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ABSTRACT 

This document presents the energy analysis and simulation of central solar heating plants with 

seasonal storage (CSHPSS) designed for covering a part of residential heat demand required for Space 

Heating (SH) and Domestic Hot Water (DHW) oriented to reduce the consumption of fossil fuels.  

The main objectives of this thesis are to simulate and analyse in POLYSUN software a defined system 

of CHSPSS already built in TRNSYS, in order to compare the results of both programs and to analyse 

and simulate these systems in different cities of Spain. In carrying out the objectives, some limitations 

have been found. Ones of these are the limitations of POLYSUN program, which have forced to 

reduce the number of housings.  

 

The document starts with a revision of the state of art, in which it is shown the number of plants in 

Europe and specially, in Sweden and Spain observing the differences between them, for example, 

Spain has not any CSHPSS plant and Sweden was the first country of building one. In addition, in the 

theory section, it has been studied the main elements of these plants, such as different types of solar 

collectors and seasonal storages, and different simulation programs commercially available for the 

simulation and analysis of this type of plants. According to this, POLYSUN program is more intuitive 

and user-friendly in some extent than TRNSYS, but its applications are more specific and more 

appropriate for small district heating systems. 

 

Steps followed for obtaining the analysed system and main characteristics of it have been explained. 

These steps have been used to analyse the results of POLYSUN and to compare results between 

TRNSYS and POLYSUN. According to the obtained results, it can be remarked that the results 

obtained from POLYSUN are coherent, with the exception of Space Heating demand, which is 

calculated by the program and has a very important difference between the calculated value and the 

Space Heating demand introduced by the user. When comparing with TRNSYS, it has been observed 

that POLYSUN‘s boilers have a high thermal losses and low efficiency and POLYSUN’s pumps have 

high energy consumption and thermal losses. 
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1 INTRODUCTION 

Development of solar systems covering part of residential thermal energy is an economically viable 

option, which reduces the consumption of fossil fuels [1]. The World energy demand in the residential 

sector represents approximately 27% of final energy usage [2]. Hence, the production of a significant 

part of this demand with solar energy might solve an important part of the energy problems: shortage, 

dependency, high prices fluctuation, pollution, climate change, etc. [1]. In Europe, the demand for 

heating and cooling represents approximately the 49% of the total energy demand [3]. Due to this, 

European Union (EU) has carried out a new directive (2010/31/EU) [4], and for achieving the 

objective of this directive, the Spanish government rules a legislation to increase the uses of solar 

energy. 

 

The EU directive on the energy performance of building (2010/31/EU) [4] is oriented to reduce the 

energy consumption in buildings as well as to implement renewable energy supply technologies in 

order to reach the reduction of 20% in energy consumption by the year 2020 [5]. These energy 

efficiency policies indicate that the domestic demand for Space Heating in buildings will be reduced in 

the coming years, and the buildings’ energy supply systems need to be adapted to a future lower 

energy demand [6]. Besides, in 2012, a new directive on energy efficiency (2012/27/EU) [7] to 

improve the energy conversion, usage and distribution has been carried out. 

 

Spanish legislation on new buildings construction [8] imposes the coverage of Domestic Hot Water 

with solar thermal energy in a specific percentage, which varies from 30% to 70% depending on the 

Spanish climatic area. According to the Spanish legislation, the specific percentage has to be covered 

by solar thermal energy, but it is possible to cover that percentage with any renewable if it is argued 

that it is possible to reduce the energy consumption and CO2 emissions at the same percentage [9]. 

 

This thesis consists in the energy analysis and simulations of central solar heating plants with seasonal 

storage (CSHPSS), which is a system producing heat from solar radiation for a district heating system 

to supply both DHW and Space Heating demands [10]. For carrying out this, a defined system that has 

been simulated with the POLYSUN program [11] has been chosen. This system was previously 

simulated with TRNSYS program [12]. With this approach, it has been possible to compare both 

simulation programs as well as to perform with POLYSUN an energy and geographical analysis of a 

CSHPSS system in different cities of Spain.  
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2 STATE OF ART 

Large-scale solar heating systems were introduced in the 70’s by the interest to develop solar heating 

systems with seasonal storage, the first demonstration plants were realized in Sweden in 1980 based 

on results of a national research program [13]. By the end of 2013, 192 large-scale solar thermal 

systems >350 kWth (500 m²) connected to heating networks and 17 systems connected to cooling 

networks were in operation in Europe, which are shown in figure 1. The total installed capacity of 

these systems corresponds to 423 MWth (about 600,000 m² of solar collector area) [14]. 

 

 

Figure 1. European large-scale solar heating systems by the end of 2013 [14]. 

 

Moreover, by the end of 2013, there are 131 plants higher than 700 kWth. The number of these plants 

per country is presented in figure 2. 

 



 

 

10 

 

 

Figure 2. Large solar heating plants in 2013 with a nominal capacity higher than 700 kWth [14]. 

 

Nowadays, Denmark is the leader with 47 plants and Sweden is the second. In the next table, are 

shown the 23 central solar heating plants with seasonal storage (CSHPSS) in Europe until 2013. 
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Table 1.  Central solar heating plants with seasonal storage in Europe until 2013[15]. 

Plant 

Operation 

Start Location Country 

Apert. area 

[m2] 
Capacity 

[kWth] Coll. sys. 

Stor. 

type 

Ingelstad 1979 Ingelstad, Sweden 1320 924 FPC WTES 

Lambohov 1980 Lambohov, Sweden 2700 1890 FPC WTES 

Lyckebo 1983 Lyckebo, Sweden 4320 3024 FPC WTES 

Ingelstad 1984 Ingelstad, Sweden 2460 1722 FPC WTES 

Groningen 1985 Groningen, Netherlands 2400 1680 ETC BTES 

Kerava 1985 Kerava, Finland 1100 770 FPC BTES 

Tubberupvænge 1991 Tubberupvænge, Denmark 1030 721 FPC WTES 

Friedrichshafen 1996 Friedrichshafen, Germany 4050 2835 FPC WTES 

Hamburg 1996 Hamburg, Germany 3000 2100 FPC WTES 

Marstal 1996 Marstal, Denmark 33300 23300 FPC WTES 

Neckarsulm 1997 Neckarsulm, Germany 5670 3969 FPC BTES 

Neuchatel 1997 Neuchatel, Switzerland 1120 784 UG WTES 

Augsburg 1998 Augsburg, Germany 2000 1400 FPC ATES 

Hannover-Kronsberg 2000 Hannover-Kronsberg, Germany 1350 945 FPC WGTES 

Rostock, B-höhe 2000 Rostock, Germany 1000 700 FPC ATES 

Rise 2001 Rise, Denmark 3750 2503 FPC WTES 

2MW 2002 2MW, Netherlands 2900 2030 FPC ATES 

Anneberg 2002 Anneberg, Sweden 2400 1680 FPC BTES 

Crailsheim 2003 Crailsheim, Germany 7300 5110 FPC BTES 

Braedstrup 2007 Braedstrup, Denmark 18612 13027 FPC BTES 

München 2007 München, Germany 2900 2030 FPC WTES 

Eggenstein 2008 Eggenstein, Germany 1600 1120 FPC WGTES 

Łódź 2008 Łódź, Poland 7368 5100 FPC ATES 

WTES = Water Thermal Energy Storage (rock cavern, concrete and steel tank, pit, above or below ground) 

 ATES = Aquifer Thermal Energy Storage BTES = Borehole Thermal Energy Storage (soil, rock) 

 WGTES = Water / Gravel Thermal Energy Storage (pit below ground) 

    

According to table 1, most of plants have flat plate collectors (FPC), while only a few have unglazed 

collector and evacuated tube collector. 

The world’s largest solar district heating plant started its operation in February 2014 in Dronninglund, 

Denmark. The collector field, with a collector area of 37275 m2 (26 MWth), is designed to cover 

around 50% of the total annual heat demand of 1400 connected customers. The seasonal storage is a 

pit heat storage with a volume of 60,000 m³. Moreover, the district comprises a gas motors for 

combined heat and power production (CHP), an absorption heat pump, a biomass boiler and a back-up 

oil boiler. Due to the large storage, the gas motors will always be able to produce electricity when the 

electricity price is high, even when there is no heat load [14]. 
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The first Swedish large-scale solar heating plants were built within a Swedish RD&D program. The 

first two plants, both with seasonal storage, were put in operation in 1979 and 1980 [16]. These early 

plants were later followed by a number of plants with especially developed large module flat plate 

collectors (FPC) mounted on ground in connection to small existing district heating systems. Figure 3 

shows one of the pioneering plants with 4 300 m2 of large module ground mounted solar collectors 

built in the early 1980’s in Lyckebo, Sweden. 

 

 

Figure 3. Large module collector array in Lyckebo, Sweden (1982) [16]. 

 

The very positive development of biomass (e.g. wood chips) and the phase out of oil in Swedish 

district heating systems have reduce the interest to develop solar district heating plants. Thus the 

recent developments comprise a number of distributed solar heating systems connected to district 

heating, out of which some with >500 m2 solar collectors (350 kWth) [16].  

 

Other examples of large solar heating plants in Sweden are the Munkegärde district heating plant in 

Kungälv and the Annerberg project. 

The Munkegärde district heating plant in Kungälv, Sweden, has 10,000 m2 of large module solar 

collectors, installed in March 2001. The district comprises a 13 MW woodchip boiler, which has a 

heat recovery system for the exhaust gases, two supplementary 12 MW oil boilers, and 1,000 m3 

buffer storage. The 10,000 m2 solar collector arrays were installed to operate when the temperature in 

the collector circuit is higher than the district heating return temperature [17]. 

The Annerberg project comprises one of the largest solar heating plants in Europe and the very first 

with borehole storage in rock. The project consists of heating 50 residential units with 2400 m2 solar 

collectors and individual electrical heaters for supplementary heating. The system includes low 
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temperature Space Heating with seasonal storage, which comprises about 60000 m3 of crystalline rock 

with 100 boreholes drilled to 65 m depth and fitted with double U-pipes [18].  

 

Most of large-scale heating plants built in Spain are diurnal storage and cooling applications. The main 

reason is that 2011 was the first year when the district heating and cooling networks in Spain were 

counted, and the number of these is reduced [19].   

Some examples of large heating plants built in Spain are the solar cooling system in the head offices of 

Inditex in Arteixo, A Coruña, and the “Poliesportiu Piscina Llefià”, in Llefià, Barcelona. Solar cooling 

system in the head offices of Inditex consists of an absorption chiller system with 2500 m2 of solar 

collector and two storages of 30000 l, see figure 4. The installation of “Poliesportiu Piscina Llefià” has 

a nominal power of 851kWth and an aperture area of 1216 m2. Moreover, its solar collectors are 

unglazed collector mounted on the ground [15]. 

 

 

Figure 4. Solar cooling system in the head offices of Inditex in Arteixo, A Coruña [20]. 
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3 THEORY 

In this chapter, are explained different types of district heating systems, and two important elements of 

central solar heating plants with seasonal storage (CSHPSS), which are solar collector and seasonal 

storage. In addition, different commercial simulation programs of CSHPSS are briefly explained. 

3.1 District heating systems 

District heating is an infrastructure where heat is distributed in pipe networks by circulating heated 

water. The water delivers heat via substations to connected buildings and is returned to the main 

heating plant where it is heated again. Solar thermal energy can be integrated into the system through 

either a central or a distributed plant. 

- Central solar district heating plant: The solar collectors deliver heat to a main central heating. 

With large seasonal thermal energy storages, the solar heating plant can contribute more than 

50 % to the total heat demand. 

 

Figure 5. Central solar district heating plant [21]. 

 

- Distributed solar district heating plant: The solar collectors are placed at suitable locations and 

connected directly to the district heating primary circuit on site. Often these plants utilise the 

district heating network as storage. 

 

Figure 6. Distributed solar district heating plant [21]. 
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3.2 Solar collector 

There are four different types of solar thermal collectors, which are shown in figure 7. Each type has a 

maximum temperature that they can provide, in unglazed EPDM collector is about 32 º C, in flat plate 

is close to 71 º C, in evacuated tube is about 177 º C, and in parabolic trough is close to 299 º C [22]. 

 

 

Figure 7. Types of solar thermal energy collector [22]. 

 

The type of collector chosen for a certain application mainly depends on the required operation 

temperature and the given ambient temperature range. For use in water and low temperature Space 

Heating, both flat plate collectors and evacuated tube collectors are applicable. 

3.2.1 Glazed flat plate 

Flat plate collectors (FPC) are insulated boxes that have a flat dark plate absorber, which is covered by 

a transparent cover. The solar energy heats the absorber and heat is carried away by a heat transfer 

fluid, which flows through riser tubes that are connected to the absorber. The advantages of flat plate 

collectors are their simple, robust, low-maintenance design, and their large and effective aperture area 

[22]. 

This type of solar collector can be situated on the ground or on the roof of the buildings. An example 

of this type mounted on the ground is a solar collector plant in Marstal, Denmark, which is shown in 

figure 8. 
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Figure 8. Solar thermal system in Marstal, Denmark [23]. 

 

3.2.2 Evacuated Tube 

Evacuated tube collectors enclose both the absorber surface and the tubes of heat transfer fluid in a 

vacuum-sealed tubular glass for high efficient insulation. Evacuated tube collectors are the most 

efficient collector type for cold climates with low-level diffuse sunlight. In figure 9, an evacuated tube 

collector and its main parts are presented. 

 

 

Figure 9. Evacuated tube collector [22]. 
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3.3 Seasonal thermal energy storage 

When solar heat supply is large compared to heat demand, thermal energy storage is needed in order to 

cover all heat demand variations. The thermal energy storage manages mismatch between demand 

variations and solar irradiation variations. There are four types of seasonal storage, see figure 10, 

which are focus for the ongoing engineering research. 

 

 

Figure 10. Types of seasonal thermal energy storages [24]. 

 

3.3.1 Pit thermal energy storage 

Pit thermal energy storage, also called gravel-water heat store, is normally embedded into the ground 

and need to be waterproofed and insulated at least at the side walls and on the top. The watertight 

plastic liner is filled with a gravel–water mixture, which constitutes the storage material. Furthermore, 

heat is charged into and discharged out of the store either by direct water exchange or by plastic piping 

installed in different layers inside the store.   

Gravel–water pit technology can reduce construction cost and the upper part of store can be used as 

part of a residential area, but it needs more volume to store the same thermal energy as a water tank 

design [25]. 
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3.3.2 Borehole thermal energy storage 

Borehole thermal energy storage or duct heat storage uses the ground as a store; the ground is 

excavated or drilled to insert vertical tubes or borehole, as the Drake landing community system 

illustrated in figure 11. Moreover, the typical depth is 30-100 m below ground surface. 

 

 

Figure 11. Drake Landing Solar Community seasonal TES [26] Borehole field configuration (left) and 

boreholes details (right). 

 

On one hand, this type has the possibility for a modular design, for example, if it is necessary to 

increase the number of housings in the district, additional boreholes can easily be connected. On the 

other hand, the size of storage has to be from three to five times higher than hot water heat storage to 

obtain the same heat capacity. An example of this type is a plant in operation in Neckarsulm, 

Germany, with a volume of 63400 m3 and temperatures up to 85 ºC [27]. 

 

3.3.3 Aquifer thermal heat storage 

Aquifers are geological formations containing ground water [28]. Aquifer’s water is sometimes mixed 

with gravel or sand.  Heat storage in aquifers consists of extracting ground water from a well, heating 

this water with an available heat source, for instance, solar collector, and then re-injecting it back into 

the aquifer in the other well, as illustrated in figure 12. 
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Figure 12. Aquifer storage principle [29]. 

 

The main advantages of aquifers for heat storage are the long store periods allowed and their low 

overall cost due to the large volumes, which can be stored [30]. However, specific hydro geological 

conditions are required for heat storage in aquifer sites [29]: 

- Natural aquifer layer with high conductivity; 

- Confining layers above and below; 

- No or low natural ground water flow; 

- Suitable water properties at sufficiently high temperatures; 

- Aquifer thickness 20–50 m. 

 

3.3.4 Tank thermal energy storage 

The main construction material of this type is reinforced concrete. In addition, it is partly embedded 

into the ground and it is necessary to build it “in situ”. In the following figures, it is possible to 

observe the scheme and the phases for building the seasonal storage used in the central solar heating 

plant with seasonal storage (CSHPSS) located in Munich, Germany [31]. 
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Figure 13. Scheme of the seasonal tank built in Munich, Germany. 

 

 

Figure 14. Phases of the seasonal storage’s construction. 

 

Each type of storage has its benefits and drawbacks. For this type, its main benefits are the great 

adaptability to any soil conditions, the minimum environmental impact and the optimum thermal 

insulation provided. However, its main drawback is the high investment cost due to the geometric 

complexity, the construction and insulations materials, and the excavation. 
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3.4 Simulation programs 

Different types of tools to size and assess the performance of solar thermal systems are available 

nowadays. The most popular programmes are briefly described below [3]. 

- TRNSYS [12]: was the first popular computer-based dynamic simulation tool allowing to 

performance detailed hourly simulations of solar thermal systems. It has graphical user 

interfaces that permit the use of predefined components or the creation of new components 

models, which can be easily connected to each other to assemble different schemes. 

- Valentin T*SOL [32]: is a dynamic simulation program available in three different versions: 

professional, express and expert. The tool is very flexible, giving diagrams of energy balance, 

performance rate, energy load covered by the solar system, and CO2 emissions avoided. 

- POLYSUN [11]: simulates solar thermal, heat pumps, photovoltaic, cogeneration and cooling 

systems as well as combined systems. It is available in two different user levels: Designer and 

Professional. This tool runs a dynamic simulation to design solar systems by calculating 

energy performance, providing a detailed representation of the plants during simulation and 

generating reports to facilitate communication and marketing tasks. Besides, the scope of this 

program is mainly for relatively small district heating systems. 

- GetSolar [33]: performs the annual simulation of a SDHW system by calculating 

environmental and plant parameters (sun position, external air temperature, etc.). It can 

simulate solar systems and combi-systems, conventional collectors, and CO2 emissions 

savings. 

- RetScreen International [34]: is an Excel-based tool dedicated to the pre-design of renewable 

energy systems. It is articulated in several modules to improve energy analysis for the 

designers and users of several RES systems. 
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4 OBJECTIVES AND LIMITATIONS 

This thesis consists in the energy analysis and simulation of central solar heating plants with seasonal 

storage (CSHPSS). The starting point is to implement in POLYSUN program a defined system of 

solar district heating system with seasonal storage already built in TRNSYS. 

 

The main objectives of this thesis are the analysis of results obtained with POLYSUN, the comparison 

of these results with the results obtained with TRNSYS system, and the geographical analysis of these 

systems in several cities of Spain with different climatic conditions. 

To carry out these objectives, some limitations, which can be divided into two groups, have been 

found: limitations found in implementing the defined system in POLYSUN and limitations found in 

designing the POLYSUN system. 

 

Thus, when implementing in POLYSUN the defined system already built in TRNSYS, it has been 

necessary to design a new system in POLYSUN, in spite of the huge variety of predefined 

configurations available in POLYSUN. 

On the other hand, the TRNSYS system has some elements with different properties than POLYSUN, 

such as the way of thermal energy storage construction. Moreover, the radiant floor model for Space 

Heating, not implemented in TRNSYS, was necessary to be designed in POLYSUN. 

 

In respect to limitations found when designing the POLYSUN system, the main have been the 

limitations of POLYSUN program, which are the maximum volume of storages and the maximum 

heat transfer coefficient of heat exchangers that can be introduced in the program. For this reason, it 

has been necessary to reduce the number of housings as well as the number of cities chosen in 

previous projects [35, 36]. 

On the other hand, in comparing the two different systems, it is important to know the equations 

following to do calculations. For POLYSUN, it has not been possible to know a part of this 

information, due to the few data obtained from the manual and the technical help of POLYSUN. 

Moreover, the number of data introduced for each element in POLYSUN is higher than in TRNSYS. 

Thus, it has been necessary to study in more detail all the system to know the values that it was not 

introduced in TRNSYS. Besides, in some controllers, it has not been possible to design the same type 

of controller, for example, auxiliary boilers controllers in POLYSUN need a hysteresis to work out 

correctly and in TRNSYS, they do not require hysteresis. 
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5 DESCRIPTION OF THE ANALYSED SYSTEM 

The system is based on a model of a CSHPSS plant defined in previous projects [35, 36]. This 

CSHPSS plant was designed to serve 500 housings of 100 m2 in the residential area, called “Parque 

Goya”, in Zaragoza, Spain.  The annual heat demand is 2905 MWh/year, which is divided into 507,5 

MWh/year used for DHW and 2397,5 MWh/year used for Space Heating. 

 

The system consists of three main parts: solar field loop, Space Heating and DHW circuits. Moreover, 

it generates DHW at 60 ºC and water for Space Heating at 50 ºC, due to the lower temperature used 

for the distribution system, which is assumed a radiant heating floor system. In the figure below, it is 

depicted the diagram of the system. 

 

 

Figure 15. Diagram of CSHPSS plant. 

 

In the solar field loop, a mixture composed by 33% volume of ethylene glycol in water is flowing 

from the solar collector and solar pump (Psol). The heat exchangers, ex1 and ex2, connect the solar 

field loop with the Space Heating and DHW circuits, respectively. Moreover, the valve V1 is regulated 

to transfer heat, provided by the solar field, firstly to DHW tank and secondly to the seasonal storage. 

As opposed to the DHW circuit, the seasonal storage is connected to the Space Heating distribution 

network through a third heat exchanger (ex3), which preheats the return water from the Space Heating 

distribution network. The system also contains two auxiliary boilers, which could support all energy 

demand if it were necessary. 
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5.1 Description of the main elements 

The main characteristics of each element are shown in table 2. All calculations needed for designing 

these elements are explained in appendix A, Calculations. 

 

Table 2. Characteristics of main elements. 

Main elements Value Units 

 
 Heat demand 

Annual heat demand 2905 MWh/year 

Annual DHW demand 507,5 MWh/year 

Annual Space Heating demand 2397,5 MWh/year 

 Specific flow in the solar field loop 20 kg/(h.m2) 

 
 

Solar collectors 

Solar field area 2759,75 m2 

Gross area 13,57 m2 

Aperture area 12,56 m2 

ηo 0,778  

a1 2,551 W/( m2.K) 

a2 0 W/( m2.K2) 

 
 

Seasonal 
storage 

Seasonal storage volume 15180 m3 

H/D ratio 0,6  

Height (H) 19,1 m 

Diameter (D) 31,8 m 

Thermal conductivity of insulation 0,04 W/(m.K) 

Thickness of insulation 320 mm 

 
 

DHW tank 

DHW tank volume 47 m3 

H/D ratio 1,5  

Height (H) 5 m 

Diameter (D) 3,4 m 

Thermal conductivity of insulation 0,04 W/(m.K) 

Thickness of insulation 90 mm 

Heat exchanger, 
ex1 and ex2 

U_value 3942 W/( m2.K) 

Area  282 m2 

Heat exchanger, 
ex3 

U_value 3931 W/( m2.K) 

Area  580 m2 

 Pump Psol Flow  54 m3/h 

Power  15 kW  

Pumps P1 and 
P2 

Flow  51 m3/h 

Power  1,4 kW 

Pumps P3 and 
Pheat 

Flow  104 m3/h 

Power  3,7 kW 

Auxiliary boilers    Maximum power for DHW 190 kW 

Maximum power for Space Heating 1800 kW 
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The solar collectors chosen are ARCON HT-SA 28/8, which is a type of flat plate collector (FPC). 

The main advantage of this type is to be a large collector, in other words, to have an area larger to 10 

m2. Moreover, with the installation of this solar collector, it is saved in the connexions between solar 

collectors and in price per m2.  

According to thermal energy storages, the seasonal storage chosen is a water tank thermal energy 

storage type. Due to its big size, the processes of charging and discharging are slow, which allows to 

store heat produced during summer periods for using it in winter in an easy way. Furthermore, the 

seasonal storage has to be built “in situ” and the main construction material is reinforced concrete, 

being these two specific features of water tank thermal energy storage. On the other hand, the DHW 

tank has been sized to cover two days of DHW demand without solar energy contribution. 

5.2 Operation modes 

There are two operation modes: loading phase and unloading phase. The loading phase consists in 

delivering heat from solar collectors to DHW tank or to seasonal storage. The unloading phase 

transfers heat from DHW tank or seasonal storage to DHW distribution system or Space Heating 

distribution network, respectively. 

5.2.1 Loading phase 

The loading phase consists in converting solar energy to thermal energy and delivering it to DHW tank 

or to seasonal storage. Thus, the loading phase consists of three different operation modes: only Space 

Heating, only DHW and combined Space Heating and DHW. 

The rules of thumb for obtaining the different operation modes are: 

- DHW tank has priority, in other words, the heat from solar collector has to be delivered firstly 

to DHW tank and when there is an exceed of heat, the heat is delivered to seasonal storage; 

- The volume of DHW tank has to be enough to cover the DHW demand during, at least, 24 

hours without solar energy contribution. In this case, the size of DHW tank has been chosen to 

provide DHW demand during 48 hours; 

- The maximum temperature in DHW tank is 70 ºC; 

- The maximum temperature in seasonal storage is 99 ºC. 
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5.2.1.1 Combined Space Heating and DHW 

In this operation mode, heat from solar collector is delivered firstly to seasonal storage and secondly to 

DHW tank. Elements, which work out in this operation mode, are presented in figure 16. 

 

 

Figure 16. System diagram in combined Space Heating and DHW operation mode. 

 

Firstly, heat is transferred to seasonal storage through solar collectors, valve V1, and heat exchanger, 

ex1. Secondly, water in low level of seasonal storage flows through pump P1, heat exchanger, ex1, 

and valve V2, where solar fluid is transferred to heat exchanger, ex2.  The part of heat from solar 

fluid, which has not been transferred to seasonal storage, is transferred to DHW tank through heat 

exchanger, ex2. Finally, cold water in low level of DHW tank flows through pump P2 and heat 

exchanger, ex2, where it colds solar fluid. 

This operation mode is applied when the following conditions happen at the same time: 

- Maximum temperature in DHW tank is lower than 70 °C; 

- Maximum temperature in seasonal storage is lower than 99 °C; 

- Solar radiation is high enough to increase the temperature in DHW tank and seasonal storage; 

- The minimum temperature in seasonal storage is higher than the minimum temperature in 

DHW tank. 

 

 

 



 

 

27 

 

5.2.1.2 Only DHW 

This operation mode consists in delivering heat from solar collectors to DHW tank. Figure 17 shows 

the diagram of this operation mode and which types of elements are working out in this case. 

 

 

Figure 17. System diagram in only DHW operation mode. 

 

Solar fluid flows through pump Psol, solar collectors and valve V1, where it is recirculated through 

heat exchanger, ex2. Heat from solar fluid is transferred to water and introduced in DHW tank. 

Finally, Cold water in low level of DHW tank flows through pump P2 and heat exchanger, ex2, where 

it colds solar fluid. 

This operation mode is applied when the following conditions happen at the same time: 

- Maximum temperature in DHW tank is lower than 70 °C; 

- Solar radiation is high enough to increase the temperature in DHW tank; 

- When it is not happened the combined Space Heating and DHW operation mode. 
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5.2.1.3 Only Space Heating 

In this operation mode, heat from solar collector is delivered to seasonal storage. The diagram of this 

operation mode and elements, which are working out in this case, are shown in figure 18. 

 

 

Figure 18. System diagram in only Space Heating operation mode. 

 

As opposed to only DHW, the valve V1 recirculates solar fluid through heat exchanger, ex1, where 

heat is transferred to water and introduced in seasonal storage. Cold water in low level of seasonal 

storage flows through pump P1and heat exchanger, ex1, where it colds solar fluid. Finally, solar fluid 

is recirculated to solar collectors by valve V2. 

This operation mode is applied when the following conditions happen at the same time: 

- The temperature level in DHW tank is approximately 70 °C; 

- The maximum temperature level in seasonal storage is lower than 99 °C; 

- Solar radiation is high enough to increase the temperature in seasonal storage; 

- When it is not happened the combined Space Heating and DHW operation mode. 
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5.2.2 Unloading phase 

During the unloading phase, heat is transferred from DHW tank or seasonal storage to DHW 

distribution system or Space Heating distribution network, respectively. The period of using this phase 

depends on DHW and Space Heating demands. DHW demand has to be supplied during all the year, 

but there is only Space Heating demand during winter periods, for this case, from October to April. 

Moreover, it has been assumed that Space Heating demand has to be covered, at least, from 18 to 20 

hours per day. 

 

According to figure 19, where it is shown the system diagram for this phase, it can be observed the 

differences between the DHW distribution system and Space Heating distribution network. In the 

latter, heat is transferred through heat exchanger, ex3, and in the first, heat is directly obtained from 

DHW tank. 

 

 

Figure 19. System diagram in unloading phase. 
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6 METHOD 

The first step is to apply the theory to build a model of the CSHPSS plant providing solar heat for 

DHW and Space Heating for 500 housings, which was done in previous projects [35, 36]. Due to the 

limitations of POLYSUN program, which are the maximum volume of thermal energy storage and the 

maximum heat transfer coefficient of heat exchangers that can be introduced in the program, it has 

been necessary to reduce the number of housings until 200. All calculations needed to obtain the main 

characteristics of each element and to change the number of housings are explained in appendix A, 

Calculations. 

 

POLYSUN is a simulation program with a huge variety of predefined configurations of solar thermal 

systems for domestic applications, but none is similar to the analysed system. Hence, it has been used 

the designer user level in order to build the model of the proposed CSHPSS system. In addition, 

POLYSUN in this user level has the possibility of doing a simulation analysis, which is a visual part 

of the program, where it can be observed the values of flow and temperatures in each element and in 

each step of the simulation. With this, it can be also known when and how regulations are working out 

and if they achieve the required conditions. 

Steps for building and simulating the analysed CSHPSS system have been explained in more detail in 

appendix C, POLYSUN. However, a summary of these is explained here. Firstly, it has been divided 

the system in the three main circuits, which are solar field loop, DHW circuit and Space Heating 

circuit, and it has been designed each one separately in POLYSUN. 

In the next figure, is shown the solar field loop, which consists of solar collectors, heat exchanger, 

pumps and seasonal storage. With this circuit, it has been studied the controllers of pumps and the 

operation of this circuit. 

 

 

Figure 20. Diagram of solar field loop. 
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The second step has been to build the DHW circuit; firstly, it has been done a reduced circuit, which 

consists of DHW boiler and DHW network, for observing if the DHW boiler alone can supply all 

DHW demand and for regulating in a correct way the controllers of this system. Secondly, it has been 

done all the circuit with the number of solar collectors required to fulfil DHW demand, so this number 

has been reduced until 15. In figure 21, this circuit is depicted. 

 

 

Figure 21. Diagram of DHW circuit. 

 

The next step has been to build the Space Heating circuit. Similarly to DHW circuit, it has been done 

first a circuit consisting of Space Heating boiler and Space Heating distribution network and later, it 

has been completed all the system. In figure 22, a diagram of the whole circuit is showed. 

 

 

 

Figure 22. Diagram of Space Heating circuit. 
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Finally, previous circuits were joined and the regulations of valves, which regulate flows between 

solar collector and storages, were created. When the system in POLYSUN has been completed, the 

number of housings in the system of TRNSYS, which has been designed in previous projects [35, 36], 

has been changed in order to compare the results in both systems. 
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7 RESULTS 

Calculations needed to obtain the analysed system and to reduce the number of housings are explained 

in appendix A, Calculations. Characteristics of each system, TRNSYS and POLYSUN, have been 

explained in the appendix B, TRNSYS and appendix C, POLYSUN, respectively. Moreover, results of 

each element in each system are shown in appendix D, Results. With this information, it has been 

obtained: 

 The analysed system for 200 housings; 

  Main results of POLYSUN; 

  Comparison between TRNSYS and POLYSUN; 

 Geographical analysis in several cities of Spain with different climatic conditions. 

 

7.1 POLYSUN program 

7.1.1 Analysed system in POLYSUN 

The analysed system chosen in previous projects [35, 36], and described in chapter 5, Description of 

the analysed system, was designed to serve 500 housings of 100 m2 in Zaragoza, Spain. 

POLYSUN has data of all cities, so it is only necessary to choose the city to obtain localization 

characteristics, such as, latitude, longitude, etc., and climatic information, which is obtained from 

Meteonorm software.  Moreover, POLYSUN uses Perez model for calculating solar radiation, which 

is absorbed by solar collectors. 

According to the data introduced in POLYSUN, it has been necessary to reduce the number of 

housings until 200, due to the size constraints of POLYSUN, which are the next: the maximum 

volume of storages is ten millions of litres and the maximum heat transfer coefficient of heat 

exchangers is one million W/K. All calculations needed for designing these elements and for sizing all 

the plant components to the number of housings are explained in appendix A, Calculations. However, 

a summary with the main features for the system of 200 housings is shown in table 3. 
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Table 3. Main characteristics for the case of 200 housings. 

Main elements Value Units 

 
 Heat demand 

Annual heat demand 1162,11 MWh/year 

Annual DHW demand 203,11 MWh/year 

Annual Space Heating demand 959 MWh/year 

 Specific flow in the solar field loop 20 kg/(h.m2) 

 
 

Solar collectors 

Solar field area 1103,9 m2 

Gross area 13,57 m2 

Aperture area 12,56 m2 

ηo 0,778  

a1 2,551 W/( m2.K) 

a2 0 W/( m2.K2) 

 
 

Seasonal 
storage 

Seasonal storage volume 6071,45 m3 

H/D ratio 0,6  

Height (H) 14,1 m 

Diameter (D) 23,45 m 

Thermal conductivity of insulation 0,04 W/(m.K) 

Thickness of insulation 320 mm 

 
 

DHW tank 

DHW tank volume 18,91 m3 

H/D ratio 1,5  

Height (H) 3,78 m 

Diameter (D) 2,52 m 

Thermal conductivity of insulation 0,04 W/(m.K) 

Thickness of insulation 90 mm 

Heat exchanger, 
ex1 and ex2 

U_value 3942 W/( m2.K) 

Area  113,5 m2 

Heat exchanger, 
ex3 

U_value 3931 W/( m2.K) 

Area  232 m2 

 Pump Psol Flow  21,6 m3/h 

Power  6 kW  

Pumps P1 and 
P2 

Flow  20,4 m3/h 

Power  0,56 kW 

Pumps P3 and 
Pheat 

Flow  42,4 m3/h 

Power  1,48 kW 

Auxiliary boilers    Maximum power for DHW 76 kW 

Maximum power for Space Heating 720 kW 
 

With these data, the POLYSUN system has been obtained. In the next figure, the diagram of 

POLYSUN system; containing its main elements, solar field and storages characteristics is shown. 
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Figure 23. POLYSUN system. 

 

Solar collector chosen in this project belongs to the catalogue of solar collector in POLYSUN. 

However, to obtain the same characteristics than TRNSYS, it has not been considered the thermal 

capacity. Moreover, the number of solar collector is 82 and all of them are in parallel, the percentage 

of wind force that affects to solar field is zero, and inclination is 50 º, as the defined system in 

previous projects. 

In this system, all pipes have a length of 10 meters, with the exception of five, which have more, two 

of 115 meters, other two of 240 meters and one of 230 meters. It has been chosen the main pipes of 

solar field loop and it has been divided 500 meters into 3, for hot pipe, and into 2, for cold pipe and it 

is subtracted the hot/cold pipes in solar field loop, which have 10 meters. 

 

In respect to storages, the considered parameters are volume, height, convexity height, material with 

its properties and its thickness, material of insulation with its properties, and thickness of insulation in 

the bottom, in the top and in the walls. Storages in POLYSUN have been divided into twelve layers in 

order to consider the temperature stratification. Moreover, in seasonal storage, it has been changed the 

material for the insulation and the insulation for the material, due to the way of construction chosen for 

this case, outside concrete and inside insulation. In DHW tank, it is not changed because there are not 

differences between one form and the other. Besides, it has been supposed in seasonal storages that the 
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thickness of concrete is 500 mm, and it has been necessary to look for all properties of insulation and 

concrete to introduce in the program. 

 

Main parameters introduced for boilers are power, minimum power, efficiency, type of fuel, flow, 

mass, and area. In this case, it has been chosen boilers of POLYSUN’s catalogue and it has been 

changed the efficiency. In addition, the controllers of boilers have to use a hysteresis, and for this 

system, it has been chosen ±3ºC of reference temperature, which is 50ºC for Space Heating and 60ºC 

for DHW.  

According to heat exchangers, main parameters introduced are heat transfer coefficient, length, height, 

width, and number of plates. For knowing these values, it has been supposed a value of number of 

plate and through the area, it has been calculated the values of height and width, which have the same 

value, and it has been optimized to obtain the maximum solar fraction. 

The Space Heating demand is introduced through the building, where it is necessary to introduce the 

thermal demand without DHW per month, energy losses (ventilation + transmission) per month, Space 

Heating area, and nominal temperature. Besides, the energy losses have to be at least two times the 

thermal demand, so it has been chosen this value. On the other hand, DHW demand is introduced in 

litres per day each month and POLYSUN calculates the thermal energy required for DHW. 

 

The system consists of eight different controllers, which are valve V1, valve V2, pump P3, Space 

Heating, Space Heating boiler, DHW boiler, valve V3, and valve V4. All the controllers are a type of 

POLYSUN’s controllers with the exception of valve V1, valve V2, and pump P3, which are 

regulations specifically designed for the analysed system. 

The controller of valve V1 regulates not only valve V1 but also pumps Psol, P1, and P2, due to 

characteristics of pumps regulation given for POLYSUN, which only has the possibility of including 

the maximum temperature of one storage and in this case, it is necessary to include the two storages at 

the same time. The way of working of this regulation is based on the operation modes explained in 

chapter 5, Description of the analysed system, which are combined Space Heating and DHW, only 

Space Heating and only DHW. Moreover, it has been studied when these operation modes occur and 

when do not, because, in POLYSUN, it is necessary to introduce all possibilities for obtaining a 

correct regulation. The controller of valve V2 has the same way of working as valve V1, but it is only 

affected by combined Space Heating and DHW operation mode and only Space Heating operation 

mode. Moreover, the controller of pump P3 is a controller designed to regulate the flow in the heat 

exchanger, ex3 in order to obtain the same heat capacity in hot and cold sides of the heat exchanger. 
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7.1.2 Results of POLYSUN 

The annual energy balance of POLYSUN system is shown in figure 24. Obtained results are solar 

radiation (Esol), heat delivered from solar collectors (Qsol), heat from pumps to system (Q), heat 

transferred from heat exchangers (Qxfr), heat inside and outside of storages (Qin, Qout), energy use 

and heat transferred to system from boilers (Eaux, Qaux), heat demand calculated from POLYSUN 

(Quse) and heat demand calculated through elements of the system (Qin). Moreover, results in red 

colour are results calculated based on POLYSUN data through an energy balance and results in black 

colour are those directly provided by the program. 

 

 

Figure 24. Annual energy balance. 

 

In figure 25, solar radiation, heat delivered from solar collectors and efficiency of solar collectors are 

presented in annual basis. In addition, it can be remarked that the annual efficiency is close to 50%, 

which is the value assumed when calculating the thermal heat delivered from solar collectors, as it is 

explained in Appendix A, Calculations. 
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Figure 25. Solar radiation, heat delivered (left) and, efficiency (right). 

 

There are three heat exchangers installed in the system: 

- ex1: transfers heat from solar field loop to seasonal storage. 

- ex2: transfers heat from solar field loop to DHW tank. 

- ex3: transfers heat from seasonal storage to Space Heating distribution network. 

Heat outside, inside and thermal losses for each one are shown in table 4. 

 

Table 4. Heat inside, outside and thermal losses in each heat exchanger. 

  POLYSUN 

 
Qin ex1 

[kWh] 

L ex1 

[kWh] 

Qout ex1 

[kWh] 

Qin ex2 

[kWh] 

L ex2 

[kWh] 

Qout ex2 

[kWh] 

Qin ex3 

[kWh] 

L ex3 

[kWh] 

Qout ex3 

[kWh] 

January 39.479 147 39.332 18.646 171 18.475 49.012 312,5 48.699 

February 48.873 135 48.738 19.325 177 19.148 49.891 273 49.617 

March 75.658 133 75.525 20.855 182 20.673 81.427 255 81.172 

April 71.190 116 71.074 18.237 170 18.067 70.389 202 70.187 

May 71.093 117 70.976 16.546 182 16.364 0 0 0 

June 72.179 121 72.058 13.774 156 13.617 0 0 0 

July 84.249 164 84.086 8.804 170 8.634 0 0 0 

August 84.956 216 84.740 5.242 185 5.057 0 0 0 

September 67.240 261 66.979 11.813 183 11.630 0 0 0 

October 46.628 270 46.358 16.910 189 16.721 83.824 510 83.314 

November 29.976 237 29.738 19.976 190 19.786 128.629 509 128.120 

December 22.529 192 22.336 21.352 196 21.156 190.616 432 190.185 

Annual 714051 2108 711.943 191.480 2.151 189.328 653.788 2493 651.295 

 Qin =heat inside of heat exchanger [kWh] L = Thermal losses [kWh] 

  

  

Qout = heat outside of heat exchanger [kWh] 
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Data obtained from POLYSUN for each heat exchanger has been verified calculating the temperature 

variation between supply and target temperatures in each side multiplying by the flow and it has been 

confirmed if the values of these variations for each side are similar. Moreover, it has been necessary to 

multiply by flow for obtaining the variation when the heat exchanger is in operation. 

According to heat exchanger, ex1, the annual variation corresponds to 1,7% and the highest variation 

is 3,2%. In heat exchanger, ex2, the annual value is 6,5% and the highest value is 8,8%. Finally, in the 

heat exchanger ex3, the annual variation is 0,9% and the maximum variation is 1,1%. Although the 

heat exchangers, ex2 and ex1, have the same characteristics, it can be observed that they have different 

variations. 

In the following table, it is observed the heat inside and outside, thermal losses and efficiency of each 

storage. 

 

Table 5. Heat inside, outside, thermal losses and efficiency in seasonal storage and DHW tank. 

  SEASONAL STORAGE DHW TANK 

difference Qin [kWh] Qout [kWh] Losses [kWh] η Qin [kWh] Qout [kWh] Losses [kWh] η 

January 39708,94 46453,05 4628,3 88% 18667,36 18368,26 299,1 98% 

February 49227,86 47575,95 4561,7 91% 19324,36 19008,86 315,5 98% 

March 76061,97 79511,74 2205,5 97% 20820,81 20468,01 352,8 98% 

April 71512,41 69133,21 4551,4 94% 18217,79 17862,69 355,1 98% 

May 71375,63 0 -1096,1 102% 16517,25 16123 394,3 98% 

June 72478,35 0 3032,5 96% 13739,7 13361 378,7 97% 

July 84629,48 0 5823,7 93% 8691,6 8290 401,2 95% 

August 85227,55 0 8295,7 90% 5067,72 4642 425,4 92% 

September 67325,36 0 11890,9 82% 11673,93 11272 402,4 96% 

October 46537,16 83137,18 12175,1 74% 16788,52 16374,22 414,3 97% 

November 29832,18 127518,76 12069,5 59% 19874,95 19471,65 403,3 98% 

December 22442,82 188172,68 7656,2 66% 21280,68 20879,78 400,9 98% 

Annual 716359,73 641502,94 75794,4 89% 190664,68 186121,68 4543 98% 

 

According to table 5, it is remarked the negative value of thermal losses in May, due to this, the 

efficiency is higher than 100%. It has been observed if the outdoor temperature is higher than the 

temperature of seasonal storage. However, the outdoor temperature is always lower than the 

temperature of seasonal storage, as illustrated in figure 26. 
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Figure 26. Outside temperature (green), minimum temperature (blue), temperature in medium level 

(purple) and maximum temperature (red) in seasonal storage in May. 

 

In figure 27, it is observed the maximum, minimum temperature and temperature in medium level of 

seasonal storage, and it is observed that the processes of charging and discharging are slow, which is a 

characteristic of this type of seasonal storage. 

 

 

Figure 27. Maximum temperature (red), temperature in medium level (purple), and minimum 

temperature (blue) in seasonal storage. 

 

In POLYSUN, it is introduced DHW and Space Heating demands, but the program calculates the heat 

use, which is the heat finally obtained in the system. In the case of DHW, the program tries to arrive to 

this demand in all months. However, in the case of Space Heating demand, the heat use is obtained 

with the data introduced in radiant floor, as explained in the manual of POLYSUN:  “The modelling of 

the heating module may be inferred from its specific emission characteristics as well as its power and 

flow ratio and inlet and return temperature. The values provided here enable a simulation to be carried 

out without the building-specific data defined in the consumer dialogue box. As a consequence, 

however, seasonal dynamics from the consumer side are no longer recorded.” [37] 

In the next figure, it is possible to observe the difference between Space Heating demand and Space 

Heating use. 
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Figure 28. Space Heating demand, Space Heating use (left), and the different between them (right). 

 

According to figure 28, it is important to remark that, in spite of a little annual difference between 

Space Heating demand and Space Heating use, the highest differences happens in October and April. 

As opposed to Space Heating, in DHW, there is not difference between DHW demand and DHW use. 

 

It is possible to calculate the solar radiation in two different ways: 

A. Ratio of the heat delivered from solar field with respect to the total heat needed, heat from 

solar field plus heat from boilers. 

B. Ratio of addition of heat outside of heat exchanger, ex3, and heat outside of DHW tank with 

respect to the total heat needed, which corresponds to the addition of heat outside of heat 

exchanger, ex3, DHW tank, and boilers. With this procedure, it is possible to calculate 

separately the solar fraction corresponding to DHW and to Space Heating. 

 

In the table 6, it is observed the values for this system of each solar fraction, which are solar fraction 

of DHW (SFDHW), solar fraction of Space Heating (SFheating), solar fraction calculated with the 

procedure B (SF) and solar fraction calculated with the procedure A (SF solar). Moreover, the 

POLYSUN program provides the solar fraction calculated following the procedure A, which 

corresponds to SF solar given. 
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Table 6. Solar fractions. 

  SF DHW SF heating SF SF solar SF solar given 

January 79% 24% 30% 27% 27% 

February 90% 30% 37% 37% 37% 

March 94% 73% 77% 76% 76% 

April 95% 94% 95% 95% 95% 

May 99%   99% 100% 100% 

June 100%   100% 100% 100% 

July 100%   100% 100% 100% 

August 100%   100% 100% 100% 

September 100%   100% 100% 100% 

October 100% 100% 100% 100% 100% 

November 96% 100% 99% 98% 100% 

December 92% 100% 99% 96% 98% 

Annual 94% 69% 73% 75% 75% 

 

According to table 6, it can be remarked that POLYSUN tries to reach to 100% of solar fraction. 

Moreover, it is observed that the solar fraction calculated is similar to the solar fraction provided by 

POLYSUN (SF solar given). 
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7.2 Comparison between TRNSYS and POLYSUN 

7.2.1 Differences between TRNSYS and POLYSUN 

One of the main differences is that POLYSUN has a user-friendly interface, which is more visual than 

TRNSYS. In addition, POLSYSUN has the possibility of creating a simulation analysis, which is a 

visual part of the program, where it can be observed the values of flow and temperatures in each step 

of simulation and with these data, it can be known when and how regulations are working out and if 

they achieve the required conditions. However, the amount of data, which has to be introduced, is 

bigger in POLYSUN than in TRNSYS, and there is an element, radiant floor, which is necessary to 

introduce in POLYSUN but is not necessary in TRNSYS. 

 

According to environmental conditions, the climatic information and temperature profile of cold water 

are introduced in TRNSYS through a txt file, obtained from the program Energy Plus [38]. However, 

in POLYSUN, they are given by the program Meteonorm [39] by default, and it is not possible to 

change these values. TRNSYS has four different models of calculating the solar radiation absorbed by 

solar collectors, which are isotropic sky model, Reindl model, Hay and Davies model, and Perez 

model. Nevertheless, in POLYSUN, it is only one, Perez model and, for this reason, it has been chosen 

the Perez model to perform the comparison between TRNSYS and POLYSUN. 

DHW demand and Space Heating demand in TRNSYS are also introduced by txt files, where there is 

the demand per hour. On the other hand, in POLYSUN, it has to be included the demand per month in 

kWh for Space Heating demand and the daily flow for DHW demand. 

 

In the system of POLYSUN, all the plant components are connected through pipes and all have a 

length of 10 meters, with the exception of those of the solar field, which are significantly longer. 

However, in TRNSYS system, only two pipes has been considered, inlet pipe to solar collectors and 

outlet pipe from solar collectors with a length of 500 m each pipe. 

According to information needed for storages in POLYSUN, two of these data are material and 

insulation material, but in TRNSYS it is only introduced the insulation material, due to the way of 

construction, which is for POLYSUN, the inside is the material and outside the insulation but for 

TRNSYS is inside insulation. Thus, to do a correct comparison, it has been necessary to change the 

construction in POLYSUN, but it has only been done in the seasonal storage. In DHW tank, it has not 

been necessary, because results do not vary. 
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According to controllers, it has been tried to design all controllers of POLYSUN in a similar way to 

those defined in TRNSYS, with the exception of auxiliary boiler controllers, because it has been 

necessary to introduce hysteresis in POLYSUN’s controllers to obtain a correct operation. The 

hysteresis chosen for these controllers have been ±3ºC with respect of the reference temperature, 

which is 50ºC for Space Heating and 60ºC for DHW.  

 

The way of obtaining the results in each program is different, so it has been necessary to transfer units 

in TRNSYS, but in POLYSUN, it is not possible to programme it for obtaining the data needed in 

each case. Hence, it has been calculated an energy balance to obtain the data, which it is not provided 

directly for the program. These data are provided in hourly basis, and with the help of a dynamic table, 

the kWh per month and per year have been obtained. 

 

7.2.2 Comparison results between TRNSYS and POLYSUN 

The comparison of results has been done in percentage of differences between TRNSYS and 

POLYSUN. It is important to remark that these differences have been calculated with the reference of 

TRNSYS’s values. Thus, all negative values mean that POLYSUN values are higher than TRNSYS 

values and the positive values mean that TRNSYS values are higher than POLYSUN values. 

 

The differences of annual energy balances between TRNSYS and POLYSUN are shown in figure 29, 

where it is observed a high heat transferred from solar field loop to DHW circuit and a low heat 

transferred from solar field loop to Space Heating circuit in POLYSUN. Moreover, it can be observed 

the highest differences between the positive value of heat from DHW boiler and negative value of heat 

outside of DHW tank and the contrary with the Space Heating circuit. These differences occur due to 

the high thermal losses and low efficiencies in boilers considered in POLYSUN. In spite of the fact 

that the efficiency of boilers is introduced in the program, the program does not reach the efficiency 

values given by the user. This is not the case in TRNSYS. 
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Figure 29. Differences of annual energy balances between TRNSYS and POLYSUN. 

 

According to figure 29, it can also be remarked the high differences in energy consumption of pumps 

and the high differences in thermal losses and heat from pump P3. As in TRNSYS, there are not 

values of thermal losses and heat from the other pumps, so it can be extrapolated that probably, they 

could have high differences of heat from pumps to the system and of thermal losses in pumps between 

TRNSYS and POLYSUN. 

 

Table 7 shows the differences between TRNSYS and POLYSUN in respect to climatic information, 

i.e. global radiation and outdoor temperature. 
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Table 7. Differences between TRNSYS and POLYSUN in global radiation and outdoor temperature. 

Difference  Global radiation Outdoor temperature 

January 2% -6% 

February 0,3% 3% 

March -7% -9% 

April -6% -5% 

May -3% -4% 

June -3% -9% 

July 0% 0,1% 

August 1% -2% 

September -1% 2% 

October 5% -4% 

November 34% 0,4% 

December 5% -2% 

 

In spite of the same inclination of solar collectors, the maximum differences between TRNSYS and 

POLYSUN in solar radiation and in global radiation do not correspond to the same month, for global 

radiation is November, and for solar radiation is October. The global radiation corresponds to 

horizontal radiation and the solar radiation is the radiation absorbed by the solar field taking into 

account the inclination of solar collectors. 

 In the next table, it is observed the differences between TRNSYS and POLYSUN in solar radiation 

absorbed by solar collectors, heat delivered by solar field, efficiency of solar field and the addition of 

heat outside of heat exchangers, ex1 and ex2. 
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Table 8. Differences between TRNSYS and POLYSUN in solar radiation absorbed by solar collectors, 

heat delivered by solar field and efficiency of solar field. 

Difference radiation heat delivered efficiency ex1+ex2 

January 4% 8% 4% 9% 

February 6% 12% 7% 13% 

March 1% 9% 8% 9% 

April 3% 13% 11% 14% 

May 6% 20% 15% 21% 

June 6% 16% 12% 18% 

July 8% 17% 9% 17% 

August 9% 5% -4% 5% 

September 4% -65% -71% -69% 

October 11% -8% -20% -9% 

November 6% 19% 14% 20% 

December 10% 23% 14% 25% 

Annual 6% 9% 3% 9% 

 

According to table 8, differences in heat delivered are higher than differences in solar radiation. 

Besides, the maximum difference in heat delivered has a negative value, which means that 

POLYSUN’s value is higher than TRNSYS value, and it corresponds to September. However, in solar 

radiation, the highest difference has a positive value and corresponds to October. 

On the other hand, comparing differences in addition of heat outside of heat exchangers, ex1 and ex2, 

and the heat delivered from solar collector, it is possible to observe that these values are similar. 

Taking into account that it is heat outside, which is calculated by heat inside minus thermal losses, and 

heat inside is influenced by heat from pump Psol and losses of pipes between heat exchangers and 

solar field. 

 

In comparing the demand, it has been observed a difference between Space Heating demand 

introduced in POLYSUN and Space Heating use, which is the heat calculated by POLYSUN that 

finally is obtained in the system. A possible reason of this is found in the manual of POLYSUN [37], 

where explained that the radiant floor regulates the Space Heating demand and it is not regulated by 

the housing, where Space Heating demand per month is introduced. Other reason could be that the 

CSHPSS system built in POLYSUN is operating very close to the upper limit of the program and if 

the number of housings is reduced, this difference could be reduced. 

In figure 30, it is shown Space Heating demand and Space Heating use in POLYSUN, Space Heating 

demand in TRNSYS, and the difference between Space Heating demand and Space Heating use in 

POLYSUN. 
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Figure 30. Space Heating demand in TRNSYS and POLYSUN, and Space Heating use in POLYSUN 

(left) and difference between Space Heating demand and Space Heating use in POLYSUN (right). 

According to figure 30, it is important to remark that, in spite of a little annual difference between 

Space Heating demand and Space Heating use, there are very high differences in October and April. 

Moreover, it can be observed in this figure that there is no difference between the Space Heating 

demand in TRNSYS and in POLYSUN. 

Due to high differences between Space Heating demand and Space Heating use in POLYSUN, heat 

outside of heat exchanger, ex3, seasonal storage, and Space Heating boiler have high differences 

between the two programs in the same months. In table 9, these values are shown for each simulation 

program, and in table 10, it is observed the differences between these values and the differences in 

addition of heat outside of heat exchanger, ex3, and heat outside of Space Heating boiler. 

 

 

 

 

 

 

 

 

 

 

 

 

  Difference 

January 12% 

February -4% 

March -2% 

April -105% 

May   

June   

July   

August   

September   

October -300% 

November 4% 

December 28% 

Annual -0,3% 
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Table 9. Heat outside of heat exchanger, ex3, seasonal storage, and Space Heating boiler in each 

simulation program, Space Heating use in POLYSUN and Space Heating demand in TRNSYS. 

  POLYSUN TRNSYS 

  

Quse 

[kWh] 

Heat from 

boiler [kWh] 

Qout ex3 

[kWh] 

Qout seasonal 

storage [kWh] 

 Space Heating 

demand [kWh] 

Heat from 

boiler [kWh] 

Qout ex3 

[kWh] 

Qout seasonal 

storage [kWh] 

January 203035,5 151837,8 48.699,3 46453,05 231231,48 99927,98 131305,25 131134,71 

February 167414,1 115489,5 49.617,5 47575,95 161305,76 103530,72 57775,04 57633,36 

March 112694 29537,4 81.171,9 79511,74 110831,2 30477,04 80354,39 80228,3 

April 75706,1 4166,6 70.187,1 69133,21 37006, 427,24 36579,69 36492,62 

May 0 0 0 0 0 0 0 0 

June 0 0 0 0 0 0 0 0 

July 0 0 0 0 0 0 0 0 

August 0 0 0 0 0 0 0 0 

September 0 0 0 0 0 0 0 0 

October 83055 0 83.313,8 83137,18 20829,52 0 20829,46 20751,25 

November 128444,3 0 128.120,4 127518,76 133371,6 0 133374,23 133283,21 

December 191654,7 0 190.184,7 188172,68 264443,64 0 264449,09 264331,38 

Annual 962003,7 301031,3 651.294,7 641502,94 959020 234362,98 724667,15 723854,83 

 

Table 10. Differences in the Space Heating use and Space Heating demand, the heat outside of heat 

exchanger, ex3, seasonal storage, and Space Heating boiler, and the addition of heat outside of heat 

exchanger, ex3, and heat outside of Space Heating boiler between TRNSYS and POLYSUN. 

Difference Space Heating demand and Quse heat from boiler Qout ex3 Qout seasonal storage  Qout ex3 + heat boiler 

January 12% 63% -52% 65% 13% 

February -4% 14% -12% 17% -2% 

March -2% -1% 3% 1% 0,1% 

April -105% -92% -875% -89% -101% 

May           

June           

July           

August           

September           

October -300% -300%   -300% -300% 

November 4% 4%   4% 4% 

December 28% 28%   29% 28% 

Annual -0,3% 10% -28% 11% 0,7% 
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In table 10, it can be observed that differences between Space Heating demand and Space Heating use 

have influenced in heat outside of heat exchanger, ex3, Space Heating boiler, and seasonal storage. In 

comparing the differences between the Space Heating demand and Space Heating use and the 

differences in the addition of heat outside of heat exchanger, ex3, and heat outside of Space Heating 

boiler, it can be observed that they are similar. For this reason, it can be assumed that POLYSUN is 

working in the same way than TRNSYS. 

 

In the next table, it is observed the solar fractions from each program, which are solar fraction of 

DHW (SFDHW), solar fraction of Space Heating (SFheating), solar fraction calculated through the heat 

outside heat exchanger, ex3, and DHW tank (SF) and solar fraction calculated through heat delivered 

from solar field (SF solar).  

 

Table 11. Comparison of solar fraction calculated with TRNSYS and POLYSUN. 

  TRNSYS POLYSUN 

  SF DHW SF heating SF SF solar SF DHW SF heating SF SF solar 

January 71% 57% 58% 37% 79% 24% 30% 27% 

February 83% 36% 42% 42% 90% 30% 37% 37% 

March 83% 73% 74% 76% 94% 73% 77% 76% 

April 93% 99% 97% 98% 95% 94% 95% 95% 

May 95%   95% 99% 99%   99% 100% 

June 91%   91% 99% 100%   100% 100% 

July 96%   96% 100% 100%   100% 100% 

August 98%   98% 100% 100%   100% 100% 

September 93%   93% 98% 100%   100% 100% 

October 95% 100% 98% 99% 100% 100% 100% 100% 

November 72% 100% 96% 92% 96% 100% 99% 98% 

December 69% 100% 97% 89% 92% 100% 99% 96% 

Annual 84% 76% 77% 79% 94% 67% 73% 75% 

 

In spite of having similar regulation in the two systems, POLYSUN tries to obtain 100% of solar 

fraction, as illustrated in table 11. Moreover, in table 12, it is shown the differences in these solar 

fractions between TRNSYS and POLYSUN. 
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Table 12. Differences of solar fractions values (TRNSYS vs. POLYSUN). 

Difference SF DHW SF heating SF SF solar 

January -11% 57% 48% 27% 

February -8% 16% 11% 13% 

March -13% -1% -3% -0,3% 

April -2% 4% 3% 4% 

May -5%   -5% -0,7% 

June -9%   -9% -1% 

July -4%   -4% -0,3% 

August -2%   -2% -0,1% 

September -8%   -8% -2% 

October -5% 0% -2% -1% 

November -33% 0% -3% -7% 

December -32% 0% -2% -8% 

Annual -12% 9% 5% 5% 

 

According to table 12, it is important to remark the high differences in solar fraction of DHW in 

November and December, and the high differences in solar fraction of Space Heating and solar 

fraction in January. One of the reasons of this is obtained observing the differences in heat outside of 

heat exchanger, ex1 and ex2, which are shown in the next table. 

 

Table 13. Differences in heat outside of heat exchangers, ex1 and ex2 (TRNSYS vs. POLYSUN). 

 Difference ex1 ex2 

January 12% 0,7% 

February 18% -4% 

March 13% -9% 

April 17% -1% 

May 25% -4% 

June 22% -8% 

July 19% -4% 

August 6% -8% 

September -88% -8% 

October -10% -4% 

November 37% -31% 

December 46% -27% 

Annual 13% -9% 

 

As it is observed in table 13 and 12, in November and December, POLYSUN tries to arrive 100% of 

solar fraction introducing more heat in DHW circuit than TRNSYS, but the consequence of this is the 

difference in January, because POLYSUN cannot reach to a high solar fraction. 
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7.3 Geographical analysis 

In previous projects [35, 36], eleven cities from Spain representative of different climatic areas with 

high possibilities of installing this type of plants, where selected. Due to the size constraints of 

POLYSUN, the cities chosen have been reduced until five, which are Zaragoza, Barcelona, La 

Coruña, Jaén, and Granada. The next figure is a map of Spain where it is located each city. 

 

 

Figure 31. Cities chosen in Spain. 

  

In changing both the localization and number of housings in POLYSUN, it has been necessary to 

change the main characteristics of all elements, while, in TRNSYS, it is only necessary to modify a 

few of values. The calculations needed for obtaining the new characteristics of each element are 

explained in appendix A, Calculations.  

In the next tables, are presented the annual values obtained for each city from TRNSYS and from 

POLYSUN, and the differences between them (R means solar radiation, Qsol heat delivered from 

solar field, and V/A ratio is the ratio of seasonal storage volume and solar field area). Besides, Space 

Heating demand ratio and DHW demand ratio are the ratio between demand of the city chosen and the 

case study corresponding to Zaragoza. 
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Table 14. Results for different Spanish cities calculated with TRNSYS. 

City 

V/A 

ratio 

Space Heating 

demand ratio 

DHW 

demand ratio R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 5,5 1 1 1912929,03 1012724,09 84% 76% 77% 79% 

La Coruña 3,8 0,74 1,01 1261350,96 631411,61 73% 57% 61% 67% 

Barcelona 4,8 0,7 0,99 1452320,23 768882,47 80% 77% 78% 80% 

Jaén 6,7 0,65 0,95 1502496,03 856985,91 83% 96% 93% 93% 

Granada 6,8 0,92 1 2008755,93 1127417,97 88% 93% 92% 93% 

 

Table 15. Results for different Spanish cities calculated with POLYSUN. 

City V/A ratio 

Space Heating 

demand ratio 

DHW demand 

ratio R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 5,5 1 1 1795852,9 921130,5 94% 69% 73% 75% 

La Coruña 3,8 0,74 1,01 1212205,2 587270,6 88% 52% 60% 62% 

Barcelona 4,8 0,7 0,99 1390362,5 716371,3 94% 71% 77% 78% 

Jaén 6,7 0,65 0,95 1371702,9 730551,9 96% 78% 82% 84% 

Granada 6,8 0,92 1 1942618,5 1029126,4 98% 85% 87% 89% 

 

Table 16. Differences of the results for different Spanish cities between TRNSYS and POLYSUN. 

City R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 6% 9% -12% 9% 5% 5% 

La Coruña 4% 7% -21% 9% 1% 8% 

Barcelona 4% 7% -18% 8% 2% 2% 

Jaén 9% 15% -16% 19% 12% 11% 

Granada 3% 9% -12% 8% 5% 4% 

 

According to table 16, it can be remarked that the negative values in solar fraction of DHW mean that 

values of POLYSUN are higher than TRNSYS. Moreover, it can be observed the relation between the 

differences in solar radiation, heat delivered from solar field, and the differences of solar fractions. 

 

The study of this system is going to continue until December. Thus, the future lines are going to be to 

reduce the number of housings for, not only, studying all the cities chosen in previous projects, but 

also, trying that POLYSUN does not work out in its upper limit. 
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8 DISCUSSION 

When designing a new system from scratch in POLYSUN, one of the problems found has been that 

POLYSUN needs more information than TRNSYS. Considering this, it is reasonable to think that 

POLYSUN could be more realistic than TRNSYS.  

Moreover, POLYSUN is more user-friendly than TRNSYS. It is easier to know when and how 

regulations are working out and if they achieve the required conditions. It presents an agreeable 

interface and a simulation analysis, which is a visual part of the program, where is observed the values 

of flow and temperatures in each step of simulation. However, based on the constraints of the program 

as well as in the type of configurations predefined, POLYSUN is a program more oriented to 

relatively small solar thermal applications and it is not very appropriate for large district heating 

systems. 

 

One of the main difficulties found when developing this project has been the little information 

obtained from the manuals of POLYSUN and technical help. 

The task of implementing in POLYSUN a system already modelled in TRNSYS for comparison 

purposes has been significantly more complex than initially expected. POLYSUN has a huge variety 

of configurations already predefined by default. The designer version of the program allows to 

implement modifications in the predefined configurations as well as to design new systems from 

scratch. In POLYSUN it was not available any configuration similar to that one of the analysed 

system, therefore it was necessary to build the model of the analysed system from scratch, and this 

task has been complex due to the constraints of the software as well as due to the incomplete 

information about the models referred before. In this respect, POLYSUN is a very interesting software 

for analysing conventional configuration of systems already predefined in the POLYSUN libraries. 

 

Summing up, it has been found in the process of designing a new POLYSUN system a lot of 

limitations, which have been done more complex the task of implementing the analysed system in 

POLYSUN and the task of comparing the results between the two programs. 
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9 CONCLUSION 

In implementing the defined system in POLYSUN, the first problem found has been the limitations of 

POLYSUN, which are the maximum volume of storages and the maximum heat transfer coefficient of 

heat exchangers that can be introduced in the program. Due to these limitations, it has been necessary 

to reduce the number of housing as well as the number of cities chosen. 

 

According to the obtained results, it can be remarked that the annual values are coherent, with the 

exception of boilers and pumps, due to high thermal losses and low efficiency in boilers and high 

energy consumption and thermal losses in pumps. However, observing the monthly values, there are 

high differences between TRNSYS and POLYSUN in some specific months, October and April for 

Space Heating circuit and, November and December for DHW circuit. 

On the one hand, differences of Space Heating circuit are due to the way of calculating the Space 

Heating demand in POLYSUN, which is different from the Space Heating demand introduced in the 

program. One of the reason can be the necessity of introducing the radiant floor in POLYSUN, 

because, TRNSYS does not require it. Moreover, other reason can be that the system defined in 

POLYSUN is operating close to its upper size limit, so the next step of this project is to reduce the 

number of housings. 

On the other hand, in DHW circuit, the reason of differences between TRNSYS and POLYSUN can 

be the attempt of POLYSUN to reach 100% of solar fraction. Thus, in the months of November and 

December, POLYSUN provides higher values than TRNSYS. 

 

Finally, there are many differences between TRNSYS and POLYSUN in the data introduced, e.g., 

climatic information, information about the water network supply temperature, technical parameters 

required in each element, etc. Hence, it is also expected the differences in the results obtained from 

TRNSYS and POLYSUN. 
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1 Introduction 

In this appendix, are explained the different calculations needed to obtain the main elements of the 

system. Working and operation modes of the system have been explained in the chapter 5, Description 

of the analysed system. However, to remember the different elements, the diagram of the system is 

shown in figure A1. 

 

 

Figure A1. Diagram of CSHPSS plant. 

 

Due to the size constraints of POLYSUN program [A1] (the maximum volume of storages is ten 

millions of litres and the maximum heat transfer coefficient of heat exchangers is one million W/K), it 

has been necessary to reduce the number of housings from 500, considered in the original system, to 

200. Thus, in this appendix, it is explained the different changes needed to reduce the number of 

housings in CSHPSS plant. 

 

Moreover, it has been changed the localization of the system in different cities of Spain. Due to the 

limitations of POLYSUN, it has only been chosen five, which are Zaragoza, Barcelona, A Coruña, 

Jaén, and Granada. In this appendix, it is also explained the different modifications needed to change 

the localization. 
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2 Design characteristics 

2.1 Heat demand 

The heat demand used for this thesis has been provided by other projects [A2, A3], where this value 

has been obtained with experimental measures. These measures have been calculated using the 

following procedure; firstly, it is chosen a day of each month, which is representative of this month. 

Secondly, monthly demand is calculated multiplying the data from daily demand for each month by 

the number of days in each month. Finally, adding all monthly demand is obtained the annual heat 

demand. In addition, it has been obtained two different files, one for Space Heating demand and other 

for DHW demand. 

2.1.1 DHW demand 

In the next graph, it is possible to observe the DHW demand during all the year. 

 

 

Figure A2. DHW demand. 

 

According to figure A2, it is important to remark that the highest demand of DHW is during winter 

period, especially in January; in contrast, the lowest demand corresponds to August. Moreover, values 

of this figure are for 500 housings, so it has been necessary to change these values to obtain the DHW 

demand for 200 housings. To obtain these results, it has been used a factor (Lms), which is the ratio 

between the new number of housings and the reference size, 500 housings. In the next table, it is 

possible to observe the data for 200 housings, which is divided into daily demand, monthly demand, 

and annual demand.  

 

 

0

50

100

150

200

0

3
9

9

7
9

8

1
1

9
7

1
5

9
6

1
9

9
5

2
3

9
4

2
7

9
3

3
1

9
2

3
5

9
1

3
9

9
0

4
3

8
9

4
7

8
8

5
1

8
7

5
5

8
6

5
9

8
5

6
3

8
4

6
7

8
3

7
1

8
2

7
5

8
1

7
9

8
0

8
3

7
9

D
H

W
 d

em
an

d
 (

kW
)

Hours

DHW demand



 

 

6 

 

Table A1. DHW demand for 200 housings. 

  daily demand (kWh/day)  monthly demand (kWh/month) 

January 814,36 25245,16 

February 785,72 22000,16 

March 726,96 22535,76 

April 620,24 18607,2 

May 521,56 16168,36 

June 444,84 13345,2 

July 262,52 8138,12 

August 145,28 4503,68 

September 377,24 11317,2 

October 534,36 16565,16 

November 693,76 20812,8 

December 770,04 23871,24 

Annual demand (kWh/year) 203110,04 
 

The annual DHW demand for 200 housings is 203,11 MWh/year and the maximum power required for 

supplying the DHW demand is 7,6 kW.  

With the experimental information, it is possible to know the DHW consumption flow per month. For 

this, it is necessary to know the cold water temperature, which is obtained from the Standard UNE 

94002:2005 [A4]. The temperature profile of cold water during a year is shown in figure A3. 

 

 

Figure A3. Temperature profile of cold water in Zaragoza. 

 

According to figure A3, it can be remarked that the maximum difference between Domestic Hot Water 

temperature, which is 60 ºC, and cold water temperature is approximately 52 ºC. With the values of 

DHW temperature, daily demand and cold water temperature, it is calculated the daily DHW 

consumption flow per month, which is shown in figure A4. 
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Figure A4. DHW consumption for 200 housings. 

 

2.1.2 Space Heating demand 

In the next graph, it is observed the Space Heating demand during a year. 

 

 

Figure A5. Space Heating demand. 

 

There is Space Heating demand during 7 months, and according to figure A5, the highest demand 

corresponds to December and the lowest to October. Similar to the annual DHW demand, the demand 

of figure A5 corresponds to 500 housings and it has been necessary to change to 200 housings using 

the ratio Lms. The results for 200 housings are shown in the next table. 
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Table A2. Space Heating demand for 200 housings. 

  Daily demand (kWh/day) Monthly demand (kWh/month) 

January 7459,08 231231,48 

February 5760,92 161305,76 

March 3575,2 110831,2 

April 1233,56 37006,8 

May 0 0 

June 0 0 

July 0 0 

August 0 0 

September 0 0 

October 671,92 20829,52 

November 4445,72 133371,6 

December 8530,44 264443,64 

Annual demand (kWh/year) 959020 
 

According to table A2, the annual Space Heating demand for 200 housings is 959 MWh/year, and the 

maximum Space Heating power is 720 kW. 

2.2 Ratios 

All these ratios are constants during different changes, such as, reduction of the number of housings 

and change of the localization, with the exception of seasonal storage volume and solar field area ratio, 

which has a different value when the localization is modified, due to the design criteria (the maximum 

temperature is achieved when the period of Space Heating starts). 

2.2.1 Ratio of solar field area and annual thermal energy demand 

A/GD ratio is a factor between solar field area and annual thermal energy demand.  The optimum 

value of this ratio is usually obtained with plants in operation, for example, in North of Europe 

(Germany, Denmark and Sweden), it has a value between 1,4 and 2,4 [A5]. In this case, the optimum 

value has been obtained in previous projects [A6], where the ratio has been optimized in TRNSYS to 

obtain the maximum solar fraction with the minimum solar field area, and the value obtained is 0,95 

m2/ (MWh/year). 

2.2.2 Ratio of daily DHW consumption flow and DHW demand 

This parameter is a factor between daily DHW consumption flow and daily DHW demand. Moreover, 

this ratio indicates the number of days that energy stored in DHW tank can cover the DHW demand 

without solar energy contribution. 
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𝑉𝐷𝐻𝑊_𝐷𝐷𝐷𝐻𝑊 𝑟𝑎𝑡𝑖𝑜 =  
𝑑𝑎𝑖𝑙𝑦 𝐷𝐻𝑊 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑓𝑙𝑜𝑤

𝑑𝑎𝑖𝑙𝑦 𝐷𝐻𝑊 𝑑𝑒𝑚𝑎𝑛𝑑

𝑚3/𝑑𝑎𝑦

𝑀𝑊ℎ/𝑑𝑎𝑦
  

 

For 500 housings, the value of daily DHW consumption flow is 23,15 m3/day and the value of daily 

DHW demand is 1,39 MWh/day. As it is necessary to cover 2 days with DHW tank, the value of this 

rate is 

 𝑉𝐷𝐻𝑊_𝐷𝐷𝐷𝐻𝑊 𝑟𝑎𝑡𝑖𝑜 = 2 ∗
23,15

1,39
≈  34 

𝑚3

𝑀𝑊ℎ
 

 

This ratio has been calculated for 500 housings, but it has the same value for 200 housings. 

2.2.3 Ratio of seasonal storage volume and solar field area 

V/A ratio is a factor between seasonal storage volume and solar field area. In the north of Europe, the 

value of this ratio is between 1,4 and 2,4 [A5]. According to previous projects for a system located in 

Zaragoza (Spain), where this value has been optimized in TRNSYS obtaining a value of 5,5 m3/m2 

[A6]. 

2.2.4 Specific flow in the solar field loop 

The specific flow in solar field loop is the flow, which circulates through solar field loop, divided into 

solar field area, and this value is around 15 kg/h.m2 [A7, A8]. In this case, this value has been 

optimized in previous projects [A7] with TRNSYS and the optimum value is 20 kg/h.m2. 

2.3 System’s fluids 

Solar field loop contains a mixture fluid composed by 33% Volume of Ethylene glycol in water. The 

fluid characteristics are [A9, A10]: 

- Solar fluid density: 1021,99 kg/m3. 

- Solar fluid specific heat: 3,84 kJ/kg∙K. 

- Solar fluid dynamic viscosity: 3,078 kg/m∙h. 

 

The rest of the system works with water, whose characteristics are: 

- Water fluid density: 980 kg/m3. 

- Water fluid specific heat: 4,19 kJ/kg∙K. 
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2.4 Solar collectors 

Solar field area is calculated through annual heat demand (GD) and A/GD ratio. 

𝐴 = 𝐺𝐷 ∗
𝐴

𝐺𝐷
= 1162

𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
∗ 0,95

𝑚2

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟

= 1103,9 𝑚2 

Solar radiation, which is absorbed by solar collectors, is calculated through the maximum solar 

radiation, 1000 W/m2, and solar field area. 

𝑆𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∗ 𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑 𝑎𝑟𝑒𝑎 = 1000
𝑊

𝑚2
∗ 1103,9 𝑚2

= 1103,9 𝑘𝑊 

 

Efficiency of solar collector has been supposed 50 % and thermal heat delivered from solar collectors 

is calculated as: 

𝑄𝑠𝑓,𝑜𝑢𝑡 = 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∗ 𝜂𝑠𝑓 = 1103,9 𝑘𝑊 ∗ 0,5 = 551,95 𝑘𝑊 

 

Solar fluid flow, which is circulated through solar collectors and solar field loop, corresponds to: 

 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤 ∗ 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 

ṁ𝑠𝑜𝑙 = 20
𝑘𝑔

ℎ ∙ 𝑚2
∗ 1103,9 𝑚2 = 22078

𝑘𝑔

ℎ
 

The solar collector chosen is ARCON-HT/SA 28/8 and its characteristics are shown in the following 

figure. 
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Figure A6. Main parameters of solar collector [A11]. 

 

2.5 Seasonal storage 

Seasonal storage volume is calculated through V/A ratio and solar field area. 

𝑉 = 𝐴 ∗
𝑉

𝐴
= 1103,9 𝑚2 ∗ 5,5

𝑚3

𝑚2
= 6071,45 𝑚3 

H/D ratio is the factor between height and diameter of the storage. The optimum value is around 1, 

but, in this project, it has been considered 0,6 to reduce the excavation costs. According to insulation, 

its thermal conductivity is 0,04 W/m∙K with a thickness of 320 mm and its heat transfer coefficient 

corresponds to 0,125 W/m2K. 

2.6 DHW tank 

DHW tank volume is obtained with VDHW_DDDHW ratio and daily DHW demand (DD). 

𝑉𝐷𝐻𝑊 = 𝐷𝐷 ∗ 𝑟𝑎𝑡𝑖𝑜 𝑉𝐷𝐻𝑊_𝐷𝐷𝐷𝐻𝑊
 =  203 

𝑀𝑊ℎ

𝑦𝑒𝑎𝑟
∗  34

𝑚3

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟

 = 18,91𝑚3 
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Characteristics of the tank insulation have been defined according to the Spanish regulation 

“Reglamento de Instalaciones Térmicas en los Edificios” (RITE) 1 [A12], which proposes a thermal 

conductivity value of 0,04 W/m∙K with a thickness of 90 mm, so its heat transfer coefficient 

corresponds to 0,44 W/m2K. 

H/D ratio is a factor between height and diameter of the tank. For this project, its value is 1,5. 

2.7 Heat exchanger 

There are three heat exchangers installed in the system: 

- ex1: transfers heat from solar field loop to seasonal storage. 

- ex2: transfers heat from solar field loop to DHW tank. 

- ex3: transfers heat from seasonal storage to Space Heating distribution network. 

 

The heat exchangers have been calculated with the design software “Programa técnico Sedical”[A13], 

for the case of 500 housings, in the most unfavourable situation and they should guarantee an 

efficiency of 95%. To obtain parameters of heat exchanger for 200 housings, it is necessary to know 

that all heat exchangers are countercurrent. Thus, The U_value and the temperature difference have 

the same value than the case of 500 housings. Moreover, only one parameter changed, which is area of 

heat exchangers and it is calculated through efficiency and NTU value. 

2.7.1 Heat exchanger ex1 and ex2 

According to the chapter 5, Description of the analysed system, the system can operate in three 

different modes: only Space Heating, only DHW and combined Space Heating and DHW. In only 

Space Heating and only DHW operation mode, the total heat from solar collectors is transferred to 

seasonal storage or DHW tank, respectively. Hence, the most unfavourable situation is the same for 

both heat exchangers, so parameters for each heat exchanger are also the same. In addition, the design 

is based on the following characteristics: 

- Heat exchangers are adiabatic; 

- Heat exchanger efficiency (ɛ) is constant and has a value of 0,95; 

- Heat capacity in hot and cold sides are the same; 

- Maximum temperature in hot side is 120 ºC. 

 

 

                                                      
1 ”Reglamento de intalaciones térmicas en los edificios” (RITE) is a Spanish legislation of thermal energy installations in 

buildings.  
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In the following figure, it is shown the scheme of heat exchanger and the temperature/enthalpy 

diagram. Qhx is the heat transferred in heat exchanger, ∆T is the temperature difference between 

supply, and target temperature of cold side or hot side, and ∆t is the temperature difference between 

hot side supply and cold side target temperature. 

 

              

Figure A7. Scheme of heat exchanger (left) and the temperature/enthalpy diagram (right). 

 

Hot side temperature difference is calculated as: 

∆𝑇 =  
𝑄ℎ𝑥

ṁ𝑠𝑜𝑙 ∙ 𝑐𝑝𝑠𝑜𝑙𝑓𝑙𝑢𝑖𝑑
=  

1380 𝑘𝑊

15,3
𝑘𝑔
𝑠 ∗ 3,84 

𝑘𝐽
𝑘𝑔 ∙ 𝐾

 = 23,49 𝐾 

In addition, this has the same value as the cold side temperature difference. With the value of hot side 

temperature difference, it is possible to obtain target temperature in hot side: 

𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 =  𝑇ℎ𝑜𝑡,𝑖𝑛 −  ∆𝑇 = 96,56 ℃ 

For calculating the cold side, firstly, it is necessary to calculate ∆t through efficiency. 

𝜀 =  
𝑇ℎ𝑜𝑡,𝑖𝑛 −  𝑇ℎ𝑜𝑡,𝑜𝑢𝑡

𝑇ℎ𝑜𝑡,𝑖𝑛 −  𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡
=  

∆𝑇

∆𝑇 − ∆𝑡
 

The value of ∆t is 1,2 K, and with this, it is possible to calculate target temperature in the cold side. 

𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 = 𝑇ℎ𝑜𝑡,𝑖𝑛 −  ∆𝑡 = 118,77 ℃ 

Supply temperature in cold side is: 

𝑇𝑐𝑜𝑙𝑑,𝑖𝑛 =  𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 −  ∆𝑇 = 95,33 ℃ 

Mass flow in cold side is calculated through mass flow in hot side and ratio between specific heats in 

hot and cold side, due to different fluids between hot and cold side. 

ṁ𝑐𝑜𝑙𝑑 =  ṁℎ𝑜𝑡 ∗ 
𝑐𝑝ℎ𝑜𝑡

𝑐𝑝𝑐𝑜𝑙𝑑
= 14,02 

𝑘𝑔

𝑠
 

In table A3, it is shown the parameters of heat exchangers, ex1 and ex2, which are the input of the 

program “Sedical”. 
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Table A3. Parameters of heat exchangers, ex1 and ex2. 

parameters hot side cold side units 

supply temperature 120 95,33 ᵒC 

target temperature 96,56 118,77 ᵒC 

flow 15,3 14,023 kg/s 

heat transfer 1380 1380 kW 
 

The main characteristics of heat exchangers, ex1 and ex2, obtained with “Sedical” are shown in figure 

A8. 

 

 

Figure A8. Information of heat exchangers, ex1 and ex2, obtained with “Sedical”. 
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This information and the data, used for obtaining it, are for the case of 500 housings. With these, it has 

been possible to obtain the main characteristics of heat exchanger, ex1 and ex2, for 200 housings. As 

the heat exchangers are countercurrent, the U_value is the same as in the case of 500 housings and has 

a value of 3942 W/m2∙K. To calculate the area of heat exchangers, it is necessary to calculate the NTU 

value through efficiency: 

𝜀 =  
𝑁𝑇𝑈

𝑁𝑇𝑈 + 1
 

The value of NTU is 19 and it is also necessary to know the value of Cmin because of: 

𝑁𝑇𝑈 =
𝑈 ∗ 𝐴

𝐶𝑚𝑖𝑛
 

As the heat exchangers are countercurrent, Cr = 1, which means that: 

𝐶𝑟 =  
𝐶ℎ𝑜𝑡

𝐶𝑐𝑜𝑙𝑑
=  

ṁℎ𝑜𝑡 ∗ 𝑐𝑝ℎ𝑜𝑡

ṁ𝑐𝑜𝑙𝑑 ∗ 𝑐𝑝𝑐𝑜𝑙𝑑
= 1 

Thus, the value of Cmin is possible to calculate using the data from hot side or from cold side, and it is 

calculated as: 

𝐶𝑚𝑖𝑛 =  ṁℎ𝑜𝑡 ∗ 𝑐𝑝ℎ𝑜𝑡 = 6,134
𝑘𝑔

𝑠
∗ 3,84

𝑘𝐽

𝑘𝑔 ∗ 𝐾
= 23,54

𝑘𝑊

𝐾
 

ṁhot has been calculated with the value of 200 housings and it has been used the same procedure as the 

case of 500 housings. The value of heat exchanger area is 113,5 m2. 

2.7.2 Heat exchanger ex3 

This heat exchanger is calculated in a similar way as ex1 and ex2. However, some of design 

characteristics vary. Thus, design characteristics for ex3 are: 

- Heat exchanger is adiabatic; 

- Heat exchanger efficiency (ɛ) is 0,95; 

- Heat capacity in hot side is the same as in cold side; 

- Target temperature in cold side is 50 ºC, which is the temperature needed inside Space 

Heating distribution network; 

- Supply temperature in cold side is 35 ºC, which is the outlet temperature of Space Heating 

distribution network. 

Knowing the equation of efficiency is possible to calculate ∆t. 

∆𝑡 =  
∆𝑇

𝜀
−  ∆𝑇 =  

15 𝐾

0,95
− 15 𝐾 = 0,79 𝐾 

Target and supply temperatures in hot side are obtained in the following way: 

𝑇ℎ𝑜𝑡,𝑖𝑛 =  𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 + ∆𝑡 = 50,79 ℃ 

𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 =  𝑇ℎ𝑜𝑡,𝑖𝑛 −  ∆𝑇 = 35,78 ℃ 

Table A4 shows parameters of heat exchanger, ex3, which are the input in the program “Sedical”. 
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Table A4. Parameters of heat exchanger, ex3. 

parameters hot side cold side units 

supply temperature 50,79 35 ᵒC 

target temperature 35,78 50 ᵒC 

flow 28,63 28,63 kg/s 

heat transfer 1800 1800 kW 
 

Figure A9 shows main characteristics of heat exchanger, ex3, obtained with the program “Sedical”. 

 

 

Figure A9. Information of heat exchanger, ex3, obtained with the program “Sedical”. 
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To obtain the characteristics of this heat exchanger for the case of 200 housings, it is necessary to do 

the same assumptions and calculations as for heat exchangers, ex1 and ex2. Hence, the value of area is 

232 m2 and U_value is 3931 W/m2∙K. 

2.8 Pipes 

Pipes chosen for this system have a material with a thermal conductivity of 0,833 W/m∙K. The internal 

and external diameters have been calculated as: 

 

𝐷𝑖𝑛𝑡 =  0,037 ∗ (

ṁ𝑠𝑜𝑙
3600

𝜌𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑

1000

)

0,38

∗
ṁ𝑠𝑜𝑙

54 ∗ 𝜌𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑
= 29,24 𝑚𝑚 

 

𝐷𝑒𝑥𝑡 = 𝐷𝑖𝑛𝑡 + 2 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 29,24 + 2 ∗ 2 = 33,24 𝑚𝑚 

 

The pipes are insulated by coating jacket with a thickness of 60 mm and with a thermal conductivity of 

0,04 W/m∙K.  

2.9 Pumps 

In the CHSPSS plant, there are five different pumps: 

- Psol: is used for pumping solar fluid through solar field loop; 

- P1: is used for pumping water to seasonal storage; 

- P2: is used for pumping water to DHW tank; 

- P3 and Pheat: are used for pumping water between seasonal storage and Space Heating 

distribution network. 

These components have been designed with the design software “Sedical”, for the case of 500 

housing, and main characteristics of these are flow and power. To obtain power for 200 housings, it 

has been necessary to extrapolate it multiplying power of 500 housings by Lms, the ratio between 

numbers of housings. However, the flow has been calculated using the same equation as for 500 

housings. 

2.9.1 Pump Psol 

Flow, which is circulated by solar field loop and also circulated by Psol, corresponds to: 

 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 =
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤 ∗ 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠

𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
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ṁ𝑠𝑜𝑙 =
20

𝑘𝑔
ℎ ∙ 𝑚2 ∗ 2759,75 𝑚2

1021,99 
𝑘𝑔
𝑚3

= 53,9
𝑚3

ℎ
 

 

Pressure drops have been calculated in the most unfavourable situation, i.e. when the heat exchangers, 

ex1 and ex2, are working out at the same time. Thus, total pressure drops consist of pressure losses 

from heat exchangers, ex1 and ex2, solar collectors and pipes, and have a value of 300 kPa. All the 

characteristics of this pump are shown in the next figure, which have been obtained with program 

“Sedical”. 

 

 

Figure A10. Characteristics of Psol obtained from the program “Sedical”. 

 

To obtain  the characteristics for 200 housings, the flow has been calculated with the same equation as 

for 500 housings, but changing solar field area, and it has a value of 21,6 m3/h. Power is obtained 

multiplying power of 500 housings by Lms. 

𝑃𝑜𝑤𝑒𝑟200 =  𝑃𝑜𝑤𝑒𝑟500 ∗  
200

500
= 6 𝑘𝑊 
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2.9.2 Pumps P1 and P2 

The main source of pressure drops for pump P1 and P2 are the heat exchangers, ex1 and ex2, 

respectively. As characteristics of these heat exchangers are the same, then the characteristics of these 

pumps are also the same. 

Flow through pumps is calculated as: 

ṁ𝑃1 =  ṁ𝑃2 =  ṁ𝑠𝑜𝑙 ∗  
𝑐𝑝𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑 ∗ 𝜌𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑

𝑐𝑝𝑤𝑎𝑡𝑒𝑟 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟
= 50,5 

𝑚3

ℎ
 

Pressure drops obtained of technical manuals of heat exchangers have a value of 46,8 kPa. In the next 

figure, it is possible to observe all the main characteristics of these pumps. 

 

 

Figure A11. Characteristics of pumps P1 and P2 obtained for the program” Sedical”. 

 

To obtain characteristics for 200 housings, it has been done the same as for pump Psol. Hence, flow is 

20,4 m3/h and power 0,56 kW. 

2.9.3 Pumps P3 and Pheat 

Pumps P3 and Pheat have the same flow and very similar pressure drops, which are generated in the 

two pumps by heat exchanger, ex3. Flow of these pumps is the same as flow of heat exchanger, ex3, 

and is 105,2 m3/h, and pressure drops are provided by technical manuals of heat exchanger and have a 

value of 48,8 kPa. In the next figure, it is possible to observe all main characteristics of these pumps. 
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Figure A12. Characteristics of pumps P3 and Pheat obtained for the program “Sedical”. 

 

To obtain characteristics for 200 housings, it has been done the same as for pump Psol. Thus, flow is 

42,1 m3/h and power 1,48 kW. 

2.10 Auxiliary boilers 

In the system, there are two auxiliary boilers, one from DHW and other for Space Heating. The design 

criterion is that boilers should be able to provide 100% of demand. Thus, power of auxiliary boilers is 

maximum DHW power or maximum Space Heating power and its value is 720 kW for Space Heating 

boiler and 76 kW for DHW boiler. 



 

 

21 

 

3 Geographical analysis 

In previous projects [A6, A14], it has been chosen eleven cities from Spain, which have high 

possibilities of installing this type of plants, due to their environmental conditions and Space Heating 

demand. These are shown in the following table with their more important characteristics. 

 

Table A5. Solar radiation, and, Space Heating, DHW and total demand in each city chosen. 

city 
Space Heating 
demand [kWh/m2] 

DHW demand 
[kWh/m2] 

Total demand  
[kWh/m2] 

Solar radiation  
[kWh/m2] 

Ávila 69,5 13,7 83,2 1531 

Barcelona 28,3 12,8 41,1 1368,8 

Burgos 77,1 13,8 90,9 1378,9 

Jaén  26,2 12,3 38,5 1612,1 

Granada 37,4 12,9 50,3 1672,9 

La Coruña 30 13 43 1166 

Oviedo 48,3 13,3 61,6 1105,1 

Soria 72,1 13,7 85,8 1470,1 

Salamanca 62,3 13,5 75,8 1500,6 

Vitoria 65,4 13,5 78,9 1145,7 

Zaragoza 40,6 12,9 53,5 1581,7 
 

With these data, it has been changed the demand for each city using these ratios: 

 

𝑆𝑝𝑎𝑐𝑒 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑 𝑟𝑎𝑡𝑖𝑜 =  
ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑 𝑐𝑖𝑡𝑦 𝑐ℎ𝑜𝑠𝑒𝑛

ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑 𝑍𝑎𝑟𝑎𝑔𝑜𝑧𝑎
 

 

𝐷𝐻𝑊 𝑑𝑒𝑚𝑎𝑛𝑑 𝑟𝑎𝑡𝑖𝑜 =  
𝐷𝐻𝑊 𝑑𝑒𝑚𝑎𝑛𝑑 𝑐𝑖𝑡𝑦 𝑐ℎ𝑜𝑠𝑒𝑛

𝐷𝐻𝑊 𝑑𝑒𝑚𝑎𝑛𝑑 𝑍𝑎𝑟𝑎𝑔𝑜𝑧𝑎
 

 

With these ratios, and the Space Heating and DHW demands of Zaragoza, it is obtained the demand of 

the localization chosen. As the demand varies, all the main parameters of elements are going to 

change, such as power of boilers, solar field area, number of solar collector, volume of storages, heat 

transfer coefficient of heat exchangers, V/A ratio etc. These values have been calculated in the same 

way as Zaragoza, which has been explained before. 

 

Due to the limitations of POLYSUN, which are the maximum volume of storages is ten millions of 

litres and the maximum heat transfer coefficient of heat exchangers is one million W/K, it has been 

necessary to reduce the number of cities chosen until five, which are Barcelona, Jaén, La Coruña, 

Granada and Zaragoza. The next figure is a map of Spain where each city is located. 
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Figure A13. Cities chosen in Spain. 
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1 Introduction 

In this appendix, the analysed system with TRNSYS simulation program is explained. TRNSYS [B1] 

is an acronym for transient simulation software. In addition, it was the first popular computer-based 

simulation tool allowing the performance of detailed hourly simulations of solar thermal systems [B2]. 

The TRNSYS system is shown in the figure B1. 

 

 

Figure B1. TRNSYS system. 

 

As it is observed in figure B1, in this system, it is not introduced the radiant floor, it is only introduced 

the inside and outside temperature of Space Heating distribution network and Space Heating demand. 
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2 Characteristics 

2.1 Environmental conditions 

Main parameters introduced for environmental conditions are: 

- Model, for the calculation of the solar radiation absorbed by solar field; 

- The ground reflectance for the periods of the year, considering snow cover and no snow cover; 

- Solar collector tilt. 

In figure B2, are shown all parameters introduced for environmental conditions, with the exception of 

climatic information and cold water temperature profile, which are introduced through txt files. 

 

 

Figure B2. Parameters of environmental conditions. 

 

There are available four different models to calculate the solar radiation absorbed from the solar field, 

which are isotropic sky model, Hay and Davies model, Reindl model and Perez model. 

Isotropic sky model is the simplest model, which assumes that the diffuse radiation from the sky dome 

is uniform across the sky [B3], Hay and Davies model (1980) estimates the fraction of the diffuse that 

is circumsolar and considerers it to be all from the same direction as the beam radiation. In addition, it 

does not treat horizon brightening. Reindl model (1990) adds a horizon-brightening term to the Hay 

and Davies model. Finally, Perez model (1987, 1988, 1990) treat both circumsolar diffuse and horizon 

brightening in some detail in a series of model. Besides, the Perez model is based on more detailed 

analysis of the three diffuse components on the tilted surface, which are the isotropic diffuse, the 

circumsolar diffuse and the diffuse from the horizon [B4]. 
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Climatic information has been included into the program through txt file. It is obtained from the 

program Energy Plus [B5], because it provides the data from 52 provincial capitals of Spain [B6]. The 

information of cold water is also introduced in txt file. As in POLYSUN, it is not possible to change 

the cold water values, it has been introduced in this txt file the cold water’s values of POLYSUN. 

2.2 Pipes 

In this system, it has been included only two pipes, inlet pipe to the solar collectors, and outlet pipe 

from the solar collectors. Parameters introduced for these pipes are inside and outside diameter, 

length, thermal conductivity, properties of solar fluid, such as density, specific heat, thermal 

conductivity and viscosity, and, thickness and thermal conductivity of insulation.  

Moreover, the length of each pipe is 500 m, because it has been assumed a total length of pipes has 

1000 m and it has been divided into two pipes, cold and hot pipe.  

2.3 Solar collectors 

The main parameters introduced in the program for solar collectors are solar field area, solar fluid 

specific heat, and the parameters of the collector efficiency curve (ηo, a1, and a2), as illustrated in 

figure B3. 

 

 

Figure B3. Parameters of solar collectors. 
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2.4 Pumps 

For the five different pumps, it has been introduced the same parameters, which are maximum flow, 

specific heat of fluid flowed by the pump, for Psol is solar fluid and for the rest is water, maximum 

power, conversion coefficient and power coefficient. Besides, in the next figure, it is possible to 

observe these parameters. 

 

 

Figure B4. Parameters of pumps. 

 

Conversion coefficient is the fraction of pump power that is converted to fluid thermal energy and 

power coefficient specifies a non-linear relationship between pump power and fluid flow rate.  

2.5 Heat exchangers 

There are three main parameters introduced in all heat exchangers, which are specific heat of hot side 

fluid, specific heat of cold side fluid and heat transfer coefficient of heat exchangers (UA).  

2.6 Storages 

In DHW tank and seasonal storage, parameters introduced have been volume, tank loss coefficient, 

number of nodes (stratification), and, specific heat and density of fluid. The number of nodes of each 

storage is 6 for DHW tank and 20 for seasonal storage. 

2.7 Auxiliary boilers 

Parameters introduced are maximum power, specific heat of fluid, and efficiency. Moreover, it is 

introduced the set point temperature, which regulates the operation of the boilers, without considering 

hysteresis. In the figure B5, these parameters are shown. 
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Figure B5. Parameters of boilers. 

 

2.8 Heat demand 

In this system, the parameters of annual Space Heating demand are introduced in txt files, which are 

shown in figure B6. The first column indicates hours of the year and the second DHW or Space 

Heating demand. 

 

 

Figure B6.  DHW demand file (left) and Space Heating demand file (right). 
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3 Calculators 

The TRNSYS system has been designed to have the possibility of changing parameters, such as the 

number of housings and localization, only modifying a few values, not all the characteristics of the 

elements. It has been possible to use the different calculators, where are programmed the equations 

explained in appendix A, Calculations, to obtain the characteristics of the different elements. These 

calculators correspond to the TRNSYS type “Equa” and they are shown in the figure B7. 

 

 

Figure B7. Different calculators in TRNSYS system. 
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1 Introduction 

The POLYSUN system has been developed during this project, and in this appendix, it is explained 

the different characteristics of this system and how it has been designed. 

POLYSUN software [C1] was developed by the Institute for the Solartechnik Prufung Forschung 

(SPF), which is part of the Technical University of HSR Rapperswil (Switzerland). The software runs 

a dynamic simulation to design solar systems by calculating energy performance and providing a 

detailed representation of the plants during simulation; it has a components library and pursues a 

dynamic simulation of the building with a SDHW system by considering envelope geometry and 

thermal features [C2]. 

The main elements considered in the analysed POLYSUN system as well as the solar field and 

storages characteristics are shown in figure C1. 

 

 

Figure C1. POLYSUN system. 
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2 Characteristics 

2.1 Environmental conditions 

Environmental conditions introduced in POLYSUN program are shown in figure C2, and they are 

localization of the system, climatic conditions, cold water, storage conditions, and horizon. 

This program has data of all cities, so it is only necessary to choose the city to obtain localization 

characteristics, such as latitude, longitude, etc., and climatic information, which is obtained from 

Meteonorm software [C3]. In storage conditions, it is chosen the average outside temperature storage 

and the warmest month. Moreover, POLYSUN uses Perez model for calculating solar radiation, which 

is absorbed by solar collector. 

 

 

Figure C2. Parameters of Environmental conditions. 

 



 

 

6 

 

According to cold water, Spain is divided into three zones, central, northern, and southern. It has been 

chosen central Spain for this case. Besides, it is possible to draw the horizon and the obstacles, which 

can find the sun to arrive to the solar collectors. 

2.2 Solar collectors 

In POLYSUN, there are two different sheets, where all parameters are introduced. In one of these, are 

introduced the parameters of the solar collector and in the second, are introduced the parameters of the 

solar field. 

Parameters of solar collector required are many, such as gross area, parameters of the efficiency curve 

(ηo, a1, a2), diameter of pipes inside solar collector, volume, etc. Hence, solar collector chosen in this 

project belongs to the catalogue of solar collector in POLYSUN. However, to obtain the same 

characteristics than TRNSYS, it has been decided that thermal capacity is cero. Moreover, the 

program has values of solar collector efficiency when the temperature is constant, which are shown in 

figure C3. 

 

 

Figure C3. Thermal efficiency of solar collector when the temperature is constant. 

 

According to parameters of solar field, it is introduced the total area, number of solar collector, the 

number of solar collector that are in parallel, the percentage of wind force that affects to solar field and 

tilt. All of these parameters are shown in the next figure. 
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Figure C4. Parameters of solar field. 

 

In addition, characteristics of solar fluid are also introduced in parameters of solar collector. 

POLYSUN needs more parameters than TRNSYS for solar fluid; for example, it needs the 

evaporation temperature, solidification temperature, kinetic viscosity, etc. 

2.3 Pipes 

Main parameters introduced are external and internal diameter, length, material of pipes with its 

properties, such as, density, thermal conductivity, etc. In addition, it is introduced the material of 

insulation with its properties and its thickness. Some of these parameters are shown in figure C5. 

 

 

Figure C5. Main parameters of pipes. 

 

 

As opposed to TRNSYS program, where there are only two pipes with a length of 500 m each. In 

POLYSUN, it is necessary to draw all pipes, so all pipes have a length of 10 meters, with the 

exception of five in the solar field loop: two of 115 meters, other two of 240 meters and one of 230 
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meters. It has been chosen the main pipes of solar field loop and it has been divided 500 meters into 3, 

for hot pipe, and into 2, for cold pipe and it is subtracted the hot/cold pipes in solar field loop, which 

have 10 meters. 

2.4 Pumps 

There are three parameters introduced for each pump, which are flow, power, and pressure. In the next 

figure, are shown these parameters for each pump; first line is Psol, second P1 and P2, and third P3 

and Pheat. There are only three lines because P1 and P2 have the same characteristics, as it happens in 

P3 and Pheat. 

 

 

Figure C6. Parameters of pumps. 

 

2.5 Heat exchangers 

In all heat exchangers, the main parameters are heat transfer coefficient (U.A), length, height, width, 

and number of plates. For calculating these values, it has been assumed a value of number of plates 

and through the area, it has been calculated the values of height and width, which have the same value, 

and it has been optimized to obtain the maximum solar fraction. In the next figure, are shown heat 

transfer coefficient and number of plate for heat exchanger, ex1. 

 

 

Figure C7. Main parameters of heat exchangers. 
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2.6 Storages 

In DHW tank and seasonal storage, the parameters introduced are volume, height, convexity height, 

material with its properties and its thickness, material of insulation with its properties, and thickness of 

insulation in the bottom, in the top and in the walls. All the storages in POLYSUN have been divided 

into twelve layers. The parameters of seasonal storage are shown in the next figure. 

 

 

Figure C8. Main parameters of seasonal storage. 

 

It can be observed in figure C8 that in material is written the insulation and in insulation is written 

concrete. This is because in storage chosen in TRNSYS, it is only introduced the insulation material, 

due to way of construction, outside concrete and inside insulation. In DHW tank, it has not been 

changed because there are not differences in the obtained results between one form and the other. The 

parameters of DHW tank are shown in the next figure. 
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Figure C9. Main parameters of DHW tank. 

 

2.7 Auxiliary Boilers 

Main parameters introduced for boilers are power, minimum power, efficiency, type of fuel, flow, 

mass, and area. In this case, it has been chosen boilers of POLYSUN’s catalogue and it has been 

changed the efficiency. The main parameters of Space Heating boiler are shown in figure C10 and the 

main parameters of DHW boiler in figure C11. 

 

 

Figure C10. Main parameters of Space Heating boiler. 
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Figure C11. Main parameters of DHW boiler. 

 

2.8 Radiant floor 

In the radiant floor, it is introduced the inside and outside temperature, number of radiant floors, and, 

power, area, flow, and volume per each radiant floor, as illustrated in figure C12. 

 

 

Figure C12. Parameters of radiant floor. 
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2.9 Heat demand 

The Space Heating demand is introduced through the building, where it is necessary to introduce the 

thermal demand without DHW per month, energy losses (ventilation + transmission) per month, Space 

Heating area, and nominal temperature. These are shown in figure C13. 

 

 

Figure C13. Parameters introduced in building. 

 

On the other hand, DHW demand is introduced in litres per day each month. Besides, it is also 

introduced the temperature of Domestic Hot Water. In figure C14, these parameters are shown. 

 

 

Figure C14. Parameters of Domestic Hot Water. 
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2.10 Cold water 

In spite of the fact that the cold water is introduced in localization, in this system, this is also drawn. 

Thus, its main parameters are shown in the figure C15. 

 

 

Figure C15. Parameters of cold water. 

 

2.11 Controllers 

This system consists of eight different controllers, which are valve V1, valve V2, pump P3, Space 

Heating, Space Heating boiler, DHW boiler, valve V3, and valve V4. 

 

The controller of valve V1 regulates not only valve V1 but also pumps Psol, P1, and P2, due to 

characteristics of pumps regulation given by POLYSUN, which only has the possibility of including 

the maximum temperature of one storage and in this case, it is necessary to include the two storages at 

the same time. The way of working of this regulation is based on operation modes explained in chapter 

5, Description of the analysed system, and these are combined Space Heating and DHW, only Space 

Heating and only DHW. Moreover, it has been studied when these operation modes occur and when 

do not, because, in POLYSUN, it is necessary to introduce all possibilities for obtaining a correct 

regulation. In the next figure, it is observed this type of controller. 
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Figure C16. Controller of valve V1. 

 

The controller of valve V2 has the same way of working as valve V1, but it has been possible to 

reduce the input and output of this regulation, because this only regulates valve V2, and, it is only 

affected by combined Space Heating and DHW operation mode and only Space Heating operation 

mode. This controller is shown in figure C17. 
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Figure C17. Controller of valve V2. 

 

Unlike controller of valve V1 and controller of valve V2, the next controllers are given for the 

program, with the exception of controller of pump P3, which is a controller created because flow in 

heat exchanger ex3 was not the same in the cold and the hot sides. Thus, in controller of pump P3, it is 

only regulated the flow that has to circulate through this pump, as illustrated in the next figure. 
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Figure C18. Controller of pump P3. 

 

Auxiliary heating controllers are the same type of regulation for Space Heating boiler and DHW 

boiler, the difference is the reference temperature value. These types of controllers have hysteresis, 

which in this case, it has been chosen ±3 ºC of reference temperature, which is 60 ºC for DHW and 50 

ºC for Space Heating. Characteristics of these regulations are shown in the next figures, figure C19 for 

DHW boiler, and figure C20 for Space Heating boiler. Moreover, it can be observed that the Space 

Heating boiler operates only during Space Heating months, which are between October and April, and, 

this also happens in controller of pump P3, heating circuit controller, and controller of valve V3. 
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Figure C19. Controller of DHW boiler. 

 

 

Figure C20. Controller of Space Heating boiler. 

 

The heating circuit controller regulates the flow and working conditions of pump Pheat, the working 

conditions of pump P3, radiant floor and when it is necessary to use Space Heating. Thus, it is 

included the nominal temperature in housing, the outdoor temperature, reference flow in radiant floor 

etc., as illustrated in the next figure. 
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Figure C21. Heating circuit controller. 

 

The last two regulations are the same type: mixing valve controller. They are used for the valve V3, 

which is in Space Heating circuit and regulates the inside temperature of radiant floor, and for the 

valve V4, which is in DHW circuit and regulates the outside temperature of Domestic Hot Water. 

These controllers are shown in the next figures. 

 

 

Figure C22. Controller of valve V3. 
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Figure C23. Controller of valve V4. 
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3 Design 

The method of designing this system in POLYSUN has been the next. Firstly, the system has been 

divided into three circuits, solar field loop, Space Heating, and DHW circuits, because it is easier to 

observe using simple systems that all the things are correct as well as to design the controllers in a 

correct form. Besides, with the help of simulation analysis, which is a visual part of this program, 

where it can be observed the values of flow and temperatures in each element and in each step of 

simulation, and it can be known when and how regulations are working out and if they achieve the 

required conditions. 

 

The first circuit designed has been the solar field loop, where it has been drawn solar collector, two 

pumps, Psol and P1, a heat exchanger and seasonal storage. In this case, it has been chosen the number 

of solar collectors according to the number needed to supply the Space Heating demand. Moreover, 

this circuit has been done to observe if the controllers in pumps were correct and if the solar collector 

had the capacity to fill the storage. In figure C24, the diagram of this circuit is shown. 

 

 

Figure C24. Diagram of solar field loop. 

 

The two controllers shown in figure C24 are solar loop controller, a type of regulation that is given by 

POLYSUN. These controllers have the same characteristics with the exception of specific flow, in 

l/h∙m2, due to different fluid flowing by each pump. Besides, the way of calculating the specific flow 

of each pump is shown in the next equations. 
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𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑 [
𝑙

ℎ ∙ 𝑚2] = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤 [
𝑘𝑔

ℎ ∙ 𝑚2] ∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑  [
𝑚3

𝑘𝑔
] ∗ 1000 [

𝑙

𝑚3
 ]

= 20,44 [
𝑙

ℎ ∙ 𝑚2
] 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤𝑤𝑎𝑡𝑒𝑟 [
𝑙

ℎ ∙ 𝑚2]

= 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑙𝑜𝑤𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑  [
𝑙

ℎ ∙ 𝑚2] ∗
(𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)𝑠𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑖𝑑

(𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)𝑤𝑎𝑡𝑒𝑟
 

= 18 [
𝑙

ℎ ∙ 𝑚2
] 

 

These controllers work when the pump is turned on, when the temperature delivered from solar 

collector is higher than the maximum temperature of storage. Moreover, the temperature delivered 

from solar collector and the maximum temperature of storage have to be less than 120ºC or 99ºC, 

respectively. In figure C25, it is observed the controller of pump Psol. As explained before, the 

controller of pump P1 is the same as pump Psol with the exception of specific flow. 

 

 

Figure C25. Controller of pump Psol. 

 

The next step has been to design the DHW circuit, which consists of changing the storage properties 

and including the DHW boiler and DHW network. Before obtaining this circuit, it has been verified if 

the DHW boiler could supply all the DHW demand alone, designing the circuit of figure C26.  
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Figure C26. Circuit of DHW boiler with DHW network. 

 

With the circuit shown in figure C26, not only was observed if DHW boiler could supply all DHW 

demand alone, but also, the value of hysteresis needed to achieve it. In the next figure, it is shown the 

DHW circuit, where it has been applied the two solar loop controllers, control of valve V4 and 

controller of DHW boiler. 

 

 

Figure C27. Diagram of DHW circuit. 

 

The last circuit designed has been Space Heating circuit. As DHW circuit, first it has been done only 

Space Heating boiler with Space Heating distribution network and secondly the whole circuit. In the 

next figure, it is shown the Space Heating boiler with the Space Heating distribution network. 
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Figure C28. Space Heating boiler with Space Heating distribution network. 

 

The diagram of Space Heating circuit is shown in the following figure. In this diagram, it has been 

used heating circuit controller, controller of Space Heating boiler and controller of valve V3. Heating 

circuit controller has the possibility of regulating the valve V3, but it has been preferred to divide into 

two different controllers for being able to control the system in an easy way.  

 

 

Figure C29. Diagram of Space Heating circuit. 
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Finally, it has been joined all and designed the analysed system, with the three different circuits, solar 

field loop, Space Heating circuit and DHW circuit. When designing the whole system, it has been 

necessary to include two new controllers, controller of valve V1, and controller of valve V2. In 

addition, it has been eliminated the controller of pump Psol, P1 and P2, because the solar field loop 

controller given by POLYSUN can only be regulated with the temperature delivered from the solar 

collectors and the maximum temperature of one storage. As shown in chapter 5, Description of the 

analysed system, there are three different operations modes and their working conditions depend on 

the maximum temperature of the seasonal storage and the maximum temperature of the DHW tank. 

Hence, conditions used for designing the valve V1 and valve V2 correspond to working conditions of 

the different operation modes. In the next figure, it is depicted the analysed system from POLYSUN. 

 

 

Figure C30. Diagram of analysed system. 
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1 Introduction 

The results of each simulation program, TRNSYS [D1] and POLYSUN [D2] as well as similarities 

and differences between them are explained in detail in this appendix. Nevertheless, the analysis of the 

main features of the obtained results has been explained in the chapter 7, Results. In figure D1, the 

main elements of the analysed system are shown. 

 

 

Figure D1. Diagram of CSHPSS plant. 

 

The way of obtaining results in each program is different. TRNSYS program is more complex than 

POLYSUN and provides more flexibility when selecting the desired results. In this case, the results 

provided by the TRNSYS system were already selected in previous projects [D3, D4]. POLYSUN 

provides a more close set of results and depending on the information required some of them should 

be calculated. 

 

In TRNSYS program, the most important results, for example, heat outside of storages, solar radiation 

absorbed from solar field, etc., had been obtained in a monthly basis. However, a few of them, such as 

solar fraction, efficiency of storages, etc., have to be calculated. Besides, it has been necessary to 

change the units, because these results are given in GJ, and in POLYSUN, they are given in kWh. 

In the case of POLYSUN, a few results are obtained per month, such as solar radiation, heat from 

solar field, energy use of boilers, etc. There are other parameters, for example, heat from pumps to 

system, energy use of pumps, etc.,  which are obtained in hourly basis, and with a dynamic table, it has 

been obtained the kWh per month. The rest of parameters have been necessary to calculate through an 
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energy balance with the losses of pipes, heat transferred by heat exchanger, and heat to system from 

different elements, such as pumps, solar field, and boilers. 

In this appendix, when comparing the results obtained with both programmes, the differences between 

TRNSYS and POLYSUN are always evaluated with the reference of TRNSYS’ values. Thus, all 

negative values mean that POLYSUN values are higher than TRNSYS values and the positive values 

mean that TRNSYS values are higher than POLYSUN values. 
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2 Annual energy balance 

In figure D2, the annual energy balance provided by the TRNSYS system is presented.  

 

 

Figure D2. Annual energy balance in TRNSYS. 

 

The annual energy balance provided by POLYSUN is shown in figure D3. The values calculated 

through an energy balance are in red colour, and the values directly provided by the program are in 

black colour. 
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Figure D3. Annual energy balance in POLYSUN. 

 

The data, which are not directly provided by POLYSUN, have been calculated through an energy 

balance and it has been used the following procedure. Firstly, it has been calculated the energy inside 

of heat exchangers, ex1 and ex2, through adding heat delivered by solar collector and heat from pump 

Psol, and it has been subtracted the losses of pipes, which are between solar field and heat exchangers, 

ex1 and ex2. In table D1, are shown the values of heat calculated through this method, the adding of 

the two heats given by POLYSUN and the difference between them. 
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Table D1. Energy balance of solar field loop. 

 [kWh] 

 

heat 

delivered 

Losses 

of PIPES 

heat 

from 

Psol 

Qin 

ex1+ex2 

calculated 

Qxfr ex1 

given 

Qxfr ex2 

given 

Qxfr 

ex1+ex2 
Difference  

January 59085,4 1336,29 543,71 58292,82 39478,8 18646 58124,8 0,3% 

February 69165,4 1464,19 650,06 68351,27 48873,1 19324,8 68197,9 0,2% 

March 97435,4 1484,85 716,1 96666,66 75658,3 20854,8 96513,1 0,2% 

April 90297,8 1369,01 638,17 89566,95 71190 18236,6 89426,6 0,2% 

May 88697,4 1488,1 612,37 87821,67 71092,8 16545,8 87638,6 0,2% 

June 87005,8 1514,17 607,16 86098,79 72178,8 13773,8 85952,6 0,2% 

July 94386,5 1852,32 697,51 93231,69 84249,4 8804 93053,4 0,2% 

August 91835,6 2052,54 616,06 90399,12 84956,5 5242,2 90198,7 0,2% 

September 80966,8 2214,05 515,6 79268,34 67240,5 11812,6 79053,1 0,3% 

October 65412 2026,88 356,27 63741,39 46628,1 16910,3 63538,4 0,3% 

November 51548 1660,3 268,73 50156,43 29975,8 19976,2 49952 0,4% 

December 45294,5 1547,98 296,07 44042,59 22528,7 21352,7 43881,4 0,4% 

Annual 921130,6 20010,68 6517,81 907637,73 714050,8 191479,8 905530,6 0,2% 

 

According to table D1, it can be observed that it is a small difference between the heat calculated and 

the heat given. Thus, with this results, it has been assumed that the heat inside of heat exchanger, ex1, 

is the heat transferred given by POLYSUN, and the heat outside is heat inside minus thermal losses in 

heat exchanger. Moreover, it has been assumed the same in the heat exchanger, ex2, and heat 

exchanger, ex3. 

In the next table, it has been calculated the heat outside of seasonal storage with two different forms to 

verify if the calculations were correct. One of these is to calculate the heat inside of seasonal storage, 

through the heat outside of heat exchanger, ex1, heat from pump P1 and losses of pipes, between heat 

exchanger, ex1, and seasonal storage, and to subtract it the thermal losses of storage. The other form is 

to calculate it through the heat inside of heat exchanger, ex3, heat from pump P3, and losses of pipes, 

between seasonal storage and heat exchanger, ex3. 
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Table D2. Energy balance of seasonal storage. 

[kWh] 

  

Qxfr ex1 

given 

losses 

of ex1 
Qout ex1 

losses 

of 

pipes 

heat 

from P1 

Qin 

seasonal 

storage 

losses 

Qout 

seasonal 

storage 

difference 

Qout 

seasonal 

storage 

losses 

of 

pipes 

heat 

from P3 

Qxfr ex3 

given 

January 39478,8 146,9 39331,9 44,19 421,22 39708,94 4628,3 35080,64 24% 46453,05 119,04 2677,8 49011,8 

February 48873,1 134,6 48738,5 49,85 539,21 49227,86 4561,7 44666,16 6% 47575,95 103,74 2418,68 49890,9 

March 75658,3 133 75525,3 47,74 584,41 76061,97 2205,5 73856,47 7% 79511,74 88,59 2003,55 81426,7 

April 71190 115,6 71074,4 38,96 476,98 71512,41 4551,4 66961,01 3% 69133,21 69,99 1325,59 70388,8 

May 71092,8 116,9 70975,9 38,14 437,88 71375,63 -1096,1 72471,73   0 0 0 0 

June 72178,8 120,6 72058,2 40,94 461,1 72478,35 3032,5 69445,85   0 0 0 0 

July 84249,4 163,7 84085,7 58,88 602,66 84629,48 5823,7 78805,78   0 0 0 0 

August 84956,5 216,3 84740,2 78,33 565,68 85227,55 8295,7 76931,85   0 0 0 0 

September 67240,5 261,1 66979,4 85,93 431,89 67325,36 11890,9 55434,46   0 0 0 0 

October 46628,1 269,7 46358,4 68,66 247,42 46537,16 12175,1 34362,06 59% 83137,18 131,15 817,97 83824 

November 29975,8 237,5 29738,3 42,92 136,8 29832,18 12069,5 17762,68 86% 127518,76 161,41 1271,74 128629,1 

December 22528,7 192,3 22336,4 35,46 141,88 22442,82 7656,2 14786,62 92% 188172,68 154,83 2598,44 190616,3 

Annual 714050,8 2108,2 711942,6 630 5047,13 716359,73 75794,4 640565,33 0,15% 641502,94 829,1 13113,76 653787,6 

 

According to table D2, it can be remarked that the annual difference is only 0,15%, but there is big 

differences in monthly values. It happens because, when calculating with the first form, it has been 

assumed that the heat outside seasonal storage is during all the year, as heat inside, and this is not 

correct. However, this comparative is done to observe that annual values are similar in both cases. 

In table D3, are presented the values of Space Heating distribution network, which are the inside heat 

of radiant floor, which is calculated through the outside heat of heat exchanger, ex3, heat from pump 

Pheat, heat from Space Heating boiler (Qaux) and losses of pipes, between heat exchanger, ex3, and 

radiant floor, the inside heat of radiant floor transferred to the housing given by POLYSUN and the 

difference between them. 
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Table D3. Energy balance of Space Heating distribution network. 

[kWh] 

  

Qxfr ex3 

given 

losses 

of ex3 
Qout ex3 

losses 

of pipes 

heat 

from 

Pheat 

Qaux 

Qin 

radiant 

floor 

Q given 

radiant floor 
difference 

January 49011,8 312,5 48699,3 300,82 2677,8 151837,8 202914,08 203035,5 0,06% 

February 49890,9 273,4 49617,5 263,14 2418,69 115489,5 167262,55 167414,1 0,1% 

March 81426,7 254,8 81171,9 199,82 2003,58 29537,4 112513,05 112694 0,2% 

April 70388,8 201,7 70187,1 127,75 1325,61 4166,6 75551,56 75706,1 0,2% 

May 0 0 0 0 0 0 0 0   

June 0 0 0 0 0 0 0 0   

July 0 0 0 0 0 0 0 0   

August 0 0 0 0 0 0 0 0   

September 0 0 0 0 0 0 0 0   

October 83824 510,2 83313,8 206,62 818,26 0 83925,43 83055 -1% 

November 128629,1 508,7 128120,4 283,28 1272 0 129109,12 128444,3 -0,5% 

December 190616,3 431,6 190184,7 340,59 2598,5 0 192442,61 191654,7 -0,4% 

Annual 653787,6 2492,9 651294,7 1722,47 13114,42 301031,3 963655,74 962003,7 -0,2% 

 

According to this table, it has been observed the small difference between the inside heat of radiant 

floor calculated and provided by POLYSUN. In table D4, is shown the energy balance of DHW 

circuit, where it is compared the heat outside of DHW network. 

 

Table D4. Energy balance of DHW circuit. 

 [kWh] 

 

Qxfr ex2 

given 

losses 

of ex2 
Qout ex2 

losses 

of 

pipes 

heat 

from P2 

Qin DHW 

tank 
losses 

Qout 

DHW tank 

losses 

of pipes 
Qaux 

Qin DHW 

network 
Quse difference 

January 18646 170,8 18475,2 35,78 227,94 18667,36 299,1 18368,26 122,08 4854,3 23100,48 23118,6 0,08% 

February 19324,8 176,8 19148 38,59 214,94 19324,36 315,5 19008,86 116,52 2209,2 21101,54 21192,5 0,4% 

March 20854,8 181,6 20673,2 38,45 186,07 20820,81 352,8 20468,01 119,41 1388,8 21737,4 22061,1 1,5% 

April 18236,6 170 18066,6 39,82 191,01 18217,79 355,1 17862,69 112,49 928,9 18679,1 18347,5 -1,8% 

May 16545,8 182,1 16363,7 47,47 201,02 16517,25 394,3 16122,95 104,44 90,4 16108,91 16062,1 -0,29% 

June 13773,8 156,3 13617,5 46,03 168,23 13739,7 378,7 13361,00 86,60 -80,5 13193,9 13289,5 0,72% 

July 8804 169,6 8634,4 48,94 106,14 8691,6 401,2 8290,40 81,35 -91,6 8117,46 8119,6 0,03% 

August 5242,2 185,4 5056,8 44,67 55,59 5067,72 425,4 4642,32 80,5 -92,8 4469,03 4490,6 0,48% 

September 11812,6 182,8 11629,8 46,88 91,01 11673,93 402,4 11271,53 95,37 -100,3 11075,86 11292,6 1,92% 

October 16910,3 189,2 16721,1 48,95 116,37 16788,52 414,3 16374,22 110,77 31,2 16294,65 16458,6 1,00% 

November 19976,2 190,4 19785,8 46,66 135,81 19874,95 403,3 19471,65 128,27 868 20211,38 20326,4 0,57% 

December 21352,7 196,4 21156,3 46,77 171,15 21280,68 400,9 20879,78 136,85 1875,9 22618,83 23024,7 1,76% 

Annual 191479,8 2151,4 189328,4 529 1865,28 190664,68 4543 186121,68 1294,64 11881,5 196708,54 197783,8 0,54% 

 

As observed in table D4, the annual difference between the heat inside DHW network calculated and 

provided by POLYSUN is 0,54%, and its maximum value is 1,92%. 
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3 Solar radiation 

As it has been explained in appendix B, TRNSYS, this program has four different models for 

calculating solar radiation absorbed from solar field, which are isotropic sky model, Hay and Davies 

model, Reindl model and Perez model. The annual solar radiation obtained by each model is shown in 

figure D4 and the monthly solar radiation in figure D5. 

 

 

Figure D4. TRNSYS. Annual solar radiation calculated with four different models. 

 

 

Figure D5. TRNSYS. Monthly solar radiation per month calculated with four different models. 
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As observed in these figures, the highest solar radiation corresponds to Perez model. Moreover, the 

highest annual difference between this model and the isotropic sky model is 4,95%. 

As far as POLYSUN is concerned, there is only one model to calculate the solar radiation absorbed by 

the solar field, which is Perez model. Hence, the model chosen in TRNSYS for comparison purposes 

with POLYSUN has been Perez model. 

 

Not only, the model of calculating the solar radiation affects the value of the solar radiation absorbed 

by solar collector, but also, the environmental conditions, such as outdoor temperature and global 

radiation. Thus, the program providing the values of environmental conditions also influences the 

solar radiation, due to variations in the input data. As POLYSUN uses Meteonorm [D5] to obtain this 

value and TRNSYS uses Energy Plus [D6], the values of global radiation and outdoor temperature per 

month are shown in figure D6 and D7, respectively. Besides, differences in these parameters are 

presented in table D5. 

 

 

Figure D6. Global radiation per month with the different programmes. 
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Figure D7. Outdoor temperature with the different programmes. 

 

Table D5. Differences between TRNSYS and POLYSUN in global radiation and outdoor temperature. 

Difference  Global radiation Outdoor temperature 

January 2,19% -6,45% 

February 0,26% 3,27% 

March -6,83% -9,6% 

April -6,5% -5,55% 

May -3,4% -4,8% 

June -3,32% -8,73% 

July 0% 0,12% 

August 1,45% -2,01% 

September -1,24% 1,88% 

October 5,29% -3,72% 

November 34,49% 0,41% 

December 4,53% -2,45% 

 

According to table D5, negative values of these differences mean that values of POLYSUN program 

are higher than TRNSYS values. In addition, it is important to observe the highest variation of global 

radiation is in November. 

In figure D8, is shown the solar radiation observed from solar collector. The difference between global 

radiation and solar radiation is the inclination of solar collector, which is 50ºC. 

 

 

 

 

0

5

10

15

20

25

ᵒC Outdoor temperature

TRNSYS data POLYSUN data



 

 

15 

 

0

25000

50000

75000

100000

125000

150000

175000

200000

225000

kWh Solar radiation

TRNSYS data POLYSUN data

 

 

 

 

 

 

 

 

 

 

 

 

Figure D8. Solar radiation obtained from TRNSYS and POLYSUN (left) and difference between them 

(right). 

 

According to solar radiation, the annual difference between data from TRNSYS and data from 

POLYSUN is 6,12%, and the maximum difference occurs in October with a value of 10,73%. 

 

In observing the differences between the values of solar radiation and the values of global radiation, it 

is important to remark that the highest difference for global radiation corresponds to November, and 

for solar radiation, with the same inclination of solar collector in both programmes, corresponds to 

October. Besides, the difference in solar radiation in November is low. 

 

  Difference 

January 3,99% 

February 5,83% 

March 1,12% 

April 2,64% 

May 6,09% 

June 5,98% 

July 8,48% 

August 9,23% 

September 3,53% 

October 10,73% 

November 5,7% 

December 9,77% 

Annual 6,12% 



 

 

16 

 

0

20000

40000

60000

80000

100000

120000

kWh Heat delivered from solar field to system

TRNSYS data POLYSUN data

4 Solar collector 

In spite of the same solar collector chosen in both systems, it has been necessary to introduce more 

information about the solar collector in POLYSUN than in TRNSYS, and this fact affects to the 

obtained results. In the next figure, is shown the heat delivered from the solar field to the system 

calculated with each program and the differences between them. 

 

   

  

 

 

  

 

 

 

  

 

 

 

Figure D9. Heat delivered from solar field to system in each simulation (left) and difference between 

these heats (right). 

 

According to figure D9, the annual difference between the data from TRNSYS and data from 

POLYSUN is 9,04%. The negative values of September and October mean that heat from POLYSUN 

is higher than TRNSYS.  In observing figures D8 and D9, it can be remarked that the highest 

difference in heat delivered from solar field is in September and in solar radiation corresponds to 

October. Besides, this value is higher in heat delivered than solar radiation. In order to observe these 

differences in more detail, the efficiency of solar collector in each simulation program and the 

difference between them (see figure D10) have been calculated.  

 

  Difference 

January 7,89% 

February 12,45% 

March 8,8% 

April 12,95% 

May 20,01% 
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July 16,9% 

August 5,46% 

September -65,22% 

October -7,53% 

November 18,62% 

December 22,78% 

Annual 9,04% 
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Figure D10. Efficiency of solar collector in each program and difference between them. 

 

As it is observed in figure D10, the annual difference between TRNSYS and POLYSUN is 3,11%, but 

the maximum difference corresponds to September with a value of -71,27%, which means that the 

efficiency calculated with POLYSUN is higher than TRNSYS. 
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5 Heat exchangers 

There are three heat exchangers installed in the system: 

- ex1: transfers heat from solar field loop to seasonal storage. 

- ex2: transfers heat from solar field loop to DHW tank. 

- ex3: transfers heat from seasonal storage to Space Heating distribution network. 

 

In POLYSUN program, the heat transferred and thermal losses in each heat exchanger are obtained. 

Thus, with this information, it is possible to calculate the inlet and outlet heat of heat exchangers. On 

the other hand, in TRNSYS program, it is only obtained the outlet heat of each heat exchanger. In 

table D6, are presented the monthly data of each heat exchanger and the annual value in TRNSYS and 

in POLYSUN. 

 

Table D6. Data from each program of heat exchangers. 

  TRNSYS POLYSUN 

 [kWh] Qout ex1  Qout ex2  Qout ex3  Qin ex1 L ex1 Qout ex1 Qin ex2 L ex2 Qout ex2  Qin ex3  L ex3 Qout ex3  

January 44724,22 18613,14 131305,25 39.478,8 146,9 39.331,9 18.646 170,8 18.475,2 49.011,8 312,5 48.699,3 

February 59725,93 18463,25 57775,04 48.873,1 134,6 48.738,5 19.324,8 176,8 19.148 49.890,9 273,4 49.617,5 

March 87145,51 18987,34 80354,39 75.658 133 75.525,3 20.854,8 181,6 20.673,2 81.426,7 254,8 81.171,9 

April 85286,23 17819,3 36579,69 71.190 115,6 71.074,4 18.236,6 170 18.066,6 70.389 201,7 70.187,1 

May 94530,79 15654,18 0 71.092,8 116,9 70.975,9 16.545,8 182,1 16.363,7 0 0 0 

June 91943,01 12599,84 0 72.178,8 120,6 72.058,2 13.774 156,3 13.617,5 0 0 0 

July 103593,69 8281,49 0 84.249,4 163,7 84.085,7 8.804 169,6 8.634,4 0 0 0 

August 89856,43 4699,76 0 84.956,5 216,3 84.740,2 5.242,2 185,4 5.056,8 0 0 0 

September 35669,9 10719,73 0 67.240,5 261,1 66.979,4 11.813 182,8 11.629,8 0 0 0 

October 41962,25 16026,27 20829,46 46.628,1 269,7 46.358,4 16.910,3 189,2 16.721,1 83.824 510,2 83.313,8 

November 46842,11 15147,05 133374,23 29.976 237,5 29.738,3 19.976,2 190,4 19.785,8 128.629,1 508,7 128.120,4 

December 41038,42 16710,16 264449,09 22.528,7 192,3 22.336,4 21.352,7 196,4 21.156,3 190.616,3 431,6 190.184,7 

Annual 822318,47 173721,52 724667,15 714051 2108,2 711.942,6 191.479,8 2.151,4 189.328,4 653.787,6 2492,9 651.294,7 

Qin =heat inside of heat exchanger [kWh] Qout = heat outside of heat exchanger [kWh] L = thermal losses [kWh] 

  

In the next table, is shown the difference of heat outside in each heat exchanger between TRNSYS and 

POLYSUN. Besides, are also shown the difference in the addition of heat outside of heat exchangers, 

ex1 and ex2. 
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Table D7. Differences in heat outside of each heat exchanger, and in the addition of heat outside of 

heat exchangers, ex1 and ex2. 

Difference  ex1 ex2 ex1+ex2 ex3 

January 12,06% 0,74% 8,73% 62,91% 

February 18,4% -3,71% 13,18% 14,12% 

March 13,33% -8,88% 9,36% -1,02% 

April 16,66% -1,39% 13,54% -91,87% 

May 24,92% -4,53% 20,73%   

June 21,63% -8,08% 18,05%   

July 18,83% -4,26% 17,12%   

August 5,69% -7,6% 5,03%   

September -87,78% -8,49% -69,45%   

October -10,48% -4,34% -8,78% -299,98% 

November 36,51% -30,62% 20,11% 3,94% 

December 45,57% -26,61% 24,69% 28,08% 

Annual 13,42% -8,98% 9,51% 10,12% 

 

In table D7, it can be remarked that there are two months, September and October, where there is a 

negative value in the difference in the addition of heat outside of heat exchangers, ex1 and ex2. This 

means that the heat from POLYSUN is higher than heat from TRNSYS. Moreover, it can be observed 

that there is a high difference in the heat exchanger ex3 in October and April months, where the data 

from POLYSUN is higher than TRNSYS. 

 

In order to verify the data obtained from POLYSUN, it has been calculated the temperature variation 

between supply and target temperatures in each side multiplying by the flow and it has been confirmed 

if the two variations are similar. Moreover, it has been necessary to multiply by the flow for obtaining 

the variation when the heat exchanger is in operation. 

Regarding to the heat exchanger, ex1, the annual variation corresponds to 1,718% and the highest 

variation is 3,17%. In the heat exchanger, ex2, the annual value is 6,47% and the highest value is 

8,78%. Finally, in the heat exchanger ex3, the annual variation is 0,932% and the maximum variation 

is 1,14%. Although the heat exchangers, ex2 and ex1, have the same characteristics, it can be observed 

that they present different behaviours. 
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6 Pumps 

In the CHSPSS plant, there are five different pumps: 

- Psol: is used for pumping solar fluid through solar field loop; 

- P1: is used for pumping water to seasonal storage; 

- P2: is used for pumping water to DHW tank; 

- P3 and Pheat: are used for pumping water between the seasonal storage and Space Heating 

distribution network. 

 

In TRNSYS, are obtained the energy use of pumps Psol, P1, and P2, and for pump P3, are obtained the 

thermal losses, energy use, and heat from pump to the system. Moreover, there is not any data from 

pump Pheat. As far as POLYSUN is concerned, the data chosen to give an analysis has been thermal 

losses, energy use, and heat from pumps to system. In the following tables, the data of pumps provided 

by each program are shown. 

 

Table D8. Data of pumps from TRNSYS. 

TRNSYS 

 [kWh] Psol: Energy use P1: Energy use  P3: Energy use  P3: heat to system  P3: Losses  P2: Energy use  

January 1234,57 82,17 568,49 170,55 397,94 83,62 

February 1372,19 93,66 472,27 141,68 330,59 72,22 

March 1711,63 129,18 420,39 126,12 294,27 79,23 

April 1808,75 131,76 290,24 87,07 203,17 52,12 

May 1976,27 154,99 0 0 0 48,35 

June 1920,36 162,14 0 0 0 57,2 

July 1976,87 171,07 0 0 0 24,94 

August 1758,94 152,9 0 0 0 13,28 

September 1204,46 84,11 0 0 0 29,68 

October 1258,47 95,31 260,89 78,27 182,62 23,73 

November 1272,97 83,24 304,15 91,25 212,91 102,67 

December 1177,66 76,34 393,28 117,98 275,29 83,5 

Annual 18673,15 1416,87 2709,71 812,91 1896,8 670,54 
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Table D9. Data of pumps from POLYSUN. 

 [kWh] Psol: L Psol: H Psol: E P1: L P1: H P1: E P2: L P2: H P2: E P3: L P3: H P3: E 

January 362,92 543,71 906,63 281,26 421,22 702,48 152,34 227,94 380,28 1786,2 2677,8 4464 

February 433,84 650,06 1083,91 359,94 539,21 899,15 143,7 214,94 358,64 1613,32 2418,68 4032 

March 477,82 716,1 1193,92 390 584,41 974,41 124,43 186,07 310,5 1336,33 2003,55 3339,87 

April 425,78 638,17 1063,95 318,26 476,98 795,24 127,73 191,01 318,75 884,15 1325,59 2209,73 

May 408,56 612,37 1020,93 292,16 437,88 730,04 134,48 201,02 335,49 0 0 0 

June 405,11 607,16 1012,27 307,67 461,1 768,77 112,57 168,23 280,8 0 0 0 

July 465,54 697,51 1163,06 402,24 602,66 1004,9 71,21 106,14 177,35 0 0 0 

August 411,38 616,06 1027,44 377,78 565,68 943,47 37,47 55,59 93,07 0 0 0 

September 344,43 515,6 860,03 288,72 431,89 720,6 61,01 91,01 152,02 0 0 0 

October 238,14 356,27 594,41 165,61 247,42 413,03 77,96 116,37 194,33 546,18 817,97 1364,14 

November 179,68 268,73 448,41 91,62 136,8 228,42 90,96 135,81 226,77 848,85 1271,74 2120,59 

December 197,86 296,07 493,93 94,93 141,88 236,8 114,56 171,15 285,71 1733,35 2598,44 4331,8 

Annual 4351,06 6517,81 10868,88 3370,18 5047,13 8417,31 1248,42 1865,28 3113,71 8748,39 13113,76 21862,14 

 

L = thermal losses [kWh] H = Heat to system [kWh] 

 

E = Energy use [kWh] 

   

The differences in the energy use of all pumps, and thermal losses and heat to system of pump P3 are 

shown in table D10. 

 

Table D10. Differences in energy use of all pumps, and thermal losses and heat to system in P3. 

Difference Psol P1 P2 P3: Energy use P3: Heat to system P3: Losses 

January 27% -755% -355% -685% -1470% -349% 

February 21% -860% -397% -754% -1607% -388% 

March 30% -654% -292% -694% -1489% -354% 

April 41% -504% -512% -661% -1422% -335% 

May 48% -371% -594%       

June 47% -374% -391%       

July 41% -487% -611%       

August 42% -517% -601%       

September 29% -757% -412%       

October 53% -333% -719% -423% -945% -199% 

November 65% -174% -121% -597% -1294% -299% 

December 58% -210% -242% -1001% -2102% -530% 

Annual 42% -494% -364% -707% -1513% -361% 

 

As observed in the last tables, the values of POLYSUN are higher than in TRNSYS with the exception 

of energy use in pump Psol. 
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7 Seasonal storage 

The data from TRNSYS of seasonal storage are heat inside, heat outside and thermal losses. With this 

information, it has been calculated the efficiency of the seasonal storage. Regarding to POLYSUN, the 

same data were chosen, although more data are obtained, such as temperature in each node of seasonal 

storage. The obtained data corresponding to the seasonal storage from TRNSYS and POLYSUN are 

shown in table D11. 

 

Table D11. Data of seasonal storage from TRNSYS and POLYSUN. 

  TRNSYS POLYSUN 

 [kWh] Qin Qout Losses η Qin Qout Losses η 

January 44772,7 131134,71 4183,5 90,66% 39708,94 46453,05 4628,3 88,34% 

February 59781,2 57633,36 3214,01 94,62% 49227,86 47575,95 4561,7 90,73% 

March 87221,73 80228,3 3827,44 95,61% 76061,97 79511,74 2205,5 97,1% 

April 85363,96 36492,62 4293,62 94,97% 71512,41 69133,21 4551,4 93,64% 

May 94622,22 0 5822,21 93,85% 71375,63 0 -1096,1 101,54% 

June 92038,65 0 7840,09 91,48% 72478,35 0 3032,5 95,82% 

July 103694,62 0 10451,98 89,92% 84629,48 0 5823,7 93,12% 

August 89946,6 0 12615,11 85,97% 85227,55 0 8295,7 90,27% 

September 35719,48 0 13254,91 62,89% 67325,36 0 11890,9 82,34% 

October 42018,47 20751,25 13809,87 67,13% 46537,16 83137,18 12175,1 73,84% 

November 46891,19 133283,21 11435,07 75,61% 29832,18 127518,76 12069,5 59,54% 

December 41083,46 264331,38 8551,39 79,19% 22442,82 188172,68 7656,2 65,89% 

Annual 823154,28 723854,83 99299,19 87,94% 716359,73 641502,94 75794,4 89,42% 

 

In table D11, it can be remarked the negative value of thermal losses in May and, due to this, the 

efficiency of this month is higher than 100%. Differences in heat inside, heat outside, thermal losses 

and efficiency of seasonal storage between TRNSYS and POLYSUN are shown in table D12. 
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Table D12. Differences in heat inside, heat outside, thermal losses and efficiency of seasonal storage. 

Difference Qin Qout Losses η 

January 11,31% 64,58% -10,63% 2,55% 

February 17,65% 17,45% -41,93% 4,11% 

March 12,79% 0,89% 42,38% -1,56% 

April 16,23% -89,44% -6% 1,41% 

May 24,57%   118,83% -8,19% 

June 21,25%   61,32% -4,74% 

July 18,39%   44,28% -3,56% 

August 5,25%   34,24% -4,99% 

September -88,48%   10,29% -30,92% 

October -10,75% -300,64% 11,84% -9,99% 

November 36,38% 4,32% -5,55% 21,25% 

December 45,37% 28,81% 10,47% 16,8% 

Annual 12,97% 11,38% 23,67% -1,69% 

 

Negative values in table D12 mean that values of POLYSUN are higher than TRNSYS values. It is 

important to observe the high difference in heat outside of seasonal storage in April and October, the 

negative values of heat inside in September and October, and the negative value of efficiency in 

September. Moreover, there is a high difference of thermal losses in May and June. 

 

In the next figures, are presented the maximum, minimum temperature and temperature in medium 

high of seasonal storage for each simulation program. 

 

 

Figure D11. Maximum temperature (blue), temperature in medium high (yellow), and minimum 

temperature (pink) in seasonal storage with TRNSYS. 
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In figure D11, are shown the water temperatures in the seasonal storage. The simulation is during two 

years. Nevertheless, the values considered valid are those corresponding to the second year. 

 

 

Figure D12. Maximum temperature (red), temperature in medium high (purple), and minimum 

temperature (blue) in seasonal storage with POLYSUN. 

 

In this figures, it is observed that the processes of charging and discharging are slow, which is a 

characteristic of this type of seasonal storage. Besides, it can be remarked that the highest temperature 

corresponds to the same month in both programs, which is October. 
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8 DHW tank 

The selected values are the same as those of the seasonal storage, which are heat inside, outside, 

thermal losses and efficiency of DHW tank. In table D13, the monthly values are shown for each 

simulation program and table D14 shows the differences of these values between TRNSYS and 

POLYSUN. 

 

Table D13. Values of DHW tank. 

  TRNSYS POLYSUN 

[kWh]  Qin Qout Losses η Qin Qout Losses η 

January 18662,44 17939,38 368,34 96,13% 18667,36 18368,26 299,1 98,4% 

February 18505,81 18294,06 369,8 98,86% 19324,36 19008,86 315,5 98,37% 

March 19034,04 18687,7 378,78 98,18% 20820,81 20468,01 352,8 98,31% 

April 17849,98 17349,42 404,66 97,2% 18217,79 17862,69 355,1 98,05% 

May 15682,66 15278 380,37 97,42% 16517,25 16123 394,3 97,61% 

June 12633,56 12195 318,05 96,53% 13739,7 13361 378,7 97,24% 

July 8296,19 7841 312,83 94,52% 8691,6 8290 401,2 95,38% 

August 4707,58 4416 327,44 93,81% 5067,72 4642 425,4 91,61% 

September 10737,21 10497 310,87 97,76% 11673,93 11272 402,4 96,55% 

October 16040,22 15807,31 388,41 98,55% 16788,52 16374,22 414,3 97,53% 

November 15207,6 14967,31 368,58 98,42% 19874,95 19471,65 403,3 97,97% 

December 16759,41 16569,65 368,44 98,87% 21280,68 20879,78 400,9 98,12% 

Annual 174116,69 169842,22 4296,59 97,55% 190664,68 186121,68 4543 97,62% 

 

Table D14. Differences in heat inside, outside, thermal losses and efficiency of DHW tank. 

Difference Qin Qout Losses η 

January -0,03% -2,39% 18,8% -2,36% 

February -4,42% -3,91% 14,68% 0,49% 

March -9,39% -9,53% 6,86% -0,13% 

April -2,06% -2,96% 12,25% -0,88% 

May -5,32% -5,53% -3,66% -0,2% 

June -8,76% -9,56% -19,07% -0,74% 

July -4,77% -5,73% -28,25% -0,92% 

August -7,65% -5,12% -29,92% 2,35% 

September -8,72% -7,38% -29,44% 1,23% 

October -4,67% -3,59% -6,66% 1,03% 

November -30,69% -30,09% -9,42% 0,46% 

December -26,98% -26,01% -8,81% 0,76% 

Annual -9,5% -9,59% -5,73% -0,07% 
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From the values presented in table D14, the annual difference is higher in POLYSUN than TRNSYS 

in all cases. It is also important to remark the high differences in November and December of heat 

outside and inside in DHW tank. 
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9 Auxiliary boilers 

In the case of the auxiliary boilers, five values have been selected from POLYSUN for comparison 

purposes with TRNSYS, which are: thermal losses, heat transferred to system, energy use, fuel 

consumption and fuel consumption saved. On the other hand, the data obtained from TRNSYS are 

thermal losses, heat transferred to system and energy use for each boiler. Moreover, it has been 

calculated the efficiency of boilers, because in both programs, this is a data introduced in the program. 

In table D15, the values of these parameters are shown. 

 

Table D15. Data of boilers in TRNSYS. 

  DHW boiler Space Heating boiler 

  E [kWh] H [kWh] L [kWh] η E [kWh] H [kWh] L [kWh] η 

January 7609,36 7304,99 304,37 96% 107449,45 99927,98 7521,46 93% 

February 3858,87 3704,51 154,35 96% 111323,35 103530,72 7792,63 93% 

March 4005,32 3845,11 160,21 96% 32771,01 30477,04 2293,97 93% 

April 1307,36 1255,07 52,29 96% 459,4 427,24 32,16 93% 

May 925,27 888 37,01 96% 0 0 0   

June 1192,38 1145 47,7 96% 0 0 0   

July 305,84 294 12,23 96% 0 0 0   

August 97,97 94 3,92 96% 0 0 0   

September 859,32 825 34,37 96% 0 0 0   

October 794,01 762,25 31,76 96% 0 0 0   

November 6091,23 5847,58 243,65 96% 0 0 0   

December 7583,72 7280,37 303,35 96% 0 0 0   

Annual 34630,64 33245,41 1385,23 96% 252003,21 234362,98 17640,22 93% 

E = energy use [kWh] H = heat transferred to system [kWh] L = thermal losses [kWh] 
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Table D16. Data of boilers in POLYSUN. 

  DHW boiler Space Heating boiler 

  E [kWh] H [kWh] L [kWh] η F [m³(gas)] S [m³(gas)] E [kWh] H [kWh] L [kWh] η 

F 

[m³(gas)] 

S 

[m³(gas)] 

January 5137,2 4854,3 283 94% 489,3 179,9 169588,1 151837,8 17750,2 90% 16151,2 6058,7 

February 2395,3 2209,2 186,1 92% 228,1 127,6 129108,6 115489,5 13619,1 89% 12296,1 7181,7 

March 1554 1388,8 165,2 89% 148 430 33468,1 29537,4 3930,7 88% 3187,4 9847,6 

April 1070 928,9 141,1 87% 101,9 1617,8 5009,4 4166,6 842,8 83% 477,1 7813,5 

May 200,1 90 109,7 45% 19,1 13804 0 0 33,3   0 0 

June 13,2 0 93,7   1,3 13540 0 0 -5,7   0 0 

July 0 0 91,6   0 14689 0 0 0,4   0 0 

August 0 0 92,8   0 14292 0 0 1   0 0 

September 0 0 100,3   0 12600 0 0 8   0 0 

October 146,3 31,2 115,1 21% 13,9 10179,7 0 0 757,7   0 0 

November 1020,4 868 152,3 85% 97,2 8022,2 0 0 907   0 0 

December 2068,1 1875,9 192,2 91% 197 10531,3 0 0 1082,9   0 0 

Annual 13604,6 12246,7 1723,1 90% 1295,8 100013,5 337174,2 301031,3 38927,4 89% 32111,8 30901,5 

E = energy use [kWh] H = heat transferred to system [kWh] 

 

L = Thermal losses [kWh] 

  

 

F = fuel consumption [m³(gas)] 

  

S = saved fuel consumption [m³(gas)] 

  

From the results shown in table D16, it is important to remark the low value of efficiency. Although, 

this value is introduced in the program, POLYSUN calculates it. In table D17, are shown differences 

of results between TRNSYS and POLYSUN. 

 

Table D17. Differences in energy use, heat transferred to system, thermal losses, and efficiency for 

each boiler. 

  DHW boiler Space Heating boiler 

Difference Energy use Heat Losses η Energy use Heat Losses η 

January 32,49% 33,55% 7,02% 1,57% -57,83% -51,95% -5731,7% 3,73% 

February 37,93% 40,36% -20,57% 3,93% -15,98% -11,55% -8723,25% 3,82% 

March 61,2% 63,88% -3,11% 6,91% -2,13% 3,08% -2353,43% 5,1% 

April 18,16% 25,99% -169,82% 9,57% -990,42% -875,23% -1511,64% 10,56% 

May 78,37% 89,82% -196,4% 52,94%     10,03%   

June 98,89% 100% -96,46% 100%     111,95%   

July 100% 100% -648,76% 100%     96,73%   

August 100% 100% -2268,18% 100%     74,48%   

September 100% 100% -191,8% 100%     76,73%   

October 81,57% 95,91% -262,4% 77,79%     -2285,67%   

November 83,25% 85,16% 37,49% 11,39%     -272,26%   

December 72,73% 74,23% 36,64% 5,51%     -256,98%   

Annual 60,72% 63,16% -24,39% 6,23% -33,8% -28,45% -2710,18% 4% 
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In DHW boiler, the values of 100% in energy use and heat delivered to system mean that in these 

months the boiler calculated with POLYSUN does not work out. Moreover, there is a high difference 

in thermal losses of DHW boiler in August and of Space Heating boiler in February. 
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10 Demand 

In POLYSUN, the DHW and Space Heating demands are input data provided by the user. 

Nevertheless, the program calculates the heat use, which is the heat finally obtained in the system. In 

the case of DHW, the program tries to reach the input demand in all month. However, in the case of 

Space Heating demand, the heat use is obtained with the data introduced in radiant floor, as explained 

in the manual of POLYSUN:  “The modelling of the heating module may be inferred from its specific 

emission characteristics as well as its power and flow ratio and inlet and return temperature. The 

values provided here enable a simulation to be carried out without the building-specific data defined in 

the consumer dialogue box. As a consequence, however, seasonal dynamics from the consumer side 

are no longer recorded.” [D7] 

Space Heating demand and Space Heating use in POLYSUN, Space Heating demand in TRNSYS, and 

the difference between Space Heating demand and Space Heating use in POLYSUN are shown in 

figure D13. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure D13. Space Heating demand in TRNSYS and POLYSUN, and Space Heating use in POLYSUN 

(left) and difference between Space Heating demand and Space Heating use in POLYSUN (right). 

 

As observed in figure D13, there is not any difference in Space Heating demand between POLYSUN 

and TRNSYS, because these values are introduced in the program. However, there is a high difference 

in April, October, and December between Space Heating demand and Space Heating use in 

POLYSUN. DHW demand in TRNSYS and POLYSUN, and DHW heat use in POLYSUN are shown 

in figure D14. 

  Difference 

January 12,19% 

February -3,79% 

March -1,68% 

April -104,57% 

May   

June   

July   

August   

September   

October -298,74% 

November 3,69% 

December 27,53% 

Annual -0,31% 
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Figure D14. DHW demand in TRNSYS and POLYSUN, and DHW use in POLYSUN. 

 

In POLYSUN, there is not a high difference between the DHW demand and DHW use, the annual 

difference is 2,43% and the maximum difference corresponds to January with a value of 8,25%. In 

addition, in comparing with Space Heating demand of each simulation program, where the difference 

between TRNSYS and POLYSUN is zero, in DHW demand, there is a low difference between them, 

which has an annual value of 0,19% and the highest value corresponds to August with a value of 

0,25%. This is because, the data introduced in POLYSUN is the flow per month, and the program 

calculates the DHW demand. 

 

DHW demand and Space Heating demand are input data to the program, so, for verifying the data 

obtained with the programs, it has been adding the heat outside of heat exchanger, ex3, DHW tank, 

and auxiliary boilers. As POLYSUN has pipes, the correct way to calculate the demand is to subtract 

the losses of pipes and to add the heat from pump Pheat, to the calculation before. In figure D15, it is 

presented the comparison between the different forms to obtain the Space Heating demand. 
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Figure D15. Space Heating demand, Space Heating use, heat inside radiant floor and the addition of 

heat outside of heat exchanger,ex3, and Space Heating boiler in POLYSUN. 

 

The annual difference between Space Heating use, and heat inside radiant floor is 0,17% and the 

maximum difference corresponds to October with a value of 1,05%. Moreover, the annual difference 

between Space Heating use, and the addition of heat outside of heat exchanger, ex3, and Space 

Heating boiler is 1,3% and its highest value corresponds to April with a value of 1,8%.  According to 

TRNSYS, there is no difference between Space Heating demand, and the addition of heat outside of 

heat exchanger, ex3, and Space Heating boiler. The comparison for DHW is shown in figure D16. 

 

 

Figure D16. DHW demand, DHW use, DHW heat calculated through an energy balance and the 

addition of heat outside of DHW tank and DHW boiler in POLYSUN. 
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The annual difference between DHW use and DHW heat calculated by an energy balance is 0,54% 

and the highest difference corresponds to September with a value of 1,92%. Besides, the annual 

difference between DHW use, and the addition of heat outside of DHW tank and DHW boiler is 

0,11% and the maximum difference corresponds to August with a value of 3,27%.  According to 

TRNSYS, there is no difference between DHW demand, and the addition of heat outside of DHW tank 

and DHW boiler. 

 

As shown in figures D15 and D16, there is not a big difference between the heat demand calculated 

and heat demand obtained with the program. Moreover, it can be remarked that there is not a big 

difference between the two different forms of calculating the heat demand. For this reason, the solar 

fraction is calculated as adding heat outside of heat exchanger, ex3, DHW tank, and boilers. Other 

reason is this is the calculation method applied in TRNSYS. 
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11 Solar fractions 

Two different procedures could be applied for the calculation of the solar fraction. One consists in 

dividing the heat delivered from solar field into the total heat needed, heat from solar field plus heat 

from boilers. The other form is to divide the addition between heat outside of heat exchanger, ex3, and 

heat outside of DHW tank into the total heat needed, which corresponds to the addition of heat outside 

of heat exchanger, ex3, DHW tank, and boilers. With the latter procedure, it is possible to calculate the 

solar fraction corresponding to DHW and to Space Heating. 

In the table D18, are shown the values for this system of each solar fraction, which are solar fraction 

of DHW (SFDHW), solar fraction of Space Heating (SFheating), solar fraction calculated with the second 

form (SF) and solar fraction calculated with the first way (SF solar). Moreover, the POLYSUN 

program gives the solar fraction calculated through the first way as a data, which corresponds to SF 

solar given. 

 

Table D18. Values of solar fractions in TRNSYS and in POLYSUN. 

  TRNSYS POLYSUN 

  SF DHW SF heating SF SF solar SF DHW SF heating SF SF solar SF solar given 

January 71,06% 56,78% 58,19% 37,43% 79,1% 24,28% 29,97% 27,38% 27,4% 

February 83,16% 35,82% 41,5% 42,42% 89,59% 30,05% 36,83% 37,01% 37% 

March 82,94% 72,5% 74,26% 75,69% 93,65% 73,32% 76,67% 75,91% 75,9% 

April 93,25% 98,85% 96,97% 98,4% 95,06% 94,4% 94,53% 94,66% 94,7% 

May 94,51%   94,51% 99,21% 99,44%   99,44% 99,9% 99,9% 

June 91,42%   91,42% 98,93% 100%   100% 100% 100% 

July 96,39%   96,39% 100% 100%   100% 100% 100% 

August 97,91%   97,91% 100% 100%   100% 100% 100% 

September 92,71%   92,71% 98,34% 100%   100% 100% 100% 

October 95,4% 100% 97,96% 98,76% 99,81% 100% 99,97% 99,95% 100% 

November 71,91% 100% 96,21% 91,55% 95,73% 100% 99,42% 98,34% 100% 

December 69,47% 100% 97,47% 88,96% 91,76% 100% 99,12% 96,02% 98,3% 

Annual 83,63% 75,56% 76,97% 79,1% 94% 68,59% 72,97% 74,81% 74,8% 

 

The annual difference between the solar fraction calculated with the data from POLYSUN and the 

solar fraction given by the program has a value of 0,016% and the maximum difference corresponds to 

December with a value of 2,32%. Differences in the rest of parameters are shown in table D19. 
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Table D19. Differences between solar fractions. 

Difference SF DHW SF heating SF SF solar 

January -11,31% 57,23% 48,49% 26,84% 

February -7,73% 16,1% 11,25% 12,75% 

March -12,91% -1,13% -3,24% -0,29% 

April -1,93% 4,5% 2,52% 3,81% 

May -5,22%   -5,22% -0,7% 

June -9,39%   -9,39% -1,08% 

July -3,74%   -3,74% -0,26% 

August -2,13%   -2,13% -0,1% 

September -7,86%   -7,86% -1,68% 

October -4,62% 0% -2,05% -1,2% 

November -33,13% 0% -3,33% -7,42% 

December -32,07% 0% -1,69% -7,94% 

Annual -12,4% 9,23% 5,19% 5,42% 

 

 

According to table D19, it is important to remark the high negative difference in solar fraction of 

DHW in November and December, where negative value means that solar fraction is higher in 

POLYSUN than TRNSYS. 
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12 Geographical analysis 

A geographical analysis has been performed selecting several Spanish cities with different climatic 

conditions and with significant heating demands, which are Zaragoza, Barcelona, La Coruña, Jaén, 

and Granada. In the next tables, are shown the annual values of each cities obtained from TRNSYS 

and from POLYSUN, and the differences between them, (R means solar radiation, Qsol heat delivered 

from solar field, and V/A ratio is the ratio of seasonal storage volume and solar field area. Besides, 

Space Heating demand ratio and DHW demand ratio are the ratio between demand of the city chosen 

and the demand of Zaragoza). 

 

Table D20. Data of different cities in TRNSYS. 

City 

V/A 

ratio 

Space Heating 

demand ratio 

DHW 

demand ratio R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 5,5 1 1 1912929,03 1012724,09 83,63% 75,56% 76,97% 79,1% 

La Coruña 3,8 0,74 1,01 1261350,96 631411,61 73,08% 56,93% 60,55% 67,41% 

Barcelona 4,8 0,7 0,99 1452320,23 768882,47 79,96% 77,45% 78,03% 80,09% 

Jaén 6,7 0,65 0,95 1502496,03 856985,91 82,78% 95,8% 92,65% 93,46% 

Granada 6,8 0,92 1 2008755,93 1127417,97 87,51% 92,71% 91,74% 92,63% 

 

Table D21. Data of different cities in POLYSUN. 

City V/A ratio 

Space Heating 

demand ratio 

DHW demand 

ratio R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 5,5 1 1 1795852,9 921130,5 94% 68,59% 72,97% 74,8% 

La Coruña 3,8 0,74 1,01 1212205,2 587270,6 88,42% 51,87% 59,89% 62,2% 

Barcelona 4,8 0,7 0,99 1390362,5 716371,3 94,46% 71,4% 76,7% 78,4% 

Jaén 6,7 0,65 0,95 1371702,9 730551,9 95,74% 77,64% 81,92% 83,6% 

Granada 6,8 0,92 1 1942618,5 1029126,4 97,59% 85,02% 87,38% 88,6% 

 

Table D22. Differences in different cities between TRNSYS and POLYSUN. 

City R [kWh] Qsol [kWh] SF DHW SF heating SF SF solar 

Zaragoza 6,12% 9,04% -12,4% 9,23% 5,19% 5,43% 

La Coruña 3,9% 6,99% -20,99% 8,89% 1,09% 7,73% 

Barcelona 4,27% 6,83% -18,13% 7,81% 1,71% 2,11% 

Jaén 8,71% 14,75% -15,65% 18,95% 11,58% 10,55% 

Granada 3,29% 8,72% -11,53% 8,29% 4,75% 4,35% 

 

According to table D22, it can be remarked the negative values in solar fraction of DHW, which mean 

that values of POLYSUN are higher than TRNSYS. 
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