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Abstract 

This study focuses on the efficient use of solar energy for a certain region in the Mediterranean basin. 
Solar thermal energy becomes increasingly popular and the available solar market is investigated with the 
aim of selecting and assessing a pilot region for a promising solar application. The work herein focuses on 
estimating the potential of three different 100% solar-driven integrated systems to cover the entire cooling 
and heating demand of a selected single family house solely by solar energy. The three different alternative 
systems are presented and examined in detail for the actual case study application.  

The sample house within the chosen region is located on the south coast of Turkey. The entire thermal 
demand of this house for both cooling during summer and heating during winter has first been properly 
calculated. Characteristic features of the house and the typical design parameters for the region have been 
analyzed, as well as and their daily and annual variations. Heat loss and heating/cooling load calculations 
have been done with respect to these specifications and to ASHRAE regulations. 

After finding the building`s demands for the comfort temperature, the three different solar-driven systems 
are simulated for a practical application to the sample house. Required mechanical equipment and parasitic 
load consumption has been investigated for each system and investment cost analyses have been 
performed respectively. Simplified payback times for each alternative system are calculated and discussed. 
Payback period sensitivity analysis was attempted for two different locations featuring different grid 
pricing regulations. 

As a conclusion, feasibility analysis for the three examined types of solar-driven integrated heating and 
cooling systems has been attempted, which gives a good representation of the potential solar energy 
market in the Mediterranean region. Also some suggestions are offered to the companies which develop 
and market solar heating/cooling systems. 
 

Keywords: Solar Energy, Heat Loss Calculations, Absorption Chiller, Solar Power Driven Heating & 
Cooling Systems, Solar Thermal Market, Solar Energy in Mediterranean Countries. 
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1. Introduction 

1.1 Rationale 
 

Energy is among the most important topics for both developed and developing countries. The steady increase 
of energy demand and issues related to energy independency make it even more crucial. Because of the 
unstable and rising fossil fuel prices and growing environmental concern, every country in the world focuses 
on producing power from local renewable energy sources, improving the energy efficiency in every area and 
decreasing the greenhouse emissions as much as possible. It is obvious that the most abundant and widely 
available renewable energy source is the sun. Some regions are luckier in this regard due to favorable climate 
conditions, such as the Mediterranean. Mediterranean countries with large solar resources can be defined as 
Turkey, Greece, Cyprus, North Cyprus Turkish Republic, Italy, Spain, France, Portugal, Morocco, Tunisia, 
Israel and Lebanon, which as well play an important role in the worldwide solar thermal market and support 
programs for a wider harnessing of solar power. A large share of the existing solar thermal market nowadays 
is found in the Mediterranean region, primarily for domestic hot water production.  

Massive amounts of cooling loads occur in hot climate locations and conventional air conditioning systems 
(electricity-driven compression-cycle air coolers) are typically used in order to meet these demands. A more 
environmentally friendly method is available for covering the cooling loads, such as the absorption cooling 
technology. Absorption cooling is an old technology, however, not so common in practical applications. 
Absorption systems are feasible if there is a cheap heat source available such as solar thermal or waste heat 
from fossil fuel driven power generation systems, while its economy advantage would grow when electricity 
prices increase. As mentioned above, the current solar thermal market concentrates mostly on domestic hot 
water but this era can move one step forward with the help of a wider application of solar driven absorption 
cooling systems, which in turn offer the possibility for integration with established hot water systems.  

During the separate stages of this study, three different types of alternative 100% solar driven integrated 
heating & cooling systems were designed based on the actual demands of a sample residential house. These 3 
alternative types of solar driven applications can be defined as: regular absorption cooling systems; novel 
triple-stage absorption cooling technology; and PV-power driven air-conditioning (AC) systems with thermal 
energy storage. The work presented here focuses on defining the barriers for these technologies and 
evaluating their performance in a practical application. Each system is described, applied to the case study, 
assessed technically and economically, and discussed in detail. Cooling and heating loads of the sample house 
are calculated and then supplied by each technology; the initial investment costs and simplified payback times 
are estimated, scrutinized and compared among each other in details, with the goal of identifying and 
quantifying the most economically feasible choice.  

1.2 Problem Description 
 

There is no doubt that environmental concerns and energy availability are among the most important 
problems that humanity is facing. Fossil fuels are addressed as the main reason for this problem since an 
estimated 81.3 % of the world primary energy demand today is covered by fossil fuels while the electricity 
generation and heat generation sectors are responsible for the lion share [1].  
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Combustion of fossil fuels emits massive amounts of 2CO  (Carbon Dioxide), xSO  (Sulfur Oxide), 2N O  
(Nitrous Oxide), which are defined as greenhouse gases and thus identified as the primary reasons for global 
warming. It is estimated that 55.8 % of electricity is used in the service and residential sector, that is in public 
buildings and private homes. Most of this power is consumed for thermal comfort purposes such as space 
heating and cooling [1].  

The number of population grows and new buildings are constructed day by day all over the globe. This 
natural phenomenon increases rapidly the demand for heating, cooling and electrical power. It is a fact that 
the most popular method for meeting the cooling demands of residential houses is the compression-cycle AC 
system, which also can operate as an air source heat pump. Solar thermal collectors can be easily spotted at 
the roofs of houses in the coastal cities of the Mediterranean region. However, these collectors are typically 
used only for domestic hot water purposes. Therefore, the regular air conditioning units are also used during 
the winter season for heating the buildings. Even if the established AC appliances are quite efficient both as 
coolers and heaters, they are responsible for the larger share of the electricity bill in a typical Mediterranean 
house. Supplying this energy need directly by locally sourced solar power should make economic sense, 
depending on the complexity of the technology and the investment and operational costs.   

In addition to the cost of energy consumption, the popular AC systems create unstable fluctuations in the 
network system and further add to the already problematic peak loads in the electricity grid. In order to solve 
this problem, governments invest continuously in peak shaving power plants mostly based on fossil fuels, 
which often are not operating efficiently and further increase the electricity costs.  

A direct solar energy driven absorption chiller or a PV driven air source cooler/heat pump might play a vital 
role as a solution to these problems. Absorption technology is even older than the mechanical AC technology 
but it is not as efficient as the compression cycle. However, if there is a cheap heat source available such as 
solar energy, it may be reasonable to utilize it and provide a cost-effective environmentally friendly solution. 
Absorption chillers are available commercially, but unfortunately only in capacities adjusted to the large 
demands of big factories or hotels. According to a study for simulating an absorption chiller for a single 
family house in Cyprus, a small-scale application has not been found to be feasible [4]. The initial investment 
cost is high and if the chiller would be driven by solar energy, lots of thermal collectors would have to be 
installed which requires a very large space [2]. However, in this study an absorption chiller solution will be 
represented and compared with the other solutions as well. 

In order to make absorption cooling technology feasible for households, a Swedish company under the name 
Climate Well AB has developed and investigated an innovative absorption chiller design, called “triple stage 
absorption” using “Sun Cool” solar thermal collectors. This patented product (patent holder is Göran Bolin) 
might be able to provide solutions for heating and cooling in small buildings in a sustainable way. However, 
initial investment values and payback times have not been properly examined yet.  

1.3 Aim of Work 
 

The main purpose of this study is to identify and analyze the most economically feasible 100%-solar driven 
integrated cooling & heating system adapted to a single family house, by evaluating independently a range of 3 
different non-conventional solutions and providing a point of view for the future solar thermal market.  
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The objective is to estimate the reliability and the environmentally friendly performance while providing 
economic advantages to the house owners by covering their entire heating and cooling demand solely by solar 
power. Moreover, this helps to reduce the negative impact of fluctuating peak loads on the local grid. District 
cooling or district heating networks and peak load power plants require high initial investment costs and incur 
transmission losses resulting in high electricity costs. Thus, providing the thermal comfort in a typical 
residential house by locally sourced solar power should be advantageous in every case. PV panels or thermal 
solar collectors would have an important role in such local energy supply solutions.  

The report collects scientific, technical and economic data for 3 specific system design configurations by 
evaluating their practical application to an actual case study, in order to arrive at conclusions and suggestions 
for the expansion of the solar market in the near future.   

This experiment provides the opportunity to compare each alternative cooling/heating system with integrated 
energy storage in a practical single-family house application, such as: a) PV driven compression-cycle cooler; 
b) Thermally driven absorption chiller; c) SunCool thermal collector system. Economy parameters for the 
integration in new buildings as well as the application in existing buildings are also considered. Converting 
solar energy to electricity or hot water becomes cheaper day by day since the panel production capacity of the 
factories increases constantly. It is important to point out that the SunCool collectors are quite different and 
have unique specifications if compared to the commercially available solar thermal collectors. This difference 
may not be of any advantage if prices are taken into consideration. It is well known that product prices go 
down with the growth of mass production. Since Climate Well AB has no mass production line yet, it seems 
that the SunCool collector prices will continue to be high in the next decade. However, a sensitivity analysis 
for supposedly decreasing prices will be taken into account during the comparison.  

Besides providing the green solutions, companies would like to have an idea about their marketing strategy 
and how to compete with the other suppliers. This study will help companies to evaluate their position 
against other solar power solution providers and help them to create a more solid business strategy in order 
to advance into the solar market and to grow as an important player in the Mediterranean region.  

1.4 Methodology 
 

In order to compare Climate Well`s triple stage absorption technology with the regular absorption chillers a 
literature survey has been attempted at first. Adsorption and absorption chillers have been studied in the 
established markets. The findings show that the smallest commercially available absorption chiller cooling 
capacity is 10 kW which is well enough to cool a 1000 𝑚2 area [3], if the necessary amount of heat input can 
be provided to the chiller. The working principles of the regular absorption cycle and of the triple stage 
absorption technology have been studied. Previous feasibility analyses about solar cooling for the 
Mediterranean climatic region have been investigated.  

All the Mediterranean countries have some similar outdoor climatic conditions but every location has some 
specific and different features even though they are located in the same region. For instance, the building 
envelope characteristics, shading factors or house owners’ demands could vary largely. Hence, each 
application needs special engineering assistance in order to match the simple payback time assessment and 
meet the requirements in an optimal way. In order to provide an idea about the technical performance and 
economy parameters of the three different solar power driven systems under evaluation, a sample house has 
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been selected in a predefined location and the calculations were done based on the specifications of this 
sample house.  

Target market is the solar thermal collector and air conditioning system users. So, in order to find the most 
appropriate location for the case study, the number of installed solar thermal collectors and future prospects 
have been studied for every country in the Mediterranean area. The sample house was selected depending on 
the highest potential market in the region. Selected country and city are described further below.  

Before arriving at the economical results, each system will be studied individually. For instance, the 
thermodynamic concept of conventional absorption cooling cycle, vapor compression refrigeration cycle and 
triple stage absorption technology are described in detail. 

After establishing the common ground and choosing the sample house, technical drawings of the building 
were created. With respect to climatic features of the area and the types of the building envelopes, exact heat 
loss calculations have been performed. In order to supply the heating load during winter and the cooling load 
during summer, appropriate capacities of fan coil units were chosen for each room inside the house and 
depending on the unit capacities, pipe diameters were calculated. After designing the critical pipe circuit, 
pressure losses have been estimated and decisions on circulation pump size were made. Thermal comfort 
demand of the sample house would have to be covered completely by solar energy, through the 3 systems as 
described above. Required numbers of collectors (PV, thermal or SunCool), storage capacities (battery or 
thermal storage tank), pipe lengths have been estimated and the simple payback times were calculated based 
on the initial investment costs and grid electricity prices in that region. The specific configuration of each 
system alternative is presented in detail in the chapters to follow. As a result, the most applicable and feasible 
solution has been identified in this study. Besides, the results also give an overview of the potentially available 
new market expansion for building-integrated solar energy solutions in the Mediterranean region.  

2. Background and System Descriptions 

2.1 Solar Thermal Market 
 

Solar thermal collectors are the most widely used technology in the renewable energy sector after the wind 
turbines, in terms of their economy factor as of year 2012 [5]. However, the installed capacity of this oldest 
sustainable energy conversion technology was only slightly higher than the capacity of wind turbines in 2012, 
and will soon be overtaken by the wind turbines and PV systems if the current trends continue. Solar thermal 
collectors are a key player in the renewable energy field, applied mostly to domestic water heating and space 
heating in any climatic zone.  

By the end of 2011, it is estimated that 95 % of the total installed capacity of solar thermal collectors in the 
world is 268.1 GWth which equals to 383.0 million square meters collector area [5]. 73.7 million tons of CO2 
is saved with the help of solar thermal collectors every year [5]. The big majority of solar collectors are located 
in China, followed by Europe and the USA, see Fig.1. Within Europe the leader is Germany, however, the 
combined Mediterranean market plays a more important role in the rate of increasing the number of installed 
solar collectors in Europe and the MENA region, and is expected to show a steady growth in the future.  
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Figure 1. Total installed capacity share of solar thermal collectors by the end of 2010 [5]  

 

The solar thermal sector continues to grow worldwide and the number of installed collectors increases rapidly 
as well. The values for the total cumulative installed collector area in the world are given in Table 1 with 
respect to several recent years and the very high annual growth rates can easily be noticed.   
 

Table 1. Installed thermal solar collector area in operation worldwide [5] , [6] , [7]  

Year 2010 2011 2012 
Collector Area (𝑚2) 280 000 000 350 000 000 383 000 000 

 

The solar thermal market is quite important for innovative companies like Climate Well. Their SunCool 
collectors are able to deliver what regular thermal collectors do, plus providing cooling energy. Most of the 
people who install solar thermal collectors on their roofs typically also use a compression-cycle AC and/or an 
air source heat pump unit. Therefore, the majority of potential customers for any innovative small-scale solar 
technology are the solar thermal collector users. Because of this reason, the existing thermal collector market 
is taken into consideration when analyzing the economic aspects of SunCool panels in this study. Solar 
thermal collectors would be able to go beyond the domestic hot water purpose with the help of innovative 
solutions such as the SunCool panels, for providing comfort heating and cooling indoors.   

Among the Mediterranean countries, Turkey is the leader in the number of total installed capacity of flat plate 
and evacuated tube solar thermal collectors based on the 2011 data. The installed capacity of solar collectors 
in some selected countries is presented in Fig. 2 below, in thermal power units. China is the world leader in 
this aspect with 152180 MWth, excluded from Fig. 2. [1], [5]   
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Figure 2. Installed solar thermal collector capacities in selected countries, in 2011 [5]  

 

According to the International Energy Agency, it has been estimated that the solar thermal market grows 
rapidly and the average newly installed collector area is 1.5 million 𝑚2 every year. The total solar collector 
area in operation in Turkey for several recent years is given at the Table 2.  

Table 2. Installed thermal solar collector area in Turkey [5] , [6] , [7]  

Year 2009 2010 2011 
Collector Area (𝑚2) 12 035 000 13 318 659 14 519 361 

 

Since Turkey is a Mediterranean country, its cooling loads and solar irradiation values are higher than for 
example Germany. Turkey is the selected region for this study and the techno-economical investigation of 
Climate Well`s collectors has been done for the south coast of Turkey. Solar irradiation data for Turkey and 
the city where the sample house is located are presented further below.  

2.2 Solar Energy in Europe & Turkey 
 

The solar thermal market was reviewed in the previous section and it has been found that Turkey is one of 
the biggest players in the solar thermal sector, certainly the biggest in the Mediterranean region and second 
biggest in Europe, showing a steady and continuous growth rate. In addition to this, it is obvious that Turkey 
is quite blessed with an abundant solar resource when compared with other large European countries, 
especially high solar irradiation values are observed at the Mediterranean coastline of Turkey.  
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Detailed solar maps for Europe and for Turkey are illustrated in Figure 3 and Figure 4, respectively. It can be 
noticed that all countries around the Mediterranean have a huge potential for solar power. However, their 
solar thermal sector is not as big as the Turkish solar collector market. This proves that selecting Turkey as a 
case study for analyzing the SunCool collector`s performance is the optimal choice and it will be also a good 
starting point for Climate Well in order to enter into the Mediterranean market. 

 

 

Figure 3. European Solar Radiation Atlas [9]  

 

Turkey is definitely a promising market for a continued expansion of solar thermal energy. However, it is 
obvious that not all parts of Turkey are suitable for solar collectors, for example the northern coast of Turkey 
on the Black Sea receives less insolation. Since the SunCool collector`s specific feature is providing cooling 
power besides heating, regions where cooling loads are higher than the heating loads would be the best choice 
for practical applications. South, South East and South West parts of Turkey are suitable for analyzing the 
performance of these collectors in a typical Mediterranean climatic zone.  

Antalya district was selected for the case study installation. The single family sample house is located in the 
town of Gazipasa, on the coastline east of Antalya, as indicated in Fig. 4.  
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Figure 4. Solar atlas of Turkey [8]  

 

Antalya is the sixth largest city in Turkey based on its population, approximately 2 158 265 people live in the 
urban limits [10]. However, this number grows about 4 times during the summer season when millions of 
tourists and seasonal workers flock to the surrounding area. Antalya district is among the most popular 
vacation places and claims to be the 4th most visited location in the world [12]. Enormous amount of hotels 
are located along the coast and since they are used in full capacity during the summer, huge cooling loads 
exist. Almost all those hotels already use solar thermal collectors for domestic hot water and usually meet the 
cooling and heating demands by conventional AC/heat pump systems. According to meteorological data, the 
high average temperature is 33.33ᵒC and it is estimated that annually there are 300 sunny days in Antalya [11]. 

Most cities in Turkey have access to natural gas pipelines and people meet their heating demands by burning 
natural gas in boilers. Antalya has access to natural gas as well. However, the pipeline does not cover the 
whole city and coastline. Except for the downtown and the industrial areas, natural gas is not accessible in the 
suburban and coastal areas such as Alanya, Kemer, Gazipasa, Manavgat, etc. [13]. The hotels and residential 
buildings are dependent on solar thermal collectors and air source heat pumps for providing the hot tap water 
demand and the required thermal comfort during winter. It is obvious that there is a huge potential market 
for Climate Well, since the SunCool collectors are able to provide both heating and cooling energy and 
because of that it could replace the air source heat pumps and AC systems alike.  

The latitude angle of Antalya is 36.5ᵒ [16]. Previous studies show the optimum tilt angle for solar collectors to 
be similar to the geographic latitude where the collectors are installed [15]. However, the optimum tilt angle 
can be varied depending on the seasons. For instance, during the summer the optimum tilt angle is calculated 
as 10ᵒ - 15ᵒ lower than the latitude; and for the winter it has been calculated that the optimum tilt angle is an 
equal amount of 10ᵒ - 15ᵒ above the latitude value [14], [15]. The main purpose of the SunCool panels is 

Gazipasa 
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providing the cooling energy during the warm season. So, it can be recommended that the collectors are tilted 
to 21.5ᵒ in order to optimally receive the highest solar irradiation during the summer.   

2.3 Absorption Chillers 
 

Before looking in depth at the triple stage absorption technology which is developed by Climate Well, 
understanding the regular absorption cooling cycle will be helpful. Absorption chillers are driven by heat. 
Absorption technology is actually older than the vapor compression refrigeration technology. It is less energy 
efficient and provides temperatures typically above the freezing point, but replaces the high electricity 
consumption of the vapor compression cycle by mostly heat consumption. For instance, the coefficient of 
performance (COP) values range from 0.6 to 0.8 for absorption chillers while the COP of vapor compression 
cycles can be as high as 6 [17]. Absorption technology has been widely used (and still is) for small noise-free 
refrigerators and other niche applications, but is otherwise not so common for the mass market.  When there 
is a cheap heat source available, it makes sense to use absorption chillers for cooling purposes.  

Basically, two working media circulate inside the absorption chiller. The one is absorber and the second one is 
the refrigerant fluid. These could be Ammonia (NH3) – Water (H2O), Lithium Bromide (LiBr) – Water (H2O) 
or Lithium Chloride (LiCl) – Water (H2O). For the Ammonia–Water mixture, ammonia is the refrigerant and 
water is the absorber but for the other mixtures water is the cooler instead of absorber, while LiBr or LiCl act 
as the absorber. The schematic view of a solar driven Ammonia–Water absorption cycle is shown in Figure 5. 

 

Figure 5. Scheme of solar driven Ammonia-Water Absorption Cycle [18] 
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In Fig. 5, the left side of the scheme is exactly the same with the vapor compression refrigeration cycle. For 
the absorption circuit, absorber, generator, pump, rectifier and regenerator are used instead of a compressor. 
So, basically these devices do what the compressor does, but by using thermal energy as the driving force. 
Heating and cooling are necessary for the separation and mixing processes between the refrigerant and the 
absorber. Pure ammonia goes to the condenser and evaporator to act as the refrigerant, after separating it 
from the water. At the exit of evaporator, ammonia is absorbed by the water and the mixture is pumped 
through the generator to complete the cycle. The parasitic electrical loads (main pump and possibly also 
circulation pumps for the solar thermal medium and the absorber cooling medium) are far less than the 
electrical consumption of the compression cycle.  

2.4 Triple Stage Absorption Technology & SunCool Panels 
 

In this new concept there are no moving parts at all and the cycle is completed by natural circulation. It works 
rather as an adsorption cooling cycle; however, silica gel, which is the key material of adsorption chillers, is 
not used in the SunCool concept. Sorption modules were developed by Climate Well and the reaction occurs 
at the inside of these modules which are patented and cannot be disclosed in details here.  

The sorption modules are manufactured in the form of a glass tube with two different compartments under 
vacuum conditions. The working media is LiCl – Water mixture. LiCl is located in the reactor section of the 
tube and water is located at the opposite side of the tube that acts as the condenser/evaporator. Water is the 
refrigerant and LiCl is the absorber. The sorption modules are integrated into a solar panel, thus giving the 
SunCool configuration as shown in Figure 6. Each Sun Cool panel contains 8 sorption modules.  

 

Figure 6. A picture of SunCool collectors 

 

Two different heat exchangers exist in order to transfer the heating and cooling energy from the glass tubes. 
The reactor sides of the tubes are also covered with an absorber surface in order to avoid the reflection effect 
and capture the maximum solar radiation. At the reactor side LiCl and Water are mixed and after sun rise, 

Condenser / 
Evaporator 

Reactor side 

Sorption tubes 
(modules) 
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water starts to evaporate with the help of solar radiation and travels to the condenser side of the tube. By 
releasing heat, the water vapor condenses and this heat can be used for producing domestic hot water. The 
process continues until all water molecules are separated from the LiCl or till the sun sets. After sunset, cold 
water is pumped through a heat exchanger below the reactor side and cools down the reactor. When the 
reactor reaches a certain temperature level, the reverse process starts and LiCl absorbs water molecules. This 
generates the cooling power in the other heat exchanger acting as the evaporator. Refrigeration energy is 
captured by another working media in order to deliver the cooling demand of the building. Therefore, cooling 
power cannot be provided continuously by the SunCool system. During the daytime the modules are charged 
by solar radiation; during the night the discharge (absorption) process starts to provide the cooling energy, 
hence requiring energy storage for continuous operation. These processes are visualized in Figure 7. 

 

Figure 7. Schematic views of the sorption module`s processes [19] 

3. Sample House Heat Loss Calculations 

3.1 General Design Parameters 
 

The sample house is located in Gazipasa, Antalya district on the Mediterranean coast of Turkey. The latitude 
and longitude values are given as 36ᵒ 53` N - 30ᵒ 42` E. In this region there is no access to central natural gas 
pipeline. Lowest mean temperature value is 3ᵒC and the region is defined as a windy area, showing that the 
heating demand during the winter season can also be substantial, as well as there is a very high cooling 
demand during summer. This single family house has two occupied floors; the attic is not taken into account. 
The house is used continuously and the place where the house is built is defined as a protected area.   

Architectural drawings and technical parameters of the sample house with respect to the directions and details 
of the rooms are shown in Appendix 1.  

An integrated cooling and heating system will be used in the house, based on a centralized pipework where 
the working medium is water at maximum 65ᵒC. The integrated system will be 100% solar driven and the 
necessary heating or cooling energy is transferred to each room by way of individual fan coil units.   
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3.2 Outside and Inside Temperatures 

3.2.1 Outside Temperatures 
 

Antalya: +3ᵒC mean value during the coldest winter days [20] 

Ground Temperature: +9ᵒC [20] 

 

3.2.2 Inside Temperatures 
 

The desired thermal comfort temperature values in the different rooms of the house are listed in Table 3.  

 

Table 3. Inside design temperatures [20] 

Code Location in house Temperature 

G01 Hall 16°C 

G02 Kitchen 20°C 

G03 Toilet 16°C 

G04 Living Room 20°C 

G05 Bedroom 20°C 

101 Bedroom 20°C 

102 Bathroom 24°C 

103 Bedroom 20°C 

104 Bathroom 24°C 

105 Bathroom 24°C 

106 Bedroom 20°C 
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3.3 Building Envelope and Wall Specifications 
 

Note: U values have been calculated for unit area of the walls, detailed in the figures and tables below. 

3.3.1 Exterior Wall 1 
 

This type of wall is used at the outside part of the living room, bedrooms, kitchen and the entrance hall. 

          Coating   Brick   Plasterboard 

 

Figure 8. Exterior wall 1 structure and layer thicknesses 

  Rout  R1  R2                     R3  Rin 

 

 

R =
Ak

L
×

=
k
L

  (Conduction)                           

R =
Ah×

1
=

h
1

  (Convection) 

�𝑅 = 𝑅𝑜𝑜𝑜 +  𝑅1 + 𝑅2 + 𝑅3 + 𝑅𝑖𝑖 

�𝑅 = 0.04 + 
0.030
1.400

 +  
0.190
0.350

 + 
0.020
0.700

+ 0.130 = 0.763 𝐾/𝑊 

𝑈 =  
1

∑𝑅  × 𝐴
=  

1
∑𝑅

= 1.310 𝑊 𝑚2.𝐾�  
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Table 4. Exterior wall 1 layer specifications [20] 

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Outside Convection - - 0.040   

Coating 1.400 0.030 0.021   

Brick  (700 kg/m^3) 0.350 0.190 0.543   

Plasterboard 0.700 0.020 0.029   

İnside Convection - - 0.130   

TOTAL   0.24 0.763 1.310 

 

3.3.2 Exterior Wall 2 
 

This type of wall is used at the outside part of the bathrooms and toilet. 

 

          Coating   Brick  Coating  Ceramic 

 

Figure 9. Exterior wall 2 structure and layer thicknesses 
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Table 5. Exterior wall 2 layer specifications [20]  

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Outside Convection - - 0.040   

Coating 1.400 0.030 0.021   

Brick  (700 kg/m^3) 0.350 0.190 0.543   

Coating 1.400 0.020 0.014   

Ceramic 3.500 0.005 0.001  

İnside Convection - - 0.130   

TOTAL   0.245 0.876 1.142 

 

3.3.3 Interior Wall 1 
 

This type of wall is used between bedroom–bedroom, bedroom–corridor, kitchen – entrance hall and          
toilet – entrance hall.  

   Plasterboard  Brick      Plasterboard 

 

Figure 10. Interior wall 1 structure and layer thicknesses 
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Table 6. Interior wall 1 layer specifications [20]  

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Inside Convection - - 0.130   

Plasterboard 0.700 0.020 0.029   

Brick  (700 kg/m^3) 0.350 0.085 0.243   

Plasterboard 0.700 0.020 0.029   

İnside Convection - - 0.130   

TOTAL   0.125 0.561 1.783 
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3.3.4 Interior Wall 2 
 

This type of wall is used between bedrooms – bathrooms and corridor – bathrooms.  

 

   Plasterboard        Brick    Coating      Ceramic 

 

Figure 11. Interior wall 2 structure and layer thicknesses 

 

Table 7. Interior wall 2 layer specifications [20]  

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness(L) 
[m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Inside Convection - - 0.130   

Plasterboard 0.700 0.020 0.029   

Brick  (700 kg/m^3) 0.350 0.085 0.243   

Coating 1.400 0.020 0.014   

Ceramic 3.500 0.005 0.001  

İnside Convection - - 0.130   

TOTAL   0.130 0.547 1.828 
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3.3.5 Interior Wall 3 
 

This type of wall is used between bathroom – bathroom, with ceramic tiles on both sides. 

 

                 Ceramic       Coating    Brick          Coating        Ceramic 

 

Figure 12. Interior wall 3 structure and layer thicknesses 

 

Table 8. Interior wall 3 layer specifications [20]  

Material 

Heat 
Conductivity(k) 
[W/mK] 

Thickness(L) 
[m] 

Heat 
Resistance(R) 
[K/W] 

U  

[W/m²K] 

Inside Convection - - 0.130   

Ceramic 3.500 0.005 0.001   

Coating 1.400 0.020 0.014  

Brick  (700 kg/m^3) 0.350 0.085 0.243   

Coating 1.400 0.020 0.014   

Ceramic 3.500 0.005 0.001  

İnside Convection - - 0.130   

TOTAL   0.135 0.533 1.876 
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3.3.6 Ceiling 1 
 

This type of ceiling structure is used for the kitchen, toilet and the entrance hall, that is between the ground 
floor and the upper floor inside the house and consists mostly of a solid concrete plate. 

 

 

Figure 13. Ceiling 1 structure and layer thicknesses 

 

Table 9. Ceiling 1 layer specifications [20] 

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Outside Convection - - 0.040   

Coating 1.400 0.030 0.0214   

Concrete 2.100 0.200 0.095  

Plasterboard 0.700 0.020 0.029   

İnside Convection - - 0.130   

TOTAL   0.240 0.315 3.17 
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3.3.7 Ceiling 2 
 

This type of insulated ceiling is used for the bedrooms and bathrooms, at the upper floor of the house.  

 

Figure 14. Ceiling 2 structure and layer thicknesses 

 

Table 10. Ceiling 2 layer specifications [20] 

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Outside Convection - - 0.040   

Coating 1.400 0.030 0.0214   

Insulation (Glass Wool) 0.028 0.800 2.857  

Concrete 2.100 0.200 0.095  

Plasterboard 0.700 0.020 0.029   

İnside Convection - - 0.130   

TOTAL   1.050 3.172 0.315 
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3.3.8 Floor 1 
 

This type of floor is used in the bathrooms, kitchen and toilet. Since the kitchen and toilet are located on the 
ground floor, their coating layer below is in direct contact with the soil. So two different U values have been 
calculated and shown in Table 11. 

 

Figure 15. Floor 1 structure and layer thicknesses 

 

Table 11. Floor 1 layer specifications [20] 

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Inside Convection - - 0.130   
Ceramic 3.500 0.005 0.001  
Coating 1.400 0.020 0.014   
Concrete 2.100 0.200 0.095  
Coating 1.400 0.020 0.014   
İnside Convection - - 0.130   
TOTAL (Kitchen, 
Toilet)  0.245 0.506 1.976 
TOTAL (Bathrooms)   0.245 0.636 1.572 
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3.3.9 Floor 2 
 

This type of floor is used in the bedrooms and the living room. Since the living room and one bedroom are 
located on the ground floor, their coating layer is in direct contact with the soil. Again, two different U values 
have been calculated for this case, as shown in Table 12. 

 

Figure 16. Floor 2 structure and layer thicknesses 

 

Table 12. Floor 2 layer specifications 

Material 

Heat 
Conductivity 
(k) [W/mK] 

Thickness 
(L) [m] 

Heat 
Resistance 
(R) [K/W] 

U  

[W/m²K] 

Inside Convection - - 0.130   
Carpet 0.070 0.010 0.143  
Coating 1.400 0.020 0.014   
Concrete 2.100 0.200 0.095  
Coating 1.400 0.020 0.014   
İnside Convection - - 0.130   
TOTAL (Living room, 
Bedroom G05)  0.250 0.512 1.953 
TOTAL (Bedrooms)   0.250 0.526 1.901 
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3.4 Doors 
 

Table 13. Specifications of doors which are used in the building [20]  

Abbreviation Door Type Material U  [W/m²K] 
Infiltration 
Features 

ED Exterior Door Wood 3.5 Sealed 

BD Balcony Door Plastic 3.5 Sealed 

ID Interior Door Wood 2.0 Unsealed 

 

3.5 Windows 
 

Table 14. Specifications of windows which are used in the building [20]  

Abbreviation 
Window 

Type 
Emissivity 

Ratio 

Type of Gas 
Between the 

Glasses 
Dimensions 

(mm) 

U  
[W/m²K] 

DW 
Regular 
Window 0.89 Air 4-6-4 

 

3.1 

 

3.6 Heat Loss Calculations 
 

Two different types of heat losses occur in a typical building. First one can be defined as conductive loss and 
the second type of loss happens because of air infiltration. In order to calculate the conductive losses an excel 
program has been developed and applied by the author. An overview of the input parameters and coefficients 
as well as the results from the detailed calculations of conductive losses for each room in the sample house is 
presented in this chapter. Infiltration losses were estimated by hand using empirical relations. The final results 
for each room are illustrated in the equations and tables in the respective sections below.  
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3.6.1 Heat Loss Calculations for Kitchen G02 
 

Table 15. Heat loss results for the kitchen  

 

 

�̇�𝑜𝑜𝑜𝑡𝑡 =  �̇�𝑐𝑜𝑖𝑐𝑜𝑐𝑜𝑖𝑐𝑐 +  �̇�𝑜𝑜𝑜𝑡𝑡 

�̇�𝑐𝑜𝑖𝑐𝑜𝑐𝑜𝑖𝑐𝑐 =  ��̇�𝑟𝑜𝑜𝑟  × (1 +  𝑍𝐷 +  𝑍𝐻 +  𝑍𝑊 ) 

�̇�𝑟𝑜𝑜𝑟 = 𝑈.  𝐴.  𝛥𝛥 

Conductive Heat Losses from the South Side of the Kitchen: 

�̇�𝑤𝑡𝑡𝑡 = 1.31 × �(3.5 × 2.7)− (2 × 1)� × [20 − 3] = 165.91 𝑊𝑊𝑊𝑊 

�̇�𝑐𝑜𝑜𝑟 = 3.5  × (2 × 1)  × (20 − 3) = 119 𝑊𝑊𝑊𝑊 

Conductive Heat Losses from the North Side of the Kitchen: 

�̇�𝐼𝑖𝑜𝑐𝑟𝑖𝑜𝑟 𝑤𝑡𝑡𝑡 = 1.78 × �(3.5 × 2.7) − (2 × 1)� × [20 − 16] = 53.13 𝑊𝑊𝑊𝑊 

�̇�𝑖𝑖𝑜𝑐𝑟𝑖𝑜𝑟 𝑐𝑜𝑜𝑟 = 2.0  × (2 × 1)  × (20 − 16) = 16 𝑊𝑊𝑊𝑊 
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Conductive Heat Losses from the East Side of the Kitchen: 

�̇�𝑤𝑡𝑡𝑡 = 1.31 × (5.00 × 2.70) × [20 − 3] = 300.65 𝑊𝑊𝑊𝑊 

Conductive Heat Losses from the West Side of the Kitchen: 

�̇�𝑤𝑡𝑡𝑡 = 1.31 × �(5.00 × 2.7) − (5.72)� × [20 − 3] = 173.76 𝑊𝑊𝑊𝑊 

�̇�𝑤𝑖𝑖𝑐𝑜𝑤 = 1.31 × (4.40 × 1.30) × [20 − 3] = 301.44 𝑊𝑊𝑊𝑊 

Conductive Heat Losses from the Ceiling: 

�̇�𝑐𝑐𝑖𝑡𝑖𝑖𝑐 = 3.17 × (5.00 × 3.50) × [20 − 3] = 943.08 𝑊𝑊𝑊𝑊 

Conductive Heat Losses from the Floor: 

�̇�𝑤𝑡𝑡𝑡 = 1.98 × (5.00 × 3.50) × [20 − 9] = 380.38 𝑊𝑊𝑊𝑊 

 

�̇�𝑐𝑜𝑖𝑐𝑜𝑐𝑜𝑖𝑐𝑐 =  ��̇�𝑟𝑜𝑜𝑟  × (1 +  𝑍𝐷 +  𝑍𝐻 +  𝑍𝑊 ) 

��̇�𝑟𝑜𝑜𝑟 = 2452.85 𝑊𝑊𝑊𝑊 

𝑍𝐷 = 0.07  The building is occupied continuously so the operation factor is selected as 0.07 
from the TS 2164 regulations [20]. 

𝑍𝐻 = 0.00 In order to select the correct direction factor, direction of the room`s exterior walls 
are indicated and the highest value is selected. For instance, South, West and East 
side of this room contact with the environment and each direction has its own 
factor. According to ASHRAE and TS 2164 regulations, the factor of East and West 
side are given as “0” and South side is given as “-5”. Since, “0” is bigger than “-5” as 
an actual value, 0 is selected and used during the calculations for the kitchen [20]. 

𝑍𝑊 = 0.00 Elevation factor is selected depending on the quantity of the floors. This building is 
a single family villa and it has only two floors so during the calculations the elevation 
factor is taken as zero [20]. 

 

�̇�𝑐𝑜𝑖𝑐𝑜𝑐𝑜𝑖𝑐𝑐 =  �2452.85 × (1 +  0.07 +  0.00 +  0.00) 

�̇�𝑐𝑜𝑖𝑐𝑜𝑐𝑜𝑖𝑐𝑐 = 2624.55 𝑊𝑊𝑊𝑊  
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Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

a = Infiltration Ratio 

l = Fugal Length 

R = Room Specification Factor; Room specification factor depends on the interior door surface area, exterior 
window surface area, material type of the window and the sealing ratio of the windows. With the help of this 
information, appropriate R value has been selected from the TS 2164 catalogue [20]. 

H = Building Specification Factor; changes with respect to house`s locations such as windy region or 
depending on the distance between the other buildings [20].   

Ze = Corner Room Extension Factor; if one room has more than two exterior walls and these walls have 
either window (opening window) or door, 1.2 is used at the calculations. In other cases, corner room 
extension factor is equal to 1.00 [20]. 

�(𝑊  × 𝑙 ) = 2.0 × �(1.3 + 0.6) × 4� + 2.0 × �(1 + 2) × 4� = 39.2 𝑚 

R = 0.9 [20] 

H = 0.67 W.h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 39.2 × 0.9 × 0.67 × (20 − 3) × 1.2 = 482.21 𝑊𝑊𝑊𝑊 
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3.6.2 Heat Loss Calculations for Living Room G04 
 

Table 16. Heat loss results for the living room  

 

 

Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

�(𝑊  × 𝑙 ) = 2.0 × �(2.3 + 0.8) × 4� + 2.0 × �(0.55 + 2) × 8�  + 2.0 × ((1 + 1) × 4 = 81.6 𝑚 

R = 0.9 [20] 

H = 0.67 W. h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 81.6 × 0.9 × 0.67 × (20 − 3) × 1.2 = 1003.78 𝑊𝑊𝑊𝑊 
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3.6.3 Heat Loss Calculations for Bedroom G05 
 

Table 17. Heat loss results for the bedroom G05 

 

 

Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

�(𝑊  × 𝑙 ) = 2.0 × �(1.6 + 0.6) × 2� + 2.0 × �(1.1 + 0.8) × 4�  = 24.0 𝑚 

R = 0.9 [20] 

H = 0.67 W. h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 24.0 × 0.9 × 0.67 × (20 − 3) × 1.2 = 295.23 𝑊𝑊𝑊𝑊 
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3.6.4 Heat Loss Calculations for Toilet G03 
 

Table 18. Heat loss results for the toilet G03 

 

 

For all bathrooms and toilet room in the sample house it is assumed that the infiltration losses are null.   
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3.6.5 Heat Loss Calculations for Bedroom 101 
 

Table 19. Heat loss results for the Bedroom 101 

 

 

Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

�(𝑊  × 𝑙 ) = 2.0 × �(1.0 + 1.1) × 4� + 2.0 × �(0.9 + 0.7) × 4� + 2.0 × ((0.9 + 2.0) × 2)  = 24.0 𝑚 

R = 0.9 [20] 

H = 0.67 W. h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 41.2 × 0.9 × 0.67 × (20 − 3) × 1.2 = 295.23 𝑊𝑊𝑊𝑊 
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3.6.6 Heat Loss Calculations for Bathroom 102 
 

Table 20. Heat loss results for the Bathroom 102 
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3.6.7 Heat Loss Calculations for Bathroom 104 
 

Table 21. Heat loss results for the Bathroom 104 

 

 

3.6.8 Heat Loss Calculations for Bathroom 105 
 

Table 22. Heat loss results for the Bathroom 105 
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3.6.9 Heat Loss Calculations for Bedroom 103 
 

Table 23. Heat loss results for the Bedroom 103 

 

 

Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

�(𝑊  × 𝑙 ) = 2.0 × �(1.0 + 1.1) × 4� + 2.0 × �(1.8 + 1.2) × 4� + 2.0 × ((1.1 + 2.0) × 2) + 

2.0 × �(1.0 + 1.1) × 4�  = 66.0 𝑚 

R = 0.9 [20] 

H = 0.67 W. h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 66.0 × 0.9 × 0.67 × (20 − 3) × 1.2 = 811.88 𝑊𝑊𝑊𝑊 
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3.6.10 Heat Loss Calculations for Bedroom 106 
 

Table 24. Heat loss results for the Bedroom 106 

 

 

Infiltration Heat Losses: 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = �(𝑊  × 𝑙 ) × 𝑅 × 𝐻 ×   (𝛥𝑖𝑖 − 𝛥𝑜𝑜𝑜) ×  𝑍𝑐 

�(𝑊  × 𝑙 ) = 2.0 × �(1.2 + 1.6) × 4� + 2.0 × �(1.6 + 1.2) × 4� + 2.0 × ((1.2 + 1.6) × 4) = 67.2 𝑚 

R = 0.9 [20] 

H = 0.67 W. h/m3.K [20] 

Ze = 1.2 [20] 

�̇�𝑖𝑖𝑖𝑖𝑡𝑜𝑟𝑜𝑖𝑜𝑖 = 67.2 × 0.9 × 0.67 × (20 − 3) × 1.2 = 826.64 𝑊𝑊𝑊𝑊 
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4. Appropriate Radiator and Fan Coil Selections for Each 
Area in the Sample House 

 

The previous sections detailed the heat loss values for each room in the sample house. In order to cover the 
heat losses and provide the comfort temperature for both heating and cooling, fan coils will be used inside 
the rooms and radiators will be used in the bathrooms, supplied with the necessary energy from a centralized 
heating/cooling system. Radiators can also be used in the rooms for the winter season but they are not able 
to operate as cooling units. Fan coil units are able to deliver either cooling energy as an air conditioning 
device during the summer or also heating inside the rooms during the winter season. The centralized system 
in the house is designed as being a 100% solar driven integrated heating and cooling system. Solar power 
would provide both chilled water during the summer season and hot water during the winter season, 
circulated from the central system towards the fan coils in each room. The bathrooms are served only with 
heating during the winter.  

The house will be equipped with solar thermal collectors which can be supported by PV panels and a 
compressor as well. Necessary capacity of fan coils, radiators, compressor, PV and thermal panels is estimated 
with respect to the maximum heating and cooling demand and presented further in this chapter.  

Technical specifications of fan coil units and radiators are illustrated in Appendix 2. According to these data 
sheets, design temperature of fan coils is 60ᵒC. However, since this application is going to be a solar driven 
system, 45 ᵒC is selected as the supply hot water temperature from the central system towards the fan coils, 
by taking into consideration the low solar radiation values in cloudy days. Since the operational temperature is 
below the designed value, larger fan coil units shall be applied in order to cover the heating demands.   

 

4.1 Fan Coil Selection for Kitchen G02 
 

LFP – 102 Ce type of fan coil unit is selected for the kitchen and its data sheet can be seen in Appendix 2. 
According to the data sheet, heating capacity is 8100 W for a supply water temperature of 60 ᵒC and water 
flow rate of 0.98 m3/ h. Inlet air temperature is 21 ᵒC and outlet is 44ᵒC. Calculations for the 45 ᵒC supply 
temperature and required heating rate of 3106.76 W during the coldest day in the kitchen are detailed below.  

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.272 × 4.2 × (45− 42)  assuming a water outlet temperature of 42ᵒC  

�̇� = 3427 𝑊𝑊𝑊𝑊 

At these conditions the necessary amount of heating can be provided with 1.1 security factor as well. 
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4.2 Fan Coil Selection for Living Room G04 
 

LFP – 204 Ce type of fan coil is selected for the living room and its data sheet can be seen in Appendix 2. 
According to the data sheet, water flow rate is 2.10 m3/ h and the heating capacity is 16200 W. The required 
heating rate is 5532.52 W for the living room during the coldest day. The same calculation procedure is 
repeated in order to find the potential heating power at 45ᵒC supply and 42ᵒC return water temperature. 

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.583 × 4.2 × (45− 42) 

�̇� = 7345 𝑊𝑊𝑊𝑊 

At these conditions, the amount of heat needed has been obtained with a 1.3 safety factor. 

4.3 Fan Coil Selection for Bedroom G05 
 

Water flow rate of LFP 51 BM is 0.52 m3/ h and the heating capacity is 4500 W, as indicated at the data 
sheet which is given in Appendix 2. 1541.88 W heating load has to be covered with the help of LFP 51 BM. 
Calculations for the first bedroom are repeated again as shown below. 

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.144 × 4.2 × (45− 42) 

�̇� = 1814 𝑊𝑊𝑊𝑊 

Since the potentially provided heating power is 1814 Watt, LFP 51 BM can properly meet the bedroom 
heating demand which is 1541.88 Watt and with respect to these numbers the security factor is calculated as 
1.18 for this application. 

 

4.4 Radiator Selection for Toilet G03 
 

For the particularly chosen sample house, it has been found that the pipe connection between the central 
solar boiler hot water supply and the toilet would be difficult. The piping has to roll around on the outside of 
the building and this increases the length of the pipes which causes pressure losses and certainly also a much 
higher thermal losses, requiring insulation and a more powerful circulation pump. This can be difficult to 
justify in terms of economy and efficiency aspects. So, in order to cover the heating demand of the toilet an 
electrical heater shall be used, thus excluding this premises from the heating demand to be covered by solar 
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energy in the case study. Laying out a cable is more cost effective instead of piping, despite the increased 
electricity consumption. This simple solution can be justified and tolerated for the case study thanks to the 
comparatively short heating season and the very small heat demand of the toilet room – only approx. 652 W. 
Prestige 1200 towel radiator is selected for the toilet G03, which has 720 W heating capacity. Technical 
features and price of this electrical radiator can be found in reference [21]. 

4.5 Fan Coil Selection for Bedroom 101 
 

The LFP – 68BM type of fan coil unit appears to have the required features for Bedroom 101. The source 
data sheet can be found in Appendix 2. According to the given information in the data sheet, water flow rate 
is 0.62 m3/ h and the heating capacity is 5400 W. The required heating value is calculated at 1659.7 W for 
this premises (ground floor bedroom). The same calculation is done in order to establish the potential heating 
power capacity for the selected fan coil at 45ᵒC supply and 42ᵒC return water temperature. 

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.172 × 4.2 × (45− 42) 

�̇� = 2170 𝑊𝑊𝑊𝑊 

The necessary amount of maximum heating load can be safely provided by using this fan coil unit. The 
security factor here is calculated as 1.3. 

 

4.6 Radiator Selection for Bathroom 102 
 

One of the bathrooms on the upper floor experiences the same problem as the toilet on the ground floor. 
However, this bathroom would not be excluded from the solar driven heat supply. Since the heating season is 
very short and the bathroom is small, one bigger size fan coil unit is selected for the connected bedroom; 
supposedly it can cover the heating demand for both rooms in a reasonable way. As a back-up case, a Prestige 
“ZTK0014601” type of electric power driven towel radiator would also be installed in Bathroom 102, which 
has 671 W heating capacity and can cover the demand with a large margin. Technical features and price of 
this electrical heater can be found in reference [21].  

 

4.7 Fan Coil Selection for Bedroom 103 
 

LFP – 85BM type of fan coil unit is selected for Bedroom 103. Water flow rate is given as 0.86 m3/ h and 
the heating capacity is given as 6750 W in the data sheet which can found in Appendix 2. With respect to the 
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previous calculations, required heating value is 2327 W. The potential heating power capacity of this fan coil 
unit for the operational parameters in bedroom 103 is featured below.  

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.239 × 4.2 × (45− 42) 

�̇� = 3010 𝑊𝑊𝑊𝑊 

The necessary amount of heating capacity can safely be provided by using this fan coil unit. The security 
factor in this case is calculated as 1.3. 

 

4.8 Radiator Selection for Bathroom 104 
 

Towel type hot water driven radiator is selected for Bathroom 104. The given length is 1600 mm and the 
width of the radiator is 800 mm. According to the data sheet shown in Appendix 2, the rated heating power is 
2049 W for a temperature difference of 12 degrees and a water supply flow rate of 0.146 m3/ h. With respect 
to the previous calculations, required heating value is 420.23 W for this bathroom. The same calculation is 
repeated here in order to quantify the potential heating power capacity for this towel type radiator at the 
operational conditions for bathroom 104.  

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.406 × 4.2 × (45 − 42) 

�̇� = 511 𝑊𝑊𝑊𝑊 

The necessary amount of heating power can be safely provided by the selected radiator. The security factor is 
calculated as 1.2.  

 

4.9 Radiator Selection for Bathroom 105 
 

Since the required heating power here is lower than that for bathroom 104, a smaller towel type of hot water 
driven radiator is selected for bathroom 105. The given length of the radiator is 1200 mm and the width is 
800 mm. According to the provided data sheet in Appendix 2, the rated heating power is 1509 W for a 12 
degree temperature difference and a water flow rate of 0.107 m3/ h . With respect to the previous 
calculations, the required heating value for bathroom 105 is 291.65 W. The same calculation is repeated again 
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in order to quantify the potential heating power capacity for this towel type radiator at the operational 
conditions for bathroom 105. 

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.0299 × 4.2 × (45 − 42) 

�̇� = 376 𝑊𝑊𝑊𝑊 

The result shows that the necessarily amount of heating power can safely be provided by the selected radiator. 
The security factor is calculated as 1.3. 

 

4.10  Fan Coil Selection for Bedroom 106 
 

Similar to bedroom 101, the LFP – 68BM type of fan coil unit is well suited to cover the heating requirements 
of bedroom 106. Provided data sheet is illustrated in Appendix 2. According to the given information in the 
data sheet, water flow rate is 0.62 m3/ h and the heating capacity is 5400 W. The required heating rate for 
bedroom 106 is calculated at 1924.55 W as shown in the previous section. Repeating the same calculation for 
the actual operational parameters would give the following result:   

�̇� =  �̇�  × 𝐶𝑝  ×  ∆𝛥 

𝐶𝑝 : Specific heat capacity of water (4.2 kJ/kg.K) 

�̇� = 0.172 × 4.2 × (45− 42) 

�̇� = 2170 𝑊𝑊𝑊𝑊 

The necessary amount of heating power can safely be provided by the selected fan coil unit. The security 
factor in this case is calculated as 1.1. 

 

5. Estimation of Solar Panel Area and Capacity of Storage 
Tank 

 

In order to calculate the necessary gross area of solar collectors and the capacity of the hot water storage tank, 
the required daily total heating demand has to be calculated. With respect to the previous calculations, suitable 
size of fan coil units and the capacity of radiators have been determined. For heating the house based on the 
mean design temperatures, required heating power calculation is given below; 



45 

∑𝑄 = ∑𝑄𝑟𝑡𝑐 + ∑𝑄𝑖𝑡𝑖 𝑐𝑜𝑖𝑡 

�𝑄 = 887 + 19936 = 20823 𝑊𝑊𝑊𝑊 

This calculated value is the total required heating power for space heating in the building for the design 
minimum average outdoor temperature in winter. However, according to ASHRAE and TS 2165 regulations, 
this number has to be multiplied with a 𝑍𝑟 factor. This factor depends on the condition of the pipe circuit 
that distributes the heating water supply. For instance, if the pipe is well insulated or pipes are connected to 
each-other inside the heated areas of the building, this factor will be taken as 0.05. Otherwise, it should be 
taken at either 0.1 or 0.15 depending on the specific situation [20]. Hence, the pipes will be insulated in this 
application and 0.05 is used as the 𝑍𝑟 factor. The corrected value is determined below; 

𝑄𝐻= ∑𝑄 × (1 + 0.05) 

𝑄𝐻 = 21864 𝑊𝑊𝑊𝑊 

In order to find the daily and total annual required amount of energy, this result has to be multiplied with the 
operation hours. Since the test case is a single-family villa, operation hours vary between 8 – 10 hours per day 
with respect to TS 2164 regulations [20]. For this particular application, by taking the estimation of the house 
owner, 8 operation hours will be used; and it has been assumed that 5 heating hours are needed during the 
night and 3 heating hours are needed during the daytime. Solar collector area and the capacity of hot water 
buffer tank have been calculated based on these assumptions.  

𝐻 =  𝑄𝐻  × 𝑂𝑂𝑂𝑂𝑊𝑊𝑂𝑂𝑂 𝐻𝑂𝐻𝑂𝐻  (for each 24-hour day & night cycle) 

𝐻 =  21864 × 8 = 174.9 𝑘𝑊ℎ 𝑂𝑂𝑂 24 ℎ𝑂𝐻𝑂𝐻 

𝐻𝑐𝑡𝑑 = 65.6 𝑘𝑊ℎ 

𝐻𝑖𝑖𝑐ℎ𝑜 = 109.3 𝑘𝑊ℎ 

It has been estimated that the mean daily incoming global solar irradiation value on a 55ᵒ tilted surface is 
15.98 MJ/m2.day for Antalya on the 17th of January [2], [22], [23], [16]. The necessary amount of thermal 
energy for the house (174.9 kWh) has to be captured by using solar thermal collectors and 109.3 kWh of 
energy has to be stored for the night time usage. Required collector area can be found by using the formula:  

A = Area (m2) 

H = 174.9 Required daily thermal energy (kWh) 

W = 15.98 Global solar irradiation at the location (MJ/m2.day) 

Ƞ = 0.88 Collector conversion efficiency [Appendix 3.] 

𝐴 =
𝐻

𝑊 ×  Ƞ
≅ 45 𝑚2 
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Approximately 45 square meter collector area is required. Aluminum flat plate glazed collectors are planned 
to be used for this application and according to the data sheet of this collector, each panel has 1.82 m2 
aperture area. The data sheet and the price list are illustrated in Appendix 3.  

Therefore, 25 solar thermal collectors would be well enough to meet the heating demand of the sample house 
at the maximum heat demand condition. However, the exact number of collectors will be decided after 
calculating the capacity of PV panels which will be used to drive an alternative cooling unit or to cover the 
parasitic electrical loads. Since the cooling unit will be used only in summer season, the delivered electrical 
energy from the PV panels in winter is available for heating purposes.  

The capacity of an ideally insulated thermal energy storage tank is calculated by taking into consideration the 
specific enthalpy of water and the night time required heating energy. The inlet design water temperature of 
the fan coil units is adjusted to 45ᵒ C, but storing 45 ᵒC water increases the size of the tank and directly 
affects the investment cost. So, it has been suggested to work with a hot water storage tank of 85 ᵒC 
maximum temperature, which falls well within the conventional parameters for domestic hot water storage 
and can easily be matched by the solar collectors even on winter days. By assuming that the water in the tank 
can be allowed to cool down to 42ᵒC before losing its potential to supply heat to the house, the calculation 
for the tank dimensions would give the following result:   

h1 = 356.2 kJ/kg   specific enthalpy of water at 85 ᵒC  

h2 = 175.7 kJ/kg   specific enthalpy of water at 42 ᵒC  

h1–h2 can also be expressed as  𝐶𝑝 × ∆𝛥 = 4.2 × (85 − 42) 

Hnight = 109.3 𝑘𝑊ℎ 

d = 968 kg/m3   density of water at 85 ᵒC 

V = m3   volume of the storage tank  

𝑉 =  
Hnight

(ℎ1 − ℎ2) × 𝑑
= 2.25 𝑚3 

 

Proper assessment of the thermal losses from the hot water tank could also be added to the calculation. 
However, the short length of the heating season and the fact that the system is already overdimensioned for 
the typical average conditions in the sample house (very few days featuring the design minimum outdoors 
temperature; not all bedrooms in the house are constantly occupied; water storage tank situated in a basement 
area and thus the thermal losses are still transferred to the house structure, etc.) allows for the disregard of 
any thermal loss from the tank.  
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6. Pipe Circuit and Calculations of Pressure Losses 
 

Schematic view of the pipe circuit is illustrated in Figure 17, which shows only a sample view of the system. 
Technical drawings at the proper scale can be seen in Appendix 1. It is important to note that the lengths of 
the supply and return pipes are equal. 

 

 

Figure 17. Schematic view of the pipe circuit 

 

Pipe diameters have been adjusted with respect to the thermal load of the related pipe by using the pressure 
loss table. The calculation method is explained in detail below in this chapter. In order to calculate the 
pressure losses and thus deciding the capacity of the circulation pump, the most critical pipe line has to be 
identified within the pipe circuit. According to ASHRAE and TS 2164 standards, the longest and the highest 
pipe line will be the critical line of the circuit which has been indicated with numbers in Fig. 17 [20]. Table 25 
shows the actual lengths of the pipes at the selected critical circuit. 

  



48 

Table 25. Pipe lengths of the critical circuit 

Pipe  

Supply - Return Length (m) 

1 - 1` 2 

2 - 2` 4.40 

3 – 3` 44.40 

Total 50.8 

 

Thermal loads carried along each pipe can be listed as follows:   

3⇒  5400 W 

2⇒  5400 + 6750 + 2049 +1509 + 16200 = 31908 W 

1⇒  31908 +5400 + 4500 + 8100 = 49908 W 

According to TS regulations, two different methods are available for finding the appropriate diameter of the 
pipes. First method is the constant pressure loss method and the second one is the constant velocity method 
[20]. In here, constant pressure loss method has been used and the design pressure loss is selected as 59.0 
Pa/m. For the villas, constant pressure loss value changes between 49 – 78.5 Pa/m [20]. In order to use a less 
powerful pump the design pressure loss value have been chosen close to the lower limit which is 49 Pa/m. 

Calculations of the pressure losses for each pipe at the critical line have been done and the pipe diameters are 
found out with respect to these calculations. Table 14 C, is given at the TS regulations catalogue which is used 
for finding the pressure losses at the hot water driven radiator systems, this table is given at the appendix 4. 
However, it is in Turkish. Summations can be seen at below for the critical pipe line. In order to find the rest 
of the pipe diameters, loads on the circuit are taken into account and it has been shown on the technical 
drawing of pipe circuit at appendix 1. 

3 – 3` Pipe Line: 

Q = 5400 Watt 

From the TS regulations Table 14 C (appendix 4) for 3/4’’ pipe; 

R3-3` = 26.840 Pa/m, V=0.187m/s (by interpolation) 

2 – 2` Pipe Line: 

Q = 31908 Watt 

From the TS regulations Table 14 C (appendix 4) for 1 1/2’’ pipe; 
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R2-2` = 25.890 Pa/m, V=0.3 m/s (by interpolation) 

1 – 1` Pipe Line: 

Q = 49908 Watt 

From the TS regulations Table 14 C (appendix 4) for 1 1/2’’ pipe; 

R1-1` = 59.142 Pa/m, V=0.464 m/s (by interpolation) 

NO Q(W) L(m) D V (m/s) R(Pa/m) L.R(Pa) 

1-1` 49908 2,00 1 1/2" 0.464 59.142 118.284 

2-2` 31908 4.40 1 1/2" 0.300 25.890 113.916 

3-3` 5400 44.4 3/4" 0.187 26.840 1191.70 

Total      1423.9 

 

List of the special resistance losses: 

In the previous section, pressure losses which would happen because of the pipe lengths have been 
calculated. In here, pressure losses are calculated duo to the resistances such as valves, T type connections or 
collector inlet – outlet, etc. In Appendix 4, the list of these constant resistance values and the table of 
pressure losses with respect to these resistance values are provided.  

1 – Hot Water Tank + Valve + Collector Inlet + Collector Outlet + Valve + Filter + Check Valve + 
Collector Inlet 

∑𝜁1 = 2.5 + 0.3 + 0.5+ 0.5 + 0.3 + 0.3 + 0.3 + 0.5 = 5.2  (These values are taken from the Table shown in 
Appendix 4.) 

In order to calculate the pressure losses due to these components, Figure 17 will be used which is also 
illustrated in Appendix 1.7. After calculating total resistance constant and velocity, these two values are 
adapted to match with the diagram.  

V1= 0.46 m/s 

∑𝜁1 = 5.2 

Z1 = 500 Pa 

1` - Collector Outlet + Valve + Perpendicular Bracket 

∑𝜁1` = 0.5 + 0.3 + 1.0 = 1.8 

V1` = 0.46 m/s 
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Z1` = 200 Pa  

2 - Collector Outlet + Valve + Perpendicular Bracket 

∑𝜁2 = 0.5 + 0.3 + 1.0 = 1.8 

V2 = 0.30 m/s 

Z2 = 100 Pa  

2` - Perpendicular Bracket + Valve + Collector Inlet 

∑𝜁2` = 0.5 + 0.3 + 1.0 = 1.8 

V2` = 0.30 m/s 

Z2` = 100 Pa 

3 - T Connection + Valve + Perpendicular Bracket + Valve + Fan Coil 

∑𝜁3 = 1.5 + 7.0 + 1.5+ 2.0 + 2.5 = 14.5 

V3 = 0.187 m/s 

Z3 = 285 Pa  

3` - Fan Coil + Valve + Perpendicular Bracket +Valve + Perpendicular Bracket + T connection  

∑𝜁3` = 2.5 + 2.0 + 1.5 + 7.0 + 1.5 + 1.0 = 15.5 

V3` = 0.187 m/s 

Z3` = 300 Pa  

∑𝒁 = 1485 Pa 

Total Pressure Loss: 

ΔP = ∑𝑍 + ∑𝐿.𝑅 → 1485 + 1423.9 = 2908.9 Pa  

7. Estimation of the Circulation Pump Capacity 
 

𝐻𝑝 =  𝛥𝛥 − [𝐻 × 𝑔 × (𝜌𝑐 −  𝜌𝑐) 

H = 7.20 meter, Maximum Height 

g = 9.81 m/s2, Gravity Acceleration 

𝜌𝑐 = 993 kg/m3 density of water at 42 ᵒC 
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𝜌𝑐 = 990 kg/m3 density of water at 45 ᵒC 

𝐻𝑝 = 2908.9− [7.2 × 9.81 × (993 − 990)] 

𝐻𝑝 = 2908.9− 211.9 = 𝟐𝟐𝟐𝟐 𝑷𝑷 

 

�̇� =  �̇�
𝐶𝑂 × 𝜌 × (𝛥𝛥)= 

49908
4186 × 991.5 ×10 

= 1.2025 × 10-3 m3/s = 4.33 m3/h 

�̇� =  4.33 m3/h 

 

Since the pressure loss and the flow rate are known; the appropriate size and the pump can be selected from 
the catalogues while using the characteristic curve of the pumps. 

 

8. Estimation of Closed Expansion Vessel Capacity 
 

Expansion vessels have an important role on the heating systems. If an expansion vessel is not used in hot 
water driven systems, air may get stuck inside the pipes and in the radiators or coils. Because of this problem, 
heating systems cannot work properly. So, expansion vessels have to be applied. There are two types of 
expansion vessels. The one is open type and the second one is the closed type. If it is a pump driven circuit, 
usually closed type expansion vessels are applied. As long as the hereby studied system is designed as a pump 
driven system, closed type expansion vessel will be used.  

In order to find the appropriate capacity of the vessel, the total volume of water inside the circuit has to be 
calculated. The water capacity of the used fan coil units are given by the manufacturer and can be seen in 
Table 26. 

Table 26. Volumetric Capacity of the Fan Coils 

Fan Coil Type Volumetric Capacity (L) 
LFP 51 BM 0.850 
LFP 68 BM 1.100 
LFP 85 BM 1.250 
LFP 102 Ce 1.750 
LFP 204 Ce 3.350 

 

Calculation of the water volume inside the pipes can be seen in Table 27. 
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Table 27. Total water volume inside the pipes 

Type of Pipes Pipe Length (m) Volumetric Capacity 
per meter (L/m) 

Total Volume (L) 

1/2`` 5.4 0.201 1.09 
3/4`` 65.4 0.366 23.94 
1 `` 75.2 0.581 43.69 

1 1/4`` 2.6 1.01 2.63 
1 1/2`` 6.40 1.37 8.77 

 

Besides the coils and the pipes, there is some more water in the heat exchanger inside the storage tank which 
is calculated as 6.9 L. So, in total 99.77 Liters of water exists in the circuit. Since, the first volume of water is 
known; volume of the expansion can be calculated with the help of the specific volume of the water for the 
certain temperature. In here, initial temperature is assumed as 10 ᵒC and the maximum water temperature is 
fixed as 90 ᵒC. According to the thermodynamic tables, specific volume of the water is 1.0359 L/kg and with 
respect to this value, expansion of the water volume is calculated as 3.6 L for this system. For choosing the 
appropriate expansion vessel, the following formula is used; 

𝑉𝑖 = (𝑉𝑐 +  ∆𝑉)
𝛥𝑐 + 1
𝛥𝑐 −  𝛥0

 

𝑉𝑖: Nominal volume of the expansion vessel (L) 

𝑉𝑐: Water volume at the first stage of the heating system (L) 

∆𝑉: Amount of expanded water at the system (L) 

𝛥𝑐: Maximum working pressure (bar) 

𝛥0: Initial pressure of the system (bar) 

𝑉𝑐 = 99.77 × 0.005 = 0.5 𝐿 

𝑉𝑖 = (0.5 +  3.6)
2 + 1
2 −  1

= 12.3 𝐿 

According to the manufacturers’ product catalogue, there are expansion vessels available at 12 Liter and 25 
Liter capacity. So the 25 liter closed type expansion vessel was selected for this project. 

9. Cooling Load Calculations of the Sample House 
 

Generally, heat gain calculations have to be done in order to find the true cooling loads for the house. 
However, since during the day time there will be no one inside the house at the weekdays, cooling loads will 
be estimated based on the chiller capacities which are already installed and their approximated usage time 
during the day with respect to the house owner`s statement. 
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For the time being, there are 5 conventional air conditioning devices in the villa which are very old and have 
been used since 1999. 4 small units are installed in the bedrooms and 1 larger unit in the living room. 
However, only 3 of them are used in general terms because the other 2 units are located in the guest 
bedrooms which are seldom occupied. Therefore, the calculations can be based on these 3 actively used units. 
The cooling capacities of each unit, operation hours during a general day, COP values of the compressors and 
estimated energy consumption are illustrated in Table 28. 

Table 28. Specifications of the existing conventional A/C units 

Zone Cooling Capacity 
(BTU/h) 

COP Daily Usage, 
typically (h) 

Cooling 
Energy 

(kJ/day) 

Consumed 
Electrical 

Energy (kWh) 
Living room 36 000 2 3 113940 15.85 
Bedroom 1 16 000 2 5 82800 11.9 
Bedroom 2 12 000 2 5 63000 8.8 

Guest bedroom 1 12 000 2 0 0 0 
Guest bedroom 2 12 000 2 0 0 0 

Total 88 000  10 259740 36.55 
 

As can be seen, the daily cooling load is on average 259740 kJ for the entire house. The capacity of ice storage 
unit, compressors and PV panels will be estimated by taking this value into consideration. 

10. Ice Storage Tank, PV Panels and Compressor 
Calculations 

 

Since we know the total required cooling demand, the nominal capacity of a centralized compressor-driven 
A/C system can be chosen. After deciding the capacity of the compressor, the number of PV arrays will be 
calculated with respect to the solar irradiation and the conversion efficiency of the solar modules. As we are 
focusing on providing this house with 100 % solar power, cooling energy has to be stored for night usage 
otherwise only the demand of day time can be covered by using solar power. In order to solve this problem, 
ice storage will be used.  

Calculations for the proper dimensioning of a centralized cooling system using energy storage in the form of 
an ice tank will follow below in this section. Before going through calculations, it is important to note that the 
capacity of ice storage will be chosen a little bit bigger for meeting the increased demand including the guest 
room`s load in the case of any guests residing in the house on a worst-case scenario (hottest day). Average 
hourly hot-season global solar irradiation values for Antalya are illustrated in Table 29, the surface angle is 
recorded as 35ᵒ [16]. 

  



54 

Table 29. Global solar irradiation data for Antalya (35ᵒN), in (W/m2) [16] 

Time  May June July August September 
07:00 198 218 216 195 143 
08:00 371 396 401 393 341 
09:00 526 551 566 574 533 
10:00 636 663 684 707 675 
11:00 701 729 753 784 757 
12:00 728 756 780 814 787 
13:00 701 729 753 784 757 
14:00 636 663 684 707 675 
15:00 526 551 566 574 533 
16:00 371 396 401 393 341 
17:00 198 218 216 195 143 

 

Conventional compressors of A/C devices are not sufficient to provide temperatures below 0ᵒ C and create 
ice. Therefore, semi hermetic type cold-room compressors will be used in this case study. In order to be more 
independent from the grid and use more efficiently the available solar power, two compressors will be used, 
one having a smaller capacity than the other. When the solar irradiation is not enough to run the large 
compressor, the small one will work alone, and at noon when the solar power is at its peak point, both 
compressors would operate simultaneously. The nominal capacity of the small compressor is 1.5 hp, the large 
one is 3.5 hp and their COP values are taken as 3. Cooling capacities are calculated and shown in Table 30. 

Table 30. Specifications of compressors 

Name Power 
(hp) 

COP Cooling 
Power 
(kW) 

Working 
hours per 
day (h) 

Daily 
Cooling 
Energy 

(kJ/day) 

Required Electrical 
Energy  

(kWh/day) 
 

Compressor 
1 

1.5 hp 
(1.11 kW) 

3 3.33  5 59940 5.55  

Compressor 
2 

3.5 hp 
(2.59 kW) 

3 7.77  8 223776 20.72 

Total  3.7 kW    283716 26.27 
 

So, 283716 kJ is the daily cooling energy that the compressors can deliver. At the previous section, average 
cooling load has been calculated as 259740 kJ. Approximately 24 MJ is the remaining energy above the daily 
demand. This additional energy will be stored inside the ice tank and used when it is needed.  

In order to run these compressors at the scheduled working period, 18 PV panels are required. Each panel 
has 250 Watt peak power capacity, conversion efficiency is stated as 15.1 % and surface area is 1.65 m2. The 
data sheet of these modules can be found in Appendix 5.  

A = 18 × 1.65 = 29.7 m2   total PV surface area required  

Power = 18 × 250 = 4500 Watt  peak production  
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A total of 29.7 m2 surface area and a 4.5 kW peak power capacity are covered by installing these generic PV 
modules – 18 of them. According to Table 29, in a normal day of August, 6120 Wh energy is potentially 
available per unit surface area. Below calculations show the amount of delivered electrical energy when using 
these panels. 

Energy = EI × A × ζ 

Energy = 6120 Wh/m2 × 29.7 × 0.151 

Energy = 27. 45 kWh 

As it is indicated in Table 30, the daily required energy is 26.27 kWh in order to run the compressors and 
produce the needed cooling power including charging the cold energy storage. So it can be seen that the total 
demand of cooling energy on a hottest day can be provided by installing 18 panels.  

According to the house owner, since there is no one in the house during workdays, their cooling demand 
exists mostly in the afternoon and in the evening. 100 % of the bedrooms demand and the 50 % of the living 
room`s demand has to be stored which equals 226700 kJ cooling energy. However, as it is mentioned above, 
this number has to be multiplied by a safety margin and by the guest room factor. Safety factor is taken as 1.3 
(30 %) and the guest room factor is taken as 1.5 (50 %). In total, 408060 kJ cooling energy has to be stored. 
Capacity of ice storage tank is estimated and illustrated below, temperature range between +15 to -5 oC; 

∑𝑄 ∶ Stored total cooling energy 

𝑄1: Stored sensible cooling energy inside the chilled water 

𝑄2: Stored latent heat inside the ice (phase change) 

𝑄3: Stored sensible cooling energy in the ice after freezing  

𝐶𝑝 : Specific heat of water (4.2 kJ/kg.K) 

𝐿 ∶ Latent heat of melting (334 kJ/kg) 

𝐶𝑝𝑖 : Specific heat of ice (2.108 kJ/kg.K) 

𝑚 ∶ Mass of water/ ice 

∆𝛥: Temperature difference for sensible heat calculations: 15 oC for water and 5 oC for ice after freezing 

�𝑄 =  𝑄1 + 𝑄2 + 𝑄3 

𝑄1 = 𝑚 × 𝐶𝑝 ×  ∆𝛥 

𝑄2 = 𝑚 ×  𝐿 

𝑄3 = 𝑚 ×  𝐶𝑝𝑖 ×  ∆𝛥 

𝑄1 = 1000 ×  (4.2) × (15 − 0) = 63 000 𝑘𝑘 
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𝑄2 = 1000 ×  334 = 334 000 𝑘𝑘 

𝑄3 = 1000 ×  (2.8) × (0 − (−5)) = 14 000 𝑘𝑘 

�𝑄 = 411 000 𝑘𝑘 

As a result, 1000 kg ice storage tank is well enough to store the calculated cooling energy. At the previous 
section, 24 MJ additional cooling energy has been calculated for August. During any other month, the cooling 
loads are lower compared to August. Thus, the system is dimensioned to cover the cooling demand for the 
most critical month in the hot season, where 1 ton of ice as cold energy storage would be enough.  

11. Revision of Thermal Solar Collectors 
 

In chapter 5, the required solar thermal collectors have been calculated in order to heat up the house by using 
solar power, resulting in 25 units. Besides the thermal collectors, PV panels will be implemented to run the 
compressors and produce cooling power for the summer season. However, there is no need to run these 
compressors during the winter, therefore the converted electric energy from the PV panels can be used to run 
electrical heaters during the winter. This will directly affect the number of solar thermal collectors needed. 
Hence, it has to be revised with a new calculation.  

As it was stated in chapter 5, daily mean global solar radiation is 15.98 MJ at unit surface for winter season. 
The total aperture area of PV modules was estimated as 29.74 m2. So, potentially available electric energy is 
calculated by the following formula;  

E : Converted electric energy (kWh) 

W: Mean global solar radiation value (MJ/m2.day) 

A: Total aperture area of the PV panels (m2) 

ζ : Conversion efficiency of the PV panels 

𝐸 = 𝑤 × 𝐴 ×  𝜁 

𝐸 = (15.98) ×  (29.74) ×  (0.151) = 71.76 𝑀𝑘 (19.93 𝑘𝑊ℎ) 

This amount of converted electrical energy directly transformed to the heat energy with the help of electrical 
heater which has approximately 99.5 % conversion efficiency so, the losses are negligible for this situation. 

Referring to the section 5, 174.9 kWh heating energy is required. Approximately 10 % of this, will come from 
the electrical heater. So, the new necessarily thermal collector area is; 

A = Area (m2) 

H = 154 Required daily energy (kWh) 
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W = 15.98 Global solar radiation (MJ/m2.day) 

Ƞ = 0.88 Collector conversion efficiency [appendix 3.] 

𝐴 =
𝐻

𝑊 ×  Ƞ
≅ 39 𝑚2 

Since the aperture area of each thermal collector is 1.82 m2, required collector number is decreased from 25 
to 21 units. 

12. Summary of Used Mechanical Equipment and Price 
Information 

 

A list of used equipment for this application, quantity and costs of each item are illustrated in Table 31. Most 
of these data can be referred to the sources provided in the bibliography and the appendices.  

Table 31. List of used materials and cost specifications 

Name Unit Price ($) Quantity Total Cost ($) 
PV Panels 0.62 / W 4500 W 2790 

Solar Inverter 779 1 779 
Compressor 1.5 hp 850 1 850 
Compressor 2.5 hp 1280 1 1080 
Ice Storage Tank 871 1 871 

Thermal Collectors 64.5 21 1354.5 
Hot Water Buffer Tank 716 1 716 

Circulation Pump 153 2 306 
Electronic Control Unit 890 1 890 

1/2`` Pipe 0.59 5.4 m 3.2 
3/4`` Pipe 0.72 65.4 m 47 
1 `` Pipe 1.31 75.2 m 99.7 

1 1/4`` Pipe 2.04 2.6 m 6 
1 1/2`` Pipe 3.2 74 m 236 

Anti-Freeze Solution 4.62 / L 30 L 138.6 
Pipe Insulation Materials 1.47 / m 222 m 329 

Fittings, Valves etc. - - 1350 
Solar Connector & Cable 43 2 set 86 
Closed Expansion Vessel 15.08 1 15.08 

Radiators 67 2 134 
Fan coil LFP 85 Ce 205 1 205 
Fan coil LFP 204 Ce 299 1 299 
Fan Coil LFP 51 BM 109 1 109 
Fan Coil LFP 68 BM 135 2 270 
Fan Coil LFP 85 BM 160 1 160 

Total   13123.5 
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13. Cost Analysis and Payback Time of the System 
 

In order to determine the payback time of this system, amount of consumed electricity (kWh) has to be 
calculated for providing the comfort temperature of the house in a year. Besides, unit electricity price of the 
grid system has to also be figured out. As the specific location for the case study is clearly defined – the villa is 
located in the district of Antalya, Turkey – the governing grid electricity prices for this particular area are 
taken into consideration. The newly proposed system would pay back for itself solely by replacing electrical 
power which is otherwise purchased from the grid.  

However, since this study focuses on Mediterranean countries, in order to give a different point of view, 
payback time will be calculated for the island of Cyprus as well. Antalya and Cyprus lie comparatively close to 
each other and have very similar climates. On the other hand, Cyprus offers a good test case for this study, 
because of its high cooling demand linked to very high local electricity process. This is the main reason why 
Cyprus is selected as a second country for this comparison and economic feasibility assessment.   

Required energy values were calculated in the previous sections for heating and cooling the sample house. 
With respect to these values and the grid prices, an approximated yearly electricity bill is calculated for the 
two given locations. The heating season usually starts in the middle of October and continues till the mid of 
April. While calculating the load of October and April, it is assumed that these months have both heating and 
cooling demand. This can be approximated so that cooling loads occur before 15th of October - after 15th of 
April and the other half of these months have heating loads. While calculating the electricity cost of these 
months, this assumption is taken into account.  

Peak heating load was examined for January in chapter 5. The other months have lower heating loads 
compared to January. It is assumed that each month has 15 % less heating load than the following month. 
For instance, heating demand of February and December is 15 % less than January and March - November is 
15 % less than February – December.  

Cooling loads calculation is slightly different from the heating months. While calculating the cooling demand, 
an approximated mean value was taken instead of finding the exact peak load. So, this value is used for every 
month during the cooling season from April to October.  

According to the Energy Market Regulatory Authority of Turkey, unit electricity price is 0.168 $/kWh [24]. 
Pricing of electricity is quite different and interesting for the case of Cyprus. There are 4 pricing stages for the 
houses which depend on the amount and timing of usage. Pricing for Cyprus is shown below [25]; 

1st stage (0 – 250 kWh): 0.194 $/kWh 

2nd stage (250 – 500 kWh): 0.237 $/kWh  

3rd stage (500 – 750 kWh): 0.289 $/kWh 

4th stage (more than 750 kWh): 0.362 $/kWh 

With respect to these values, electricity costs have been calculated and shown in Table 32 below. 
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Table 32. Electricity usage per month and electricity costs 

Month Monthly Used 
Electricity (kWh)  

Electricity Cost for 
Turkey ($) 

Electricity Cost for 
Cyprus ($) 

January 2523.5 441 822 
February 2144.6 360.5 684.63 
March 1822.4 306.4 568.21 
April 1215.4 204.3 348.47 
May 823 138.4 206.43 
June 823 138.4 206.43 
July 823 138.4 206.43 

August 823 138.4 206.43 
September 823 138.4 206.43 
October 1215.4 204.3 348.47 

November 1822.4 306.4 568.21 
December 2144.6 360.5 684.63 

Total  2875.4 5056.77 
 

The investment cost of the proposed solar-driven integrated heating/cooling system is summarized and 
illustrated in Table 31 above. Before continuing with the analysis of payback period, initial investment cost 
has to be revised with additional expenses such as transportation, installation and laboring cost. Revised and 
final values for the first investment cost of the proposed system can be found in Table 33. It is also important 
to note that taxes were not included in these calculations, neither were any operation costs taken into account.  

Table 33. Total cost of the proposed alternative system 

 
 

Since we know the eventual cost of the system, simplified payback times can be calculated for Antalya and for 
Cyprus. The results are shown in Table 34. 

Table 34. Payback times for the two test regions 

 Antalya, Turkey Cyprus 
Cost of the system ($) 16787.1 16787.1 

Annual grid electricity savings ($) 2874.5 5056.77 
Simple Payback period (years) 5.84 3.32 

 

  

Name Cost ($) 
Transportation 1077.6 

Mechanic Laboring 1725 
Electronic Laboring 863 

Equipment (data from Table 31) 13123.5 
Total 16787.1 
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14. Comparison with Other Possible Sustainable Solutions 
 

At the beginning of this study, three types of alternative systems were mentioned. The ones that are not yet 
considered are the solar power driven absorption chiller system and the SunCool panels which is also a type 
of absorption technology. Literally, solar-driven cooling energy can be supplied either with a compressor or 
by an absorption system. Absorption cooling technology is not widely used in regular A/C units but these 
systems exist and may be a good alternative for providing green solutions. In this chapter, the two remaining 
environmentally friendly alternative systems (Absorption chiller system and SunCool panels) are assessed and 
compared with the already examined solar thermal and PV panel based system coupled with ice storage, in 
terms of dimensioning, initial investment costs, and simplified payback times.  

Mechanical systems and hardware inside the sample house will be the same for all different systems 
alternatives - such as fan coils, pipes, insulation materials, etc. The only difference is the central chiller 
hardware and the energy storage capacities, as well as the type and number of solar panels and the necessary 
roof space in some cases. Because available absorption chillers are not able to produce ice and are not suitable 
to provide freezing temperatures, the lowest operating temperature assumed for these systems, including any 
needed energy storage, would be 4ᵒC. 

14.1 Analysis of the Solar Power Driven Absorption Cooling 
System 
 

The smallest commercially available absorption chiller unit is developed by a German company and has a 
cooling capacity of 10 kW. Calculations have been done based on the following specifications which are given 
in the data sheet for this unit, illustrated in Appendix 6 and summarized in Table 35.   

Table 35. Technical specifications of the absorption unit [Appendix 6]  

Specifications at 
nominal conditions 

Chilling Circuit 
(useful output) 

Recooling Circuit 
(heat sink) 

Drive Circuit   
(primary heat input) 

COP 0.6   
Capacity (kW) 10 26.7 16.7 

Temperature range 
(ᵒC) 

10 - 25 20 – 37 45 - 100 

 

259740 kJ daily cooling load for the sample house was calculated in chapter 9 and in order to cover this load, 
the selected absorption chiller has to be operated for 7.2 hours. Required primary heating energy to run this 
device for 7.2 h during each day is calculated by the following formula;   

𝑅𝑂𝑞.𝐸𝑂. =  
𝑄𝑐𝑜𝑜𝑡𝑖𝑖𝑐
𝐶𝑂𝛥

 × 𝛥𝑂𝑚𝑂 =  
10
0.6

 × 7.2 = 120 𝑘𝑊ℎ  
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In order to cover the heating loads during the winter by solar power, 24 thermal collectors are planned to be 
installed at the house and these collectors are well enough to provide hot water for running the chosen chiller 
for 7.2 hours during any generic summer day. So, there is no need to add more thermal collectors. But there 
is need to extend the capacity of the cold storage tank. According to chapter 10, 226700 kJ cooling energy 
needs to be stored with a minimum temperature achievable by the chosen chiller of 10 oC, thus relying only 
on the sensible heat of water as energy storage medium between 10ᵒC and 17ᵒC.  

𝑄 = 𝑚 ×  𝐶𝑝 ×  ∆𝛥 

226700 = 𝑚 ×  4.2 × (17− 10) 

𝑚 = 7710 𝑘𝑔 

As a result, if 17 oC is taken as the high limit temperature in the energy storage tank, a huge amount of chilled 
water is required, namely beyond 7.7 tons. By referring to the manufacturer`s feedback, the cost of the chiller 
unit is around 18 000 Euro which equals to 21 600 U.S Dollars (as of year 2014). Table 36 shows the 
mechanical equipment costs if this type of solution is implemented in the sample house.   

 

Table 36. Mechanical equipment cost of the Absorption cooling system 

Name Unit Price ($) Quantity Total Cost ($) 
Absorption Chiller 21600 1 21600 

Chilled Water  Storage 
Tank (3 tons) 

2155 2 4310 

Chilled Water  Storage 
Tank (2 tons) 

1584 1 1584 

Thermal Collectors 64.5 24 1548 
Hot Water Buffer Tank 716 1 716 

Circulation Pump 153 2 306 
1/2`` Pipe 0.59 5.4 m 3.2 
3/4`` Pipe 0.72 65.4 m 47 
1 `` Pipe 1.31 75.2 m 99.7 

1 1/4`` Pipe 2.04 2.6 m 6 
1 1/2`` Pipe 3.2 74 m 236 

Pipe Insulation Materials 1.47 / m 222 m 329 
Fittings, Valves etc. - - 1350 

Closed Expansion Vessel 15.08 1 15.08 
Radiators 67 2 134 

Fan coil LFP 85 Ce 205 1 205 
Fan coil LFP 204 Ce 299 1 299 
Fan Coil LFP 51 BM 109 1 109 
Fan Coil LFP 68 BM 135 2 270 
Fan Coil LFP 85 BM 160 1 160 

Total   33326.98 
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14.2 Analysis of the SunCool Panels System 
 

This product has been developed by the Swedish company Climate Well AB. Detailed explanation of working 
principle of this new system is presented in chapter 2. Provided data for this device by the company are 
summarized in Table 37 and illustrated in detail in Appendix 7.   

 

Table 37. Technical details of SunCool panels 

Parameter Unit Value 
Aperture area m2 1.4 

Weight Kg 75 
Cooling Energy kWh 1.8 
Heating Energy kWh 2.35 

Conversion Efficiency (for heating)  0.85 
 

 

During the calculations, it has been assumed that there is well enough solar radiation available to fully charge 
these collectors during an average day. In order to provide 259740 kJ of cooling energy; 

𝑁𝐻𝑚𝑁𝑂𝑂 𝑂𝑜 𝑐𝑂𝑙𝑙𝑂𝑐𝑊𝑂𝑂𝐻 =
𝐶𝑂𝑂𝑙𝑂𝑂𝑔 𝐿𝑂𝑊𝑑

𝛥𝑂𝑂𝑃𝑂𝑑𝑂𝑑 𝐶𝑂𝑂𝑙𝑂𝑂𝑔 𝐸𝑂𝑂𝑂𝑔𝐸 𝑜𝑂𝑂𝑚 𝑂𝑊𝑐ℎ 𝑂𝑊𝑂𝑂𝑙
 

𝑁𝐻𝑚𝑁𝑂𝑂 𝑂𝑜 𝑐𝑂𝑙𝑙𝑂𝑐𝑊𝑂𝑂𝐻 =
72.2 𝑘𝑊ℎ
1.8 𝑘𝑊ℎ

= 40 

Therefore, 40 SunCool collectors are required in order to cover the necessary amount of cooling load. The 
capacity of the cold energy storage tank will be the same as that for the absorption cooling system which was 
7.7 tons of water between 10 – 17 oC.  

Since 40 collectors need to be implemented for covering the cooling load, there is no doubt that these large 
numbers of units are able to provide the heating energy during the winter. When the SunCool panels are not 
operated for cooling, they can be used as a regular solar thermal collector.   

The SunCool technology developer declared that the cost of each panel is 1000 Euro which equals to 1200 
U.S Dollars (as of year 2014). In Table 38, the list of mechanical equipment and their costs are shown for the 
SunCool system alternative.  
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Table 38. Mechanical equipment cost of the SunCool panel system 

Name Unit Price ($) Quantity Total Cost ($) 
SunCool Panel 1200 40 48000 

Chilled Water Storage Tank (3 tons) 2155 2 4310 
Chilled Water Storage Tank (2 tons) 1584 1 1584 

Hot Water Buffer Tank 716 1 716 
Circulation Pump 153 2 306 

1/2`` Pipe 0.59 5.4 m 3.2 
3/4`` Pipe 0.72 65.4 m 47 
1 `` Pipe 1.31 75.2 m 99.7 

1 1/4`` Pipe 2.04 2.6 m 6 
1 1/2`` Pipe 3.2 74 m 236 

Pipe Insulation Materials 1.47 / m 222 m 329 
Fittings, Valves etc. - - 1350 

Closed Expansion Vessel 15.08 1 15.08 
Radiators 67 2 134 

Fan coil LFP 85 Ce 205 1 205 
Fan coil LFP 204 Ce 299 1 299 
Fan Coil LFP 51 BM 109 1 109 
Fan Coil LFP 68 BM 135 2 270 
Fan Coil LFP 85 BM 160 1 160 

Total   58178.98 
 

14.3 Payback Times of the different system alternatives 
 

In section 13, while calculating the simple payback time of the Solar PV – Thermal – Ice Storage coupled 
system, additional costs were also included such as transportation and laboring costs. However, for the other 
alternative applications (Absorption chiller and SunCool collectors) these costs may not be similar to the first 
system. Still, it is assumed that the additional costs will be the same for all systems and the calculations have 
been done by adding these costs onto the mechanical equipment costs. Results can be seen in Table 39. 

Table 39. Simple Payback times for each system in the two chosen regions 

 Cost of the PV 
+ Thermal +  
Ice Storage 

Coupled 
system ($) 

Cost of the 
Absorption 

Cooling System 
($) 

Cost of the 
SunCool 
Collector 
System  

($) 

Annual 
electricity 
savings for 

Antalya, 
Turkey ($) 

Annual 
electricity 
savings for 
Cyprus ($) 

 16787.1 36992.58 61844.58 2874.5 5056.77 
Payback period 

for Antalya, 
Turkey (years) 

5.84 12.8 21.5   

Payback period 
for Cyprus 

(years) 
3.32 7.3 12.2   
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15. Results and Discussion 
 

This study investigates the technical and economical feasibility of several proposed solar energy driven 
integrated heating & cooling systems applied to providing comfort temperatures of a representative residence 
house in a Mediterranean country.   

It is obvious that the Sun is the prime energy source for our planet. Because of their specific locations, the 
availability of solar energy for the Mediterranean countries is higher than that in other regions in the world, 
and it matches well with the high cooling demand during summer and with the small but not to be neglected 
heating demand during winter. Since solar energy can be reliable used and there is already an established solar 
equipment market in the Mediterranean region, this study is focused on that area. It has been analyzed that 
Turkey is among the biggest solar thermal collector markets in terms of installed units and local production in 
the world. However, since Turkey is not a small country, further investigations were required for deciding the 
focusing area in Turkey. Various local circumstances have been considered including access to and prices of 
grid electricity, gas pipelines and other conventional energy sources, as well as carefully evaluating the 
available solar energy resource at the location for the examined alternative 100% solar-driven systems. As a 
result, the district of Antalya was selected for the case study, which is the 5th largest city of Turkey and located 
on the south cost of the country, boasting a large solar irradiation resource and a sheer number of tourists 
and hence substantial cooling demands during the summer season. 

Three different types of solar energy driven integrated heating and cooling systems have been examined and 
their cost analyses, thermodynamic concepts, working principles and necessary dimensions have been 
estimated and compared in details.   

The chosen sample house is situated in the town of Gazipasa near Antalya, Turkey and the calculations have 
been done based on the specific features of this house, representative for the typical buildings of the region. 
Envelope of the building has been identified and heat loss calculations for winter, as well as cooling load 
estimations for summer were performed. After finding these loads, appropriate size of radiators and fan coil 
units were determined which have an important role to transfer the captured solar energy inside the house 
while being served by a centralized heating/cooling unit as opposed to the conventional electricity-driven 
compression A/C units installed in each room.  

With respect to the capacities of the alternative systems, feeding pipes diameters were calculated and pipe 
circuit was designed. After creating the pipe circuit, circulation pump capacity and a closed expansion vessel 
capacity were calculated. This in-house mechanical system is independent of the energy supply method. It will 
be same for all the 3 different solar energy driven integration systems under investigations.  

In order to meet both the heating and cooling demands entirely by solar energy, required amount of solar 
collectors were calculated based on the demand loads, the collector efficiencies and global solar irradiation 
values for the chosen region.  

Heating or cooling demand can occur any time of the day but solar energy is available only during one-third 
of the year-average day. Therefore, the converted energy during the day has to be stored in order to cover the 
loads after sunset. Since this study focuses on establishing the most environmentally friendly method while 
using simple solutions with minimum initial investment costs and payback times, thermal energy storage units 
were used instead of chemical batteries. For estimating the capacity of thermal energy storage tanks, feedback 
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from the house owner has been taken into account for the distribution of loads and typical operation hours 
inside the house in a normal day. But of course, tank capacities will be varied depending on the chosen solar 
energy driven system and its inherent temperature parameters. 

The first investigated system includes solar thermal collectors, hot water buffer tank, PV arrays, electrical 
heaters, freezer room compressors and ice storage tank. Thermal collectors are used for heating up the water 
and provide the comfort temperature during the winter. Since there is no heating demand in summer (apart 
from a small demand for hot tap water), these collectors are not used. Hence, installation angle of the thermal 
collectors is adjusted for capturing the highest solar radiation values during the winter. Depending on the 
heating demands of the house, solar radiation values and conversion efficiency of the thermal collectors, the 
necessary number of panels was determined to be 24 units. However, this number will have been revised after 
finding the capacity of the PV array, because during the heating season the produced electricity from the PV 
modules can be used in electrical heaters and thus it constitutes an additional heat source, so the number of 
thermal collectors can be decreased.  

The necessary capacity of the hot buffer tank was found to be 2250 kg, using hot water at 80ᵒC which is 
cooled down to 45ᵒC during discharge. The heat demand calculations were followed by the cooling demand 
analysis. After investigating the day time demand for comfort cooling and the night time demand for cold 
energy storage, appropriate size of the compressor chillers have been chosen and the number of PV panels 
were found in order to drive these compressors for the needed working hours. Based on the potential 
capacity of the PV modules, a grid tied inverter was selected for the practical case study installation, while the 
dimensioning of the system allows the load to be covered by 100% solar energy during any average day. A 
grid tied inverter plays an important role of backing up the system in the case of consecutive cloudy weather 
conditions. In all cases, the electricity consumption of auxiliary equipment (pumps, control system and other 
parasitic loads) has been neglected and will be supplied by the grid for the actual test case sample house.  

Cooling energy will be stored in the form of ice. This is the reason for choosing freezer compressors for the 
actual case study application. This requires a cold water/ice storage tank of roughly 1 m3 operating at 
temperatures between +15ᵒC to -5ᵒC. Otherwise, a cold energy storage tank operating only with sensible heat 
as necessary for the other system alternatives based on absorption chillers, the tank capacities would be 8 
times bigger than the ice storage tank.  

Cost analysis has been done based on the real prices of equipment which were taken from the product 
suppliers, manufacturers and installers. As a last stage, simple payback times have been calculated in order to 
evaluate the feasibility for the alternative systems. Same calculations were repeated for the same sample house 
situated in another region featuring much higher grid electricity prices – namely the island of Cyprus. Payback 
time for Antalya, Turkey was calculated as 5.84 for the base case scenario, by assuming that the grid prices 
remain constant in the future and that the investment is paid for solely by replacing the conventional A/C 
devices and thus saving grid electricity. The payback time for Cyprus is 3.32 years, where the grid price is 
almost 3 times higher than in Turkey. It is obvious that there are lots of additional parameters and variations 
that need to be accounted for, which have been omitted in this study.   

The second investigated solution is the Absorption cooling system, driven by 100% solar thermal energy. The 
necessary heat input for the absorption system can easily be provided with a large safety margin by the 
available solar thermal collectors already dimensioned for the winter heating load. For this system, fewer 
components are necessary if compared with the base case solution. There is no need to produce electricity so 
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PV panels and inverter are not necessary, while the hot buffer tank remains the same and the absorption 
chiller device now constitutes the major part of the initial investment. For covering the average continuous 
cooling load during the summer season, a commercially available appropriately sized absorption chiller was 
identified, which has 10 kW cooling capacity and a COP value of 0.6. It has been verified that the initially 
estimated 24 solar thermal collectors are well enough to produce qualified hot water for running the 
absorption chiller and cover the cooling loads during a generic hot day.  

The selected absorption chiller device is able to provide 10ᵒC chilled water for cooling purposes. Since the 
comfort temperature target is 20ᵒC inside the house, this can be enough for meeting the daytime demands, 
however, the necessary chilled water storage tank for covering the night loads would be able to operate only 
between a temperature range of 10ᵒC to 17ᵒC, resulting in 7.7 tons of required chilled water storage capacity. 
The feasibility of this solution is governed cost-wise by the very expensive absorption chiller and size-wise by 
the unreasonably large storage tank capacity. The simple payback period of this system is 12.8 years for 
Antalya, Turkey and 7.3 years for Cyprus. Even though this system requires fewer components, they are 
expensive products that also require larger volumes and most likely also higher labour costs for installation 
and maintenance, even if these have been neglected for the comparison. The absorption system scenario may 
be acceptable only for locations with very high grid electricity prices. If the unit price of absorption chillers 
decreases in the future, they would become a suitable sustainable alternative.  

The innovative SunCool® technology is the third and the last solution evaluated for the sample house and 
discussed at this study. This system has a similar working principle and major parameters as a regular 
absorption chiller. SunCool panels can be defined as “directly integrated absorption chiller inside a solar 
panel”. The shilled water storage tanks capacities are the same as in solution 2. These panels work as thermal 
collectors during the winter so there is no need to do further calculations for the winter season. In order to 
cover the continuous cooling load during the summer by SunCool panels, an estimated 40 panels will be 
necessary with respect to the provided data by the manufacturer company. These 40 units are more than 
enough to cover the heating demand even at the worst case peak loads in the winter season. The simple 
payback time of this system was calculated for Antalya Turkey as 21.5 years and for Cyprus as 12.2 years. It 
can be easily concluded that the SunCool system is totally unfeasible for practical applications at the present 
state of technology. It needs further development and a quick cost reduction for getting a place in the existing 
solar market and in the green products race.  

If there is another available cheap heat source instead of solar such as exhaust gas of an internal combustion 
engine or a steam power plant, absorption chillers will be more feasible and logical for providing the cooling 
energy where no solar collectors would be necessary. Regarding the solar equipment only, the absorption 
technology stands no chance to compete with the PV market in the near future.  

Besides the cost and the payback times, practicality of the application has to also be taken into account. For 
this case study, solution 1 looks the most feasible one in every aspect. Even if the other alternative solutions 
gain better payback periods and decrease their investment costs, they may not be applicable. For instance, the 
required large chilled water storage tank capacities for the absorption chiller cannot be housed in a typical 
residential building. Or, the weight of each SunCool panel being 75 kg giving a total of 3000 kg renders it 
impossible for a regular roof installation on a residential house. These obstacles need to be addressed first if 
any alternative systems would be proposed.   
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16. Conclusion 
  

The presented study provides an overview of the solar market in Mediterranean countries and its expected 
growth and reach in the future. Three different integrated heating/cooling system alternatives, entirely driven 
by solar energy, have been examined and compared with each other based on the investment costs, their 
working principles and simple payback times for two particular applications.  

The study includes detailed calculations of the heating and cooling demands for a typical residential house, 
design and dimensioning of a mechanical (heating/cooling) distribution system supplied by a central unit with 
integrated thermal energy storage, estimation of the storage tank capacities, selecting the appropriate size of 
auxiliary components, and investment cost analysis. 

The three green solutions were created in order to meet the sample villa`s comfort temperature demand by 
using only solar energy from roof-mounted panels. The PV – thermal – ice storage coupled system is 
undoubtedly the most feasible one in the present situation for any similar application scenario, both in terms 
of costs as well as practical applicability in a residential house, despite the comparatively complex structure 
and many necessary components. The system based on a central absorption chiller is technically achievable 
but practically resulting in a large footprint and much higher costs. The SunCool technology is theoretically 
interesting as an innovative solution but hardly justified neither economically nor practically, featuring 
prohibitive costs and a very large panel weight that a regular house roof cannot support.   

The continuous decrease of prices and the growing market for PV panels will solidify their advantage to any 
other alternative solutions for solar energy utilization, including supplying cooling loads. The integrated 
system comprising solar thermal collectors, PV array, compressor-driven chiller and a combined hot/cold 
water thermal energy storage proves to be very applicable already at today’s conditions in Turkey and Cyprus, 
with promising payback times without the need for further development. Any absorption technology would 
be justified only after a sharp decrease of costs. However, it is important to note that these results have been 
derived for a particular application, disregarding certain variations and relying on simplifying assumptions. 
The optimal solution may be different in other locations. Many additional factors may affect the results.  

There is a clear need for greener solutions to cover the large cooling loads in the Mediterranean region. The 
conventional A/C devices bring expensive electricity bills. There is a huge potential market for solar thermal 
and PV based alternative cooling systems. There is no doubt that companies are aware of this potential and 
actively invest in research, component development and marketing for that area. The SunCool® technology 
is one such example. It is suggested that further studies should be dedicated to this innovative product. Prices 
need to drop, efficiency needs to be increased and the weight of the product needs to be reasonable in order 
to find its place on the market.   

A continued development and a cost decrease of small-scale absorption chillers would help this technology to 
create its own niche market. Mass production of absorption chillers similar to the recent PV expansion might 
provide such a solution. This study is attempting to show the state of play for the solar market development 
and to encourage investors into making our world more sustainable by driving ahead greener solutions. 
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APPENDICES 

Appendix 1: Technical Drawings 

A1.1 Ground Floor Plan 
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A1.2 First (Upper) Floor Plan 
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A1.3 East Side View 
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A1.4 West Side View 
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A1.5 North Side View 
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A1.6 South Side View 
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A1.7 Pipe Circuit 
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Appendix 2: Technical Specifications of Fan Coil Units 
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Appendix 3: Technical Specifications of Solar Thermal 
Collectors 
  



81 

Appendix 4: TS Regulations Drag Forces Table Based on 
Pipe Diameters 
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Appendix 5: Technical Specifications of PV Panels 
  



83 

 

  



84 

Appendix 6: Technical Specifications of Absorption Chiller 
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Appendix 7: Technical Specifications of SunCool Panel 
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