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Abstract

:

Due to the growing demand for new ecological, low-emission heat sources, there is a need to develop new tools for simulating the operating parameters and costs of the implemented solutions. The article analyses the existing solutions for the simulation of heat pump operation parameters, describes the requirements for a modern building—nZEB and proposes a simulation tool based on thermodynamic parameters of the refrigerant. The script allows for deriving simple linear equations that can be used for the overall simulation of a system in which the heat pump is a key part and the efficiency of the entire system depends on its performance. The developed numerical script allows for reproducing the Linde refrigeration cycle and the parameters of its characteristic points. To calibrate the simulation, historical data obtained from the SOPSAR system were used. These data were pre-cleaned (peaks and other obvious measurement errors were removed). The obtained numerical model in combination with ground and air temperatures, anticipated hot water consumption and energy losses of the building can be used to simulate the annual performance and energy consumption of the heat pump. The obtained linear models have an RSMD error of 8% compared to historical data from SOPSAR system for all sets of simulated temperatures.
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1. Introduction


There is a general trend in the European Union and Poland to quit traditional heating methods derived from non-renewable energy sources like coal or peat to renewable sources. There is an increasing global trend in the use of renewable energy sources—solar, wind, geothermal energy.



1.1. Energy Market in Poland and the European Union


The amount of electricity produced from renewable sources increased from 835,623 GWh in 2013 to 968,798 GWh, of which 345,502 GWh came from hydropower, 320,519 GWh from wind energy and 110,115 GWh from photovoltaics [1].



In Poland, as shown in Table 1, the highest increase in the number of renewable energy installations can be observed in the case of photovoltaic panels. In 2011, the amount of energy produced by photovoltaic installations was 0.2 GWh, and, in 2020, it would amount to almost 2000 GWh. The energy produced by photovoltaic installations constitutes a small part of the total renewable energy in Poland; however, the increase in energy produced by them in recent years has been significant. This is mostly due to the installation of domestic photovoltaic panel systems, the price of which has fallen significantly in recent years. Domestic photovoltaic installations produce energy locally and can be used for the household’s internal energy consumption. One method of using renewable energy for heating purposes is to use heat pumps powered by electricity that is produced locally by photovoltaic panels or wind turbines. In the European Union countries in 2013–2019, 15 M heat pumps were added, including 14.6 M air pumps and 0.44 M geothermal pumps [2]. The type of heat pump used depends mainly on the climate and local thermal conditions; in Italy—the country with the largest number of operating heat pumps—mostly air source heat pumps are used (2019—19.6 M air heat pumps, 0.014 M ground heat pumps), in Poland where we are dealing with a moderate climate, i.e., winters with temperatures below zero and relatively warm summers, both types of heat pumps are used equally (2019—0.112 M air pumps, 0.060 M ground pumps) [3]. Heating and cooling of households accounts for approximately 52% of total energy consumption in the European Union [4]. One of the reasons for the upward trend in the number of installed and used heat pumps—in addition to rising energy prices—is the EU goal of reducing greenhouse gas emissions, and one way to reduce emissions is to minimize the consumption of non-renewable energy for building heating.



When using heat pumps as the basic source of heating for households, it is necessary to determine the operating parameters which are strongly dependent on the parameters of the heat source—the outside air for air-source heat pumps and the ground temperature for ground-source heat pumps, and in particular on the efficiency expressed by the COP (Coefficient of Performance) [5,6,7], i.e., the ratio of the generated heat to the energy consumed by the heat pump. This is a very important issue from an operational point of view. This paper describes a numerical simulation of heat pump efficiency and compares the simulated results with measured data from an existing SOPSAR installation. The SOPSAR system—as described later on in the article—is the Solar Assisted Heat Pump and Storage system, designed to minimise usage of the grid energy for building heating purposes. The SOPSAR system is a product of the Czamara company. The Energy Department of the Cracow University of Technology and the Elfran company assisted in the development of the system. The COP model of the heat pump was verified using measurement data of the SOPSAR system provided by Czamara for the purposes of the RESHeat project.




1.2. Modern Energy-Efficient Construction Challenges


Modern technology represents an opportunity in the fight against climate changes. The use of increasingly advanced Renewable Energy solutions for energy saving makes it possible to achieve the goal of a low primary energy ratio. Technological progress gives also a chance to abandon the high values of heat transfer coefficients which generate high costs in relation to the potential profits from energy savings. The role of architecture should not be reduced to providing specific heat transfer coefficients that limit the freedom of design of building facades. It should become a conscious set of energy-active solutions. These solutions affect the form, functional layout and construction of the building [8]. These include striving for a compact building form, using appropriate roof slope inclination to harness solar energy on façades and roofs, or ventilating the house by using the stack effect. To reduce the use of additional systems with cooling and ventilation systems in residential buildings, external shading elements controlled by intelligent systems can be used, as glazing is not only a source of heat loss, but also a source of heat gain and the availability of daylight. Green walls and roofs can be introduced to purify the air, lower the ambient temperature and reduce noise levels. The choice of solutions depends on climate conditions, the site topography, the size and function of the development and the available land (especially for underground thermal energy storage units). Architectural decisions that accompany technological ones should be appropriate for the given case.




1.3. nZEB Building Concept


nZEBs (nearly zero-energy buildings) were introduced in the EU directive in 2010 and means: “a building that has a very high energy performance, …” The nearly zero or very low amount of energy required should be covered to a very significant extent by energy from renewable sources, including energy from renewable sources produced on-site or nearby”. The application of the nZEB model became mandatory for new public buildings from 31 December 2018, and for all buildings (including residential), it became mandatory at the end of 2020 [9].




1.4. Primary Enery Usage Reduction in nZEB Buildings


One of the methods to reduce primary energy consumption in nearly zero-energy buildings (nZEB) is the use of energy-efficient equipment and renewable energy. Fadejev et al. [10] described in their paper the performance of a solar-assisted ground source heat pump with thermal storage. A similar solution is used in the SOPSAR system, where solar energy from PV-T panels is used to regenerate the ground and to increase its temperature. The use of a solar heat pump in the system presented by Fadejev resulted in a 15% higher energy efficiency compared to district heating.



Gondal [11] compares different methods of energy harvesting in nZEB buildings. One method was the use of photovoltaic panels to power systems. Using photovoltaic panels to directly power the heat pump reduced the use of grid energy by 87%. The SOPSAR system utilizes sun-tracking photovoltaic panels which are powering the heat pump and the excess energy is fed back into the external grid. The aim of this system is to reduce the use of electricity from the electric grid to almost zero.



Li et al. [12] describes a public building where the nZEB model was applied. To achieve low energy consumption in the building, two GSHPs and an absorption chiller were used. The first heat pump worked under an average COP of 3.9 in winter and 3.0 in summer. The second heat pump worked under an average COP of about 5.4 in summer and 5.0 in winter. The heat pump in the SOPSAR system worked under an average COP of 3.4 and the whole system including photovoltaic panels and heat accumulators worked under an average COP of up to 6.



Zhou et al. [13] describe a GSHP installed in a public building. This is one of the most popular methods in China for using renewable energy in public buildings. The COP achieved by the heat pump in this building ranged from 3 to 2.6 in the coldest months. In addition to heating, the system was used for domestic hot water which requires the heat pump to operate at a high temperature of the heat sink. The COP achieved by the heat pump in the SOPSAR system is in a similar range of 2.4 to 4. Zhou describes the effect of the ground temperature and its decrease with prolonged operation of the heat pump and its effect on the COP of the system. The author used TRNSYS software to model the heat demand and the ground temperature trend. To regenerate the ground, the heat pump was integrated into the cooling system of the building during the summer period and the energy was returned to the ground probes. Chu et al. [14] described a system used to provide heating for a public building. This system—similar to SOPSAR—was characterised by a constant heat sink temperature and a constant water flow. During tests carried out over four days, the heat pump was operated continuously. The COP dropped from a value of 3.02 on day one to 2.71 on day four. A similar drop in COP was observed in the SOPSAR system; however, there the heat pump was run periodically depending on the heating demand, allowing the soil around the ground probes to regenerate.




1.5. COP Optimisation Methods


Pieper et al. [15] compared existing COP simulation techniques and proposed a COP estimation method designed for a two-stage heat pump using ammonia as a refrigerant that meets the following assumptions:




	
Suitable for modelling a two-stage heat pump;



	
Simplicity in the application of linear modelling;



	
High accuracy considering heat source temperature, heat sink temperature and heat pump load;



	
Applicable to both heat pumps and chillers.








The RESHeat simulation method must meet similar objectives to the solutions described in the article above. The simulation model must provide sufficient accuracy with varying heat source and heat sink temperatures and must be refrigerant dependant; however, the solution must be able to simulate a single stage heat pump using various HFC refrigerants.



Girard et al. [16] described solar thermal collectors as a method for achieving higher performance of ground source heat pump by increasing source temperature and by thus increasing COP of the heat pump. The energy model developed in this article allowed for simulating working performance of SGSHP (solar assisted ground source heat pump) in different climate conditions. A development of the simulation presented in this paper will simulate the entire RESHeat system consisting of a heat pump with ground storage tanks supported by PV-T panels and solar collectors.



Chen [17] tries to find optimal parameters of SGSHP allowing for achieving maximum COP for a given system. The article considers an optimal operating temperature of a solar collector to be investigated to maximize COP. Other factors considered are: optimal operating temperatures of the working fluid in the heat exchangers, optimal relations of the heat exchanger areas and optimal design of heat exchangers. The concepts presented in this paper will be used to determine the optimum operating parameters of the RESHeat system i.e., source temperature, which is directly impacted by the amount of heat generated in the PV-T panels and solar panels and the size of the heat storage tanks used in the system.



The articles presented above have covered different simulation methods and parameters affecting the COP of a heat pump. The method presented in this paper attempts to combine the advantages of these methods, i.e., it allows the simulation of the COP for varying operating parameters, different refrigerants and produces a simple calculation algorithm—a linear equation that will be used in the further simulation of the whole RESHeat system where the heat pump is one of the keys but not the only component of the system.





2. Materials and Methods


A heat pump is an inverse heat engine implementing a counter clockwise thermodynamic Linde cycle, which can be defined as a device that transfers heat from a low temperature source to a high temperature sink. Air source heat pumps, which are most common, extract heat from the outside air and transfers it to a circulating liquid or heats the domestic hot water.



2.1. Heat Pump Thermodynamics


To transfer energy from the lower temperature source to a higher temperature sink while maintaining the second law of thermodynamics, the refrigerant needs to undergo several phase transitions in a closed-loop cycle [18].



In a typical single-stage heat pump as shown in Figure 1 and Figure 2, there are four major thermodynamic transformations:




	
Compression (1–2);



	
Condensation (2–3);



	
Expansion (3–4);



	
Evaporation (4–1).








Thermodynamic properties of refrigerant need to be determined in all of the governing points above to determine the energy performance of the heat pump. Below, a simple implementation of the refrigeration system with the characteristic points listed above is shown.



Figure 3 shows the elements of the system including energy balance inputs and outputs (QH, QC, N).




2.2. COP


COP is the quotient between the energy supplied (N) in the compressor, and the energy given off in the condenser (QH). The main parameter allowing optimisation of the heat pump efficiency is the temperature of the heat source, by increasing it, it is possible to increase the COP indicator of the heat pump and reduce the electricity consumption.




2.3. Carnot COP Coefficient


The counter-clockwise Carnot cycle is a theoretical representation of the most efficient refrigerant cycle operating between the two temperatures. It establishes the highest possible COP for the given temperatures. The COP for the Carnot cycle can be calculated as follows [18]:


    COP    HP , Car     =   1   1   −       T C     T H       



(1)








2.4. Lorenz COP Coefficient


Based on the Second Law of Thermodynamics, it is known that the COP for a reversible heat pump operating between two finite energy sources can be defined as the COP of the Lorenz cycle [6]:


   COP Lorenz  =     T ¯  H      T ¯  H  −   T ¯  C    =     T ¯  H    ∆   T ¯  Lift     



(2)







As seen in Equation (2), the COP of the Lorenz cycle is determined by the logarithmic mean of the heat sink divided by the logarithmic mean difference of the heat sink and heat source, hereinafter referred as TLift = TH − TC. Assuming that the heat sink and heat source have constant heat capacity, the logarithmic mean temperatures were calculated as seen in Equation (3) [20]:


    T ¯  H  =   ∆  T H    ln  (     T  H , o      T  H , i      )    ,   T ¯  C  =   ∆  T C    ln  (     T  C , o      T  C , i      )     



(3)







The COP of the Lorenz cycle calculated using the logarithmic averages of the heat source and heat sink determine the maximum COP achievable for a heat pump operating between these reservoirs. The efficiency of the Lorenz circuit can be defined as the coefficient between the actual COP of the heat pump and the COP of the Lorenz circuit, as seen in Equation (4) [20]:


   η  Lorenz    =    COP     COP   Lorenz      



(4)







The average Lorenz cycle efficiency for a SOPSAR installation was determined as 0.4.




2.5. COP Based on Thermodynamic Properties Obtained in Python’s CoolProp


In order to determine the COP coefficient, the thermodynamic parameters of the refrigeration medium were defined at the characteristic points of the counter-clockwise Linde cycle [21]. All governing points are shown in Figure 1. In the above thermodynamic system, the individual COPs components can be defined as [22]:


    Q H     = H     2      −      H   3      Q C     = H   1  −      H   4        N = H   2  −      H   1    



(5)







By using the CoolProp package and determining the thermodynamic parameters of the characteristic points of the cycle, the parameters of the H2 point can be calculated with sufficient accuracy using the following equation [22]:


   h 2     = h     D 2     +   (   s 1       −   s     D 2     )       ×   T   H   



(6)




where D2 is a point located on saturation point (x = 1) of condensation temperature. The COP for the system can be defined as:


   COP =     Q H   N   



(7)







In order to determine the thermodynamic values at characteristic points, the CoolProp library in the Python programming environment was used, which allows the following parameters of governing points to be determined:




	
H—enthalpy (kJ/kg)



	
S—entropy (kJ/kg·K)



	
P—pressure (Pa)



	
T—temperature (K)








The CoolProp calculation package allows you to determine one of the above-mentioned values by giving a pair of any other two defining parameters.




2.6. SOPSAR System


Due to changes in legislation forcing an increase in the share of renewable energy for residential heating, a system using PV-T cells, vacuum collectors, coupled to a water-to-water heat pump was developed. The system was realised by the Czamara company with a help of Energy Department of Cracow University of Technology and Elfran under the SOPSAR project (financed by the National Centre for Research and Development—‘Fast Track’ programme for small and medium enterprises). The RESHeat system is a development of the SOPSAR system which aims to commercialise it. The proposed RESHeat system enables combined cooling, heat and power (CCHP) generation, including seasonal energy storage in the ground. Waste heat from PV-T panels and heat from solar collectors equipped with sun-tracking are stored in underground tanks.



The Figure 4 shows a schematic of the RESHeat system consisting of a heat pump, energy generation systems—photovoltaic panels, solar panels and borehole heat exchangers, as well as energy storage systems such as ground heat accumulating tanks.



The RESHeat system aims to:




	
Use solar heat as the primary energy source;



	
Produce heat and electricity using photovoltaic (PV-T) panels;



	
Seasonal energy storage in the ground;



	
Supply heat and cold to a building through a heat pump;



	
Supply electricity to a building through a PV panel system;



	
Use of waste heat from intelligent solar collectors or PV-T panels for regeneration of the ground;



	
Maintain the heat pump’s high COP for subsequent heating seasons by using regeneration of the ground.








The commercialised RESHeat system should consist of similar equipment as shown above, included in the SOPSAR system. The numerical method described in the previous paragraph was developed for RESHeat project as part of a whole system numerical approach. The main focus of this model was to determine the impact of heat source improvement for COP performance.





3. Results


The simulation parameters are shown in the Table 2. Some of the parameters were determined based on measurements from the SOPSAR system; others were determined based on typical heat pump operating parameters.



The parameters shown in the Table 2 above were chosen to represent the parameters at which the SOPSAR system operated during the period when the measured data were collected. The heat sink temperatures were selected based on the required domestic hot water temperature, and the heat source temperatures reflect the ground temperature and their drop due to heat pump operation. Subcooling, superheating and pinch-point were selected based on a typical single stage heat pump similar to this used in SOPSAR. The main constraint of the study was the limited temperature range of the collected measurement data. Simulations were carried out within the temperature range of the SOPSAR system. For every pair of source and sink temperatures, the governing point thermodynamic properties were obtained, and COP was calculated. Below in Figure 5, the effect of a simulation carried out for one pair of heat sink and source temperatures is shown. The numerical simulation script allows for obtaining the thermodynamic parameters for all characteristic points of the refrigeration circuit as in the log p-h diagram shown in Figure 5.



The numerical model was tuned using data obtained in the SOPSAR system installed in Limanowa, Poland the components of which are shown in the Figure 6. The data from SOPSAR system were gathered from June to September 2020.



Using the above approach, the COP was determined for two temperatures of a heat sink and several temperatures of heat source, which allowed for creating COP graphs. The SOPSAR data shown in the Figure 7 and Figure 8 were filtered for sink temperatures equal to 45 °C and 50 °C. Equations (8) and (9) show a linear approximation that can be used for future simulations of the heat pump performance for these temperature ranges.



The large scatter of measurement points obtained in the SOPSAR system is caused by inaccuracies in the metering equipment—temperature sensors, flow meters and energy meter. Some of the incorrect measurements were removed at the data processing stage. The above graphs show the COP determined with the use of the three previously mentioned methods and also present measurement data from the SOPSAR system. The COP calculated by the Carnot method represents the maximum possible performance for given temperatures. This index does not take into account the type of the circulating medium and its thermodynamic properties, and the irreversible processes occurring during the refrigeration cycle are not taken into account. The Lorenz COP corrected by a coefficient of Lorenz efficiency equals 0.4, showing the approximate value of the COP for real working conditions. The last method considers the thermodynamic properties of a specific refrigerant and the processes taking place in the elements of the heat pump system as shown in Figure 5. Based on the numerical model, for the average sink temperature equal 45 °C, the following COP(t) formula was obtained from graph shown in Figure 7:


  COP  ( t )   = 2     . 41   ×   10    − 3        ×   t   2   + 3     . 23   ×   10    − 2      ×   t + 2   . 46   



(8)







The RMSD for the equation given above is 0.21, which is 8% of the average COP.



For the average sink temperature equal to 50 °C, the following formula of COP(t) was obtained from graph shown in Figure 8:


  COP  ( t )   = 1     . 66   ×   10    − 3        ×   t   2   + 3     . 02   ×   10    − 2      ×   t + 2   . 18   



(9)







The RMSD for this equation is 0.24, which is 8% of the average COP. Both formulas can be used for further simulations of heat pump assuming that the R410A refrigerant was used, sink temperature equals 45 °C or 50 °C, and source temperatures range from 5 °C to 20 °C. The RMSD error of 8% was caused by, as mentioned before, inaccuracies of the measuring apparatus; however, the obtained solution is sufficiently accurate for the purpose of energy consumption simulation and operating cost analysis, which will be carried out in further studies.




4. Conclusions


The method presented in this article allowed us to obtain a simple second-degree linear model of COP, which can be used in further analyses. With the use of the Python numerical model presented in this article, two linear equations were developed for a specific range of heat sink and heat source temperatures and refrigerant specified in simulation. The main limitation of those equations is that they can only be used for temperatures and refrigerant for which they were specified. Using the Python numerical script, you can prepare linear equations for other refrigerants and other temperature ranges. In the simulation, it was determined that the COP for the sink temperature of 45 °C and source temperature of 5 °C is equal to 2.7. For the same sink temperature and source temperature of 15 °C, COP is equal to 3.5. For sink temperature of 50 °C and source temperature of 5 °C, the COP equals 2.4 and 3.0 for source temperature of 15 °C. Both linear equations have been determined within the range of recorded measurement SOPSAR data and agree with the measured COP for the existing installation. The linear model can be used in conjunction with weather data, ground temperature, heating loads and typical hot water usage to simulate yearly energy usage. COP calculated with this method is sufficiently accurate for determining yearly energy usage and performing cost and benefit analysis. Its simplicity allows fast implementation in other numerical approaches, which require quantification of energy used for domestic needs. During the development of the model, the main challenge was to correctly represent the operation of the system taking into account the efficiency and energy losses in the system. Some difficulties were also caused by the proper preparation of measurement data of the SOPSAR system, identification of incorrect measurements and periods of starting and halting the system where erroneous measurements occurred. The numerical model and linear equations presented in the article will be used for the autonomous RESHeat system in which the heat pump will be one of the essential parts. The model of the RESHeat system, which is the continuation of SOPSAR, is still in development. In addition to simulating the efficiency of the heat pump, it will take into account heat demand for space heating, domestic hot water heating, periodic variability of the ground temperature, ground temperature degradation in winter and the impact of waste heat on the regeneration of ground temperature in the summer period. Determining the COP for a heat pump operating in such a system is crucial to determine the impact of regeneration and accumulation of heat in the ground on pump performance and to analyse the costs and benefits of implementing such solutions in a given system. Further research will include the effect of heat pump operation on the ground temperature, and the potential to regenerate it using waste heat from PV-T panels. The biggest challenge will be to integrate the two simulations, ground and heat pump, into a single solution to account for the mutual influence (feedback loop) on the annual ground temperature profile and its effect on system efficiency.
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Nomenclature




	COP
	COP for heat pump Carnot cycle, (-)



	T
	Temperature, (K)



	    T ¯    
	Logarithmic mean temperature, (K)



	h
	Enthalpy, (kJ/kg)



	H
	Enthalpy, (kJ)



	Q
	Energy flow (kJ)



	s
	Entropy, (kJ/kg·K)



	N
	Energy input for heat pump, (kJ)



	V
	Volumetric flow, (m3/h)







Subscripts




	C
	Source



	H
	Sink



	Car
	Carnot cycle



	I
	Inflow



	O
	Outflow



	Lorenz
	Lorenz cycle







Abbreviations




	COP
	Coefficient of Performance



	nZEB
	Nearly zero-energy building



	PV-T
	Photovoltaics thermal panels



	GSHP
	Ground source heat pump



	SGSHP
	Solar assisted ground source heat pump



	COP(t)
	COP function of temperature



	M
	Million



	RMSD
	Root mean square deviation
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Figure 1. Log T-s diagram of the vapour-compression refrigeration cycle. Reprinted with permission from ref. [19]. 2017 Duarte et al. 
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Figure 2. Log p-h diagram of the vapour-compression refrigeration cycle. Reprinted with permission from ref. [19]. 2017 Duarte et al. 
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Figure 3. Schematics of the vapour-compression device. Reprinted with permission from ref. [19]. 2017 Duarte et al. 
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Figure 4. Schematics of RESHeat system. Reprinted with permission from ref. [23]. 2021 Ocłoń. 
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Figure 5. Characteristic points for R410A refrigerant cycle generated by the Python script for source temperature equal to 5 °C and sink temperature of 45 °C. 
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Figure 6. Elements of existing SOPSAR system, solar tracked collectors manufactured by the Elfran company (top left corner), solar tracked PV-T panels manufactured by the Elfran company (top right corner), underground heat storage tanks (bottom left corner), and heat pump (bottom right corner). Reprinted with permission from ref. [23]. 2021 Ocłoń. 
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Figure 7. COP results for sink temperature = 45 °C. 
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Figure 8. COP results for sink temperature = 50 °C. 
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Table 1. Wind and photovoltaic energy production (GWh) Reprinted with permission from ref. [1]. 2021 Eurostat.
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2011

	
2012

	
2013

	
2014

	
2018

	
2019

	
2020






	
EU-27

	
Wind

	
165,346.9

	
187,460.6

	
209,474.8

	
222,356.7

	
320,506.5

	
367,115.3

	
397,054.8




	
PV

	
45,329.5

	
66,401.5

	
79,334.7

	
88,714.1

	
110,480.5

	
120,034.7

	
140,244.4




	
Poland

	
Wind

	
3204.5

	
4746.6

	
6003.8

	
7675.6

	
12,798.8

	
15,106.8

	
15,799.7




	
PV

	
0.2

	
1.1

	
1.5

	
6.9

	
300.5

	
710.7

	
1990.3
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Table 2. Operating parameters.






Table 2. Operating parameters.





	Tsink

(°C)
	Tsource

(°C)
	ΔTEvap

(K)
	ΔTCond

(K)
	Vsink

(m3/h)
	Vsource

(m3/h)
	Subcooling

(K)
	Superheating

(K)
	Pinch-Point

(K)





	45; 50
	5–20
	6.1
	6.9
	5.6
	4.6
	2
	5
	1
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o

2

10

—— simulation for Ri10A

5 o s E]
‘Source temperature [°C]






media/file4.png
>

Pressure (MPa)

Subcooling
3_'\ Condensation 2'

3

Expansion

/ Compression

‘ 1"

/ 4’ Evaporation [ '\
Superheat

Enthalpy (kJ/kg) *





nav.xhtml


  energies-15-00383


  
    		
      energies-15-00383
    


  




  





media/file16.png
10

—— Simulation for R410A
— Carnot

— Lorenz
« Measured data

Source temperature [°C]

15






media/file2.png
Temperature (K)

>

N ‘

7' » /| 3 Condensation
- - Compression

\Su perheat

4' Evaporation

>
Enthrophy (kJ/kg*K)





media/file5.jpg
Expansion
Valve

TQH

Py Ty Condenser

Compressor

Pc Tc

Evaporator
fa

-





media/file3.jpg
>

Pressure (MPa)

Condensation

Submcling\

Expansion
Compression

1\
Superheat

Evaporation

Enthalpy (kJ/kg) >





media/file1.jpg
>

Temperature (K)

Compression

T
.

\Superheal

>
Enthrophy (kJ/kg*K)





media/file7.jpg
To dectic
gid

Electricity

Sun-tracked  Sun-tracked
AT sc

§ Jreansormee

1

PVT waste heat

SC thermal output

(nulated) $0°C

(aninsulated) 33 °C

—| E
Heat g
Pump Floor heating
— Ground.
- [y regeneration
ot ater sorage tark Heataccumulator

Borelole heat exchanger





media/file10.png
/|
!
[

!

-~
iy "

- Ty
.._._..J.._..r _......._r_..... r.r_..l
 — — —
e t....-.._._r -lll-l-lll-.‘lqr.l...._j_l-ll — *
=p e T = e 8
_tll...r. -.!ll-ll...-l-.-n-' lr-...".'.r‘ .lI-l.l-Iu'..-llI- .._l...... 2
-W.@Olnll.rll‘ Il-...lll-ll-.-lll Q*Q — ll-ll‘_.ltr.l...l —
- k' @ o — . .___\ . - .
..I...ﬂ..ln I+.|I1-1Il n‘lr..... ll-l.l-l-..ll!-lnl - ﬁ.*.w-m- I ———— IllL_rﬂl_..-I
- -I-l..ll]u-#l o e — — = ll-lk
-.\-1- ﬂn.....l-.-llr- ll._”..._r.ﬂ-llu.ll- o h..w.l‘"..l.l.ul. — —
i..-l_".r -W-tdo Ill+.l|l.- e -Ill.-l!l.lll.nll N I
i—..nu- l.l.__ll...- ..l-l-ll!!l_-.l... ..ll_-ll...lllnl.ll!l._ﬂtl.“..n
- ‘“-Ln l\-\lt“ I‘.-It..l[!llr‘-‘l l-‘-l-ll'.".ll'illnl
- - e -~ e oy
- * = - — N
‘1! o&n\\ f"l-.“-‘l -\-'-l — .rl..f "-I-‘- I-.Illl‘._-lrn-ll
] A-\..-“..f..m l._.\lill.- .r.-.r__...-.ﬂ--lll.otll. — Illl.lll.o..j”.rll' Itl--r-l'_
- . -_— oy l-l...l_l .....u.lﬂ..ll.lln.-ll__lu...
" -l\‘ Sy — . - —
‘J..‘ ...l\l + -I‘ +|ll-l . — “0‘.—.‘ i .I.,t-' -ll-lllllli'-ll
] - — f— e —
T nn\ -l.l.- L— -l .ln.IlItII-.ll. -L R
\ \wa \l -l_\i\ - J q I . . l‘l._t-.l"l
4 \\--. _....-‘A“ll -ll...- tll.-lll- g§ e V. - 0
Il.,..ﬂ T LT S e *Q.N_f. e .__...._.|h_ m
. -_\_\ - L ll.vat.l-_ . -_— —_— . e
d ﬂ.__ - T’ — T
. 5 - L L L, o — - ™ - P
= .\_\ _o - . - o -
“.-_ft. .JV-)T -.\\. _._\_1- e~ .-.r.h'.f-r..l..- -ll‘-.ll‘. _..J.-..r._ [
# e l-.l\_\ .1\. _.\l_-. L _rv.....‘-l‘.l.ll_ L -nl-l--lr.u..ﬂ”
.A. .\. ll.rl.\.“l '\\-\\. .\.l...-‘.. I_.I-_-I.I- ._.l..r._..llllulll..-lnl- |l!i_||-ll.l'-.ﬂ‘|..l
\ \. - _rt._ -l_ll 1\1.-. -ll_l- -i-l-‘ll.- l.l..lrr.‘l‘-l -llloil -
-\ ¢\. Mf._ .l...“lr-..\i ..ll-...l..r lll-llli .r..._r..-.l e — —— —
. s —r
4 uo e _\\.. - = — e e s T
b .\1 a \\_ \\__. ! -~ _ll.m -— I!l..._ll...-lJ.r..JJl
Y ’ 7 - g *Q‘.ﬁ. al..l.ll-. I.Illhl.lll‘
o * - + -~ *m- L. -
tﬂ ).\__ ..‘.-l.l.h\.l-l. \ 4.\.1.' ...\_. -_\\.. H-l."-l.“- - __I_..III I!I.II-..I.'
- -
(Y IR A s _ T = _
* » lrrllll — — l-.l:...ll l1.r
\ .\ H _ . l..l—f.l..l M . - .
= e 1 1 . _ l..l—ll- _ —.- o
e - — ¥ [ “ | Illlll....- S
-H ﬂ- - Il'l_..— — — m —_-l. ll-l....ll — =

.
A
-]
.

logp-h R410A

&
..l_.l.'-.l—f
-
- =

:
|
n
—h
Z
=
i
e
-
I
L]
I
I
—
I
200

(1eq) 4 21nssald

Enthalpy h (k)/kg)





media/file12.png





media/file9.jpg
%o

logp-h R410A
Enthaipy h (kikg)

eq) g ainssang





media/file0.png





media/file14.png
COP [-]

10

——— Simulation for R410A

— (arnot
— Lorenz

Measured data

10 15 20
Source temperature [°C]






media/file8.png
To electric

grid Electricity —\

Sun-tracked Sun-tracked

PVT Sk

§ Transformer

—

1_[ SC thermal output

PVT waste heat J:

DHW

Heat
Pump

Floor heating

Wall heating

i

Control !

il

I 1ot water storage tank
(insulated) 80 °C

Ground
i } regeneration

/4 | SITIT77070777777777777 /4

I leat accumulator
(uninsulated) 35 °C

| Borehole heat exchanger





media/file11.jpg





media/file6.png
la.

Py Ty Condenser

Expansion

Compressor
Valve P |

Pe Te

Evaporator
TQG





media/file15.jpg
—— Simulation for R410A
—— Camot
— Lorenz

+ Measured data

5 0 s E]
‘Source temperature [°C]






