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2 Sino-Danish Center, University of Chinese Academy of Sciences, 380 Huaibeizhuang, Huairou district, Beijing, China 

Abstract 

Achieving a high fraction of solar heat in heat supply for domestic buildings would reduce the use of fossil fuels for 

heat generation and has been a goal for a long time. Combined short and long-term heat storage has been identified as 

one way of achieving solar fractions higher than 50 percent in heat supply for domestic buildings. To this end, a laboratory 

solar heating system was built with heat-pipe tubular collectors 22.4 m2 in aperture and a heat-storage prototype consisting 

of a 735 L water tank and four PCM units each containing 200 kg sodium acetate trihydrate (SAT) composite. The SAT 

composite was utilized as sensible heat storage with the additional ability to release heat of fusion on demand. Operation 

was demonstrated with the space heating and hot water demand patterns of a standard-size Passive House in the Danish 

climate. A strategy was developed to control the system. Seven operation modes enabled combined charging of water 

tank and PCM units, heat transfer from PCM units to the water tank when heat was in demand, and the right timing of 

auxiliary heating. We present the controller settings identified and the heat transfer fluid flow rates applied. Sequences of 

water tank charging, and single and parallel PCM unit charging were used to match the collector power available and the 

heat transfer limitations of the stores. During the charging of PCM units, the flow temperature was kept between 70 and 

95 °C to allow continuous heat transfer rates of up to 16 kW. Peaks of up to 36 kW occurred when PCM units were added 

to the charging circuit. During heat transfer from PCM units to the water tank, flow temperatures were close to the SAT 

composite temperature and thermal power of up to 6 kW was measured. The heat stores were efficiently utilized in spring 

and autumn. The developed control strategy and measurement data from system demonstration will form the basis for 

numerical performance investigations. 

 

Keywords: Solar heating system; system demonstration; control strategy; heat storage prototype; phase change material; 

stable supercooling. 
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Nomenclature 

Symbols   

A area (m2) eff effective storage density 

cp specific heat capacity (kJ/kg K) in inlet line 

Eaux electrical heater (auxiliary) liquid liquid SAT 

G global irradiance (W/m2) max maximum temperature 

H height melting melting temperature of PCM 

L latent heat (kJ/kg) out outlet line 

Q thermal energy, heat (kWh) PCM phase change material 

Q  heat transfer rate (kW) phy physical storage density 

S Energy storage density (kWh/m3) sec secondary circuit 

t time (s) service service 

T temperature (°C) SH space heating 

Ø diameter (m) solid solidified SAT 

V volume (m3) total total, on the collector plane 

V  volume flow rate (l/min) water water 

Greek letters Abbreviations 

ΔT  temperature difference (K) DHW domestic hot water 

ρ density (kg/m3) HTF heat transfer fluid 

Subscripts HX heat exchanger 

amb ambient LabVIEW laboratory virtual instrument engineering workbench 

aux auxiliary MEV membrane expansion vessel 

act actual storage density P pump 

B buffer heat storage (water tank) PCM phase change material 

coll collector outlet SAT sodium acetate trihydrate 

cycle cycles per year SH space heating 

DHW domestic hot water X control valve 
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 Introduction 

 Solar combi-systems 

Solar heating is a promising technology for reducing fossil-fuel consumption in the building sector. Solar combi-

systems in various designs [1] can help cover domestic hot water and space heating demand. IEA SHC Task 26 evaluated 

nine solar combi-system designs on the European market [2] and found that the optimal collector tilt, which depends 

primarily on the latitude, also needs to increase to better utilize the solar irradiation during the heating season if the solar 

fraction is to be increased. Andersen [3] investigated how to design solar combi-systems that can achieve high solar 

fractions. Detailed investigations were conducted on storage tanks in terms of discharge from different levels [4], inlet 

stratifiers [5], and degrees of stratification efficiency [6]. Based on elaborated knowledge, Thür [7] developed a compact 

system focused on minimizing temperature to reduce heat losses and to increase the efficiency of the solar collector. 

Efficient heat storage has been identified as the key component for well-performing solar heating systems [8], [9]. 

Long-term storage of heat is essential to cover heat demand with solar fractions larger than 50% in central and northern 

Europe. Water tanks have been used for this purpose [10,11], but large storage volumes were necessary to compensate 

for sensible heat losses. 

 Combined short and long-term heat storage 

As an alternative to water, the International Energy Agency Solar Heating and Cooling Task 42/ Annex 29 [12] 

investigated novel materials for more efficient heat storage over long periods. Prototype heat stores have recently been 

developed that use solid sorption materials in an open system [13,14] or in a closed system [15,16], or that use liquid 

absorption with sodium-hydroxide [17,18]. Thermochemical long-term heat storage with a salt/zeolite composite has been 

demonstrated in building scale [19], [20]. Phase change materials (PCMs) have been used in low and medium temperature 

applications [21], especially building applications [22,23]. Salt hydrate PCMs have been considered because of their 

relatively high latent heat. 

Quinnell and Davidson [24] have showed that the combined use of material properties, such as reaction enthalpy and 

sensible heat capacity, gives advantages in solar thermal systems in terms of energy supply flexibility. The combined use 

of latent heat of fusion and sensible heat capacity is possible with the salt hydrate sodium acetate trihydrate (SAT), which 

can stably supercool to ambient temperatures while preserving its heat of fusion [25], [26], [27] until crystallization is 

initiated.  

When a PCM is in the liquid, supercooled state and in thermal equilibrium to its surroundings, it can in principle 

store heat loss-free. After melting and heating SAT in a closed container with smooth inner surfaces to a temperature 

above 77 °C and by avoiding pressure changes in the container, sensible heat can be discharged until room temperature 

is reached [28]. Then, the crystallization of the supercooled solution can be initiated by seed crystal injection [29,30] or 

by local cooling [31], and the heat of fusion will be released as it crystalizes. This heat storage concept dates back to 

initial research in the late 1920s [32] and was later found to enable more efficient solar heat supply of low-energy buildings 

in summer and transitional seasons [33]. 
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 Heat storage prototypes utilizing stable supercooling of SAT 

SAT is attractive for combined short and long-term heat storage due to its relatively high specific heat capacities in 

liquid and solid phases [29] in combination with its heat of fusion (264 kJ/kg [34]). Its melting point of 58 °C, the low 

price for industrial use (typically below 0.5 Euros per kilogram in large quantities) and its non-toxic properties are 

appropriate for heat supply in buildings. Its density has been determined to be 1.27 kg/L at 90 °C in liquid state and 1.33 

to 1.34 kg/L in an open sample after solidification from supercooled state [35]. 

To overcome phase separation of SAT in supercooled state [36], SAT composites were developed in previous 

research at the Technical University of Denmark. Promising composites contained extra water, carboxymethyl cellulose 

and xanthan rubber, as well as ethylenediamnietetraacetic acid and liquid polymeric solutions. When their crystallization 

is initiated in supercooled state at 20 °C, heat contents above 200 kJ/ kg have been measured [37]. In contact with steel, 

supercooled SAT composites crystallize below –15 °C [31]. A thermal conductivity in the range of 0.5 – 0.65 W/mK has 

been found for solid composites containing carboxymethyl cellulose and xanthan rubber [38]. As for most PCMs, this is 

considered as a limitation of heat transfer. 

Dannemand et al. addressed the engineering challenges of volumetric change and decreasing conductivity during 

SAT composite solidification by using flat [28] and cylindrical [39] prototype heat storage units. SAT has also been used 

in the mantle of hot water tanks [40]. 

Englmair et al. [41] report the design and the functionality of a heat storage prototype consisting of four flat units 

containing 200 kg SAT composites each and a 735 L water tank. Stable supercooling was achieved in three out of the 

four units. The full charge of a single unit from ambient temperature was measured at 27.4 kWh. 14 kWh of sensible heat 

and 10.2 kWh (80% heat of fusion) of heat during solidification were discharged with PCM temperatures higher than 

50 °C. Prototype devices for seed crystal injection worked during initial tests, but were later dismounted, due to 

deformation by temperature changes. 

 Scope 

A novel solar combi-system with application of a previously developed heat storage prototype utilizing stable 

supercooling of SAT composite is presented. System tests with an array of evacuated tubular collectors and space-heating 

and domestic hot water patterns of a standard-size Passive House in the Danish climate were conducted to provide the 

following outcome: 

• A control strategy with operation modes for storage charge and discharge as well as auxiliary heating 

• Automated system operation by determination of threshold values for modes, settings of control valves, and 

optimized heat transfer fluid flow rates 

• Validation of control parameter settings by system demonstration 

• Analysis of the system behaviour to elucidate how water tank and PCM units can be operated for the efficient 

utilization of solar collectors in a single-family household. 

The generated experimental data will be the basis for further system development by numerical performance 

investigations. The demonstration of a solar combi-system utilizing stable supercooling of SAT has not been reported 

before and will provide reference for more efficient solar heating by combined short and long-term heat storage. 
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 System design 

 Components 

A system demonstrator was built in the prototype test facility at the Technical University of Denmark (northern 

latitude: 55.8°) to apply the domestic hot water (DHW) and space heating (SH) demand patterns. It was designed as a 

solar combi-system with a solar collector array, a water heat storage, and a segmented PCM heat storage utilizing SAT 

(Fig. 1 a). 

The collector array was formed with 7 panels (totalling 22.4 m2 of aperture area) of heat pipe evacuated tubular 

collectors, type Thermomax HP 450 from Kingspan Renewables. They were chosen due to their relatively low heat loss 

coefficients (Table 1), which allow good performance during melting of SAT with collector outlet temperatures above 70 

°C. The collectors were mounted with an inclination of 45° and an azimuth angle of 12° towards east. Tyfocor LS, a heat 

transfer fluid (HTF) based on propylene glycol and water, was used to ensure frost protection. The panels were connected 

in 2 parallel circuits, one circuit with 4 panels and one with 3 panels in series. 

The water tank (Fig. 1 b) had a volume of 735 L. It was designed as tank-in-tank heat storage with an electrical 

resistor (Eaux) for auxiliary heating situated at a height of 0.5 m. The outer tank (Ø: 0.8 m) had a height of 1.6 m and was 

insulated with 0.05 m of mineral wool. The inner tank (Ø: 0.45 m, V: 175 L), was situated in the top-centre of the outer 

tank. It covered a height of 1.1 m and included a pipe (Ø: 0.16 m) to the bottom of the outer tank. Cold water entered the 

inner tank from the bottom and DHW was tapped from the top of it. The outer tank contained water as HTF. The SH 

circuit was connected with an outlet at a height of 1 m and an inlet at the bottom of the outer tank. The charging circuit 

was implemented with an outlet at the bottom of the outer tank, where there was also a polymeric inlet stratifier [42] to 

enable good thermal stratification. 

a)  b)   

c)   

Fig.1. System demonstrator: a) Component configuration; b) Water tank; c) PCM heat storage. 
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The segmented PCM heat storage (Fig. 1 c) consisted of four flat units, each containing 150 L of SAT composite. 

They were insulated with 10 cm of foam insulation. The hydraulic configuration, activation devices applied and the 

functionality of the heat storage prototype have all been previously reported [41]. 

The interplay of the collector array, a variable number of PCM units, and the water tank was enabled by hydraulic 

circuits (Fig. 3). For the collector circuit, 35 m of copper piping (outer Ø: 20 mm, insulation: 19 mm) was installed. 

Circuits with a length of 9 m for water tank charging and 19 m for heat transfer to/from the PCM heat storage were 

realized with steel piping (¾", insulation: 19 mm). A plate heat exchanger (HX) connected the collector circuit with 

pipework for storage charging. Its overall heat exchange capacity rate was calculated to be 1.100 W/K. 

Table 1. Data from collector panel certification [43]. 

Aperture 
area 
(m2) 

Gross area 
(m2) 

Peak collector 
efficiency (-) 

1st order loss 
coefficient 

(W/m2K) 

2nd order loss 
coefficient 
(W/m2K2) 

Effective heat 
capacity 
(kJ/m2K) 

3.2 4.15 0.750 1.18 0.010 4.4 
 

 Energy storage density 

For domestic heat storage, the heat capacity of the SAT applied is limited by the room temperature (Tamb = 25 °C) 

and the maximum HTF temperature (Tmax = 90 °C). The physical storage density (Sphy) was calculated as follows: 

𝑆𝑆𝑝𝑝ℎ𝑦𝑦 = ��𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎� ∗  𝑐𝑐𝑝𝑝,𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠 + 𝐿𝐿 +  �𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� ∗  𝑐𝑐𝑝𝑝,𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠)� ∗ 𝜌𝜌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑠𝑠 ÷ 3.6 = 151  kWh
m3   (1) 

where the specific heat capacities (cp) of SAT in liquid phase (3 kJ/kgK at 74 °C) and solid phase (2.1 kJ/kgK at 42 °C) 

[28] and a latent heat of fusion (L) of 264 kJ/kg [34] were applied. The density (ρ) of SAT in liquid phase is lower than 

in solid phase and must be therefore used. A minimum density of 1.27 kg/L at 90 °C [35] was considered. 

 
Fig. 2. Dimensions of the heat storage components. 

In discharge tests, a minimum SAT temperature of 50 °C was found to be necessary for heat supply. For a single 

unit, a heat capacity (QPCM) of 24.2 kWh (14 kWh short-term; 10.2 kWh long-term) was measured under application 
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conditions. The minimal space demand for the heat stores, hydraulic installations, and monitoring equipment is illustrated 

in Fig. 2. Instead of the individual insulation of PCM units in the storage prototype, several PCM units could be installed 

within one insulation layer. The given water tank height (H) allows space for up to 14 PCM units. Including hydraulics 

and control, an area (APCM) of 3.89 m2 would be necessary. The effective storage density (Seff), related to the necessary 

installation space of PCM units, would be: 

𝑆𝑆𝑚𝑚𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃∗14
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃∗𝐻𝐻

= 48  kWh

m3    (2) 

of which 28 kWh/m3 are available as sensible heat storage, and 20 kWh/m3 can be used for long-term heat storage. 

For the solar heating system, a water tank was also applied. Its storage capacity (Qwater) was calculated to be 38 kWh, 

assuming an average water temperature increase of 45 K. For maintenance access, a distance of 0.5 m from at least two 

sides was necessary. The occupied area (Aservice) was 8 m2, which corresponds to a volume demand of 14.4 m3. The actual 

storage density (Sact) of the heat storage configuration with 4 PCM units was: 

𝑆𝑆𝑎𝑎𝑎𝑎𝑚𝑚 = 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃∗4+𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐴𝐴𝑠𝑠𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤∗𝐻𝐻

= 9.4  kWh

m3    (3) 

With 14 PCM units installed, the actual storage density would be 26.2 kWh/m3. 

 Potential advantages 

Space heating and domestic hot water supply is realised via the water tank (Fig. 3). Thus, thermal power requirements 

of household services are fulfilled with allowing heat transfer from the collector array and the PCM heat storage units 

with low HTF flow rates and restricted thermal power. An auxiliary heater in the water tank ensures SH and DHW supply 

with required HTF temperatures. Functionality tests [41] showed that: a) PCM units were charged with thermal power up 

to 16 kW in parallel; b) Typical discharge power of PCM units was in the range of 4–16 kW with SAT in liquid state and 

in the range of 2–4 kW during SAT solidification; c) HTF temperatures during continuous discharging of flat PCM units 

without and with solidification were sufficiently high to cover SH demands; d) For hot water supply (temperatures above 

45 °C) pulsed-flow was required during discharging of PCM units with SAT solidification. This means that the presented 

system could be applied similar to solar combi-systems without PCM heat storage. 

The experimental findings described in this paper were used to simulate an optimized system with five PCM units, 

containing 200 L of SAT composite each, and a 0.6 m3 water tank for heat storage in an energy-efficient house located in 

Denmark [44]. Results showed that hot water and space heating, with a yearly total energy demand of 4000 kWh, could 

be covered with a solar fraction of approximately 70%. Due to the long-term heat storage property of the PCM heat store, 

power-to-heat conversion could be possible with wind energy in winter. In this way, almost all heat demand could be 

covered by solar and wind energy – even with a relatively small storage volume. In this context, the PCM heat storage 

provides two benefits: a) On-demand utilization of heat of fusion in periods without sunshine; b) An effective PCM heat 

storage density of 48 kWh/m3. Without PCM storage, the available installation space could be used for two cylindrical 

tanks containing water volumes of 1 m3 (height: 2 m, diameter: 0.8 m) each and 0.15 m insulation to minimize sensible 

heat losses. This water tank size would be appropriate for building-integrated buffer heat storage, considering room height 

and installation needs. Assuming an average water-temperature increase of 45 K an effective heat storage density of 25 

kWh/m3 would result, which is about half the value of a PCM heat storage with multiple units. 

Rathgeber et al. [45] calculated that the maximum acceptable storage capacity costs of heat stores in buildings range 
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from 18 €/kWh for monthly utilization to 70 €/kWh for weekly utilization of the stores. The price of water heat stores in 

solar combi-systems is typically above 50 €/kWh storage capacity, highly dependent on the storage size, the installed heat 

exchangers and the quality of the thermal insulation [46]. Market prices for industrial SAT are below 0.5 €/kg and for 

additives like carboxymethyl cellulose and xanthan rubber below 4 €/kg. 5.5 kg SAT and less than 0.2 kg of additives are 

needed for one kWh of heat storage capacity. Consequently, SAT composite prices would contribute about 3 €/kWh to 

specific storage capacity costs. PCM units can be manufactured in steel utilizing small local cooling devices for on-

demand crystallization of SAT composites [31]. Thus, it can be expected that optimized PCM units utilizing stable 

supercooling of SAT composites instead of water tanks would not significantly raise costs of systems designed for high 

solar fractions of heat supply. 

 Experimental method 

 Monitoring and control 

System operation was realized by a LabVIEW-based data acquisition and control program. The LabVIEW program 

was executed on a National Instruments Compact Rio 9085 industrial computer running a real-time operating system. 

Thermocouples and thermopiles were connected to a 16-channel thermocouple data acquisition module (NI9214). Flow 

meter signals were read via a 32-channel digital input/output data acquisition module (NI9403). Uncertainties resulted 

mainly from the sensors installed (Table 2). Pump speed and valve positions (X) were set by the Compact Rio computer 

to operate hydraulic circuits (Fig. 3). A digital output module (NI 9476) was used to control valve motors (Honeywell, 

V4043H) and auxiliary heating. An analogue output module (NI 9263) and a digital output module (NI 9403) were used 

for HTF flow rate control via pump speed. An operator monitor program, also programmed in LabVIEW, was created to 

enable operators to monitor the system and operate it manually from an adjacent PC. To estimate SH requirements, 

outdoor sensors were positioned to gather information about solar radiation levels (Gtotal) and ambient temperature (Tamb). 

Table 2. Measurement devices installed. 
Measurement device Type Uncertainty 

Thermocouple (TBi, Tcoll, TDHW_in, TDHW_out, THX_out, 
TPCMi, TSH_in, TSH_out) 

TT-type (copper/ constantan) 0.5 K [47] 

Thermopile with two integrated TT-type 
thermocouples (ΔTcoll, ΔTPCM, ΔTsec) 

5-junction thermopile with TT-type 
thermocouples 

0.1 K [47] 

Flow meters ( collV , DHWV , PCMV , SHV , secV ) Class 2 2% of reading  
(in accordance with EN 1434)* 

Pyranometer (Gtotal) Kipp & Zonen CM3 15 W/m2  
(below 200 W/m2) 

  
*The accuracy range was experimentally proved for the flow rate range applied before installation.  

Heat losses from the hydraulic circuit to the PCM storage were evaluated between thermopiles at the heat exchanger 

(ΔTsec) and at the PCM heat storage (ΔTPCM). Heat losses during water tank charging were calculated based on measured 

pipework length. 
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Fig. 3. System layout with heat storage components in black, heat sources in red (dashed line), and heat sinks in orange. 

 Hot water and space heating demand 

Characteristic SH patterns were found in a previously conducted simulation of a 130 m2 building built to Passive 

House Standard [48] and using the Danish weather reference year. The annual SH demand was 15 kWh/m2. The building 

model included south-orientated windows. When the hourly average global irradiance (G) was above 200 W/m2, there 

were no heating loads in the simulation. Hourly heating loads, depending on G and ambient temperature (Tamb), were 

fitted with Equations 4–7: 

0 W/m2 < G < 10  W/m2:    �̇�𝑄𝑆𝑆𝐻𝐻  = -0.0526 * Tamb + 0.7764 [kW]   (4) 

10 W/m2 < G < 50 W/m2:    �̇�𝑄𝑆𝑆𝐻𝐻  = -0.0538 * Tamb + 0.7196 [kW]   (5) 

50 W/m2 < G < 100 W/m2:    �̇�𝑄𝑆𝑆𝐻𝐻  = -0.0503 * Tamb + 0.5458 [kW]   (6) 

100 W/m2 < G < 200 W/m2:   �̇�𝑄𝑆𝑆𝐻𝐻  = -0.0328 * Tamb + 0.2761 [kW]   (7) 

Heat-draw for space heating was enabled in intervals of 6 hours (Fig. 9, Fig. 10). In this way, it was possible to calculate 

heat demand for 6 hours based on measurements from the monitoring system. SH was enabled from 15th October to 31st 

March and used data collected from outdoor sensors as previously described. 

The Danish code of practice for domestic water supply DS 439 [49] recommends a daily DHW consumption of 4.36 

kWh in a standard house with 3.5 occupants and a cold water temperature of 10 °C. This consumption does not include 

hot water for kitchen-use. For system demonstration, the DHW consumption was calculated with 113L of hot water at 45 

°C daily, considering the comfort requirements of all users and efficient use of water. This results in daily loads of 4.6 

kWh. Three hot water draw-offs a day (7:00 h, 12:00 h, 19:00 h), with 1.53 kWh of heat each draw-off, were applied to 

simulate user behaviour (Fig. 9, Fig. 10). 
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 Demonstration 

To match supply from solar collectors and heat demands in an efficient way, a control strategy with modes for 

charging and discharging the heat storage prototype was applied. Threshold conditions for operation modes and 

subroutines for PCM discharge were tested until the system was able to operate automatically. Valve settings, optimized 

HTF flow rate, and temperature settings were identified by manual parameter control in the LabVIEW operator 

monitoring and control program. 

The resulting system behaviour was studied during automated operation from February 2016 until April 2017. From 

30th of June until 21st September 2016, the collector array was covered to avoid stagnation conditions. Utilization of SAT 

crystallization from stable supercooled state was demonstrated with manual system settings. This was necessary because 

of limitations in the activation devices [41]. 

The setting of operation modes, heat transfer rates to the water tank and the PCM heat storage, and the state of PCM 

units were analysed with data from two characteristic periods. The applicability of combined charging of water tank and 

PCM units and the necessary subroutines during PCM storage charging was evaluated for a spring day with clear sky. 

Measurements and operation mode settings were logged in 10 second intervals. Data analysis was based on averaged 

values for 1 minute and 1 hour. Heat transfer rates in the circuits were calculated using Equation 8: 

in - outpi ΔTρcVQ ⋅⋅⋅=       (8) 

where iV  is the measured volume flow rate of the HTF, cp is the specific heat capacity of the HTF at mean temperature 

between Tin and Tout, and ρ is the density of the heat transfer fluid at Tout where the volume flow rates were measured. ΔT 

was measured by thermopiles. 

DHW-tapping and SH-draw were realized using two cooling circuits at the prototype test facility (Fig. 3). HTF flow 

started at set times and stopped when previously set heat demands were measured: 

dt))T(TρcV(Q i,outi,inpii ⋅−⋅⋅⋅= ∫     (9) 

where iV was the measured volume flow rate of the HTF at either DHWV or SHV . The temperature differences were 

calculated between TDHW_in and TDHW_out, and between TSH_in and TSH_out. HTF properties were determined in accordance 

with Equation 8. 

 Experimental results and discussion 

 Control strategy 

An overview of the concept is presented in Fig. 4, where operation modes are shown in black boxes, external 

condition are shown in boxes with dotted frame and resulting settings in boxes with dashed frame. Mode A defines states 

without collector circuit operation when the water tank charge is sufficient for DHW and SH demand. In this mode, the 

control system is in standby, with just monitoring system measurements being taken. The collector circuit starts operating 

when measurements fulfil threshold conditions, and there are three different modes (B–D) of using its thermal power for 

storage charging. The water tank has first priority in order to cover DHW and SH demands. Additional solar yield is 
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stored in the PCM. An additional subroutine for charging individual units of the PCM heat storage was found useful 

during functionality tests [41]. When all PCM units are fully charged, the water tank is charged until the thermal power 

of the collector circuit can no longer be transferred and the collector circuit returns to standby. There are three other 

operating modes (E–G) that are triggered by demand when the collector circuit is in standby and the water tank is 

insufficiently charged. Discharge of sensible heat from all PCM units has priority to minimize heat losses. SAT 

crystallization, followed by discharge of stored heat of fusion, is then initialized unit by unit. Auxiliary heating of the 

water tank takes place when all stores have discharged. 

 

Fig. 4. Diagram of the system control strategy. 

 Identified control parameter settings 

The applicability of the control strategy was confirmed with data from 4278 hours of automated control in 2016. In 

2688 of these hours, measurements were observed in mode A. Operation was set in mode B for 490 hours, in mode C for 

500 hours, in mode D for 10 hours, in mode E for 190 hours, and in mode G for 400 hours. Additional water tank charging 

(mode D) occurred only during sunny periods in summer, while sensible heat discharging from PCM units (mode E) 

occurred in periods in spring, summer and autumn. Conditions for heat of fusion discharging from PCM units (mode F) 

were detected in spring and autumn, when sunny periods were followed by several cloudy days. However, since prototype 

devices for seed crystal injection were dismounted in 2016, mode F was not enabled. Thus, mode G was directly activated 

instead. 

Threshold conditions and the final configurations of the settings for the 7 modes are presented in Table 3. To avoid 

too frequent changes of mode, an observation period of five minutes was introduced before mode changes were executed. 

In this way, activation of auxiliary heating (mode G) resulted in a minimum water tank charge of 0.25 kWh. 

All valves (Fig. 3) were closed during system standby. Valves X1–X7 were set in three ways to enable water tank 

charging, PCM charging, and heat transfer from the PCM to the water tank. HTF flow through the PCM units was enabled 

by opening valves XPCM1–XPCMi.  
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Fluctuating collector power and limited heat transfer capacity of individual PCM units were matched by a subroutine. 

Starting from single unit charging, the next warmest unit was added to the PCM charging circuit when THX_out exceeded 

95 °C. When THX_out fell below 85 °C, the coldest unit was removed from the PCM charging circuit. Discharging of 

sensible heat (mode E) and heat of fusion (mode F) were carried out depending on TPCM, i.e. the warmest PCM unit had 

priority. 

For auxiliary heating, the electrical resistor (Eaux) was switched on by means of a relay. 

Table 3. Summary of threshold conditions and mode settings. 

Operation mode Threshold conditions Setting 

A) System standby 
Tank temperature sufficient TB2 >45 °C 

Valves closed and pumps off Collector temperature 
insufficient Tcoll <TB1+10 K 

B) Water tank 
charging 

Tank temperature insufficient TB2 
≤50 °C;  

active mode:  
≤60 °C X2, X3, X6 open 

Pcoll = 7 L/min  
Pwater = 6.3 L/min Collector temperature sufficient Tcoll 

>TB1+10 K; 
active mode: 

>TB1+2 K; 

C) PCM storage 
charging 

Tank temperature sufficient TB2 
>60 °C;  

active mode: 
>50 °C; 

X1, X3, X5 open 
Pcoll = 19 L/min 

 PPCM = 16.5 L/min 
 

Subroutine parallel charge: 
Warmest unit priority: XPCM1–XPCMi set 

If THX_OUT >95 °C: next warmest unit open 
If THX_OUT >85 °C: coldest unit closed 
When TPCM unit >80 °C: unit closed 

Collector temperature sufficient 
for PCM charge Tcoll >70 °C 

Solar radiation sufficient 
or 

Hot collector 

Gtotal 
or 

Tcoll 

>150 W/m2  
or 

Tcoll >85 °C 

Modules not fully charged TPCM1–
TPCMi <80 °C 

D) Additional water 
tank charging  

Collector temperature sufficient Tcoll 
>TB1+10 K; 

active mode: 
>TB1+2 K; 

X2, X3, X6 open 
Pcoll = 7 L/min  

Pwater = 6.3 L/min Modules fully charged TPCM1–
TPCMi >80 °C 

E) PCM discharge of 
sensible heat 

Tank temperature insufficient TB2 <45 °C X4, X5, X7 open 
PPCM= 2 L/min 

 
Subroutine choice of unit: 

Warmest unit priority: XPCM1–XPCMi set 
When TPCM unit <50 °C: unit closed 
Repetition with next warmest unit 

Collector temperature 
insufficient Tcoll <TB1+10 K 

Sensible heat in modules TPCM1-
TPCMi >50 °C 

F) PCM discharge of 
heat of fusion 

Tank temperature insufficient TB2 <45 °C X4, X5, X7 open 
PPCM= 2 L/min 

 
Subroutine unit activation: 

Warmest unit priority: XPCM1–XPCMi set 
When TPCM unit <50 °C: unit closed 
Repetition with next warmest unit 

Collector temperature 
insufficient Tcoll <TB1+10 K 

Sensible heat in modules TPCM1-
TPCMi <50 °C 

G) Auxiliary heating 

Tank temperature insufficient TB2 <45 °C 

Valves closed and pumps off 
 

Eaux on 

Collector temperature 
insufficient Tcoll <TB1+10 K 

Sensible heat in modules TPCM1-
TPCMi 

<50 °C 

Top tank temperature below TB3 <50 °C 

 

 Combined charge of water tank and PCM units 

Data from 11th April 2016, a day with clear sky, shows how mode B and mode C with its subroutines were combined 

for efficient storage charging. The water tank was charged for 2.5 hours and the PCM heat storage for 7.5 hours. 
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Fig. 5 shows measurements of Gtotal and HTF flow rates to the water tank and the PCM units over the course of the 

day. The sun shone on the collector array from 6:10 am to 5:00 pm. At 7:15 am, when the collector outlet temperature 

was high enough (TB3+10 K), water tank charging started. Tcoll fell immediately, so the circulation stopped after 5 min 

(observation period for mode changes). From 7:30 am, the water tank was continuously charged until 9:30 am, when TB2 

reached 60 °C and PCM charging was activated. Flow rates ranged from 0.95 m3/h with one PCM unit to 1.02 m3/h when 

three units were being charged in parallel. PCM unit charging stopped 10 min after the collector array was shaded, and 

therefore the charging circuit cooled down (THX <70 °C). 

 
Fig. 5. Dependence of HTF flow to water tank and PCM storage on solar irradiation. 

The development of Tcoll depends on charging settings, as shown in Fig. 6, where periods of water tank charging are 

marked in blue, charging of a single PCM unit (different ones) in orange, two PCM units in red, and three PCM units in 

green. Initial water tank charging required a collector outlet temperature of 35 °C (TB3=25 °C). After 7:30 am, solar 

irradiance was high enough to heat the HTF continuously. The water tank was sufficiently charged when Tcoll reached 65 

°C. After the circuit was stopped for 5 min, Tcoll rose to 70 °C and PCM storage charging mode started. At 10:30 am, THX 

reached 95 °C (Tcoll was at 97 °C) and a second PCM unit was added to the charging circuit. It was removed when THX 

fell to 85 °C. In this way the subroutine made sure that the HTF fluid temperature was high enough to achieve stable 

supercooling of SAT but boiling was avoided. Between 11:00 am and 4:00 pm, merely two PCM units were charged in 

parallel. Three PCM units were charged only between 12:50 and 1:00 pm. Units 1 and 2 reached full charge at 13:00 h, 

while the PCM in units 3 and 4 was partly melted at the end of the day. 
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Fig. 6. Dependence of Tcoll on storage charging configuration: Blue = water tank; Orange = single PCM unit; Red = two PCM 

units; Green = tree PCM units. 

Fig. 7 shows the thermal power of the collector circuit (black marks), and heat transfer rates to the water tank (blue 

marks) and to the PCM heat storage (red marks). The collector circuit power reached peak values of up to 22 kW when 

PCM units were added to the charging circuit. The water tank was situated near the HX, so heat transfer rates to the water 

tank closely followed the collector circuit’s thermal power. During charging of the PCM units, greater heat losses resulted 

due to higher HTF temperatures and longer pipework. During the course of the day, 82 kWh of heat was transferred from 

the collector circuit to the heat stores: 13.5 kWh to the water tank and 62 kWh to the PCM storage. Pipe heat losses (from 

the HX to the stores) amounted to 6.5 kWh. 

 
Fig. 7. Heat transfer rates during the course of a day with clear sky. 
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 Short and long-term heat storage 

Fig. 8 presents a test sequence of the combined short and long-term heat storage. It shows hourly averaged values of 

heat transfer to/from the PCM heat storage and the TPCM for three units. During automated control, the units were 

frequently charged with solar heat. Heat transfer rates indicated that from 27th to 30th April, and on 5th May, part of the 

stored heat was transferred to the water tank. On 1st May, the PCM units reached full charge after noon. Over the following 

three days, heat losses were compensated by re-charging. Negative heat transfer rates resulted when PCM charging (mode 

C) was activated with TPCM >70 °C. The same situation occurred before mode C was deactivated as the PCM charging 

circuit cooled down due to decreasing collector power. The threshold values applied were chosen to avoid frequent 

interruption of PCM charging during partly cloudy days. 

The collector array was covered from 6th May. The three PCM units cooled down passively. The units rested for 10, 

16 and 17 days respectively before solidification of SAT was manually activated and heat of fusion (mode F) was 

discharged. 

 
Fig. 8. PCM unit temperatures and heat transfer rates during charging and discharging in May 2016. 

 System behaviour during selected periods  

Fig. 9 shows system behaviour during a sunny period of eight days in March, when five different operation modes 

occurred. At the beginning of the period, auxiliary heating was needed to enable DHW and SH supply. On 16th March, 

TB2 reached 60 °C during water tank charging, so mode C was activated. PCM storage charging was interrupted once by 

repeated water tank charging in the afternoon. During mode shifts, and when PCM units were added or removed from the 

PCM charging circuit, heat transfer rates of up to 36 kW were measured. During the following days, water tank charging 

was typically followed by charging of the PCM units. Mode E was activated to transfer heat from the PCM units to the 

water tank when the collector array could not fully cover the heat demand. On 22nd and 23rd March, the water tank was 

mainly heated in this way. 
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Fig. 10 shows system behaviour in October, when only DHW was in demand. Six different operation modes occurred 

during a rather cloudy period of 12 days. On the 1st and from 4th to 8th October, collector thermal power was sufficient to 

cover the demand with solar heat. Excess heat was stored in PCM units. On 5th October, additional water storage charging 

(mode D) implied full PCM unit charge. From 2nd to 4th and from 9th to 11th October, DHW demand was merely covered 

by heat transfer from PCM units to the water tank. Interrupted flows of 2 L/min ensured high HTF temperatures to the 

water tank. Heat transfer rates were below 6 kW. On the 4th and from 10th October, auxiliary heating was needed to 

achieve hot water temperatures above 45 °C. Thanks to the control strategy, the mismatch of heat supply and DHW 

demand was bridged for several days. It can be assumed that auxiliary heating could have been avoided during the entire 

period if stored heat of fusion had been used (mode F). 

 
Fig. 9. Storage heat transfer, SH and DHW demand patterns, and system control signals in March 2016; Operation modes  

(A – G) and their settings are described in Table 3. 
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Fig. 10. Storage heat transfer, DHW demand patterns and system control signals in October 2016; Operation modes  

(A – G) and their settings are described in Table 3. 

 Conclusions 

For the first time, a laboratory solar combi-system with tubular collectors and a segmented PCM heat storage 

prototype was successfully demonstrated in a Danish Passive House scenario. The following progress of technology 

development was achieved: 

a) A control strategy with seven modes enabling automated system operation. With validated control parameter settings, 

the system worked in the following way: 

• Hydraulic circuits and flow rates were set to charge first the water tank and then the PCM heat storage 

• The number of PCM units was varied during charging to match their limited heat transfer capacity with the 

fluctuating collector power 

• Additional water tank charging took place once all PCM units were fully charged 

• When heat demands were not covered by the solar collectors, heat was transferred from the PCM units (the 

warmest first) to the water tank 

• After all the PCM units were discharged below 50 °C, electrical heating of the water tank ensured space heating 

and hot water supply. 
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A mode for discharging heat of fusion on demand was included in the control strategy. Automated PCM unit 

activation (warmest unit priority) is followed by heat transfer to the water tank with a flow rate of 2 L/min. 

b) Automated system operation showed that the PCM units, containing SAT, were frequently charged and discharged 

in spring and autumn. This proved that, referring to the installation space, compact PCM heat stores for combined 

short and long-term heat storage can be built with an effective energy storage density of 48 kWh/m3. 
 

c) The applicability of the system was analysed: Heat transfer fluid temperatures closely followed the collector outlet 

temperature during water tank charging and were kept between 70 and 95 °C during PCM unit charging to ensure 

good heat transfer to the SAT composites. During continuous operation, heat transfer rates were below 16 kW, but 

reached peaks up to 36 kW when PCM units were added to the charging circuit. A flow rate of 2 L/min ensured high 

HTF temperatures when heat was transferred from PCM units to the water tank. An observation period of five minutes 

was proved a practical way to avoid frequent mode changes. The system prototype could be improved by shortening 

pipework lengths to reduce heat losses during heat storage charging and discharging. Control logic to avoid PCM 

units cooling during charging should be considered. 

Based on this work, the full potential of the system could be explored in the future without the restrictions of the 

demonstrator by using simulation models and calculating the annual thermal performance of the system in a variety of 

application scenarios. 
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