
Modelling and real time simulation of the instantaneous performance of residential air source heat pump water heater. 
Stephen L. Tangwe, Michael Simon and Edson L. Meyer 
Fort Hare Institute of Technology, University of Fort Hare, Alice, Eastern Cape, South Africa, Phone: +277406022086, Fax: +27 40 653 0665, e-mail: stangwe@ufh.ac.za
Abstract. Air source heat pump (ASHP) on like water and geothermal source heat pumps are widely used in sanitary hot water production by virtue of the relative ease of harvesting, low grade aero-thermal energy and less complexity in operating and maintaining the heat pump unit.  The optimization of power and coefficient of performance (COP) of the system requires a detail and crucial investigation of compressor, condenser, evaporator, expansion valve and thermo physical properties of the refrigerant to ensure components are under steady state conditions for their optimal performance when the system is in operational heating up cycle mode.  It is worth mentioning that this approach for optimizing system, is challenging and time consuming.  Hence this paper appraises identifying primary and secondary predictors of the system performance and these variables were employed to develop a multiple linear regression model (OLS) of the power and COP.  Since our goal was to develop a robust model, an optimization of the input variables was performed using constrained linear least square solver in the MATLAB optimization tool. Furthermore, a data acquisition system (DAS) was designed and built to measure ambient temperature, relative humidity, condenser, evaporator, inlet and outlet water temperatures of the ASHP.  In addition, electrical power of the ASHP water heater and its water flow rate were also measured while the system was in heating up cycle.  The results showed that COP depends primarily on volume of water heated, temperature of inlet water and outlet water from the ASPH while the influence of ambient temperature and relative humidity were secondary.  The predictors were ranked by weight importance using a function (relief) in the MATLAB statistical tool.  
Air source heat pump (ASHP); Ordinary least square (OLS); Coefficient of performance (COP); Predictors weight ranking (ReliefF)  
1.   Introduction
Heat pump technology was invented in 1950 and it basically operates on the principles of refrigeration.  The two commonly utilized refrigeration technologies of heat pumps are the vapour compression refrigerant cycle and vapour absorption refrigerant cycle.  The first heat pump water heater intended for mass production was designed and built by Calm in 1984.  ASHP water heater is one of the heat pump types that operates on a vapour compression refrigerant cycle and has the capability of providing over two units of useful thermal energy just with one unit input of electrical energy when the system is in heating up cycle [Levins, 1982].  It is classified as a renewable device because it is capable of extracting majority of the waste thermal energy from the ambient as aero-thermal [Morrison et al., 2003].  This special characteristic of heat pump that enables it to provide such a very high efficiency of 300% is called COP [De Swardt et al., 2000].  The instantaneous, seasonal or annual COP can be calculated using simulation with TRYSNY software package [Kline et al., 1999],] and an analytic mathematical modeling correlating COP and temperature of solar assisted ASHP water heater [Itoe et al., 1999].  The COP of ASHP water heater depends on various parameters including component design, heating load cycle, thermo-physical properties of refrigerant, ambient temperature, relative humidity and air speed through the duct space.  In this study, a multiple linear regression model for both the COP and power consumption was built using data obtained from seven heating up cycles (first hour heating rating condition) of a single phase 230 V, 1.2 kW SIRAC ASHP retrofitting a 200 liter hot water cylinder at different input cold water and ambient temperatures while the hot water temperature was set at 55oC. 
2.   Materials and brief description
The data acquisition system (DAS) composed of two power track analyzers, power and energy meter, U30-NRC hobo data logger, two flow meters, 8 temperature sensors, UX120 hobo data logger, one ambient temperature and relative humidity sensor.  The power track analyzers are power meters with an inbuilt data logger and were configured to log every one minute interval, the power consumption of the propeller axial fan connected to the rear end of the evaporator coils and the water circulation pump.  The flow meters were connected to the water pipe supplying water into the inlet of ASHP and the other to the outlet hot water pipe delivering hot water to the building.  The power and energy meter (T-VER-E50B2) was connected to the power cable of the ASHP water heater and measured the power consumption and power factor of the entire system.  The temperature sensors were installed at the evaporator, suction line, discharge line, condenser inlet, condenser outlet, vicinity of the evaporator, inlet and outlet water pipes of the ASHP.  The relative humidity and ambient temperature sensor measured relative humidity and the ambient temperature.  All these sensors and transducers were connected to U30 NRC and UX120 hobo data loggers that were configured to be logging every one minute.  These sensors and transducers carry an input pulse adapter attached to their connecting cables that convert the analogue signal to digital and hence reduces errors in the measurements.  All the temperature sensors were well insulated to prevent reading from external interference.  The relative humidity and ambient temperature sensor was enclosed by a radiation shield which prevented the sensor from damage by intense solar radiation and other climatic factors.  The data stored in both the UX120 and U30-NRC was read out by hoboware pro software before it can be downloaded and exported for further analysis.  The data were analyzed using the MATLAB software and based on the derived regression model for power and COP, a simulation was designed and built in the Simulink environment.  Since the instantaneous power and COP were derived from an ordinary least square method, the results were optimized using constrained linear least square solver in the MATLAB optimization tool.  Finally, predictors were ranked in importance of weight for both responses (power and COP).  
3.   Data acquisition system and experimental setup
Figure 1 and 2 shows the combine installed heat pump water heater schematic block diagram layout of the setup and the DAS. The system was installed in a middle class home in Fort Bueafort, located in the Eastern Cape Province in South Africa. I (UX120) logged ASHP inlet water flow rate in counts (one count  is equal to 3.7854 liters) and also the real energy in Wh, reactive energy in VARh and ampere hour in Ah are in the form of counts were 1 Wh and 1 VARh is equal to 1 count while 1 Ah is 100 counts. H and G (power track analyzers) measured the power consumed by fan and water circulation pump respectively.  F (T-VER E50B2 power and energy meter) measured the power, energy and power factor of the ASHP water heater and the data are stored in J. The temperature sensors, flow meter to hot water outlet pipe from the tank, relative humidity and ambient temperature sensors are all housed by J (U30-NRC data logger).  A is the compressor and on the suction and discharge lines were installed temperature sensors that measured temperatures of the refrigerant (R417A) at the aforementioned sides.  B is the evaporator and the temperature sensors installed on the coils measured the evaporator temperature.  E is the condenser and the two temperature sensors installed on either ends, measured the inlet and outlet temperature of the refrigerant in the condenser.  C and D are the fan and capillary tube respectively.  The temperature sensor in the pipe connected to ASHP with the flow meter measured water temperature into the inlet of the ASHP while the temperature sensor on the outlet pipe measured water temperature out from the ASHP.  The storage tank served as a reservoir for hot water to be stored after attaining the set point temperature. There is also a strainer connected to the inlet water pipe into the ASHP, which helped to block debris from entering the unit and also a non-return gate valve at the outlet water pipe that stopped the exit water from flowing backward into the ASHP.  
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Figure 1: Schematic layout of setup                              Figure 2: Shows system installs and DAS
3.1.   Illustration of COP and main ASHP temperatures profiles during heating up cycle.
In figure 3, the entire profile of the heating up cycle at average ambient temperature of 36oC, average relative humidity of 23.5% and average cold water temperature of 24oC is divided into three zones A, B and C.  The blue line with upper triangle marker represents the COP profile.  The red, black, green, cyan and magenta lines represent the evaporator, suction, discharge, and condenser outlet and condenser inlet temperatures of the refrigerant.  At zone A, standing water inside the inlet pipe of ASHP, which is at a higher temperature than actual cold water contained in the storage tank is pushed into the ASHP where it is heated up. At the end of each cycle, the storage tank is drained and filled up with cold water from the main pipe supplying water to the building.  However, there is standing water in the pipe leaving the storage tank to the ASHP.  This standing water is at a relative higher temperature than the cold water in the tank. At time 0 minute, COP is zero with both the inlet water and outlet water temperature of the ASHP practically equal. As time increases to 5 minutes, the COP also increases as the temperature difference of the inlet and outlet water temperature of the ASHP increases.  The COP finally drops after 10 minutes to about 3.2. Variation is very minimal throughout zone B as the ASHP heat up cold water to set point temperature of 55oC.  At zone C, the COP again drops as the temperature difference of the inlet and outlet water in the ASHP becomes very small.  During the complete heating up cycle, the temperatures of the refrigerant at the evaporator, suction, discharge, condenser inlet and outlet increases respectively as depicted from the figure 3. 
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Figure 3: Shows profiles of COP and ASHP main component temperatures

3.2.   Theory and determination of the multiple regression models 

The data for the seven heating up cycles were integrated in a five minute interval. The measured power obtained from the power and energy meter and the calculated COP determined from the ratio of useful thermal energy output and the electrical energy input given in equation 1 below was considered as output for the model.  
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The volume of water heated by ASHP (Vh), ASHP inlet water temperature (Ti), ASHP outlet water temperature (To) of the ASHP, the ambient temperature (Ta) and relative humidity (RH) were considered as input predictors. The m and c are the mass of water heated and specific heat capacity. The input power Pin and power factor (PF) is derived from the power and energy meter using the following formula given in equation 2 and 3 below. 
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A reliefF test was conducted to rank the input variables in order of importance of weights of the response.  The weight rank ranges from 1 to -1, 1 if the input variable has a strong correlation with the output and -1 if no correlation exist between the input and output.  If the weight is positive the input variable is a primary factor for the output and if negative is a secondary factor.  The rank weight for the power as depicted by the bar chart in figure 4 below showed that all five input variables are the primary factor to the ASHP water heater power with outlet water temperature ranked the most important followed by volume of water heated and least is relative humidity. The rank weight for the COP show that the volume of water heated, ASHP inlet water and ASHP outlet water temperatures are primary factors while ambient temperature and relative humidity are secondary factors.  The order of rank weight importance showed volume as most important and relative humidity as least as shown in figure 5 below.
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Figure 4: Predictors weight ranking to power                  Figure 5: Predictors weight ranking to COP

3.2.1.   Multiple regression model for the power consumption of ASHP water heater 
The regression model of the power of the ASHP water heater built from the above predictors is given by equation 4 below where 
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are input parameters [Robnik-Sikonja and Kononenko, 2003].
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The coefficients of the scaling parameters are given in table 1 below.

Table 1: Input parameters and scaling constants for the power multiple regression model

	Predictor
	Symbol
	Scaling notation
	    Scaling factor
	Output

	Volume heated
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	0.0054
	Power (p)

	ASHP inlet temp
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	-0.0060
	

	ASHP outlet temp
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	0.0201
	

	Ambient temp
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	0.0081
	

	Relative humidity
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	0.0021
	

	Forcing Constant
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The scaling values predict that power consumption would increase with the increase in volume of water heated, ASHP outlet water temperature, ambient temperature and relative humidity.  The power consumption is likely to increase if the initial cold water temperature is very low.
2.3.2. Multiple regression model for the COP of ASHP water heater 
The regression model of the COP of the ASHP water heater built from the above predictors is given by equation 5 below where 
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The coefficients of the scaling parameters are given in table 2.
Table 2: Input parameters and scaling constants for the COP multiple regression model
	Predictor
	Symbol
	Scaling notation
	    Scaling factor
	Output

	Volume heated
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	0.0448
	COP

	ASHP inlet temp
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	-0.0164
	

	ASHP outlet temp
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	-0.0542
	

	Ambient temp
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	0.0703
	

	Relative humidity
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	Forcing Constant
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The scaling values predict that COP increased with increased in volume of water heated, ambient temperature and relative humidity.  The COP is likely to increase if the cold water temperature is higher and hot water temperature reduced to a lower set point.
4. Results and discussion
4.1. Variation of temperature dependent input variables with COP 
The profile of ASHP outlet water, ASHP inlet water and ambient temperatures (To, Ti and Ta) and COP profile for one typical heating up cycle (5 the cycle) was analyzed.  This profile is divided into three zones A, B and C.  At start time, the thermal energy is zero and both To and Ti are equal.  In zone B, ASHP inlet water is heated to set point temperature and as ambient temperature increases the COP also increase, although is not much significant as if the hot water temperature was at a lower set point temperature.  The COP can also increase if the cold water is at a relatively high temperature.  The COP again drops significantly at zone C since the power of an ASHP water heater is switched off in this zone, hence no further heating. This heating up cycle was completed in about 80 minutes with 15 minutes used at both zone A and C.  The average COP for the cycle is over 3.2 due to the high average ambient temperature of 37oC and cold water temperature of 24oC.  The COP is maximum when the difference in temperature between To and Ti is maximum.  The profile of the air temperature in the vicinity of the evaporator shows a 4oC difference with ambient temperature profile due to the shading effect occurring at the location of the installation of ASHP.  But the modeled results show no mean significant difference in COP between these two temperature profiles.
 4.2. Variation of volume of heated water and relative humidity with system COP
The profile for the 5 th heating up cycle shows that the volume of water heated pattern was strongly in correlation to COP since is a primary factor. However, relative humidity is decreasing slowly insinuating COP will decrease theoretically.  But it is not the case practically, as relative humidity is a secondary factor and least in the ranking by weight of importance to the COP. Furthermore, during this heating up cycle the initial cold water temperature was 24oC which is in the range of cold water temperature of ASHP water heater to operate with maximum COP. Again, both the volume of water heated and ambient temperature were increasing and hence enhance COP.  The zones A and C represent the performance phase without the incoming cold water and the termination phase when the ASHP power is switched off.
4.3. Comparative analysis of input variables to the measured and modeled output 
The table 3 below summaries the average input variable values for each of the heating up cycle and the actual (calc) and modeled responses they produce. The table 3 also shows that the ASHP water heater has the highest efficiency in the 5 the heating up a cycle where the total volume of heated water (VT) and average power consumption are greatest. The initial cold water temperature for this heating up cycle is higher when compared to the rest of the heating up cycles. Despite the relative humidity is low when compared to the heating up cycles 1,2,3,4 and 7, this is only a secondary factor and is least rank by weight of importance.
Table4: Show a comparative analysis of the inputs and output both measured and modeled

	Cycle

No
	Total

V/L
	mean
Ti /oC
	mean
To /oC
	mean
Ta /oC
	mean
RH /%
	mean
Calc COP
	mean
Model COP
	mean
Calc p/kW
	mean
Model p/kW

	1
	246.1
	19.1
	52.1
	15.7
	76.5
	1.80
	1.85
	1.37
	1.35

	2
	234.7
	20.4
	51.4
	16.4
	69.4
	1.76
	1.70
	1.35
	1.37

	3
	253.6
	19.4
	52.3
	12.8
	79.6
	1.64
	1.67
	1.35
	1.34

	4
	488.3
	24.6
	56.1
	37.9
	23.5
	3.28
	3.30
	1.48
	1.46

	5
	529.9
	26.7
	55.8
	39.7
	19.1
	3.41
	3.43
	1.51
	1.51

	6
	454.2
	24.7
	55.4
	40.3
	17.3
	3.14
	3.04
	1.47
	1.46

	7
	355.8
	23.3
	53.4
	27.9
	57.9
	2.82
	2.64
	1.44
	1.44


5.0 Conclusion

The results from our research depict that the heating up cycle under the first hour heating mode with the best COP is also having the highest average power consumption, although is of no mean significant difference compared to the rest of the heating up cycles.  The performance of ASHP water heaters with fan of constant speed can be accurately evaluated using a multiple linear regression model correlating power and COP with all the predictors.  Furthermore, running an optimization using constrained linear least squares to test the efficiency from the objective function value can help improve accuracy of the dataset used as predictors in the model.  During the heating up cycles were all input variables are changing, the instantaneous or average COP is dominated by the primary factors drivers, although relative humidity and ambient temperature also affected performance but are secondary factors.  Finally, it was deduced that the model power and COP are related to optimized power and COP by 
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 respectively. The results also show that in all the seven heating up cycles, no predictors remain constant, but the COP value is dominated by primary factors.
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