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Abstract 15 

The utilization of solar energy based technologies has attracted increased interest in recent 16 

times in order to satisfy the energy demands in buildings. This research work presents a 17 

comparative analysis of the energy production and costs of factory made solar heating systems, 18 

Thermosiphon Solar Water Heaters Systems (TSWHS) and Forced-circulation Solar Water 19 

Heaters Systems (FSWHS), as a function of profile type (high and low) and collector absorber 20 

treatment (selective and black painting).  We observe that the energy performance and the 21 

Levelized Cost of Energy (LCOE) is similar in TSWHS and FSWHS for load volumes below tank 22 

nominal volume, black painting absorbers and locations with high solar irradiation.  In the case 23 

of load volumes greater than nominal, climates with low irradiation and collectors with selective 24 

absorbers, the differences in their energy performance can reach a 7% and the LCOE can 25 

increase up to 9%.  The LCOE is lower for TSWHS systems for all the evaluated scenarios. We 26 

have also found that for cold climates, the FSWHS systems present higher net annual energy 27 

produced, however, for warm climates TSWHS systems present greater net annual energy 28 

production.   29 

Keywords: Solar system, performance, testing, profile.  30 
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Building sector is experiencing significant challenges in relation to greenhouse gas emissions, 32 

energy consumption and associated costs. These changes are mainly due to a legislative change 33 

[1], long-term trend of increasing energy prices [2] and emerging market of renewable energy 34 

[3].  35 

A legal frame is already formulated in European Union. Directive 2010/31/EU [4] states the 36 

implementation of Nearly Zero-Energy Buildings (NZEBs) starting with 2019 for new public 37 

buildings and by 2021 for any new building, amended by the Directive (EU) 2018/844 [5] 38 

establishing that each member state shall have a long-term renovation strategy to support the 39 

renovation of the stock of buildings, into a highly energy efficient and decarbonised building 40 

stock by 2050, reducing greenhouse gas emissions in the Union by 80-95 % compared to 1990. 41 

The roadmap shall include indicative milestones for 2030, 2040 and 2050, and specify how they 42 

contribute to achieving the Union’s energy efficiency targets in accordance with Directive 43 

2012/27/EU, [6] facilitating the cost-effective transformation of existing buildings into nearly 44 

zero-energy buildings.  45 

Building-Integrated Solar Thermal (BIST) systems are a new tendency in the building sector, 46 

which tries to benefit from the synergy of refurbishing the building and installing solar thermal 47 

collectors at the same time with a significant visual comfort [7]. There are a variety of solutions 48 

in BIST systems, all of them designed as they allow the use of solar collectors that, in addition to 49 

energy production, have other functions within the building, such as daylighting, glare control, 50 

solar control, air tightness, safety in case of fire, protection against noise, [8]. There are many 51 

ongoing efforts to improve these solutions. The IEA SHC Task 56 is a global activity focused on 52 

Building Integrated Solar Envelope Systems for HVAC and Lighting. It is centered on the analysis 53 

of multifunctional envelopes that use or control incident solar energy in order to deliver 54 

renewable thermal energy to the buildings [9]. In addition, there are already solutions in the 55 

market for building-added solar thermal collectors in roofs and facades [10] such as the 56 

integration of solar collectors as shading devices according to aesthetic considerations [11] or 57 

all-ceramic solar collectors [12] [13]. There are specialized companies such as SIKO SOLAR GmbH 58 

focused in building integration: basic and classic. As an example, the Sun House and KOMBISOL 59 

house in Austria [14]. There are also manufacturers like DOMMA Solartechnick GmbH that offer 60 

custom-made flat-plate BIST collectors [15].  61 

This new trend is an alternative of Factory made solar heating systems are compact, very 62 

reliable, efficient and durable since all the equipment of the solar installation are designed and 63 

tested before installation to verify their specifications with the test standards. For example, on 64 

the European market must overcome the EN 12976:2017 [16] [17] European Standard tests. The 65 

European Standard efficiency test refers to two ISO Standards, ISO 9459-2:2008 [8] and ISO 66 

9459-5:2007 [19]. On the USA market must overcome the ICC_900-SRCC 300:2015 Standard 67 

tests [20].  68 

There are two main configurations of Factory Made Solar Heating Systems in the market: 69 

Thermosiphon Solar Water Heaters Systems (TSWHS) and Forced-circulation Solar Water 70 

Heaters Systems (FSWHS). 71 

FSWHS need additional equipment such as sensors, a controller and a pump. Moreover, its cost 72 

is greater than TSWHS. FSWHS systems present the possibility of locating the water storage tank 73 
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inside the house; reducing its thermal losses, besides, their visual impact is much lower than the 74 

TSWHS, since the solar collectors can be adapted to the building envelope being a solution that 75 

can be used for BIST applications. Moreover, FSWHS can incorporate in the control system two 76 

protection mechanisms: frost protection and overheating protection.  77 

TSWHS are the simplest and most widely used solar energy collection and utilization devices 78 

particularly in countries with high sunshine potential [21]. They are more reliable, and have a 79 

longer life than forced circulation systems. Moreover, they do not require an electrical supply 80 

to operate and they naturally modulate the circulation flow rate, which is in phase with the 81 

irradiation levels. However, the visual impact of TSWHS is high because the storage tank in 82 

TSWHS has to be mounted above the collectors in order to promote the thermosiphon flow and 83 

to avoid the reverse circulation of the working liquid when the temperature of the collector is 84 

lower than the temperature of the storage tank, normally during night. The relative height 85 

separating the tank and collector mainly influences the magnitudes of the thermosiphon flow 86 

rates, including both forward and reverse flow at night [22]. 87 

Morrison et al [23] found that the TSWHS performance is maximized when the daily collector 88 

volume flow is approximately equal to the daily load flow, and that TSWHS with vertical tank 89 

present better performance than TSWHS with horizontal tank. Nevertheless, tanks on vertical 90 

position have more visual impact than tanks on horizontal position and therefore horizontal 91 

tanks are more frequently used.  Sotaris et al [24] investigated possible configurations of the 92 

TSWHS with the Typical Meteorological Year of Nicosia, Cyprus. They found that the distance 93 

between the top of the collector and the bottom of the storage tank affects the performance of 94 

the system. The smaller this distance is, the higher the system performance, which is also 95 

beneficial for the esthetical improvement of the system. Bo et al [25] analyzed the pros and cons 96 

of replacing traditional materials with polymeric materials in TSWHS. They highlight that 97 

polymeric materials can increase the climatic and environmental performance of the 98 

thermosiphon system and reduce their total cost of energy. An option to reduce the visual 99 

impact of conventional TSWHS is to place the solar tank hidden behind the solar collector as it 100 

happens with low profile TSWHS [26],[27].  101 

The aim of this paper is compare the thermal performance and LCOE of different factory made 102 

solar heating systems under different climatic conditions (Athens, Davos, Stockholm and 103 

Wurzburg) and different daily load volumes, according to the Standard ISO 9459-5:2007 [19].    104 

In particular, we have compared two factory made High profile TSWHS,  two factory made Low 105 

profile TSWHS and two factory made FSWHS with two types of flat-plate solar collector, one of 106 

low emissivity and another of black painting. All Solar Water Heaters Systems (SWHS) have 107 

identical collector size and solar tank volume. 108 

With the obtained results, we have a quantification of the energy and economic differences of 109 

the different configurations as a function of the climate. This quantification can be used for the 110 

selection criterion between factory made solar heating systems and as a reference for the BIST 111 

systems. 112 

The paper is presented as follows: In Section 2 we describe the solar systems and the testing 113 

method. Section 3 shows the main experimental results and the techno-economic analysis. 114 

Conclusions are then made in Section 4. 115 
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2. Methodology 116 

This section includes the description of the tested factory made solar heating systems and the 117 

testing method description. 118 

 119 
2.1- Description of tested factory made solar heating systems. 120 

Six factory made solar heating systems of identical collector sizes and solar tank volume have 121 

been tested. Four systems are TSWHS types and two systems are FSWHS. In table 1 we present 122 

the main technical characteristics of each tested unit according to the manufacturer and verified 123 

in our laboratory. All systems are from the same manufacturer. Six systems have flat-plate solar 124 

collectors with the following differences: 125 

T-High-LowE:  High profile TSWHS with low emissivity absorber. 126 

 T-Low-LowE: Low profile TSWHS with low emissivity absorber. 127 

F-LowE: FSWHS with low emissivity absorber. 128 

T-High-Black: High profile TSWHS with black painting absorber. 129 

T-Low-Black: Low profile TSWHS with black painting absorber. 130 

F-Black: FSWHS with black painting absorber. 131 

Table 1- Constructive parameters of the six tested systems. The numbers in parentheses refer 132 

to the components shown in figures 1, 2 and 3. 133 

  134 
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System 

parameters 

T-High-

LowE 

T-Low-

LowE 
F-LowE 

T-High-

Black 

T-Low-

Black 
F-Black Unit 

System type Thermosiphon  Thermosiphon 
Forced-

circulation 
Thermosiphon  Thermosiphon  

Forced-

circulation 
-- 

Profile type 
High 

profile 

Low 

profile 
-- 

High 

profile 

Low 

profile 
-- -- 

Surface 

treatment of  the 

absorbers  

Mirotherm 

Selective 

Mirotherm 

Selective 

Mirotherm 

Selective 

Black 

painting 

Black 

painting 

Black 

painting 
-- 

Absorber 

absorption 

coefficient. 

0.95 0.95 0.95 0.98 0.98 0.98 % 

Absorber 

emissivity 

coefficient to 

100ºC 

0.05 ± 

0.01 

0.05 ± 

0.01 

0.05 ± 

0.01 
0.94 0.94 0.94 % 

Aperture area of 

the collector 
2.58 2.58 2.58 2.58 2.58 2.58 m2 

Tank volume  200 200 200 200 200 200 litres 

Tank position 

respect to 

collector  

Above  Behind 
Indoor 

Storage 
Above  Behind 

Indoor 

Storage 
-- 

Collector array 

tilt 
45 45 45 45 45 45 º 

Reverse flow 

protection valve 

of consumer 

loop (1) 

Yes Yes Yes Yes Yes Yes -- 

Safety valve of 

consumer loop 

(2) 

Yes Yes Yes Yes Yes Yes -- 

Safety valve of 

solar loop (3) 
Yes Yes Yes Yes Yes Yes -- 

Heat transfer 

fluid 

Water+ 

glycol 

(20 %) 

Water+ 

glycol 

(20 %) 

Water+ 

glycol 

(20 %) 

Water+ 

glycol 

(20 %) 

Water+ 

glycol     

(20 %) 

Water+ 

glycol 

(20 %) 

-- 

Auxiliary Energy No No No No No No  

Reverse flow 

protection valve 

of solar loop (4)  

No Yes Yes No Yes Yes -- 

Expansion 

vessels volume 

(5) 

-- 8 8 -- 8 8 litres 

Manometer (6) No Yes Yes No Yes Yes -- 

Drain valve (7) No Yes Yes No Yes Yes -- 

Pump (8) No No Yes No No Yes -- 

Controller (9) No No Yes No No Yes -- 

Fill closed loop Atmospheric 1.5 1.5 Atmospheric 1.5 1.5 bar 

 135 
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Figure 1 shows a picture and the connection scheme for the high profile TSWHS (Systems T-High-136 

LowE and T-High-Black). Figure 2 shows a picture and the connection scheme for the low profile 137 

TSWHS (T-Low-LowE and T-Low-Black) and Figure 3 shows a picture and the connection scheme 138 

for FSWHS (F-LowE and F-Black). The main difference between the TSWHS presented in Figure 139 

1 and 2 is that low profile TSWHS must include several elements to avoid reverse flow increasing 140 

their cost and reducing its energy performance. These elements are an expansion vessel, a 141 

reverse flow protection valve and a pressurized solar loop.  142 

 143 

 
 

 

Fig 1. Schematic diagram of high profile TSWHS.  144 

 

 

Fig 2. Schematic diagram of low profile TSWHS  145 
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Fig 3. Schematic diagram of FSWHS  146 

2.2. - Testing method description  147 

Six factory made solar heating systems have been tested according to the Standard ISO 9459-148 

5:2007 [19] in the accredited solar system testing laboratory of the School of Engineering of the 149 

University of Seville. The method consists in several test in order to quantify the system 150 

performance:  151 

 S-Sol: In this test, we characterize the collector array performance at high and 152 

low efficiencies and we acquire information about store heat losses  153 

 S-Store: In this test, we characterize the store heat losses.  154 
 155 

All the significant parameters (solar irradiation, inlet and outlet water temperature, ambient 156 

temperature and flow) have a sampling and storing frequency of 0.5 Hz.  We implement a 157 

mathematical model based on a partial differential equation for the energy balance calculations. 158 

Hereinafter the insitu program [28] 159 

The collectors array is tilted towards south at 45° and in azimuth equal to zero. The draw-offs 160 

are carried out 6 hours after solar noon for daily load volumes between 0.5 V and 1.5 V (110-161 

140-170-200-250-300 l/day) at a hot water temperature equal to 45°C. V is the nominal tank 162 

volume in liters.  163 

The process for obtaining the energy supplied by the solar system (QL), the parasitic energy (Qpar) 164 

and the solar fraction (fSOL) according to Standard ISO 9459-5:2007 [19] is shown in Figure 4. 165 



8 
 

 166 

Fig 4. Process flow-diagram for the procurement of the energy supplied by the solar system and 167 

the solar fraction. 168 

Figure 4 steps are detailed as follows: 169 

Step 1: Six factory made solar heating systems have been tested thought the tests sequences S-170 

Sol and S-Store of the Standard ISO 9459-5:2007 [19]. The measured parameters are the 171 

following: 172 

 Ambient temperature, Tamb 173 

 Irradiance on the collector plane, G 174 

 Inlet cold-water temperature of the system Tin  175 

 Outlet water temperature of the system, Tout 176 

 Mass flow of consumer loop, Vṡ 177 

 Electricity consumption of pump, Ppump  178 

 Electricity consumption of controller, Pcont 179 
 180 

The following indirect data are calculated from the previous measurements: 181 

 Effective collector area, AC* 182 

 Effective collector loss coefficient, uC* 183 

Experimental Measurements
Tamb, G, Tin, Tout,   S, Ppump, Pcont

Characteristic coefficients
AC

*, uC
*, US, Cs, DL, SC

- Typical meterological year
- Dialy load volume VL

Solar fraction fSOL

InSitu Software

InSitu Software

Annual energy suppied
by the system QL

Annual energy
demand QD

Systems

Test S-Sol, Test S-Store (ISO 9459-5:2007)

Annex B EN 12976-2:2006

Step 1

Step 2

Step 3

Parasitic energy
Qpar
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 Total store heat loss coefficient, US 184 

 Total store heat capacity, CS 185 

 Mixing constant, DL 186 

 Store stratification, SC 187 
 188 

Step2:  We calculate the annual energy supplied by the solar system (QL) as a function of the 189 

reference locations and load volumes. The reference locations indicated in the Standard EN 190 

12976-2:2017 [17] are Athens, Davos, Stockholm and Würzburg (Annex B). Table 2 shows the 191 

average climatic conditions of these locations.Table 2 shows the average climatic conditions of 192 

these locations. 193 

Table 2- Reference conditions of selected locations 194 

Locations 
Annual irradiation 

South, 45° (kWh/m²) 

Annual average 

outdoor air 

temperature (ºC) 

Annual average inlet 

cold water temp. (ºC) 

Athens 1736 18.5 17.8 

Davos 1684 3.2 5.4 

Würzburg 1230 9.0 10 

Stockholm 1157 7.5 8.5 

 195 

In this step, we also obtain the energy demand (QD) from the combination of the typical 196 

meteorological year of the reference locations and the user requirements (daily load volume). 197 

The Energy parasitic (Qpar) is the annual electricity consumed by the pump and controller. We 198 

assume a controller operating time of 8760 h/year and 2000 h/year for the collector pump 199 

operating time. 200 

Step 3: In the last step, we calculate the solar fraction (fSOL) as a ratio between energy obtained 201 

from the solar installation to the total load requirement (equation 1). The fSOL is generally used 202 

as a system performance indicator.  203 

fSOL=  QNET/ QD             (1) 204 

Where QNET = QL-Qpar, is the net annual energy supplied by the solar system. 205 

3. Results and discussion 206 

3.1.- Experimental evaluation of the long-term energy production 207 

Following step 1 of the test methodology, we calculate the characteristic parameters: AC*, uC*, 208 

US, CS, DL, SC. Table 3 shows the characteristic parameters (AC*, uC*, US, CS, DL, SC) obtained from 209 

the six factory made solar heating systems according to step 1 of Figure 4. 210 

Table 3- Characteristic parameters of the factory made solar thermal systems 211 

 212 



10 
 

System 
parameter 

T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
Black 

T-Low-
Black 

F-Black Unit 

AC* 1.484 1.296 1.727 1.335 1.143 1.662 m2 

uC* 8.123 11.79 9.74 12.45 14.36 12.83 W/m2·K 

US 2.316 2.129 2.490 2.759 3.198 2.822 W/K 

CS 0.849 0.693 0.717 0.806 0.705 0.694 MJ/K 

DL 0.023 0.076 0.043 0.026 0.050 0.032 -- 

SC 0.146 0.864 0.053 0.218 0.971 0.066 -- 

 213 

Results can be evaluated as a function of the system parameter.  214 

AC*. - FSWHS (F-LowE and F-Black) have an AC* value around 14-20% higher than high profile 215 

TSWHS (T-High-LowE and T-High-Black) and an AC* value around 19-29% higher than low 216 

profile TSWHS (T-Low-LowE and T-Low-Black). By increasing the AC* value, the energy 217 

production increases and improves the solar fraction. Besides all the systems have the same 218 

collector, the FSWHS present better heat removal factor of the collector loop, Fr*, leading to 219 

greater values of AC*. An increase in the effective area of the collector (AC*) can also be 220 

achieved by increasing the collector area or by improving the absorber treatment. For this 221 

reason, the systems tor with low absorber emissivity have AC* values higher than systems with 222 

black painting absorber, around 4% for FSWHS, 11% for High profile TSWHS and 13% for Low 223 

profile TSWHS. 224 

  225 

uC*.- High profile TSWHS (T-High-LowE and T-High-Black) have an uC*value around 3-20% 226 

lower than FSWHS (F-LowE and F-Black) and an uC*value around 15-45% lower than low profile 227 

TSWHS (T-Low-LowE and T-Low-Black). By decreasing the uC*value, the energy production 228 

increases and improves the solar fraction. The decrease in uC* can be achieved by reducing the 229 

thermal losses in the collector. For this reason, systems with collector with low absorber 230 

emissivity have uC* values lower than systems with black painting absorber, around 32% for 231 

FSWHS, 53% for High profile TSWHS and 22% for Low profile TSWHS. 232 

US. - The thermal loss parameter of the collector (US) are similar in all systems because all TSWH 233 

have the same tank. US parameter depends on the construction features of the tank. 234 

CS.- High profile TSWHS (T-High-LowE and T-High-Black) have a CS value around 13-15% higher 235 

than forced-circulation systems (F-LowE and F-Black) and a CS value around 12-18% higher than 236 

low profile TSWHS (T-Low-LowE and T-Low-Black). The main cause of these differences is the 237 

absence of a reverse flow protection valve of the solar loop in High profile TSWHS. 238 

DL.- High profile TSWHS (T-High-LowE and T-High-Black) have a DL value around 56-76% lower 239 

than FSWHS (F-LowE and F-Black) and a DL value around 92-230% lower than the low profile 240 

TSWHS (T-Low-LowE and T-Low-Black). The DL value varies depending on the pipe connection to 241 

the solar loop.  242 
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SC. - Low profile TSWHS (T-Low-LowE and T-Low-Black) have a SC value around 345-490% higher 243 

than high profile TSWHS (T-High-LowE and T-High-Black) and a SC value around 1370-1530% 244 

higher than FSWHS (F-LowE and F-Black). Systems with low absorber emissivity have a SC value 245 

around 12-49% lower than systems with black painting absorbers. The SC parameter depends 246 

significantly on the flow of the solar loop being greater for low flows on the collector loop. . For 247 

this reason, low profile TSWHS has the highest SC and FSWHS has the lowest SC.  248 

Once the characteristic coefficients have been obtained, according to step 2 of Figure 4, and 249 

with the reference conditions of Annex B of EN 12976-2:2018 [17], the annual energy supplied 250 

by the solar system (QL) and the annual demand energy (QD) can be obtained depending on the 251 

reference location and the daily load volume (VL). The parasitic energy (Qpar) has been obtained 252 

according to the requirements of the Standard EN 12976-1:2018 [16]. Following the procedure 253 

described in paragraph 2.2, we calculate the solar fraction (fSOL) (step 3). Tables 4 and 6 present 254 

the QL values as a function of the daily load volume for systems with low emissivity absorbers 255 

(T-High-LowE, T-Low-LowE and F-LowE) and systems with black painting absorbers (T-High-256 

Black, T-Low-Black and F-Black) respectively. Figures 5 and 6 present the results graphically.  257 

The Qpar value of TSWHS (T-High-LowE, T-Low-LowE) is 0 MJ. The Qpar value of FSWHS (F-LowE) 258 

is 213 MJ. 259 

 260 

Table 4- Net annual energy supplied by the systems: T-High-LowE, T-Low-LowE and F-LowE 261 

Daily 
load 

volume 
(l/day) 

QNET (MJ) 

Athens Davos Würzburg Stockholm 

T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 

110 4019 3992 3794 4966 4886 5026 3381 3301 3338 3326 3279 3357 

140 4859 4811 4655 5770 5659 5931 4009 3891 3993 3906 3824 3987 

170 5591 5495 5391 6391 6191 6613 4525 4357 4520 4376 4219 4462 

200 6206 6035 5953 6813 6486 6974 4933 4674 4868 4716 4450 4728 

250 6939 6680 6594 7054 6664 7154 5247 4902 5100 4936 4605 4883 

300 7379 7060 6936 7096 6741 7205 5311 4998 5166 4984 4673 4930 

 262 



12 
 

 263 

Fig 5. Net annual energy supplied by the systems T-High-LowE, T-Low-LowE and F-LowE 264 

depending on the daily load volume, for the four reference locations: AT: Athens, DA: Davos, 265 

WU: Würzburg, ST: Stockholm.  266 

 267 

Table 4 and Figure 5 show that the solar radiation (G) and cold-water temperature (Tmain) have 268 

the greatest influence on the net annual energy. In cold climates such as Davos, the energy 269 

production is around 3-31% higher than in warm climates such as Athens. These results can be 270 

explained because although in Davos the solar radiation and ambient temperature is slightly 271 

lower, the cold water temperature is much lower than in Athens (Table 2), encouraging the 272 

efficiency of the collector, especially at low daily load volume. For this reason, in configurations 273 

such as T-High-LowE , the net energy supplied is even higher in Athens than in Davos for high 274 

daily load volume.  275 

Table 5 shows the influence of the daily load volume on the net annual energy for each system 276 

and location. Table 5 shows the perceptual increase of the net annual energy for each system 277 

and location, between the highest daily load volume, 300 l/day, and the last daily load volume, 278 

100 l/day. 279 

 280 

ΔQNET 300-110 = QNET (300 l/day) - QNET (110 l/day) / QNET (110 l/day) (%)             (2) 281 

 282 

 283 

 284 

 285 

2000

3000

4000

5000

6000

7000

8000

100 150 200 250 300

Q
N

ET
(M

J)

VL (l/day)

AT T-High-lowE AT T-Low-LowE AT F-LowE
DA T-High-lowE DA T-Low-LowE DA F-LowE
WU T-High-lowE WU T-Low-LowE WU F-LowE
ST T-High-lowE ST T-Low-LowE ST F-LowE

A
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Table 5- Percentage difference on net annual energy supplied by the systems for two load 286 

volumes: T-High-LowE, T-Low-LowE and F-LowE.  287 

ΔQNET 300-110 (%) 

Athens Davos Würzburg Stockholm 

T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
LowE 

T-Low-
LowE 

F-LowE 

84 77 83 43 38 43 57 51 55 50 43 47 
 288 

Table 5 shows that net annual energy supplied by the systems (QNET) increases around 38% and 289 

84% by increasing the daily load volume, for four reference locations and three configurations. 290 

The influence of the daily load volume on the increase of the net energy production follows the 291 

trend of the increase of the cold-water temperature. The greatest increase of net energy 292 

production occurs in warm climates such as Athens, with an increase around 77% and 84% from 293 

low to high daily load volume. This occurs because the cold-water temperature is higher in 294 

Athens than in the rest of the locations. In Davos, there is a lower increase in the net annual 295 

energy, around 38% and 43%, since Davos has the lowest cold-water temperature. In climates 296 

with intermediate cold-water temperatures, as Würzburg and Stockholm, Net annual energy 297 

varies around 51% to 57% for Würzburg and 43% to 50% for Stockholm. This results are 298 

consistent with the efficiency curve of the systems, since as the demand increases, the average 299 

operating temperature of the collector decreases, leading to an increase of its efficiency. The 300 

increments in net annual energy are similar in the High profile TSWHS configurations with 301 

respect to FSWHS and it is slightly lower in Low profile TSWHS. 302 

 303 

Table 4 and Figure 5 show the net annual energy produced with each configuration, FSWHS 304 

configurations supply greater net annual energy than TSWHS configurations in climates where 305 

the ambient temperature is low such as Davos and Stockholm. This is caused due to the lower 306 

thermal losses of indoor location of the storage tank in FSWHS. The increase of net annual 307 

energy supplied is low, around 2%. In climates with intermediate ambient temperatures such as 308 

Würzburg, FSWHS configurations present slightly higher net annual energy than Low profile 309 

TSWHS configurations and slightly lower net annual energy than High profile TSWHS 310 

configurations. In climates such as Athens, TSWHS configurations obtain greater net annual 311 

energy with increments of the order of 5%. 312 

 313 

In all climates, Low Profile TSWHS configurations produce from 0.7% to 7.2% less net annual 314 

energy than High Profile TSWHS. 315 

 316 

Table 6 and Figure 6 show the results for solar systems with black painting absorbers. In this 317 

case, the Qpar values of TSWHS (T-High-Black, T-Low-Black) are 0 MJ. The Qpar value of FSWHS (F-318 

Black) is 209 MJ. 319 

 320 

 321 

 322 

 323 

 324 
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Table 6- Net annual energy supplied by the systems: T-High-Black, T-Low-Black and F-Black 325 

Daily 
load 

volume 
(l/day) 

QNET (MJ) 

Athens Davos Würzburg Stockholm 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

110 3688 3757 3591 4223 4351 4615 2978 3010 3103 2888 2953 3104 

140 4450 4515 4417 4898 5022 5453 3525 3553 3714 3391 3445 3687 

170 5118 5135 5091 5424 5463 6031 3982 3961 4187 3787 3786 4099 

200 5656 5610 5567 5753 5682 6271 4295 4209 4443 4049 3966 4283 

250 6202 6098 6030 5911 5792 6365 4473 4352 4566 4188 4064 4369 

300 6412 6300 6198 5943 5830 6394 4512 4404 4602 4219 4100 4396 

  326 

 327 

Fig 6. Net annual energy supplied by the SWHS T-High-Black, T-Low-Black and F-Black depending 328 

on the daily load volume, for four reference locations: AT: Athens, DA: Davos, WU: Würzburg, 329 

ST: Stockholm.  330 

 331 

Table 6 and Figure 6 show again that the net annual energy obtained in Davos is higher than the 332 

net annual energy obtained in warmer climates such as Athens for all the configurations 333 

maintaining thus, the trend indicated in the previous case for low emissivity absorbers. 334 

The net annual energy supplied also follows the previous case trend, increasing as the daily load 335 

volume increases in all the climates. In this case, the increase is smoothed (around 34% to 74%) 336 
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for the three configurations. The influence of daily load volume on the increase of net annual 337 

energy supply also follows the trend of increasing for lower cold-water temperatures. 338 

 339 

Table 7 shows the influence of the daily load volume on the net annual energy supplied by 340 

systems with black painting absorbers. 341 

 342 

Table 7- Percentage difference on the net annual energy supplied by the systems for two load 343 

volumes: T-High-Black, T-Low-Black and F-Black 344 

ΔQNET 300-110 (%) 

Athens Davos Würzburg Stockholm 

T-
High-
Black 

T-
Low-
Black 

F-
Black 

T-
High-
Black 

T-
Low-
Black 

F-
Black 

T-
High-
Black 

T-
Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

74 68 73 41 34 39 52 46 48 46 39 42 
 345 

Table 7 shows that the greater increase in net energy production occurs in warm climates such 346 

as Athens, with an increase around 68% to 74% mainly caused due to a higher cold-water 347 

temperature. In Davos, where the lowest cold-water temperature is found, we obtain the lower 348 

increase of net annual energy. . In climates with intermediate cold-water temperatures, as 349 

Würzburg and Stockholm, net annual energy varies around 39% to 52%. This is consistent with 350 

the efficiency curve of the system, since as the demand increases, the average operating 351 

temperature of the collector decreases, increasing its efficiency. The increments in net annual 352 

energy are similar in High profile TSWHS configurations with respect to FSWHS and it is slightly 353 

lower in Low profile TSWHS. 354 

 355 

Table 6 and Figure 6 also show that FSWHS configurations supply greater values of net annual 356 

energy in comparison to TSWHS configurations in climates where the ambient temperature is 357 

low such as Davos and Stockholm. Differences found range from 6% to 10.4% for low profile 358 

TSWHS and from 7.7% to 11.3% for high profile TSWHS, for all load volumes, in Davos. In 359 

addition, differences around 5.1% to 8.3% respect low profile TSWHS and around 4.3% to 8.7% 360 

for high profile TSWHS, for all load volumes, in Stockholm. In climates with intermediate ambient 361 

temperatures such as Würzburg, FSWHS configuration presents higher  net annual values than 362 

Low and high profile TSWHS, ranging from 3.1% to 5.7%, for low profile TSWHS and from  2.1% 363 

to 5.4% for High profile TSWHS. In warm climates such as Athens, TSWHS configurations present 364 

greater net annual energy increasing from 0.5% to 4.5% in comparison to the FSWHS 365 

configuration. 366 

 367 

After comparing the results of net annual energy supplied by Low profile TSWHS and High Profile 368 

TSWHS with black painting absorbers, it can be seen that the differences in the net annual 369 

energy supplied between both configurations range from -3% to 3%. The results reveal that, for 370 

low daily load volumes, low profile TSWHS configuration produces slightly more energy than 371 

High Profile TSWHS configuration, for all the evaluated climates.  372 

 373 
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The influence of the absorber type of the solar collector can be observed after comparing the 374 

results of table 4 and Figure 5 with table 6 and Figure 6. Net annual energy produced by systems 375 

with low emissivity collectors is greater than in systems with black painting collectors, around 376 

9% to 19.5% in High profile TSWHS, around 6% to 15.5% in low profile TSWHS and around 5.4% 377 

to 12.7% in FSWHS.  378 

The solar collector efficiency has a greater impact in the net annual energy supplied by SWHS 379 

than the store heat losses effect, in climates with low inlet water temperature, very low ambient 380 

temperature and low daily load volume. Consequently, net annual energy supplied in Davos is 381 

even greater than in Athens. Athens has greater solar radiation, cold-water temperature and 382 

ambient temperature than Davos. 383 

The store heat losses effect has a greater impact in the net annual energy supplied by SWHS 384 

than the solar collector efficiency effect, for this reason, the net annual energy supplied in 385 

Athens is greater than Davos in TSWHS configurations. 386 

As part of knowing what percentage of the hot water annual demand is covered by each of the 387 

configurations, the solar fraction has been determined, according to eq 1.  388 

Table 8 shows QD values according to the load volume and reference location calculated 389 

according Standard EN 12976-2:2017 [17] to satisfy the hot water at 45°C. 390 

Table 8- Annual energy demand of the systems according to the daily load volume and the 391 

reference locations 392 

Daily 

load 

volume 

(l/day) 

Annual energy demand QD (MJ) 

Athens Davos Würzburg Stockholm 

110 4575 6662 5888 6140 

140 5823 8479 7494 7814 

170 7071 10295 9099 9489 

200 8319 12112 10705 11163 

250 10398 15140 13381 13954 

300 12478 18168 16058 16745 

 393 

Table 8 shows that the energy demand decreases as the cold-water temperature increases, 394 

therefore we can observe that the energy demand is greater in Davos. Davos has around 45% 395 

more demand than the warm locations such as Athens. 396 

 397 

Table 9 and 10 show the fSOL values as a function of the daily load volume for low emissivity 398 

systems (T-High-LowE, T-Low-LowE and F-LowE) and black painting systems (T-High-Black, T-399 

Low-Black and F-Black) respectively. 400 

Figure 7 and 8 present the results graphically. 401 

 402 

 403 

 404 

 405 
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Table 9- Solar fraction provided by T-High-LowE, T-Low-LowE and F-LowE. 406 

Daily 
load 

volume 
(l/day) 

fSOL : Solar fraction (%) 

Athens Davos Würzburg Stockholm 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

110 87.8 87.3 82.9 74.5 73.3 75.4 57.4 56.1 56.7 54.2 53.4 54.7 

140 83.4 82.6 79.9 68.1 66.7 70.0 53.5 51.9 53.3 50.0 48.9 51.0 

170 79.1 77.7 76.2 62.1 60.1 64.2 49.7 47.9 49.7 46.1 44.5 47.0 

200 74.6 72.5 71.6 56.3 53.6 57.6 46.1 43.7 45.5 42.2 39.9 42.4 

250 66.7 64.2 63.4 46.6 44.0 47.3 39.2 36.6 38.1 35.4 33 35.0 

300 59.1 56.6 55.6 39.1 37.1 39.7 33.1 31.1 32.2 29.8 27.9 29.4 

 407 

Table 10- Solar fraction provided by T-High-Black, T-Low-Black and F-Black. 408 

Daily 
load 

volume 
(l/day) 

fSOL : Solar fraction (%) 

Athens Davos Würzburg Stockholm 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

110 80.6 82.1 78.5 63.4 65.3 69.3 50.6 51.1 52.7 47.0 48.1 50.5 

140 76.4 77.5 75.8 57.8 59.2 64.3 47.0 47.4 49.6 43.4 44.1 47.2 

170 72.4 72.6 72.0 52.7 53.1 58.6 43.8 43.5 46.0 39.9 39.9 43.2 

200 68.0 67.4 66.9 47.5 46.9 51.8 40.1 39.3 41.5 36.3 35.5 38.4 

250 59.6 58.6 58.0 39.0 38.3 42.0 33.4 32.5 34.1 30.0 29.1 31.3 

300 51.4 50.5 49.7 32.7 32.1 35.2 28.1 27.4 28.7 25.2 24.5 26.3 

 409 
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  410 

Fig 7. Solar fraction of T-High-LowE, T-Low-LowE and F-LowE systems depending on the daily 411 

load volume, for four reference locations: AT: Athens, DA: Davos, WU: Würzburg, ST: Stockholm.  412 
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 414 

Fig 8. Solar fraction of T-High-Black, T-Low-Black and F-Black depending on the daily load 415 

volume, for four reference locations: AT: Athens, DA: Davos, WU: Würzburg, ST: Stockholm.  416 

 417 

The highest values of the solar fraction occur in Athens location, followed by Davos, Würzburg 418 

and finally Stockholm, for all configurations and collector´s types. This is logical because Athens 419 

is the location with the highest solar radiation (table 2) and the lowest annual energy demand 420 

(table 8). 421 

 422 

Davos is the location where more net annual energy is produced (table 4 and 6), but Athens is 423 

the location where the solar fraction is higher (table 9 and 10), for all configurations and 424 

collector´s types. This is caused due to a greater energy demand (QD) in Davos than in Athens 425 

(around 45%) (Table 8), meanwhile, the percentage increase in the net annual energy supply in 426 

Davos with respect to Athens is much lower (less than 25%) 427 

 428 

3.2.- Techno-economic analysis 429 

In order to analyze the energy cost of the tested solar systems, we compare the LCOE obtained 430 

for the different daily load volumes and reference locations. The LCOE is evaluated according to 431 

the equation 4 in which the numerator considers the expenses that take place throughout all 432 

the useful life of the installation and the denominator considers the energy generated over the 433 

same period [29]. The variables r and s of this expression represent the average rate of consumer 434 

price index and the average energy price, both of them highly dependent on the country 435 

examined: 436 
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(4) 

 

 437 

Table 11 shows the investment costs (CI) of the solar systems tested. These values have been 438 

supplied by the manufacturer. 439 

Table 11- Costs of the systems, without VAT, with a nominal volume of 200 liters depending on 440 

the system type 441 

Components 

System costs CI (€)  

T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
Black 

T-Low-
Black 

F-Black 

Tank of 200 liters 750 750 750 750 750 750 

Selective collector plane 2.58 m2 658 658 658 0 0 0 

Blank painting collector plane 2.58 m2 0 0 0 500 500 500 

Antifreeze fluid (2 liters) 15 15 15 15 15 15 

Long connection pipe 45 43 310 45 43 310 

Short connection pipe 15 25 310 15 25 310 

Supporting frame 320 225 200 320 225 200 

Expansion vessel 8 L 0 39 39 0 39 39 

Security valves 29 29 29 29 29 29 

Reverse flow protection valve of consumer 
loop. 

10 10 10 10 10 10 

Thermosiphonic valve 0 39 29 0 39 29 

Drain valve 0 21 21 0 21 21 

Manometer 0 12 12 0 12 12 

Pump 0 0 155 0 0 155 

Controller 0 0 180 0 0 180 

Rest of Kit system 39 47 172 39 47 172 

TOTAL 1881 1913 2890 1723 1755 2732 

 442 

For the same type collector, the total cost differences in high and low profile TSWHS are very 443 

insignificant, being 1.7% for selective collectors and 1.8% for black painting collectors. This 444 

occurs mainly because high profile TSWHS have a high structure cost. Low profile TSWHS have 445 

an overall higher cost because they require auxiliary equipment such as expansion vessel and 446 

thermosiphonic valve. However, the cost differences between TSWHS are more significant 447 

depending on the quality of the absorber, being around of 9% for both high profile systems and 448 

low profile systems.  449 

In the calculation of LCOE parameter, the following assumptions have been made: 450 

- Useful life (t) equal to 25 years. 451 
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- Annual Operations and Maintenance costs (COM) equal to 0.02% of the investment cost. 452 

- Assembly cost for all systems equal to 350€ on thermosiphon systems and 500€ on 453 

forced-circulation systems, included in the investment cost. 454 

- Electricity cost equal to 0.12 c€/kWh from the first year. 455 

- Replacement cost (CR) are equal to zero. 456 

- Average rate of consumer price index (r) is equal to 2%. 457 

- Average rate of energy price (s) is equal to 1.4%. 458 

Table 12- System costs per collector surface unit, system and assembly costs per collector 459 

surface unit and collector costs per collector surface unit 460 

 T-High-
LowE 

T-Low-
LowE 

F-LowE 
T-High-
Black 

T-Low-
Black 

F-Black 

System costs (€/m2) 729 741 1120 668 680 1059 

System and assembly costs (€/m2) 845 858 1314 784 797 1253 

Collector costs (€/m2) 255 255 255 194 194 194 

 461 

The costs of high and low profile TSWHS per collector surface unit is very similar, with 462 

differences around 2%. However, the cost per collector surface unit of FSWHS is around 55% 463 

higher than for TSWHS configurations. 464 

According to table 12, the cost of the solar collector with low emissivity absorber and black 465 

painting absorber is 255 €/m2 and 194 €/m2 respectively. These costs are in line with those 466 

indicated by Maurer [8] of 240 €/m2. The solar collector cost represents around 22% to 30% 467 

compared to system and assembly costs for TSWHS and around 15% to 19% for FSWHS. The 468 

system and assembly costs in FSWHS configurations are around 51% to 56% more expensive 469 

than in TSWHS configurations. 470 

As the costs of BIST depend on each application and therefore can be very variable, hence, a 471 

comparison with SWHS is not advisable.  472 

Table 13 and 14 show LCOE values obtained for low emissivity systems (T-High-LowE, T-Low-473 

LowE and F-LowE) and black painting systems (T-High-Black, T-Low-Black and F-Black) 474 

respectively. 475 

  476 
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 477 

Table 13- LCOE for SWHS T-High-LowE, T-Low-LowE and F-LowE  478 

Daily 
load 

volume 
(l/day) 

LCOE (c€/MJ) 

Athens Davos Würzburg Stockholm 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

T_High-
LowE 

T-
Low-
LowE 

F-
LowE 

110 3.68 3.76 6.14 2.98 3.07 4.64 4.38 4.55 6.98 4.45 4.58 6.94 

140 3.04 3.12 5.01 2.56 2.65 3.93 3.69 3.86 5.84 3.79 3.92 5.85 

170 2.65 2.73 4.32 2.31 2.42 3.52 3.27 3.44 5.16 3.38 3.56 5.22 

200 2.38 2.49 3.91 2.17 2.31 3.34 3.00 3.21 4.79 3.14 3.37 4.93 

250 2.13 2.25 3.53 2.10 2.25 3.26 2.82 3.06 4.57 3.00 3.26 4.77 

300 2 2.13 3.36 2.08 2.23 3.23 2.79 3.00 4.51 2.97 3.21 4.73 

 479 

Table 14- LCOE for SWHS T-High-Black, T-Low-Black and F-Black 480 

Daily 
load 

volume 
(l/day) 

LCOE (c€/MJ) 

Athens Davos Würzburg Stockholm 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

T-
High-
Black 

T-Low-
Black 

F-
Black 

110 3.73 3.71 6.20 3.25 3.21 4.82 4.62 4.64 7.17 4.76 4.73 7.17 

140 3.09 3.09 5.04 2.81 2.78 4.08 3.90 3.93 5.99 4.05 4.05 6.04 

170 2.69 2.72 4.37 2.53 2.55 3.69 3.45 3.52 5.32 3.63 3.69 5.43 

200 2.43 2.49 4.00 2.39 2.46 3.55 3.20 3.32 5.01 3.39 3.52 5.20 

250 2.22 2.29 3.69 2.33 2.41 3.50 3.07 3.21 4.87 3.28 3.43 5.09 

300 2.14 2.22 3.59 2.31 2.39 3.48 3.05 3.17 4.84 3.26 3.40 5.06 

 481 

Table 13 and 14 show that the system efficiency is higher for locations with very low cold-water 482 

temperatures. For this reason, Davos has lower LCOE values despite having lower solar radiation 483 

than Athens for low daily load volumes. The influence of cold-water temperature in LCOE 484 

improvement decreases as daily load volume increases. This occurs because LCOE values in 485 

Athens are lower than in Davos for high daily load volumes. 486 

The maximum LCOE value reached in all systems is found in the FSWHS. In general, LCOE values 487 

in SWHS with low emissivity absorber are higher than SWHS with black painting absorber. The 488 

LCOE of T-Low-LowE system is slightly higher than T_High-LowE system in all reference locations 489 

and daily load volumes. The LCOE difference between both systems is slightly higher when 490 

increasing the daily load volume. The smallest difference in the LCOE for both systems is 491 

obtained in locations with high annual solar irradiation values of such as Athens and Davos. The 492 

greater differences in the LCOE are found in locations with low annual irradiation, such as 493 

Würzburg and Stockholm, with differences around 1.72-2.60 c€/MJ.LCOE values of F-LowE 494 

systems are higher than in other systems with low emissivity collector.  495 

Table 13 shows that the LCOE values of T-Low-Black systems are practically similar to the LCOE 496 

values of T-High-Black systems in all reference locations. The maximum LCOE differences in 497 
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TSWHS with black painting absorbers are found in locations with the lower solar radiation values 498 

such as Würzburg and Stockholm reaching values of about 4.6%.  499 

LCOE values of F-Black systems are higher than the other systems with black painting collector. 500 

The greater differences of LCOE are found for low annual irradiation locations, such as Würzburg 501 

and Stockholm, with differences around 1.79-2.55 c€/MJ. 502 

The maximum LCOE differences between two types of TSWHS are reached when increasing the 503 

daily load volume well above the nominal volume. The maximum LCOE differences reached is 504 

9% in TSWHS with selective absorbers and low annual irradiation climates.  505 

The maximum LCOE difference between the two types of SWHS, thermosiphon and forced-506 

circulation system is 68%, found for climates with high annual solar irradiation and ambient 507 

temperature such as Athens and for low daily load volumes (110 l/day).  508 

 509 

4. - Conclusions 510 

It has been shown that the daily load volume has significant influence on the net annual energy 511 

supplied particularly in warm weather locations. The net annual energy varies around 38% to 512 

88% between low and high daily load volume. The greater the cold-water temperature, the 513 

greater the influence of the daily load volume on the net annual energy supplied. The daily load 514 

volume is the parameter with the greatest influence on the net annual energy. Therefore, 515 

in terms of net annual energy and in climates such as Athens, it is advisable to design the systems 516 

with a daily load volume lower than the storage tank volume daily, since in that case, the energy 517 

efficiency of the solar system would be improved. In cold climates such as Davos, the increase 518 

in energy production produced by a variation in the daily load volume is much lower. 519 

The net annual energy in cold or temperate climates is greater in FSWHS configurations. Net 520 

annual energy in warm climates is greater in TSWHS configurations. However, the increase in 521 

energy production of FSWHS respect to TSWHS in cold or temperate climates (maximum values 522 

around 9.5% for very cold climates and low daily load volume) is much lower than the increase 523 

in their costs (around 50%). Therefore, LCOE values of FSWHS configurations can be around 68% 524 

higher than TSWHS. 525 

In TSWHS, High profile TSWHS normally produces more net annual energy than Low Profile 526 

TSWHS but the difference is insignificant, reaching maximum values around 3.9% especially for 527 

high daily load volumes and low absorber emissivity. For low daily load volumes, Low Profile 528 

TSWHS produces more net annual energy than High Profile TSWHS especially in cold climates, 529 

low daily load volumes and black painting absorber. These values can reach around 0.5-3%. 530 

In all the studied cases, LCOE for TSWHS is lower than for FSWHS configurations. Low profile 531 

TSWHS present very similar costs and performance than high profile TSWHS, especially for daily 532 

load volumes below the nominal tank volume, collectors with black painting absorber and 533 

locations with high irradiation. The differences would be significant when comparing a high 534 

profile system with a low profile system but with different quality of the collector absorber. 535 

Therefore, factory made low profiles TSWHS are a good technical and economic alternative for 536 

a better architectural integration of traditional high profile TSWHS.  537 

FSWHS represents an economic alternative if the economic inputs derived from its use as an 538 

element of the building exceed around 50% the costs of the TSWHS. 539 
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 618 

Nomenclature 619 

AC
∗  (m2) →  Effective collector loop area 620 

CI (€) →  Investment costs 621 

COMt (€) →  Annual operations and Maintenance costs  622 

CR (€) →  Replacement cost 623 

CS (MJ/K) →  Total store heat capacity 624 

DL (−) →  Draw-off mixing parameter 625 

fSOL (−) →  Solar fraction 626 

G (W/m2) → Irradiance on the collector plane. 627 

LCOE (c€/MJ) → Levelised cost of energy  628 

QD (MJ) →  Annual energy demand 629 

QL (MJ) →  Energy supplied by the solar system  630 

QNET (MJ) →  Net annual energy supplied by the solar system 631 

r (−) →  Average rate of consumer price index 632 

s (−) →  Average rate of energy price 633 

SC (−) →  Collector loop stratification parameter 634 

Tamb (º𝐶) → Ambient temperature 635 

Tin (ºC) →  Inlet water temperature of consumer loop 636 

Tout (ºC) →  Oulet water temperature of consumer loop 637 

uC
∗  (W/m2K) →  Effective collector loss coefficient 638 

US (W/K) →  Total store heat loss coefficient 639 

US (W/K) →  Total store heat loss coefficient 640 

V  (𝑙) → Tank nominal volume 641 

V𝐿 (𝑙/𝑑𝑎𝑦) → Daily load volume 642 

Vṡ (l/h) →  Flow of consumer loop 643 

 644 
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