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Abstract

:

In the present work, the operating results from an innovative, renewable, energy-based space-heating and domestic hot water (DHW) system are shown. The system used solar thermal energy as its primary source and was assisted by a shallow geothermal application in order to accommodate the space-heating and DHW needs of a domestic building in Austria. The system incorporated phase-change materials (PCMs) in specially designed containers to function as heat-storage modules and provide an energy storage capability for both the space-heating and DHW subsystems. This system was designed, implemented, and tested under real operating conditions in a building for a period of one year. The operating and energy results for the system are demonstrated in this work. The system was compared with a conventional one, and a reduction in the primary energy consumption equal to 84.3% was achieved. The maintenance and operating costs of the system were reduced by 79.7% compared to the conventional system, thus significantly contributing to the NZEB target of the building. The newly proposed system, although presenting an increased operating complexity, utilizes an innovative self-learning control system that manages all of its operations. The combination of a solar thermal energy source with thermal energy storage increases the use of renewable energy by extending the capacity of the system beyond the solar hours and using excess solar energy for space-heating needs. The thermal energy storage unit also increases the energy and economic efficiency of the geothermal heat pump by operating it during the hours of a reduced electricity tariff and using the stored energy during hours of a high electricity demand. The cost for the installation of such a system is higher than a conventional one, but due to the significantly decreased operating costs, the pay-back period was calculated to be 8.7 years.
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1. Introduction


1.1. Literature Review


The increased energy expenditure and the problems derived from the effects of global warming, in conjunction with the dependency of the European Union on energy imports, are the main driving forces behind efforts to enhance sustainable energy development and utilize renewable energy sources (RESs) [1,2,3]. Since 2021, new buildings in the EU must be nearly zero-energy buildings (NZEBs), for which the low energy needs will be covered using RESs [3]. In order to achieve such a goal, it is necessary to find new ways to save energy in buildings and implement renewable energy solutions [3,4,5,6,7]. The use of solar energy applications in the residential sector to cover heating, cooling, and DHW needs has increased; however, there are still issues to consider. Among the challenges due to the time-dependency of solar energy resources, it is necessary to find ways to synchronize the energy demand and supply. Thermal energy storage (TES) is one way, as it allows energy to be stored for use when sunshine is not available [8]. TES has been employed in many heating and industrial systems to enhance their thermal performance [9,10], as it can support the integration of high renewable energy shares in buildings and industry. Another RES, shallow geothermal energy, is used today to cover the heating and cooling loads in buildings. This can be achieved by coupling a ground source heat pump (GSHP) with the ground by means of borehole heat exchangers (BHEs). However, there is a weak point in BHE systems; heat transfer in the ground is mainly conductive, with a low thermal diffusivity, and the ground thermal response is quite low, which results in a lower coefficient of performance (COP) for GSHPs. This issue can be tackled by mixing phase-change materials (PCMs) with backfill material [11,12].



The use of solar and geothermal energy coupled with thermal energy storage in order to cover residential building needs for heating, cooling, and DHW was attempted for the first time in the TESSe2b project [13]. Compact, modular, high-energy-density TES tanks were designed and constructed to store energy in residential buildings for space-cooling (CTES tanks), space-heating (HTES tanks), and domestic hot water (DHW tanks) needs. The TES tanks were built using an innovative stackable design shape in order to easily integrate them into buildings with a small available space. Additionally, the BHEs were enhanced with PCMs in order to improve the TESSe2b efficiency [11]. An advanced control that assisted the system-wide optimization of the components and their operation was developed and had a key role in the optimal charge/discharge cycles of the TESSe2b solution and the overall efficiency. Despite the experimental analysis of PCMs existing in the literature [10,14], an integrated-PCM thermal energy storage system for heating/cooling and DHW, coupled with a control system to optimize the performance, is innovative. In addition, although PCMs are used for heat storage in buildings by integrating them into various materials and construction systems, they have not been used in BHEs so far. The effects of adding PCMs to the ground grout for BHEs and the impact of this was a main objective of the TESSe2b project [13]. Initially, the TESSe2b components were tested on a small scale, and then they were tested on a realistic scale under laboratory conditions [15,16,17]. Subsequently, the TESSe2b solution was piloted in residential buildings in the following countries: Austria, Cyprus, and Spain. The Cyprus climate is similar to the hot climate that exists in Europe, and it was used as an indicator for cooling needs. The climate of Austria was used as an indicator for the heating needs, while the Spanish climate is characterized by hot, dry summers and mild, rainy winters. In a previous research paper [18], the results from the implementation of TESSe2b in Cyprus, in a building located in a Mediterranean climate in the Paphos region, were shown. In this work, an assessment of the effectiveness of TESSe2b when it is installed in a building in Austria, where heating needs prevail due to the conditions of the moderate continental climatic zone, was attempted.




1.2. System Description


Using the Design Builder® V4.0 software [19], the building energy needs were calculated, while the critical quantities were calculated based on the results from the TESSe2b implementation in the building. According to the results, TESSe2b reduced the equivalent primary energy needs for heating and DHW when compared with the conventional system used in Austria (boiler and burner using heat oil) for heating and DHW. Furthermore, a PCM was used as a thermal buffer injected into the BHEs. The PCM was not mixed with the grouting, as is the usual practice; instead, it was inserted into one of the two U-tubes of the BHEs (with the other used for heat transfer fluid (HTF) circulation). The objective of this method was to increase the thermal inertia of the BHEs when their temperature drops below the operating (phase-change) temperature of the PCM, thus improving the COP of the GSHP. Additionally, because the PCM was enclosed in the watertight U-tube, the soil contamination risk was diminished. Although BHEs with a PCM were installed and tested, it was not possible to confirm their advantages, in accordance with what was verified in CFD numerical simulations. To better verify whether there are significant advantages, it will be necessary to install a more complete data acquisition system, involving the evaluation of more parameters, and with the possibility of varying the operating conditions of the geothermal heat pump system and collecting measurements over a prolonged period of time (at least 1 year).





2. TESSe2b Implementation in Austria


2.1. Research Steps


A full description of TESSe2b is provided in [13,18]. The aim of the research in this work was to evaluate the TESSe2b system’s integration into a building in a moderate continental climatic zone, to assess the impact of the solution on the building’s energy performance, and to provide evidence about its overall technical and economic feasibility. The steps followed for the research work comprised the following (Figure 1):




	
TESSe2b dimensioning: Work was carried out for the proper dimensioning of the system to cover the needs of the building.



	
Site preparation: It was necessary for the geothermal installation to find and collect data about the geology of the site, evaluate the geology and physical properties of the rocks, and suggest a drilling method to be used on the site. Then, technical and geological supervision of the works was conducted, as well as geological drilling support and an analysis of the geophysical borehole logging.



	
TESSe2b prototype installation in the test building: During this step, all the necessary equipment and components of TESSe2b were transported to the site and the installation of the whole system took place, including the control and monitoring equipment.



	
Testing of TESSe2b: The solution was tested through the monitoring of critical parameters.



	
Technical and economical evaluation: The TESSe2b solution was evaluated.









2.2. Dimensioning the TESSe2b System Components for Demo Site in Austria


In this section, the dimensioning of the TESSe2b system components for the demo site in Austria is presented.



2.2.1. The Area—Climatic Data


The demonstration site in Austria was located within the township of Kapfenberg/Styria, about 40 km north of Graz, the capital of Styria (see Figure 2). The selected house was located on the plot of a technical school, the HTL Kapfenberg.



Kapfenberg is located in a moderate continental climatic zone, where the long-term monthly mean temperature fluctuates between −2.3 °C in winter (January) and 17.8 °C in summer (July) and the average annual temperature is 8.1 °C. The area is wind-poor, especially in winter, and therefore, prone to fog (frequent high-level fog). As a result, the duration of sunshine in winter is significantly affected and decreases in the valleys to values of less than 30 percent. The annual solar radiation can be quantified as ca. 850 kWh/m². In summer, there is a significant rainfall maximum in relation to the year. Most of the precipitation falls in July, with an average of 111 mm, and the lowest amount occurs in February, with an average of 32 mm. The average annual rainfall is 796 mm. Rainfall fields often reach the area via the Hochschwab, a mountain in the main alpine ridge.




2.2.2. Geology of the Site—TRT Test


Based on measurements conducted during the drilling works for BHE development and up to 75 m, the first six meters consisted of deposited soil and quaternary gravels, followed by changing layers of paragneiss and quartzite down to a depth of 31 m [21]. Between 31 m and 55 m, the response of the NGR log reflected quartzite, with a fault zone between 43 and 45 m indicated by the change in the inclination of the borehole and fault gouge material with pyrite. The increase in inclination persisted to the bottom of the borehole. At the base of the pure quartzite, another fault zone occurred between 55 and 58 m, indicated both by the NGR and the DIEL log, and the cuttings as well. Below 58 m until the final depth of 75 m, another set of changing layers of paragneiss and quartzite appeared, which bore micaschists as well.



To define the actual thermal properties (the mean ground thermal conductivity and the borehole thermal resistance) of the underground and ground temperatures for the site, a thermal response test (TRT) was performed on one completed BHE in Austria (Figure 3) [21,22,23]. Water was circulated within the BHE and heated at a constant power load. The temperatures at the inlet and outlet were recorded over a period between 50 and 72 h. Based on the temperature difference between two logarithmic decades, the thermal conductivity was calculated. The heating of the testing circuit with constant power was ensured by using electric heaters and a constant voltage power supply, whereas the fluid flow was kept constant by the variable speed (inverter)-type circulation pump used. The temperature spikes observed after the initiation of the heat input were caused by the difference between the BHE temperature and the temperature of the buffer used to house the heating element. This response disturbance is well known when performing TRT tests, and the region before stabilization (before 5000 s) was not taken into consideration when calculating the ground conductivity.



As a result, the mean thermal conductivity for a BHE with a length of 75 m was determined at 2.22 W/(m·K) using the following equation:


   l    =   2.302 · Q   4 · π · h · ∆ T    








where:



  l   = thermal conductivity [W/(m·K)]; Q = constant heat delivery [W]; h = height (=length of BHE) [m]; and ΔT = temperature difference [K].



An additional value that was determined was the thermal borehole resistance, which describes the thermal resistance of the grouting material and is an indicator of the thermal connection between BHE and the ground, and of the quality of the BHE itself. A value of 0.100 (m·K)/W was determined for the Kapfenberg site. The mean ground temperature measured using TRT was 11.7 °C.




2.2.3. Building Characteristics


The house was constructed in 2003 with a wall thickness of 38 cm, and consisted of solid bricks [13,20]. Thermal insulation of the whole building was implemented in 2010, adding 16 cm of EPS at the base and 18 cm of EPS in the walls. The roof was isolated with 14 cm of mineral rock wool. The house contained two independent residential units (Unit 1 and Unit 2) with a total area of 202 m² (Figure 4), while a cellar was located in the southern part of the building. The heating design was implemented for the whole building. Before thermal insulation, an oil burner with a capacity of 33–37 kW and that also provided the domestic hot water in a 400 L tank was run to cover the demand. As the system was not changed after the retrofitting, the heating of the building was uneconomical. The installed radiators required an ingoing temperature of 65 °C. The annual oil consumption was around 4000 L of oil, which can be converted to 40,000 kWh/year.




2.2.4. Dimensioning the TESSe2b System—Installation in the Building


Considering the house usage characteristics, the energy requirements of the building were calculated using the Design Builder V4.0 software [19] in order to dimension the TESSe2b system for heating and DHW and evaluate their performance. Climate data for Graz, Austria, provided by Design Builder, were used, while measurements recorded by the weather station that was installed at the demo site were used for validation. The following assumptions were considered: only heating mode, no cooling mode; heating period: October to May; indoor temperature: 22 °C; heating distribution system: heating floor (Unit 1) and radiators (Unit 2); utilization schedules of heating: depending on the room/24 h during the heating period; DHW: 4 persons, 160 lt per day; 45 °C; estimated usage profile; solar collectors: vacuum tubes; and available solar energy priorities: 1st—DHW, 2nd—heating needs and charging of HTES tank.



For the heating mode, the capacity was 14.4 kW, corresponding to 75.14 W/m2, and the annual need was 18,537.1 kWh. For the cooling mode, the capacity was 4.7 kW and the annual need was 2891 kWh. Considering the low cooling needs, it was decided that the demo site would be cooled with free-cooling. Based on the results obtained in the dynamic simulation in Design Builder, an analysis of the TESSe2b system was performed to optimize the number of tanks and solar collectors. Due to area restrictions, the solar collectors’ area was halved to approx. 13.6 m2.



The heating and DHW system in Austria comprised the following parts:




	
Solar collectors, serving either the HTES or the DHW tanks.



	
Geothermal installation with: heat pump and 4 BHEs (2 with and 2 without PCM) with a single U-tube of 40 × 3.7 mm, 75 m each, and 300 m total. The drillings for the BHEs encountered alternating layers of paragneiss and quartzite as the bedrock, after six meters of deposited soil and quaternary gravels. None of the rocks were water-bearing. The connection tubes from the BHEs into the house were installed in a pattern that ensured comparable lengths between the BHEs further from and nearer to the house [20].



	
HTES tanks for heating.



	
DHW supply with:



	-

	
DHW TES tank (charged either by the solar collectors or the heat pump);




	-

	
DHW backup;




	-

	
DHW circulation circuit.







	
Buffer tank: working as hydraulic separator between the respective loops and serving the heating circuits of both residential units.



	
TESSe2b control and monitoring system.








The TESSe2b hydraulic scheme for the demo building in Austria is shown in Figure 5, as it was customized [20].



Solar collectors: The installed type of solar collector was VITOSOL® 300-TM (manufactured by Viessmann®, Allendorf, Germany), a highly efficient solar collector with vacuum tubes. The integrated heat protection automatically shut off the collector and ensured the integrity of the collectors during high solar radiation. Solar collectors with a total absorber area of 13.63 m² and a total gross area of 20.84 m² were installed. This quantity was the highest possible to be installed, as more collectors could affect the static integrity of the roof.



TES tanks: Three tanks filled with organic PCM A44 [24] for heating (HTES tanks) and one tank filled with PCM A53 [24] for the domestic hot water supply (DHW TES tank) were installed in the room originally containing the oil tank (Figure 6). The PCM tanks were designed and constructed by the research team [15,16,17,25]. The tank assembly consisted of plastic molded containers, in which the fin and tube HE were immersed. The HE had two separate hydraulic circuits, one connected to the solar hydraulic network and the other connected to the building’s heating/DHW network. The space inside the plastic containers (surrounding the fins of the HE) was filled with the PCM. The outer surface and top lid of the plastic tanks was insulated with polyurethane insulating foam, and the overall construction was enclosed in a sheet metal cover for mechanical protection. The PCM was inserted into the tanks after construction in liquid form. To liquify the PCM, temporary boiling water baths were employed. The PCM in the tanks was at atmospheric pressure, and proper venting was installed. The PCM used was not volatile and was operated well below its evaporating point.



Geothermal installation: Four BHEs with an individual length of 75 m (300 m in total) were drilled for the geothermal energy supply of the house, two of them with and two without PCM [21]. Two of them were completed as single-U-tube BHEs with a diameter of 40 × 3.7 mm; two BHEs were completed as double-U-tube BHEs with the same diameter; and one circuit was filled with the PCM. The BHEs were drilled in a rectangular configuration, as shown in Figure 7, with a distance of seven meters between them. For the installation of the pipes, the layout was chosen to ensure a comparable length between the PCM-BHEs and the common ones.



A mortar-mixing pump was used for the grouting, and the grouting pipes were set on the bottom of the boreholes. For optimal heat transfer between the ground and the BHEs, a thermally enhanced grout especially for BHEs with a thermal conductivity of 2 W/(m·K) was used (Röfix® CC856, Röfix, Rothis, Austria). The PCM selected to fill the BHEs had a nominal phase-change temperature of 9 °C, and its phase-change region was measured (as part of the project requirements) to be 5–13 °C, covering the entire operating temperature region of the BHE’s effective length (5–75 m), given that the normal geothermal gradient in the area was 0.033 °C/m and the undisturbed mean BHE temperature was measured to be 11.7 °C during the TRT tests. After completion, a pressure test was performed at each BHE. The connection tubes from the BHEs into the house were installed in a pattern that ensured comparable lengths between the BHEs further from and nearer to the house. Also, the tubes for the inlet and outlet were led separately for every respective BHE into the house to enable the installation of one heat meter for every single BHE. By this means, the parameters of temperature (for the inlet and outlet), flow, and energy could be monitored for each heat exchanger (Figure 8).



A Viessmann® brine–water heat pump with a compliant-scroll compressor (model: Vitocal 301.B13, Viessmann, Allendorf, Germany) was installed (Figure 9), with a rated heating output of 13.0 kW, a power consumption of 2.6 kW, a COP of 5.0, and a max. outflow temperature of 65 °C.



Back-up system: To ensure a sufficient DHW supply in case of problems with the DHW TES tank, a backup system was installed that consisted of a common 150 lt hot water tank heated by an electric resistance.



Terminal units: In Unit 1, the old radiators were replaced by new radiators with an increased heating surface. In Unit 2, larger renovation works were performed, as massive ground heaving had caused severe floor damage, which made it necessary to replace the entire floor in this unit. This opened up the opportunity to install a floor-heating system and to completely retrofit the layout for the unit.



Auxiliary devices: Grundfos® (Bjerringbro, Denmark) high-efficiency circulators for the heating units, immersion temperature sensors and 3-way valves, Kamstrup® MULTICAL 603 heat meters (Kamstrup, Roswell, GA, USA), Kamstrup® ULTRAFLOW 54 ultra-sonic flow meters (Kamstrup, Roswell, GA, USA), and a hot water circulation circuit were used to ensure an instantaneous hot water supply whenever a tap was opened. Finally, a Davis® Vantage Pro 2 Plus Wireless (Davis Instruments, Hayward, CA, USA) weather station was installed to monitor the weather in the area of the building.



Control and monitoring system: The control and monitoring system comprised the TESSe2b controller and the components shown in Table 1.



Data communication was achieved between the TESSe2b controller, the monitoring system, the heat pump, and all the sensors and actuators in the hydraulic installation. The monitoring system collected the measured data and the status of each device in the system, which were uploaded through an ethernet connection in a structured SQL database using network-attached storage (NAS). Access to real-time and historical data was provided through a password-protected website (Figure 10) [18,20]. The database and the website could also be used to remotely control the system, for example, for setting system parameters or for selecting user preferences such as daily time schedules and operating modes.



The TESSe2b system operation should cover the heating needs of the building (through the use of solar and geothermal energy) and domestic hot water. Other operations of the system included the storage of solar and geothermal energy for heating using TES tanks and the safe operation and protection of the system components. Τhe inlet and outlet temperature of the heating/cooling devices was controlled by the TESSe2b controller, and the flow and temperature of the heat transfer fluid in the load loop was regulated so as to ensure that the appropriate amount of energy was efficiently supplied to the house. Furthermore, the TESSe2b controller ensured that the desired DHW temperature was provided at all times to meet the needs for DHW consumption. The controller communicated with the GSHP through a CAN-Bus/MODBUS RTU converter and read the operating status information of the GSHP. When needed, it gave commands to change the operation of the GSHP between DHW, heating, and cooling, and it gave commands to change the outlet temperature of the GSHP. The controller ensured that the operating temperatures of the HTES tanks were sustained within the safety limits of the PCM and the tank in order to extend their lifetime. It also performed other safety functions, e.g., a safety operation in case of a component failure or during extreme weather conditions, and heat dissipation in case of excess solar energy.



The TESSe2b system can be installed both in new residential buildings and in existing buildings without the need to replace the heating devices. This is possible because the TESSe2b controller is independent of the building installation. Decentralized control devices and thermostats, which are not an integral part of the TESSe2b system, as they depend on the type of the heating devices of the building, are responsible for the temperature control of individual rooms or zones. Sensor signals and user inputs are evaluated by the central TESSe2b controller, which applies an algorithm to select and apply the best operation modes for the system depending on the load demand, the solar availability, the state of charge of the storage tanks, and the overall system efficiency (Figure 11).





2.3. Use of PCM in the BHEs


When GSHP operates in heating mode, a decrease in the temperature of the heat transfer fluid within the BHE will take place. Due to the low thermal diffusivity of the ground, a much slower ground thermal response than the heat pump requirements takes place, which causes thermal waves to transmit into the ground through the BHEs. This results in a lower coefficient of performance (COP) of the GSHP. The addition of PCMs to the grouting suspension is considered an effective means to store thermal energy in the BHEs, thus improving the effectiveness of the BHEs. By this measure, the generated thermal wave should be smoothened, thus increasing the SPF (seasonal performance factor) of the GHSP system, as this applies to the heating and cooling modes.



According to the technical recommendations that are applied in most of the licensing procedures in Austria, the lower limit for the average fluid temperature is −1.5 °C. In view of the expected low temperature, the selected PCM should provide energy in a temperature range between the low values and the temperatures of the surrounding soil, so that the PCM can support the system by stabilizing the temperatures at a higher level during the operation of the heat pump. During the shut-down period, the PCMs will be recharged by the natural heat flow. As the system in Austria was used mainly for heating, a PCM with a phase transition temperature ranging 3 degrees below the estimated medium ground temperature (11.7 °C) was chosen, namely the commercial product A9, which is a naturally derived blend of alkanes [24].



Since the PCMs were used in boreholes, and therefore, they were in contact with the environment, they were encapsulated in order to prevent any interaction between the PCM and the grout, ground, or groundwater. The methods of encapsulation that were tested for the TESSe2b system included microencapsulation, silica powder, and macroencapsulation. Macroencapsulation using double U-tubes was favored, as this installation method is widely used in the market and it implements the lowest environmental risk while being cost-effective. The basic design of the PCM-BHE consisted of a common double U-tube where one of the circuits was filled with the PCM instead of the heat carrier fluid. The BHEs were filled with water when inserted into the borehole to ease the operation. To evacuate the water, the BHE pipe was connected to a compressor and the water was blown out with a pressure of up to 12 bar. After that, the PCM (A9) was easily poured into the tubes, although the outside temperature was close to the PCM phase-change temperature. The two BHEs were filled with a total amount of 125 l each, for 250 l in total.





3. Evaluation Results for TESSe2b System Performance—Discussion


3.1. Methodology


An evaluation was conducted at various levels, as explained by the following. Initially, the TESSe2b solution was compared with the most common conventional system used for heating and domestic hot water in Austria, which is the boiler and burner system using heating oil. The monitoring results for the heating mode were used for the TESSe2b calculations. The climatic and meteorological data of the area, the building cell’s technical characteristics, and the typical building use were applied to calculate the energy consumption of TESSe2b for the case of the conventional system with Design Builder [19]. For an assessment of the TESSe2b system in comparison with the conventional system, proper indicators were calculated: the annual energy savings, the reduction in the operational cost, and the simple pay-back period.



The TESSe2b system’s effectiveness at the Austria demo site was further assessed by considering two quantities: (i) SPF3, which is the system efficiency and includes the electricity consumption of the GSHP, the circulator to the BHEs, and the buffer tank and instantaneous water heater (IWH) that are all included in the GSHP, and (ii) SPF4, which is the system’s efficiency and includes the electricity consumption of the GSHP, the circulator to the BHEs, the buffer tank and IWH that are all included in the GSHP, and finally, the circulators CL1 and CL2 (Figure 5) to the house distribution system (Unit 1 and Unit 2).



In conclusion, the storage system performance of a TESSe2b system was evaluated while also taking into account the required volume to achieve the same results while using water as the storage medium.




3.2. Evaluation of TESSe2b in Comparison with the Conventional System


A boiler and burner system, using heating oil with 24.9 kW for heating and DHW, was used. The following assumptions were considered: the temperature of the radiators at the inlet is 80 °C, while the outlet temperature of the boiler is 80 °C. The domestic hot water tank volume is 160 lt, and its outlet temperature is 50 °C. The min. temperature of fresh water is 7 °C and the max. temperature of fresh water is 13 °C. The calculation of the indicators requires the energy heating needs to be converted to primary energy using conversion factors (Table 2). In parallel, the annual reduction in CO2 emissions was calculated. Graz weather data from the Design Builder database were used. The data were compared with those obtained by the weather station installed on the demo site, showing a good agreement for an entire year.



The results show that, for the conventional system, the oil consumption for heating and DHW was 25,421.7 kWh and the equivalent primary energy for heating and DHW was 31,268.6 kWh. For the TESSe2b system, the electricity consumption for heating and DHW was 2568.7 kWhe and the equivalent primary energy for heating and DHW was 4906.3 kWh.



The annual amount of primary energy savings was 84.31%, which led to annual emission reductions of 6.795 TCO2 and an annual savings in operational and maintenance costs of 79.71%. Additionally, the simple pay-back period for newly installed systems was 8.7, which is less than 10 years.



The total cost for the TESSe2b system was EUR 27,600, which included the various component costs, such as the heat pump (EUR 13,000), solar collectors (EUR 7000), TES tanks (EUR 4500), monitoring and control system (EUR 1350), and auxiliary devices (EUR 1750). The installation cost of the conventional system (oil boiler and burner and the auxiliary devices) was EUR 8950. It has to be mentioned that the costs of the terminal units and the DHW heater were exempted from the economic analysis, since the two systems, the TESSe2b and the conventional one, have both the above-mentioned costs. It is anticipated that the associated costs will decrease during the TESSe2b commercialization phase.



Τhe calculated SPFs are given in Table 3. According to the SPF results, it was evident that, during the heating period in Austria (May 2019), the SPF3 of 3.4—which comprised the electricity consumption of the compressor and circulators to the BHEs and the buffer tank, as well as the IWH—showed a very good performance for the entire system, and this was also expressed by SPF4, which contained additional circulators to the distribution system of the house. Furthermore, the SPF4 of 3.36 showed a slight difference in relation to SPF3, which means that the electricity consumption of the circulators for the distribution system of the house was not significant.



During June 2019, the TESSe2b system operated in heating mode for a very short period and also produced DHW, which was the reason for the very high values of SPF3 and SPF4. On the other hand, only DHW production by TESSe2b during July and August 2019 led to a high SPF3 and SPF4, with higher values of SPFs in July, where the DHW production was higher due to a higher solar fraction.




3.3. Storage System Performance


Using the operational profiles to calculate the storage system performance, an hourly energy analysis of heating and DHW production was performed. In Table 4, it is shown that the analysis results of the TES tanks for heating and DHW in relation to the solar contribution and the energy needs shifted from day (higher electricity tariffs) to night (lower electricity tariffs). The results were obtained without any influence from the self-learning control system and without the influence of the use of PCM in the boreholes, which may have contributed to the increase in the system performance.



In Figure 12, it is possible to observe the results from when the system operated for three days in March (heating mode). The heating needs in those three days were satisfied by the available solar energy through the TES tanks.



The main characteristics of the four TES tanks were as follows: a total amount of energy stored (for heating) of 29.2 kWh and an average TES capacity (heating) of 18 kW. The characteristics of the DHW TES tank were as follows: a total amount of energy stored (DHW) of 6.2 kWh and a supply water temperature of 40–50 °C.



The heating capacity was higher that of the installed capacity of the respective heat pump. This means that, as long as the TES tanks had stored energy, they were able to cover all the needs, even at peak times, without any help from the heat pump. The total volume of the DHW and the HTES PCM storage was 0.8 m3, and based on the calculations with Design Builder, the necessary volume of water energy storage to produce the same solar fraction as the PCM tanks, for heating and DHW, using the same area of solar collectors, was 3.5 m3. The advantage of the necessary limited space with PCM storage instead of water storage is obvious.



In Figure 13, the building heat consumption, calculated using Design Builder V4.0 and as measured by monitoring for a week in October, are shown. The energy delivered by the TESSe2b system to the building that week was 360.8 kWh, and Design Builder’s predicted value was 331.0 kWh, representing a difference of 8.2%, which shows a proper agreement between Design Builder and demo site monitoring. The monitoring data showed the influence of the control system, where the slight variations have to do with the dead band set for the temperature control. Another reason for the difference between the evolutions of the two lines has to do with the influence of the thermal inertia of water within the distribution system. Considering those differences and their evolutions in the graph, as well as the above, it was considered that the simulation adequately represented the actual functioning of the building, allowing conclusions to be drawn regarding the performance of the conventional system and the TESSe2b system.



Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 show the TESSe2b system’s performance in the Austrian demo site over two days during the heating season. A day with less available solar energy, 9 October (Figure 14, Figure 15 and Figure 16), and a sunny day at the beginning of the heating season, 15 September (Figure 17, Figure 18 and Figure 19), are shown. In Figure 17, the horizontal solar radiation intensity is shown, as measured by the weather station and the charging rate of both thermal energy storage tanks (HTES and DHW TES) through the solar collectors. The solar system started to charge the DHW TES tank, which was a priority of the control system. The charging rate was highly dependent on the solar radiation intensity, as expected, and it achieved a maximum value of 8 kW for the DHWTES tank and approximately 10 kW for the HTES tanks. The charging rate values were in the range of the values recorded in the laboratory [15,16]. In Figure 18, the heat transfer rate between the buffer tank and the other components of the heating system is shown. The monitoring data shows that the HTES tanks were exclusively charged by the solar collectors, and a significant part of the heat provided to the house came from the solar collectors through the HTES tanks. The significant contribution of the HP to the heating system was after the HTES tanks were discharged between 3:00 and 4:00, and between 7:00 and 7:30.



Considering the DHW, the backup system never worked, and the DHW was fully provided for by the TESSe2b system. The monitoring data presented in Figure 19 indicate that, between 11:00 and almost 20:00, the DHW provided to the circulation system was heated by the solar collectors through the DHW TES tank; outside of this period, the DHW TES tank was charged by the HP. The discharging rate was in the range of values recorded in the laboratory [15,16]. The differences were due to the differences in the operation conditions.



On October 9th, the results presented in Figure 16 show, qualitatively, a similar behavior to September 15 (Figure 19); the solar system started to charge the DHW TES tank, and after that, it charged the HTES tanks. Nevertheless, the charging rate and the total thermal energy stored were smaller due to the lower solar radiation. Regarding the heating system, in Figure 16, it is indicated that, during the night between 2:00 and 6:00, the HP was used to provide heat to the house and to charge the HTES tanks. The time operation of the HP was higher during the night at the low-electricity-tariff period. The energy stored in the HTES tanks was used to heat the house between 12:00 and 23:00 h. Concerning the DHW system, the HP was only used during short periods before 11:00 and after 20:30; between 11:00 and 20:30, the DHW was provided by the solar system.



The results presented above clearly illustrate the advantages of the TESSe2b solution comparatively to the conventional system. Τhermal storage extends the capacity of providing solar thermal energy to a house beyond the solar hours in a day, and also gives flexibility to the heating system, concentrating the heat pump operations during the low-electricity-tariff periods.





4. Conclusions


In this work, the effectiveness of an innovative thermal energy storage application installed in a building in Austria, where heating needs prevail, was assessed, and the following conclusions were reached:




	
The demonstrated system achieved a reduced primary energy consumption, decreased maintenance costs, and an overall economical operation. The overall system installation cost increased, but was offset by the efficient operation of the system, thus resulting in an acceptable pay-back period.



	
The percentage of annual primary energy savings from the TESSe2b system in relation to the conventional system in Austria (boiler and oil burner for heating and DHW) was 84.31%, and the percentage of annual savings in operational and maintenance costs was 79.71%. Additionally, the simple pay-back period for newly installed systems was 8.7, which is less than 10 years. This is a promising technology, since the simple pay-back time is acceptable and it can be significantly reduced during its commercialization phase.



	
The TES tanks exhibited an energy capacity that was capable of supplying the heating and DHW needs of the building, even during high-demand times; thus, the heat pump was turned off during hours when the PCM tanks supplied the load.



	
The results presented above clearly illustrate the advantages of the TESSe2b solution comparatively to the conventional system. The thermal storage solution not only increases the use of solar thermal energy by extending the capacity of providing solar thermal energy to the house beyond a day’s solar hours, but it also gives flexibility to the heating system, concentrating the heat pump operation during the low-electricity-tariff periods.



	
The overall system was designed to be compact in order to be installed in a conventional mechanical room. The overall system volume for the presented demo site was 1.55 m3.
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Figure 1. The steps followed for the research. 
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Figure 2. Location of demonstration site in Austria [20]. 
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Figure 3. Determination of the undisturbed mean underground temperature [21]. 
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Figure 4. External view of the building (left) and geometric model (right) [20]. 
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Figure 5. Hydraulic scheme for TESSe2b in Austrian demo site [20]. 
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Figure 6. TES tanks in Austria [20]. 
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Figure 7. Left: procedure for injection of PCM into BHEs; top right: photo of a completed BHE; bottom right: section of a BHE. 1—ground, 2—borehole (space for grout), 3—BHE tubes, 4—injection tube [20]. 
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Figure 8. BHE inlets and outlets after the installation of the heat meters [20]. 






Figure 8. BHE inlets and outlets after the installation of the heat meters [20].



[image: Energies 17 00763 g008]







[image: Energies 17 00763 g009] 





Figure 9. Heat pump installed at Austria demo site [20]. 
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Figure 10. Diagram of TESSe2b control and monitoring system [18,20]. 
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Figure 11. Control cabinet in Austria [20]. 
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Figure 12. Results from system operation for three days in March (heating mode). 






Figure 12. Results from system operation for three days in March (heating mode).



[image: Energies 17 00763 g012]







[image: Energies 17 00763 g013] 





Figure 13. The heat consumption profile of the house—a comparison between the simulation and monitoring data. 
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Figure 14. The heat transfer rate from the solar collectors to the DHW TES and HTES tanks and the solar radiation intensity over a horizontal surface on 9 October 2019. 
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Figure 15. The heat transfer rate between the buffer tank and the HP, the HTES tank, and the house’s heating system on 9 October 2019. 
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Figure 16. The heat transfer rate from the solar collectors and the HP to the DHWTES tank and from the DHWTES tank to the house’s DHW circulation system on 9 October 2019. 
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Figure 17. The heat transfer rate from the solar collectors to the DHWTES and HTES tanks and the solar radiation intensity over a horizontal surface on 15 September 2019. 
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Figure 18. The heat transfer rate between the buffer tank and the HP, the HTES tank, and the house’s heating system on 15 September 2019. 
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Figure 19. The heat transfer rate from the solar collectors and the HP to the DHWTES tank and from the DHWTES tank to the house’s DHW circulation system on 15 September 2019. 
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Table 1. Components of TESSe2b control and monitoring system.
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	Type
	Description





	Monitoring system
	Collects and stores all data needed for the monitoring and evaluation of the performance of the TESSe2b system on a remote data server, where they are stored in a structured database for later access.



	Actuators
	Two-way and three-way electronic control valves: Belimo ball valves, R2025/R3025, with electronic actuators, LR24A.

High-efficiency variable-speed circulating pumps with PWM speed control: Grundfos Alpha Solar (Grundfos, Bjerringbro, Denmark) and Alpha2 (Grundfos, Bjerringbro, Denmark) heat pump (operating mode and temperature set points).



	Sensors
	Temperature sensors: Siemens QAE2112.015 Pt-1000 (Siemens, Munich, Germany), 4-wire, ±0.5 Κ accuracy in the required measuring range, time constant of 3 s.

Room temperature and humidity sensors: SYsnsTH001 ± 0.5 Κ temperature accuracy, ±0.3% relative humidity accuracy.



	Meters
	Heat meters: Kampstrup MULTICAL® 603 and MULTICAL® 6M2 with a typical accuracy of EC ± (0.5 + 2/ΔΘ) % and ET ± (0.4 + 5/ΔΘ) % according to Standard EN 1434-1.

Electricity meters: Schneider iEM3000; active power accuracy Class 1 conforming to IEC 62053-21 and IEC 61557-12; reactive power accuracy Class B conforming to EN 50470-3.



	Data communication protocol converters
	They were used to convert data formats between the data communication protocols control area network (CAN), MODBUS RTU, and M-BUS, as shown in Figure 10.










 





Table 2. Energy source conversion factors.
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	Energy Source
	Primary Energy Conversion Factor
	Emissions TCO2/MWh





	Oil
	1.230
	0.267



	Electrical Energy
	1.910
	0.209










 





Table 3. SPFs from TESSe2b implementation in Austria.
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	SPF3
	SPF4





	May
	3.40
	3.36



	June
	12.50
	11.60



	July
	6.37
	5.90



	August
	4.71
	4.35










 





Table 4. Results of hourly energy analysis of heating and DHW production.
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	Solar collectors
	4



	Solar fraction heating
	7.0%



	Solar fraction heating + DHW
	15.8%



	Heating needs shifted day to night (total solar)
	41.6%
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