers. Additionally, the absorbtivity is enhanced by 

painting or chemically etching the absorber surface black. 

Figure 3. 4: The spectral infrared emmisivity spectra of aluminium [15] 
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A notable method for fin-tube absorber manufacture is used by Sun Ray solar 

company as shown in Figure 3.5 [16]. Individual roll formed aluminium fins 

are made. The assembly of 2 thin sections of the fins and one copper tube at 

the middle forms a unit of fin-tube which is later corrugated for the 

strengthening the fin-tube unit as shown in Figure 3.5. The assembly jig is 

adjusted to the absorber length. Several fin tubes are arranged such that they 

overlap each other. Each riser is brazed to the headers—the horizontal tubes 

(inlet and outlet) that allow collectors to be connected together quickly.  The 

4 ¼" wide fin-tubes are brazed to ¾", 1", 1 ¼" or 1 ½" copper headers using 

silver blazing with oxygen acetylene.  

According to Vishalkumar and Panchal [17], the properties of the heat transfer 

fluid play a key role in the efficiency of the solar collector. For forced 

convection tubes, the heat transfer coefficient depends on many physical 

quantities related to both fluid and geometry of the tube system through which 

the fluid is flowing. These quantities include properties of the fluid such as 

density, viscosity, thermal conductivity, and specific heat along with extrinsic 

system parameters such as tube diameter, length of the tube and average fluid 

velocity.  

3.4 The Insulation and the structural framework 

The insulators are required between the frame and the fin-tube arrangement 

and between the frame and the absorber plate to prevent the bottom and the 

side heat loss. A good insulating material has a high maximum allowable 

Figure 3.5 Manufacture of the fin tube absorbers by Sun Ray Solar[16] 
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temperature, high density, keep low heat losses and very high R factor. Mineral 

wool and glass wool meet are good insulators and are generally used inas the 

collector insulation. The entire unit of the solar collector is placed in a 

framework structure. The collector housing can be made of plastic, metal or 

wood, and the glass front cover must be sealed so that heat does not escape, 

and dirt, insects or humidity do not get into the collector. Many collectors also 

have controlled ventilation, to avoid condensation inside the glass front cover. 

3.5 LESOL 5AR flat plate solar collector 

The design parameters of LESOL 5AR are used to study the effect of double-

axis solar tracker on collector performance. The detailed information 

regarding the components of the collector and picture of the LESOL 5AR full 

plate (Figure 3.6) was obtained from the manufacturer Svenska Solgruppen 

ek. The technical specification of the collector is available in appendix 2. 

The gross length, width and height of the collector LESOL 5AR with single 

glazing is 1900 mm, 940 mm, and 135 mm respectively. The cover is made of 

anti-reflective glass of 4 mm thickness. The full plate absorber is its notable 

feature.  The absorber is made of aluminim with a selective layer of nickle. On 

the backside of absorber, 12 mm copper tube (serpentine configuration) is 

laser welded to the absorber plate.  

3.6 The storage tank  

The schematic diagram of  a complete solar thermal system for the domestic 

hot water consists of the collector, the storage tank, the solar circuit and the 

controller as shown in Figure 3.7. The antifreeze solution is used so that the 

heat transfer fluid does not freeze in low-temperatures. Since antifreeze is 

Figure 3.6: LESOL 5AR full plate absorber  
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used as the heat transfer fluid in the collector, it is an indirect solar water 

heating system. In such system,  the transfer fluid of the collector heats  water 

in the storage tank through the heat exchanger.  

Propylene glycol in water is an example of anti freeze used as heat transfer 

fluid in the flat plate solar collector for low temperature areas. The molar mass 

of propylene glycol (C3H8O2) is 76.09 g/mol. Anti freeze promote boiling point 

elevation and freezing point depression in the solution. The antifreeze 

containing 55% propylene glycol in water reduces the freezing point of water 

by 13.16oC. The calculation of freezing point depression in water due to 55% 

propylene glycol is available in appendix 5. 

 

The solar circuit gets activated during active solar hours when the total 

incident solar radiation falling on the collector exceeds 50 W/m2. An auxiliary 

heat source is the additional heat source to compensate the pending heat 

demands. Stratified storage tank prevents mixing of warm and cold water, 

thereby improving the solar thermal energy utilisation. The thesis by 

Jakobsens [45], shows that the system efficiency in the stratified tank is 6% to 

20% more than that in the mixed storage systems. While designing the 

thermally stratified tank, the dimensioning of the tank is important since a 

small tank leads to overheated collector and a large tank takes a long time for 

heating and cooling.  

 

Figure 3.7:  Solar thermal system for domestic hot water 
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3.7 Heat energy demand  

The amount of thermal energy required by the single-family household for the 

domestic hot water should be considered while designing the solar thermal 

system. The information in table 3.1 below is obtained from the scientific study 

by Lundh et al [18]. As the accommodations do not provide the facility for bath 

, that activity is removed for thesis study. The water usage data in table 3.2 is 

used for the study. The total daily water consumption for a Swedish family is 

141 L. The daily energy demand for domestic water heating per person per 

day is estimated to be 14.82 kWh. Since the average national household size in 

Sweden is 2.2, the energy demand for DWH in a household is 32.6 kWh. 

Table 3.1:  The assumptions regarding the daily water usage per person   

Activity  water usage (Liter) 

Shower  64 

Cooking/baking 7 

Cleaning 39.6 

Table 3.2: Daily domestic hot water demand per person in Sweden 

Activity Water consumption(L)  Heat Energy(kWh) 

Shower  40/5 minutes 2.1/5 minutes 

Bath 100 5.2 

Toilet  0.7 0.04 

Washing dish  16 0.8 

Hand wash 0.7 0.04 

Cooking/baking 0.5/5 minutes 0.02/5 minutes 

Cleaning 3.3/5 minutes 0.2/5 minutes 

Laundry (manual) 13 0.7 
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4. Energy and exergy efficiency of the collector 

This chapter deals with mathematical expressions required for the energy and 

the exergy analysis of the solar flat plate collector. The information regarding 

internal and external parameters used for the analysis is provided in the later 

sections of the chapter. 

4.1 The Energy of the Proposed system  

Stickney and Soifer [19] compares the efficiency of flat plate solar collector, 

evacuated tube solar collector and the unglazed flat plate collector at the 

steady-state conditions. Figure 4.1 is obtained from the article: Solar Thermal 

Hydronics: Collector Comparison and Selection and depicts performance 

curves of these collectors [19]. The inlet temperature, fluid flow rate in the 

pipe, incident irradiance and ambient condition are constant under the steady-

state condition. The pressure changes in the collector system are neglected 

and the mass flow rate of the heat transfer fluid is assumed to be a constant 

value. 

The second order performance curve of a flat plate collector is given by  

Figure 4.1: The performance curve for different types of solar collectors[19] 
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ηen=A-B (Ti- Ta)/ GT+C (Ti- Ta)2/ GT  4.1 

where ηen represents the collector energy efficiency , A represents the zero loss 

efficiency η0, B represents the first order coefficient (always negative) and C 

represents the second order coefficient. The Ti and Ta denote the inlet fluid 

temperature and the outlet fluid temperature respectively. GT denotes total 

solar radiation incident on the tilted aperture. The fluid input parameter is 

mathematically represented as  as (Ti- Ta)/GT. 

As shown in Figure 4.1, there are 5 service categories based on the 

temperature of the water heated by the collector due to the climatic 

conditions. The coefficient C in Equation 4.1 is negligible in the middle and the 

lefthand side regions of Figure 4.1 [19].  The domestic hot water for climatic 

conditions of Halmstad corresponds to service category D which implies 

difference Ti- Ta correspond to 90°C/°F. Since the service category D falls 

within the middle region of the graph, coefficient C in Equation 4.1 is neglected 

in the study. Therefore, the performance curve of the flat plate solar collector 

is a linear function of the fluid inlet parameter. The 2 variables of the efficiency 

equation are collector energy efficiency and the fluid input parameter.  

According to Duffie and Beckman [22], the thermal efficiency of the flat plate 

solar collector (Hottel-Whillier equation) is given by  

ηen =(FRτα)–FRUL(Ti-Ta)/GT  4.2 

where τ and α are transmission coefficient of glazing and absorbtion 

coefficient of the plate respectively. The constants FR and UL represent the 

collector heat removal factor and collector overall heat loss coefficient 

respectively. By comparing Equation 4.1 and Equation 4.2, A=(FRτα) , B= FRUL   

 

However, Saleh et al [14] clearly states that the steady state modeling of the 

solar collector can not simulate the real-time outdoor performance since the 

outdoor conditions are transient. Additionally, they indicate the necessity for 

a test method for dynamic solar collector properties using both experimental 

procedure and the model and computation procedure [14].  

 

The study calculates the instantaneous efficiency of the solar collector using 

the energy efficiency equation under changing solar incident radiation and the 

ambient temperature throughout the sun hours. To obtain Ti, the inlet fluid 

temperature the modified heat removal factor FR´ is used to calculate the 

efficiency of the solar collector. According to Lee et al [23], the rate of useful 
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heat gain from solar collector can be written in terms of parameters of the 

storage tank using the modified heat removal factor FR´, the fluid temperature 

at the lower part of the storage tank as shown below : 

ηen=(FR´τ α)–FR´UL (Tst,low-Ta)/ GT 
  

4.3 

 

The ratio of  FR´/ FR  is a function of capacitance rate per unit area on the anti-

freeze side of the exchanger, product of FR, area of the collector AC, UL and 

effectiveness of the heat exchanger [22]. It is assumed the FR´/ FR  in case of the 

solar collector system analyzed is 0.97.  

 

The efficiency of the solar collector in terms of the properties of the storage is 

given by   

ṁcp(to − ti) = FRAc[GT τα-UL(Ti-Ta)] 4.4 

The value of T st,low is calculated using  

Tst,low= Twh,in+(Tst,low,ini − Twh,in)e
−QL/Mst,lowcp(Twh,o−Twh,in) 

 

4.5 

Additionally, from Equation 4.3, outlet fluid temperature is given by 

To=FR ((τα) GTAc/ ṁcp) – FR (ULAc(Ti-Ta)/ṁ cp) + Ti   

 

4.6 

From the Equations 4.3, 4.4, 4.5 and 4.6 the energy efficiency, inlet and outlet 

fluid temperature of the solar collector is determined on an hourly basis. These 

parameters help in analyzing the heat transfer in the solar collector both with 

and without the solar trackers. From the above equations, the thermal 

efficiency of the collector on hourly basis is calculated.  

 

4.2 Exergy of the proposed system 

The exergy analysis is required for the qualitative analysis of the double-axis 

solar collector system. The energy is classified into high grade and low-grade 

energy. The examples of the high-grade energy are the electrical energy, 

chemical energy and mechanical energy, whereas the low-grade energy is heat 

energy. According to National Programme on Technology Enhanced Learning 

(NPTEL), an Indian Government funded online educational platform, the 

classification of energy source is based on the ease conversion from one form 

of energy into another.  



20 
 

According to Smith & Markides [24], an exergy efficient society should strive 

to design processes such that the exergy destruction is minimum. From that 

perspective, the use of the free energy from the solar collector is a better 

alternative than to use the secondary energy produced by an electric heat 

pump to perform the same task.  

Secondly, exergy is not conserved but is destroyed due to the irreversibility of 

the process. According to Tsatsaronis and Cziesla [26], exergy is lost when a 

material or energy stream is rejected to the environment. Irreversibilty of the 

process can be quantified by difference in the exergy at the outlet and the inlet 

at the control volume. 

The exergy output of the solar collector Excollector in terms of the thermal energy 

received by the transfer fluid Qcollector in the solar collector is expressed as  

Excollector= Qcollector*(1 −
Ta

To−Ti
ln (

To

Ti
)) 4.7 

ηex= Excollector/ Exsun 

ηex = ( Qcollector ∗ (1 −
Ta

To−Ti
ln (

To

Ti
))) Exsun ⁄  

 

4.8 

However since energy efficiency is the ratio of the thermal energy received by 

the transfer fluid to the total solar energy incident on the collector , it is 

expressed as  

ηen= Qcollector/ Ensun=( Qcollector) (GT ∗ Ac) ⁄  4.9 

 
Thus from the Equations 4.7, 4.8, 2.2 and 4.9, the exergy efficiency can be 
expressed in terms of the energy efficiency, the inlet fluid temperature, the 
outlet fluid temperature and the ambient temperature as  

ηex= ηen*(1 −
Ta

To−Ti
ln (

To

Ti
)) 0.93 ⁄  4.10 

 

4.3 The temperature parameters used for the energy and exergy analysis  

The ambient temperature Ta of Halmstad during March, June, September and 

December 2017 is obtained from the historical data in the website. Since the 

historical data provides only the upper and lower limits of the temperature for 

each day, the hourly temperature variation is assumed to increase stepwise 

from minimum till maximum from sunrise to solar noon and decrease back to 

the minimum at sunset. Table 4.1 shows the hourly temperature value 
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considered for each day. The stepwise change in temperature (T-step) is 

calculated using the Equation 4.11. Also the wind chill in neglected in the 

calculation of the temperature since hourly wind speed couldn`t be extracted 

from historical data.  

T-step=
(maximum temperature – minimum temperature) 

2∗(number of hours in the day)
 4.11 

Table 4.1: The hourly temperature changes in Halmstad assumed for the study 

Date  Maximum 

temperature (K)  

Minimum 

temperature (K) 

T-step (K) 

20th March  280 274 1 

21st June  284 290 0.36 

23rd September  285 290 0.91 

21st December  279 276 1 

The inlet fluid water temperature is modeled based on the results of Blokker 

and Pieterse-Quirijns[27]. Their findings indicate that water temperature 

downstream in Domestic water distribution system equals the soil 

temperature at the pipe depth. Furthermore, the findings by Moerman et al 

indicate that flowing water temperature at the point of use exceeds the 

temperature recorded by water meter by 1-2 K due to the convectional heat 

transfer in the flowing water [28]. Based on this understanding, the Dutch 

Plumbers Organisation ensure the water distribution pipes are sufficiently 

insulated so that the temperature of the fluid in the water pipes to the 

consumers do not exceed 298 K.  

Valeria Milone`s thesis result regarding the effect of temperature and material 

on main pipe breaks in Gothenburg indicates that the range of temperature of 

water in distribution pipes ranges between 272 K to 296 K [29].  

The aforementioned results are applied to this study held in Halmstad. So, it is 

assumed that inlet fluid temperature exceeds the ambient temperature of 

Halmstad by 1 K for temperature ranges between 272 K to 296 K. For the 

ambient temperature less than 272 K or higher than 296 K, the inlet fluid 

temperature is assumed to have the temperature between 273 K -274 K and 

297 K respectively. 

For modeling the outlet fluid temperature of the fluid in the solar collector, the 

average temperature of the storage tank is required. The manufacturer of 

LESOL 5AR Svenska Solgruppen ek had suggested an average increase in outlet 
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fluid temperature of the fluid by 313 K during spring and autumn, 323 K during 

summer and 303 K during winter under the working conditions of the 

collector.  For the LESOL 5 AR, the mass of the cold water at the bottom of the 

storage tank is suggested to be 300 kg. 

With the help of the available data and the reasonable assumptions, the energy 

and exergy analysis is performed for the recommended model of the solar 

collector. 

4.4  The overall heat loss coefficient of the collector  

The overall heat loss efficiency is instrumental to determine the collector 

efficiency. Although in Equation 4.1, it is a constant, in reality it is a function of 

the solar collector design and external conditions. According to Agbo and 

Okoroigwe [30], in a well designed collector the edge losses are negligible 

compared to the top and bottom losses due to low collector perimeter to 

collector area ratio. Hence,  the total heat loss coefficient for the  solar collector 

LESOL 5AR is considered as the sum of the top (UT) and bottom losses (UB).  

UL=UT+UB. 4.12 

The overall bottom loss increases with thermal conductivity (ki) of the 

insulation and decreases with insulation thickness (ri) as shown below: 

UB= ki/ ri 4.13 

 

An empirical equation developed by Klein is used for calculating the top heat 

loss coefficient [30] as given below:  

 

UL = UL1+ UL2  where 4.14 

UL1= 

(

  
 

(

 
 N

(
Cair

TP
⁄ ) (

(Tp-Ta)
(N+f)
⁄ )

e
⁄

)

 
 
+ 1 hw

⁄

)

  
 

-1

  

UL2

=
σ(Tp+Ta)(Tp

2+Ta
2)

((𝜖p + .00591Nhw)
−1
+
(2N + f − 1 + .133𝜖p)

𝜖g
⁄ − N)

⁄  
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f= (1+0.089hw-0.1166hw𝜖p)(1+0.07866N)  

Cair = 520(1-0.00005β2)  

e= 0.43(1 − 100 Tp⁄
)  

 

The convective heat transfer coefficient hw for air flowing over outside surface 

on glass cover  

hw = 5.7+3.8v  

ϵg=
1
(ϵa-1+ϵt

-1-1)⁄   

Below are the design parameters and external conditions used in equations in 

section 4.4 : 

N= number of the glass over 

β = tilt of the collector  

Tp= average temperature of the absorber plate 

Ta= ambient temperature  

εP = absorber plate emissivity 

εt = Transparent cover emissivity 

εa = absorber  emissivity 

σ=Stephan Boltzmann constant 

 

Therefore, the overall heat loss coefficient of the collector UL is dependent on 

the design parameters of the collector as well as the external conditions : 

• Number of the glass cover  

• The tilt of the collector (the equation for Cair indicates that its contribution 

to UL is quite negligible) 

• Mean temperature of the absorber  

• Emissivity of the absorber, cover and overall Emissivity of the collector 

• Air velocity  

• Ambient temperature 
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5.  The global solar radiation on the tilted surface 
 

The solar collector is mounted on the double-axis solar tracker to ensure the 

high-quality solar radiation is received by the collector at all times. The surface 

azimuth angle and the tilt angle constantly changes in time. The assumption 

used is that all optical properties, reflectance and transmittance are assumed 

to be independent of wavelength.  

5.1 The mathematical representation of solar tracking  

The technology implemented in the thesis is the active solar tracking wherein 

the collector is mounted on a double-axis solar tracker. This technology is at 

the research stage. The performance of the collector is simulated on Matlab 

and the efficiency is studied against the conventional design. The testing and 

the penetration of this technology into the available designs of solar flat plate 

collector can occur if the efficiency of the improved energy system is 

significantly higher than the conventional design and is economical and 

profitable for the designers and suppliers.  

The geocentric coordinate system is used to study the incident solar radiation 

on the surface [31].  This coordinate system is more convenient when dealing 

with bodies mostly influenced by the gravity of earth (the solar collector), or 

when calculating what the sky will look like when viewed from Earth. 

The representation of the important solar angles- the solar altitude and 

azimuth angles are shown in Figure 5.1. The unit vector S is pointing from Sun 

Figure 5. 1: Vector representation of solar rays falling 

on the horizontal surface [31] 
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to Earth and represents the direction of the direct beam solar radiation on the 

surface. The direction of the coordinate axes i,j and k are along the zenith, the 

geographical north and the geographical east respectively. Therefore, the 

magnitude of the components of vector S along the direction of the coordinate 

system is represented in terms of where Sz, Se, Sn are the projection of the 

magnitude of S along unit vectors î, ĵ and k̂  

S=Szî+Seĵ+Snk̂ 5.1 

Applying  directional cosines of S relative to the zenith, geographical north and 

east respectively are expressed as  

 

Sz =sinα 

Se=cosαsinA  

Sn =cosαcosA 

5.2a 

5.2b 

5.2c 

      

Now consider a fixed solar collector at a fixed tilt angle β and surface azimuth 
angle ϒs as shown in Figure 5.2. Applying  directional cosines of N relative to 

the zenith (along the vector 𝑖̂), geographical north(𝑗̂) and east(�̂�) respectively 
are expressed as   

Figure 5. 2: Vector representation of solar rays falling on the 

tilted surface [31] 
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Nz = cosβ    

Ne= sinβsinϒ 

Nn =sinβcosϒ 

5.3a 

5.3b 

5.3c 

5.2 The cosine loss factor of the collector  

Ө represents the angle of the incidence between the vector S and the normal 

vector N. Mathematically, cos Ө is  represented by the dot product of these 2 

vectors  

cosӨ=(sinαî+cosαsinAĵ+ cosαcosAk̂).(cosβî+sinβsinϒĵ+sinβcosϒk̂) 

cos Ө =sinαcosβ+cosαsinAsinβsinϒ+cosαcosAsinβcosϒ 

cos Ө = sinαcosβ+cosαsinβcos(A-ϒ) 

 

 

5.4 

The above equation represents the cosine loss factor of the collector[31]. For 

maximum direct beam solar radiation to be incident on the collector, the solar 

radiations should be perpendicular to the collector surface and aligned along 

the solar azimuth angle. For any incident angle of the direct solar radiation Ө, 

the area of the solar beam intercepted by the collector surface is proportional 

to cos Ө. Greater the value cos Ө, lesser the rays are spread out over a larger 

surface area, thereby increasing the intensity of the radiation. Geometrically 

the Equation 5.4 represents f(x,y)=sinxcosa+cosxsinAcos(b-y) we get by 

taking an equation involving x,y and other 2 parametric variables a and b  

wherein cos Ө=f(x,y) where x=β and y= ϒ and the 2 constants are the solar 

angles a=α, b= A. 

At each instant of time, there exists a unique value for (a,b). However,  x and y 

can take any value based on how the collector orientation in the 3-dimensional 

space. For the fixed solar collector, the cosine loss equation has constant sin x, 

cos x, sin y and cos y. However, in the proposed model with time not only the 

solar angles (a,b) change but also the orientation angle (x,y) vary. The 

objective optimization function is to find the set of (x,y) for the length of day 

that can yield maximum cos Ө. The maximum value of the trigonometric 

function cos Ө is 1.  

Therefore, the objective function has a unique vectors X, Y where X is a row 

matrix with a set of n unique values x1,x2,x3….xn and Y is a column matrix with 
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n unique values y1,y2,y3….yn. The solution set for the objective function  X,Y 

represents a 2 parameter family of curves represented by  

1= sin x cos a+cos x sin A cos(b-y) 

Through trial and error method for any x=90o-a and y=b, objective function is 

realized. Translating it to the real-time problem, the best orientation of the 

solar collector is found. The solution corresponds to an optimum set of tilt 

angles x=β and surface azimuth angle y=ϒ for maximum intensity of the solar 

radiation. It is attained if β and ϒ are managed in terms of solar angles (α, A). 

This mathematical solution is modeled in Matlab R2018 in Chapter 5. 

Therefore, the objective function is realized if the tilt of the collector is normal 

to the altitude angle and surface azimuth of the collector is aligned along the 

azimuth angle of Sun at all times during the day. The following sections in this 

chapter deal with the expression for the magnitude of the incident solar 

radiation on the tilted surface GT. 

5.3 The Lui and Jordan model for the diffused solar radiation  

As discussed earlier in chapter 2, Lui and Jordan isotropic model for the sky is 

considered to estimate the diffused component of the solar radiation. 

According to Maleki et al[2], diffuse radiation intensity is distributed 

uniformly over the whole sky. Therefore, the diffuse component of solar 

radiation on the tilted surface is   

GTdiffuse = Gdiffuse (1+cosβ)/2 5.5 

5.4 Estimation of the total sunlight on tilt  

 

Figure 5.3 The hourly global solar radiation on tilted surface [33] 
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The hourly global irradiation on a horizontal surface on earth is the sum of 

direct beam(G beam) and diffuse radiations(G diffuse) as shown in the figure[33].  

Thus, it can be mathematically represented as: 

G= G beam +G diffuse  
5.6 

However, the hourly global solar radiation on a tilted surface (GT) has an 

additional component due to the reflected solar rays(GT reflected) from the 

ground onto the surface as shown in Figure 5.3. All optical proprieties, 

reflectance and transmittance assumed are independent of the wavelength. 

The mathematical representation is as shown: 

GT = GT beam + GT diffuse +GT reflected 5.7 

According to Satyamurthy [34], the components of total solar intensity falling 

on the tilted surface is proportional to the components of solar intensity on the 

horizontal surface as shown below 

GT beam = Rb G beam 

GT diffuse =Fs G diffuse  

GT reflected =FrƥgG 

5.8a 

5.8b 

5.8c 

Here Fs Gdiffuse is called sky diffuse and ƥ is called the ground reflectance for the 

0.2 for normal ground but 0.7 for the snow. The Fs, Fr are associated with the 

diffused and reflected radiation on the tilt surface respectively and are 

independent of the solar angles. Henceforth, in the isotropic sky model  

Fs=(1+cosβ)/2 

Fr=(1-cosβ)/2 

5.9 

5.10 

Substituting the values in the Equation 5.7 for the global solar radiation on the 

tilted surface, 

 GT = Rb G beam + Fs G diffuse +FrƥgG  

The global solar radiation on tilted surface as a function of the global solar 

radiation on the horizontal surface  
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GT/G = Rb (G beam /G) + Fs (G diffuse /G)+ ƥg Fr  5.11 

According to Satyamurthy [34], Rb is a function of the tilt and surface azimuth 

of the collector  

Rb = (cosβ+sinβcos(A-ϒ) )/cos(ӨZ) 5.12 

It is important to note that the value of transmissivity, reflectivity and 

absorptivity are the average properties of a medium for all directions and all 

wavelengths. However, while designing one must consider the spectral 

transmissivity of the surfaces through which Sunlight penetrates on the 

absorber.  

 

Kocer et al [35] emphasize precision in calculating the optimum altitude and 

surface azimuth angle of the solar collector to improve the collector 

performance. The double-axis solar tracking mechanism aims to change the 

orientation at a smaller time scale. The proposed active elevation and altitude 

tracking are anticipated to provide better performance to the collector than a 

fixed flat plate solar collector or one whose orientation is changed seasonally. 

 

Similarly, it is important to consider the effect of cloudy days on the direct 

component of sunlight. On the cloudy as well as the rainy days, the direct 

component reaching the ground surface is insignificant relative to the total 

sunlight reaching the ground. The study helps analyze the need of double-axis 

tracking. Does the double-axis tracking improve the performance of the 

collector during the cloudy days or in dusk and down when negligible direct 

component reaches the ground. 

 

5.5 Design data for tracking drive mechanism and drive control  

The active solar tracking is enabled through a motor fitted on the mount. The 

encoder is used for the motor control. The solar angles of Sun can be forecasted 

with help of the stereographic sun path. When the solar angle is given as input 

to the optimization program the optimum orientation of the Solar Collector on 

an hourly basis is determined. This is fed to the automated linear actuators – 

North-South actuator and East-West actuator.  
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The 3D model for the proposed stem is shown in Figure 5.4. The linear 

actuators make double-axis solar collector possible.  

Figure  5.4  The proposed design of the double-axis solar 

tracking collector 
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6. Modelling the solar tracking for the solar collector 

From the discussions in the previous chapter, the Equation 5.11 represents 

mathematical representation for the total solar radiation received by the tilted 

surface. The change in the orientation on the hourly basis for the four days in 

2017 as already discussed in chapter 2. The SMHI provides the corresponding 

hourly global solar radiations and the hourly diffuse radiations. The objectives 

of optimization of  the orientation are: 

• There is less fluctuating cosine loss 

• To obtain a high value for GT 

• The design should be more efficient and economical 

6.1 Formulation of the optimisation technique 

As discussed in the previous chapter, the optimization function is aimed to 

obtain the maximum intensity of the solar radiations on the solar collector 

aperture at all times. The mathematical solution for the collector orientation 

is modeled in Matlab R2018 for each day in each season - spring, summer, 

autumn and winter. Then the corresponding total solar radiation and 

theoretical energy and exergy efficiencies are calculated using the Microsoft 

Excel. These values are also calculated if the collector was fixed as per the 

manufacturer`s recommended tilt angle. The two sets of exergy efficiencies for 

Solar collector with and without tracking are compared.  

6.2 Determination of collector positions due to solar tracking   

The solar angles change with the shifting position of sun relative to  earth. 

Additionally, the clearness index affect the solar radiations reaching the earth 

surface. Firstly, the solar angles (A, α, Өz) are obtained from Environmental 

Monitoring and Analysis Program [6]. Next, the hourly global irradiance(G) 

and hourly diffused solar radiation(Gdiffuse) are extracted [5]. Hence the direct 

beam radiation(Gbeam ) can be calculated with the available input. 

 

The input data for the Matlab program are solar angles and the hourly direct 

and diffuse radiation. The design data has been simulated in Matlab using the 

available input. Additionally, it is assumed that on 21st December 2017, there 

is snow on the ground. This helps analyze the influence of snow on the total 

solar radiation on the collector. 
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6.3 Calculation approach  

The energy analysis comprises of comparison of the solar collector mounted 

on the double-axis solar tracker (case 1) and the same collector at 

recommended orientation by the manufacturer (case 2). The Collector used 

for the study is LESOL 5AR as discussed in chapter 3. The quantities compared 

are the total solar radiation incident on the Collector GT, energy efficiency ηen 

and exergy efficiency ηex. 

Case 1: LESOL 5AR is mounted on a double-axis solar tracker wherein the 

orientation changes with time so that the maximum available solar radiation 

is received by the aperture.  

Case 2: The same collector is at a constant orientation recommended by the 

manufacturer (as instructed in the specification sheet). Then β=40o and south 

facing ϒ=180o. 

The boundary condition for the variables GT, ηen and ηex are essential for the 

interpretation of the results. The maximum solar radiation on each day under 

study shall not exceed the measured the normal solar radiation intensity 

falling on earth surface. The constraints are available in appendix 3.  

For smaller values of the total solar radiation, the performance curve yields 

negative efficiency. Let us understand what does negative efficiency imply in 

our study. The negative value implies that solar radiation is too low for the 

heat fluid to gain thermal energy.  
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7. Results and Discussions 

The model simulates the performance of solar collector LESOL 5AR with and 

without solar trackers on 2 Equinox and Solstices in 2017. 

7.1 The orientation of the proposed model  

The output of the Matlab program provides optimum tilt and azimuth angle of 

the double-axis solar tracker on 20th March, 21st June, 23rd September and 21st 

December as shown in Figure 7.1, Figure 7.2, Figure 7.3 and Figure 7.4. 

The duration of solar tracking is 15 hours on 20th March and 17 hours on 21st 

June. On 20th March, the tilt of solar tracker dips from 90o to almost 42o, then 

not linear. However, on 21st June the minimum tilt of the tracker is 35o and the 

Figure 7. 1: The changing orientation of the solar tracker on 20th March 2017 

Figure 7. 2: The changing orientation of the solar tracker on 21st June 2017 
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maximum is 88o.  The change in surface azimuth angle with time from 60o to 

300o is surface azimuth angle increases from 50o to 305o  . 

Figure 7.3 and Figure 7.4 indicate that length of days on 23rd September and 

21st December are significantly shorter compared to those in March and June. 

Moreover, September and December months are susceptible to low-quality 

solar radiation on Halmstad due to cloudy days. The maximum and the 

minimum collector tilt for 23rd September are 92o and 65o respectively. The 

curve representing changing tilt angles on 21st December have maxima and 

minima at 90o and 78o respectively.  Interestingly, the rate of change of the 

surface azimuth curve for both days is almost linear. On 23rd September the 

surface azimuth rises from 100o to 250o,  whilst on 21st December, it rises from 

130o to 220o. 

  

Figure 7. 3: The changing orientation of the solar tracker on 23rd September 2017 

Figure 7. 4: The changing orientation of the solar tracker on 21st December 2017 

Figure 7. 4: The changing orientation of the solar tracker on 21st December 2017 
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7.2  How the solar tracking effect the collector position? 

The precision in the orientation of the double-axis tracker is necessary to 

access the effect of double-axis tracking on the solar collector. Therefore the 

tilt of the double-axis solar tracking should be programmed such that there is 

a minimum deviation between direct sun rays and normal to the aperture at 

all times. The simulated result yields the orientation in terms of tilt and 

azimuth angle (β, ϒ) of the aperture for every hour. Greater precision is 

obtained if the orientation is estimated for smaller time intervals. Thus the 

Matlab program calculates the orientation and the total GT for the solar 

collector mounted on double-axis solar tracker and solar collector fixed on the 

ground at the recommended angle by the manufacturer. The obtained values 

of GT are tabulated for calculating the corresponding energy and exergy 

efficiency of the collector. 

7.3  Is the proposed model an efficient receptor of sun ray? 

The energy and exergy analysis is done on 4 days. Information pertaining to 

each day is highlighted by a set colour.  

 

 

 

 

 

 

 

The 

Figure 7.5 and Figure 7.6 depict the graphs with x axis representing the time 

of the day and y axis representing the total incident solar radiation.From 

Figure 7.5 and Figure 7.6, its clear that the solar collector enjoys sun's 

undivided attention for greater part of the day during day 1 and day 2. On 

contrary, on day 3 and day 4 the peak solar radiation on the collector is higher 

for fixed orientation. This is because of the reduced direct solar radiation 

falling on the ground due to the cloudy sky. For day 3 and day 4, the intensity 

of the diffused sunlight is greater than direct sunlight. The double-axis solar 

tracking is not effective to concentrate the maximum diffuse component onto 

the collector. On day 1, it receives solar radiation greater than 400 W/m2 for 

36.36% of the day with solar tracker but receives the same for only 18.18% of 

the day without the tracker.   

Table  7.1: colour code corresponding to each the day considered for the 

performance analysis of the collector  
Day Date Colour of the graph 

1 20th March 2017 blue 

2 21st June 2017 red 

3 23rd September 2017 yellow 

4 21st December 2017 green 
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Figure 7.5: The comparison of sunlight incident on fixed FPSTC on 

4 days 

Figure 7.6 : The comparison of sunlight incident on FPSTC with 

double-axis tracking on 4 days 
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Interestingly, on day 2, the collector with solar tracker receives high solar 

radiation greater than 1200 W/m2 for 40.60% of the day whereas the same 

collector receives high solar radiation for only 18.75% of the day without the 

solar tracker. On day 3,  the collector receives low-intensity solar radiation 

not more than 400 W/m2 both with and without the solar tracker. On day 4, 

the fixed collector receives solar radiation between 400 W/m2 and 600 W/m2 

between 9 am to 11 am. There is a rise in solar radiation intensity falling on 
the solar collector with double-axis tracking.   

7.4  Is the proposed model energy efficient? 

 Figure 7.7 and Figure 7.8 depict energy efficiencies of the collector for all the 

4 days with and without solar tracker. Figure 7.7 and Figure 7.8 depict the 

graphs with x axis representing the time of the day and y axis representing the 

energy efficiency of the collector. The best performance of the solar collector 

both with and without the tracker is on 21st June.  

 

 

 

 

 

Figure 7.7: The comparison of energy efficiencies of fixed FPSTC 

on 4 days 
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On 21st June, the instantaneous energy efficiency of the collector with the 

tracker is above 0.5 for more than 90% of its operation time, whereas for the 

collector without the tracker, performance is above 0.5 for only 53% of its 

operation time.  

 

On 20th March , the peak of the energy efficiency curve for the collector with 

tracker is 0.38, whereas the energy efficiency without tracker is only 0.30. The 

corresponding minima for the collector with and without tracker are 0.15 and 

0 respectively. Unlike 21st June, the performance curve on 20th March is 

fluctuating. The fluctuations may be due to the occasional cloud cover that 

attenuates the direct sunlight from passing through the atmosphere.  

 

However, the overall performance of the Collector with and without the 

tracker is least on 23rd September. It is important to note that on this day, the 

direct component of solar radiation is significantly lower than the diffused 

component and sometimes the direct component is  0. The performance of the 

solar collector with tracker was under 0.1 of maximum efficiency throughout 

day. However, the fixed collector had a peak efficiency of 0.27 between 10:00 

and 11:00 before noon. 

 

Figure 7.8: The comparison of energy efficiencies of FPSTC with 

double-axis trackers on 4 days 
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On 21st December, the energy efficiency of the collector with tracker was non-

zero between 08:00 and 12:00. The peak energy efficiency, in this case, is 

around 0.42. Interestingly, the energy efficiency curve looks better for the 

fixed collector. The peak efficiency attained for the fixed collector is 0.48. 

Interestingly, tilted surface surrounded with snow absorbs more solar 

radiation on 21st December than the same surrounded with soil on 23rd 

September.Hence, the solar collector with double-axis solar tracking enhances 

the energy efficiency of the collector both before and after the noon on 20th 

March and 21st June. However, the performance of the collector is significantly 

low on 23rd September and 21st December. The highest achieved energy 

efficiency with and without the solar tracker is 0.6. 

 

7.5  Is the proposed model exergy efficient? 

Figure 7.9 and Figure 7.10 depict the graphs with x axis representing the time 

of the day and y axis representing the exergy efficiency of the collector .The 

exergy efficiencies of the Proposed model are weighed against the same Solar 

Collector without solar tracker in Graphs 7.9 and 7.10.  

 

Figure 7. 9: The comparison of exergy efficiencies of fixed FPSTC 

on 4 days 
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The thermal energy output of the Solar collector is low-grade energy. 

Therefore, exergy efficiencies have a lower magnitude compared to the 

corresponding energy efficiencies. Thus the range of exergy efficiency in the 

Figure 7.9 and Figure 7.10 is between 0 and 0.20. 

On 21st  June, there is a significant improvement in the overall exergy efficiency 

curve for Solar collector with the tracker. The instantaneous exergy efficiency 

of the collector with the tracker is above 0.18 for more than 47% of its 

operation time, whereas for the collector without the tracker, the curve is 

above 0.18 for only 24% of its operation time. The peak exergy efficiency 

reached by the collector both with and without the solar tracker on this day is 

0.19. The least value of the exergy efficiency curve with and without solar 

collector are 0.14 and 0.05 respectively and occurs when negligible direct solar 

radiation reach the ground, that is during dawn and dusk. 

On 20th March, the peak of the exergy efficiency curve for the collector with 

tracker is only 0.12. Unlike the previous scenario, the peak of exergy efficiency 

curve for the fixed collector is 0.10 which is lower than the corresponding 

value for the collector with solar tracking. Interestingly, the minima for 

Figure 7.10: The comparison of exergy efficiencies of FPSTC 

with double-axis trackers on 4 days 
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collector with and without the tracker is 0. However, the efficiency of collector 

with and without tracker during dawn are 0.09 and 0 respectively. This 

indicates how the correction of the solar collector can improve the exergy 

efficiency even when the direct solar radiation reaching ground is very low. 

The performance curves on 20th March are fluctuating due to the occasional 

cloud cover.  

 

However, the overall exergy efficiency curve of the Collector with and without 

the tracker is least on 23rd September. The peak performance of the solar 

collector with tracker was 0.01. However, the fixed collector has a better peak 

efficiency 0.08 compared to the collector on the solar tracker. On 21st 

December, the fixed collector has a better peak exergy efficiency compared to 

the collector on the solar tracker. 

 

7.6 Economic implications of the double-axis solar tracker   

The double-axis solar collectors add up to the installation and maintainance 

cost of the solar collector system. The solar tracker requires electricity for 

their operation of motors and actuators. The solar tracking technology is 

feasible for ground-mounted solar collector arrays or freestanding 

installations and not for rooftop installations due to cumbersome 

configuration and heavy components. There are a number of firms in Europe 

involved in double-axis tracker production for other technologies like 

photovoltaic and concentrating solar power plants. In such design, the solar 

tracker commercially available accommodates racking for an array of solar 

panels.  
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8. Conclusion 

The flat plate solar collector with double-axis solar tracking receives the 

greater intensity of the solar radiation for a longer period of the day on long, 

clear, sunny days than a fixed collector (day 1 and 2). Therefore, the energy 

and exergy efficiency before and after the solar noon is higher in the proposed 

model than the fixed solar collector. However, the solar tracking during 

summer heats up the transfer fluid to higher temperature risking damage to 

the solar collector and exceeding the consumers` energy requirement for 

domestic hot water.  

The results indicate that solar tracking plays an insignificant role in improving 

the efficiency of the collector during cloudy days and short days during 

autumn and winter. This is due to the lesser direct solar radiation reaching 

earth. Hence, if the solar tracking system were to be used for the flat plate solar 

collector, the feature is a functional advantage only during sunny days. The 

snow cover plays an important role on the total solar radiation reaching the 

tilted surface on 21st December. The clean snow has a higher reflection 

coefficient than soil. 

However, the increased efficiency and high temperature of the heat transfer 

fluid in the solar flat plate collector with solar tracking has scope for meeting 

the commercial heat requirements during summer. This feature, if coupled 

with other additional features in the design of solar collector like adding small 

particles of the high thermal conductivity, better stability, minimum clogging, 

nanoparticles into the base fluid can improve the performance of the FPSTC.  

From the analysis, it is realized that the proposed model can`t be a year- round 

solution for the domestic water heating in the cold and humid continental 

climate of Halmstad.  There are other factors, besides the solar radiation 

intensity that affects the collector performance - the overall heat loss in the 

collector, the mass flow rate of the heat transfer fluid, the energy density of the 

fluid and the optical efficiency of the solar collector play important role in 

improving the collector efficiency. There can be ample ways to realize the 

above. The evacuated solar flat plate collector can drastically reduce the 

collector`s overall heat loss due to the radiation. The use of nanofluid as the 

heat transfer fluid can improve the thermal properties of the solar collector at 

the smallest possible concentration. 
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Appendix 

1  Solar angle and the historical hourly solar radiation data 

Located in south-west Sweden, the latitude and longitude coordinates of 

Halmstad are 56.67°N, 12.85°E.  The annual average solar radiation received 

here is slightly above 500 kWh/m2. According to the Köppen climate 

classification system, Halmstad falls under the climate type C that corresponds 

to moist mid-latitude climate with mild winters. Furthermore, the average 

wind speed here is 6.65 m/s at 49 m height and annual temperature ranges 

between -2.71°C and 21.1°C.  

 

The computer program is used to extract the historical data of the solar angles 

in Halmstad for 4 days in 2017. The stereographic sun path diagram is 

obtained from the University of Oregon Solar radiation monitoring laboratory 

[6]. The components of solar radiation falling horizontally for a given latitude 

and longitude for 2017 is extracted from the STRÅNG historical data from the 

Swedish Meteorological and Hydrological Institute (SMHI) [5]. The data type 

is extracted in time series on an hourly basis. The extracted parameters are the 

global and diffuse radiance. The direct radiance is calculated using Equation 

4.6. The tables extracted from the STRÅNG data are Table a1, Table a2, Table 

a3 and Table a4 for the 4 selected days. Each table consists of 2 sections Global 

and diffused irradiance.  

The consolidated data obtained from the aforementioned sources are given in 

tables as shown below.  

 

Abbreviation  Full form 

A solar azimuth angle 

α solar altitude angle 

g_h global solar radiation on horizontal surface (W/m2) 

g_d 

diffuse component of global radiation on horizontal surface 

(W/m2) 

g_b 

beam component of global radiation on horizontal surface 

(W/m2) 
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Table a1 : The solar angles and radiation intensity on 20th March 2017 in Halmstad 

series time  A α  g_h g_d g_b 

1 06:00 66 4 27 1 26 

2 07:00 78 12 69 4 65 

3 08:00 90 20 142 11 131 

4 09:00 103 28 176 17 159 

5 10:00 118 36 236 27 209 

6 11:00 134 42 257 30 227 

7 12:00 153 47 234 26 209 

8 13:00 175 49 232 26 206 

9 14:00 197 48 181 18 163 

10 15:00 217 45 216 13 204 

11 16:00 235 39 58 4 55 

12 17:00 250 32 12 0 12 
 

Table a2 : The solar angles and radiation intensity on 21st June 2017 in Halmstad 

series time  A α  g_h g_d g_b 

1 04:00 57 5 90 28 62 

2 05:00 69 12 210 46 164 

3 06:00 81 20 341 72 269 

4 07:00 93 28 482 89 393 

5 08:00 107 36 621 97 524 

6 09:00 122 44 734 106 628 

7 10:00 140 50 817 112 705 

8 11:00 162 54 852 128 724 

9 12:00 186 55 859 131 728 

10 13:00 209 52 836 128 708 

11 14:00 229 47 767 109 658 

12 15:00 246 40 665 99 566 

13 16:00 260 32 537 87 450 

14 17:00 273 24 395 70 325 

15 18:00 285 16 251 52 199 

16 19:00 297 8 123 33 90 

17 20:00 309 1 34 12 22 
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Table a3:The solar angles and radiation intensity on 23rd September 2017 in Halmstad 

series time  A α  g_h g_d g_b 

1 07:00 102 -2 77 77 0 

2 08:00 115 6 168 152 16 

3 09:00 128 13 205 187 18 

4 10:00 142 18 161 159 2 

5 11:00 157 23 154 153 1 

6 12:00 173 25 135 134 1 

7 13:00 190 24 104 104 0 

8 14:00 206 22 75 75 0 

9 15:00 221 17 42 42 0 

10 16:00 235 11 13 13 0 

11 17:00 248 4 1 1 0 
 
Table a4 : The solar angles and radiation intensity on 21st December 2017 in Halmstad 

series time  A α  g_h g_d g_b 

1 09:00 141 5 66 32 34 

2 10:00 155 9 114 35 79 

3 11:00 169 12 125 47 78 

4 12:00 183 12 63 44 19 

5 13:00 197 11 33 19 14 

6 14:00 178 10 6 6 0 
 

As discussed in chapter 4, the solar collector harness thermal output if total 

solar radiation falling on the aperture exceeds 50 W/m2. Therefore the time 

duration when the collector aperture receives total solar radiation above 50 

W/m2 are considered for the energy and exergy analysis in Appendix 4. 
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2  The technical specifications of LESOL 5 AR 

The solar collector for the proposed model is the LESOL 5AR manufactured by 

the Svenska Solgruppen and is certified by the Solar Keymark certification. The 

Solar Keymark certification complies with the requirements in EN 12975-

1:2006+A1:2010 and is valid till 25-08-2021. The data was obtained on 

request directly from the Svenska Solgruppen ek. The testing for the 

certification was carried by the SP Technical Research Institute of Sweden. 

Being a flat plate solar collector, the transversal and longitudinal IAM are the 

same. The recommended tilt in the Fig a3 is fixed with slope = latitude -15o . 

The surface azimuth and the tilt for the heat transfer fluid is 0.02 kg/sm2. The 

energy density of the water is 4910 J/kgK. from the Solar flat plate, fixed 

collector is 180o(south facing)  and 40o respectively. The details regarding the 

design parameters of the collector, the transmission characteristics of the 

cover are available below. The transmissivity coefficient of the glass cover (τ) 

and the absorption coefficient of the absorber plate (α) are 0.96 and 0.94 

respectively. Substituting these values in Equation 4.2, the overall heat loss 

coefficient (UL) is 3.06 W/m2K from the below expressions: 

FRτα=0.74  

FRUL=2.51  

Figure a 1 The transmittance graph of AR glass and substrate of LESOL 5AR 
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Figure a2:  Section 1 of the Solar Keymark certification for LESOL 5AR 
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Figure a3:  Section 2 of the Solar Keymark certification for LESOL 5AR 
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3  The Matlab program for the orientation of the Solar Tracker 

% irradiance value  
% Design by Rose Mary  
% alpha and A are constants 
clc;  
clear all;  
daynumber = menu('Choose a Day', 'Day 1', 'Day 2', 'Day 3', 'Day 4');  
switch (daynumber)  
    case 1  
        day_hours=12; 
        hours= xlsread('info1.xlsx','Day 1','A2:A13');  
        inputA= xlsread('info1.xlsx','Day 1','C2:C13');  
        alpha = xlsread('info1.xlsx','Day 1','D2:D13');  
        gh_beam=xlsread('info1.xlsx','Day 1','G2:G13'); 
        gh_diffuse=xlsread('info1.xlsx','Day 1','F2:F13'); 
        beta(1:12)=90;  
        gamma(1:12)=0;  
        inputA_radian(1:12)=0; 
        alpha_radian(1:12)=0; 
        beta_radian(1:12)=0; 
        gamma_radian(1:12)=0; 
        gt_changing(1:12)=0; 
        gt_constant(1:12)=0; 
         
        for i=1:12 
            gamma(i)=inputA(i);  
            beta(i)=beta(i)-alpha(i);  
            gamma_radian(i)=pi/180*(inputA(i)-gamma(i)); 
            beta_radian(i)=pi/180*beta(i); 
            inputA_radian(i)=pi/180*inputA(i); 
            alpha_radian(i)=pi/180*inputA(i); 
            
gt_changing(i)=(gh_beam(i).*cos(beta_radian(i))+sin(beta_radian(i)).*cos(
gamma_radian(i)))./sin(alpha_radian(i))+(1+cos(beta_radian(i)))/2.*gh_di
ffuse(i)+(0.1*(1-cos(beta_radian(i)))); 
            
gt_constant(i)=(gh_beam(i).*(cos(40*pi/180)+sin(40*pi/180).*cos((inputA
(i)-180)*pi/180))./sin(alpha_radian(i)))+ 
(1+cos(40*pi/180))/2*gh_diffuse(i)+0.1*(1-cos(40*pi/180)); 
         end 
        subplot(2,2,1) 
        plot(hours,beta); 
        xlabel(' the hours (in hr) --> '); 
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        ylabel ('Tilt (in degrees) -->'); 
        title('Collector`s Changing tilt on 20th March 2017'); 
        subplot(2,2,2) 
        plot(hours,gamma); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('azimuth (in degrees) -->'); 
        title('Collector`s Changing azimuth on 20th March 2017'); 
        fprintf ('\nThe number of day hours is %f hours\n',day_hours); 
        subplot(2,2,3) 
        plot(hours,gt_changing,'red',hours,gt_constant,'green'); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Incident Solar Radiation (in W/m2) -->'); 

 title('incident solar radiation on proposed model(red) vs fixed 
collector(green)   on 20th March 2017');         

     case 2 
        day_hours=18; 
        hours= xlsread('info.xlsx','Day 2','A3:A20');  
        inputA= xlsread('info.xlsx','Day 2','C3:C20');  
        alpha = xlsread('info.xlsx','Day 2','D3:D20');  
        beta(1:18)=90;  
        gamma(1:18)=0;  
        for i=1:18 
            gamma(i)=inputA(i);  
            beta(i)=beta(i)-alpha(i);  
        end 
        subplot(2,2,1) 
        plot(hours,beta); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Tilt (in degrees) -->'); 
        title('Collector`s Changing tilt on 21th June 2017'); 
         
        subplot(2,2,2) 
        plot(hours,gamma);  
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Azimuth (in degrees) -->'); 
        title('Collector`s Changing Azimuth on 21th June 2017'); 
         
        fprintf ('\nThe number of day hours is %f hours\n',day_hours); 
         
        case 3 
        day_hours=11; 
        hours= xlsread('info.xlsx','Day 3','A3:A13');  
        inputA= xlsread('info.xlsx','Day 3','C3:C13');  
        alpha = xlsread('info.xlsx','Day 3','D3:D13');  
        beta(1:11)=90;  
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        gamma(1:11)=0;  
        for i=1:11 
            gamma(i)=inputA(i);  
            beta(i)=beta(i)-alpha(i);  
        end 
        subplot(2,2,1) 
        plot(hours,beta); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Tilt (in degrees) -->'); 
        title('Collector`s Changing tilt on 23rd September 2017'); 
         
        subplot(2,2,2) 
        plot(hours,gamma); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Azimuth (in degrees) -->'); 
        title('Collector`s Changing Azimuth on 23rd September 2017'); 
         
        fprintf ('\nThe number of day hours is %f hours\n',day_hours); 
         
        case 4 
        day_hours=8; 
        hours= xlsread('info.xlsx','Day 4','A3:A10');  
        inputA= xlsread('info.xlsx','Day 4','C3:C10');  
        alpha = xlsread('info.xlsx','Day 4','D3:D10');  
        beta(1:8)=90;  
        gamma(1:8)=0;  
        for i=1:8 
            gamma(i)=inputA(i);  
            beta(i)=beta(i)-alpha(i);  
        end 
        subplot(2,2,1) 
        plot(hours,beta); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Tilt (in degrees) -->'); 
        title('Collector`s Changing tilt on 21st December 2017'); 
         
        subplot(2,2,2) 
        plot(hours,gamma); 
        xlabel(' the hours (in hr) --> '); 
        ylabel ('Azimuth (in degrees) -->'); 
        title('Collector`s Changing Azimuth on 21st December 2017'); 
         
        fprintf ('\nThe number of day hours is %f hours\n',day_hours); 
end  
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4 The energy and exergy analysis data  

 

Abbreviation  Full form 

en_changing Hourly energy efficiency of the Collector with solar tracker   

en_fixed Hourly energy efficiency of the fixed Collector  

ex_changing Hourly exergy efficiency of the Collector with solar tracker   

ex_fixed Hourly exnergy efficiency of the fixed Collector  
 

Table a.5: The energy and exergy efficiencies of the collector on 20th March 2017 

time  en_changing en_fixed ex_changing ex_fixed 

07:00 0.21 0.43 0.04 0.07 

08:00 0.38 0.50 0.06 0.09 

09:00 0.41 0.50 0.07 0.08 

10:00 0.47 0.52 0.08 0.09 

11:00 0.50 0.52 0.08 0.08 

12:00 0.48 0.49 0.07 0.07 

13:00 0.47 0.47 0.07 0.07 

14:00 0.40 0.40 0.06 0.06 

15:00 0.44 0.46 0.07 0.08 

 

Table a6: The energy and exergy efficiencies of the collector on 21th June 2017 

time  en_changing en_fixed ex_changing ex_fixed 

04:00 0.41 0.58 0.03 0.11 

05:00 0.50 0.60 0.03 0.11 

06:00 0.54 0.61 0.06 0.12 

07:00 0.58 0.63 0.06 0.12 

08:00 0.61 0.63 0.07 0.13 

09:00 0.62 0.64 0.08 0.13 

10:00 0.63 0.64 0.07 0.13 

11:00 0.64 0.64 0.07 0.13 

12:00 0.64 0.64 0.06 0.13 

13:00 0.64 0.64 0.07 0.13 

14:00 0.63 0.64 0.07 0.13 

0.625 0.61 0.64 0.11 0.13 

16:00 0.59 0.63 0.10 0.12 

17:00 0.56 0.62 0.09 0.12 

18:00 0.51 0.60 0.08 0.11 

19:00 0.42 0.57 0.06 0.10 

20:00 0.40 0.59 0.06 0.11 
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Table a.7: The energy and exergy efficiencies of the collector on 23rd September 2017 

time  en_changing en_fixed ex_changing ex_fixed 

09:00 0.41 0.52 0.05 0.07 

10:00 0.36 0.24 0.04 0.03 

11:00 0.09 0.19 0.01 0.02 

12:00 0.08 0.19 0.01 0.02 

13:00 0.04 0.07 0.00 0.00 

Table a.8: The energy and exergy efficiencies of the collector on 21th December 2017 

time  en_changing en_fixed ex_changing ex_fixed 

09:00 0.54 0.57 0.07 0.08 

10:00 0.59 0.60 0.08 0.09 

11:00 0.57 0.59 0.07 0.08 

12:00 0.22 0.32 0.02 0.03 

13:00 0.01 0.14 0.00 0.01 
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5 Freezing point depression by 55% propylene glycol solution  

 

A 1000g of 55% propylene glycol solution contains 550g of propylene glycol 

in 450g of H2O. The molecular weight of propylene glycol is 76.09g/mol. 

 

The number of moles of propylene glycol(C3H8O2) in the 1000g of the solution 

=(550g * 1mol of propylene glycol)/(molecular mass of propylene glycol) 

= 550/76.09=7.22 moles 

 

The freezing point of the antifreeze decreases to ΔTb=kf*b where where kf is 

the freezing point depression.  

 

Calculation of the coefficient b  

=(moles of solute )/(kilogram of solvent)= 7.22/450=0.016 mol/kg 

= -13.161oC  

 

Thus the antifreeze reduces the freezing point of water by 13.16oC. Solvents 

promote boiling point elevation and freezing point depression in the solvent.  
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