
Abstract

In South Africa, there is an ongoing constraint on

the electricity supply at the national grid to meet the

demand. Eskom is implementing various measures

such as the Integrated Demand Management and

the promotion and encouragement of the use of

energy efficient devices like an Air Source Heat

pump (ASHP) water heater to replace the high elec-

trical energy consuming conventional geysers for

sanitary hot water production. The ASHP water

heater market is fast gaining maturity. A critical

mathematical model can lead to performance opti-

mization of the systems that will further result in the

conservation of energy and significant reduction in

global warming potential. The ASHP water heater

comprises of an ASHP unit and a hot water storage

tank. In this study, a data acquisition system (DAS)

was designed and built which monitored the energy

used by the geyser and the whole building, the tem-

perature at the evaporator, condenser, tank outlet

hot water, tank inlet cold water, the ambient tem-

perature and relative humidity in the vicinity of the

ASHP evaporator. It is also worthy to mention that

the DAS also included to a flow meter and two addi-

tional temperature sensors that measured the vol-

ume of water heated and inlet and outlet water tem-

perature of the ASHP. This work focused on using

the mathematical equation for the Coefficient of

Performance (COP) of an ideal Carnot’s heat pump

(CHP) water heater to develop basic computation in

M-file of MATLAB software in order to model the

system based on two reservoir temperatures: evap-

orator temperatures (Tevp) of 0°C to 40°C (approxi-

mated to ambient temperature, Ta) and condenser

temperatures (TCon) set at 50°C, 55°C and 60°C

(approximated to the hot water set temperature of

50°C, 55°C and 60°C) respectively. Finally, an ana-

lytical comparison of a CHP water heater to the

practical ASHP water heater was conducted on a

hot water set point temperature of 55°C. From the

modelling results, it can be deduced that at 0°C

Tevp, the COP was 5.96 and 2.63 for CHP and

ASHP water heater respectively, at a hot water set

temperature of 55°C. Above 20°C Tevp, the rate of

change of COP increased exponentially for the ideal

CHP system, but was constant at 0.01/°C for the

practically modelled ASHP water heater. 
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1. Introduction

Hot water heating constitutes a significant percent-

age of energy consumption in the industrial, com-

mercial and residential sectors worldwide. In South

Africa, water heating is the largest residential use of

energy, with up to 50% of monthly electricity con-

sumption being used for this purpose (Meyer and

Tshimankinda, 1998). The Eskom strategic plan

outlook for 2010 to 2030 envisages over 20%

reduction of electricity production from coal (Digest

of SA Energy statistics, 2009) as shown in Figure 1.

One way to achieve this energy conservation could
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be by the use of an energy efficient technology such

as the implementation of a heat pump for sanitary

hot water production. Figure 1 illustrates the statis-

tical outlook for sources of electrical energy genera-

tion in South Africa.

In order to execute the afore-mentioned energy

efficient technology, Eskom embarked in rolling out

a rebate programme of approximately 65 580 units

of residential ASHP to retrofit existing geysers until

March 2013 (Eskom Report, 2010). Consequently,

this strategy will go a long way to promote the use

of this technology within the residential sector.

Considering the fact that the ASHP technology has

been recommended and accepted for demand and

energy reduction, it is therefore imperative at this

juncture to present a clear description of the ASHP.

The ASHP water heater is an electro-mechanical

close circuit system comprising of a heat pump and

a water storage tank. The key components of the

heat pump unit are the evaporator coil, vapour

compressor, heat rejection condenser and an

expansion valve. The ASHP water heater operates

on the principle of a vapour compression refrigerant

cycle (VCRC). It can be categorized into integrated

and retrofit types. In the integrated type both the

ASHP unit and the storage tank exist as a single sys-

tem; the ASHP lies on top of the tank while in the

split type, the ASHP unit is situated below the stor-

age tank and connected to it by pipes. Generally,

both types can further be classified as one passed

circulation system and recirculation system. Studies

have documented that the ASHP water heater

could provide hot water at 40 to 100 percent of the

rate of electric resistance units and 30 to 50 percent

of the rate of gas units, but required warm ambient

temperatures and a large heat pump or storage tank

so as to provide a constant flow of hot water

(Bodzin, 1997; CBEEDAC, 2005). The characteris-

tic of a heat pump that enables it to provide such a

very high efficiency of 300% is called the coefficient

of performance (De Swardt et al., 2000). The COP

of an ASHP water heater is dependent on various

parameters including component design, heating

load cycle, thermo-physical properties of the work-

ing fluids, relative humidity and air speed through

the duct space. The instantaneous, seasonal or

annual COP can be calculated using simulation

with the TRYSYN software package (Kline et al.,

2000), and an analytic mathematical model that

correlates COP and temperature for solar assisted

ASHP water heater (Itoe et al., 1999).

2. Fundamental principles of ASHP water

heater

The entire operational principle of an ASHP water

heater is clearly illustrated in Figure 2. During a

heating load cycle, the ASHP undergoes a VCRC.

The cycle can only be achieved in the case of CHP

by supplying electrical energy to the compressor

and in a practical ASHP, energy is also needed to

run the water circulation pump and fan as shown in

Figure 2. The low pressure and temperature refrig-

erant extract aero-thermal energy from ambient air

and the low pressure vapour flows to the compres-

sor where it is compressed and discharged as super-

heated gas. The thermal energy absorbed by the

gas is rejected at the condenser unit where incom-

ing water from the ASHP inlet pipe is heated to hot
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Figure 1: Illustration of energy outlook for sources of electricity production, according to Eskom

(Digest, 2009)



water set point temperature. Finally, the refrigerant

passes through an expansion valve where its pres-

sure and temperature drops. The complete process-

es involved in the cycle are shown in the tempera-

ture versus entropy and pressure versus enthalpy

graphs of Figures 3 and 4, respectively. From both

figures, the saturated liquid and saturated vapour

lines for the working fluid are distinguished by the

critical temperature (Tc ) and the critical pressure

(Pc).

Figure 3: T-S graph of VCRC for the CHP water

heater

The COP of the heat pump could be determined

by either using the pressure versus enthalpy graph

or the temperature versus entropy graph and the

essential parameters were obtained for the final

COP calculation. The analysis of the processes

involved in each section of the two figures is

explained below: where h and s are specific

enthalpy and specific entropy of the system, respec-

tively, Ein is input electrical energy and Qout is the

useful heat gain.

In order to understand and mathematically rep-

resent the processes taking place in the evaporator,

compressor, condenser and expansion valve sec-

tions of the heat pump, a set of equations (1-8)

were deduced. Analysing Figure 4, the process 1 to

2 occurred in the evaporator and the heat gain was

calculated using equation 1. 

∆Q = mh2 – mh1 (1)

Process 2 to 3 occurred at the compressor and heat

gain was calculated as shown in equation 2

∆Q = mh3 – mh2 (2)

Process 3 to 4 occurred in the condenser and the

heat rejected was calculated using equation 3

∆Q = mh3 – mh4 (3)

Process 4 to 1 occurred in the expansion valve and
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Figure 2: Illustration of an ASHP water heater schematic 

Figure 4: P-h graph of VCRC for the CHP water

heater



enthalpy change was calculated as shown in

equation 4

∆Q = mh4 – mh1 = 0 (4)

Using the definition of COP in terms of energy fac-

tor, equation 5 was obtained

COP = (5)

From equation 5, both energies (Qout, output ther-

mal energy and Ein, input electrical energy) can be

expressed in terms of h to give equation 6.

Both the evaporator and condenser temperatures

were expressed in Kelvin (K). Equation 8 was the

COP formulation applied to the CHP water heater.

Based on this equation, a computational pro-

gramme which modelled the COP variation with

temperature lift was generated from the M-file script

of the MATLAB software.

3. Methodology

3. 1 Variations of the modelled COP of the

CHP water heater with evaporator

temperature

The modelled COP of CHP derived from equation

8 was used for ambient temperature ranging from

0oC to 40oC with the hot water set point tempera-

ture (condenser temperature) of 50oC, 55oC and

60oC. Figure 5 illustrates Carnot’s COP variation in

relation to ambient temperature, which is equal to

the evaporator temperature. From Figure 5, it can

be depicted that Carnot’s COP increased linearly

with ambient temperature from 0oC to 20oC at a

rate of 0.15 / oC and above this range, the COP

increased exponentially. 

It was also observed that at the condenser tem-

perature of 55oC, the COP increased with increase

in evaporator temperature. The COP of 5.96 could

be obtained at ambient temperature of 0oC, since

the air contained waste heat at such a temperature

provided there is no frost formation. At an ambient

temperature of 40oC, a COP of 21.8 could be

achieved as deduced from Figure 5 provided no

parasitic heat losses occurred at the condenser. This

indicates that all the rejected heat in the condenser

is absorbed by the inflow water into the CHP unit.

Figure 5: Variation of Carnot’s COP in relation

to evaporator temperature 

3. 2 Mathematical modelling of practical

ASHP water heater

The second aspect of this work, was to use the

Marrison’s COP correlation to mathematically

model a practical ASHP water heater. Equation 9

illustrates the Marrison COP model while equation

10 shows the constraint COP equation used for the

simulation.

Equation 10 is a constraint equation to optimize the

COP; where the constants a1 was the COP when Tt
= Ta and a2 was the COP gradient determined for

Tt = 50
oC, 55oC and 60oC using the experimental-

ly determined COP at an average ambient temper-

ature of 10oC, 15oC, 20oC, 25oC and 35oC as

shown in Table 1. The wet bulb temperature (Tw)

was assumed to be equal to hot water set tempera-

ture (Tt) and (Td) was the dew point temperature.

Table 2 shows the predictors and scaling con-

stants for the three different hot water set point tem-

peratures derived from the linear regression model

of the COP obtained from the data shown in Table

1.

Figure 6 gives a presentation of measured and

modelled COP at 50oC, 55oC and 60oC hot water

set point temperatures. It can be delineated that if

all other conditions affecting the COP remain con-
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stant, then the lower the hot water set point tem-

perature the better the COP of the modelled ASHP

water heater.

Table 2: The predictors scaling constant at the

different hot water set point temperature

Predictors Tt-Ta constant

Scaling variable a1 a2

Scaling constant at HWSPT of 50oC -0.010 3.510

Scaling constant at HWSPT of 55oC -0.017 3.560

Scaling constant at HWSPT of 60oC -0.008 3.080

Output COP

Figure 6: Variation of ASHP water heater COP

versus Ta

The dash dot, solid and dot lines are the opti-

mized linear equations obtained for hot water set at

50oC, 55oC and 60oC. The average cold water tem-

perature of 25oC at the bottom of the tank and

average relative humidity of 75% were used. The

solid line is for hot water set point temperature of

55oC. The modelled COP equation from equation

10 was used in the simulation designed in Simulink,

which required both ambient temperature and elec-

trical energy as its input parameters.

3. 3 Methodology for determination of input

parameters

The computation of the COP using mathematical

modelling was performed for a typical week base-

line profile of a 4kW, 200 litres convectional geyser

installed in a domestic residence (occupied by four

adults and two children) of a middle class family at

Fort Beaufort, South Africa. The geyser was

allowed to operate without interruption for 24

hours on a daily basis. Figures 7 and 8 illustrate the

DAS used to determine the hot water profiles and

the analogous parameters appropriate to determine

the system performance.

The U30-NRC data logger shown in Figure 7 is

a Hobo no remote communication data logger log-

ging various temperatures, counts from hot water

drawn off and relative humidity per minute. The

Power track analysers logged power, current, volt-

age and power factor per minute for geyser and the

whole building. The Smart connectors at the con-

necting end of the sensors were connected to the

logger via jack ports. The digital pulse input ad-

apters were incorporated to all the sensors and they

convert analogue signals to digital in order to

reduce errors. Finally, the solar radiation shield was

used to protect the temperature and relative humid-

ity sensor. Figure 8 shows the built programme flow

chart.

In the schematic diagram (Figure 8), the differ-

ent metering transducers and sensors to measure

the respective parameters are shown. The main

electric power consumption and total current drawn

to the building was measured by power track

analyser 1. The device was installed on the main

distribution board with the positive voltage cable

(red) and the negative voltage cable (black) con-

nected to the live and neutral lines of the mains.

The current transformer of the power track analyser

was placed on the live line of the mains. Power

track analyser 2 was placed in the line supplying

current to the geyser and it measured the current

and the total power utilized by the 200 litres, 4kW

high pressure geyser. These power meters were con-

figured to log at every 1 minute interval. All the

temperature sensors were thermistor resistance sen-

sors. The temperature sensor 1 was well insulated

and placed in the cold water inlet pipe to the geyser.

Similarly, the temperature sensors 2, 3 and 4 meas-

ured the hot water temperatures to the outlet from

the geyser, hot water to the bathrooms and kitchen

respectively. Furthermore, a flow meter (T-Minol-

130) was placed in close proximity to temperature

sensor 1 on the hot water pipe and it measured the

flow rate of hot water drawn in number of counts

per minute. The relative humidity and temperature

sensor measured the relative humidity and ambient

temperature respectively. The hobo no remote com-

munication (U30 /NRC) was used to log counts

equivalent to the volume of water drawn, various
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Table 1: Experimentally determined COP at specific ambient temperature

Average ambient temperature/oC 10.0 15.0 20.0 25.0 35.0

Calculated COP at HWSPT of 50oC 3.10 3.15 3.25 3.30 3.40

Calculated COP at HWSPT of 55oC 2.82 2.85 2.95 3.00 3.22

Calculated COP at HWSPT of 60oC 2.69 2.70 2.70 2.80 2.88



temperatures, relative humidity and ambient tem-

perature measurements. 

3. 4 Simulation application using Simulink

In order to simulate the processes illustrated in

Figure 8, the Simulink platform was used as shown

in Figure 9. Figure 9 shows the simulation, architec-

tural and programming sequence for system COP

and energy consumption. The input parameters

(electrical energy used by geyser and ambient tem-

perature) for the practical ASHP and CHP over 30

minute interval were loaded to the two input

sources using the interpolation sequence source

from Simulink library. The multiplication block

acted as a heat pump extracting aero-thermal ener-

gy from the vicinity around the evaporator and
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Figure 7: DAS designed and built for the research

Figure 8: The schematic programme sequence



electrical energy via the compressor of CHP, while

additional electrical energy was needed to drive the

fan and water circulation pump of the practical

ASHP. This combined energy was dumped into the

storage tank as output thermal energy. Both the

input and output energy profiles were displayed on

the oscilloscope (energy profiles). The oscilloscope

(COP profiles) displayed variation of the modelled

COP of practical ASHP and of CHP water heaters

versus time over 24 hours at 30 minutes interval.

On the other hand, the oscilloscope (COP Vs Ta)

also displayed variation of the modelled COP of

practical ASHP water heater with the average ambi-

ent temperature within the duration of the simula-

tion. After loading the respective input parameters

into the discrete sources in the simulation model,

the Simulink was set to start at time 0 and stop at

time 23:30. Upon completion of the simulation, the

three oscilloscopes would show the various desired

output parameters. (thermal energy absorbed by

hot water and COP). The performance of practical

ASHP and CHP water heaters of the average week-

day and average weekend from the 4-10th of June

2012 was used in the simulation application.

4. Results and discussion

4. 1 Analysis of the average weekday

performance 

The energy, the COP and temperature analysis of

an average weekday (4-8 June 2012) over a 24

hour period are illustrated in Figures 10, 11, 12 and

13. Figure 10 shows the various energy profiles of

an average weekday divided into three zones (zone

A between 00:00 to 5:30, zone B between 5:30 to

12:00 and zone C between 12:00:23:30). Based on

the energy consumed by a convectional geyser with

an energy factor of 1, the electrical energy used is

equal to thermal energy gained to heat water to set

point temperature of 55oC. Hence, from Figure 10,

the thermal output energy of practical ASHP water

heater corresponded to the input electrical energy

used by the geyser. Furthermore, the modelled out-

put thermal energy of CHP water heater was also

equal to the input electrical energy of the geyser. On

the other hand, the CHP water heater input energy

was displayed as Carnot heat pump water heater

input energy (model CHPWH) using the ideal COP

equation of heat pump. Similarly, the input electri-

cal energy of practical ASHP water heater was

achieved using the regression model for COP

(model ASPHWH). This energy was much higher

than the input energy of CHP water heater as justi-

fied by figure 11 (showing the variation of the mod-

elled COP of practical ASHP water heater and COP

of CHP water heater with the ambient temperature

of an average weekday. From the temperature pro-

files (figure 12), the COP for both modelled practi-

cal ASHP and CHP water heaters depended on the

ambient temperature.

At the 18:00 hour, the maximum average ambi-

ent temperature of 23.13oC was measured and cor-

responded to a COP of 3.00 and 9.98 for both of

the systems. Despite the average ASHPWH mod-

elled COP of 2.78 in zone A, there was very little or

no hot water drawn which meant that the energy

used up compensated for standby losses.

Consequently, the energy saved was minimal (1.11

kWh) and the amount of input electrical energy was

0.63 kWh. In zone B, more than 60% of the total

average input energy was used by the modelled

practical ASHPWH between 6:00 to 12:00 (3.60

kWh) and the thermal energy output of 10.09 kWh
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Figure 9: The simulation, architectural and programming sequence used in modelling 

the system COP and energy consumption



was produced, making a significant saving of 6.48

kWh but with an average COP of 2.80. Figure 12

shows the temperature profiles of the average week-

day with the set point temperature for hot water at

55oC. However, in practice, there are instances

where hot water (below the set point temperature)

could be supplied by the geyser due to huge water

drawn off just like in the case of a heat pump water

heater – thus, indicating that the COP would be

higher. Figure 13 illustrates the COP variation in

relation to ambient temperature of the average

weekday over a 24 hour period. Although the max-

imum temperature was 22.13oC at time 18:00, the

energy saved was not maximum due to the low

electrical input as depicted in Figure 10. Table 3

summarizes the comparative analysis of average

values over 24 hours for the average weekday. It

shows a modelled practical ASHP and CHP water

heater’s performance under the prevailing condi-

tions using the mathematical modelling equations.

The modelled ASHPWH is representing a practical

heat pump water heater whose performance was

determined from the mathematical model of COP

while the CHP water heater represents a heat pump

water heater whose performance was determined

using the Carnot’s equation of heat pump COP. It is

also relevant to mention that the efficiency of the

modelled ASHP water heater was the ratio of the

modelled COP of ASHP water heater to the COP of

CHP water heater. Table 3 summarizes the average

weekday performance comparison analysis for the

modelled ASHP and CHP water heater.

4. 2 Analysis of the average week-end

performance 

The energy, the COP and temperature analysis of

the average weekend profiles over a 24 hour peri-

od are illustrated in Figures 14, 15, 16 and 17. From

Figure 14, it can be depicted that the practical

ASHP water heater used the least electrical input in

zone A with a COP of 2.83 and an energy saving of

0.86 kWh. Comparing the COP of zone A to the

COP of zone B (2.80), a larger energy saving of

7.93 kWh was achieved due to this significant level

of input energy used during this period since the

demand for hot water also increased. From Figure

15, the COP profile for both modelled ASHP and

modelled CHP water heaters replicated a similar

pattern to those profiles shown in Figure 11 (COP

profiles of the average weekday).
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Figure 10: Average weekday energy profiles Figure 11: Average weekday COP profiles

Figure 12: Average weekday temperature profiles Figure 13: Average weekday COP vs Ta
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Table 3: Performance comparison analysis 

Average Zone A Zone B Zone C

weekday (00:00 – 05:30) (05:30 – 12:00) (12:00 – 23:30)

Quantity Model Carnot Model Carnot Model Carnot

ASHPWH ASHPWH ASHPWH ASHPWH ASHPWH ASHPWH

Average COP 2.775 7.105 2.803 8.709 2.916 8.753

Total input (kWh) 0.626 0.244 3.604 1.377 2.257 0.752

Total output (kWh) 1.738 1.738 10.086 10.086 6.595 6.595

Energy save (kWh) 1.112 1.494 6.482 8.709 4.338 5.843

Efficiency wrt Carnot 39.06 100.0 37.93 100.0 33.31 100.0

Figure 16: Average weekend temperature profiles Figure 17: Average weekend COP vs Ta

Figure 15: Average weekend COP profilesFigure 14: Average weekend energy profiles

Table 4: Performance comparison analysis 

Average Zone A Zone B Zone C

week-end (00:00 – 05:30) (05:30 – 12:00) (12:00 – 23:30)

Quantity Model Carnot Model Carnot Model Carnot

ASHPWH ASHPWH ASHPWH ASHPWH ASHPWH ASHPW

Average COP 2.830 7.621 2.800 7.342 2.884 8.287

Total input (kWh) 0.466 0.171 4.403 1.678 3.016 1.041

Total output (kWh) 1.322 1.322 12.334 12.334 8.729 8.729

Energy save (kWh) 0.856 1.151 7.931 10.656 5.713 7.688

Efficiency wrt Carnot 37.13 100.0 38.14 100.0 34.80 100.0



In zone C, there was an increase in the average

COP but with a slightly lower electrical input ener-

gy as represented by the values 3.02 kWh and 1.08

kWh respectively, compared to Zone B. The tem-

perature ranges (8oC to 23oC) were equal for both

the average weekend and average weekday. This

argument holds for both the temperature profiles in

Figure 16 and the COP variation with average

ambient temperature as shown in Figure 17. The

maximum average COP of model ASHP water

heater was 2.95 and was achieved at time 15:30,

when ambient temperature was maximum

(19.10oC). The complete analysis is as shown in

Table 4.

Table 4 summarizes the average weekend per-

formance comparison analysis for the model ASHP

and CHP water heater.

5. Conclusion

The modelled COP of practical ASHP water heater

depicted the real life performance of the ASHP

water heater with a minimal deviation error due to

the exclusion of the other factors that affect COP.

Seasonal and annual COP can be accurately deter-

mined for the ASHP water heater provided tran-

sient evaporator temperature (which in practice dif-

fer from the ambient temperature of more than or

equal to 4oC) and hot water set temperatures are

known. The ASHP water heater is an energy effi-

cient technology for sanitary hot water production,

but when compared to the Carnot’s heat pump

water heater, which does not have auxiliary energy

consuming components, the ASHP water heater is

37% to 40% efficient owing to the extra input ener-

gy required to run the water circulation pump and

axial propeller fan. Mathematical modelling and

simulation of COP can be determined without actu-

ally measuring the primary factors (load cycle, cold

water temperature, etc.) but using theoretical values

from the literature. Based on the modelled COP,

energy savings and performance can be deter-

mined with some degree of confidence for any

intending retrofit The ASHP water heater going to

be installed provided ambient temperature and hot

water set point temperatures are known in conjunc-

tion with the baseline profile for the geyser intend-

ed to be retrofitted, using the simulation application

developed and built in the Simulink environment.
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