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A cost-optimal solar thermal system for apartment buildings with 23 

district heating in a cold climate  24 

Finding the global optimal combination of the main components for a solar 25 

thermal energy system is an important topic in utilizing solar radiation in a cost-26 

effective way. However, selecting an optimal solar thermal system in a cold 27 

climate condition is a challenging task due to the dependency on the heat demand 28 

and the limited availability of solar radiation. This research presents several sets 29 

of optimum combinations of a solar thermal collector and a hot water storage 30 

tank regarding energy efficiency and the life cycle cost for a typical Finnish 31 

apartment building. Since domestic hot water consumption forms the significant 32 

part of the heat demand in new energy efficient apartment buildings, the applied 33 

consumption information were extracted precisely according to measured data. A 34 

multi-objective optimization algorithm as NSGAII was implemented to search for 35 

global optimal values for selected decision variables. The decision variables were 36 

considered as the hot water storage tank volume, the solar thermal collector area 37 

and the tilt angle. Based on the results, by using the measured domestic hot water 38 

consumption data and through various economic scenarios, the cost-optimal ratio 39 

of the solar thermal collector area and storage tank volume was achieved as 16 40 

m2/m3 to 21 m2/m3. The solar thermal system with cost-optimal component 41 

sizes was able to save district heat energy consumption up 24% to 34% and made 42 

4 €/m2 to 23 €/m2 in financial profit in the studied apartment building.  43 

Keywords: Solar thermal collector; Hot water storage tank; Optimization, Life 44 

cycle cost; Energy efficiency; Apartment building. 45 
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 48 

 49 



 

 

1 Introduction 50 

 51 

The European Council in 2012 planned to reduce greenhouse gas emissions about 80% 52 

to 95% and to increase the share of renewable energy at least 55% in gross final energy 53 

consumption by 2050 (Oettinger 2012). Since integrating renewable energy sources with 54 

apartment buildings provides opportunities to enhance energy efficiency and decrease 55 

CO2 emissions, applying the solar thermal energy system is becoming important. 56 

Implementing solar energy is a challenging task because of the difficulties in optimal 57 

matching heat energy demand with the restricted on-site energy generation. An important 58 

part of the optimal utilization of the solar thermal energy is to define the proper size of 59 

the system components. For this purpose, an analysis of the solar thermal energy system 60 

with realistic input data and implementing global optimization methods is inevitable.  61 

 62 

Energy analysis and optimization of solar thermal systems have been extensively 63 

concentrated on in the literature. The performance and evaluation of the utilization of  64 

solar thermal systems have been investigated in several studies. The performance of the 65 

solar heating system using two different storage strategies has been compared by 66 

experimental and simulation results (Abdul Jabbar 2010). The results showed the 67 

superiority of the presented storage system for the solar collector. The solar thermal 68 

collector has been simulated for domestic hot water consumption (HWC) (Dongellinia 69 

2015). Optimization of the parabolic collector has been conducted through applying 70 

experimental data (Venkataramaiah 2013). The collector parameters were absorber 71 

materials, positions of the absorber tube and angle of the absorber tube. The maximum 72 

heat gain from the solar collector has been calculated based on the optimal slope angle 73 

under the climate condition in Iran (Abdolahzadeh 2011). The effect of different 74 



 

 

parameters such as the consumption profile, the tank volume and the collector area have 75 

been analysed. An advanced control strategy has been developed for a heating energy 76 

system, including a solar domestic hot water system and an auxiliary heater (Homme 77 

2001). Optimal collector parameters have been determined by implementing 78 

experimental data (Ghoneim 2016). The parameters have been considered as the collector 79 

tube length and diameter, the mass flow rate and the collector tilt angle. The control 80 

algorithm increased the potential of using onsite energy generation; however, this 81 

depended on the quality of the building and environmental information. Energy 82 

performance has been studied for two domestic solar water heaters with drain water heat 83 

recovery units (Tanha 2015). The simulation and experimental results showed that the 84 

proposed system could support an annual heat recovery of 789 kWh with 50% overall 85 

effectiveness. The application of a solar heating system has been studied for supporting 86 

the domestic hot water and space heating in Sweden (Lundh 2009). Performance of a 87 

solar heating system has been optimised for hot climate conditions (Hasan 2007). The 88 

decision variables have been set as the tank volume, the tilt angle, and the collector 89 

location.  90 

 91 

In these studies, the solar thermal system has been studied for both detached houses and 92 

apartment buildings in terms of energy efficiency, control strategies and modelling. The 93 

studies have shown that the performance of the solar thermal system depends on the 94 

building type, the climate condition and the level of heat demand. The main outcome of 95 

these studies have emphasized that the operation and configuration of a solar thermal 96 

system should be investigated for different building types. In a cold climate condition, 97 

the application of a solar thermal system would be more challenging due to limited access 98 



 

 

to solar radiation. Several studies have discussed integrating the solar thermal energy 99 

system with the heat pump or the photovoltaic system to improve the energy efficiency 100 

of buildings. A comparison has been performed between a photovoltaic, a thermal 101 

collector and a photovoltaic-thermal collector (Good 2015). The results showed that using 102 

a high efficiency photovoltaic system is more beneficial. The integration of a heat pump 103 

and a solar collector has been investigated for a heating energy system (Banjac 2015). 104 

The studied system also included the underground tank; its burial depth, tank size and the 105 

initial water temperature have also been analysed. The performance of the solar heating 106 

system has been checked in combination with a heat pump for heating buildings (Eicher 107 

2012). The simulation results have been validated with a series of practical tests. A novel 108 

configuration has been presented for a heat pump and photovoltaic/thermal collectors 109 

(Calise 2016). The new system has been depended on the performance of the applied solar 110 

system, and it could be profitable with a capital investment subsidy of 50%. The 111 

application of a solar heating system has been tested with the heat pump system for 112 

residential heating (Bakirci 2013). It has been found that the system was compatible with 113 

a cold region in Turkey. A different combination of a solar heating system has been 114 

investigated with a heat pump (Lerch 2015). Parallel and serial solar HP systems for 115 

heating purposes in buildings have been evaluated through simulations. Based on the 116 

results, the parallel system showed a significant reduction in electricity consumption. In 117 

the mentioned studies, integration of solar thermal energy system with the other onsite 118 

energy generation sources has also improved the problems due to the time difference 119 

between solar energy generation peak and the energy demand for space heating or 120 

domestic hot water (DHW) consumption. In all of the mentioned studies, the definition 121 

of the heat demand for the studied buildings has been one of the main parts of study. Since 122 



 

 

a significant part of the heating load in new apartment buildings has been devoted to 123 

heating the DHW, applying realistic and relevant data for DHW consumption can have 124 

significant effect on the performance of a solar thermal system. Based on (Ahmed 2015), 125 

the average DHW consumption in Nordic countries is 36 L/person/day in apartment 126 

buildings, while in Finland this value stands at 46 L/person/day. However, (Ahmed 2015) 127 

has also discussed that when referring to measurement data due to a variety in the number 128 

and behaviour of occupants, different values could be achieved for the level of DHW 129 

consumption. For example, in the same study, the estimated annual Finnish DHW 130 

consumption based on measured data of 182 Finnish apartments with 379 occupants is 43 131 

L/person/day. Multiple studies have also estimated and defined the DHW consumption 132 

in different locations and different buildings.  133 

 134 

Domestic hot water consumption has been measured for Canadian houses by monitoring 135 

the hot water flow rate, occupancy and temperature data in 119 homes at a time-step of 1 136 

minute (George 2015). Historical data for hot water consumption has been used for 137 

predicting demand (Lomet 2015). In addition, to study the trend of hot water 138 

consumption, an ARMA model has been applied to forecast daily hot water consumption 139 

demand. Hot water consumption has been investigated in an apartment building in 140 

Estonia (Koiv 2001). Data of 113 buildings have been measured to define the rate of hot 141 

water consumption per occupant. The level of consumption has been described as 55 142 

litres/day, with a 95% confidence interval of ±18 litres/day. Daily hot water consumption 143 

has been analysed to provide reliable estimation (Parker 2015). Several parameters such 144 

as the occupant number, the age and the environmental condition have been considered 145 



 

 

for explaining the rate of consumption. Nevertheless, a few of the studies have considered 146 

the measured data in the optimization of the system.  147 

 148 

For optimizing a solar thermal system by the measured DHW consumption data, a 149 

parametric analysis has been carried out regarding energy efficiency and CO2 emission 150 

(Hidalgo 2012). In addition, the size of main components for solar thermal system has 151 

been investigated by a parametric analysis to define the optimal energy efficient system 152 

for residential and service buildings (Li 2015, Yan 2015). The ratio of tank volume to 153 

collector area has been defined as being between 50 and 70 L/ m2  by applying the 154 

experimental data (Çomaklı 2012). A parametric analysis has been applied to define the 155 

optimal operation of a solar thermal system according to the life cycle cost and the energy 156 

performance of the system (Ibrahim 2014, - Testi 2016). For defining the optimal solar 157 

thermal system under a cold climate condition, a part of the literature has concentrated on 158 

the efficiency of the system or the optimal energy storing strategy (Omu 2016, Hugo 159 

2012). An optimal integration of a solar thermal system has been investigated with other 160 

onsite energy generation systems such as a heat pump or a photovoltaic system (Tamayo 161 

2014, Lindenberger 2000). The main fact learned from the studies is the assumption about 162 

the energy demand and the building application having a possibly significant effect on 163 

the results. Moreover, where LCC has been used as a measure to define the optimal energy 164 

system, considering different scenarios with different interest rate values becomes 165 

important (Eisenberger 1977).  166 

 167 

Reviewing the literature shows that the available studies of a solar thermal collector 168 

application do not properly cover global optimization of a solar thermal system in cold 169 



 

 

climate conditions. First, in most of the studies, optimization has not been carried out 170 

by realistic DHW consumption data or global searching methods. The methodology of 171 

defining the optimal system in the literature was mainly according to a parametric 172 

analysis that is not able to find a globally optimal solution. Secondly, defining the 173 

optimal solar thermal system for apartment buildings in cold climate conditions has not 174 

been addressed in the literature. The novelty of the current study is the application of 175 

the multi-objective optimization procedure to define an optimal solar thermal system for 176 

an apartment building in cold climate conditions by implementing the measured DHW 177 

consumption.  178 

 179 

Since the non-dominated sorting genetic algorithm (NSGAII) searches for a globally 180 

optimal set, this study has used it to define the global cost-optimal solution for solar 181 

thermal system specifications under cold climate conditions. A Finnish apartment 182 

building with a district heating system is simulated with IDA-ICE dynamic simulation 183 

(Björsell 1999) regarding the measured hot water consumption profile. The present study 184 

has considered the combination of a solar thermal system and the district heating as one 185 

of the suitable candidate heating systems for Finnish apartment buildings. A multi-186 

objective optimization procedure has been implemented to find the pareto front between 187 

energy performance and life cycle cost (LCC). The optimization has been carried out by 188 

using three decision variables: the solar area, the panel’s tilt angle, and the tank volume. 189 

 190 

2 Building description 191 

 192 



 

 

2.1 Studied building 193 

 194 

The studied building describes a typical Finnish apartment building according to Saari et 195 

al. (Saari 2017). The studied apartment building is located in Helsinki, and the heated net 196 

floor area of the building is 1594 m², and it has 4 floors. The main geometry of building 197 

was shown in Fig. 1. The U-value for the external walls is 0.17 W/(𝑚2 K), for the base 198 

floor 0.16 W/(𝑚2 K) and for the roof 0.09 W/(𝑚2 K). Moreover, the total U-value of the 199 

windows is 1.0 W/(𝑚2 K).  200 

 201 

The main internal heat gains of the building come from the lighting, the equipment and 202 

the occupants. The characteristics for the internal heat gain were presented in Table 1. 203 

These values were defined based on the standardized usage of the apartment buildings 204 

defined by the Finnish building code D3 (D3 2012). The number of occupants of the 205 

studied building was 57, based on the occupancy density defined by the Finnish building 206 

code D3. 207 

 208 

2.2 Heating and ventilation system 209 

 210 

The solar thermal system was implemented in the studied building for producing heat 211 

to the DHW, the spaces and the ventilation with the district heating system. The focus 212 

of the current study was on the dimensioning of the hot water storage tank and the solar 213 

thermal collector. In the studied system for auxiliary heating, the district heating system 214 

was considered to compensate for the heating energy when the solar radiation was not 215 

enough.  216 

 217 



 

 

The schematic of the simulated heating system is shown in Fig. 2. The control for 218 

connecting the solar thermal collector to the storage tank includes two main parts, the 219 

PI controller and the thermostat. The mentioned control principle was shown in section 220 

A of Fig. 2. The strategy of the control is to maximize the solar thermal heat utilization. 221 

The set point for the PI controller was defined as 5 ℃, which deals with the temperature 222 

difference between the inlet and the outlet of the solar thermal collector. The thermostat 223 

set point was set as 95 ℃, which guarantees the tank is never overheated more than its 224 

assigned upper limit. A flat type of solar thermal collector was implemented in this 225 

study. The efficiency of the solar thermal collector was assigned as 0.92, based on the 226 

solar radiation conversion factor of a commercial product (Niemelä 2014). The 227 

longitudinal and tangential incident angle modifiers were 0.95 (at 50℃) for modelling 228 

the biaxial behaviour of the collector.  229 

 230 

In this system, the fluid in the solar circuit was applied for a solar heat exchanger tagged 231 

as HXstc in Fig. 2; and in this way, it was separated from the water of the tank. The 232 

conductance of the heat exchanger connected to the solar thermal collector varied as a 233 

function of the solar thermal collector area as follows: 234 

 235 

K = a(Asc)            (1) 236 

 237 

where a is the heat transfer coefficient 184 (W/m² K) and Asc is the area of solar collector 238 

(m2). For the tank, the PI controller, located in section B, was connected to the auxiliary 239 

heating and the tank to keep the temperature of the upper layer of the tank between 60 240 

and 70 ℃ depending on the temperature level of water needed in the building. The PI 241 



 

 

controller receives temperature data measured from the top layer of the tank and the 242 

variable set point temperature of the tank. Section C of Fig. 2 shows the connection of 243 

the storage tank with the DHW system, air handling unit and space heating system. For 244 

the DHW, the separated heat exchanger, tagged as HXdhw, was used inside the tank to 245 

prevent the mixing of DHW with the water inside the tank and providing the water at 246 

55 ℃. The heat loss for the circulation of DHW was taken into account according to the 247 

guidelines of D5 as 0.43 W/(m²floor) (D5 2007). For the space heating, the inlet water 248 

temperature was controlled according to the control curve shown in Fig. 3, and the 249 

dimensioning temperatures of the radiators are 70/40 ℃. The set point for space heating 250 

is 21.0 ℃. For the inlet water temperature of a reheat coil of the air handling unit, the 251 

constant temperature set point at 60 °C was implemented. 252 

 253 

The building includes a mechanical supply and exhaust ventilation system with heat 254 

recovery. The air handling unit operates in a constant air volume (CAV) mode, and the 255 

temperature efficiency of the heat recovery unit was defined as 75%. Moreover, the 256 

constant supply and exhaust airflow rates of the building were defined as 0.5 dm3/(s, m²).  257 

 258 

2.3 DHW consumption 259 
 260 

In this section, two main features for modelling the DHW consumption were defined as 261 

the level of consumption and the consumption profile. The applied levels of 262 

consumption for the optimization part were assigned based on the Finnish building code 263 

D3 (D3 2012) and measurement data. The measured data were gathered from 16 264 

buildings studied by Koivumäki (Koivuniemi 2005), where the number of apartments 265 

was changing from 28 to 220 and the number of occupants varying from 38 to 343. The 266 



 

 

average daily hot water consumption is 67 L/occupant/day based on measured data, 267 

while it is 47 L/occupant/day according to the Finnish building code. The heat energy 268 

demand of DHW with the above-mentioned consumption levels are 50 and 35 269 

kWh/(m²,a) if the temperature difference between the hot and cold water is 50 °C. In 270 

this article, both DHW consumption levels were used in the optimization of the system 271 

described in section 2.2. Two different periods, winter and summer, were defined for 272 

the analysis of the DHW data. The summer period covers June, July and August, and 273 

the winter period includes the other nine months. The daily average of DHW 274 

consumption of the studied apartment buildings during the summer and winter periods 275 

was demonstrated in Fig. 4.  276 

 277 

The levels of hot water consumption discussed were applied in the study by means of the 278 

extracted consumption profile from the measured data. Fig. 5 explains the process of 279 

defining the DHW consumption profile.  280 

 281 

The measured data in (Koivuniemi 2005) were recorded based on a 5-second time 282 

interval. In the first step, the data was scaled up to one-hour time resolution by calculating 283 

the average of the relevant samples values. Then for recognizing the general profile of 284 

DHW consumption, a 24-hour framework was applied to detect and eliminate unusual 285 

cases. For all apartment buildings, available data were grouped as days of the week, and 286 

then they were categorized according to two new groups: weekdays and weekends 287 

including Saturday and Sunday. The weekdays and weekends were again divided into 288 

two periods: summer and winter. In the final stage, to find out the profile of DHW 289 

consumption, the outlier data should be removed. To filter the measured data, one 290 



 

 

standard way is defining and displaying the first quartile, median and third quartile from 291 

the distribution of the data. To achieve the distribution of the data, the sample days of all 292 

the buildings were plotted at the same time for all the mentioned groups. In Fig. 7, the 293 

distribution of the DHW consumption data was shown in addition to the mentioned 294 

limitations. The interquartile range (Seltman 2012) as IQR could be defined based on the 295 

difference of the first and the third quartiles as  296 

 297 

IQR = qu3 − qu1                                                                                                                 (2)                                         298 

 299 

where qu3  is the third quartile (L/h/Occupant) and qu1  is the first quartile 300 

(L/h/Occupant). 301 

 302 

The outlier data are those points that are beyond the quartiles by one-and-a-half IQRs. 303 

After filtering the data by the discussed limits, the DHW consumption profile could be 304 

recognized. The box plot technique (Seltman 2012) uses the defined logics about 305 

quartiles, and it is able to identify the outlier data through the distribution of the data. 306 

The analysed profiles used in the simulations are shown in Fig. 7. 307 

 308 

3 Methodology 309 

 310 

3.1 IDA ICE simulation tool  311 

 312 

The simulations of the studied building and the systems were carried out with the IDA-313 

ICE dynamic simulation tool. This software allows the modelling of multi-zone buildings, 314 

HVAC and solar systems, internal and solar loads and outdoor climate; and the software 315 



 

 

provides a dynamic simulation of heat transfer, air flows, thermal comfort, indoor air 316 

quality, infiltration and energy consumption in complex buildings. IDA-ICE was 317 

originally developed by the division of Building Services Engineering, Royal Institute of 318 

Technology (KTH), and the Swedish Institute of Applied Mathematics, ITM (Sahlin 319 

1996, Sahlin 2004), but today the software is a commercial tool. The performance of this 320 

software has been validated in several studies, for example in (Travesi 2001, Loutzenhiser 321 

2007). 322 

 323 

3.2  Hot water storage tank 324 
 325 

The non-ideal one-dimensional stratified storage tank modelling approach was used in 326 

this study with the IDA-ICE simulation software. The tank consists of 8 identical layers, 327 

the height of each layer being defined according the height of the tank. The dimensions 328 

of the tank and level of connections are shown in Fig. 8. The locations of the connections 329 

of the tank were adjusted according to the commercial storage tanks (Akvaterm Co. 330 

2015). 331 

 332 

To model the temperature stratification of the storage tank by the IDA-ICE simulation 333 

software, the appropriate mixing factor value was needed to model the heat transfer 334 

between the adjacent layers. The value of the mixing factor (12 W/mK) used in the study 335 

has been defined by means of experimental data in (Alimohammadisagvand 2016). The 336 

heat transfer between the adjacent layers of the storage tank model is  337 

 338 

Qi = AtMf(∆Ti Hi⁄ )                     ∀i ∈ [1,2 … .8]                                                                                                      (3) 339 

 340 



 

 

where At is a cross section area of the tank (m2), Mf is the mixing factor (W/Mk), ∆Ti is 341 

the temperature difference between adjacent layers (K), and Hi is the height of each layer 342 

of the tank (m). The heat transfer between the bottom and the top of the tank is the 343 

aggregated heat transfer between the adjacent layers:  344 

 345 

Qt = ∑ Qi
n
i=1                                       ∀i ∈ [1,2 … .8]                                                                                                        (4) 346 

 347 

where n is the number of the layers. Since in this research the height of the tank was kept 348 

constant, the tank radius was changed according to defined variable boundaries to define 349 

different volumes. 350 

 351 

3.3 Weather data 352 

 353 

Finland belongs to the cold climate zone (D) according to the Köpper-Geiger climate 354 

classification (Peel 2007). Finland has also been divided into four climate zones (I–IV) 355 

according to the Finnish building code for the energy performance calculation of 356 

buildings (D5 2007). According to this country-specific classification, Helsinki is located 357 

in zone I, which is the southern-most climate zone in Finland. The hourly test reference 358 

year (TRY) which was applied in this study describes the current climatic conditions of 359 

climate zone I according to Kalamees et al. (2012). This test reference year was measured 360 

at the weather station of Helsinki-Vantaa airport by the Finnish Meteorological Institute. 361 

The annual average temperature of the applied weather data is +5.4 ℃, and the average 362 

degree-day number is 3952 Kd at indoor temperature of 17.0 ℃. 363 

 364 



 

 

3.4 Financial calculation 365 

 366 

The LCC was set as the sum of the present value of investment and operating costs, 367 

including those related to maintenance and energy for heating over a specified life span. 368 

The utilized solar energy in the building was considered as profit in the LCC analysis. 369 

The life cycle cost for 20 years is determined as:  370 

 371 

LCC20a = ∑ I0,tot + ∑ Mtot − ∑ Etot                                                                       (5)                372 

 373 

where ∑ I0,tot is the total investment cost of the studied systems (€), ∑ Mtot is the total 374 

maintenance cost of the studied systems (€), and ∑ Etot is the financial value of saved 375 

purchased energy (€). In these terms, the consumed electrical energy for the pumping 376 

system of the solar thermal collector is also considered. The residual value of the studied 377 

systems after the 20-year discount period was not taken into account in the study. The 378 

maintenance cost can be explained as:  379 

 380 

∑ 𝑀𝑡𝑜𝑡 =
1−(1+𝑟)−𝑛

𝑟
× 𝑀𝑎                                                                                                                   (6)                        381 

 382 

where r is the real interest rate, n is the discount period of the LCC calculation, and Ma is 383 

the annual maintenance cost (€). The profit from the utilized solar energy explains the 384 

cost saving due to replacing the district heating energy with the utilized solar thermal 385 

energy. This value can be calculated as:   386 

 387 

∑ 𝐸𝑡𝑜𝑡 =
1−(1+𝑟𝑒)−𝑛

𝑟𝑒
× 𝐸𝑎                                                                                                                      (7) 388 

 389 



 

 

where re is the escalated real interest and Ea is the annual financial value of saved 390 

purchased energy. The escalated interest rate was explained as: 391 

 392 

    re =
(r−e)

1+e
                                                                                                                                             (8)                393 

 394 

where r is real interest rate and e is the escalation. The required parameters for the life 395 

cycle cost analysis were presented in Table 2. For the sensitivity analysis of LCC 396 

parameters, the applied values were also presented in Table 2.  397 

 398 

3.5 Optimization method 399 

 400 

The applied optimization method of this study was set as the non-dominated sorted 401 

genetic algorithm version II, which was used for defining the optimal set solution for 402 

multi-objective cases. The basic idea of the NSGAII is similar to the genetic algorithm in 403 

generating the population and searching the search space. The NSGAII is able to handle 404 

the multi-objective problems with two concepts as a non-dominated ranking and a 405 

crowding distance (Deb 2002). The optimization in this article was done by connecting 406 

the IDA-ICE simulation software with the MOBO (Multi-Objective Building 407 

Optimization) optimizer program. MOBO has been developed at Aalto University and 408 

the VTT technical research centre of Finland as the optimization software that could be 409 

connected to different simulation software (Palonen 2013). 410 

 411 

3.6 Simulation-based optimization process 412 

 413 



 

 

In simulation based multi-objective optimization, at least one of the fitness functions was 414 

evaluated with simulation software. Here the performance of the solar thermal system 415 

was checked using the IDA-ICE simulation software. Then the resultant cost function 416 

beside the cost function for the LCC forms the multi-objective optimization structure. 417 

Fig. 9 shows the whole procedure of the used simulation-based optimization.  418 

 419 

4 Optimization of the solar thermal system 420 

 421 

4.1 Optimization problem 422 

 423 

The main aim of this article is to carry out a series of multi-objective optimizations that 424 

lead to optimal solutions regarding the performance of the solar thermal system and the 425 

LCC. The optimization case could be defined as  426 

 427 

Minimize f(x) = {f1(x1, x2, x3), f2(x1, x2, x3)}                                                                             (9)                                    428 

subject to x ϵ S 429 

 430 

where f1 is the cost function for the LCC (€), f2 is the purchased district heating energy 431 

(MWh), S is a feasible set of decision vectors including the constraint functions, x1 is the 432 

area of the thermal solar collector (m²), x2 is the tilt angle of the thermal solar collector, 433 

and x3 is the volume of the hot water storage tank (m³). Two functions were defined to 434 

search for optimal possible solutions for the solar thermal system. These two cost 435 

functions consider the optimal utilization of the solar thermal system regarding the LCC 436 



 

 

during the life span. The first cost function deals with LCC, which was defined in section 437 

3.3.  438 

4.2 Optimized decision variables and cost data 439 
 440 

Decision variables were considered as three parameters related to performance of the 441 

solar thermal system. The collector area, the tilt angle and the tank volume are decision 442 

variables that were used to search for the assigned design space. Each decision variable 443 

has a reasonable upper and lower limit. These limits are shown in Table 3.  444 

 445 

The upper limits for the solar thermal collector area and storage tank volume were 446 

selected based on the limitation of available roof area and the available space in the 447 

technical room. The applied prices for the LCC calculation were extracted from available 448 

products and an inquiry of Finnish companies. For the thermal solar collector, the 449 

investment cost was divided into a constant and varying sections. The constant cost which 450 

covers the installation, piping, control system, pump and expansion chamber for the 451 

studied building is 26660 €. The varying cost changes with the area of the solar collector, 452 

which is 248 €/m²collector. The investment cost of the hot water storage tank varies with the 453 

volume of the tank, as shown in Fig 10. This cost data is updated information available 454 

in Niemelä et. al. (2016). The average Finnish district heat price (69.3 €/MWh) was used 455 

in this study. The presented component and the energy prices include the Finnish value 456 

added tax (V.A.T.) of 24% (Finnish Energy Association). The price of electricity for the 457 

pumping system was considered to be 188 €/MWh, after adding the 24 % tax (V.A.T). 458 

 459 

5 Results 460 



 

 

 461 

5.1 Operation of auxiliary heating system 462 

 463 

Fig. 11 shows the operation of auxiliary heating system during one example day. The 464 

selected day is 2nd of April, when generated heat by the solar thermal system is not 465 

adequate to fully respond to the building’s heat demand. Therefore the auxiliary heating 466 

system is needed to cover a part of the building heat demand as well. The size of the 467 

collector was set at 84 m2, and the tank volume is 4 m3. The upper section in Fig. 11 468 

shows the heat demand components as the AHU, space heating and domestic hot water. 469 

In the lower section, the heat transferred to the hot water storage tank from the solar 470 

thermal and auxiliary heating systems are compared to the building’s total heat demand. 471 

The tank’s top layer temperature has also been shown in the lower section.  472 

 473 

In the beginning of the day, there is no solar generation but there is heat demand in the 474 

building. Tank top layer temperature is decreasing and because of that the control system 475 

increases the auxiliary heating power. Later, because the solar heat generation starts to 476 

heat the tank, the auxiliary heating power decreases.  477 

 478 

5.2 Studied scenarios 479 

 480 

 Four scenarios were used to define the optimal solutions of the solar thermal system in 481 

the studied apartment building. The logic behind defining these scenarios was checking 482 

the effect of the main economic parameters on the optimal size of components and the 483 

corresponding profitability. The assigned scenarios were set as follows: 484 

 485 



 

 

Scenario 1: In this stage, the solar thermal system was optimized with two different levels 486 

of domestic hot water consumption based on values explained in section 2.3. The values 487 

for the real interest rate and the escalation were defined as 3% and 1%, while the 488 

investment cost was set based on the cost of the components defined in section 4.2. The 489 

optimization of the system was conducted with the measured domestic hot water data. 490 

The basic values defined in Table 2 were used in the reference optimization case. 491 

 492 

Scenario 2: In this part, the setting of optimization was similar to Scenario 1, but the real 493 

interest rate was varied from 3% to 5% and 7%.  494 

 495 

Scenario 3: The arrangement of the parameters was defined based on Scenario 1, but the 496 

investment cost was changed by ±15% of the components cost, defined in section 4.2. 497 

 498 

Scenario 4: The setting of optimization in this part was similar to Scenario 1, but the 499 

escalation was changed from 1% to 3% and 5%. 500 

 501 

5.3 Breakdown of heat demand 502 

 503 

The breakdown of the building heat demand with the defined DHW consumption levels 504 

is shown in Fig 12. The figure shows the heat demand for DHW, space heating and 505 

ventilation.  506 

 507 

Based on Fig. 12, more than half of the total building heat demand was devoted to DHW 508 

consumption in both of the cases. 509 

 510 



 

 

5.4 Scenario 1: Effect of the domestic hot water consumption level 511 
 512 

The multi-objective optimization was carried out over the solar thermal energy system to 513 

define the optimal values for the hot water storage tank volume, the solar collector area 514 

and the tilt angle by using two different domestic hot water consumption levels, which 515 

were defined in section 2.3. The total annual district heating energy consumption without 516 

the solar thermal system was 69 kWh/(𝑚2,a) in the D3-based case and 84.3 kWh/(𝑚2,a) 517 

for the measured DHW level.  518 

 519 

 The resulted pareto fronts for multi-objective optimization are presented in Fig. 13. From 520 

the results, it can be seen that the solutions with a higher level of domestic hot water 521 

consumption formed the profitable part of the pareto. The global cost-optimal solution, 522 

marked with  GOSmeasured , belongs to the pareto with the higher domestic hot water 523 

consumption level (67 L/occ./day). The size of the tank and the solar collector area for 524 

this point were achieved as 4 m3 and 84 m2. For the pareto front with the lower level of 525 

hot water consumption (47 L/occ./day), the cost-optimal solution was marked as, GOSD3. 526 

For GOSD3, the size of the tank and the solar collector area were obtained as 3 m3 and 55 527 

m2. According to Fig. 13, the cost-optimal solar thermal system decreases the annual 528 

district heat energy consumption by 24% for the GOSD3 and 33% for the GOS-measured 529 

cases compared to the case without a solar thermal system. 530 

 531 

The ratio of the solar collector area per tank volume for the GOSmeasured is 21m2/m3 and 532 

for the GOSD3 it is 18m2/m3. Two other points as numbers 2 and 3 were also marked in 533 

Fig. 13 over the pareto that belongs to the higher level of the domestic hot water 534 

consumption. For number 2, without significant changes in the LCC, it is possible to save 535 



 

 

more district heating energy by increasing the size of the tank and the collector area. 536 

Number 3 lay down on the profitability boundary, which shows the extreme feasible 537 

solution for the studied apartment building.  538 

 539 

From Fig. 13, it can be seen that the profitable range for the solar thermal collector area 540 

varied between 84 m2 and 130 m2, while the tank size changed from 4 m3 to 6 m3. The 541 

ratio of the solar collector area per tank volume varied from 21 m2/m3 to 22 m2/m3 in the 542 

profitable range. It means that any ratio out of this range was not economically optimal. 543 

Increasing the size of the tank more than 6 m3  was not able to form any profitable 544 

combination with the assumed range of the solar collector area and the studied 545 

consumption levels. This is evident by the constant tank volumes for the solar collector 546 

area larger than 90 m2.  547 

The ratio of district heating energy saving per LCC was investigated from the results. The 548 

mentioned ratio variation from point number 1 to point number 3 was 1.8 kWh/€, while 549 

the same ratio variation from point number 3 to point number 5 was 0.2 kWh/€. The part 550 

of the pareto which was laid down between points 1 and 3 was able to save more energy 551 

in a more reasonable economic way. The tilt angle was not found to be an effective 552 

decision variable in the optimization. Solutions that were tagged with the numbers 5 and 553 

6 produced the most solar energy. Four of the mentioned points were not economically 554 

feasible. These solutions, which touched the defined maximum boundaries of decision 555 

variables, could not compensate for their investment cost by utilizing the solar energy 556 

during the assigned life span. 557 

 558 

Fig. 14 shows the breakdown of the heating energy demand and the utilized solar energy 559 

for the two points 1 and 5 shown in Fig 14. Between April and September, collected solar 560 



 

 

energy was a significant source of heat energy, while there was no collected solar energy 561 

in January, November and December. The heating energy demand between April and 562 

September was 22 kWh/m2. The solar energy utilized with system number 1 was 21 563 

kWh/m2 and 25 kWh/m2 by system number 5. Therefore, both systems were able to cover 564 

most of the heating energy demand from April to September. The percentage ratio of 565 

annual utilized solar energy per annual total heating energy demand was 41% for point 5 566 

and 30% for point 1. The percentage ratios of annual utilized solar energy per annual heat 567 

energy demand of DHW of the preceding points was 69% for point 5 and 50% for point 568 

1.  569 

 570 

Fig. 15 shows the effect of the collector area and the tank volume on the district heating 571 

energy consumption. Fig. 15 also explains the distribution of the cost optimal tank sizes 572 

against the solar collector area as a curve with a thicker line. In Fig. 15, the points between 573 

point numbers 1 and 3 referred to those economic profitable points on pareto with a higher 574 

level of domestic hot water consumption (see Fig. 13).  575 

5.5 Scenario 2: Effect of real interest rate  576 
 577 

The real interest rate was changed from 3% to 5% and 7% to check its effect on the 578 

optimization results. This analysis shows the consequences of the LCC setting on the 579 

economic profitability of optimal solutions. For the studied apartment building and the 580 

described solar energy system, increasing the real interest rate as shown in Fig. 16 made 581 

the optimal solutions unprofitable. The global cost-optimal solutions, which were tagged 582 

by GOS3% ,GOS5% and GOS7% in Fig. 16 was affected mainly by the solar collector area. 583 

The area of the collector had a reduction of 8 m2 in the GOS5% and 15 m2 in the GOS7%. 584 

When the real interest rate was increased from 3% to 7%, the optimal tank size decreased 585 



 

 

from 4 m3 to 3 m3. The ratio of the solar collector area per the tank volume changed from 586 

17.5 m2/m3 in the GOS3% to 15.5 m2/m3 in the GOS5% and 18.3 m2/m3 in the GOS7%. The 587 

utilized solar energy showed a reduction of 1 and 2 kWh/m2 after increasing the real 588 

interest rate for the marked points as GOS5% and GOS7% because of the reduction of the 589 

solar collector area. About the LCC, the increment could be detected in the GOS5% as 6 590 

€/m2 and for the GOS7% as 10 €/m2 compared with the LCC value in point GOS3%. These 591 

amounts of imposed additional cost and reduction in applying the solar energy made the 592 

mentioned optimal solutions to remain out of the profitable region. According to Fig. 16, 593 

the cost-optimal solar thermal system decreased the annual district heat energy 594 

consumption by 28%, 28% and 31% in the GOS7% , GOS5%  and GOS3% , respectively, 595 

compared to the case without a solar thermal system. 596 

 597 

5.6 Scenario 3: Effect of investment cost  598 
 599 

The effects of the main component prices as the investment cost were also studied in the 600 

optimal solutions in Fig. 17. As explained before in section 5.2, the investment cost was 601 

set at ±15% of the reference investment cost, which was listed in section 4.2. The analysis 602 

revealed how changing the investment cost affected the financial profitability of optimal 603 

solutions. The ratio of the solar collector area per tank volume for GOS−15% was 16 m2/m3 604 

and for GOS+15% it was 16 m2/m3. For GOS+15%, increasing the investment cost by 15% 605 

did not change the optimal tank size, but it reduced the optimal collector area by 6 m2. A 606 

reduction in investment cost by 15% in GOS−15% made a small change in the system 607 

configuration compared with the reference case. This change is the increment of the size 608 

of the tank to 5m3 and the area of collector to 79 m2 in comparison with the GOSreference. 609 

The LCC value for the GOS−15% , as the maximum profit in this scenario, was achieved 610 



 

 

around 9 €/m²floor. The LCC value for GOS+15% had a 5 €/ m²floor increment against the 611 

reference case. For GOS−15% around 5 €/m²floor reduction in LCC was calculated from the 612 

results to compare with the reference case. The utilized solar energy increased from 31 613 

kWh/m2 to 32 kWh/m2 in GOS−15% and decreased to 30 kWh/m2 in GOS+15%. According 614 

to Fig. 17, the cost-optimal solar thermal system decreased the annual district heating 615 

energy consumption by 30% and 32% in the GOS+15% and GOS−15%, respectively. 616 

 617 

Reducing the investment cost made the range of optimal selections of components wider 618 

compared to Scenario 1. The ratio of the solar collector area per tank volume varied from 619 

16 m2/m3 to 33 m2/m3in the economic profitable solutions after applying 15% off in the 620 

investment cost.  621 

 622 

5.7 Scenario 4: Effect of escalation 623 
 624 

The two escalation rates of 3% and 5% were used to study the sensitivity of the optimal 625 

solution to the escalation rate. Increasing the escalation made more profitable solutions, 626 

which was evident by the presented results in Fig. 18. The effect of raising the escalation 627 

rate on cost-optimal solutions as points GOSes3% and GOSes5% was the increment in the 628 

sizes of the main components and extending the financial profit for optimal solutions. The 629 

area of the solar collector increased 26 m2 from points as GOSes1% to GOSes5%, while the 630 

volume of the tank increased 2 m3. The ratio of the solar collector area per tank volume 631 

for  GOSes3%  was 16.2 m2 /m3, and for the GOSes5%  it was 16 m2 /m3 . The maximum 632 

financial profit increased from 4 €/m²floor to 13 €/m²floor and 24 €/m²floor if the escalation 633 

rate increased from 1% to 3% and 5%. According to Fig. 18, the cost-optimal solar 634 

thermal system decreased the annual district heat energy consumption by 31%, 32% and 635 



 

 

34% in the GOSes1%, GOSes3% and GOSes5%, respectively, compared to the case without a 636 

solar thermal system. 637 

 638 

6 Discussion  639 

 640 

The economic profitability of a solar thermal system for buildings in cold climate 641 

conditions depends strongly on the level of heat demand for the building. DHW 642 

consumption typically forms the main part of heating energy demand in new apartment 643 

buildings. In the design stage, the level of hot water consumption is defined based on the 644 

relevant design guide or the national building code. However, the real DHW consumption 645 

could be different from the design stage assumption due to uncertainties in the occupant’s 646 

behaviour. Therefore, it is recommended that different scenarios or similar building 647 

information are considered for the DHW consumption to evaluate the true potential of the 648 

solar thermal system.  649 

 650 

The results showed that the bigger collector and tank could not necessarily make 651 

profitable solutions for any apartment buildings. This is because of the actual heat demand 652 

of the building. The results emphasized that the size of the system components should be 653 

adapted to the level of the heat demand. If they are not compatible, then mismatching 654 

between energy generation and energy demand will be increased, which means imposing 655 

an unnecessary investment cost. So a trade off in the energy saving ability of the system 656 

and corresponding LCC value is essential, especially in the cold climate condition.  657 

 658 



 

 

 Moreover, the results showed that the cost-optimal solar thermal system could cut the 659 

district heating energy consumption about 22% to 32% in the studied cases. This justified 660 

the application of the solar thermal system in the new apartment buildings under the cold 661 

climate condition. However, for investing in the solar thermal energy system, a different 662 

part of the resulting pareto fronts should be interpreted precisely. In the most cost-663 

effective part of the pareto front, the change of the LCC against the energy usage is 664 

smaller. Therefore, investment in solutions in this part would be recommended for an 665 

energy-efficient and cost-feasible system. As shown in the results, those components that 666 

made the main portion of investment had the main effects on the optimization results. The 667 

size of the solar thermal collector as the main element in the investment cost had the 668 

highest correlation with the profitability of the system.  669 

 670 

The assumptions for setting the LCC calculation are important and have a strong effect 671 

on the results. Among the studied economic issues, increasing the escalation rate had the 672 

most significant effect on the optimization results. The increment of the escalation to 5% 673 

made the highest financial profit (24 €/m²floor) among the studied cases. However, 674 

increasing the real interest rate from the basic value (3%) made the solar thermal system 675 

unprofitable in all the studied cases. Since the reference optimization that made profitable 676 

solutions was run with stricter values for the LCC parameters (see sections 3.4 and 4.2), 677 

applying the solar thermal system in apartment buildings under cold climate conditions 678 

could be an economically feasible option to reduce energy consumption. The total 679 

investment cost for an optimal solar thermal system in the studied apartment building was 680 

46780 €. The unit price was about 29 €/m²floor, which showed that applying the solar 681 

thermal system in the studied apartment building was an economically feasible option.  682 



 

 

 683 

The results of this study are applicable to apartment buildings with a similar level of DHW 684 

consumption under similar climate conditions. The simulation-based optimization 685 

methodology presented in this study could be used to study the cost-optimal dimensioning 686 

of different solar thermal systems in any building type, with other system configurations 687 

(for example, with heat pumps or dual storage tank systems), and the analyses can be 688 

performed in any kind of climate conditions.  689 

 690 

7 Conclusion  691 

 692 

In this study, the cost-optimal sizes of main components as collector area and storage tank 693 

volume were investigated for a solar thermal energy system in a Finnish apartment 694 

building. Different scenarios for studying the effect of investment cost, real interest rate, 695 

and escalation were applied to study the potential of financial profitability for optimal 696 

solutions. 697 

 The range of the cost-optimal solar thermal collector area and the storage tank volume 698 

varied from 52 m² to 82 m² and from 3 m³ to 6 m³ in the studied apartment building cases, 699 

depending on the DHW consumption level, the investment cost and the values of the 700 

parameters of the LCC calculation. The ratio of the cost-optimal collector area and the 701 

storage tank volume varied between 13 and 17 m²/m³ in the studied cases. The investment 702 

in the solar thermal system with the cost-optimal component sizes created a financial 703 

profit from 3 €/m²floor to 24 €/m²floor in the studied cases when the DHW consumption 704 

level was assigned as 67 L/occupant, day. Based on the results of this study, the following 705 

conclusions could be made: 706 



 

 

 707 

 The effect of the DHW level is important in evaluating the performance of the 708 

solar thermal energy system and its financial feasibility. 709 

 710 

 The installation of the optimized solar thermal system in the new apartment 711 

building is a true energy-saving measure, and the investment can be economically 712 

profitable, depending on the DHW consumption level, the investment cost and the 713 

realization of the assigned economic parameters. The solar collector area was 714 

found to be the main decision variable in the optimization.  715 

 716 

  Selection of the component sizes for a solar thermal system needs good 717 

information about the energy consumption of the building and a sensitivity 718 

analysis of the optimal solutions through different economic scenarios.  719 

 720 

 Based on the method of presenting the findings in the current study, the results 721 

could be generalized for other apartment buildings with a similar heating demand 722 

under cold climate conditions. 723 

 724 

The presented results support decision-makers in meeting their commitments and 725 

expectations from investments in a solar energy system for apartment buildings.  726 
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Table 1. The internal heat gain characteristics of the studied apartment building (D3 911 

2012). 912 

Internal heat gain 

 

Specific power / 

Notifications 

Persons 

3.0 W/m2 average sensible gain, which equals 1 person per 28 m2 with 

activity level of 1.2 met and clothing 0.75 ± 0.25 clo 

Lighting 

11.0 W/m2 average heat gain, which equals  

9.6 kWh/(m2,a) with an average usage rate of 0.1 

Household equipment 

4.0 W/m2 average heat gain, which equals  

21.0 kWh/(m2,a) with an average usage rate of 0.6 

 913 

Table 2. The applied parameters in LCC analysis 914 

Parameter 

Basic values (scenarios 1 

and 3) 

Applied in real interest 

rate sensitivity analyses 

(scenario 2) 

Applied in escalation rate 

sensitivity analyses 

(scenario 4) 

Real interest rate  3.0 % 5%, 7% 3% 

Escalation in energy prices 1.0 % 1% 3%, 5% 

Holding period of investments 20 a 20 a  20 a  

Running time period of annual maintenance costs 18 a 18 a  18 a  

Present value factor of maintenance costs  13.70a 11.70a, 10a  13.70a 

Present value factor of energy costs  16.32 a 13.62a, 11.52a 19.92a, 24.52a 

 915 



 

 

Table 3. List of optimization variables 916 

Decision variables Lower limit Upper limit Notifications 

Collector area [m2] 1 200 Continuous 

Tank volume [m3] 0.5 6 Continuous 

Tilt angle [degree] 30 60 Continuous 
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 919 

Figure 1. 3D view of studied apartment building. 920 

 921 

Figure 2. Schematic of the studied heating system (HXaux: the heat exchanger 922 

connected to auxiliary heating system; HXstc: the heat exchanger connected to solar 923 

thermal collector; HXdhw: the heat exchanger for DHW). 924 



 

 

 925 

Figure 3. Inlet water temperature control according to the outdoor temperature with the 926 

district heating system.  927 

 928 

  929 

Fig. 4. Average hot water consumption in studied buildings in winter and summer (B:Building) 930 

 931 

 932 

Figure 5. Process of DHW consumption framework. 933 
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  935 

Figure 6. Measured data distribution for domestic hot water consumption on weekdays 936 

and weekends through the summer and winter periods (median=red line, first 937 

quartile=lower line of the box, and third quartile=upper line of the box) . 938 

 939 

Figure 7. The hot water consumption profiles used in the simulations.  940 



 

 

 941 

Figure 8. Schematic of the simulated hot water storage tank. 942 
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 944 

Figure 9. Simulation-based optimization process. 945 
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   947 

Figure 10. The price of hot water storage tank as function of volume. 948 

 949 

Figure 11. Heat demand and heat transferred to the tank. 950 



 

 

 951 

Figure 12. The breakdown of heat demand with applied DHW consumption levels. 952 

Right: According to measured data (A), Left: According to Finnish building code D3 953 

(B). 954 

 955 

Figure 13. The pareto front for optimization of solar thermal energy system 956 

(V = Tank volume, Asc = Solar collector area, θsc = Solar collector tilt angle, Qsc =957 

utlized solar energy). 958 



 

 

 959 

Figure 14. Monthly breakdown of the heating energy demand and utilized solar energy 960 

(Point 1 and point 5 from Fig. 13). 961 

 962 

Figure 15. Sensitivity of solar collector area to tank volume (thicker line shows cost 963 

optimal tank sizes). 964 



 

 

 965 

Figure 16. The effect of interest rate on optimal solutions. 966 
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Figure 17. The effect of the investment cost on optimal solutions. 968 



 

 

 969 

Figure 18. District heating price effect on optimal solutions. 970 
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