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 5 
Abstract  6 
Climate change is one of the biggest challenges at the present time, and to tackle such issue, solar energy and efficient 7 
buildings, in general, can be used. The goal is to design and optimize photovoltaic based decentralized district heating 8 
system and later compare it—economically and technically— against three different optimized typologies of solar 9 
district heating system in Nordic conditions. The photovoltaic based decentralized system consists of one centralized 10 
low temperature tank charged by photovoltaic and air-water heat pumps and a borehole thermal energy storage, while 11 
the decentralized high temperature tank charged by an individual water-water heat pump in each house. The centralized 12 
warm tank charges the borehole thermal energy storage. The other three systems are photovoltaic based centralized, 13 
roof-mounted solar thermal based centralized and roof-mounted solar thermal based decentralized district heating 14 
systems. In solar thermal based systems, collectors are used to directly charge the short-term storage tanks instead of 15 
the photovoltaics/heat pump combination. The proposed system is simulated using TRNSYS software. Lastly, 16 
purchased electricity and life cycle costs of the system are minimized using multi-objective optimization and the 17 
genetic algorithm. The results indicated that the decentralized photovoltaic based system outdoes all the other systems 18 
in terms of techno-economic performance. The purchased electricity can be reduced by 22% while at the same time life 19 
cycle cost can be reduced up to 40%, compared to the worst optimized system (solar thermal based centralized system). 20 
Moreover, the decentralized photovoltaic based energy system has a payback period of 9-27 years, compared to the 21 
solar thermal based system and the conventional single building-heat pump system, i.e. around 17-58 years and 15 22 
years, respectively. The highest renewable energy fraction for heating can be close to 99% for this system. The 23 
decentralization and electrical based district systems are better in terms of life cycle cost, payback period and in terms 24 
of technical performance, compared to traditional single house and solar thermal based district heating systems.  25 
                                                           1 Corresponding author: tel. +358 46 90 55 270; email: hassam.rehman@aalto.fi; hrehman86@gmail.com 
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1. Introduction 29 

The use of fossil fuels for energy production has caused large emissions due to which climate change phenomena can 30 
be observed. The cost of the fuel and energy has increased due to the increase in the demand and decrease in the supply. 31 
With the increase in the demand and consumption, the emissions have also increased which has significantly impacted 32 
the environment [1]. Because of the issue of climate change and global warming, the world has been looking to find 33 
other sustainable solutions. Generally buildings are the largest consumer of energy and emitters of CO 2. In Nordic 34 
countries buildings represents around 40% of the total energy consumption [2]. Therefore building sector is one of the 35 
major sectors that need to transform into a sustainable sector and decarbonize it.  36 
 37 
The European Union (EU) has set a 20-20-20 target, the goal are to reduce emission, increase the renewable energy and 38 
reduce the emissions by 20% by 2020 [3]. Solar energy is the largest and most attractive renewable resource that is 39 
available [4]. Therefore, the conversion technology of solar energy into useful energy has a huge market potential. In 40 
Europe there are multiple solar district heating systems with collector areas ranging from 1000 m2 to 156 694 m2 [5] 41 
Moreover, the annual solar radiation received in the southern areas of Finland is around 900-1170 kWh/m2 [6, 7], 42 
therefore solar energy can be utilized in Southern Finland area.  However, the major reasons why solar energy market is 43 
still under developed in Finland are: (1) the seasonal mismatch and (2) economical feasibility issues [8].  44 
 45 
The diurnal behaviour of the solar energy is a significant problem for solar electric and thermal systems because of the 46 
hourly mismatch between energy demand and generation and the high cost of storage. Tank storage or exporting heat 47 
energy to the grid [9] can solve the hourly solar electricity mismatch problem [10]. The issue with the tanks are that 48 
they can solve the mismatch problem for the days or few hours and that export prices are much lower than self-49 
consumption value. The issue becomes significant when there is seasonal mismatch—when the heating demand is 50 
highest and the solar generation is lowest in winter. On the other hand, during summers, the heating demand is lowest 51 
while the availability of solar energy is quite significant. Therefore, the application of solar-based technologies has 52 



3  

certain limitations in high latitudes [11]. 53 
 54 
Many solar based communities have been built in real, for instance in Germany [12], Sweden [13], Denmark [14] and 55 
Canada [15], to develop carbon neutral district networks. It is found that the community scale solutions and seasonal 56 
storage can resolve the issue of mismatch [16] and cost [17], in contrast to the single house solution. A constant load 57 
profile exists in district network, compared to individual building load profile [18], therefore community approach is 58 
reasonably better compared to single building heating system. Moreover, district sized energy systems can meet the 59 
demand of the buildings with similar emissions compared to single house system, but with lower total discounted cost  60 
[19]. District approach can also reduce the payback period [20]. However, seasonal storage is required to provide 61 
heating energy to the communities throughout the year. The energy can be stored in the seasonal storage during the 62 
summer and can be used in winters. The district heating systems has been built for multiple applications, for example 63 
for the commercial area [21] and also for the residential area [22]. Therefore, system has to be designed based on the 64 
available resources, storage and applications.  65 
 66 
The earlier studies showed that, by using solar based district heating network, the performance of the system can be 67 
improved. Simulation studies shows that using solar based heating systems has higher efficiency and lower costs 68 
compared to the traditional electric heating systems. It is found that solar heating systems can meet up to 80-90% of the 69 
demand of the building during summer and 50% demand during winters [23] . Another study shows that solar heating 70 
district network integrated with the heat pump can perform better compared to heating network without solar energy 71 
[24]. In cold region of China, a pilot scale project showed that 60% of the heat demand of the building can be met via 72 
solar energy [25] . Some experimental studies carried out in Friedrichshafen, Neckarsulm, Rostock, Crailsheim in the 73 
central Europe regions showed that solar based district heating systems can meet 30-60% of the heating demand via 74 
solar energy and storage integration [16], In the cold climate, a pilot solar district heating system is built in 2005, at the 75 
Drake Landing Solar Community (DLSC), Canada. The district consists of 52 houses, these houses are provided with 76 
space heating via solar energy. It is found that this solar district heating can provided up to 98% of the space heating via 77 
solar energy [26]. In Finnish context during 1980s a solar district heating system was built in southern Finland, Kerava 78 
[27] and Eko-Viikki [28], however the system is able to meet up to 10% of the heat demand via solar energy. 79 
Nevertheless, this district failed to perform due to the issues of design, and storage. Therefore, further holistic research 80 
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is needed to make such systems high performing and low-cost energy systems [29]. 81 
 82 
There are many different types of storages for long term storage for instance, chemical [30], latent heat [31] and 83 
sensible heat storage [32]. The sensible heat storage is cheaper and mature technology for seasonal storage [33], 84 
therefore same concept is used in the present study. For sensible seasonal storages there are multiple technologies such 85 
as hot water tank thermal energy storage (TTES), aquifer thermal energy storage (ATES), water pit thermal energy 86 
storage (PTES) and borehole thermal energy storage (BTES) [21]. The traditional hot tanks cannot be used for large 87 
term storage due to higher costs, higher heat losses and inability to operate on a large time scale [34]. Since the thermal 88 
energy storage (TES) stores energy in sensible form, the losses are significant. The thermal properties, shape, and 89 
volume of the TES are also important parameters that need to be designed in order to have better efficiency of the 90 
storage [35]. The large scale solutions allow better utilization of seasonal storage [16]. With the integration of seasonal 91 
storage the overall performance of the system can be improved. Terziotti et al. [36] in Virginia found that 91% of the 92 
energy can be provided by the solar thermal system when integrated with seasonal storage. Li et al., [37] found that 93 
monthly average solar fraction of 68% can be reached with solar thermal system integrated with seasonal storage in 94 
Beijing compared to a traditional space heating system. McDowell and Thornton [38] also found that with the 95 
integration of seasonal storage with the solar district heating system, the annual solar fraction of 98% can be reached in 96 
Canada. A simulation study in UK showed that by deploying seasonal storage, the solar fraction of 80% can be 97 
achieved [39]. Another study show, that by integration of the thermal energy storage with the cogeneration and hybrid 98 
energy system in district heating network, maximize the performance of the district sized energy system [40]. The 99 
integration of energy storage can also improve the flexibility of the cogeneration plant [41]. Overall, seasonal storage is 100 
an important component of the district heating systems. In the present study, BTES is used as seasonal storage, because 101 
of its simplicity of design, flexibility and favourable ground conditions in the surroundings [8].    102 
 103 
One way to improve the technical performance of the solar based district heating system is to reduce the operating 104 
temperature of the network, as this helps to reduce the losses through the distribution network and storage [42]. In the 105 
future, the low temperature district heating network may play important role in reducing carbon emissions from the 106 
heating networks as discussed by Lund et al. [43] and by Schmidt [44]. This low temperature can be increased with the 107 
help of heat pump (HP). Traditionally heat pumps are used without solar energy integrated with the ground source heat 108 
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pump and buildings [45]. However, with the integration of solar energy and seasonal storage with the heat pump, the 109 
performance of the heat pump, i.e., coefficient of performance (COP) can be increased [46]. When solar charged 110 
seasonal storage is integrated with the heat pump, the HP evaporator temperature increases due to which the COP of the 111 
heat pump also improves [47]. Different strategies, architectures [48] and heat pump types can be used in the district 112 
network [47]. For example the heat pumps can be brine-water or air-water heat pumps. The distinct feature in the 113 
present study is to integrate both types of heat pumps for district application and to determine the overall performance. 114 
 115 
The most common solar generation systems are solar thermal collector (ST) and solar photovoltaic panels (PV) [49]. 116 
These two systems can provide heating/cooling and electrical energy to the communities. Usually, solar thermal 117 
collectors are integrated to provide heating and cooling to the buildings [50]. On the other hand, PV can also be used to 118 
provide heating and cooling, other than to provide electricity to the buildings. By integrating PV with heat pump [51], 119 
the heating or cooling energy can be provided to the building. A study in central Europe showed that hybrid energy 120 
system, with collector, photovoltaic and district heating network provides benefits in terms of costs, emission 121 
reductions and sustainability [52]. Another study in Latvia showed that solar energy use in the district network would 122 
improve the overall performance of the conventional network [53]. Therefore, large PV based district heating system 123 
integrated with air-source heat pump can provide heating energy to the communities [10]. In Finland, since there is no 124 
feed in tariff [54] and export price of the electricity is very low, the excess energy from the PV can be stored in the 125 
seasonal storage for later use during winters instead of exporting it to the grid. Storage can increase the onsite energy 126 
fraction of the PV in the community. The challenge lies whether electrical storage or heat storage is beneficial. It is 127 
found that electrical storage can be expensive compared to the heat storage [55]. Therefore, the excess electricity 128 
produced by the PV can be stored in the tanks by converting it to the heat energy. This would improve the economics 129 
and self-consumption capability of the community. Moreover, municipalities’ support and pilots projects are needed to 130 
develop such solutions in Finland [56]. In addition, there is a lack of studies and evaluations where heat-pump and PV-131 
integrated systems are studied in detail [57] for community scale application in Nordic conditions. Therefore, solar 132 
electricity (PV) based district heating systems are designed and analysed, both technically and economically, in the 133 
present study and compared against the solar thermal based systems. 134 
 135 
There are many analysis methods and solutions selection criteria used by researchers to evaluate and compare different 136 



6  

solar based energy systems. Many researchers have used purchased energy [41], life cycle costs [58], solar fraction 137 
[14], emissions [59], onsite fraction and matching [60], storage efficiency [10] etc. All these criteria can be used to 138 
justify certain system selection, depending on the objective of the decision makers. The basic main criteria used by the 139 
companies and decision makers are payback period, costs and efficiency of the system [61]. Therefore, the scope of the 140 
study is limited to these factors and analysis methods, which are mainly used to compare and analyse the systems in the 141 
present study.  142 
 143 
The novelty of the present study lies in (1) introducing a fully new type of decentralized PV based district heating 144 
system, (2) optimizing the mentioned system technically and economically, and (3) comparing its performance both 145 
technically and economically with three other optimized new systems—for Nordic conditions. These four systems can 146 
be grouped into two systems based on the distinct renewable technology used, i.e., 1) photovoltaic based solar district 147 
heating system and 2) roof-mounted solar thermal based solar district heating system. In addition to that, each of the 148 
two systems is further divided based on discrete features of the distribution and storage layout—centralized and semi-149 
decentralized. The centralized and decentralized roof-mounted solar thermal based [17] and centralized photovoltaic 150 
based district heating systems [10] have already been simulated and studied in earlier publications. In the present study, 151 
the decentralized photovoltaic based district heating system is designed, optimized and lastly compared to all of the 152 
previous three systems.  153 
 154 
The research objective and aim of the present study is to design, compare and propose an optimized (both economically 155 
as well technically) novel community sized district heating system that can meet the demand of the community, built in 156 
Nordic conditions. Purchased electricity and life cycle costs (LCC) are the two objectives that are minimized. 157 
Moreover, the heating renewable energy fraction (REF), a simple payback period and onsite energy fraction (OEF) for 158 
each system are the other three criteria calculated and compared to provide techno-economic performance comparison 159 
and a complete picture to the stakeholders. All these methods are used because these are widely used methods for 160 
analysis of such systems in the scientific studies [17, 10]. 161 
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2. Methodology framework 162 

The methodological principle of the investigation is to compare the presented systems on the basis of two primary 163 
parameters (objective functions), one representing the technical performance (purchased electricity) and the other 164 
representing the economic feasibility (life-cycle cost, LCC). Multi-objective optimization is used to minimize these 165 
parameters simultaneously. As these parameters are conflicting with each other, there is not only one optimal solution 166 
but a set of optimal solutions, so called Pareto set. Additional to these primary parameters, three secondary indicators, 167 
Simple payback period (SPP), Renewable energy fraction (REF) and Onsite Energy Fraction (OEF) are calculated from 168 
the optimized solutions. Secondary indicators are not participating in the optimization process but are just post -169 
processed from the optimized solutions. The systems simulation models on TRNSYS are explained in section 3, the 170 
multi-objective optimization method is explained in section 4 and the other performance indicators calculation method 171 
is explained in section 5. 172 

3. Methodology: System description and simulation method 173 

The systems cases are designed on TRNSYS simulation software [62]. Later on these systems are multi-objective 174 
optimized using MOBO (multi-objective building optimizer) [63]. The details of the simulation method and 175 
optimization methods are provided in the following sections. 176 

3.1. Description of the investigated cases  177 
The study is done on a simulated Finnish community with dedicated solar based district heating systems. There are 100 178 
houses in the community with 100 m2 of heated area each, the details of the building envelope is provide in [48]. 179 
Overall, in the system proposed below, solar photovoltaic panels are used to produce electricity and heat, and then this 180 
heat is stored in the tanks. Borehole thermal energy storage (BTES) is used to store surplus energy. The control strategy 181 
of the photovoltaic based decentralized system is described in detail in the paper. In addition to the above-mentioned 182 
energy system, three distinct community-scale solar district heating systems and a reference case are also introduced to 183 
compare all the systems and a reference system economically and technically, against the proposed photovoltaic based 184 
decentralized system for cold climate in the paper. All the four systems are new and optimized systems, while the 185 
reference case is non-optimized. The four solar district energy systems and reference system are as follows: 186 

1) Case 1: Decentralized photovoltaic based district heating system (DPV), optimized new system. 187 
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2) Case 2: Centralized photovoltaic based district heating system (CPV), optimized new system [10]. 188 
3) Case 3: Decentralized roof-mounted solar thermal collector based district heating system (DST), optimized new 189 

system [17] . 190 
4) Case 4: Centralized roof-mounted solar thermal collector based district heating system (CST), optimized new 191 

system [17]. 192 
5) Non-optimized reference case, single building system. 193 

 194 
The three systems (CPV, DST and CST) have been optimized in previous studies and this study is reusing those results . 195 
The expressions ‘centralization’ and ‘decentralization’ are used to describe the district heating systems typologies. Here 196 
the centralized system means the generation, distribution, short-term storage and seasonal storages are centralized. In a 197 
decentralized system, the generation, low-temperature network and seasonal storage is centralized, while the domestic 198 
hot water and a high temperature network are decentralized [17] .  199 

In the present study, a new type of decentralized photovoltaic based district heating system is designed, optimized and 200 
analysed. The CST, DST [17]  and CPV [10]  have been optimized and studied earlier and used in the present study for 201 
comparison only against the proposed decentralized photovoltaic based district heating system. Their control strategies 202 
have also been explained in earlier studies [17] . Table 1 shows the main components and products of the optimized 203 
DPV, CPV, DST, CST systems and a non-optimized reference system. The layout and control strategies are discussed 204 
in the next sub-section.   205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 213 
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Table 1. The main components of the optimized DPV, CPV, DST, CST systems and the non-optimized reference system. 214 
Components DPV, Case 1 CVP, Case 2 DST, Case 3 CST, Case 4 Reference case 

Photovoltaic panels Yes Yes Yes Yes No 
Roof-mounted solar 
thermal collectors No No Yes Yes No 

Air-water heat pump 
(NIBE-F2120) [64] Yes Yes No No No 

Water-water heat pump 
(NIBE-F1345) [65] Yes Yes Yes Yes Yes  

Hot tank volume Decentralized Centralized Decentralized Centralized Yes 
Warm tank volume Centralized Centralized Centralized Centralized No 

Seasonal storage Yes Yes Yes Yes No 

3.1.1. Decentralized photovoltaic based district heating system (Case 1, DPV): Method and controls strategies 215 
This system is inspired by the decentralized solar thermal collector based district system [17]. However, the difference 216 
lies in the generation technology i.e., PV is used as the main source of energy generation and in the control strategy o f 217 
the heat pumps. The schematic representation of decentralized photovoltaic based energy system is shown in Figure 1. 218 
The energy system (DPV) consists of the following: 219 

o A central photovoltaic panels (PV) field is used to run the centralized air-water and distributed water-220 
water heat pumps, 221 

o A centralized large warm tank, 222 
o Decentralized small hot tanks present in each house, 223 
o Centralized warm tank is charged via centralized air-water heat pumps (AW-HP), and decentralized 224 

hot tanks are charged via the distributed water-water heat pumps (WW-HP) during summer, 225 
o Borehole thermal energy storage (BTES) is charged by the warm tank only, in case of extra heat 226 

energy, 227 
o Decentralized water-water heat pumps (WW-HP) are used to heat the decentralized hot tanks, while 228 

the warm tank is charge via BTES in case of unavailability of solar energy, 229 
o Space heating (SPH) is provided mostly from the central tank, 230 
o Domestic hot water (DHW) is provided through the distributed hot tank. 231 
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 232 
Figure 1. Simple schematic representation of the decentralized photovoltaic based district heating system (DPV). 233 
 234 
In this system, solar photovoltaic panels (PV) are used as the main energy source to generate heat by running the heat 235 
pumps. The electricity produced by PV is initially used to run the appliances in the buildings, after that, the remaining 236 
electricity is used to the heat pumps to charge the short-term tanks. First, the water-water heat pump (WW-HP) is 237 
activated to heat the hot tank and then excess electricity is used to operate the AW-HP to heat the warm tank. If there is 238 
any excess electricity produced by the PV after using it in the appliances and heat pumps, it is sold to the grid. Any 239 
shortfall of electricity is met via grid while excess is exported to the grid, while all the heating demand is provided 240 
through the local grid.  241 
  242 
The centralized air-water heat pump (AW-HP) is used to charge the centralized warm tank at 40 oC. Any excess energy 243 
is transferred to the boreholes from the centralized warm tank if the temperature is 5 oC higher than the average 244 
temperature of the BTES ground storage. The decentralized water-water heat pump (WW-HP) present in every house is 245 
used to heat to decentralized hot tank at a higher temperature i.e. up to 60 oC, taking energy from the space heating 246 
return line. The centralized warm tank serves as the main source to provide the space heating (SPH) as the SPH 247 
network is centralized. The domestic hot water (DHW) is provided via decentralized hot tank. The domestic hot water 248 
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is provided at 58 oC and the space heating is provided between 27  oC to 40 oC, depending on the outside ambient 249 
temperature [66]. A direct electric heating system is also provided in case of any shortfall in the heating temperatures.  250 
A schematic representation of this system is shown in Figure 1.  251 

3.1.2. Centralized photovoltaic based district heating system (Case 2, CPV): Method and controls strategies 252 
The centralized photovoltaic based district heating system (CPV) has centralized warm and hot tanks charged by the 253 
PV. The electricity from PV is first used to run appliances, then heat pumps and any excess is exported to the grid. The 254 
centralized air-water heat pump (AW-HP) charges the centralized warm tank, while the centralized water-water heat 255 
pump (WW-HP) charges the centralized hot tank at higher temperature. The space heating is mainly provided by the 256 
warm tank and domestic hot water is provided by both the warm and hot tanks. The excess energy from both the short -257 
term tanks is transferred to the boreholes thermal energy storage (BTES). During winters, when solar energy is not 258 
available the energy provided by the BTES and heat pump similar to the DPV system described above. The detailed 259 
designs and controls of the CPV system is described in earlier study [10] . A schematic representation of this system is 260 
shown in Figure 2 [10]. 261 

 262 
Figure 2. Simple schematic representation of the centralized photovoltaic based district heating system (CPV) [10]. 263 

3.1.3. Decentralized roof-mounted solar thermal collector based district heating system (Case 3, DST): Method 264 
and controls strategies  265 

The decentralized solar thermal based district heating system (DST) has centralized warm tank charged by the 266 
collectors, instead of the PV. The collector is used to charge the warm tank directly, while the hot tank and water -water 267 
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heat pumps (WW-HP) are decentralized and present in each house. The decentralized hot tank is charged by the 268 
decentralized WW-HP present in each house by taking energy from the space heating return line. The space heating is 269 
mainly provided by the centralized warm tank and domestic hot water is provided mainly by the decentralized hot tanks 270 
in each house. The excess energy from the short-term warm tank is transferred to the boreholes thermal energy storage 271 
(BTES). During winters, when solar energy is not available the energy provided by the BTES and heat pump. PV is 272 
used only to provide the electricity to the system and the appliances. Import and export of electricity is carried out via 273 
grid to meet the shortfall or to sell the excess electricity from the PV. The detailed designs and controls of the DST 274 
system are described in earlier study [17]. A schematic representation of this system is shown in Figure 3 [17]. 275 

 276 
Figure 3. Simple schematic representation of the decentralized roof-mounted solar thermal collector based district heating system (DST) [17]. 277 

3.1.4. Centralized roof-mounted solar thermal collector based district heating system (Case 4, CST): Method 278 
and controls strategies  279 

The centralized solar thermal based district heating system (CST) has centralized warm and hot tanks charged by the 280 
collectors, instead of the PV. The collector is used to directly charge both the tanks based on the set points. The excess 281 
energy from both the short-term tanks is transferred to the boreholes thermal energy storage (BTES). During winters, 282 
when solar energy is not available the hot tank is charged by the water-water heat pumps (WW-HP) and warm tank is 283 



13  

charged by the BTES. The space heating is mainly provided by the centralized warm tank and domestic hot water is 284 
provided mainly by the centralized hot tanks in each house. PV is used only to provide the electricity to the system and 285 
the appliances. Import and export of electricity is carried out via grid to meet the shortfall or to sell the excess 286 
electricity from the PV. The detailed designs and controls of the CST system is described in earlier study [17]. A 287 
schematic representation of this system is shown in Figure 4 [17]. 288 

 289 
Figure 4. Simple schematic representation of the centralized roof-mounted solar thermal collector based district heating system (CST) [17]. 290 
3.2. Single building, non-optimized reference case  291 

In order to provide a reference scenario and business as usual case a reference case is also used. This case consists of a 292 
typical heat-pump-heated modern building in the same climatic environment as the investigated cases. It consists of a 293 
detached building with 100 m2 area integrated with a 3 kW heat pumps in the Finnish climate. No seasonal storage or 294 
solar energy generation technology i.e. collector or photovoltaic is integrated. The space heating demand of the house is 295 
25 kWh/m2/yr, a domestic hot water demand of 35 kWh/m2/yr, and appliances demand of 40 kWh/m2/yr. Moreover, the 296 
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building has a tank of 1 m3 to store heat energy. This building has the heat pump that is used to charge the tank. The 297 
purchased electricity is used to run the system and it’s auxiliary.  298 

3.3. Simulation: TRNSYS  299 

Dynamic simulation software (TRNSYS) [62] is used for the simulations of the proposed district heating system 300 
described above. This simulation software has been used and validated by Drake Landing Community, Canada for 301 
similar application [15]. TRNSYS modules are used for the modelling of roof-mounted solar collector (Type 1b), 302 
weather data (Type 15), short-term tanks (Type 543), heat pump (Type 668), borehole thermal energy storage (BTES) 303 
(Type 557a) and photovoltaic panels (Type 194)  [48]. The technical properties of the collectors and photovoltaics are 304 
defined in Table 2. TRNSYS modules for the controls of the pumps (Type 2b), heat pump (Type 2b) and temperature 305 
(Type 11f) are used. These are basic on/off controllers which operate based on the temperature as described in sub -306 
section 3.1 of the paper. These input parameters have already been defined in [48]. In the present study, a decentralized 307 
photovoltaic based district heating system is designed and optimized. Later on, all four systems and reference case are 308 
compared against each other to propose a technically and economically feasible solution.  309 
Table 2. The properties of the roof mounted solar collector and photovoltaic panels. 310 

Components Technical properties Reference 

Photovoltaic panels Tilt angle= 50o; 
 Peak efficiency=15.37% [67] 

Roof-mounted solar 
thermal collectors 

Tilt angle=50o;  
Intercept efficiency=0.878;  

efficiency slope= 3.35 W/m2k; 
 efficiency curvature= 0.026 W/m2K2 

[68] 

 311 

3.4. Weather, solar radiations and demand profiles: TRNSYS  312 

The Southern Finland weather data is used in TRNSYS [48]. The annual hourly solar radiation and outdoor temperature 313 
are shown in Figure 5a [69, 48]. The total annual solar radiation on the horizontal surface is 969 kW/m2/yr [69, 48]. The 314 
monthly space heating demand (37 kWh/m2/yr) and domestic hot water demand (35 kWh/m2/yr) is shown in Figure 5b 315 
[58].  316 
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  317 
Figure 5. The (a) Hourly ambient temperature and solar radiation; (b) monthly space heating and domestic hot water demand of the building. 318 
4. Methodology: Optimization  319 

The motivation to use multi-objective optimization approach compared to the other methods (without optimization) is 320 
because with huge number of possible designs offered; a trial and error method cannot find optimal solutions while an 321 
exhaustive search is an inefficient exploration procedure in time and effort. Moreover it is difficult to design systems 322 
without optimization, because of the complex interaction between different system components, such as the buffer 323 
storage, seasonal energy storage and variable solar energy generation system. Sizing of one component can affect the 324 
operation of another component in unpredictable ways. Hence, simulation based optimization approach has been used 325 
to find the solutions, instead of the other methods mentioned above.  326 
 327 
In general, two objectives such as costs and energy performance can be minimized by using simulation based 328 
optimization method. These objectives are selected in such building energy efficiency scenarios because, in high 329 
technical performing cases, less energy is needed to be imported but the costs are higher and vice versa. Moreover, 330 
purchased electricity is also the only type of external energy (no outside district heating connection), so it can be used 331 
as a measure of the total efficiency, since all heat losses are included already. These two objectives i.e. imported 332 
electricity and costs are conflicting in nature and do not follow same development direction. In this way a Pareto 333 
optimal front is generated containing hundreds of non-dominated possible solutions [17].  Using single objective or 334 
non-optimization approach would give only one solution and it is possible that this solution may not be the optimal 335 
solution as well. However, it is possible that this one solution would lie on the multi-objective results (Pareto front) 336 
among hundreds of other optimal solution. Multi-objective optimization is giving hundreds of optimal solutions with 337 
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different technical and financial performance. This method has been used in many previous published works such as in 338 
[58], [70], [71] and similar approach is used in the present study. 339 

4.1. Optimization algorithm and TRNSYS simulation integration method 340 

In the present study, the TRNSYS system models and multi-objective building optimizer (MOBO) are combined to 341 
perform the optimization. For this study, the NSGA-II algorithm is used, because it can take care of the constraints, 342 
discrete and continuous variables for a multi-objective problem. Furthermore, it allows parallel computing to save time 343 
[71]. The detailed study of this algorithm is provided by Deb at al. [71]. An initial population of 16 individuals and 300 344 
generations is selected in MOBO [17]. The TRNSYS simulates the random design variables values provided by the 345 
NSGA-II algorithm, the results are then sorted by MOBO based on the objective functions [17].  346 
 347 
The Figure 6 shows the modelling, simulation and optimization logic and flow chart. The design variables values are 348 
generated by the MOBO optimizer, these values are then introduced in TRNSYS for simulation. The results from the 349 
TRNSYS are then evaluated and arranged by MOBO based on the objectives and criteria.  350 

 351 
Figure 6. Simulation and optimization methodology logic and flow chart [17]. 352 
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4.2. Problem setup  353 

The objective and aim of the study is to design and optimize the decentralized photovoltaic based district heating 354 
system based on the given objectives and then compare this system against all the three different concepts—i.e., 355 
centralized collector, decentralized collector and centralized photovoltaic based district heating systems. Firstly, the 356 
decentralized photovoltaic based energy system is modelled and then optimized. Lastly, all the systems are compared to 357 
analyse the differences between the four optimized systems and a reference non-optimized case based on various 358 
criteria. The final purchased electricity, payback period, renewable energy fraction, and life cycle costs (LCC) are 359 
calculated to evaluate the system. 360 

4.2.1. Objective functions of the multi-objective optimization 361 
The objective function of the multi-objective problem is to minimize the purchased electricity and life cycle costs 362 
(LCC). These two objectives are selected because both the purchased electricity and LCC are of the interest of the 363 
stakeholders. Purchased electricity is a measure of the technical performance of the system and LCC is a measure of the 364 
economic. These two functions conflict with each other, which is a necessary feature in multi-objective optimization 365 
[71]. Furthermore, the payback period and renewable energy fraction are also calculated for each optimized cases to 366 
provide the most feasible and economical solutions. 367 
 368 
The optimization problem is as follows: 369 

 370 
Min {G1 (x), G2 (x)},  371 
for all x=   [x1, x2,…., xn],  372 

  373 
where G1 is the purchased electricity for the system together with the building appliances and G2 is the life cycle costs 374 
of the system, and ‘x’ is the vector of the design variables (as defined in Subsection 4.2.2). In this problem, there are 375 
nine design variables that are considered and introduced in Table 3. LCC includes the investments and operation costs 376 
for 25 years. In the present study, import electricity price of 11.10 c/kWh and export electricity price of 4.04 c/kWh are 377 
used based on 2016-2017 electricity prices [72]. Due to the decreasing trend in the electricity price in the Nordic 378 
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market, the price escalation rate of 1% is used [73] and 3% interest rate is used [74].  No disposal costs are included in 379 
the calculations [10].  380 

4.2.2. Design variables and parameters 381 
The design variables can be selected by the design engineer, depending on the importance and expertise. In the earlier 382 
studies, it is found that generation components such as collectors, PV and heat pumps can vary technical performance 383 
and cost of the systems [11, 48, 16]. After generation components, storage and demand can also play significant role in 384 
varying the performance of these systems [11, 48, 16]. As shown in Figure 1, these are also the main components of the 385 
proposed energy system (DPV). Therefore, to include the impact of all the design variables and to provide a holistic 386 
behaviour, all the design variables are included in the optimization problem. Nine design variables are selected in this 387 
paper for optimization, namely: (1) photovoltaic area, (2) warm tank volume, (3) hot tank volume, (4) BTES volume, 388 
(5) building’s configuration, (6) BTES aspect ratio, (7) BTES borehole density, (8) air-water heat pumps size and (9) 389 
water-water heat pump size. These variables are selected to provide a wide range of possible optimal solutions. The 390 
values or range of the design variables and the corresponding investment costs are shown in Table 3. The reference of 391 
the design variables and their values are from Drake Landing solar community, due to similar cold conditions [15]. 392 
However, to provide a broad range of possible optimized solutions, the range of the design variables are kept wide as 393 
shown in Table 3. Although systems are different, however , the baseline conditions for all the simulated systems are 394 
same, for instance, the costs, technical parameters, optimization conditions, demand profile and weather profiles are 395 
kept same in all the systems. It is done in order to provide close comparison between all the four optimized sys tems and 396 
the non-optimized reference case. Same values are provided in the MOBO optimizer for all the systems, while running 397 
the optimization and simulations together as shown in Table 3. However, during optimization the NSGA-II algorithm 398 
inside MOBO would select the optimal values of each design variable from Table 3, in order to minimize the life cycle 399 
cost and purchased electricity of the particular system under study. 400 
 401 
Wide ranges of values are used for the variable to provide wide range of solutions and to find optimal combinations of 402 
the design variables. Table 3 shows constant price for some components, and variables price for some components. It is 403 
assumed that cost of the components goes down with increase in the size, due to economics of scale. The  cost of the 404 
basic building is assumed to be ‘0’ and any improvement in the building efficiency is given as the difference from this 405 
zero reference cost. Buildings are included in the optimization problem as a design variable in all the four systems and 406 
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not separate scenario. Therefore the three buildings types based on their space heating demand (quality) are distributed 407 
on the same Pareto front of each energy system, depending on the cost and technical performance of that particular 408 
energy system. These buildings are selected by the optimization algorithm in order to optimize the techno-economic 409 
performance of the whole energy system. The collectors used in the study are roof mounted flatbed solar collectors 410 
which are expensive compared to ground mounted collectors [75]. Finnish market is still under development therefore 411 
higher prices can be assumed for the roof-mounted flatbed collectors, tanks and polycrystalline PV panels (including 412 
taxes). The PV is assumed to be installed on the ground at a centralized location (additional on the car garage roofs), a 413 
similar construction to that in Drake Landing Solar Community (DLSC) [15]. This is done to have large space available 414 
in order to reduce the purchased electricity from the grid. Moreover, empty land is available easily in Finland due to 415 
low population density [76]. The distribution piping length for domestic hot water for 100 buildings is around 4000 m 416 
for the centralized system and 400 m for the decentralized system [17]. The average cost of the piping used is 20 €/m 417 
[77]. The piping network is simulated using Type 709 [62] in the TRNSYS.  418 
Table 3. Design variables used for the simulations and the corresponding investment costs of the components [17]. 419 

Design variables Range of the values Prices (€) References 
Roof mounted flatbed ST area (m2)  500―6000 605―532 €/m2 [75] 

Polycrystalline PV capacity (kWp/house) on the 
ground/roof  1―30 450―200 €//m2 [78] 

Hot tank volume/house (m3) 50―500 900―810 €/m3 [75] 
Warm tank volume (m3) 50―500 900―810 €/m3 [75] 

Air-water heat pump (16 kWthermal/unit each) 0―100 425 €/unit [64] 
Water-water heat pump (3 kWthermal/unit 

each)/house 0―100 325 €/unit [79] 

BTES aspect ratio 0.25―5 
33.5€/m(drilling)+ 3€/m3(excavation for 

insulation)+ 88€/m3 (1.5 m insulation thickness) 

 
BTES density (boreholes/m2) 0.05―0.25 [80, 79] 

BTES volume (m3) 10,000―70,000  

Building type in each energy system 

Heating demand= 25kWh/m2/yr 2973 €/building  
 

Heating demand= 37kWh/m2/yr 
 

605 €/building [48] 

Heating demand= 50kWh/m2/yr 0 €/building  
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5. Techno-economic performance indicators  420 

5.1. Motivation to use the indicators 421 

In order to analyse the performance of the energy system, both the technical and economical performances are key 422 
elements to provide feasibility of any energy system [60]. The basic incentive to use purchased electricity and life cycle 423 
cost as mentioned above in section 4, as the main objective functions, is because these two factors are of main interest 424 
of the investors, contractors and also the end user to make decisions on any project, as discussed in earlier studies [58]. 425 
These two factors are conflicting in nature, which is needed in optimization problem and mathematically studied by 426 
Deb et al. [71]. Purchased electricity and life cycle costs are the objective functions. The higher the cost, less energy is 427 
needed to be purchased and vice versa. Another analysis indicator that can be used to evaluate the performance of the 428 
system can be the minimization of the emissions [59]; however, it is assumed that since the onsite energy is generated 429 
via solar energy, therefore, by lowering the purchased electricity via grid, the emissions would also be lowered. The 430 
emissions are not studied in the present paper and would be studied in the future work. 431 
 432 
The other three additional factors used in the present study is simple payback period, renewable energy fraction (REF) 433 
and onsite energy fraction (OEF) and explained in the following sub-section. The motivation to these three factors is as 434 
follow. Firstly, the payback period is an important factor that is used by companies to make decisions regarding their 435 
future investments [81]. It is an effective tool that provides an effective value to the investment risk [81]. Moreover it is 436 
commonly used and understood by companies and academics together and provides a value to the project that can be 437 
easy communicated easily between the two entities.  Secondly, solar fraction is another factor or indicator used 438 
generally by many researchers [15, 82, 48] in such concepts, which defines the amount of heat demand met via 439 
renewable sources. The solar fraction can also be defined as Renewable energy fraction (REF) [11]. The higher the 440 
fraction, higher is the technical performance of the energy system. Lastly, the onsite energy fraction (OEF)  [60] is used 441 
because it provides the values which explain what part of the local demand is met by the locally produced energy (using 442 
renewable sources). The large the value, the better is the local utilization of the locally produced energy by the 443 
community. The main motivation behind building such solar communities is to make such districts self-sufficient, so 444 
that less energy is imported and which results in lower emissions and lower life cycles costs. All these values are also 445 
used by earlier studies to compare and evaluate the energy systems in addition to the objective functions [60, 17] 446 



21  

broadly, because it is simple and used in practice. Therefore, all these indicators are used in the present study to provide 447 
both the technical and financial health of the energy systems.  448 

5.2. Simple payback period 449 

The simple payback period is also calculated to analyse the time required for the amount invested by the company in 450 
the solar district heating systems to be repaid by the cash flows generated by the assets and the savings. This savings 451 
occurred due to renewable energy generation and self-consumption of the onsite generated energy, causing a reduction 452 
in the purchased electricity. Generally, investment with a shorter payback period is considered better, since the 453 
investor’s initial investments are at risk for a shorter time. This provides the value after which the investors start getting 454 
the profits. The payback period is usually calculated in years [83]. It is calculated by dividing the investments by the 455 
savings and cash inflows. In the present study, the simple payback period includes the cost of the energy system. It does 456 
not include the cost of the building, as it is assumed that buildings are owned by the individual customer and of no 457 
interest for the energy system companies and investors. 458 

5.3. Renewable energy fraction (REF) 459 

The renewable energy fraction (REF) is also calculated to estimate the on-site energy fraction [60] of renewable energy 460 
utilization for heating. For heating, the renewable energy fraction is defined in Equation 1, it is the ratio of renewable 461 
energy used to run the system and total heating demand of the system. In this method, the grid electricity (non-462 
renewable) part is not included in the calculation in order to include only the renewable part to calculate the renewable 463 
energy fraction (REFheat) [10]. The household appliances electricity demand is also not included in the calculations. 464 
 465 
The renewable energy fraction for heating is defined as,  466 
Renewable energy fraction heat (REFheat) = 1-[(HP+backup direct heating+ pump) electricity consumption via grid per year / (SPH +DHW demand per year)] , (1) 467 
5.4. Onsite energy fraction (OEF) 468 

The onsite energy fraction (OEF) is the value that defines the amount of the electrical demand covered by the onsite 469 
generation by the renewable source i.e. PV. In the present study grid electricity is used to import the electricity in order 470 
to meet the requirement of the electricity when there is shortage of electricity produced by the PV. The OEF is defined 471 
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as the ratio of the purchased electricity and total demand electrical demand of the whole community [60]. It includes 472 
the building appliances demand and energy system demand. Batteries are not included as the storage in the present 473 
study. 474 

6. Results and discussion 475 

To demonstrate the effectiveness and economic feasibility of the proposed decentralized photovoltaic based distric t 476 
heating system, the results of decentralized photovoltaic based district heating system are discussed and compared 477 
against:  478 
Case 1) Decentralized photovoltaic based district heating system (DPV). 479 
Case 2) Centralized photovoltaic based district heating system (CPV).  480 
Case 3) Decentralized roof-mounted solar thermal collector based district heating system (DST).  481 
Case 4) Centralized roof-mounted solar thermal collector based district heating system. (CST).  482 
Case 5) Non-optimized reference case, single building system. 483 

6.1. Multi-objective optimization  484 

The non-dominated (optimal) solution of the decentralized photovoltaic based district heating system is shown in 485 
Figure 7. For the comparison against the proposed decentralized photovoltaic based district heating system (DPV, case 486 
1), the optimal results from the previous study on a similar centralized and decentralized solar thermal based heating 487 
system [17] and a centralized photovoltaic based heating system [10] are also presented in the results. In Figure 7, the 488 
blue points are for the centralized solar thermal (case 4, CST), orange points are for the decentralized solar thermal 489 
(case 3, DST), green points are for the centralized photovoltaic (case 2, CPV) and purple points are for the 490 
decentralized photovoltaic (case 1, DPV) based district heating system. Lastly, the red square shows the reference 491 
building case.  492 
 493 
Figure 7 shows that there exists a wide range of optimal solutions, these solutions can be selected based on the 494 
customers’ requirements. Purchased electricity is shown on the x-axis, while LCC is shown on the y-axis of the Figure 495 
7. The Figure 7 shows that non-optimized reference case was worst compared to all the four community sized energy 496 
systems, in terms of both the objectives i.e., in the purchased electricity and in the LCC. The purchased electricity is 77 497 
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kWh/m2
/yr and the LCC is 379 €/m

2 for the non-optimized energy system. Therefore, for the future heating networks, 498 
the emphasis can be on the community-sized heating systems, instead of single-building energy systems. This allows 499 
reducing the LCC and also the purchased electricity. 500 
 501 
Overall in Figure 7, it is found that the decentralized photovoltaic based heating system, DPV (purple points, case 1) 502 
performed better than all the other systems. It clearly performed better than the centralized collector, CST (blue points, 503 
case 4) and the centralized photovoltaic, CPV (green points, case 2) based energy systems. However, in a few 504 
configurations, the decentralized collector, DST (orange points, case 3) is partly better than the decentralized 505 
photovoltaic, DPV (purple points, case 1). In Figure 7, it can be observed that the imported electricity of the 506 
decentralized photovoltaic based heating system (purple points) reduced from 40 kWh/m2/yr to 21 kWh/m2/yr, and 507 
LCC changed from 157 €/m

2 to 359 €/m
2. By having a decentralized photovoltaic based energy system in the best 508 

performing configurations, the purchased energy can be reduced by 22% and the LCC can be reduced by 40% 509 
compared to the centralized solar thermal system. In other words, the decentralized photovoltaic based heating systems 510 
performed better in all the configurations than the other systems. Moreover, it performed better in the configurations 511 
where purchased electricity is less than in the decentralized solar thermal system.  512 
 513 
Three phenomena can be observed in Figure 7, especially when comparing photovoltaic based decentralized (case 1) 514 
and solar thermal based decentralized (case 3) systems. Firstly, in section ‘a’ of the front, it is observed that the 515 
photovoltaic based decentralized district heating system (purple point’s case 1), the LCC is lower than the solar 516 
collector based decentralized district heating system (orange point’s case 3) in Figure 7. This is because in case 1, there 517 
is no collector and the photovoltaic costs are lower than the collector. Therefore in the worst technical performing 518 
configuration, the LCC is lower for the photovoltaic based decentralized system (case 1).  519 
 520 
Secondly, as the Pareto front progresses from worst technical performing to best technical performing optimized 521 
configuration in section ‘b’, it is found that in the photovoltaic based system (case 1), relatively large investments are 522 
made in photovoltaic to reduce the purchased electricity. The system has to provide energy to both the air -water and 523 
water-water heat pumps to reduce the purchase electricity objective, therefore the LCC increases rapidly. On the other 524 
hand, for the collector based decentralized system (case 3), as the Pareto front progresses worst technical performing to 525 
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best technical performing optimized configurations in section ‘b’, any small investments in both the collector and 526 
photovoltaic reduced the purchased electricity. Moreover, in case 3 there is no air-water heat pump and only water-527 
water heat pump exists. Any less investments in the collector and photovoltaic area is enough to reduce the purchased 528 
electricity; therefore the LCC is slightly lower than in case 1 in the middle section ‘b’ of the Pareto front.  529 
 530 
Lastly, in section ‘c’, as the investments on the collector and photovoltaic starts to increase in collector based 531 
decentralized system (case 3), the LCC also increases; it is done by the algorithm to reduce the purchased electricity. 532 
This increase in the LCC caused the case 3 front to cross the front of the photovoltaic based decentralized system (case 533 
1). This also shows that in the collector based decentralized system (case 3), the investments in the collector and 534 
photovoltaic are not enough to reduce the purchased electricity significantly in section ‘c’ of Figure 7. This indicates 535 
that the control strategy of the solar thermal based decentralized system is not able to utilize the potential of the 536 
photovoltaics, as there is no strategy to utilize and store the onsite generated electricity by the photovoltaics in case 3. 537 
On the other hand, in a photovoltaic based decentralized system (case 1), in section 'c' it is observed that with an 538 
identical LCC compared to case 3, the purchased electricity is less or the technical performance is better. This is 539 
because in the photovoltaic based decentralized system (case 1), the electricity from the photovoltaic is stored in the 540 
tanks and seasonal storage in the form of heat and not exported. Therefore, the technical performance is better 541 
compared to case 3.  542 

 543 
Figure 7. Pareto fronts of the optimized centralized, decentralized energy systems (case 1, 2, 3 and 4) and non-optimized reference case. 544 
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6.2. Technical performance analysis and payback period of the non-dominated solutions 545 

To look at the economic feasibility from an energy investor’s perspective, the payback period of the systems is 546 
introduced in Figures 8 and 9. Figure 8 shows that the centralized solar thermal based system has the higher payback 547 
period for all the optimized cases, where the minimum payback period is 17 years and the maximum payback period is 548 
58 years. On the other hand, it can be observed that with the decentralized photovoltaic based heating system, both the 549 
payback period and the purchased electricity value can be reduced, compared to all the other systems. The minimum 550 
payback period is 9 years while the maximum payback period is 27 years. In other words, it can be concluded that with 551 
the decentralized photovoltaic based heating system (DPV, case 1), for a similar demand of the community, better 552 
technical performance can be achieved with better economic performance. This means that the investor would get the 553 
investment return in less than 9–27 years, depending on the optimized case selected. There are two reasons for this: 1) 554 
The cost of the photovoltaics is less compared to the collector; therefore the LCC is better in case 1 (DPV), where only 555 
photovoltaic is used instead of the expensive collector, causing a reduction in the payback period; 2) The solar energy 556 
from the photovoltaics is saved in the tanks in the form of heat instead of exporting it; therefore as a result, the 557 
purchased electricity is less.  558 

559  Figure 8. Comparison between the simple payback period vs. purchased electricity of the energy systems (DPV, CPV, DST, and CST) and non-560 
optimized reference case. 561 
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The payback of the non-dominated optimized solutions in cases 1, 2, 3 and 4, against the renewable energy fraction are 563 
shown in Figure 9. The (x-axis) of Figure 9 shows the renewable energy fraction and the (y-axis) is the payback period. 564 
The renewable energy fraction for the reference system (around 40%) is clearly less than the REF for the other systems 565 
because the reference system has no solar facilities. This figure also shows that to achieve a higher renewable energy 566 
fraction for heating, renewable energy generation sources and storages are needed and focus should be on community 567 
scale system rather than single building solutions. However, by integrating renewable energy sources and storages, the 568 
payback period also increases, as shown in Figure 9 and cases 1, 2, 3 and 4, but the REFheat also improves compared to 569 
the reference case. It can be concluded that instead of investments in single building-heat pump solutions, investments 570 
should be made in community-sized solutions integrated with storages and renewable sources.  571 
 572 
Overall the figures show that when the renewable energy fraction (more energy from renewable sources) gets high, the 573 
payback period gets high as well. This is because, in the cases where the renewable energy fraction is high, the 574 
investments in the system are high. If the comparison is done among cases 1, 2, 3 and 4, it can be found that the 575 
centralized solar thermal based system has the higher pay back period for all the optimized cases, where the minimum 576 
payback period is 17 years and the maximum payback period is 58 years. Centralized solar thermal based heating 577 
system (CST, case 4) has a higher payback period for the cases with a higher renewable energy fraction due to the fact 578 
that large number collectors are needed to achieve higher fractions. These collectors are expensive compared to the 579 
photovoltaics. Therefore, as a result the payback period is higher compared to the photovoltaic based heating systems. 580 
It was also found that the photovoltaic based decentralized system (DPV, case 1) has the lowest maximum payback 581 
period (i.e. around 27 years) with the highest renewable energy fraction for heating (REFheat) (i.e. around 99%) 582 
compared to all the other systems (case 2, 3 and 4). In the photovoltaic based decentralize energy system (case 1), the 583 
payback period can be lower than 10 years, with REFheat around 70%, which is even lower than the reference case 584 
payback period, i.e. around 16 years. This means that the investor would realize investments returns in less than 9–27 585 
years, depending on the optimized case selected, in some cases even earlier than the reference case. Therefore, it can be 586 
concluded that the proposed photovoltaic based decentralized system (case 1) has the lowest payback with better 587 
performance. However, in such cases where the payback period is low, the renewable energy fraction is not so high.  588 
 589 
It is also observed in Figure 9 that among all the energy systems, usually the solar thermal based energy systems' (cases 590 
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3 and 4) payback period gradients are steep at the higher renewable energy fraction (REFheat) section. This is because of 591 
the increase in the collector area in the best performing cases with higher REFheat. The cost of the collector is generally 592 
higher compared to the photovoltaic cost (Table 3). Therefore in solar thermal systems, when investments are made in 593 
the collectors, the rise in the investments are large, resulting in larger paybacks compared to the photovol taic based 594 
energy systems (case 1 and 2). In photovoltaic systems (case 1 and 2), the cost of the photovoltaics are generally lower 595 
than the collector, resulting in a lower payback period and resulting in less steep gradients in the payback period curves 596 
in Figure 9. An extremely steep gradient is observed in the last few configurations near the high renewable energy 597 
fraction (REFheat) section of the photovoltaic based centralized system (case 2). It is due to increase in the seasonal 598 
storage volume, tank volume and photovoltaic area in the last few cases compared to the photovoltaic based 599 
decentralized system (case 1). 600 

601  Figure 9. Comparison between the simple payback period vs. the renewable energy fractions of the energy systems (DPV, CPV, DST and CST) and 602 
non-optimized reference case.  603 
6.3. Comparison of the design variables in the Pareto optimal solutions  604 

For reference, the best and worst Pareto fronts in Figure 7 are selected for further analysis and comparison between the 605 
design variables. The worst case is the roof-mounted centralized solar thermal system (CST) and the best case is the 606 
decentralized photovoltaic based heating system (DPV) as proposed in this study. Both Figure 10 and Figure 11 show 607 
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the comparison of the design variable costs of the Pareto optimal solutions for the centralized solar thermal and 608 
decentralized photovoltaic systems, respectively.  609 
 610 
It can be observed in Figure 10 (case 4, CST) that the solar thermal collector and the photovoltaic are the largest portion 611 
of the investments for the centralized system in (configuration 1). On the other hand in (configuration 141), the 612 
collector forms the largest portion of the investment. In Figure 10 the performance of the centralized solar thermal 613 
system improves when the investments are made in the collector, photovoltaics and in the building efficiency as the 614 
solution moves from (configuration 141 to 1). The algorithm initially increases the photovoltaic area due to low cost, 615 
compared to the collector. The investments are also made in the buildings and collector area, which further allows 616 
reducing the purchased electricity of the system. The volume of the borehole seasonal storage also increases with the 617 
increase in the collector area from (configuration 141) to (configuration 1) in Figure 10. The OEF value ranged from 618 
11% to 40% from configuration 141 to 1 in Figure 10. 619 

 620 
Figure 10. Design variables cost in the Pareto optimal solutions of the centralized roof-mounted collector based district heating system (case 4, CST). 621 
 622 
Figure 11 shows that in the photovoltaic based decentralized (case 1, DPV) system contained photovoltaic panels as 623 
largest portion of the investments in all the configurations. Buildings and storage cost also formed significant part of the 624 
investment in the configuration 1 in Figure 11.  In Figure 11, photovoltaic panels area are initial increased followed by 625 
the improvement in the buildings efficiency, warm tanks volume and number of heat pump, to further improve the 626 
performance of the energy system (case 1), as the solutions progresses from configuration 195 to 1. Overall, 627 
photovoltaic panels, heating demand and storage are important design variables in photovoltaic based decentralized 628 
system.  629 

0

100

200

300

400

500

600

700

1 8

1
5

2
2

2
9

3
6

4
3

5
0

5
7

6
4

7
1

7
8

8
5

9
2

9
9

1
0

6

1
1

3

1
2

0

1
2

7

1
3

4

1
4

1

C
o

st
 b

re
ak

d
o

w
 (
€

/m
2 )

 

Configurations 

Purchased electricity cost_€/m2  

Borehole seasonal storage cost_€/m2  

Building cost_€/m2  

Piping cost_€/m2 

Heat pump cost_€/m2 

Photo voltaic panels cost_€/m2  

Warm tank cost_€/m2  

Hot water tank cost_€/m2  

Solar collector cost_€/m2  

OEF = 40% 

OEF = 11% 



29  

 630 
Large photovoltaic panel area, large volume of the short-term tanks and seasonal storage and large number of heat 631 
pumps reduced the amount of purchased electricity to around 21 kWh/m2/yr. PV is given priority in this energy system 632 
(case 1) because it is the main source of energy generation of the heat via the heat pump. The renewable energy fraction 633 
for heating in case 1 varied between 99% and 60%. The OEF value ranged from 36% to 75% from configuration 195 to 634 
1 in Figure 11. 635 

 636 
Figure 11. Design variables cost in the Pareto optimal solutions of the decentralized photovoltaic based district heating system (case 1 , DPV). 637 
 638 
Both the Figures 10 and 11 shows the similar trends. The performance of the system improves with the increase in the 639 
investments on different design variables, in both the roof-mounted solar thermal centralized based system (case 4-640 
CST, Figure 10) and the photovoltaic based decentralized system (case 1-DPV, Figure 11).  641 
  642 
Nevertheless, there are five differences between the roof-mounted solar thermal centralized based system (case 4, CST) 643 
in Figure 10 and the photovoltaic based decentralized system (case 1, DPV) in Figure 11. These differences are as 644 
follows: 645 

1) The minimum purchased electricity is 27 kWh/m2/yr, with a 91% renewable energy fraction for the roof-646 
mounted solar thermal centralized based system (case 4, CST), and the minimum purchased electricity is 21 647 
kWh/m2/yr with a 99% renewable energy fraction for a photovoltaic based decentralized system (case 1, 648 
DPV).   649 

2) While comparing the roof-mounted solar thermal centralized based system (case 4, CST) in Figure 10 and the 650 
photovoltaic based decentralized system (case 1, DPV) in Figure 11, the solar collector cost exists in the 651 
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optimized configurations in case 4 (Figure 10). On the other hand in case 1, photovoltaic is used as the main 652 
component to produce heat, and there is no collector at all in this system. This means that the collector  can be 653 
replaced completely by the photovoltaic to provide heat energy to the system. In the photovoltaic based 654 
decentralized system (case 1, Figure 11), higher investments are made in the photovoltaic, because this is the 655 
main source for producing electricity and heat. Moreover, in this system (case 1) the water-water and air-water 656 
heat pumps need electricity, which is provided via photovoltaics. 657 

3) In the photovoltaic based decentralized system (case 1, Figure 11), the BTES cost is slightly lower than the 658 
roof-mounted solar thermal based centralized system (case 4, Figure 10) in configuration 1. This is because in 659 
the solar thermal based centralized system, seasonal storage is charged by the hot tank at a higher temperature. 660 
Therefore, to retain energy over the season, a large volume is required.  661 

4) The photovoltaic based decentralize system (DPV), has higher OEF compared to the CST system because in 662 
the DPV system the excess electricity from the PV is stored in the tanks and seasonal storage in the form of 663 
heat, that increases the OEF of the system. On the other hand in CST system the excess electricity is directly 664 
sold to the grid. 665 

5) Lastly, the cost of the warm tank in the best performing configuration 1 of the roof-mounted solar thermal 666 
based centralized system (case 4, Figure 10) is lower compared to the photovoltaic based decentralized system 667 
(case 1, Figure 11). It corresponds that the larger size of the warm tank is needed in the photovoltaic based 668 
decentralized system in case 4 to achieve better performance, as decentralized heat pumps use this as a heat 669 
source.  670 

 671 
The photovoltaic based district heating system (Case 1, DPV) outperformed the other systems. For comparison between 672 
the design variables values of the worst and best performing optimized configurations, the best energy system i.e. case 673 
1, DPV and the worst energy system i.e. case 4, CST systems are shows in Table 4 as a reference. These are the 674 
extreme design variables values (of the worst and best configurations) in the optimized solutions that are  present in 675 
Pareto front in Figure 7. As all the configurations in the Pareto front in Figure 7 are optimal solutions, and represent 676 
wide range of solutions. Therefore any solution can be selected from the Pareto front based on the decision maker 677 
selection criteria. It can be observed that, PV area, BTES volume, heat pumps and building performance increases in 678 
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order to improve the technical performance of both the DPV and CST. As a consequence the LCC would also increase 679 
depending on the investments done on the different components.  680 
Table 4. Design variables values range of the decentralized photovoltaic based heating system (Case 1, DPV) and centralized roof-mounted solar 681 
thermal based heating system (Case 4, CST). 682 

Design variable 
DPV, Case 1 CST, Case 4 

Best optimal 
configuration 1 

Worst optimal 
configuration 195 

Best optimal 
configuration 1 

Worst optimal 
configuration 141 

PV area (m2) 19162 1630 5837 600 
Roof-mounted ST area (m2) 0 0 5408 500 

BTES volume (m3) 23000 10000 38509 15000 
Number of BTES 442 11 323 9 

Hot tank volume (m3) 135 100 473 150 
Warm tank volume (m3) 480 120 474 150 

Number of air-water heat pump 78 6 0 0 
Building demand (kWh/m2/yr) 25 50 25 50 

7. Conclusions 683 

Photovoltaic based decentralized district heating system simulation model is developed and optimized in the study. 684 
Dynamic simulation software is used to simulate the system. Later on, the model is also optimized using Non-685 
dominated Sorting Genetic Algorithm (NSGA-II). Two objectives that are minimized in this study are purchased 686 
electricity and life cycle cost of the proposed system. To compare the technical and economic performance of the 687 
proposed photovoltaic based decentralized heating system, three different optimized and new types of solar district 688 
systems and a non-optimized single reference building heating system are used. All the systems are compared against 689 
the purchased electricity, life cycle costs, payback period and renewable energy fractions. Here is a short summary of 690 
the significant findings:  691 

 In general, the proposed photovoltaic based decentralized district heating system performs better than the 692 
single heat pump heated building (non-optimized reference case). The technical performance (purchased 693 
electricity/REF) of the optimized system (case 1, DPV) is better than the reference case.  694 

 The photovoltaic based decentralized system (Case 1, DPV) and its control strategy performed better than the 695 
other systems.  696 
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 The purchased electricity of the photovoltaic based decentralized system (Case 1, DPV) can be reduced by 697 
22%, and life cycle cost by 40% compared to the roof-mounted solar thermal based centralized system (Case 698 
4, CST). The worst performing energy system is the solar thermal based centralized system. 699 

 The purchased energy of the photovoltaic based decentralized system (Case 1, DPV) varied from 40 700 
kWh/m2/yr to 21 kWh/m2

/yr while the life cycle cost varied from 157 €/m
2 to 360 €/m

2. The renewable 701 
fraction (REFheat) varied from 60% to 99%. The OEF varied from 36% to 75%.  702 

 The best performing photovoltaic based decentralized system (Case 1, DPV) has a payback period of 9-27 703 
year, compared to the worst performing roof-mounted collector-based centralized system (Case 4, CST) has a 704 
payback period of 17–58 years. Therefore, it is possible to get the investments back in less than 10 years in the 705 
photovoltaic based decentralized system without incentives or benefits provided by the government.  706 

 In the best performing photovoltaic based decentralized system (Case 1, DPV), the borehole thermal energy 707 
storage, warm tank and photovoltaic size increases to reduce the purchased electricity. However, the life cycle 708 
cost and payback period also increases. 709 
 710 

The study revealed that the community sized district heating systems performed better compared to the single building 711 
solutions. The self-consumption of the energy is always better than exporting it. The self-consumption can be increased 712 
by integrating seasonal storage in the system, this allows reducing the importing of electricity from the grid. The study 713 
also showed that novel approach of integrating photovoltaics and seasonal storage together in the district heating 714 
systems can reduce the purchased electricity, payback period and life cycle cost compared to solar thermal collector 715 
based energy system.  716 
 717 
The study can be used to design and implement a real pilot project in Nordic countries. This study is a simulation based 718 
analysis, and in the future it is planned to perform experimental validation. As no such solar district heating system 719 
exist in Finland, this study can act as a modelled based reference system. As there is no real solar community in 720 
Finland, therefore it is difficult to compare the outcomes of the study and the scope of the study is limited to the 721 
simulation studies. However, the implementation of the pilot project at Drake Landing solar community (DLSC), 722 
Canada shows that such concepts can be built in cold climatic conditions with high renewable energy fraction. By 723 
introducing photovoltaics (PV) as the main source of the energy generation and heating, the novel decentralized PV 724 
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based heating system can be built with lower life cycle costs, lower payback period and at the same time high 725 
performing compared to solar collector based heating systems at the community scale as shown in the present study. In 726 
order to realize these systems in real application, seasonal storage and price reduction of the components, would play an 727 
important role. Another challenge in building real applications of these systems is simulations and modelling issues. It 728 
is important to provide improved simulation and optimization methods. At the moment, the computation time and costs 729 
are significantly high, especially, if the design variables, multi-criteria objectives and simulation models are integrated 730 
together for building and analysing such systems. Therefore, it is necessary to build good simulation and optimization 731 
methods for example machine learning methods with NSGA-II algorithm, because this would provide a suitable 732 
approach and cheap methods to solve this issue. The appropriate simulation and optimization methods and models are 733 
needed to create data and models for building real solar communities around the world. 734 
 735 
The scope of the present study is limited to the comparison between the solar thermal based district heating systems and 736 
photovoltaic based district heating systems. As the photovoltaic based district heating system clearly outperformed the 737 
solar thermal based energy systems both in technical and financial aspect. Therefore in the future it is planned to 738 
perform experimentation and measure the performance based on costs, technical performance and emissions.  739 
 740 
Overall, the issue of climate change can be addressed by building such community based energy systems. Policies and 741 
incentives shall be designed that can promote such concepts around the world. With the increase in the demand of the 742 
collectors and photovoltaics, it is expected that the costs of these components would reduce. This would ultimately 743 
benefit the district heating business and would also make them competitive compared to the traditional district heating 744 
systems.  745 
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