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Summary
This paper presents the field evaluation of a residential heat pump system using a hybrid renewable heat source combining 40.4 m² of photovoltaic-thermal (PVT) collectors and a 5.2 m³ ice storage. The heat sources supply a directly condensing 12 kW propane (R290) heat pump installed in a 172 m² two-family house in Germany. The system was monitored continuously over a complete 12-month period, from July 2025 to June 2026, as part of project HPPVT40. The PVT collectors were the main heat source for the heat pump, directly supplying 73% of the heat delivered to the evaporator, while the ice storage provided complementary heat, particularly during winter. The field evaluation also identified limitations affecting winter operation, mainly related to the available ice storage capacity and the operating temperature range of the PVT collectors. The results demonstrate the technical potential of combining PVT collectors and ice storage as a renewable heat source for residential heat pumps and provide important insights for the design and control of such systems for year-round operation.
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Introduction
The necessity of transitioning to climate-neutral energy systems highlights heat pumps (HP) as a critical technology for decarbonizing the residential heating sector. Photovoltaic-thermal (PVT) collectors have emerged as a promising technology for heat pump applications, as they simultaneously provide electricity and heat from the same collector area, and offer space-saving heat pump integration in urban environments, particularly where space for conventional heat sources is limited (Lämmle et al., 2020; Chhugani et al., 2022, 2023; Kramer et al., 2023; Kramer and Helmling, 2024). Within the project HPPVT40, a hybrid heat source concept was developed that combines PVT collectors with an ice storage. The PVT collectors serve as the primary energy source by “harvesting” solar radiation and ambient heat while simultaneously generating electricity for on-site consumption. The ice storage enhances source stability, while the PVT field (and partly the surrounding ground) is used for regenerating the ice storage (Bavia Bampi et al., 2023; Khamidov et al., 2024). 
In addition, environmentally sustainable heat pump operation requires the use of low-global-warming-potential (GWP) refrigerants. Within the project, a propane (R290) heat pump with direct condensation in a buffer storage tank was developed, enabling a compact and hydraulically simplified system design while complying with future refrigerant regulations (Diewald et al., 2023, 2024).
This paper presents the comprehensive field evaluation of this system installed in a residential building in Germany. While previous publications reported the conceptual design of the system (Bavia Bampi et al., 2023; Khamidov et al., 2024), this work evaluates the performance over a complete, continuous 12-month operational cycle, analyzing seasonal fluctuations, system control stability, and system efficiency.
[bookmark: _Ref238900615]Methodology
2.1. Demonstration Building
The system is installed in a residential two-family house located near Ulm, Germany (Figure 1). The building has a total heated living area of approximately 172 m². Each apartment is equipped with an independent space-heating circuit (HC1 and HC2). The heat distribution system consists of wall-mounted radiators designed for a nominal supply and return temperature of approximately 55/45 °C. Based on the gas consumption recorded in previous years, the building had an average annual gas consumption of approximately 29,000 kWh for a four-person household. Assuming a gas boiler efficiency of 90%, this corresponds to an estimated annual useful heat demand of approximately 26,100 kWh. The building's heating load was estimated at approximately 12 kW based on the consumption-based calculation. In comparison, the detailled heat load calculation according to DIN EN 12831 resulted in a design heat load of 19.6 kW.	Comment by Nienborg, Björn: Foto ergänzen?	Comment by Nienborg, Björn: "R:\23502\6\1300\Aktuelle_Projekte\10-07559-HP-PVT4.0\7_Vorarbeiten_Interne_Ergebnisse\Arbeitsergebnisse_Messergebnisse\AP5\Fotos\PT7\20250401_153842-mod.png"
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[bookmark: _Ref239343265]Figure 1. Photo of the residential two-family house where the demonstration system was implemented; the south-facing roof is covered with PVT collectors.
2.2. System Description
The heating system is based on a 12 kW propane (R290) heat pump with direct condensation integrated into a 780 L buffer storage tank. The system diagram is presented in Figure 2. The buffer storage is designed as a combi storage unit, providing energy both space heating and domestic hot water (DHW). DHW is prepared via an external freshwater station (FWS) connected to the combi storage. The building does not include a DHW circulation system. An electrical heating rod with a maximum capacity of 5.2 kW is connected to the buffer storage. It serves two purposes: (i) to utilize surplus electricity generated by the PVT collectors by converting it into heat stored in the buffer tank, and (ii) to provide backup heating capacity in case of heat pump limitations or peak demand. The existing gas boiler was also retained as an additional backup heater. The renewable heat source for the heat pump consists of two main components:
PVT collectors: 40.4 m² (8.45 kWp) of uncovered modules with thermal insulation on the rear side, installed on the building roof, 30° tilt angle and south-facing orientation. For defrosting the collectors, a heat exchanger transfers heat from the buffer storage to the collector brine circuit when required.
Ice storage: Two identical storage units with a total water volume of 5.2 m³. Each unit consists of an uninsulated plastic tank containing 2.6 m³ of water and is buried in the ground. The ice storage is regenerated by the PVT collectors and additionally gains heat from the surrounding soil when its temperature is below the soil temperature.
2.3 Heat Source Circuit Operation
The heat source circuit is designed for flexible hydraulic operation, allowing the PVT collectors and the ice storage to be operated either in parallel or in series, depending on operating conditions and control strategy. The heat source circuit is filled with water-glycol mixture (brine) with a freezing point of roughly −20 °C. 
When the heat pump is operating, the heat source circuit can operate in four different modes, which are presented in Figure 2:
PVT only: PVT collectors are the sole heat source for the HP evaporator.
ICE only: Ice storage is the sole heat source for the HP evaporator
PVT+ICE in parallel: PVT collectors and ice storage supply heat simultaneously and in parallel to the HP evaporator.
PVT to HP to ICE in series: PVT collectors supply heat to the HP evaporator, and HP evaporator outlet flow is supplied to the ice storage to regenerate it. This mode happens when HP evaporator outflow temperature is higher than the ice storage temperature.
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[bookmark: _Ref238914290]Figure 2. Heating system hydraulic diagram. 
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[bookmark: _Ref238997550][bookmark: _Ref238997596]Figure 3. Heat source circuit operation modes when heat pump is on.
When the HP is switched off, a regeneration mode is available, in which the PVT collectors supply heat directly to the ice storage, called PVT to ICE.
2.4 Data acquisition and monitoring
System performance was monitored continuously through three distinct data acquisition channels, each employing a different sampling strategy:
Heat Pump Controller: Utilizes event-based sampling recording exact start/stop events, compressor frequency, temperatures, and electrical power consumption of the heat pump.
Heating System Controller: Logs sensors and operational parameters at a strict 1-minute sampling interval, monitoring and controlling the heat source brine loop, the space heating circuits (HC1, HC2), the fresh water station, and the electrical heating rod status.
Solar Energy Management System: Records photovoltaic electricity generation, and overall household electrical power consumption at a 15-minute sampling frequency.
Thermal energy flows were measured using heat meters installed at all major hydraulic interfaces, including the HP evaporator, PVT collectors, ice storage, PVT defrost heat exchanger, space heating circuits HC1 and HC2, and fresh water station. The thermal output of the electrical heating rod was estimated indirectly from its measured electrical power consumption, assuming 98% conversion efficiency. Since the refrigerant mass flow rate of the heat pump was not measured directly, the condenser heat output was determined as the sum of the measured evaporator heat input and the electrical power input to the heat pump compressor. Data processing and evaluation were carried out using Python-based post-processing routines.
Results and Discussion
This section presents the results of the continuous system monitoring over a full 12-month period, from July 1, 2025, to June 30, 2026. The analysis covers the system’s seasonal behavior and the performance of the integrated heat pump, PVT collectors, and ice storage throughout the complete annual cycle.
3.1 Weather Conditions
The system's performance is heavily influenced by local weather conditions. Therefore, the ambient air temperature and solar irradiance at the demonstration site were monitored. Figure 4 presents the highly resolved time-series of the ambient air temperature and the solar irradiance on the tilted PVT collector surface. A measurement issue occurred between April 22, 2026, at 08:00 and May 1, 2026, at 01:00, during which no data was recorded. Figure 5 shows the monthly solar irradiation on the PVT collector surface together with the monthly mean ambient air temperatures. Over the 12-month period, the cumulative solar irradiation on the PVT collector surface reached 1299 kWh/m², corresponding to a total solar energy input of approximately 52,479 kWh over the 40.4 m² collector area.
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[bookmark: _Ref238889079]Figure 4. High-resolution time series of outdoor air temperature and solar irradiance on the tilted PVT collector surface.

[bookmark: _Ref238889259]Figure 5. Monthly solar irradiation on the tilted PVT collector surface and monthly mean outdoor air temperature.
3.2 Heat Demand and Heat Generation
During the 12-month measurement period, the total heat demand of the building was 24’042 kWh, which is close to the annual heat demand of 26,100 kWh estimated from historical gas consumption. Figure 6 presents the heat demand of the three main heat sinks: space heating via HC1 and HC2, DHW preparation, and active PVT collector defrosting. Space heating accounted for approximately 92% (22,031 kWh) of the total building heat demand. DHW preparation accounted for approximately 4% (979 kWh). Active PVT collectors defrosting accounted for an additional 4% (1033 kWh). The total heat generation by the heat pump, electrical heating rod and gas boiler amounted to 24,572 kWh. The heat pump provided 74% of this heat, while the electrical heating rod and gas boiler supplied 14% and 12%, respectively. The combined electricity consumption of the heat pump and electrical heating rod was 9,923 kWh. The heat pump’s heat source was primarily provided directly by the PVT collectors, which supplied approximately 73% of the total heat input to the heat pump evaporator. The remaining heat was mainly supplied by the ice storage, while a very small portion of approximately 0.5% originated from the defrost heat exchanger. This residual contribution occurred only during the initial defrosting events due to an incorrect control setting, which allowed the defrost heat exchanger to transfer heat to the heat source brine circuit while the heat pump was operating. The control strategy was subsequently corrected so that PVT collector defrosting occurs only when the heat pump is switched off.
 
[bookmark: _Ref238894489]Figure 6. Annual heat demand, heat generation, electricity consumption of the heat pump and electrical heating rod, and heat sources of the heat pump during the 12-month monitoring period.
Figure 7 presents the monthly heat generation and the contribution of the three heat generators: heat pump, electrical heating rod, and gas boiler. During the summer months, heat generation by electrical heating rod dominates. This results from the high availability of surplus PV electricity and the system control strategy, which prioritizes the use of PV surplus for thermal storage via the heating rod. An exception can be observed in months 8 and 9, corresponding to the beginning of the measurement campaign. During parts of these months, the heat pump operation was being tested, and the electrical heating rod was therefore disabled.
The gas boiler was used primarily during the winter months from December to February. This was mainly caused by two limitations. First, the thermal capacity of 5.2 m³ ice storage is not designed as a seasonal storage covering 100% of the winter demand; a larger storage could not be implemented at the demonstration site due to space constraints. By December, the storage increasingly reached its maximum allowable ice fraction. According to the manufacturer’s specifications, the ice fraction must not exceed 80%, and the storage should not be operated beyond this limit. Consequently, the ice storage could not be used as a heat source during many periods of the coldest winter months. Second, the operating temperature of the PVT collectors was limited. PVT systems used as heat sources for heat pumps can generally operate with very low brine temperatures, such as −15 °C. Such low temperatures are relevant during periods without solar radiation, when the PVT collectors operate primarily as air-source collectors by extracting heat from the ambient air. In this operating condition, the brine temperature must be below the outdoor air temperature to enable heat extraction from the ambient air. During the measurement period, the PVT collector outlet temperature was typically around 3–4 K below the outdoor air temperature during periods without solar irradiance, with differences reaching up to 7 K in some cases. Since this difference refers to the collector outlet temperature, the brine temperature within the collector can be even lower, highlighting the importance of allowing sufficiently low brine temperatures when using PVT collectors as a heat source for heat pumps. In the present system, however, the certified minimum brine temperature of the PVT collectors −5 °C which were not undercut to not undermine product warranty. This limitation constrained heat pump operation during several winter periods, requiring the heating rod and gas boiler to provide additional backup heating.

[bookmark: _Ref238898153]Figure 7. Monthly heat generation and the contribution of the three heat generators: HP, electrical heating rod, and gas boiler.
3.3 Electricity Consumption, PV Generation, and PV Self-Consumption
The PV system generated 9,423 kWh of electricity from a cumulative solar irradiation of 1299 kWh/m² on the 40.4 m² collector area, yielding a PV conversion efficiency of roughly 18.0%. From the total PV generation, roughly 55% was directly self-consumed in the building. The total electricity consumption in the building was 12,753 kWh, of which roughly 40% was directly supplied by on-site PV generation. The electrical heating rod mainly utilized surplus PV electricity, with 73% of its heat output derived from direct solar power. The heat pump PV electricity share was 27%, while for the household it was 39%. Figure 8 presents the monthly electricity consumption, PV generation and PV self-consumption, highlighting the seasonal mismatch between generation and consumption as well as the PV self-consumption variation.

[bookmark: _Ref238898772]Figure 8. Monthly electricity consumption, PV generation, and PV self-consumption during the 12-month monitoring period.
3.3 Heat Pump
The 12 kW direct-condensing propane (R290) heat pump developed within the project was used in the building. A distinctive feature of this HP is the integration of the condenser heat exchanger directly into the buffer tank. This configuration allows the HP to achieve high water temperatures for DHW preparation by de-superheating the refrigerant while actually condensing at a lower temperature required for space heating. To characterize the operating conditions of the HP, Figure 9 presents the average temperatures measured in the buffer tank during periods when the HP was operating. The tank temperature was measured at four different heights (bottom, 40%, 60%, and top), together with the inlet temperature of the HP evaporator. These measurements illustrate the temperature level at which the direct-condensing HP operated on the condenser and evaporator side. Figure 10 presents the monthly heat production of the heat pump together with the corresponding monthly seasonal performance factor (SPF). The SPF was calculated as the ratio of the heat generated by the heat pump to the electricity consumed by the compressor. Over the complete 12-month period, the heat pump achieved an annual SPF of 2.9.

[bookmark: _Ref238920411]Figure 9. Buffer tank temperature at four different heights and HP evaporator inflow temperature. Considering only the periods during which the heat pump was in operation

[bookmark: _Ref238920886]Figure 10. Monthly heat pump heat generation and seasonal performance factor (SPF).
3.3 Heat Pump Heat Source
The heat source management represents a core innovative aspect of the system, comprising both the management of heat supplied to the HP evaporator by the PVT collectors and ice storage, and the regeneration of the ice storage using the PVT collectors. Figure 11 presents the monthly heat supplied to the HP evaporator together with the average brine temperature entering the HP evaporator. The PVT collectors remained the dominant heat source throughout all months, partly due to a control strategy implemented to reduce the use of the ice storage. Given the storage’s limited thermal capacity, its discharge was prioritized for periods when the PVT collectors could not provide sufficient heat. Consequently, in several operating conditions, the PVT collectors were maintained as the heat source even when the ice storage could provide heat to the evaporator at a higher temperature. This strategy was first implemented in October, resulting in a clear reduction in the heat supplied by the ice storage in this month, as shown in Figure 11.

[bookmark: _Ref238900064]Figure 11. Monthly heat supplied to the heat pump evaporator by ice storage, PVT collectors and PVT defrost HX. And average brine inlet temperature during the 12-month monitoring period.
As presented in Figure 3. Heat source circuit operation modes when heat pump is on., the heat source brine circuit can operate in different hydraulic modes when heat pump is on. Figure 12 presents the monthly share of heat supplied to the evaporator by each of these operating modes. The PVT-only mode was clearly dominant throughout the monitoring period. In addition, the parallel operation of the PVT collectors and ice storage (PVT+ICE parallel mode) was particularly relevant during winter. Since the PVT brine temperature was limited to −5 °C, the ice storage was operated in parallel with the PVT collectors when necessary to prevent the brine temperature from falling below this threshold. The ICE-only mode became increasingly limited from October onward, following the implementation of the control strategy intended to preserve the available thermal capacity of the ice storage. The PVT to HP to ICE shows a relatively constant share around 10% of source energy all around the year. Nevertheless it contributes significantly to the regeneration of the ice storage during cold months (around one third, see Figure 14) and thus allows the extended PVT+ICE parallel and ICE only operation at other moments.

[bookmark: _Ref238900587]Figure 12. Monthly contribution of the different heat source operating modes to the heat supplied to the heat pump evaporator.
3.3.1 Ice Storage
Figure 13 shows the monthly regeneration and discharge of the ice storage by the PVT collectors and heat pump, respectively, together with the monthly average storage temperature. The total annual regeneration heat supplied by the PVT collectors to the ice storage was 6,855 kWh. Most of the regeneration heat was supplied during summer. However, a large portion of this heat is subsequently dissipated to the ground. From November to January, the heat transferred from the storage to the HP was higher than the heat supplied for ice storage regeneration by the PVT collectors. 
During the winter period, the ice storage gains heat not only from the PVT regeneration but also from the surrounding ground. To approximate the ground heat gains contribution, a balance period was defined from the initial ice formation to the complete disappearance of ice within the storage. Initial ice formation was assumed when tank sensor first reached 0°C, and the complete ice-free state was defined when temperature rose above 0°C. This duration — spanning from November 20, 2025, to February 27, 2026 — was assumed to maintain a continuous two-phase ice-water mixture, and that the storage returned to a comparable energetic baseline state at both boundaries. Over this timeframe, an energy balance was formulated: total discharging to the heat pump accounted for 1840 kWh, while active regeneration via the PVT collectors supplied 1129 kWh. The resulting deficit of approximately 710 kWh represents the net heat transferred from the surrounding ground to the storage. This yields an average thermal ground heat gain of roughly 300 W. The area facing ground of each storage unit was around 8.8 m². While acknowledging that this is a rough estimation due to unknown storage states, it provides a macro-level estimation of ground heat gains.

[bookmark: _Ref238902997]Figure 13. Monthly heat supplied to ice storage by the PVT collectors (regeneration) and heat discharged from the ice storage to the HP evaporator, and monthly average storage temperature.
The ice storage can be regenerated by the PVT collectors in two different operating modes. In the first mode, the heat pump is switched off and the PVT collectors supply heat directly to the ice storage. In the second mode, the heat pump is operating, corresponding to the PVT-to-HP-to-ICE serial mode described in section 2.3. Figure 14 shows the regeneration heat supplied by the PVT collectors in these two operating modes. The PVT-to-HP-to-ICE serial mode is particularly relevant during winter, accounting for around 30 % share of the ice storage regeneration during December to February.

[bookmark: _Ref238903654]Figure 14. Monthly share of heat supplied by PVT collectors for ice storage regeneration according to operation mode: PVT-to-ICE (heat pump off) and PVT-to-HP-to-ICE serial (heat pump on) operating modes.
3.3.1 PVT collectors
The PVT collectors generated a total of 15,444 kWh of heat, of which 56% was supplied to the heat pump evaporator and 44% was supplied to the ice storage. In addition, 1,033 kWh of heat was extracted from the buffer storage for active PVT collector defrosting. Figure 15 presents the monthly PVT heat output and defrosting heat demand, together with the monthly average PVT supply temperatures when the collectors are supplying heat to the heat pump evaporator and to the ice storage. The defrost heat exchanger was installed in November, and the defrosting heat demand measured during this month may be overestimated due to commissioning and testing activities. The PVT heat output was measured both during periods with and without solar irradiance, shown in Figure 15. Heat extraction from the PVT collectors during periods without solar irradiance indicates operation solely as air-source collectors. This operating condition is particularly relevant during winter when the PVT collectors are used as a heat source for the heat pump.

[bookmark: _Ref238904233]Figure 15.  Monthly PVT heat output and heat demand for active collector defrosting, distinguishing operation with and without solar irradiance as Irr > 0 and Irr = 0, respectively. And monthly average PVT supply temperatures when supplying to heat pump evaporator and ice storage.
Figure 16 presents the monthly heat output and incident solar irradiation when the PVT collectors operate as solar thermal collectors, i.e., when brine is circulated through the collectors. The corresponding thermal conversion efficiency is also shown. Over the 12-month period, the total solar irradiation incident on the PVT collector surface during these operating periods was 35,416 kWh, resulting in a thermal conversion efficiency of approximately 44%. However, the PVT collectors also operate as air-source collectors. This is particularly evident in December, when the calculated monthly thermal conversion efficiency exceeded 100%, as the heat extracted from the ambient air is not included in the incident solar irradiation.

[bookmark: _Ref238904653]Figure 16. Monthly PVT heat output, incident solar irradiation, and thermal conversion efficiency during operation.
3.4 System Efficiency
The HPPVT system efficiency is evaluated using the Seasonal Performance Factor (SPF), defined as the ratio of the useful heat generated to the corresponding final energy consumption. Two specific SPF definitions are assessed:
Electrical Heat Generators SPF: This metric accounts for the combined heat output of the heat pump (18,140 kWh) and the heating rod (3,549 kWh), divided by their total electricity consumption (6,301 kWh and 3,622 kWh, respectively), yielding an overall SPF of 2.2. The high difference compared to the SPF of the heat pump only can mostly be attributed to the extended operation of the heating rod for self-consumption of PV electricity. Excluding periods with this operation mode yields an electric system SPF of 2.6.	Comment by Nienborg, Björn: Bitte noch SPF bezogen auf Netzbezug ergänzen
Grid-Specific Electrical Heat Generators SPF: This metric isolates imported electricity from the grid (4574 kWh for the heat pump and 992 kWh for the heating rod), highlighting the influence of on-site photovoltaic self-consumption on system performance. The resulting SPF is 3.9.
Conclusions and Outlook
The 12-month field evaluation demonstrated the feasibility of the investigated heat pump system with a hybrid heat source combining PVT collectors and ice storage for residential heating. The PVT collectors were the dominant heat source throughout the year, while the ice storage provided complementary heat, particularly during periods of limited PVT availability. 
The field operation also revealed important limitations during winter. The rear insulation of the PVT collectors and the minimum brine temperature limit of −5 °C restricted their operation as ambient-air heat source at low outdoor temperatures. Under these conditions, the 5.2 m³ ice storage was insufficient to provide the required heat storage capacity during the coldest periods. To ease these limitatoins, the control strategy prioritized the PVT collectors and preserved the ice storage for periods when PVT operation was constrained by the minimum brine temperature limit. Moreover, the PVT-to-HP-to-ICE serial operating mode enabled additional ice storage regeneration during winter. Although these strategies reduce the heat source temperature of the heat pump and therefore compromise heat pump efficiency, it was beneficial for maintaining the availability of the ice storage during the coldest periods when PVT operation was limited. Nevertheless, due to the exposed limitations, the heat source system could not provide enough heat to the heat pump during several winter periods, and the gas boiler was required as backup.
Future work will focus on improving the PVT collector design and heat source control. PVT collectors used as heat sources for heat pumps should avoid rear insulation and allow substantially lower minimum brine temperatures. These modifications must be investigated with the aim of increasing winter heat pump availability and reducing the dependence on backup heating.
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0.41299999999999998	0.22	0.28699999999999998	0.79400000000000004	0.84699999999999998	0.92700000000000005	0.90300000000000002	0.88800000000000001	0.76700000000000002	0.62	0.47699999999999998	0.35099999999999998	Month


Electricity Consumption and PV Generation [kWh]


PV Self-consumption [%]




Tank Top	
7	8	9	10	11	12	1	2	3	4	5	6	61.3	60.8	58.2	58.6	59.2	58.1	59.3	57.9	58.2	58.2	56.9	57.8	Tank 60% Height	7	8	9	10	11	12	1	2	3	4	5	6	56.8	50.6	47.8	46.7	48	46.8	50.9	50.2	50.3	48.9	46.5	46.8	Tank 30% Height	
7	8	9	10	11	12	1	2	3	4	5	6	55.9	49.8	47	45.8	47.1	45.9	50	49.3	49.4	48	45.8	46.3	Tank Bottom	
7	8	9	10	11	12	1	2	3	4	5	6	43.1	41.7	39.799999999999997	38.700000000000003	39.5	38.799999999999997	42.1	41.1	41.3	40.6	39.700000000000003	40.9	Evaporator Inflow	
7	8	9	10	11	12	1	2	3	4	5	6	29.1	28.8	19	8	1.4	-1.1000000000000001	-1.3	1.2	5.0999999999999996	7.4	18.8	25.1	Monat


°C




HP	
7	8	9	10	11	12	1	2	3	4	5	6	26.7	507.7	784.09999999999991	1761.6	3167	3094.3	2468.1999999999998	2226.5	2619.1999999999998	1077.3	361.9	45.2	SPF_wp	
4.1719999999999997	4.7720000000000002	4.2450000000000001	3.2989999999999999	2.8639999999999999	2.8090000000000002	2.4239999999999999	2.569	2.9860000000000002	2.7349999999999999	3.762	4.4749999999999996	Month


 Heat Generation [kWh]


SPF [-]



Heat Pump Heat Source

Ice Storage	7	8	9	10	11	12	1	2	3	4	5	6	5.6	130.6	249.5	69.900000000000006	591.1	492.1	623.9	298.3	627.70000000000005	138.30000000000001	8.4	0	PVT 	7	8	9	10	11	12	1	2	3	4	5	6	14.8	270.7	349.9	1157.9000000000001	1470	1450.1	865.1	1060.3	1113.4000000000001	544.9	257.2	35.1	Defrost	7	8	9	10	11	12	1	2	3	4	5	6	0	0	0	0	0	52	9	1.2	 	
7	8	9	10	11	12	1	2	3	4	5	6	20.3	401.3	599.4	1227.7	2061.1999999999998	1992.7	1450	1359.8	1741.9	683.4	265.7	35.1	Brine Evaporator Inflow Temperature	
29.1	28.8	19	8	1.4	-1.1000000000000001	-1.3	1.2	5.0999999999999996	7.4	18.8	25.1	Month


Heat Source [kWh]


Heat Source Temperature [°C]




Heat Source Mode Shares

PVT only	7	8	9	10	11	12	1	2	3	4	5	6	13	206.1	263	1061.2	953.8	999.8	376.7	811.2	855.1	454.1	217.9	25.8	ICE only	7	8	9	10	11	12	1	2	3	4	5	6	5.9	132.1	247.3	29.1	291.3	96.8	225.5	229.1	591.70000000000005	126.9	6.7	0	PVT+ICE parallel	7	8	9	10	11	12	1	2	3	4	5	6	0	6	23.7	37.6	649.70000000000005	751.5	661	157.9	93.6	14.2	1	0	PVT to HP to ICE	7	8	9	10	11	12	1	2	3	4	5	6	0.8	42.4	59.7	99.1	161.19999999999999	89.8	212.7	160.1	198.8	86.1	39.1	7.7	Total Heat Source	
7	8	9	10	11	12	1	2	3	4	5	6	20.3	401.3	599.4	1227.7	2061.1999999999998	1992.7	1450	1359.8	1741.9	683.4	265.7	35.1	Month


Mode Heat Source Share [%]


 Total Heat Source [kWh]




Regeneration from PVT Heat	
7	8	9	10	11	12	1	2	3	4	5	6	566.20000000000005	776.7	555.29999999999995	222.9	187.1	226.9	374	592	897.3	719.7	786	950.8	Ice Storage Discharging to HP Evaporator	
7	8	9	10	11	12	1	2	3	4	5	6	5.6	130.6	249.5	69.900000000000006	591.1	492.1	623.9	298.3	627.70000000000005	138.30000000000001	8.4	0	Average Temperature Ice Storage	
7	8	9	10	11	12	1	2	32.974999999999994	29.25	24.475000000000001	18.350000000000001	10.625000000000002	2.4250000000000003	-2.4999999999999994E-2	1.0999999999999999	12.899999999999999	21.475000000000001	29.425000000000004	36.266666666666673	Month


Ice Storage Heat [kWh]


Temperature Ice Storage [°C]




PVT to ICE (hp off)	7	8	9	10	11	12	1	2	3	4	5	6	565.6	768	540.59999999999991	190.8	87.1	149.30000000000001	237.7	426.4	715	645.80000000000007	776.5	948.8	PVT to HP to ICE (hp on)	7	8	9	10	11	12	1	2	3	4	5	6	0.6	8.6999999999999993	14.7	32.1	100	77.599999999999994	136.30000000000001	165.6	182.3	73.900000000000006	9.5	2	Month


Share of Regeneration Heat [%]




PVT Heat Output

Defrost	
7	8	9	10	11	12	1	2	3	4	5	6	-259.60000000000002	-230.9	-243.3	-99.4	-163.1	-36.6	HP Evaporator (Irr=0)	7	8	9	10	11	12	1	2	3	4	5	6	0	0.49266666666666659	36.019166666666671	304.56416666666672	648.65200000000004	776.28788322031119	303.82649676814862	477.22491666666667	402.94908333333331	163.209	19.207333333333331	4.5445000000000002	HP Evaporator (Irr	>	0)	7	8	9	10	11	12	1	2	3	4	5	6	14.756833333333329	270.22683333333327	313.88783333333328	853.38400000000001	821.35374999999999	673.78843652132241	561.24118012988743	583.02700000000004	710.48083333333329	381.64516666666663	238.0231666666667	30.603666666666669	Regeneration (Irr=0)	7	8	9	10	11	12	1	2	3	4	5	6	0	0	0	0	1.0641666666666669	55.273499999999999	4.3776666666666673	11.441333333333329	0	0	0	0	Regeneration (Irr	>	0)	7	8	9	10	11	12	1	2	3	4	5	6	566.2356666666667	776.66450000000009	555.31916666666666	222.86516666666671	186.0051666666667	171.60274999999999	369.57516666666658	580.53383333333329	897.31616666666673	719.73083333333329	785.96633333333341	950.79183333333333	 	
7	8	9	10	11	12	1	2	3	4	5	6	580.99250000000006	1047.384	905.22616666666659	1380.8133333333335	1657.0750833333336	1676.9525697416336	1239.0205102313694	1652.2270833333332	2010.7460833333332	1264.585	1043.1968333333334	985.94	Supply Temperature to Ice Storage	
7	8	9	10	11	12	1	2	3	4	5	6	36.799999999999997	37.1	30.7	26.3	14	5.2	4.5999999999999996	7.2	18.8	26.3	37	40.299999999999997	Supply Temperature to HP Evaporator	
7	8	9	10	11	12	1	2	3	4	5	6	31.6	30.7	17.3	8.1999999999999993	1.9	-0.3	-0.2	2.1	3.2	6.5	18.899999999999999	24.9	Month


kWh


°C




PVT Solar Thermal Performance

Heat output [kWh]	
7	8	9	10	11	12	1	2	3	4	5	6	581	1047.4000000000001	905.19999999999993	1380.8000000000002	1657.1	1677	1239.0999999999999	1652.3	2010.7	1264.5999999999999	1043.2	985.9	Solar irradiance [kWh]	
7	8	9	10	11	12	1	2	3	4	5	6	2692	5588	3072	2788	1796	884	1680	1980	4284	3088	3520	4048	Conversion efficiency [%]	
7	8	9	10	11	12	1	2	0.21582466567607728	0.1874373657838225	0.29466145833333329	0.49526542324246781	0.92266146993318476	1.8970588235294117	0.73755952380952372	0.83449494949494951	0.46935107376283847	0.40952072538860101	0.29636363636363638	0.24355237154150197	Month


kWh


%
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