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Abstract 
The study compared the coefficient of performance (COP) of two residential types of air source heat pump 
(ASHP) water heaters using statistical tests. The COPs were determined from the controlled volume of hot wa-
ter (150, 50 and 100 L) drawn off from each tank at different time of use (morning, afternoon and evening) 
periods during summer and winter. Power meters, flow meters, and temperature sensors were installed on both 
types of ASHP water heater to measure the data needed to determine the COPs. The results showed that the 
mean COPs of the split and integrated type ASHP water heaters were 2.965 and 2.652 for summer and 2.657 
and 2.202 for winter. In addition, the p-values of the groups COPs for the split and integrated type ASHP water 
heaters during winter and summer were 7.09 x 10-24 and 1.01 x 10-11, based on the one-way ANOVA and the 
Kruskal-Wallis tests. It can be concluded that, despite the year-round performance of both the split and inte-
grated type ASHP water heaters, there is a significant difference in COP at 1% significance level among the 
four groups. Furthermore, both statistical tests confirmed these outcomes in the comparisons of the mean COPs 
among the four groups based on the multiple comparison algorithm. 
 
Keywords: Air source heat pump water heater; p-value; significance level; one-way ANOVA test;  
Kruskal-Wallis test 
 
Highlights 
• One-way ANOVA multiple comparison test was used to verify any significant difference in the COPs among 

the four groups (classified by season and type of ASHP water heater). 
• The Kruskal-Wallis multiple comparison test was used to see if any significant difference exists in the COPs 

among the four groups. 
• The results demonstrated significant differences in the mean COPs amongst the four groups. 
• The one-way ANOVA tests and the Kruskal-Wallis tests gave the same statistical outcomes. 
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1. Introduction 

Hot water heating is responsible for a significant 
contribution to the electrical energy consumed in 
the residential sector, globally. In South Africa, 30–
50% of the electricity bill per month is from sani-
tary hot water production (Kivevele and Huan, 
2014; Jaglin. and Dubresson, 2016). It has been ob-
served that the majority of sanitary hot water pro-
duction in the residential sector is achieved through 
the operation of inefficient electric geysers 
(Tangwe, 2018). Therefore, the necessity of an effi-
cient mode of sanitary hot water heating becomes 
crucial. In addition, the electrical energy consumed 
by geysers through hot water heating can be re-
duced by 50-70% by retrofitting the existing geyser 
with an ASHP unit (Tangwe and Simon, 2019). 
ASHP water heaters are a renewable and efficient 
technology for sanitary hot water heating and are 
capable of utilising 1 unit of electrical energy to pro-
duce 3 or 4 units of useful output thermal energy to 
heat water to a set point temperature (Tangwe et 
al., 2014; Gang et al., 2011). The common types of 
residential ASHP water heaters in the South African 
markets are the split and integrated types (Harvey, 
2012). The special characteristics associated with 
the excellent performance of the ASHP water heat-
ers is called the coefficient of performance (COP) 
(Hepbasli and Kalinci, 2009). It must be emphasised 
that the COP of ASHP water heaters depends on the 
design of the components making up the closed 
loop circuit of the vapour compression refrigera-
tion cycle, the ambient temperature, the volume of 
hot water consumption and the thermo-physical 
properties of the refrigerant (Ozgener and Hep-
basli, 2005).  

The ASHP water heaters can operate without the 
assistance of an auxiliary backup element under 
ambient temperature ranges from -4–40 oC (Morri-
son et al., 2004). The COP of an ASHP water heater 
is better during summer than winter, provided that 
the volume of hot water consumed is constant. Re-
search conducted with identical split and integrated 
types of ASHP water heaters without auxiliary ele-
ment showed that the integrated system performed 
better than the split type (Ibrahim et al., 2014). In-
deed, limited studies have been conducted to test 
for any significant difference in COPs between two 
or more types of ASHP water heaters operating un-
der the same conditions. Tangwe (2018) used the 
one-way analysis of variance (ANOVA) test to 
demonstrate that there exists a significant differ-
ence in the COPs of split and integrated type ASHP 
with an auxiliary heating element, operating under 
the same ambient conditions and with the same vol-
ume of hot water drawn off from each of the tanks. 
The use of statistical tests for comparing perfor-
mance of a process or a quantity is only meaningful 
if the sample data is a true representation of the ac- 

tual population and the data measurements were 
unbiased, with an acceptable uncertainty (Collins et 
al., 2001).  

The study focused on the draw-off of controlled 
volumes of hot water from two identical split and 
integrated type ASHP water heaters: 150 L was 
drawn off in the morning (07:00–10:00); 50 L in the 
afternoon (13:00–15:00) and 100 L in the evening 
(17:00–20:00). The hot water set point tempera-
ture for each of the types of ASHP water heater was 
55 oC. The systems were switched off before each 
specific volume of hot water was withdrawn and 
switched on simultaneously to allow for the sys-
tems to heat the stored water to its set point tem-
perature. The simulated hot water draws mimic a 
typical hot water profile in South Africa for a high-
or middle-income family of four, including two 
adults. The average COPs at the respective with-
drawals of 150, 50 and 100 L, for each of the months 
of January to December 2018 were determined for 
the both types of ASHP water heaters. Furthermore, 
for each type, the determined COPs were divided 
into the summer months (January, February, March, 
April, September, October, November and Decem-
ber) and the winter months (May, June, July, Au-
gust). The one-way ANOVA and the Kruskal-Wallis 
tests were used to show any significant difference 
in the COPs among the four groups (classified into 
the season and the type of ASHP water heater). 

1.1 Terminology and calculation 
1.1.1. One-way analysis of variance test  
The one-way ANOVA test is used to verify if there 
exist any statistically significant differences be-
tween the means of more than two independent 
(unrelated) groups (Huberty and Morris, 1992; 
Johnson and Wichern, 2014). The ANOVA test has 
been recognised as the most common statistical 
method used in scientific and social research, and 
the main goal is to determine how much the groups 
in an experiment differ for the purpose of statistical 
significance (Laird and Mosteller, 1990; Breiman et 
al., 2017). Generally, if the confidence level for the 
one-way ANOVA test is assumed as 99%, then the 
significance level is 0.01 and the null hypothesis is 
rejected, when the p-value for the groups is less 
than or equal to 0.01. If the condition is fulfilled and 
the groups are normally distributed, then there ex-
ists a significant difference among the groups at 1% 
significance level. The p-value is determined from 
the probability of the F-statistic in the ANOVA table 
for the groups under consideration. 

1.1.2. Kruskal-Wallis Test 
The Kruskal-Wallis test is a nonparametric version 
of a classical one-way ANOVA test. It compares the 
medians of the groups of data to investigate 
whether the samples originate from the same pop- 
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ulation or equivalently, from different populations 
with the same distribution. The Kruskal-Wallis test 
uses ranks of the data, rather than numeric values, 
to compute the test statistics (Theodorsson-
Norheim, 1986). The F-statistics used in the classi-
cal one-way ANOVA test is replaced by a chi-square 
statistics and the p-value measures the significance 
of the chi-square statistics (Kulinskaya et al., 2003). 
In addition, the Kruskal-Wallis test assumes that all 
samples emanate from populations having the 
same continuous distribution, apart from possible 
different locations due to group effects, and that all 
observations are mutually independent (Ku-
linskaya et al., 2003). Similarly, if the confidence 
level for the Kruskal-Wallis test is assumed as 99%, 
then the null hypothesis is rejected if the p-value for 
the groups is less than or equal to 0.01. If the condi-
tion is fulfilled and the groups are continuous and 
from the same distribution, then there exists a sig-
nificant difference among the groups at 1% signifi-
cance level. The p-value is determined from the 
probability of the chi-statistics in the Kruskal-Wal-
lis table for the groups under consideration. 

1.1.3. COP of an ASHP water heater 
It is the ratio of the useful thermal energy gained by 
the stored water and the input electrical energy 
consumed by the ASHP water heater during the va-
pour compression refrigeration cycle (Guo et al., 
2011). The equation of the COP is given in Equation 
1. 

     𝐶𝑂𝑃 =
𝑈𝑠𝑒𝑓𝑢𝑙 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝐼𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
=

𝑚𝑐(𝑇2−𝑇1)

𝑃𝑡
 (1) 

where m = mass of water heated by ASHP water 
heater and was measured by flow meter (F1);  T2 = 
temperature of water exiting the outlet of the ASHP 
unit and was measured by the temperature sensor 

(T2); T1 = temperature of water entering the inlet 
of the ASHP unit and was measured by the temper 
ature sensor (T1); P = power consumed by the 
ASHP water heater and was measured by the power 
meters (P1 and P2); and t = time taken and was 
measured by the data logger (t); c = specific heat ca-
pacity of water (4.2 kJ/kg/k). 

2.  Materials and method 

2.1 Materials 
The list of equipment and sensors used in the setup 
is shown in Table 1. 

Table 1: Equipment and sensors used in the 
experiment 

Materials Quantities 

1.2 kW, 150 L split type ASHP water 
heater 

1 

0.9 kW, 150 L integrated ASHP water 
heater with a 0.5 kW back up element 

1 

Flow meters 3 

Temperature sensors 6 

Power meters 2 

Data logger 1 

Waterproof data logger enclosure 1 

2.2. Experimental setup 
The study was conducted at the outdoor space of 
the renewable energy laboratory in the Yarona 
Building, Central University of Technology in the 
Free State province of South Africa. Figures 1 and 2 
show schematic diagrams of the experimental setup.  
Flow meter F1 was installed in the proximity of the 
inlet pipe into the split type ASHP unit. Two flow 
meters (F2 and F3) were installed at the outlet 
pipes that allowed the hot water drawn off to exit  

 

 
Figure 1: Schematic diagram of the split type ASHP water heater and the installed sensors. 
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Figure 2: Schematic diagram of the integrated type ASHP water heater and the installed sensors. 

the storage tanks of the split and integrated type 
ASHP water heaters. The temperature sensors T1 
and T2 were installed at closed range on the pipes 
to the inlet and outlet of the split type ASHP unit. 
The temperature sensors T3 and T4 were installed 
on the pipes close to the inlet and outlet of the 150 
L tank of the split type ASHP water heater. The tem-
perature sensors T5 and T6 were installed on the 
pipes close to the inlet and outlet of the tank in the 
integrated type system. The power meters P1 and 
P2 were installed to measure the power consumed 
by the split and the integrated type ASHP water 
heaters, respectively. All the sensors were config-
ured to log in five-minute interval throughout the 
monitoring period and were accommodated by a 
data logger. All the sensors and logger were prod-
ucts of Hobo Corporation and the configurations 
were done using the hoboware pro software. 

3. Results and discussion 

3.1. Summer operating performance of the split 
type ASHP water heater 
150 L of hot water was drawn off in the morning 
(07:00–10:00), 50 L in the afternoon (13:00–
15:00), and 100 L in the evening (17:00–20:00), 
throughout summer, from both the split and inte-
grated type ASHP water heaters. Both types were 
switched on simultaneously, after each controlled 
volume of hot water was drawn off. The COP for 
each type was determined for each specific hot wa-
ter drawn off. 

3.1.1. Summer COPs of the split type ASHP water 
heater 
Table 2 shows the average COPs in each of the 
months in the summer season following the draw-
ing off of 50, 100 and 150 L of hot water. It can be 
observed from Table 2 that during the 50 L hot wa-
ter drawn off, the average time taken to heat the 

stored water to its set point temperature ranged 
from 35 to 40 minutes and the month-average du-
ration was 38.5 minutes. The minimum and the 
maximum thermal energy gained was 2.19 and 2.44 
kWh respectively, while the average was 2.33 kWh. 
The minimum and the maximum electrical power 
and energy consumed were 1.14 kW and 0.76 kWh, 
and 1.37 kW and 0.91 kWh respectively. The aver-
age-month power and the electrical energy con-
sumed was 1.324 kW and 0.80 kWh. The COPs 
ranged from 2.70 to 3.04 and the average-month 
COP was 2.91. 

As displayed in Table 2, during the 100 L hot wa-
ter drawn off, the average time taken to heat the wa-
ter to its set point temperature ranged from 60 to 
65 minutes and the average month time used was 
63.0 minutes. The minimum and maximum thermal 
energy gained was 3.69 and 4.25 kWh respectively, 
while the average was 3.94 kWh. The minimum 
electrical power and energy consumed was 1.27 kW 
and 1.32 kWh, and 1.34 kW and 1.41 kWh respec-
tively. The average-month power and electrical en-
ergy consumed was 1.31 kW and 1.37 kWh, 
respectively. The COPs were between 2.75 and 3.11 
and the average was 2.88. 

It is shown in Table 2 that during the 150 L hot 
water drawn off, the average month time taken to 
heat the water was 72.5 minutes. The average elec-
trical power and the average electrical energy con-
sumed as well as the average thermal energy gained 
was 1.27 kW, 1.53 kWh and 4.76 kWh respectively. 
The COPs were between 3.01 and 3.21 and the av-
erage was 3.14. 

3.1.2. Summer COPs of the integrated type ASHP wa-
ter heater 
Table 3 provides the average COP for the months in 
the summer season under the 50, 100 and 150 L of 
hot water drawn off. It shows that during the 50 L 

F3 

Outlet hot water 

Inlet cold water 

T5 

T6 

P2 
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Table 2: Summer operating performance of the split type ASHP water heater. 

 

Month V/L t/mins P/kw Q/kWh COP EE/kW 

Jan 50 35 1.31 2.19 2.87 0.76 

100 60 1.32 3.69 2.8 1.317 

150 70 1.25 4.7 3.21 1.464 

Feb 50 35 1.31 2.19 2.87 0.76 

100 60 1.34 3.89 2.89 1.34 

150 70 1.25 4.7 3.21 1.46 

Mar 50 40 1.14 2.32 3.04 0.76 

100 60 1.34 3.89 2.89 1.34 

150 70 1.25 4.7 3.21 1.46 

Apr 50 40 1.14 2.32 3.04 0.76 

100 64 1.34 4.25 3.11 1.36 

150 70 1.26 4.44 3.01 1.47 

Sep 50 40 1.14 2.32 3.04 0.76 

100 65 1.27 3.92 2.84 1.38 

150 70 1.26 4.44 3.01 1.47 

Oct 50 40 1.14 2.32 3.04 0.76 

100 65 1.28 3.83 2.75 1.39 

150 70 1.26 4.56 3.1 1.47 

Nov 50 40 1.37 2.47 2.7 0.91 

100 65 1.28 3.83 2.75 1.39 

150 80 1.3 5.28 3.05 1.73 

Dec 50 40 1.37 2.47 2.7 0.91 

100 65 1.3 4.21 2.98 1.41 

150 80 1.3 5.28 3.05 1.73 

Key: V=Volume of hot water drawn off, t=time, P = average power consumed, 

Q=thermal energy gained, COP=coefficient of performance, EE = electrical energy 

consumed. 

 
 
hot water drawn off, the average time taken to heat 
the water to its set point temperature was between 
60 and 70 minutes and the average month duration 
was 63.75 minutes. The minimum and the maxi-
mum thermal energy gained was 2.19 and 2.47 kWh 
respectively, while the average was 2.33 kWh. The 
minimum and the maximum electrical power and 
electrical energy consumed were 0.85 kW and 0.86 
kWh and 0.86 kW and 0.98 kWh respectively. The 
average month electrical power and electrical en-
ergy consumed was 0.85 kW and 0.90 kWh respec-
tively. The COPs were between 2.50 and 2.70 and 
the average was 2.59. 

It can be seen from Table 3 that during the 100 
L hot water drawn off, the average time used to heat 
the water to its set point temperature was between 

90 and 100 minutes and the average month time 
used was 95.0 minutes. The minimum and the max-
imum thermal energy gained was 3.69 and 4.25 
kWh respectively, while the average was 3.88 kWh. 
The minimum and the maximum electrical power 
and energy consumed were 0.86 kW and 1.36 kWh, 
and 0.88 kW and 1.57 kWh, respectively. The aver-
age month electrical power and electrical energy 
consumed was 0.87 kW and 1.43 kWh respectively. 
The COPs were between 2.67 and 2.82 and the av-
erage was 2.72. 

In accordance with the data presented in Table 
3, the average month duration to heat the water was 
125 minutes during the 150 L hot water drawn off. 
The average electrical power consumed, the aver-
age electrical energy consumed and the average 
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thermal energy gained were 0.85 kW, 1.72 kWh and 
4.58 kWh, respectively. The COPs ranged from 2.57 
to 2.81 and the average was 2.65.  Although the elec-
trical power consumed by the integrated type was 

lower than for the split type under all the scenarios 
of hot water drawn off, the electrical energy con-
sumed was higher while the COP was lower. 

Table 3: Summer months' operating performance of the integrated type ASHP water heater. 

Month V/L t/mins P/kw Q/kWh COP EE/kW 

Jan 50 60 0.85 2.32 2.7 0.85 

100 90 0.88 3.83 2.82 1.35 

150 110 0.88 4.44 2.64 1.68 

Feb 50 60 0.85 2.32 2.7 0.85 

100 90 0.88 3.83 2.82 1.35 

150 118 0.86 4.21 2.57 1.63 

Mar 50 60 0.86 2.32 2.6 0.89 

100 95 0.86 3.89 2.67 1.45 

150 118 0.86 4.21 2.57 1.63 

Apr 50 60 0.86 2.32 2.6 0.89 

100 95 0.87 3.69 2.68 1.37 

150 125 0.84 4.56 2.68 1.70 

Sep 50 65 0.85 2.47 2.5 0.98 

100 95 0.87 3.69 2.68 1.37 

150 125 0.84 4.56 2.68 1.70 

Oct 50 65 0.85 2.47 2.5 0.99 

100 95 0.88 4.25 2.71 1.57 

150 135 0.84 4.7 2.65 1.77 

Nov 50 70 0.85 2.19 2.55 0.86 

100 100 0.88 3.92 2.67 1.47 

150 135 0.84 4.7 2.65 1.78 

Dec 50 70 0.85 2.19 2.55 0.86 

100 100 0.88 3.92 2.67 1.50 

150 135 0.86 5.28 2.81 1.88 

Key: V = Volume of hot water drawn off, t=time, P = average power consumed, Q = thermal 

energy gained, COP = coefficient of performance, EE = electrical energy consumed. 

3.1.3. Winter COPs of the split type ASHP water 
heater 
Table 4 shows the average COP per months in the 
winter season, for the 50, 100 and 150 L of hot wa-
ter drawn off. With regards to the data displayed in 
Table 4, the average time used to heat the water to 
its set point temperature ranged from 55.39 to 
63.05 minutes and the average month time was 
58.56 minutes, during the 50 L hot water drawn off. 
The lowest and the highest thermal energy gained 
was 2.89 and 3.24 kWh respectively, while the av-
erage was 3.09 kWh. The fluctuation in electrical 
power and energy consumed was between 1.10 kW 
and 1.15 kWh, and 1.25 kW and 0.98 kWh, respec- 

tively. The average month power and electrical en-
ergy consumed was 0.85 kW and 1.16 kWh. The 
COP was between 2.50 and 2.80 and the average 
was 2.68. 

It can be seen from Table 4 that during the 100 
L hot water drawn off, the average time utilised to 
heat the water to its set point temperature was be-
tween 74.81 and 81.31 minutes and the average 
month time used was 78.62 minutes. The minimum 
and the maximum thermal energy gained was 3.86 
and 4.39 kWh, while the average was 4.19 kWh. The 
minimum and the maximum electrical power and 
energy consumed were 1.18 kW and 1.60 kWh, and 
1.28 kW and 1.61 kWh respectively. The average 
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month power and the electrical energy consumed 
was 1.23 kW and 1.60 kWh. The COPs ranged from 
2.42 to 2.75 and the average was 2.61. 

Table 4 shows that during the 150 L hot water 
drawn off the average month duration to heat the 

water was 97.42 minutes. The average electrical 
power consumed, the electrical energy consumed, 
and the thermal energy gained were 1.18 kW, 1.91 
kWh and 5.12 kWh respectively. The COPs varied 
between 2.53 and 2.81 and the average was 2.69. 

Table 4: Winter months' operating performance of the split type ASHP water heater. 

Month V/L t/mins P/kw Q/kWh COP EE/kW 

May 50 55.39 1.25 2.88 2.50 1.15 

100 74.81 1.28 4.39 2.75 1.59 

150 95.50 1.20 5.36 2.81 1.91 

Jun 50 57.90 1.20 3.24 2.80 1.16 

100 79.18 1.22 4.25 2.64 1.61 

150 97.43 1.17 5.13 2.70 1.90 

Jul 50 57.90 1.20 3.24 2.80 1.16 

100 79.18 1.22 4.25 2.64 1.61 

150 97.43 1.17 5.13 2.70 1.90 

Aug 50 63.05 1.10 3.01 2.60 1.16 

100 81.30 1.18 3.87 2.42 1.59 

150 99.31 1.16 4.86 2.53 1.92 

Key: V=Volume of hot water drawn off, t=time, P = average power consumed, Q=thermal energy 

gained, COP=coefficient of performance, EE = electrical energy consumed. 

Table 5: Winter months operating performance of the integrated type ASHP water heater. 

Month V/L t/mins P/kw Q/kWh COP EE/kW 

May 50 74.85 0.92 2.88 2.10 1.37  
100 105.42 0.91 3.86 1.90 2.01  
150 131.72 0.87 5.36 2.29 2.34 

Jun 50 77.06 0.90 3.01 2.20 1.37  
100 109.44 0.87 4.39 2.26 1.94  
150 133.33 0.85 5.13 2.22 2.31 

Jul 50 79.86 0.87 3.24 2.42 1.33  
100 112.58 0.86 4.25 2.19 1.94  
150 133.33 0.85 5.13 2.22 2.31 

Aug 50 79.86 0.87 3.24 2.42 1.34  
100 112.58 0.86 4.25 2.19 1.94  
150 133.95 0.86 4.86 2.05 2.37 

Key: V=Volume of hot water drawn off, t=time, P = average power consumed, Q=thermal energy 

gained, COP=coefficient of performance, EE = electrical energy consumed. 

 
3.1.4. Winter COPs of the integrated type ASHP  
water heater 
Table 5 shows the average COPs for each month as 
a result of the 50, 100 and 150 L of hot water drawn 
off. It can be seen from Table 5 that during the 50 L 
hot water drawn off, the mean time used to heat wa-
ter to its set point temperature varied between 
74.85 and 79.86 minutes and the average month 

time was 77.81 minutes. The minimum and the 
maximum thermal energy gained was 2.89 and 3.24 
kWh respectively, while the average was 3.09 kWh. 
The least and the greatest electrical power and en-
ergy consumed were 0.87 kW and 1.34 kWh, and 
0.93 kW and 1.37 kWh respectively. The average 
month electrical power and energy consumed was 
0.89 kW and 1.35 kWh respectively. The COP fluc- 
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tuated between 2.10 and 2.42 and the average was 
2.29. The average time taken to heat water to its set 
point temperature ranged from 105.42 to 112.58 
minutes and the average was 110.01 minutes, dur-
ing the 100 L hot water drawn off. The minimum 
and the maximum thermal energy gained were 3.87 
and 4.39 kWh respectively, while the average was 
4.19 kWh. The minimum and the maximum electri-
cal power and energy consumed were 0.86 kW and 
1.94 kWh, and 0.91 kW and 2.04 kWh, respectively. 
The average month power and electrical energy 
consumed were 0.89 kW and 1.97 kWh respec-
tively. The COP ranged from 1.90 to 2.26 and the av-
erage was 2.14. 

Table 5 shows that during the 150 L hot water 
drawn off, the average time to heat water to the set 
point temperature was 133.09 minutes. The aver-
age electrical power consumed, the electrical en-
ergy consumed and the thermal energy gained were 
0.86 kW, 2.20 kWh and 5.13 kWh, respectively. The 
COPs varied between 2.05 and 2.29 and the average 
was 2.20. The electrical power consumed by the in-
tegrated type was lower than the split type under 
all the scenarios of hot water drawn off, but the 
electrical energy consumed was lower, while the 
COP was higher in the split type. 

3.2. Comparison of the COPs among the four 
groups 
The COPs of the ASHP water heaters were basically 
classified into four groups (the COPs during sum-
mer of the split type ASHP (COP_SS), the COPs dur 
ing summer of the integrated type ASHP (COP_SI), 
the COPs during winter of the split type ASHP 
(COP_WS) and the COPs during winter of the inte-
grated type ASHP (COP_WI). The one-way ANOVA 

and the Kruskal-Wallis tests were used to investi-
gate if any significant difference exists among the 
four groups at 99% confidence level and 1% signif-
icance level. 

3.2.1. Comparison of the COPs among the four 
groups using the one-way ANOVA 
The data of the COPs among the four groups 
(COP_SS, COP_SI, COP_WS and COP_WI) were ob-
tained from Tables 2, 3, 4 and 5. The four groups 
were classified such that a group of the COPs com-
prised both the season and the type of ASHP water 
heater. Hence, Figure 3 shows the one-way ANOVA 
plots of the four groups. The distribution among the 
four groups was normally distributed as there are 
negligible outliers shown in the Figure 3. The mean 
COP of the four groups (COP_SS, COP_SI, COP_ WS 
and COP_WI) was 2.965, 2.653, 2.658 and 2.205 re-
spectively. The mean COP of the group COP_SS was 
the highest, while the mean COP of the group 
COP_WI was the lowest, as shown in the red line on 
each of the group’s in the ANOVA plots. The upper 
and lower horizontal black lines on each of the 
ANOVA plots represent the upper and lower limits 
of the COPs for each group. Table 6 shows the one-
way ANOVA table from the distribution of the four 
groups. It can be seen that the sum of squares be-
tween the four groups was 4.679, while the sum of 
squares within the groups was 1.154. The mean 
square between the groups is the ratio of the sum of 
squares between the groups and the degree of free-
dom between the groups is 4.679/3 = 1.56. The 
mean square within the groups is the ratio of the 
sum of squares within the groups and the degree of 
freedom within the groups is 1.154/68 = 0.017. The 
F-statistics is the ratio of the mean square between

Figure 3: ANOVA plots of the COPs for the four groups. 
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Table 6: One-way ANOVA table for the COPs from the four groups. 

Source Sum of square Degree of free-
dom 

Mean square F (statistics) Prob >F 

Groups 4.679 3 1.56 91.9 7.0 x 10-24 

Error 1.154 68 0.017   

Total 5.834 71    

Table 7: ANOVA multiple comparison table for the four groups. 

Group  
column 

Group  
column 

Difference between the 
pair at the lower 99% 

confidence level 

Difference between 
the means of the 

pair 

Difference between the 
pair at the upper 99% 

confidence level 

p-values 

COP_SS COP_SI 0.2130 0.3120 0.4111 3.81 x10-9 

COP_SS COP_WS 0.1861 0.3075 0.4288 3.60 x10-8 

COP_SS COP_WI 0.6380 0.7600 0.8813 3.77 x10-9 

COP_SI COP_WS -0.1259 -0.0045 0.1167 0.9996 

COP_SI COP_WI 0.3266 0.4479 0.5692 3.77 x10-9 

COP_WS COP_WI 0.3124 0.4525 0.5925 3.78 x10-9 

Key: COP_SS = COPs during summer of the split type ASHP; COP_SI = COPs during summer of the integrated type 

ASHP; COP_WS = COPs during winter of the split type ASHP; COP_WI = COPs during winter of the integrated type 

ASHP 

 
the groups and the mean square within the groups 
is 1.56/0.017 = 91.9. The probability of the F-statis-
tics gives the p-value. The p-value of the four groups 
was 7.0 x 10-24, much smaller than 0.01. Hence, the 
null hypothesis that there is no mean significant dif-
ference among the four groups of COPs is rejected. 
Therefore, there exists a significant difference of the 
COPs among the four groups at 1% significance 
level. 

3.2.2. Using the ANOVA–multiple comparison algo-
rithm to compare the four COPs groups 
The ANOVA-multiple comparison test used the sta-
tistics from the one-way ANOVA test to perform a 
test which verified if any significant difference ex-
ists between all possible pairs of groups among the 
original groups. The differences in the true means 
at the lower and upper 99% confidence level be-
tween pairs of groups among the four groups were 
determined. If the difference in the true means of 
the lower confidence level and the difference in the 
true means of the upper confidence level of the 
pairs of groups was such that the range of the inter-
val included 0, there is no significant difference be-
tween the pairs of groups. On the contrary, if the 
difference in the true means at the lower confidence 
level and the difference in the true means at the up-
per confidence level of the groups’ pairs was such 
that, the range between the two confidence levels 
do not included 0, a significant difference exists be-
tween the groups’ pairs.  

Table 7 shows the ANOVA-multiple comparison 
table generated from the statistics obtained from 
the four groups of COPs. It shows that five of the six 
groups’ pairs derived from the four groups showed 
a significant difference in the COPs. The comparison 
between the pair of groups COP_SI and COP_WS 
showed no significant difference at the 1% signifi-
cance level, as the difference between the pair of the 
true mean COPs at the lower confidence level (-
0.1259) and that at the upper confidence level 
(0.1167) recorded 0, in the range of the confidence 
interval. However, the p-value between the groups 
pair of COP_SI and COP_WS was 0.9996, thus 
greater than 0.01. It can be seen that the p-values 
between the rest of the five groups’ pairs showed 
significant differences at the 1% significance level, 
as the p-values were less than 0.01 and their confi-
dence interval ranges did not include 0. 

3.2.3. Comparison of the COPs among the four 
groups using the Kruskal-Wallis test 
The data of the four groups (COP_SS, COP_SI, 
COP_WS and COP_WI) were obtained from Tables 2, 
3, 4 and 5. The mean ranks of the group’s COPs of 
the four groups were 58.910, 31.060, 32.450 and 
6.580 respectively. Table 8 shows the Kruskal-Wal-
lis table for the distribution derived from the four 
groups. The Kruskal-Wallis table is similar to the 
one-way ANOVA table except that the analysis was 
performed with the mean ranks of the distribution 
and not the mean values. In addition, the F statistics 
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in the one-way ANOVA test are replaced by the chi-
statistics in the Kruskal-Wallis ANOVA table. 

It can be observed from Table 8 that the sum of 
squares between the four groups in terms of mean 
ranks was 23705.9, while the sum of squares within 
the groups was 7343.1. The chi-square is the ratio 
of the mean square between the groups and the 
mean square within the groups (7901.95/107.99 = 

54.21). The probability of the chi-square gives the 
p-value. The p-value was 1.01 x 10-11, much smaller 
than 0.01 significance level. Hence, the null hypoth-
esis, indicating that there is no significant difference 
among the groups COPs, is rejected. Therefore there 
is a significant difference of the COPs among the 
four groups at 1% significance level. 

Table 8: Kruskal-Wallis ANOVA table for the COPs from the four groups 

Source Sum of 
square 

Degree of 
freedom 

Mean square Chi-square Prob >Chi-square 

Groups 23705.9 3 7901.95 54.21 1.01 x 10-11 

Error 7343.1 68 107.98   

Total 31049 71    

Table 9: Kruskal-Wallis multiple comparison table for the four groups. 

Group 
column 

Group 
column 

Difference between 
the pair at the lower 
99% confidence level 

Difference be-
tween the mean 
ranks of the pair 

Difference between 
the pair at the upper 
99% confidence level 

p-values 

COP_SS COP_SI 12.34 27.85 43.368 2.34 x10-5 

COP_SS COP_WS 7.46 26.45 45.45 1.96 x10-3 

COP_SS COP_WI 33.33 52.33 71.32 3.78 x10-9 

COP_SI COP_WS -20.39 -1.39 17.59 0.9976 

COP_SI COP_WI 5.48 24.47 43.47 5.25 x10-3 

COP_WS COP_WI 3.94 25.87 47.80 1.30 x10-2 

Key: COP_SS = COPs during summer of the split type ASHP; COP_SI = COPs during summer of the integrated type 

ASHP; COP_WS = COPs during winter of the split type ASHP; COP_WI = COPs during winter of the integrated type 

ASHP 

3.2.4. Using the Kruskal Wallis–multiple comparison 
algorithm to compared the four COP groups 
The Kruskal-Wallis-multiple comparison test em-
ployed the statistics from the one-way ANOVA, 
however, in terms of mean ranks to perform the 
test, which investigated whether any significant dif-
ference exists among three or more groups by test-
ing for significant difference between groups pairs 
among the original groups. This was achieved by 
computing the true mean ranks of the lower and up-
per 99% confidence level of each of the groups, and 
then subtracting the corresponding true mean 
ranks of the lower and upper 99% confidence level 
for each between groups pairs among the original 
groups. If the difference in the true mean ranks of 
the lower confidence level and the difference in the 
true mean ranks of the upper confidence level of the 
between groups’ pairs were such that the range of 
the interval included 0, there exists no significant 
difference between the groups pairs. The p-values 
between the group pairs could not be used solely, as 
the interval range comparison does not occur sim-
ultaneously. Table 9 shows the Kruskal-Wallis- 

multiple comparison table generated from the sta-
tistics obtained from the four groups using the 
mean ranks COPs. 

Table 9 shows that five of the six pairs of the be-
tween groups show a significant difference among 
the four groups of COPs. The comparison between 
groups’ pair of the groups COP_SI and COP_WS 
showed no significant difference of the COPs at 1% 
significance level. This indicated that the difference 
between the pair of the true mean rank COPs at the 
lower confidence level (-20.39) and at the upper 
confidence level (17.5982), was 0 – in the confi-
dence interval range. However, the p-value be-
tween the groups’ pair mean rank COPs (COP_SI and 
COP_WS) was 0.9976 and was greater than 0.01. 

4. Conclusion 

It can be concluded without the loss of generality 
that among the four groups, the average COPs of the 
group COP_SS were the best, followed by the groups 
COP_SI, COP_WS and COP_WI, from a basic analyti-
cal approach. It can be demonstrated that the aver-
age electrical energies consumed by the split type 
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ASHP water heater during summer was the least, 
while the average electrical energies consumed by 
the integrated type ASHP water heater was the 
greatest. Based on the determination of averages 
from the analytical perspective, it is not possible to 
justify if there is any significant difference among 
the four groups of COPs. Application of the one-way 
ANOVA and the Kruskal-Wallis tests allowed a de-
termination as to whether there is any mean signif-
icant difference among the four groups COP_SI, 
COP_WS and COP_WI. Both the one-way ANOVA and 
Kruskal-Wallis tests showed that there is a signifi-
cant difference at the 1% significance level among 
the four groups. Furthermore, the ANOVA-multiple 
comparison tests and the Kruskal-Wallis -multiple 
comparison tests were used for the COPs groups to 
show that there exists a significant difference be-
tween five of the six groups’ pairs (these include the 
following COPs groups’ paired: COP_SS and COP_SI; 
COP_SS and COP_WS; COP_SS and COP_WI; COP_SI 
and COP_WI; and COP_WS and COP_WI) among the 
four groups. However, it must be noted that the 
multiple comparison test using the Kruskal-Wallis 
test is not a simultaneous comparison tests, and in 

some scenarios the outcome from the range of the 
confidence interval test might differ from the re-
sults of the p-value. Hence, in cases wherein the 
confidence interval result disagreed with the p-
value through the Kruskal-Wallis–multiple compar-
ison test, the correct and acceptable result is ob-
tained from the range of the confidence interval. It 
can also be concluded that throughout the operat-
ing scenarios the backup heating element of the in-
tegrated type ASHP water heater did not switch on. 
Finally, the two tests gave identical predictions on 
the verification of any significant difference be-
tween all the groups’ paired among the four groups, 
without any discrepancy. 
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