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Abstract

:

The study was carried out to evaluate theoretically and in laboratory conditions the capacity of a hybrid heating and cooling system that sustainably uses thermal energy extracted from surface waters in order to decarbonize buildings located near water sources. The novelty of the research consists in the realization of two experimental systems, one for the rapid evaluation of the performance of the water–water heat pump heating system and one for the evaluation of the operating behavior of a cooling system with fan coil units. Starting with the heating and cooling demand, and the climatic and hydrological local characteristics, a hybrid system model for the heating and cooling of the analyzed building was established and implemented. The forecasted energy consumption and CO2 emissions for the operation of the new equipment were compared with the historical values of the old systems with which the building was equipped (thermal energy supply from the district heating and cooling system with an air conditioning unit). Also, the results were extrapolated for forecasting the energy potential of the surface waters. The study highlights a percentage reduction in annual energy consumption of 67.71% and CO2 emissions of 80.13% through the implementation of the hybrid system.
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1. Introduction


Producing the energy used to heat/cool buildings for all types of consumers is a challenge because it must ensure the reduction in the dependence on fossil fuels [1,2,3,4]. The transition from a single form of energy (conventional) to a multi-energy system with energy production predominantly from renewable energy sources (RESs) is quite difficult, given the fluctuating nature of energy production from RESs that generates mismatches between the demand and energy supply [5,6,7,8,9]. Despite these RES drawbacks, current climate issues have generated EU-wide decisions to prioritize the decarbonization of building heating and cooling systems by integrating RES by 2040 to achieve greenhouse gas (GHG) emission reductions of 90%. The need to decarbonize building installation systems (heating and cooling systems) is due to the high percentages of energy consumption in buildings in the EU’s final energy consumption, namely 42% in the residential sector and 25.6% in the industrial sector. Of the 42% in the residential sector, most is due to the heating and cooling of civil (about 80%) and industrial (about 60%) buildings, systems that are still heavily dependent on fossil fuels [10]. Based on these considerations, the article analyzes the correlation between the theoretical and experimental results of a heating/cooling system that especially addresses buildings located near surface water sources.



Current research, set in the direction of replacing conventional sources, addresses a diversity of solutions/hybrid systems for heating/cooling buildings with heat pumps and solar or wind systems coupled/uncoupled with electrical and/or thermal energy storage, which integrate renewable energy as an energy source [3,11,12,13,14,15,16,17]. Research [11,14] has shown that the efficiency of solar systems is strongly influenced by local climatic conditions even with the integration of solar tracking systems that contribute to the considerable increase in their performance, which limits them in their practical applications as single systems. It is also emphasized that it is necessary to adapt energy management to regional climates. The literature [11,12,14,15,16] states that the integration of solar systems in hybrid systems with photovoltaic panels and wind power plants, photovoltaic panels and geothermal pumps, or photovoltaic panels and biomass power plants is a mature technology, and if they also integrate energy storage systems electrical and thermal energy, they can certainly provide viable solutions for the transition to RES and the decarbonization of heating and cooling systems. Also, some of the studies [11,13,14] discuss the need to decarbonize heating and cooling systems and address solutions to replace conventional sources with heat pumps that work in hybrid systems with photovoltaic systems.



Summarizing the articles from the specialized literature, referred to above, it is obvious that significant progress has been made in the field of heating/cooling systems with renewable energy sources. However, until now, not enough emphasis has been placed on the experimental validation of the studied concepts. Therefore, the proposal presented in the article consists of the development, evaluation, and validation of a new technical solution with the sustainable use of the mix of thermal energy from surface waters and electricity obtained using photovoltaic panels, based on the statistical data of climatic, hydrological, and seasonal energy balances [18,19,20]. The hydride water–water heat pump system coupled with a photovoltaic system was developed to ensure the heating needs during the cold season and a system of fan coils powered by the photovoltaic system was developed for the free cooling of the space. The proposed system was created to ensure the heating and cooling requirements for the building with the purpose of the teaching/research laboratory “ExperimentariumTM-Conversion and energy storage” located in the town of Timișoara in Romania, near the Bega River.



The article is structured as follows: after the introduction chapter, the Materials and Methods section presents the study of the legal, climatic, and hydrological conditions of the area [18,19,20,21] where the building is located, the existing and proposed systems for heating and cooling the building, the working hypotheses, and the data acquisition system developed for monitoring the main analyzed parameters is described: temperatures, water flows, and relative humidity. The results section presents the relevant data obtained experimentally by monitoring the parameters, as a result of the operation of the heating and cooling systems. Finally, in the Discussion section, the results obtained are analyzed, emphasizing the efficiency of the proposed system and the degree of decarbonization obtained. At the end of the article, the conclusions summarizing the main advantages of implementing the proposed system are formulated.




2. Materials and Methods


2.1. Description of the Building, Working Assumptions, and Procurement System


Starting with the heat and cold requirements for an existing building that is intended as a teaching/research laboratory “ExperimentariumTM. Energy conversion and storage” (Figure 1a), the climatic characteristics of the area (temperatures, radiation, humidity), where the building is located (Timișoara, Romania), and the hydrological characteristics of the surface water source—the Bega River (flow rate, temperature), a hybrid system model for space heating and cooling was established. Figure 1b shows the plan view and section of the building in which the constructive dimensions and the envelope structure are presented.



The building has an interior volume of 179 m3 and is an above-ground construction made of hollow brick, plated on the inside with 12.5 mm gypsum plasterboard on the inside and insulated on the outside with 5 cm polystyrene. The roof is made of prefabricated sandwich panel type plates made of sheet metal and polyurethane foam, on a single slope with an inclination of 3 degrees. On the south facade, there are four monocrystalline photovoltaic panels that will be supplemented up to a total installed power of 2.48 kW.



The heating system integrates a water–water heat pump (PC water–water 10 kW), fan coils (3 × 2.06 kW), and a photovoltaic system (monocrystalline photovoltaic panels) for the electricity supply of the proposed system. The water supply to the heat pump is generated from the Bega River through an underground channel with a length of 19 m using a centrifugal pump with variable speed to modulate the thermal load, with the power of 180 W.



The free cooling system integrates fan coil units (1 × 1.9 kW and 1 × 3.16 kW), and the electricity supply is from the same photovoltaic system. The water supply to the cooling system is generated from the same underground channel using a centrifugal pump with a variable speed, with the power of 80 W. The model of the hybrid system that describes the sequence of the work steps is presented in the form of a logic diagram in Figure 2.



The two research directions for the town of Timișoara, followed:




	
ensuring the need for thermal energy for heating during the cold season. In the calendar year 2023, considered the reference year for the study, the supply of thermal energy was carried out in two stages: the beginning of the year—the period 1 January–2 May, and the end of the year—the period 1 October–31 December;



	
ensuring the need for thermal energy for cooling during the hot season. For the study, the period of the hot season, for Timișoara, was considered as 1 June–30 September, during which the average daily temperature was above 25 °C.








As a rule, the period of the cold season, for Timișoara, is considered as 1 October–30 April, but based on the INMH (National Institute of Meteorology and Hydrology) forecast, three consecutive days of a minimum temperature lower than 10 °C or higher than 10 °C indicates the start or end of the thermal energy supply [22].



The installation of the two systems proposed for the decarbonization of space heating and cooling, respectively, and the data acquisition system was completed in February 2024, and the monitoring and data acquisition took place between 1 March and 10 June.



Thus, in the study presented in this article that considered the interval from 2 May to 31 May, related to the heating season and, respectively, 1 June to 30 June for the space cooling, to determine the characteristic parameters of the heating/cooling systems (heat pump, fan coils unit), the hypotheses were considered:




	-

	
for the heating scenario:




	-

	
the heat supply in the interior space was achieved with the heat pump operating in a water recirculation system circulated through the vaporizer to determine the progressive decrease in temperature. The heat pump operating characteristics were recorded and assimilated for the surface water temperatures specific to the cold season between 4 °C and 18.5 °C.




	-

	
the evacuation of the produced heat (considered as the heat lost by the building during the cold season) was achieved through the operation of the cooling system with fan coil units through which water from the Bega River was circulated.















By operating in this configuration, the characteristics of the heat pump were experimentally determined, namely the variation of the coefficient (COP) depending on the temperature T1 of the water entering the heat pump (range 4–18.5 °C). The data obtained from the variation in the parameters recorded as a result of the system operation, in the previously described test mode, were extrapolated to calculate the available energy during the cold season of the surface water in the Bega River, considering the history of the meteorological data available for the water temperature in Bega.



	-

	
for the cooling scenario:




	-

	
during the hot season, the period from 1 June to 30 June was analyzed. During this interval, the proposed system operated at external temperatures that recorded values of a maximum of 37.8 °C, similar to the values recorded during July 2023 (maximum of 37 °C), which are representative values for the hot season in Timișoara.













The data acquisition system was made with two Io-Link modules for field applications with the EtherNet/IP interface. Each module used (type AL 1222) master-slave configuration equipped with 2 × 8 digital inputs (Io-Link) and a number of 8 digital outputs.



Each module was equipped with eight ports to which sensors were connected for measuring the operating parameters (flow rates and temperatures). Data acquisition was performed using the Moneo software Version 1.13 available on the Moneo IIoT platform, which made it possible to set the Io-link sensors online/offline and display the data acquired from the sensors in the field. To measure the temperature at different points of the process, Io-link TA 2115 temperature sensors and PT 1000 type sensors with a current output of 4–20 mA were used, with a response time of 3 s, a temperature range between −50 °C and +150 °C, and an accuracy of ±0.3 K. For the measurement/monitoring of the water flows, three ultrasonic sensors were used with the frequency of the end point in the range of 1–10 kHz and the type SU 8020 with a measurement range of 1–240 L/min, with a precision of ±1% of the measured value and +0.5% of the final value of the measuring range.



Data acquisition and reading were performed with a frequency of 20 readings/minute. The data are stored on a specially allocated data server in the laboratory and can be viewed graphically and exported as *.cvs files. A TP-link 4G router was installed for the remote system monitoring.




2.2. Local Climatic Conditions


2.2.1. Climatic Conditions of Timișoara


The town of Timișoara is located at the intersection of the parallel of 45°47′ north latitude, with the meridian of 21°17′ east longitude, and falls under a moderate continental temperate climate with some sub-Mediterranean influences (Adriatic variant) [18].



A map on which the position of the city of Timișoara has been marked is shown in Figure 3 [23], and the location detail of the building “ExperimentariumTM. Energy conversion and storage”, in relation to the Bega River, is shown in Figure 4 [24].



Atmospheric processes are erratic and diverse. Winters are wet with intrusions of continental polar air masses from the east between September and February. The warm season presents periods of stifling heat generated by warm air masses from the Adriatic Sea and the Mediterranean Sea. Statistical data indicate a multiannual mean temperature of 10.6 °C [18].



For the study, meteorological data available in international databases [19] were used, with the help of which, for Timișoara, relative to the year 2023, the variations in temperature, relative humidity, wind speed, and mean sea level pressure were plotted, which are presented in Figure 5. For the year 2023, an average temperature of 13.4 °C (2.8 °C more than the statistical data), a maximum of 35.9 °C, and a minimum of 7.4 °C were recorded.




2.2.2. Hydrogeological Conditions of the Bega River


The Bega River is the southernmost tributary of the Tisza that springs from the Poiana Ruscă Mountains and is channeled for navigation from Timișoara to its confluence over a distance of 115 km. One of the advantages of the Bega River is that it has a constant flow, being one of the two rivers in the Banat hydrographic space that does not dry up during the summer [18]. The multiannual average flow of the Bega River is taken from statistical data and is quantified at 16 m3/s [20].



Regarding the legislative framework on the taking over of water flows from surface water sources, it is specified in the Water Law that a use in installations with a small capacity of up to 0.2 L/s that are not returned is allowed, with the notification that if they don’t exceed 10 L/s and if they are returned, they do not influence the quality of the water resources [21]. For the operation of the proposed hybrid system for space heating, it is necessary to take a flow of 1 L/s and, respectively, 0.23 L/s for cooling; however, this water flow is not consumed and is fully returned to the Bega River through a circuit evacuation. Since the water taken from the Bega River circulates in the heating system in a closed circuit, it is not contaminated and thus the discharged water does not influence the quality of the water from the Bega River, being only thermally charged within the permitted limits of a maximum of 35 °C [21,25]. Therefore, the legislative framework in Romania is favorable to the installation of this type of system.



The water temperatures in the Bega River were measured during 2023 in the catchment channel using a PT 100 sensor and an acquisition system developed with an Arduino Uno board. The water temperature of the Bega River during the cold season is a minimum of 1 °C—measured in February, and a maximum of 18.3 °C—measured in May. The average temperature corresponding to the cold season is 9.2 °C. The water temperature of the Bega River during the warm season is a minimum of 18.5 °C—measured in February, and a maximum of 24.7 °C—measured in May. The average temperature corresponding to the hot season is 21.39 °C.



The variation in temperatures during the warm and cold seasons related to the year 2023 is presented in Figure 6.



The thermal potential of the water in the Bega River was estimated to determine the available amount of thermal energy that can be taken without exceeding the permissible temperature limits for discharge into the outfall.




2.2.3. The Solar Potential for the Town of Timișoara


The amount of locally available solar energy is an important condition for sizing solar systems. The evaluation of the solar potential and the performances of the photovoltaic (PV) systems, for the town of Timișoara, was carried out with the help of the PV GIS program, which provides hourly, daily, or monthly information to obtain data on solar radiation and energy production. PV GIS uses the globally available database ERA5 [26].



The monthly energy output from the fixed-angle PV system and the monthly in-plane irradiation for the fixed-angle are presented in Figure 7 [26].





2.3. Decarbonization of the Heating System


2.3.1. Calculation of the Heating Demand


The heat requirement was determined using the Radia 3 calculation program [27,28] based on the norms and standards in force in Romania [29,30,31] to ensure thermal comfort in the building. The calculated external temperature corresponds to climate zone II (−12 °C). The internal calculation parameters (temperature and relative humidity of the indoor air) were considered depending on the destination of the building, the desired ambience category (III–moderately acceptable level, recommended in existing buildings) and the indoor air quality category (IDA 3) [31]. The minimum corrected thermal resistances R’min in m2K/W and the corrected thermal transmittances U’max in W/m2K for the analyzed building are presented in Table 1.



The calculated indoor temperature for the laboratory spaces is 18 °C [29]. The calculations resulted in a demand of 5.99 kW for space heating.



According to the ranked curve (Figure 8), for 5127 h of operation, the thermal energy consumption related to the year 2023 was 15,862.1 kWh.




2.3.2. Presentation of the Old Heating System


Until 2023, the supply of thermal energy for space heating was from the urban centralized system. The thermal energy in the centralized system of the town of Timișoara was produced from burning in boilers a mix of fossil fuels: lignite and natural gas.



The thermal agent distribution system in the building consisted of a two-pipe heating system of non-insulated steel pipes. Heat transfer in the building’s spaces was achieved with heating elements, equipped with two rows of steel convective panels with thermostatic heads for the room temperature regulation. The piping system was hydraulically balanced using control valves installed on the return side.



For the year 2023, the energy requirement of 15,862.1 kWh was provided by the district heating local centralized system.



The conversion factors of primary energy into equivalent CO2 emissions for the fuels used are presented in Table 2 [32].



The CO2 emission factor for the thermal energy mix used (90% lignite and 10% natural gas) was considered to be 0.4342 kgCO2/kWh, a factor that also includes losses on the transmission network from the source to the consumer (approximately 35%), resulting in a total of emissions of CO2 in the atmosphere of 6887.28 kg/year.




2.3.3. Presentation of the Proposed Heating System


In order to decarbonize the classic heating system, the development of the proposed heating system took into account the identification and rational use of locally available renewable energy sources. In this context, the sustainable use of the mix of thermal energy from surface waters and electricity obtained using photovoltaic panels has been established as the optimal solution. The hydride water–water heat pump system coupled with a photovoltaic system was developed to ensure the heating needs during the cold season. To highlight the impact of the new system on the CO2 footprint of the heating system, the proposed hybrid system was equipped with a system for acquiring and storing functional parameters. The operation scheme and the experimental stand are shown in Figure 9.



The proposed heating system has as its energy source a water–water heat pump (PCww) of 10 kW thermal power. The energy source in the vaporizer circuit is the water taken from the Bega River by means of a variable speed centrifugal pump PWBH. On this circuit are placed two temperature sensors, T1 for the temperature of the water entering the evaporator and T2 for the temperature of the water leaving the evaporator. Also, an FM1 flowmeter is mounted on the inlet circuit for monitoring/counting the flow of the water circulated through the vaporizer. Since the operation of the PCWW in the heating mode takes energy from the fluid circulating through the evaporator heat exchanger, the temperature T2 will be lower than the temperature T1. The data provided by T1, T2, and FM1 are used to calculate the thermal energy taken from the Bega River. The thermal energy produced with the help of PCWW is given to the heat agent that circulates through the condenser circuit. The circulation of the heat agent through the heating system with fan coils VCVH is ensured by the circulation pump PHW. Two temperature sensors are placed on this circuit, T3 for the temperature of the water leaving the condenser and T4 for the temperature of the water entering the condenser. Also, the FM2 flowmeter is mounted on this circuit for monitoring/counting the flow of thermal agent circulated through the heating system. The data provided by T3, T4, and FM2 are used to calculate the thermal energy given to the interior space.



For the partial supply of electricity to the consumers of the heating system, the possibility of supplementing the electricity production capacity by placing four more panels was analyzed, up to a total installed power of 2.48 kW, which is limited by the space available for the placement of the photovoltaic panels.



The data acquisition system also monitors and stores data on the indoor temperature through the Ti sensor, the outdoor temperature through the To sensor, and the indoor humidity through the Hi sensor.



The proposed heating system must ensure an annual energy requirement of 15,862.1 kWh.





2.4. Decarbonization of the Cooling System


2.4.1. Calculation of the Cooling Demand


The calculation of the cooling requirement was determined using the CoolPack Version 1.49 program [33] based on the norms and standards in force for Romania [28,30,31], to ensure thermal comfort in the building. The internal comfort conditions taken into account for the calculation are those presented in the subchapter “Calculation of the heating requirement” [31]. For Timișoara, the design standard [31] specifies the following values as the calculation data for air conditioning systems (warm season): 36.4 °C for the temperature and 25% for the humidity. For cooling, an internal temperature of 25 °C was considered, which is in the range of 22–27 °C accepted for clo 0.5. The maximum outside temperature considered for the calculation was 40 °C. For the town of Timișoara, a requirement of 911 h of operation of the outdoor temperature above 25 °C was determined. The calculations resulted in a cooling requirement of 2.03 kW.




2.4.2. Presentation of the Existing Cooling System


A Yamato Optimum YW09T2 air conditioner with a power of 2.6 kW (9000 BTU) and a nominal hourly electricity consumption of 825 W was used to cool the space. According to the ranked curve (Figure 10), for 911 h of operation, a cooling energy requirement of 1098.66 kWh was recorded. In the conditions in which this requirement was ensured with the cooling equipment with a COP of 3.15, an electrical energy requirement for cooling of 348.78 kWh resulted. Reported to the year 2023, the production of electricity in Romania was provided from a mix of energy sources; for the cooling system, a quantity of CO2 emissions of 92.38 kg/year was calculated [33].




2.4.3. Presentation of the Proposed Cooling System


In order to decarbonize the classic cooling system, the identification and rational use of locally available renewable energy sources were considered. In this context, the sustainable use of the mix of thermal energy from the surface water and the electricity obtained with the photovoltaic panels has been established as the optimal solution. The hydride fan coil system and photovoltaic system was developed to ensure the cooling needs during the hot season. To highlight the impact of the new system on the CO2 footprint of the cooling system, the proposed hybrid system was equipped with the operating system and the storage of functional parameters. The operation scheme and the experimental stand are shown in Figure 11.



The proposed cooling system is based on the concept of free cooling. The source of cold energy is water from the Bega River, which is circulated using the variable speed centrifugal pump PWBC. Two temperature sensors, T1 for the water inlet temperature in the VCVR fan coil units, and T2 for the water outlet temperature in the VCVR fan coil units, are located on this circuit. The air temperature at the entrance of the VCVR fan coils is monitored by the Tin temperature sensor, and at the exit of the VCVR fan coils, by the Tout sensor. Also, an FM1 flow meter is mounted on the input circuit for monitoring/counting the flow of water circulated through the fan coil units. Since the operation of the fan coil units in the cooling mode takes energy from the indoor air, the temperature T2 will be higher than the temperature T1. The data provided by T1, T2, and FM1 are used to calculate the thermal energy discharged from the cooled space. The thermal energy is discharged towards the Bega River without exceeding the permitted limits for the discharge of the water into the outfalls.



The cooling system is supplied with electricity from the proposed photovoltaic system. The data acquisition system also monitors and stores data on the indoor temperature through the Ti sensor, the outdoor temperature through the To sensor, and the indoor humidity through the Hi sensor. The general plan with the location, in site, of the sensors for monitoring the heating and cooling systems is shown in Figure 12.






3. Results and Discussions


In the results section, the two systems are treated separately: heating and cooling. First, the results obtained based on the parameters recorded by the operation of the heating system during the period 2 May 2024–31 May 2024 are presented. Second, the results obtained based on the parameters recorded by the operation of the cooling system during the period 1 June 2024–10 June 2024 are presented.



3.1. Decarbonized Heating System—Experimentally Tested


Given that the new experimental heating installation became functional at the end of the heating season, in order to determine the characteristic parameters of the equipment (heat pump, fan coils), a water recirculation system taken from the Bega River was made to determine the variation in the coefficient (COP) depending on the temperature T1 of the water entering the heat pump (range 4–18.5 °C).



The calculation relationships that were the basis for determining the COP performance coefficient of the water–water heat pump were [34,35]:


  C O P =      Q   H C       Q   H C   −   Q   H R      =      Q   H C       E   e       



(1)




where:



QHC—energy produced by the water–water heat pump, in kW;



QHR—energy extracted by the heat pump from the surface water source (Bega river), in kW;



Ee—electricity, in kW.



The energy produced by the water–water heat pump QHC was calculated using the relationship (2) and the energy extracted by the heat pump from the surface water source, with the relationship (3):


    Q   H C   = c ·   F M   2       t   3   −   t   4      



(2)






    Q   H R   = c ·   F M   1       t   1   −   t   2      



(3)




where:



c—the specific heat of water;



FM2—the water flow rate in the heating circuit;



t3 and t4—the outlet and inlet temperatures of the condenser in the heat pump, respectively;



FM1—the water flow rate from the river;



t1—the river water temperature in the inlet in the heat pump vaporizator;



t2—the water temperature in the outlet from the heat pump vaporizator (returned water to the river).



The variation in the parameters recorded as a result of operation, in the previously described test mode, is presented in Figure 13.



Based on these data, the COP performance coefficients were calculated, the variation in which depends on the water inlet temperature in the heat pump (range 4–18.5 °C), shown in Figure 14.




3.2. Analysis of the Results Obtained through the Operation of the Decarbonized Heating System


Figure 13 shows the variation in the data recorded during the test period (1300 measurement points) for the main heating equipment (heat pump). Thus, keeping the fluid flow through the evaporator and the condenser relatively constant and gradually changing the temperature entering the evaporator T1, the variation in the temperature leaving the evaporator T2, the variation in the temperature of the thermal agent at the exit from the condenser T3, and the temperature entering the condenser T4 were monitored. During the monitoring period, the complete evacuation of the thermal energy produced by the heat pump was ensured so that it worked at maximum capacity. It was observed that the variation in the temperature of the water at the entrance of the heat pump within a range of 14.2 °C corresponded to a variation of 6.2 °C in the temperature of the thermal agent at the exit of the heat pump. The lower temperature difference on the side of the thermal agent was compensated by a higher consumption of electricity.



Figure 14 shows the variation in the thermal power provided by the heat pump with a minimum of 5.7 kW and a maximum of 9.6 kW by extracting thermal energy from the water source within the limits of 3.1 kWh and 5.9 kWh. These powers were calculated based on the temperature differences T3–T4 and T1–T2, respectively.



The variation in the water flow through the evaporator was also observed, determined by the change in the operating parameters of the circulation pump when changing the density of the fluid circulated in a temperature range of 14.2 °C. This type of variation was less obvious in the case of the flow of a thermal agent because the temperature T4 of its entry into the circulation pump varied only by 3.4 °C during the tests.



The graph also shows the variation in the COP performance factor and shows the operation of the heat pump with a maximum performance of 3.34 and a minimum performance of 2.07.



The thermal potential of the water in the Bega River was estimated both for the heating season and the cooling season as the available amount of thermal energy that can be taken from the river, considering both the minimum water temperature available for the operation of the heat pump and the maximum limit of the temperature that can be discharged into the emissary without exceeding the limits allowed by the legislation in force.



Thus, for heating, considering the required thermal energy (15,862 kWh) to cover the heat demand calculated using the local climatological conditions of the site and considering the seasonal performance coefficient (SCOP) of the water–water heat pump, a water requirement of 5233.64 m3/year was determined. The thermal potential of the water flow taken from the Bega River was 9124.3 kWh/year, the difference of 6737.9 kWh being provided by electricity. Considering the local production of electricity with PV during the cold season of 1503.8 kWh, this results in an electricity requirement from the SEN of 5234.1 kWh. The amount of CO2 emitted by the tested system operating in the heating mode, for a period of 5127 h/year, was 1387.04 kg/year without taking into account the influence of the photovoltaic system.



Compared with the existing system (6887.28 kg/year), there was a decrease in CO2 emissions by 5500.24 kg/year, which represents a reduction of 79.86%.




3.3. Decarbonized Cooling System—Experimentally Tested


Considering that the new experimental cooling installation became functional from 31 May 2024, to carry out the study, the characteristic operating parameters of the free cooling system were monitored during 6–10 June. The variation in the parameters recorded after operation is shown in Figure 15.




3.4. Analysis of the Results Obtained through the Operation of the Decarbonized Cooling System


Figure 15 shows the variation in the data recorded during the 6–10 June test period for the free cooling equipment with fan coil units. Thus, it can be seen that with a day/night variation in the outside temperature between 33.3 °C and 16.67 °C, the cooling system managed to keep the inside space at an internal temperature between 21.76 °C and 24.5 °C, operating with an internal temperature difference—cooling water temperature of 4 °C. From this mode of operation, we can draw the conclusion that even in the situation where the external temperature will reach a maximum value of 35.9 °C, a maximum cooling water temperature of 24.7 °C will ensure an internal temperature in the range of 22–27 °C.



For cooling, considering the required thermal energy (1098.66 kWh) to cover the cold demand calculated in the local climatological conditions of the site, a water requirement of 945.27 m3/year was determined. In order to ensure the electrical energy required for the cooling water circulation pump and the fan coil motors, an electrical energy requirement of 200.42 kWh was calculated, which can be fully covered by the local electricity production (1193.1 kWh).



The amount of CO2 emitted by the tested system operating in the cooling mode, for a period of 911 h/year, is 53.11 kg/year, without taking into account the influence of the photovoltaic system.



The installation of the photovoltaic system will ensure an electricity production during the warm season of 1193.1 kWh. This energy ensures that the electricity consumption of the proposed cooling systems is 200.42 kWh. The Figure 16 presents a comparative analysis of the two analyzed systems from the point of view of the annual reduction in energy consumption and CO2 emissions. These data are highlighted in the conclusions.



Recent research addressing the modeling of hybrid heating and cooling systems with heat pumps coupled with photovoltaic systems shows that by coupling them, the energy efficiency of the hybrid system increases by up to 25% compared with heat pump-only systems [34,35,36].





4. Conclusions


The novelty of this research consists in the realization of two experimental systems, one for the rapid evaluation of the performance of the water–water heat pump heating system and one for the evaluation of the operating behavior of a cooling system with fan coil units.



The extrapolation of the results obtained following the operation of the two systems was realized in order to forecast the energy potential and the capacity of the surface water to contribute to the decarbonization of the existing heating and cooling systems in buildings.



Starting with the heat and cold demand, the climatic characteristics of the area (temperatures, radiation, humidity), and the hydrological characteristics of the surface water source (flow, temperature), a hybrid system model was established and implemented for the heating and cooling of a building (didactic laboratory) located in Timișoara near the Bega River (surface water course).



The annual energy consumption and CO2 emissions were compared between the old system with which the building was equipped (supply with thermal energy from the district heating system and cooling with an air conditioner unit) and the proposed hybrid system (decarbonized): a heating system with a water–water heat pump and a cooling system with fan coil units.



The study is relevant by presenting its own approach methodology that can be used in the further development of decarbonized heating and cooling systems in buildings located near surface water sources. Also, the obtained results can be used as a basis of comparison for similar experimental studies.



From the comparative analysis of the results obtained through the operation of the two heating and cooling systems, in the classic and proposed versions, it follows that for the same heating and cooling requirements, respectively, the proposed systems are more efficient both in terms of energy consumption and reducing CO2 emissions.



The proposed hybrid system for heating recorded a decrease in energy consumption of 10,627.9 kWh and a reduction in CO2 pollutant emissions of 5500.24 kg/year.



Regarding the operation of the hybrid system proposed for cooling, there was a decrease in energy consumption of 348.6 kWh and a reduction in CO2 pollutant emissions of 92.4 kg/year.



In conclusion, for the analyzed building, an annual energy consumption reduction of 10,976.5 kWh and a total decarbonization of the heating and cooling processes of 5592.6 kg/year were obtained.



The major advantage of using surface water to cover the energy needs of buildings is that they are relatively easily available without expensive investments in drilling and without a negative impact on the environment and groundwater.



As one of the major objectives of building energy efficiency measures is decarbonization, it is obvious that the use of any technologies that lead to substantial reductions in carbon emissions should be encouraged.
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Figure 1. The “ExperimentariumTM” building. Energy conversion and storage”: (a) The south facade of the building image; (b) Plan and section view of the building. 
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Figure 2. Logic diagram—work stages. 






Figure 2. Logic diagram—work stages.



[image: Energies 17 03673 g002]







[image: Energies 17 03673 g003] 





Figure 3. Position of the Timișoara city on the regional map [19]. 
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Figure 4. The amplasament of the “ExperimentariumTM” building. Energy conversion and storage” relative to the Bega River [20]. 
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Figure 5. Meteorological data. 
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Figure 6. Water temperature variation in the Bega River. 






Figure 6. Water temperature variation in the Bega River.



[image: Energies 17 03673 g006]







[image: Energies 17 03673 g007] 





Figure 7. Evaluation of solar photovoltaic potential: (a) Monthly energy output from the fix-angle PV system; (b) Monthly in-plane irradiation for the fixed-angle. 
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Figure 8. Annual duration curve for space heating demand—2023. The graph on the (left) shows the distribution of the required heating during the hours of a year. In the graph on the (right), the annual hourly values of the heating requirement are presented, sorted in descending order. 
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Figure 9. Functional diagram of the decarbonized heating system: (a) functional diagram of the installation; (b) the experimental stand. To—Outside air temperature; Ti—Indoor air temperature; T1—Evaporator inlet temperature; T2—Evaporator outlet temperature; T3—Condenser outlet temperature; T4—Condenser inlet temperature; Hi—Indoor air humidity; FM1—Flowmeter water source; FM2—Heating water flow meter; PWBH—Bega water circulation pump; PHW—Heating circulation pump; VCVH—Heating fan coil; PCWW—Water–water heat pump. 
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Figure 10. Annual duration curve for space cooling demand—2023. The graph on the (left) shows the distribution of the required cooling during the hours of a year. In the graph on the (right), the annual hourly values of the cooling requirement are presented, sorted in descending order. 
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Figure 11. Functional diagram of the decarbonized cooling system: (a) functional diagram of the installation; (b) the experimental stand. To—Outside air temperature; Ti—Indoor air temperature; T1—Fan coil supply temperature; T2—Fan coil return temperature; Tin—Fan coil inlet air temperature; Tout—Fan coil outlet air temperature; Hi—Indoor air humidity; FM1—Flowmeter water source; PWBC—Bega water circulation pump; VCVR—Cooling fan coil. 






Figure 11. Functional diagram of the decarbonized cooling system: (a) functional diagram of the installation; (b) the experimental stand. To—Outside air temperature; Ti—Indoor air temperature; T1—Fan coil supply temperature; T2—Fan coil return temperature; Tin—Fan coil inlet air temperature; Tout—Fan coil outlet air temperature; Hi—Indoor air humidity; FM1—Flowmeter water source; PWBC—Bega water circulation pump; VCVR—Cooling fan coil.
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Figure 12. The general plan with the location of equipment and sensors. 
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Figure 13. The variation in the data recorded with the system operating in the heating mode. 
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Figure 14. Variation in the heat pump COP coefficient. 
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Figure 15. The variation in the data recorded with the system operating in the cooling mode. 
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Figure 16. A comparative analysis of the two analyzed systems from the point of view of the annual reduction in energy consumption and CO2 emissions. 
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Table 1. Thermal resistances and thermal transmittances corrected for the envelope elements of the analyzed building.
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	Building Envelope Element
	R’min

[m2K/W]
	U’max

[W/m2K]





	Exterior walls
	1.92
	0.52



	Roof
	2.50
	0.40



	Floor
	0.30
	3.33










 





Table 2. Conversion factors of primary energy into equivalent CO2 emissions [32].
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	Fuel/Energy Source
	Conversion Factor f CO2

[kg CO2/kWh]





	Lignite
	0.334



	Natural Gas
	0.205



	Thermal energy Mix—centralized system

90% lignite și 10% natural gas
	0.4342



	Electricity from SEN
	0.265



	Solar energy
	0.000
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