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Abstract

:

The decarbonization of heating systems is one of the present political and legislative directions of the European Union and its Member States. The main activities concern the energy performance of buildings and energy efficiency. The mentioned UE directives are the basis for the financial support of high-emission fossil fuel thermal energy source replacement with emission-free ones, in particular heat pumps. Other aspects are the support of PV installations and the thermal insulation of buildings. 85% of EU buildings were built before 2000, and among those, 75% have poor energy performance. Therefore, a significant number of buildings have only high-temperature wall radiators, and this was a motivation to prepare this article. The main innovation of this research was a new theoretical design of a high-temperature heat pump based on ecological refrigerants. The presented solution allows wall radiators to receive a hot water supply with temperatures of up to 85 °C during external temperatures of up to −20 °C. Typical heat pumps do not have these kinds of parameters, so the authors decided to verify the possibility of operating this device in such a wide temperature range. Another important aspect was the analysis of PV support. Finally, this paper investigates the possibility of heating an energy-efficient house with the newly designed high-temperature heat pump. Depending on the location in Poland, i.e., Suwałki, Warsaw, and Wrocław, the total electric energy supplied to the compressors was 2538–3364 kWh. The energy provided by the PV to supply power to the compressors is 482–570 kWh. The achieved PV energy self-consumption is 16.9–19.0%. The Seasonal Coefficient of Performance (SCOP) of the heat pump is 1.825–2.038 without PV and 2.515–2.970 with PV.
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1. Introduction


Significant CO2 emissions have influenced the world’s climate change and negatively affect many aspects of human life. The main issues are unpredictable weather anomalies, such as intensive floods, hurricanes, strong and sudden wind gusts, and long-term droughts. Climate change reduces agricultural yields and increases material losses in industry, forcing people to migrate and causing social tensions in destination countries. The consequence of climate change is an urgent need for a reduction in fossil fuel consumption to prevent further increases in average Earth temperature.



This paper investigates the possibility of the application of a newly designed high-temperature heat pump for the heating purposes of an energy-efficient house with an area of 200 m2 and a peak power demand of 15 W/m2. To achieve the required energy consumption, ventilation energy recuperation and deep thermoinsulation of the building are required. Energy performance of buildings [1], energy efficiency [2] for most buildings requiring insulation [3] is one of the main goals of the European Union.



One of the assumptions made during this study is the impossibility of heat pump operation during the night, in order to reduce noise generated by the compressor unit. To fulfil this requirement, an additional buffer of thermal energy is applied for this application.



For this study, a proprietary heat pump design, using low GWP (Global Warming Potential) and ODP (Ozone Depletion Potential) refrigerants, was developed. This solution fulfils the European Commission’s far-reaching objective of using environmentally friendly refrigerants in this type of equipment [4].



The variability of the designed heat pump parameters, such as cooling power, heating power, coefficient of performance, and electrical power as a function of lower and upper heat source temperatures, were determined. The obtained parameters were applied to the Matlab Simulink 2022b simulation model to calculate the key parameters of the heating system over an entire year, including PV energy autoconsumption.



Some of the legal acts concerning the mentioned issues are the Regulations of the European Parliament and the Council [4], as well as Polish legal acts, among others [5]. The documents enforce specific actions regarding stationary heat pumps and impose that, as of 1 January 2025, no new types of equipment containing refrigerants with GWP ≥ 150 can be placed on the market.



In accordance with the EU regulations regarding CO2 reduction from emissions from fossil fuels in buildings (so-called ETS 2), from January 2027, the costs for the emission of carbon dioxide will be added to the cost of energy carriers. Therefore, the heating costs of buildings using traditional fossil fuel energy sources will increase.



The main aim of this article is the presentation of a new design of a high-temperature, two-stage heat pump using environmentally friendly refrigerants, which is one of the requirements of the EU [6]. The device is dedicated to being used in central heating systems, supplying temperatures of up to 85 °C and making it possible to supply heat to traditional wall radiators.



From 1 July 2024, electric energy consumers in Poland will be able to settle under dynamic tariffs, where the price changes every 15 min. In the case of large renewable energy production during the daytime, it can be expected to be cheap. The first assumption of this research is the verification of heat pump operation during specific time periods, when energy costs are low. The second assumption is the requirement to switch off the heat pump at night to prevent noise generation. In both cases, a thermal energy storage bank is required.



Finally, this article presents the results of a theoretical analysis of the cooperation between the heat pump and PV. The values of electric energy for the analysed cases are presented. It is worth mentioning that a battery energy bank was not included in the simulations.



Issues relating to heat pumps are being analysed by many researchers around the world [7]. It is possible to provide heating energy or air-conditioning without a negative impact on the environment.



In the article in [8], the authors analysed the possibility of replacing gas boilers with heat pumps. The aim of such an analysis was to determine the optimal share of these two heating systems in order to minimise CO2 emissions. The impact of different scenarios was analysed in terms of primary energy consumption, carbon dioxide emissions, and energy prices. The results show that the Italian electric energy market allows the use of heat pumps for heating between 29% and 57% of the country’s buildings with a COP between 2 and 4.



The paper in [9] presents an analysis of the coefficient of performance of the heat pump components, separately for the unit and separately for the heating/cooling system. A mathematical model with parameters for the concentrated state was created. For the analysis, mathematical models of the efficiency coefficients were used for the heat pump and separately for the heat pump heating/cooling system. For the analysis, an optimised graph analytics method was used.



The management of the heating needs of multifunctional office and residential buildings is presented in [10]. The building is heated by a public district heating network and heat pumps operating in bivalent states. Optimization calculations for primary energy consumption, operating costs, and CO2 emissions were carried out to determine the bivalent states.



The aim of the article in [11] is to determine the requirements for an autonomous heat pump control system in order to model an optimal heating profile for a building. In Europe, about 11% of buildings already have heat pumps installed, but proper optimisation in terms of maintaining thermal comfort and equipment efficiency is still lacking. Additionally, buildings with photovoltaic systems render finding the optimal heating profile a real challenge. The authors point out that knowledge of temperature changes in a building can influence energy consumption by using data in modelling and optimising buildings for electricity consumption.



The authors of the paper in [12] point out that the increasing number of heat pumps installed can cause a significant load on the existing power grid infrastructure if they are operated at the same time. Heat pumps can be considered as electric energy consumers that can improve flexibility in the use of the grid with thermal energy storage. The article assesses the flexibility potential of heat pumps for the low-voltage grid in cooperation with a PV system. It includes a study of cases where there is a large imbalance between energy generation and consumption. The model used determined the electric energy demand of the heat pump, taking into account the heat store, and analysed the potential to increase network flexibility and improve integration with RES.



The analysis concerning changes in the tilt angles of PV panels during the winter to ensure greater availability of electric energy to supply power to the heat pump is presented in [13]. The main objective of the research presented in the paper is to determine the feasibility of replacing fossil fuel energy with PV panel energy. The paper in [14] investigated the possibilities of locally distributed heat pumps connected to a central battery energy storage bank for demand management in an existing urban distribution network in Germany. A simulation model of a heating system containing an air-to-water heat pump connected to an energy storage bank was developed to simulate the dynamic load on the power grid. Two different control criteria were used, i.e., the state of charge of the energy storage bank and demand-side management. The average transformer load for these operating modes was calculated and compared. The results show that heat pumps, even at low levels of equipment utilisation, provide significant load reduction potential, which is important for peak load reduction. In addition, it was shown that the use of thermal energy storage further increases the flexibility of the impact on the power system. Lower ambient temperatures have also been shown to reduce the demand management potential of heat pumps.



The aim of the articles in [15,16] was to assess the main factors influencing the management flexibility of compressor heat pumps for space heating. In a Smart Grid, Demand Response and Demand-Side Management algorithms are considered crucial to achieve efficient grid operation. A classic example of a flexible load that can be used to manage a Smart Grid is a heat pump. The analysis carried out identifies indicators to determine the flexibility of the device’s operation and shows how customers’ thermal comfort requirements affect its ability to limit the peak power occurring in the power grid. The use of the defined indicators to verify the flexibility of customer preferences is investigated and discussed, and the potential benefits offered by the adopted demand response algorithm are estimated.



The aim of the paper in [17] is to investigate the savings in electric energy costs used to heat domestic hot water associated with the replacement of conventional 140 kW and 180 kW electric boilers with heat pumps in a residential complex containing 153 flats in Johannesburg (South Africa). As part of the modernisation, calculations were carried out to enable the selection of heat pumps while maintaining the demand for domestic hot water. The hours of operation of the equipment affecting electric energy demand and costs were also determined. These measures resulted in a lower load on the power grid, with tangible financial and environmental benefits. As a result of the use of new energy carriers, the monthly cost of electricity bills and emissions was reduced.



Similar issues are presented in the articles in [18,19], where the application of a smart heating system built on the basis of heat pumps enabling the reduction in electric energy consumption costs in a household is discussed. The system consists of a heat pump, a hot water tank, measuring instruments, and a programmable logic controller (PLC) that is used to control the pump. The PLC records measurement data, which it uses to calculate the COP and predict its value in the next few hours. Different methods of calculating COP were evaluated for implementation in a real-time system. Various approaches for predicting ambient temperature, water temperature, and energy consumption patterns were investigated. An algorithm using calculated COP values and the household’s water consumption pattern determines at what time of day it is most cost-effective to switch on the heat pump. Using the new control algorithm reduced energy costs by 51.6% compared with the factory control algorithm for the heat pump alone.



One of the research works presented in the literature is the cooperation of a PV installation with a heat pump. The article in [20] presents the test results of a clean water public delivery system as a heat source for heat pumps. The performance coefficient COP without PV installation was 10.4, while with the use of PV, it was 16.1. An interesting result of the cooperation of a PV installation and a heat pump for a residential house was presented in [21]. The studies included in [22,23,24,25,26,27] present the results of PV/T collectors and a heat pump attached to one heating installation. The solution makes it possible to reduce the temperature of the collector surfaces, thereby increasing work efficiency. The articles in [28,29] discuss the energy and financial aspects of the use of heat pumps. Four heating systems with heat pumps supported by solar energy are presented. Simulations were carried out and the most interesting solution was determined.



The paper in [29] presents an overview of research conducted over the last twenty years in the field of compressor heat pumps supported by solar energy.



The articles in [30,31,32] present energy control methods in buildings. They concern production possibilities and energy demand from a technical and economic point of view. According to the results, it is possible to save 13–25% of the annual costs of electric energy for houses in Finland, Italy, and the USA. The articles in [33,34,35] present the use of a thermal energy storage bank for building energy management. The solution allows one to save 22% of energy costs because of different billing tariffs for electric energy.



An interesting direction of research is design modifications of heat pumps’ main circuits, which enables their operation in different thermodynamic parameters. The research presented in [36,37] describes a solution with direct evaporation of the working medium using modules containing microchannels acting as evaporators. The solution allows one to achieve efficiency levels of 56.6%, 15.4%, and 69.7% under specific operating conditions, while the average COP of the system was 4.7.



The main aim of the articles in [38,39,40] is to present the impact of heat pumps on a low-voltage distribution network used to supply power for residential buildings. Building load profiles were analysed, indicating a high probability of network overload by 30%, and thus voltage drops below permissible levels. Building performance has been shown to have a high correlation with power quality in the power grid, which has promising potential for further modelling of these issues.



The study in [41] presents a cost analysis of a heating system containing hybrid PV/T photovoltaic panels in accordance with separate PV installation and solar collectors. It was determined that the performance of both systems is almost identical and requires the same investment costs. The papers in [42,43] present a developed model of RES based on linear programming for the optimal selection of 100% renewable power systems in terms of total system costs and external evaluation. The energy and economic efficiency of heating systems were assessed in the articles in [43,44,45]. The research concerned house designs included in a free-access database of house projects that do not require a building permit.




2. Description of the Research Problem


Most currently used heat pumps achieve a coefficient of performance (COP) ranging from 2.7 to 5.0, which depends on the temperature difference between the lower and upper heat source. With a large temperature difference, low values are obtained, and for a small temperature difference, a COP is satisfactory.



Typical heat pump efficiency is usually tested at temperatures of −7 °C, +2 °C, and +7 °C for the bottom heat source and +35 °C for the upper heat source. It can be noticed that the lowest testing temperature of the bottom heat source does not cover the entire required range for outdoor temperatures, which in Poland ranges from −16 °C to −24 °C.



The operation of a single-stage heat pump at such temperatures is inefficient, and at extremely low temperatures, the activation of additional heaters powered by a power grid is required. Such a solution is not a proper way of heating a building, but a certain engineering trick and a way of dealing with the lack of production of the required amount of thermal energy.



Customers expect heat sources to operate effectively at temperatures of up to −25 °C. Present solutions of air-to-water heat pump designs are more suited to the Mediterranean climate than the humid continental climate zone in which Poland is located. Satisfactory COP values of heat pumps, with an upper heat source temperature of max. 35 °C, are sufficient for underfloor heating, while they are too low to supply wall radiators. Using wall radiators requires a supply temperature of up to 70 °C. In this case, the COP decreases drastically, which makes heat pumps not a reasonable solution.



As mentioned in this article, the EU policy concerning the withdrawal of harmful refrigerants is gradually being implemented and more and more gases are being eliminated for use. One of the currently popular refrigerant gases is R32, which is intended for specially designed systems due to its high operating pressure requiring suitable design solutions, and it has a GWP = 675.



At the time of preparing this article, the R32 gas is permitted for use, but the key arrangements for the heat pump industry regarding the withdrawal of fluorinated gases relate to two dates:




	-

	
1 January 2032, when monobloc air conditioners and heat pumps (including ground source) with up to 12 kW rated output power containing f-gases will be forbidden for new installations.




	-

	
1 January 2035, when air conditioners and heat pumps (split type) with a rated output power of up to 12 kW containing f-gases will be forbidden for new installations.









Realistic deadlines have appeared on the time horizon beyond which the use of HFC and HCFC fluorinated gases will be forbidden for widespread use. Special consideration should be given to refrigerants that have been developed during natural processes and synthetic refrigerants with similar operating properties and negligible impact on the greenhouse effect or the ozone layer. The most popular of these are as follows:




	-

	
R717—ammonia (GWP = 0);




	-

	
R744—carbon dioxide (GWP = 1);




	-

	
R290—propane (GWP = 3);




	-

	
R600a—isobutane (GWP = 3);




	-

	
R1270—propylene (GWP = 3);




	-

	
R1234ze(e)—synthetic refrigerant (GWP = 7).










3. Description of the Heat Pump Design


The two-stage high-temperature heat pump is designed as an air-to-water unit to achieve a flow temperature of 70 °C for the heating circuits and a lower source temperature of −20 °C for the ambient air. The nominal heating power of the unit for boundary operating conditions is 10 kW. A schematic diagram of the unit’s refrigeration system is shown in Figure 1.



The device is based on two refrigeration circuits, between which a heat exchanger is used as a separator. The heat exchanger between the stages is a condenser for stage one of the heat pump and an evaporator for stage two. Both stages of the unit are operated with environmentally friendly refrigerants. The first stage uses the refrigerant R290 (propane), with ODP = 0 and GWP = 3. The second stage uses R1234ze(e) refrigerant, with ODP = 0 and GWP = 7.



The lower stage of the unit is based on a compressor, whose operating envelope is shown in Figure 2. The operating envelope shows that the minimum refrigerant saturation temperature is −40 °C, and the minimum refrigerant condensation temperature is 10 °C. The maximum refrigerant saturation temperature is 10 °C, and the minimum condensation temperature is 30 °C. The minimum and maximum refrigerant temperatures resulting from the compressor operating envelope were the design boundary conditions for the lower stage of the designed heat pump.



The red dot indicates the heat pump operation point. The yellow zone in the compressor operation envelope (Figure 2) means that in this range of refrigerant saturation and condensation temperatures, the heat pump system must operate with refrigerant superheat OR subcooling ≤ 20 K.



The blue zone in the compressor operating envelope (Figure 2) means that in this range of refrigerant saturation and condensation temperatures, the heat pump system must operate with refrigerant superheat and subcooling ≤ 20 K.



The compressors used for the heat pump are semihermetic units, driven by one of two types of electric motors. According to the compressor manufacturer’s documentation, which is as follows:




	-

	
Motor 1 (M1)—basic for air conditioning at high ambient temperatures;




	-

	
Motor 2 (M2)—universal motor for medium- and low-temperature applications and air conditioning.









The operating envelopes are given using Motor 1 and Motor 2. For this study’s purposes, Motor 2 was used.



The operating envelope of the compressor used in the lower stage of the high-temperature heat pump provided the design requirements for the selection of the refrigerant and compressor used in the upper stage.



Figure 3 shows the operating envelope of the compressor used in the upper stage and supplied with refrigerant R1234ze(e). The operating envelope shows that the minimum refrigerant saturation temperature is −15 °C, and the maximum refrigerant condensation temperature is 80 °C, while the maximum refrigerant saturation temperature is 35 °C, and the maximum refrigerant condensation temperature is 95 °C.



The operating parameters of the compressors used in the first and second stages coincide with the ranges of refrigerant condensation temperature of the lower stage and refrigerant saturation temperature of the upper stage. From a design point of view, it is important that the heating power of the first stage for the individual refrigerant condensation temperatures is equal to or greater than the cooling power of the second stage adequately enough for the individual refrigerant saturation temperatures.



The main criterion for compressor selection was the assumed nominal heating power of the designed unit of 10 kW for an assumed upper source temperature of 70 °C and a lower source temperature of −20 °C.



Based on the R1234ze(e) refrigerant parameters shown in Figure 3 for an assumed maximum refrigerant saturation temperature of 35 °C and a maximum condensation temperature of 85 °C by reading the enthalpy value of the individual points and using relationship 1, the refrigerant mass flow value was calculated.


  m   [   k g   s   ] =     Q   g   [ k W ]       h   2   −   h   3     [   k J   k g   ]    



(1)




where



	
m—mass flow of the refrigerant [kg/s];



	
Qg—heating power [kW];



	
h2—enthalpy of refrigerant discharge [kJ/kg];



	
h3—enthalpy of refrigerant condensation [kJ/kg].






With the refrigerant mass flow rate and the specific volume of the refrigerant at the suction port for the design operating point, the compressor volumetric capacity of 13.2 m3/h was deducted using relationship No. 2.


  V [     m   3     s   ] = m     k g   s     · v [     m   3     k g   ]  



(2)




where



	
V—compressor volumetric efficiency [m3/s];



	
m—mass flow of the refrigerant [kg/s];



	
v—specific volume of the refrigerant at the suction connection [m3/kg].






The volumetric capacity of the first stage compressor was calculated in the same way and is 26.84 m3/h. The higher volumetric efficiency of the first-stage compressor is due to the fact that with a greater difference between the lower and upper source temperatures, the heating power and thus the cooling power of the system decreases, and the electric energy consumption of the compressor increases.



Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 show the performance of the individual stages of the refrigeration system of a high-temperature two-stage compressor heat pump. The performance of the first stage is shown for condensing temperatures of 20–30 °C and the second stage for condensing temperatures of 40–85 °C.



Operating parameters are shown at maximum compressor volumetric capacity. Depending on the saturation and condensation temperature of the refrigerant, the heating power of stage one varies between 25.6 kW and 3.7 kW, while stage two varies between 12.9 kW and 5.7 kW.



In order to reduce the electrical energy consumed by the compressor, a frequency converter should be used to regulate the volumetric capacity of the compressor of stages one and two, which will consequently enable the heating power of the unit to be matched to the current heat load of the building.




4. Test Object Description and Boundary Conditions


Simulation studies were carried out for a building with a surface area S = 200 m2 and a design heat load of 15 W/m2, located in three different climatic zones in Poland (Suwałki—zone V, Warsaw—zone III, Wrocław—zone II), differing in terms of design temperature for buildings and average monthly temperatures. The data used in the analyses were acquired during a typical meteorological year [46].



An analysis of the prevailing temperatures at the locations analysed was carried out using measurements of external temperatures. Figure 12, Figure 13 and Figure 14 below show the following temperatures: monthly averages and minimum and maximum temperatures for each month of the year.



Table 1 presents the values of the average annual, minimum, and maximum temperatures in mentioned cities. Suwałki is the coldest city, Warsaw and Wrocław have similar values for average annual temperatures and average minimum temperatures, while Warsaw has the highest maximum average temperature.



Figure 15, Figure 16 and Figure 17 show graphs of the most common temperatures for the locations mentioned above. For Suwałki, the most common temperatures are between 0 °C ÷ 1 °C for 483 h a year and 12 °C ÷ 13 °C for 384 h a year. For Warsaw, the most common temperatures are between 0 °C ÷ 1 °C for 723 h a year. The distribution of temperatures for Wrocław contains ranges with similar times of occurrence. The most frequent values are shown below in Table 2.




5. Description of the Simulation Model and its Functional Modules


Figure 18 shows a view of the simulation model developed in Matlab-Simulink 2022b, used to assess the feasibility of using a two-stage heat pump for the heating purposes of the selected building in cooperation with a PV system.



It was decided to use this software due to the number of interesting functionalities. Matlab-Simulink 2022b allows one to use the measurement of real-time data of external temperature and PV production as a Lookup Table. Using “Time” as a table input, required values can be obtained at the table output for every moment of the year. Output values are used for calculations in the next modules of the simulation model. Another interesting function is the easy implementation of mathematical formulas describing the control object, including the full possibility of formula transformations, operations, and calculations.



The model includes seven interconnected modules, which are designed to calculate the necessary values and time waveforms of the heating system under computer simulation conditions. The operation of the individual modules is described below.



It is worth mentioning that the simulation model does not include all possible losses that may occur in the heating system. Therefore, the final performance may be slightly lower. At this stage of the project, theoretical analyses were performed that have not been verified on a working prototype.



5.1. Module “Building Power”


The module determines the instantaneous heating power requirement of the building based on the external temperature determined in Module No. 1 “External temperature”. The waveform of the required heating power of the building under consideration is shown in Figure 19.



The required heating power was determined based on the heat transfer coefficients of the materials used in the building structure and their thickness. The internal temperature inside the building is +22 °C. The calculated values were entered into the simulation model in the form of a Look-up Table.



Figure 19 represents the worst heating condition without any additional heat sources, i.e., the house is in the shade (no direct sunshine irradiation), cooking heat, human body heat, and transient loads. Additional energy requirements depend on the individual energy habits of each person staying in the house, which are difficult to estimate and repeat in real conditions.




5.2. Module “External Temperature”


The task of this module is to determine the instantaneous external temperature in every moment of the year according to [46], used for the calculations in the other model blocks. The data for the module were entered in the form of a Look-up Table.




5.3. Module “PV Energy”


One of the issues analysed in this work is the possibility of using the electric energy generated by a PV system to supply power directly to heat pumps without any battery energy storage bank. For this purpose, actual data on the power generated by grid-connected 1.55 kWp PV installation were used. The system is located in Warsaw (Poland) and is shown in Figure 20.



Figure 21a shows actual measurements of the AC power transferred into the power grid taken at 15 min intervals throughout the year, which were placed into the simulation model in the form of a Look-up Table.




5.4. Module “Heat Pumps Data”


This module contains the operating parameters of the heat pump, separately for stage one and for stage two. The data included in this module are heating power, cooling power, electric power, and COP (coefficient of performance).



The analysed parameters were calculated in a simulation model to test the building heating system with the developed heat pump. The results are described in another section of this article.




5.5. Module “Energy Calculator”


This model calculates energy values at several points of the heating system according to the following mathematical relationships:


    E   p v   =  ∫    P   p v   ( t ) · d t    



(3)






    E   g   =  ∫    P   g     t   −   P   p v   ( t ) · d t    



(4)






    E   c   =  ∫    P   c     t   · d t    



(5)






    E   b   =  ∫    P   b     t   · d t    



(6)




where



	
Epv—energy produced by the PV system [Wh];



	
Eg—energy taken from the power grid [Wh];



	
Ec—energy consumed by the heat pump [Wh];



	
Eb—energy required to heat the building [Wh];



	
Ppv—instantaneous power generated by the PV system [W];



	
Pg—instantaneous power taken from the power grid [W];



	
Pc—instantaneous heat pump power supply [W];



	
Pb—instantaneous power required to heat the building [W].







5.6. Module “Water Tank”


The purpose of this module is the calculation of the temporary temperature in the thermal energy storage bank (hot water buffer). Temperature value is obtained on the temporary values of heat production in the heat pump, PV system power generation, and heat demand of the building.


    P   x   =   P   p v   −   P   c    



(7)






    E   w   =  ∫      P   x     t   + P   h     t   −   P   b   ( t ) · d t    



(8)






    E   w   =   c   w   · m · (   T   2   −   T   1   )  



(9)






    T   2   =     E   w       c   w   · m   −   T   1    



(10)




where



	
Px—unused instantaneous electric power from PV system [W];



	
Ppv—instantaneous power generated by the PV system [W];



	
Pc—instantaneous power supply for heat pump compressors [W];



	
Ph—instantaneous heating power supplying the water buffer [W];



	
Pb—instantaneous power required to heat the building [W];



	
Ew—thermal energy stored in the water buffer [J];



	
T1—resting water temperature [°C];



	
T2—instantaneous value of the water temperature in the water buffer [°C].







5.7. Module “Control Block”


This is the module responsible for the control of the heat pump. According to this issue, five input signals were implemented and are presented below:




	-

	
Time used for the simulation to determine the external temperature;




	-

	
Instantaneous value of the external (ambient) temperature;




	-

	
Instantaneous value of the power generated by the PV system;




	-

	
Instantaneous value of the total electrical power consumed by the first and second stages of compressors;




	-

	
Instantaneous value of the temperature in the thermal energy storage bank.









Three signals come out of this block to enable the control of block “Heat pump data”, as follows:




	-

	
“ON/OFF”—signal indicating that the power supply of the heat pump compressors is on or off;




	-

	
“Power reduction”—temporary value of the electrical power to be supplied to the first stage of the heat pump. The second stage always operates at full power;




	-

	
“CT”—signal indicating the current criterion used for heat pump control.










5.8. Heat Pump Control Criteria


Four control criteria are proposed for heat pump control, which are activated depending on the configuration of the above-mentioned signals. The individual control criteria are described below. Figure 22 explains the selection procedure of the Criterion 1 and Criterion 2.



5.8.1. Control Criterion 1


The analysis of the availability of energy generated by the PV system shows that there is little availability of photovoltaic energy between the 270th and 70th day of the year, which was determined to be a control according to Criterion 1. Figure 23 shows the waveforms of the power generated by the PV system and the total power consumption by the heat pump compressors during the initial period of the year.



Due to the low availability of PV power, only a small percentage of renewable energy supplies the heat pump. The remaining amount of required energy was taken from the electric power grid.




5.8.2. Control Criterion 2


Between the 70th and 270th day of the year, the amount of PV energy is satisfactory, so the heat pump is only powered by PV energy.



Figure 24 presents the waveforms of the power generated by the PV system and the power consumed by the heat pump compressors when solar energy is available. The characteristic feature of this period is the reduced thermal power demand of the building.



Analysing the waveforms, it can be seen that PV energy fully covers the demand for electric energy required to supply power to the heat pump. There are even periods when there is more PV energy than needed.



According to this situation, it is proposed to transfer the extra energy from PV to supply power to the heater in the hot water boiler. This situation will only occur during periods of overproduction of PV energy.




5.8.3. Control Criterion 3


The control according to Criterion 3 takes place in an emergency situation when the temperature in the hot water boiler suddenly falls below 40 °C. If the temperature drops below this value, this can result in reduced thermal comfort in the building.



In this case, the heat pump is switched on regardless of the time of day, season, or availability of PV energy. This criterion is abandoned when the temperature rises above 45 °C. This situation is for a sudden external temperature fall or reduction in PV energy availability during the control according to Criterion 2.




5.8.4. Control Criterion 4


Criterion 4 represents a complete shutdown of the heat pump. This criterion occurs mostly in the summertime when the temperature in the hot water boiler is higher than 70 °C. In this case, the heater in the water boiler is powered only by PV overproduction energy. According to the performed analyses, this condition occurs during increased PV energy availability and reduced thermal energy demand. The exit from this criterion occurs when the temperature in the hot water boiler falls below 50 °C.






6. Results and Discussion


This section presents the results of all the conducted research. Annual waveforms of key parameters of the heating system powered by a two-stage heat pump were presented. The operation of the system at low and average external temperatures was analysed. The demand for the building’s annual thermal energy and the effectiveness of using the PV installation to direct the supply power of the heat pump compressors were determined.



Figure 25 contains five graphs with the following variables: Graph 1: Waveforms of instantaneous PV power generation and compressors supply power. Graph 2: Instantaneous coefficient of performance (COP), control criterion number, and heat pump power utilisation factor (Duty). Graph 3: Instantaneous temperature waveform of the hot water buffer from which the building is heated for minimum (33 °C) and maximum (85 °C) temperature limits. Graph 4: Instantaneous thermal energy demand of the building. Graph 5: The waveform of the external temperature throughout the year.



6.1. Analysis of Results for Low and Average Temperatures


Figure 26 and Figure 27 present examples of the heating system parameter waveforms. Figure 26 presents the analysis of the heating system over two days in which the external temperature dropped from −10 °C to −18 °C, then increased to −10 °C, and dropped again to −16 °C. The COP at severe frost was between COP = 1.2 and 1.5, with an average value of COP = 1.35. The water temperature in the water buffer changed from 50 °C to 60 °C, which is sufficient to supply the wall radiators.



Figure 27 presents the analysis over two days in which the external temperature was equal to the annual average and changed from 7 °C to 8.5 °C. The performance parameter was between COP = 2.1 ÷ 2.4, with an average COP = 2.25. The water temperature in the water buffer changed from 48 °C to 53 °C, which is sufficient to supply the wall radiators. Similar results were obtained in the article in [47], which presents data for Warsaw, Hamburg, and Thessaloniki. The work in [48] presents the use of ground heat pumps. Due to the higher and more stable bottom heat source temperature, higher values of the coefficient of performance (COP) were achieved.




6.2. Annual Energy Demand of the Building


Table 3 presents the values of the final heating energy and values for 1 m2 of the analysed building during the heating season from 30 September to 31 May.



From 2021, a legal requirement has been introduced in Poland, which states that the annual energy value for new and modernised buildings must not exceed 70 kWh/m2, while for multifamily buildings this value should be a maximum of 65 kWh/m2.



The performed analysis shows that in the case of buildings with a designed heat pump, the energy values per 1 m2 of the building should be even lower, amounting to 25 to 30 kWh/m2.




6.3. Use of PV Systems


Table 4 shows the results of the electric energy demand over the entire heating season to supply power to the heat pump, as well as the amount of consumed PV energy and the resulting self-consumption factor.



Table 5 shows the results of the heating energy demand of the building for the whole heating season and the resulting average Seasonal Coefficient of Performance (SCOP) with a PV system and without a PV system.



A 10 kWp PV installation was selected during our research and is capable of producing 9885 kWh per year. The energy required to supply power to the compressors depends on the building’s location. Achieved values are between 2538 kWh and 3364 kWh.



The amount of PV energy used to supply power directly to the compressors as part of self-consumption depends on the building location. Achieved values are between 482 kWh and 570 kWh and represent 16.9% to 19.0% of all required electric energy.





7. Conclusions


On the basis of the achieved results, the scientific and innovative aspects of the analysis were proven. The importance of the development of new knowledge was confirmed. The obtained research results confirm the requirements and assumptions taken in this article for improving the thermal efficiency of buildings required for heat pump installation. Finally, environmentally friendly refrigerants were proposed.



7.1. Scientific Aspects of this Work


The scientific objective of this work was to develop two simulation models in Matlab-Simulink. The first model enabled design studies to be carried out for a two-stage high-temperature heat pump. The second model made it possible to analyse the cooperation of the developed heat pump with a PV system for heating the building. As a result of the analyses, the annual efficiency of the tested system was determined.



On the basis of the performed analyses, it can be concluded that the two-stage heat pump makes it possible to achieve the temperatures required to supply traditional wall radiators at external temperatures reaching extreme negative values. An additional achievement was the use of environmentally friendly refrigerants with low ODP and GWP values.



As a result of the performed analyses, the cooling power, heating power, electric power, and coefficients of performance of the individual operating stages were determined. Additionally, the cooperation of the heat pump with the PV installation and thermal energy storage was verified. The heating system was analysed from the perspective of an entire year for an energy-efficient building located in three different Polish cities located in different climate zones.



Finally, the values important for the end user were calculated. The annual electric energy required to supply power to the heat pumps and the annual average efficiency values with and without the PV system were calculated.




7.2. Innovation Importance


	-

	
The developed simulation model enables to perform the design, analysis, and parameter selection of any two-stage heat pump with environmentally friendly refrigerants.




	-

	
The simulation model makes it possible to perform analyses of the interaction of the two-stage heat pump with the building’s heating system and allows one to verify the self-consumption PV energy rates.




	-

	
The new design of the presented heat pump is a possible solution for supplying heat in existing buildings with high-temperature wall radiators.




	-

	
The use of the designed device enables less interference with the building’s heating system. No costly retrofitting for floor heating (radiant floor) is required.




	-

	
Values of the heating energy per 1 m2 of the analysed building during the heating season were determined.








7.3. Test Results Obtained for COP and SCOP


The performed research indicates that the designed heat pump is possible to supply heat to the traditional wall radiators. The proposed heating system is able to deliver water temperatures from 50 °C to 60 °C and even more in severe frosts of up to −20 °C. The selected coefficient of performance (COP) values for three temperature ranges are presented below (in all cases, the temperature inside the building was +22 °C):




	-

	
From −10 °C to −18 °C, COP = 1.35;




	-

	
From −1.1 °C to −1.2 °C, COP = 1.85;




	-

	
From +7 °C to +8 °C, COP = 2.15.









The value of the Seasonal Coefficient of Performance (SCOP) of the heat pump during the heating season, depending on the building location, is presented below:




	-

	
SCOP = 1.825 to 2.038 without PV system;




	-

	
SCOP = 2.970 to 2.515 with PV system.









The electric energy consumption taken from the power grid to supply power to the heat pump depending on the building location is presented below:




	-

	
2538 kWh to 3364 kWh without PV system;




	-

	
2056 kWh to 2794 kWh with PV system.










7.4. Self-Consumption of Energy from PV


It seems natural to combine renewable energy sources, i.e., PV and heat pumps, to increase energy independence. One of the issues of this study is the verification of the effectiveness of such cooperation. The results of the performed analysis indicate that self-consumption of PV energy depending on the building location is 16.9% to 19.0%, which is an unsatisfactory value for the authors.



The main reason for the low use of PV energy is the discrepancy between energy production and energy demand. During the heating season, there is a lack of energy from PV, so most of the electric energy to supply power to heat pumps must be taken from the power grid. On the other hand, in the summer season, there is availability of “green energy” but no demand for heating energy. This problem was solved by the previous PV energy billing system Net-Metering, which is no longer used in Poland. As of 1.07.2024, the current billing system is Net-Billing, which requires the user to either consume “green energy” when it is available or to store energy in local battery banks, which increases the total cost of the PV + BATT system.



This research concerns the second settlement option. As presented in this article, the Net-Billing system is not profitable when combined with a heat pump.




7.5. Thermal Efficiency Improvement


The last issue presented in this article is the amount of annual electric energy required to heat the building with a heat pump. Depending on the location, energy consumption ranged from 2538 kWh to 3364 kWh.



Current legal requirements in Poland require an annual energy consumption of 70 kWh/m2 for new and modernized buildings and 65 kWh/m2 for multifamily buildings. These values are too high for the installation of heat pumps. The requirement for using heat pumps in the buildings calculated in this article is between 25.9 kWh/m2 and 30.7 kWh/m2 depending on the building location in Poland. If other cities have similar climatic and solar irradiation parameters, then the results will be similar. To achieve such low thermal energy consumption, a deep thermoinsulation of the building and ventilation recuperation is required.



Before installing a heat pump, an energy audit of the building is required. The results of the audit identify elements of the building that require extra thermal insulation. Otherwise, the amount of electric energy supplying the heat pump will be inconsistent and will result in high bills. Unfortunately, the lack of knowledge of homeowners and selected sales representatives is currently visible in the market.




7.6. Article Summary


	-

	
A new model of a two-stage, high-temperature heat pump was developed to supply hot water to wall radiators with temperatures of up to 85 °C with ecological refrigerants.




	-

	
The required annual energy consumption for heating purposes of the analysed building is between 25 kWh/m2 and 30 kWh/m2. To achieve these energy requirements, a building energy audit is required. The audit results will indicate whether heat losses are at the level required for heat pump installation.




	-

	
The total electric energy consumption of the heat pump compressors without a PV system is between 2538 kWh and 3364 kWh.




	-

	
The total electric energy consumption of the heat pump compressors with a PV system is between 2056 kWh and 2794 kWh.




	-

	
The Seasonal Coefficient of Performance (SCOP) without PV is 1.825 to 2.038.




	-

	
The Seasonal Coefficient of Performance (SCOP) with PV is 2.515 to 2.970.




	-

	
The PV energy self-consumption for three cities in Poland for heating purposes is between 16.9% and 19.0%.







The presented values of annual PV energy autoconsumption apply only to cooperation with a heat pump for heating purposes. The rest of the electric energy required for this issue should be taken from the power grid. The increased autoconsumption coefficient from the extra energy generated by PV can be used for other purposes. Further analyses in this research direction involve obtaining real-time energy consumption data of used devices.
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Figure 1. Schematic diagram of the refrigeration system of the high-temperature two-stage heat pump. 
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Figure 2. Working envelope of the first-stage compressor of a high-temperature heat pump operating with R290 refrigerant. 






Figure 2. Working envelope of the first-stage compressor of a high-temperature heat pump operating with R290 refrigerant.



[image: Sustainability 16 03797 g002]







[image: Sustainability 16 03797 g003] 





Figure 3. Operating envelope of the first-stage compressor of a high-temperature heat pump operating with R1234ze(e) refrigerant. 
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Figure 4. (a) Cooling power of first stage as a function of the refrigerant saturation temperature. (b) Top view. 
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Figure 5. (a) Heating power of first stage as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 6. (a) First-stage COP as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 7. (a) First-stage compressor power as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 8. (a) Cooling power of the second stage as a function of the refrigerant saturation temperature. (b) Top view. 
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Figure 9. (a) Heating power of second stage as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 10. (a) Second-stage COP as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 11. (a) Second-stage compressor power as a function of refrigerant saturation temperature. (b) Top view. 
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Figure 12. Monthly average dry bulb thermometer temperatures in the analysed cities. 
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Figure 13. Minimum monthly dry bulb thermometer temperatures in the analysed cities. 






Figure 13. Minimum monthly dry bulb thermometer temperatures in the analysed cities.



[image: Sustainability 16 03797 g013]







[image: Sustainability 16 03797 g014] 





Figure 14. Maximum monthly dry bulb thermometer temperatures in the cities analysed cities. 
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Figure 15. Histogram of temperature distribution for Suwałki. 
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Figure 16. Histogram of temperature distribution for Warsaw. 
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Figure 17. Histogram of temperature distribution for Wrocław. 
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Figure 18. View of the simulation model in Matlab-Simulink 2022b. 
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Figure 19. Required heating power of the building. 
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Figure 20. PV system of 1.55 kWp. 
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Figure 21. (a) Values of the power generated by the PV system every 15 min for a whole year. (b) Calculated value of energy generated by the PV system for a whole year. 
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Figure 22. Annual PV energy production (blue waveform) with indication of Criteria 1 and 2. 
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Figure 23. Control criterion 1. 
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Figure 24. Control criterion 2. 
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Figure 25. Waveforms of key parameters throughout the year. 
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Figure 26. Waveforms of key parameters of the system at severe frost temperatures of −10 °C to −18 °C. 
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Figure 27. Waveforms of key parameters of the system at annual average temperatures of 7 °C to 8.5 °C. 
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Table 1. Values of annual average temperatures in the analysed locations.






Table 1. Values of annual average temperatures in the analysed locations.





	Location
	Average Annual

Temperatures [°C]
	Minimum Average

Temperatures [°C]
	Maximum Average

Temperatures [°C]





	Suwałki
	6.3
	−5.3
	16.1



	Warsaw
	8.2
	−1.2
	19.2



	Wrocław
	8.1
	−1.1
	17.8










 





Table 2. Most common temperatures in Wroclaw.
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	Temperature Range [°C]
	Total Duration [h]





	0–1
	415



	1–2
	414



	2–3
	392



	3–4
	372



	4–5
	366



	10–11
	397



	11–12
	432



	12–13
	410



	13–14
	402










 





Table 3. Heating energy values during the heating season.






Table 3. Heating energy values during the heating season.





	Location
	Total Heating Energy Values

during Heating Season [kWh]
	1 m2 Heating Energy [kWh/m2]





	Suwałki
	6140
	30.7



	Warsaw
	5259
	26.3



	Wrocław
	5174
	25.9










 





Table 4. Energy values and self-consumption rates of PV energy.
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	Location
	Total Energy for Compressor Supply [kWh]
	Energy from PV for Compressor Supply [kWh]
	Self-Consumption

Factor [%]





	Suwałki
	3364
	570
	16.94



	Warsaw
	2588
	486
	18.77



	Wrocław
	2538
	482
	18.99










 





Table 5. Total thermal energy in the heating season and average SCOP with and without a PV system.






Table 5. Total thermal energy in the heating season and average SCOP with and without a PV system.





	Location
	Thermal Energy for Heating the Building [kWh]
	SCOP without PV System

[-]
	SCOP with PV System

[-]





	Suwałki
	6140
	1.825
	2.197



	Warsaw
	5259
	2.032
	2.502



	Wrocław
	5174
	2.038
	2.516
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