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Abstract 
 

World energy consumption grows day by day, and so does the environmental concern. 

Consequently, the use of renewable energies, such as solar energy, is very important to 

meet the energy demand without damaging the planet. Mostly, it is in developing 

countries where more solid fuels are used to satisfy the demand for hot water and 

energy for cooking. Consequently, many people face the harmful effects of the 

pollutants that these fuels emit in the combustion. 

With the aim of solving these problems, this thesis analyzes direct and indirect solar 

technologies. Most of the study focuses on analyzing and comparing the response and 

feasibility of three technologies for obtaining hot water. These technologies are a solar 

thermal system, a PV system, and a PV system with battery support. The analysis begins 

with the data collected in a project carried out between the University of Stellenbosch 

(South Africa) and the Institute for Sustainable Technologies of Austria. The financial 

analysis gives a result of 6, 15, and 10 years of payback for the three cases, respectively. 

Adding the battery to the PV system, apart from considerably decreasing the payback, 

makes the LCOH value drop from 0.155 $/kWh to 0.085$/kWh. While in the case of the 

direct system, the LCOH value remains the lowest, with a value of 0.043$/kWh. 

Although the addition of the battery improves the results of the PV system, when it 

comes to low temperatures, the direct system continues giving better results. 
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1. Introduction  
 

Due to the impact that conventional energy sources have on the environment, more and 

more renewable energy sources have been used in the last decades. In 2018, almost 

11% of the energy consumed worldwide came from a renewable source [1]. Although it 

may seem a small percentage, the increase in energy consumption in developing 

countries must be considered, since in these places the vast majority comes from non-

renewable sources. Even so, in the last decade, the consumption of renewable energy 

has grown by 450% [1]. This percentage shows the good path that the renewable energy 

sector is taking. 

Apart from the help they offer to the environment, some of the renewable energy 

resources have been of great help to supply isolated areas with energy. Among them, 

we can find solar energy or geothermal energy.  

As for solar energy, there are several types of technologies. But the most used are 

photovoltaic (PV); solar thermal or solar heating and cooling (SHC); and concentrating 

solar power (CSP).  Although SHC technology has been a leader for a long time, in recent 

years, PV technology has come to be in the first place [2]. 

The sun is an important and powerful source of energy. But both the generation of 

electrical and thermal energy depends on environmental conditions. While direct 

radiation predominates on sunny days, diffuse radiation is the main one on cloudy days. 

This means that on cloudy days the total radiation is less than in sunny days. And this 

must be taken into account when designing a solar system. 

 

1.1. Background 
 

This thesis has as its starting point the project carried out between the University of 

Stellenbosch (South Africa) and the Institute for Sustainable Technologies of Austria [3]. 

In this project, they carry out the comparison between Photovoltaic and Solar Thermal 

Hot Water Systems in the South African context. Based on the data collected at their 

facilities, a more specific analysis is carried out in this project. 

 

2.2. Objective 
 

The goal of this thesis is to analyze and compare solar direct and indirect technologies 

when it comes to obtaining energy. The main objective is to deeply analyze direct solar 

systems, that work with low temperatures, with indirect systems (PV systems). And 

starting from this first analysis, achieve results that can lead to conclusions for direct 
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systems that work at medium temperatures, such as solar cookers. Also, to demonstrate 

if indirect technologies such as photovoltaics can be competitive in this area. 

 

2.4. Motivation 
 

According to the World Health Organization, more than three billion people depend on 

solid fuels to satisfy their cooking and heating needs [4]. The combustion of this type of 

fuel generates many pollutants. According to the same organization, these pollutants 

have negative effects on people's health. This problem more specifically affects women 

and children living in developing counties such as Africa, Latin America, and South Asia. 

In these mentioned countries, it is the woman who spends several hours cooking every 

day. In turn, they are usually in charge of childcare. Consequently, both women and 

children suffer the negative consequences of cooking with solid fuels. 

On the other hand, from an environmental point of view, renewable energies are very 

interesting. According to the International Energy Agency, CO2 equivalent emissions in 

developing countries have increased from 9.2Gt to 22Gt in the last 30 years [5]. For this 

reason, any alternative to traditional solid fuels will help to stop the rise. 

Therefore, it is extremely important to find technologies that respect the environment. 

And that at the same time, does not negatively affect the health of its users. Besides, 

the use of technologies that are less dependent on solid fuels provides users with 

independence. As a result, these types of alternative energy sources are also an 

excellent choice in hard-to-reach or isolated locations. 

Among these technologies, those that have solar energy as their source are one of the 

most attractive ones. Since these technologies can be completely self-sufficient and 

have no dependence on any other type of fuel. But, within solar energy, there are 

different technologies, and it is important to know which can be the most efficient both 

energy and economically. 

 

2.5. Report structure 
 

This report is divided into seven chapters, including the introduction. Since solar energy 

is the basis of this study, the second chapter makes an introduction to this area. Starting 

from how the sun emits energy to the different ways of taking advantage of that energy. 

The third chapter focuses on solar cookers. Offering a bit of background and knowledge 

of technologies. The fourth chapter offers a theoretical background on financial analysis, 

which will later be used to compare different technologies. In the fifth chapter, first, 

three technologies are analyzed and compared to satisfy the needs of hot water. And 

then, based on the results obtained, some references are also made to comparing 

medium temperature solar thermal technologies with PV technology. Chapter six gives 
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a conclusion of the work done. And finally, chapter seven gives some recommendations 

of further work. 
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2. Solar Energy 
 

2.1. Introduction 
 

In this chapter, the concept of solar energy is presented, which is the main base of this 

study. To begin with the chapter, the sun will be introduced as a resource. In turn, the 

different ways in which this valuable energy reaches the earth will be exposed. In the 

second part of the chapter, the different ways that the human being has developed to 

take advantage of this energy will be explained. 

 

2.2. Solar resource 
 

To start, the terms solar resource and solar energy must be differentiated. Specifically, 

the term solar resource refers to all the radiation that reaches the earth as 

electromagnetic energy, and that is used by the human being in different ways. Whereas 

the term solar energy refers to the energy that reaches the earth, whether it is used by 

humans or not [6]. 

The sun is the star in the center of the solar system that has a black body temperature 

of 5777 K [7]. And is mainly composed of hydrogen (74.9%) and helium (23.8%), in turn, 

is made up of different layers. In the center it has the core, where high temperatures 

and pressures give rise to nuclear fusion reactions [8]. In these reactions, energy is 

released as electromagnetic energy, which is received by the earth as solar irradiance. 

Furthermore, if the solar irradiance is integrated over a given certain time, the solar 

irradiation is obtained, which refers to the energy received from the sun per unit area 

(kWh/m2).  

Due to the high energy consumption of this time and the negative effect that traditional 

energy sources have on the planet, the sun is an exceptional source to deal with all this. 

During the last decades, numerous technologies have been developed to take advantage 

of this energy emitted by the sun. All these technologies can be divided into two large 

groups. On the one hand, the thermal conversion technologies and on the other hand 

the electrical conversion technologies. 

 

2.2.1. Solar irradiation 
 

From the sun to the earth, the radiant energy goes through different transformations. 

Once it reaches the outside of the atmosphere, it continues its way to the surface of the 

earth. But on this path, both absorption and dispersion take place. As a result of the 

scattering, not all radiation reaches the earth's surface as direct radiation, but also as 
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diffuse radiation. And the sum of the two makes the global radiation, which in turn, part 

of this one is reflected [9].  

Depending on the geographical location, the percentage of each of the components of 

the radiation will vary. In places where the weather is mostly cloudy, direct radiation will 

be very rare. On the other hand, in sunny places, most of the radiation will be direct, 

and therefore more useful for different uses. 

 

2.2.1.1. Direct radiation 
 

Direct radiation is the part of the solar radiation that reaches the earth’s surface directly 

[10]. This type of radiation is the main one in sunny days. And it is the most useful and 

advantageous of all when it comes to generating energy. 

 

 

Figure 2.1 Direct radiation 

 

2.2.1.2. Diffuse radiation 
 

As it passes through the atmosphere, another part of the radiation that comes from the 

sun is absorbed, reflected, or dispersed by water vapor, dust, or pollution. This type of 

radiation is called diffuse radiation. [11] 
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Figure 2.2 Direct and diffuse radiation 

 

2.2.1.3. Reflected radiation 
 

Lastly, the reflected radiation is that part of the radiation that is reflected by the earth's 

surface [12]. 

 

 

Figure 2.3 Direct, diffuse, and reflected radiation 

 

2.3. Use of solar energy and conversion 
 

It is known that solar energy is essential for life. For years, thermal solar energy has been 

used to satisfy different needs. Needs such as cooking, space heating, or water heating 

for domestic use. Having such a powerful source of energy, new technologies and 

techniques have been created to take advantage of it. According to the way of capturing, 

converting, and distributing solar energy, the technologies can be classified as active or 

passive.  
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Passive ways to harness this energy include, for example, the orientation of buildings 

and the type of material used in construction. In this way, these techniques can help 

keep the interior temperature of a building at a comfortable level. Both in warm and 

cold places. These techniques are part of the design of a house and their particularity is 

that they do not depend on mechanical systems. 

On the other hand, regarding active techniques or technologies, photovoltaic panels 

(electrical conversion) or thermal solar collectors (thermal conversion) can be found. 

These types of systems are usually more complex than the previous ones. Even so, they 

are usually designed to get the most out of solar radiation. 

Although passive technologies are very interesting, this project focuses on active 

technologies. The difference with passive technologies is that active technologies have 

devices that convert solar energy into heat or electricity [13]. In the next two sections, 

these two active ways of converting solar energy are explained more fully. 

 

2.3.1. Thermal solar energy 
 

When solar energy is used to produce heat, we talk about thermal solar energy. The 

main component of this type of technology is the collector and is responsible for 

collecting the energy that comes from the sun and starting with the transformation. In 

turn, these solar thermal energy collectors can be classified as low, medium, or high 

temperature collectors. And depending on the temperature range, they are usually used 

for different purposes. 

 

2.3.1.1. Low temperature collectors 
 

Low temperature collectors work at temperatures below 65ºC [14]. For this reason, they are 

used to heat swimming pool water, to heat domestic water, or in processes such as 

pasteurization. 

This type of installation is one of the simplest and consists of the solar collector, a 

primary and a secondary circuit, a solar exchanger, an accumulator, an expansion vessel, 

and pipes. On the other hand, the most widely used solar collectors in this type of 

installation are usually flat panels, vacuum tube panels, and absorber collectors. 

 

2.3.1.2. Medium temperature collectors 
 

This type of collectors reaches temperatures between 100 and 300ºC [14].  Although 

collectors in this temperature range have great potential for harnessing solar energy, 



8 
 

today it is difficult to find collectors that are cost-effective [15]. District-heating and 

cooking are among the most widely used applications in this temperature range. 

 

2.3.1.3. High temperature collectors 
 

Finally, high temperature collectors get to work with temperatures of up to 500ºC [14]. 

These types of collectors are used for the generation of electrical energy. In this 

temperature range, there are several types of technologies that take advantage of that 

solar energy, for instance: the parabolic trough sensors, the central tower, the parabolic 

discs, and the Fresnel linear receivers [16]. All of them concentrate heat at a specific 

point to generate steam, which in turn will generate electricity in a thermal machine. 

 

 

Figure 2.4 Solar central tower scheme [17] 

 

2.3.2. Photovoltaic solar energy 
 

The second active way to take advantage of solar energy is to make use of photovoltaic 

technology. The principles of photovoltaic panels date back to 200 years ago when 

scientists began to work with solar cells. More specifically, it was in 1839 when 

Becquerel discovered the photovoltaic effect. Over the next decades, several scientists 

continued to work in this area.  

Using all the information and technologies that previous scientists developed, in 1954 

the first photovoltaic cell was manufactured [18]. Still, the efficiency and power of this 

first panel were very low. But years and years of research have led these panels to 20% 

efficiencies [19]. 

Regarding the generation of electricity in the panels, the generation begins when some 

photons from the solar radiation hit the surface of the panel. These photons are 
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absorbed by the semiconductor materials causing the electrons to be released. Finally, 

the circulation of these electrons is what generates electricity. 

The current generated is Direct Current (DC). Therefore, this current is carried to an 

inverter. In this way, at the inverter output, Alternating Current (AC) is obtained. Once 

these steps have been taken, the current is ready for example to use it in a house. 

Within these panels, a classification can be made depending on how the cells are 

formed. When silicon has not crystallized it is said that there are amorphous. Otherwise, 

they are said to be crystalline. And within this category the panels are classified into 

monocrystalline and polycrystalline.  

 

 

 

Figure 2.5 Monocrystalline, polycrystalline, and amorphous cells structure 

 

Nowadays most of the photovoltaic panels are monocrystalline. Since they are more 

efficient than the others and comparing them with polycrystalline, the cost has become 

similar [20]. 

Photovoltaic panel installations can have different objectives, and therefore their size 

can vary greatly. The smallest facilities may be those designed to meet the demand of a 

house and its collector area is a few square meters. And the biggest ones can be the big 

solar power plants equipped with hundreds of panels. Within this category is the solar 

plant located in Sweihan (Abu Dhabi), among other plants. This plant occupies an area 

of 7.8 km2 and has an installed capacity of 1,177MW [21].  
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Figure 2.6 Sweihan solar plant [22] 

 

Each time more and more solar installations are started up, both small and large. And 

according to the International Energy Agency, in 2018 there was a total of 580TWh of 

production from PV installations worldwide [23]. 

 

2.3.2.1. Efficiency of a solar panel and factors that affect 

 

The companies that manufacture photovoltaic panels, usually publish different 

characteristics of their products among these characteristics is the efficiency of the 

panels. In order to be able to compare different panels, the efficiency is usually 

measured under Standard Test Conditions (STC), that is, at 25ºC and irradiance of 

1000W/m2.  

Although some years ago the efficiency of these panels was low, after years of 

technology development, photovoltaic panels with efficiencies above 20% can be found 

on the market [24],[25]. 

The efficiency of a solar panel is the percentage of energy that is converted into electrical 

energy of the total absorbed.  

 

𝜂 =
𝑃𝑚

𝐸 ∙ 𝐴𝑐
 

Where, 

Pm: maximum power generated (W) 

E: solar irradiance (W/m2) 

Ac: solar collector area (m2) 
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Therefore, for the same power generated, the smaller the area, the greater the 

efficiency. And for the same irradiance, the greater the collector area the greater the 

power generation. 

Another important term when calculating efficiency is the fill factor (FF). This is the 

relationship between the maximum power and the open circuit voltage and the short 

circuit current. And like the information on panel efficiency, these parameters are also 

published by the companies that produce the panels. 

 

𝐹𝐹 =
𝑃𝑚

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
 

Where, 

Pm: maximum power generated (W) 

VOC: open circuit voltage (V) 

ISC: short circuit current (A) 

 

Finally, in this section, the temperature of the solar panel must be considered, since it 

has been shown that the higher the temperature, the lower the efficiency [26]. And as 

mentioned before, the information on the efficiency of the panels is usually given at a 

temperature of 25ºC, so it must be taken into account that if the ambient temperature 

is higher, the panel response will probably be worse. Moreover, there are several studies 

and experiments that have been done over the years that demonstrate this fact. Proof 

of this is the experiment carried out by M. Senthil Kumar, K. R. Balasubramanian, and 

L.Mahewari, where they demonstrated that increasing the ambient temperature by 

15ºC, decreased the efficiency of some panels from 15% efficiency to 12.51% [26]. 

 

2.3.2.2. Use of batteries 
 

As explained at the beginning of this section, electricity is generated through 

photovoltaic panels. But many times, as can be seen in the Figure 2.7 the generation 

hours do not match the consumption hours. Or it may be that generation is greater than 

consumption. Therefore, when it comes to small facilities, adding batteries to the 

installation of photovoltaic panels can help balance the entire system.  
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Figure 2.7 Hot Water Consumption vs. Radiation during an average day 

 

Another advantage of this option is that dependence on the electrical grid is decreased. 

This makes the use of batteries very interesting in remote locations where there is no 

option to connect to the grid.  

The parameters that must be taken into account when a battery is purchased are the 

voltage, the number of cycles, the capacity and the Depth of Discharge (DoD). 

The voltage refers to the operating voltage of the installation in direct current. And 

usually depends on the power demanded by the system. 

 

Table 2.1 Battery voltage [27] 

Power demanded by the system (W) Operating voltage (V) 

< 1500 12 

> 1500 and < 5000 24 - 48 

> 5000 120 -300 

 

 

On the other hand, the number of cycles is used to express the lifetime of the battery. 

And each cycle refers to each of the times the battery is charged and discharged. As the 

use of each battery can be completely different, the number of times that the battery 

can be discharged is usually given to calculate its useful lifetime.  

The third parameter is the capacity of the battery. This can take values such as C50, C100 

or C200. And this number indicates the number of hours the discharge lasts. This 

parameter is used to compare different batteries that for example, have the same 
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capacity as C100. Since depending on consumption, the discharge time will vary and 

therefore a common parameter is needed between them. 

Finally, the DoD indicates the percentage of the battery that can be discharged of its 

total capacity. 
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3. Solar Cooking 
 

3.1. Introduction 
 

The results obtained from the study of the low-temperature thermal solar system are to 

be used as a starting point for an analysis of medium-temperature systems such as solar 

cookers. Therefore, this chapter explains the history and evolution of these 

technologies. Additionally, the different technologies that have gained strength and 

have become the most widely used will be explained. 

In developing countries, the combustion of solid fuels is used to obtain heat for cooking. 

As already mentioned, apart from the environmental contamination that this brings, it 

also produces serious health problems. Additionally, solar cookers can help to make the 

population of these places independent from other types of fuels. And this can be of 

great help in combating world hunger. For all this reasons, numerous tests have been 

carried out to cook with the energy provided by the sun.  

 

3.2. History of solar cooking 
 

Human beings have used solar energy since historical information is available. But it was 

about 200 years ago when solar cookers began to be developed. Specifically, it was in 

1776 when the first box type solar cooker was developed in Switzerland [28]. In this first 

attempt, a temperature of 90°C was achieved inside the insulated box. But it was not 

until the year 1869 when in France the idea of using parabolic reflectors began to be 

developed by Mouchot. 

Although during the first years of development of these technologies in Europe there 

were several studies, in the rest of the world different technologies were also 

developed. Among them is the solar cooker with flat mirrors developed in India in 1876 

[28]. 

The biggest problem with the prototypes developed during these early years was that 

they were too expensive for most of the population. But from then until now, new types 

of solar cookers have been developed, and all of them have undergone improvements, 

and in some cases the cost has even been reduced. These improvements have even 

caused higher temperatures. For instance, nowadays concentrating type cookers can 

achieve 300°C [29]. 

Although today it is not the most popular way of cooking in the world, several 

organizations like Solar Cookers International have projects that distribute solar cookers 

in needy places and in developing countries. These projects have several objectives, 

among them are: to improve the health of the inhabitants, to empower them, to protect 
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the environment, and to provide solutions to people who for economic reasons cannot 

have access to other types of cooking fuels [30]. 

 

3.3. Types of solar cookers 
 

All these years of research have created various types of solar cookers. In most cases, 

three types of technology are distinguished: the box cooker, panel cooker, and the 

parabolic collector cooker [31]. Even so, there are authors who make a more detailed 

classification where more details are considered [29], example of this is the Figure 3.1. 

The principal of all of them is to take advantage of solar radiation as an energy source 

for cooking.  

 

 

Figure 3.1 Solar Cookers classification [29] 

 

As the image above shows, R.M. Muthusivagami and R. Velraj classify solar cookers into 

two types: solar cookers without storage and solar cookers with storage [29]. Between 

these two types, the biggest difference is that solar cookers with storage allow cooking 

even on cloudy days or during off-sunshine hours. Even so, in their report they conclude 

that today there is no system that allows indoor cooking for all time. 

 

3.3.1. Solar cookers without storage 
 

3.3.1.1. Direct cooking 
 

3.3.1.1.1. Box type cookers 
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In the early development of solar cookers, box cookers were the first to be created. But 

from the beginning until now they have undergone several changes and improvements. 

As its name indicates, this solar cooker is a thermally insulated box with a glass cover 

and is designed to capture solar energy and to maintain a certain temperature. The 

metal pot where the food will be cooked is located inside the box. And depending on 

what is going to be cooked, the cooking process can take between 1 hour and 3 hours 

[32]. This type of solar cookers is among the most popular due to the simplicity and low 

cost. 

 

 

Figure 3.2 Box type solar cooker [33] 

 

3.3.1.1.2. Concentrating type cookers 
 

In this second type of solar cooker, the pot used for cooking is in the focus of the 

concentrating mirror. Thanks to this technology and the one or two axes tracking, 

temperatures of up to 300ºC can be achieved.  

Within this category of solar cookers, those that concentrate the light from below and 

those that concentrate the light from above are distinguished. The most convenient of 

the two, is the one that concentrates the light from below. Since it makes the cooking 

process more natural and comfortable. 

Although they are very popular, concentrating type solar cookers have a drawback: they 

are very sensitive to the change in position of the sun. Therefore, they must have a 

continuous tracking system. Other important disadvantages can be the large size and 

high cost.  

Like all technologies it also has two great advantages: that is the high temperatures that 

are achieved and the short cooking time that it needs. 
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Figure 3.3 Concentrating type cooker (concentration from below) [34] 

 

3.3.1.2. Indirect cooking 
 

Nowadays there are several technologies with different collectors within this category 

of solar cookers, such as the solar cooker with flat plate collector, with evacuated tube 

collector, or with concentrating collector. But all of them have the same characteristic 

that the pot where the food is cooked is displaced from the collector. This makes cooking 

more comfortable and can be adapted to the different needs of the user. On the other 

hand, the fact of separating these two elements makes it necessary to use a medium to 

transfer the heat to the pot. Usually, peanut, or sunflower oil is used as a medium [29]. 

The main advantage of this type of solar cooker is that it can be used to cook indoors. 

But it also has more advantages such as shorter cooking time and larger pot volume. 

 

 

Figure 3.4 Indirect type solar cooker [35] 
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3.3.2. Solar cookers with storage 
 

Many times, the hours of solar radiation and the hours of energy consumption do not 

coincide. To solve this problem, solar cookers with storage began to be developed. The 

two variants that exist within this category are those that store energy as sensible heat 

or latent heat [36]. 

 

 

Figure 3.5 Box type solar cooker with engine oil as storage material [37] 

 

In solar cookers with heat storage, heat losses must be considered and keep in mind that 

the higher the temperature of the storage material, the greater the losses. Therefore, 

isolation is of great importance. The losses will depend on both the tank temperature, 

the ambient temperature, the storage tank area, and the insulation. 
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4. Financial Analysis 
 

4.1. Introduction 
 

This chapter aims to present the different parameters that are used when making a 

financial analysis. The parameters that are presented are the system payback period, 

NPV, IRR, LCOE, LCOH and total savings. These parameters are used to analyze the 

economic viability of a project or to compare different projects.  

 

4.2. Payback period 
 

The payback period is simply the time it takes to recoup the investment that has been 

made in a project. It is a parameter widely used when comparing different projects. The 

lower the payback, the greater interest the project will cause, since that means that the 

investment will be recovered before. 

But this parameter is not enough to compare different investments since it does not 

take into account the TVM. Consequently, the payback periods for longer investments 

may have more errors. Furthermore, the payback period does not provide any 

information on the situation after the payback. That is why it is important to consider 

other parameters before making a final decision. Therefore, parameters such as NPV or 

IRR are also usually calculated, since these usually consider TVM and these provide 

information on the situation after the payback. 

 

4.3. Net Present Value (NPV) 
 

NPV is another of the parameters used to carry out the financial analysis of different 

projects or investments. Many times, it is given more importance than the payback, 

since the NPV considers the TVM. On the other hand, it is more complex to calculate 

than the payback. 

This parameter is the difference between the present value of cash inflows and the 

present value of cash outflows over a period of time [38]. And this is the formula to 

calculate the NPV: 

 

𝑁𝑃𝑉 = ∑
𝑅𝑡

(1 + 𝑖)𝑡

𝑇

𝑡=0
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Where: 

Rt: Net cash inflows-outflows during a single period t 

i: Discount rate or return rate 

t: Number or time periods 

 

The value achieved can be both positive and negative. But the investment will be 

profitable only when the NPV is positive. Otherwise, this investment is not considered 

to be economically viable. 

One of the disadvantages of calculating this parameter is that it is done based on 

assumptions and inevitably this leads to errors.  

 

4.4. Internal Rate of Return (IRR) 
 

IRR refers to the discount rate that makes the NPV of a project equal to zero [39]. Like 

the previous two parameters, this parameter is also used to compare different 

investments and make decisions. In this case, the formula to calculate the IRR is the 

following one: 

0 = 𝑁𝑃𝑉 = ∑
𝐶𝑡

(1 + 𝐼𝑅𝑅)𝑡

𝑇

𝑡=1

− 𝐶0 

Where: 

Ct: Net cash inflow during the period t  

C0: Total initial investment cost 

t: The number of time periods 

 

In general, when comparing different projects, the higher the IRR value the more 

interesting the project will be economically. Since IRR can be considered as the growth 

rate expected of a specific project. 

 

4.5. Levelized cost of energy (LCOE) 
 

The LCOE is a measure that allows to compare different technologies of energy 

production. This parameter refers to the cost of construction, maintenance, and 

production of a technology per unit of energy produced ($/kWh). In this case, the 

formula to calculate the LCOE value of a technology is the following one: 
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𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑁𝑃𝑉 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
 

 

Like the other parameters that have been presented, the LCOE is also used to compare 

different technologies and make decisions. Furthermore, when it comes to large 

installations with the objective of selling energy, this value defines the minimum price 

at which energy should be sold so as not to have losses. 

 

4.6. Levelized cost of heat (LCOH) 
 

What this value expresses is almost the same as the LCOE, but in this case the cost is per 

unit of heat produced. That is why this parameter is used in thermal installations. As for 

the formula to calculate it, there is only a small difference with the previous parameter: 

 

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑁𝑃𝑉 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
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5. Solar direct and indirect technologies comparison 
 

In the first part of this chapter, three technologies that aim to heat water are analyzed. 

Starting from data collected in the Stellenbosch project [3] such as solar radiation, hot 

water consumption, or heat transfer, an energy and economic analysis is carried out. In 

this way, you want to investigate which of the options is the most interesting. Once the 

results of these cases are obtained, the relationship that it may have with medium-

temperature thermal solar systems will be analyzed. 

 

5.1. Analysis of Low-Temperature Case 
 

This section presents the energy and economic analysis carried out in three different 

technologies. The project carried out in cooperation by the University of Stellenbosch (South 

Africa) and the Institute for Sustainable Technologies (Austria) [3] has been used as a starting 

point for this analysis.  

In their project they analyzed and compared two solar technologies, with a similar 

thermal capacity, that were installed in two houses in Mariendahl Farm (Stellenbosch, 

South Africa). The objective of these facilities was to satisfy the hot water needs of these 

houses. A 2.4 m2 SWH system was installed in one of the houses and a 10.05 m2 PV 

system in the other. Figures 5.1 and 5.2 show the schematic layout of the two systems 

they installed in Stellenbosch.  

 

 

 

Figure 5.1 SWH system scheme [3] 
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Figure 5.2 PV system scheme [3] 

 

Thanks to these two facilities in the Stellenbosch project, they were able to collect a 

large amount of data, such as radiation, thermal energy production, or electrical 

consumption. And it is precisely from these data that this broader analysis begins. 

Although a few years ago it was impossible to think that the use electricity to heat water 

was a good idea, but the reduction in cost that photovoltaic panels have had, has led to 

consider the idea that it may be a good option. It is precisely this idea that they wanted 

to analyze in the mentioned project. 

In the project carried out in cooperation by the University of Stellenbosch (South Africa) 

and the Institute for Sustainable Technologies (Austria), they confirmed that in the case 

of low-temperature solar systems, the direct SWH system had more benefits from an 

economic point of view than the PV system. Since they got better values in parameters 

such as the payback period, NPV, or LCOH. 

Even so, it would be interesting to delve into the case and see if, with small 

improvements, the PV system could become interesting. As the cost of these systems 

has been reduced in recent years, and they are simple to install and maintain, they can 

be a great solution for single-family homes. On the other hand, having analyzed the case 

of low temperature, it would be interesting to see if these same results are obtained in 

medium- and high-temperature installations. Or on the contrary, the PV systems are 

more beneficial in higher temperatures. So, starting by analyzing low temperature 

systems is one step to be able to draw conclusions about medium- or high- temperature 

systems. 
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5.1.1. Analysis on days of non-consumption 
 

In order to carry out a more exhaustive analysis, the response of the systems was 

analyzed, specifically on days where there was no consumption of hot water by the 

houses. In this way, the relationship between the efficiency of the systems and the 

temperature of the tank was wanted to be analyzed. 

In the following graph the relationship between the efficiency of the SWH system and 

the temperature of the tank has been plotted. The blue dots refer to the efficiency 

achieved during periods of one hour. Although there is solar irradiation for several hours 

each day, there is only energy input into the tank for a few hours a day. So, the average 

efficiency these days is lower, and is indicated by the orange line. 

 

 

Figure 5.3 SWH system efficiency vs. Tank temperature (non-consumption days) 

 

The graph above shows how the efficiency of the SWH system decreases as the tank 

temperature increases. Therefore, the decrease in efficiency in low-temperature 

installations has been proven. This fact confirms that in high-temperature installations, 

the efficiency will be even lower. But it would be necessary to see if this decrease in 

efficiency is sufficient to make PV systems more profitable than direct systems in 

medium temperature cases. 

On the other hand, in the graph below the results for the PV system are showed. In the 

graph the non-relationship between the efficiency and the tank temperature can be 

seen. 
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Figure 5.4 PV system efficiency vs. Tank temperature (non-consumption days) 

 

As for the low average daily efficiency, it must be considered that the PV system stops 

heating the water when it reaches 55°C. So, in days of non-consumption, the system is 

hardly used, which leads to very low efficiencies. 

As mentioned, the system stops heating the tank water when it reaches 55°C. Therefore, 

a lot of solar energy is wasted, which could be used to charge batteries. In this way, the 

efficiency of the PV system would increase when water does not need to be heated. 

Thus, it is possible to get the most out of the installed system. And maintain a constant 

efficiency during the period that there is solar radiation that can be used. 

Being a small installation, a small battery like the PlusEnergy GEL 150Ah 12V [40] could 

be used to take advantage of the excess energy. For example, this energy could be used 

for lighting the house or for cooking. Considering all the energy wasted during a year, 

with the use of the battery a reasonable amount of money could be saved in the electric 

bill. And in a relatively short time, the investment would be profitable. But this will be 

seen a little later when the data is analyzed, and the calculations are carried out. 

 

Table 5.1 PlusEnergy GEL Battery characteristics 

PlusEnergy GEL 150Ah 12V 

Voltage 12 V 
Lifetime More than 3000 

DoD 70 % 
Capacity at C100 1500 Ah 

 

With the characteristics of this battery, and only using the energy provided by the 

battery, it would be possible to cook for two hours in a row in a 900 W electric stove. 
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In the analyzed case, on average, 9kWh of energy is wasted every day that there is no 

consumption of hot water. Considering the dimensions of the house and the number of 

people living in it, this amount of wasted energy can be considered significant. On the 

other hand, to this amount of energy, must be added the energy wasted during the rest 

of the days. The sum of all this energy makes a total of 1279 kWh per year (data collected 

from 05/01/2018 to 04/30/2019), where it has been considered that the efficiency of 

the system is 14% [41]. And with the installation of a battery, part of this energy could 

be used to replace the electrical consumption when there is no solar radiation. Once this 

consumption is compensated, there would still be 1214.46 kWh that can be used for 

cooking or lighting. 

 

5.1.2. Financial analysis 
 

To see the viability of the PV installation with the support of the battery, the financial 

analysis has been carried out. In it, the three installations are compared (SWH, PV, and 

PV + Battery). For the financial calculations, an electricity price of 0.1315$/kWh [42] has 

been used. The electricity price increase after the first year has been taken as 7.32%. 

And after this, an annual increase of 8.6% year-on-year. These last values were intended 

to be maintained as in the Stellenbosch project to be able to compare the cases from 

the same starting point. 

To carry out these calculations, parameters such as the capital cost rate and the inflation 

rate had to be assumed. In order to get comparable values, once again it was decided to 

use the same values as in the project carried out between the University of Stellenbosch 

and the Institute for Sustainable Technologies of Austria. Where the capital cost rate 

was 9.25% and the inflation rate 6.7%. Finally, it was assumed that the PV panels suffer 

a degradation rate of 0.5%/year. 

Once all these parameters were defined, the annual savings of each system were 

calculated. And in the following graph, the annual generated financial savings can be 

seen for each of the three cases. And it can be seen that the PV system with battery is 

the one that gives the best answer from this point of view. Although it does not show a 

great difference with the values obtained for the SWH system. 
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Figure 5.5 Annual generated financial savings in low temperature cases 

 

On the other hand, the cumulative cash flow has also been analyzed in the three cases. 

This analysis has concluded that the SWH system continues to be the one with the 

lowest payback, 6 years payback period. But adding a battery to the PV system has 

reduced the payback from 15 to 10 years. However, in the long term, the SWH system 

and the PV system with the battery become competitive with each other.  

 

 

Figure 5.6 Cumulative net cash flow in low temperature systems 

 

The negative value of the cumulative net cash flow in the first years is due to the 

investment involved in the installation of these systems. Being the investments of the 
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SWH installation, PV installation and PV + battery installation had a cost of 2383$, 5110$ 

and 5313$ respectively. 

Regarding the NPV, these last two systems give us positive values, which makes the 

installations viable. Being the values 3768$ in the case of the SWH and 1611$ in the case 

of PV with the battery. 

Another parameter to evaluate when carrying out the financial analysis is the LCOH. In 

this case, the SWH system remains the leader, with an LCOH of 0.043 $/kWh. But adding 

the battery to the PV system has reduced the LCOH value by half, going from 0.155 

$/kWh to 0.085 $/kWh. 

 

Table 5.2 Financial results for the low temperature case 

 SWH system PV system PV + Battery system 

Initial capital cost 2383 $ 5110 $ 5313 $ 
Payback  6 15 10 
NPV 3768 $ -1438.43 $ 1611 $ 
LCOH 0.043 $/kWh 0.155 $/kWh 0.085 $/kWh 

IRR 23 % 7 % 13 % 
 

All the parameters analyzed so far conclude that the support of a battery makes the PV 

installation more interesting than at the beginning. Even so, from a financial point of 

view it does not get to give better results than the SWH. But the improvement of the 

values leads to think that in high temperature installations the PV system may become 

a better option. 

 

5.2. Introduction to Medium-Temperature Cases 
 

Based on the analysis and comparison that has been carried out in the previous 

subchapter, this 5.2 subchapter makes a brief analysis of what could happen when 

comparing PV systems with direct solar systems of medium temperature.  

Several reasons may lead to think that in this case, the PV system may be a better option 

than solar cookers. First, the decrease in the economic cost of PV panels makes it an 

increasingly interesting technology. Second, as it has been verified in the previous 

chapter in the case of direct systems, the higher the temperature of the liquid in the 

tank, the lower the efficiency of the system. While in the case of indirect systems (PV 

system) this relationship does not exist. And third, the higher the temperature of the 

liquid used for heat storage, the greater the heat losses. Therefore, PV systems can be 

even more interesting in medium-temperature cases. 

Another important aspect to consider is the cooking time. When cooking in solar 

cookers, foods like rice or beans can take more than four hours to cook. On the other 
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hand, if an electric stove powered by a PV system is used, cooking is faster. There are 

several experiments that have been done in this area, and in the specific case of cooking 

0.5kg of rice with 1l of water, in a solar cooker it takes an average of 3 hours [43], while 

with an electric cooker 12 minutes is enough. 

Since the cooking hours do not always coincide with the hours of solar radiation, it is 

important to have some method of energy storage. The addition of the energy storage 

method, many times, makes this type of solar cookers not accessible to the inhabitants 

of these developing countries [44]. In the case of PV systems, as has been done in the 

previous chapter, batteries would be used.  

 

5.2.2. Heat losses in the tank 
 

In the previous subchapter it has been seen the decrease in the efficiency of the direct 

system with increasing tank temperature, but it is also interesting to analyze the heat 

losses that will have to be compensated by the system. The heat losses that will be in a 

thermal storage tank can be estimated with the following equation: 

 

𝑄𝑙𝑜𝑠𝑠 =
𝐴𝑡 ∙ (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)

𝑅
 

 

Where: 

Qloss: Heat loss (J) 

At: Tank area (m2) 

Tin: Temperature inside the tank (°C) 

Tout: Exterior temperature (°C) 

R: Thermal resistance of the tank insulation (m2 ·°C/J)  

 

Therefore, the larger the area of the tank, the greater the losses. And the greater the 

difference in temperature between the outside and the temperature of the liquid inside 

the tank, the greater the losses. On the other hand, the better the insulation of the tank, 

the less heat losses will be. 

To really see the effect that the temperature at which the system works has on losses, 

the other parameters will be kept constant. These parameters are the tank area (1.96 

m2) and volume (200l); and the thermal resistance of the tank insulation. To notice the 

difference in heat loss, two types of insulation have been used in the analysis, on the 

one hand a Rock Wool Insulation (with a thermal resistance of 1.9 m2 °C / W) [45] and 
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on the other a Glass Wool Insulation (with a thermal resistance of 3.48 m2 °C / W) [46]. 

In both cases the thickness used has been 120mm.  

In figures 6.1 and 6.2 the heat losses on two different days have been plotted. 

 

 

Figure 6.1 Heat loss (outdoor temperature of 27ºC) 

 

 

Figure 6.2 Heat loss (outdoor temperature of 7ºC) 

 

In the two graphs above, the increase in heat loss can be seen as the tank temperature 

increases. And this is unavoidable no matter what insulation is used. On the other hand, 

the type of insulation used is of great importance. As the graphs show the losses can be 

doubled. 
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In this case, the worst case of those analyzed would be on the coldest day and with the 

rock wool insulation. Specifically, for this case, if the heat losses during one day in two 

tanks with different temperatures are compared, a big difference will be seen. For 

instance, if the tank temperature is 50°C, the heat loss during that day will be 0.8% of 

the accumulated energy. And if the temperature was 250°C the loss would be 3.35%. 

This small loss should be compensated with the contribution of energy that the solar 

collector system would provide.  
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6. Conclusion 
 

After carrying out the analysis of the low temperature solar thermal system and the PV 

systems (both the installation without battery and with battery), it has been seen that 

from the economical point of view, the SWH system continues giving better results. Even 

so, adding the battery to the PV system has considerably improved its results. 

With these results obtained, it is up to the user to choose one system or another. 

Because the PV system with battery offers the possibility of having total independence 

from the electrical grid. At least as far as water heating is concerned. And this point can 

be very positive, since the price of electricity may have a higher rise than the assumed 

for the analysis. Although a conservative approach has been made regarding the price 

of electricity, it is something that can never be controlled one hundred percent. And if 

the price of electricity had a higher rise than assumed, the PV system with the battery 

could become a better option than the SWH system. Since the electricity consumption 

of the SWH system is much higher compared to the two cases of PV. 

Although the PV system has not outperformed the SWH system, it has been seen that 

the temperature of the tank water has a big influence on the efficiency of the SWH 

system. Decreasing the efficiency while increasing the temperature. That is why, the 

option that in medium and high temperature systems the PV system can give better 

results is not ruled out yet. 

On the other hand, in medium and high temperature solar systems, it has been verified 

that the heat loss is greater and, consequently, quality insulating materials will have to 

be installed.  
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7. Recommendations of Further Work 
 

Once this study is completed, the following recommendations are made for future work. 

First, to carry out a test that includes the support of a battery for the PV system in a real 

installation. And analyze the performance and the response of it, while comparing it to 

the SWH system and the simple PV system. 

On the other hand, a test with solar cookers with storage could be carried out. And 

analyze the effect that the materials used for heat storage can have. For instance, 

different oils and fluids for heat storage or different insulations to control heat loss could 

be test.  
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