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In the present study, the operating temperatures of the mechanical heat pump in 
waste heat recovery were investigated to elucidate the effect of control parame-
ters such as compressor speed, wastewater temperature and mass flow rate. The 
experimental trials were performed using the Taguchi L27 full factorial orthogo-
nal array, and the results were optimized for compressor suction gas tempera-
ture, compressor discharge gas temperature, temperature difference of water en-
tering and leaving the evaporator, temperature difference of water entering and 
leaving the condenser, evaporation temperature, and condensation temperature. 
Analysis of variance was conducted to determine the effect of the control factors 
on the operating temperatures of mechanical heat pump. The analysis results 
show that the wastewater temperature was the most significant factor on com-
pressor suction gas temperature and discharge gas temperature. The compressor 
speed has shown a meaningful effect on the temperature difference of water en-
tering and leaving from condenser. The nominal levels of control factors and the 
optimal temperatures were specified for the studied experimental parameters. 
Prediction models were developed for the operating temperatures through the 
Taguchi method and the operating temperatures were predicted with a mean 
squared error less than 12%.  
Key words: mechanical heat pump, heat recovery, waste heat, Taguchi method,  

operating temperatures 

Introduction  

A heat pump is a device that can increase the temperature of a source of waste heat to 
a temperature at which the waste heat becomes useful. These machines are able to absorb ther-
mal energy at a low-temperature level (heat source) in order to increase this energy to a higher 
temperature level (heat sink) and subsequently supply it for utilization (heating, hot water, or 
process heat). For maximum benefits from recovered energy, the heat recovery system should 
be physically close to the source of waste heat [1]. During the process, electrical power, pri-
marily, is used for the compression of the refrigerant [2, 3]. Much industrial waste heat, in the 
form of sewage, cooling water or exhaust air, flows at temperatures of about 30 °C and liquid 
–––––––––––––– 
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effluents at temperatures of between 10 and 60 °C are available at a range of industries. In par-
ticular, contaminated sewage, typically holding a certain quantity of heat, is the result of many 
washing and cleaning processes. As the discharge of these amounts of heat into the drainage 
system is either restricted or cost-intensive, the application of heat pumps in this case offers a 
double benefit: it reduces the sewage temperature and generates reusable heat [4]. Heat pumps 
have large potential contribution of reducing CO2 emissions. It is possible to save up to 6% of 
the global CO2 emissions by using heat pumps worldwide [5]. There are many studies in litera-
ture about heat pump applications. Heat pumps are widely used for upgrading ambient heat 
from sustainable sources, such as air, water, the ground and waste heat, to heating temperatures. 
There are many studies on ground, air, water and solar source heat pump systems or combined 
these systems in literature [6-11]. They can be used for residential and commercial space heat-
ing, cooling and water heating, refrigeration, and in industrial processes [12]. Especially in in-
dustrial processes, heat pumps are widely used. Baek et al. [13] designed and investigated the 
compression heat pump system by using wastewater from hotel with sauna. Huang et al. [14] 
analyzed a heat pump system in a high school bathroom. They reported that the system has 
good economic property for energy consuming and environment. Ajah et al. [15] studied on a 
simulation-based comparative analysis of the robustness of the most widely used heat pump 
technologies for low-temperature heat source. Also, they investigated a comparative, reliability, 
safety, and economic analysis of both technologies based on analysis and evaluation except for 
simulation. The high energy output was estimated at 923 TJ per year in the simulation and me-
chanical heat pump (MHP) contributes approximately 15% of the total energy demand. There-
fore, they suggested that this heat pump can be combined with a natural gas-fired heater to pro-
vide the required heat and may also be used as a backup system. Pulat et al. [16] studied on 
thermodynamic analysis of a heat pump using waste heat obtained from dyeing process at tex-
tile industry in Turkey. The use of a heat pump to utilize the waste heat from a heat engine has 
been studied by Salah [17]. Studies about heat pumps used in drying applications were common 
in [18-21]. A new high temperature heat pump using water as refrigerant has been designed and 
built for testing on a laboratory test bench that reproduces the operating conditions of real-case 
industrial applications by Chamoun et al. [22]. 

The Taguchi method (TM) is a powerful tool for the design of high-quality systems. 
It provides a simple, efficient and systematic approach to designs for optimization of perfor-
mance, quality and cost. The methodology is valuable when the design factors are qualitative 
and discrete. Taguchi parameter design can optimize the performance characteristics through 
the settings of design parameters and reduce the sensitivity of the system performance to 
sources of variation [23-25]. In recent years, rapidly increasing interest in the TM has led to 
numerous applications of the method in a worldwide range of industries, but the application 
of the TM for energy-based systems has been scant. For example, many studies have reported 
increases in heat pump performance, but there is a limited amount of research related to appli-
cation of the TM to heat pump performance. Comakli et al. [26] investigated experimentally 
the effects of mixture concentrations, source temperature, flow rate of condenser cooling wa-
ter, and air-flow rate in the cooling tower on the coefficient of performance (COP) and Z ex 
(exergetic efficiency) values of vapor compression heat pump systems. The TM was used to 
determine the efficiency of the chosen parameters on the system and optimum working condi-
tions. Comakli et al. [27] specified the optimum working conditions for a heat pump system 
in which R22 and R404a refrigerant mixtures were used by using TM. The effects of control 
factors on the system performance (by TM) in a heat pump used for the recovery of waste 
heat were examined by Coskun et al. [28]. While Sivasakthivel et al. [29] determined the op-
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timum working conditions of ground-sourced heat pumps for heating and cooling by using 
TM, a methodology proposed to optimize the solar collector area and ground heat exchanger 
length for achieving higher COP of solar assisted ground source heat pump system using TM 
and utility concept by Verma and Murugesan [30]. There are many studies by TM unlike heat 
pump applications. Such as, Bhoite et al. [31] employed TM in the thermal analysis of heat 
pipes. Lu et al. [32] examined to determine optimum design of natural circulation solar-water-
heater by the TM. Pinar et al. [33] used TM to optimize the performance of the counter flow 
Rangue-Hilsch vortex tube system. Chen et al. [34] applied this method in the optimization of 
drying conditions for ginger oil. 

The aim of this study is to determine the most significant parameters on operating 
temperatures of the MHP in waste heat recovery application. For this purpose, it was planned 
to heat a test room by using a MHP which ab-
sorbed heat from waste water and an experi-
mental set-up was designed and constructed. 
Effects of three main parameters such as com-
pressor speed, nc, wastewater temperature, Tw, 
and mass flow rate, ṁw, were investigated on 
the operating temperatures such as compressor 
suction, T1, and discharge, T2, gas temperatures, 
evaporation, Te, and condensation, Tc, tempera-
ture difference of water entering and leaving 
the evaporator, ΔTew, and condenser, ΔTcw, as 
shown in fig. 1. The operating temperatures 
were estimated using TM to obtain optimum 
design conditions for waste heat recovery ap-
plication of a MHP. Optimum levels of the con-
trol factors for operating temperatures of a MHP in waste heat recovery were determined. In 
design stage, it is important to know how the operating temperatures were affected by these 
control factors. So, control factors should be selected carefully design stage of the MHP in 
waste heat recovery. Results of this study will aid to design of a MHP in waste heat recovery 
application.  

Materials and method 

Experimental study and analysis of the system 

A heat pump uses a vapor compression cycle to take heat from a low-temperature 
source and raises its temperature to a useful level. In this study, the MHP was used for waste 
heat recovery application. Schematic diagram and picture of the experimental set-up are 
shown in fig. 2. It consists of a variable speed compressor, a condenser, an evaporator, a 
thermostatic expansion valve (TXV), a fan-coil unit, a wastewater tank, circulating pumps, 
and auxiliary equipment such as a receiver, dryer, sight glass, etc. Freon-134a was used as a 
refrigerant. Working principle of this system is as follows: the condensed liquid refrigerant 
from the condenser passes through the TXV directly into the evaporator where it gets 
evaporated by energy from wastewater (the wastewater is heated by electrical heater in the 
wastewater tank and pumped to the evaporator). Vaporized refrigerant passes through the 
compressor and finally the vapor at the high temperature and pressure is compressed to the 
condenser where it gets condensed. The energy rejected by the condenser is absorbed by 

 
Figure 1. Representation of the control factors 
and operating temperatures on the MHP unit 
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water and sent to fan-coil unit [28]. During the experiments, the compressor speed was 
changed by changing frequency of compressor by means of frequency converter. Temperature 
and mass flow rate of the waste water was changed by electrical heater [11] and flow meter 
[10], respectively. In this study, compressor speed, wastewater temperature, and flow rate are 
chosen as control factors. These are most effective factors. Because refrigerant flow rate cir-
culating in the MHP was performed by compressor and compressor speed affects heat transfer 
capacities of condenser and evaporator. Furthermore, changes of waste water temperature and 
flow rate also affect the outdoor unit i. e. evaporator. In a heat pump application, while the 
outdoor conditions change, indoor conditions are kept constant. So, water circulating between 
condenser and fan-coil unit was not chosen as control factor. Its flow rate was kept constant 
during the study. 

During experimental study, K-type thermocouples were used to measure temperatures 
of water and refrigerant in the MHP system, while an anemometer was used to measure humidi-
ty and temperature of air. Pressure was measured with Bourdon type manometer. Voltage, cur-
rent, and power factor, cosφ, were measured for calculating fan, pumps and compressor power 
consumptions by using clamp-on meter and cosφ meter. All data were recorded with in intervals 
of 15 seconds. All measurements are gathered by a data acquisition system and transferred to a 
personal computer. Details of the measurement devices employed are given in previous study 
conducted by Coskun et al. [28]. Experimental design was determined by using TM and the 
temperatures were measured. Each test was repeated three times and the temperature values 
given in tab. 2 are the arithmetic means of the temperature measurements. The obtained experi-
mental data were analyzed in Minitab 16.0 software.  

 
Figure 2. Schematic diagram and picture of the experimental set-up; 1 – compressor, 2 – plate heat 
exchanger (condenser), 3 – TXV, 4 – plate heat exchanger (evaporator), 5 – vibration absorber, 6 – receiver, 
7 – dryer, 8 – wastewater tank, 9 – pump 1, 10 – flow meter 1, 11 – electrical heater, 12 – floater,  
13 – accumulator, 14 – fan-coil unit, 15 – pump 2, 16 – flow meter 2, 17 – frequency converter, 18 – purge 
valve, 19 – valve, 20 – differential pressure control, 21 – high and low side manometers, 22 – control panel, 
23 – water manometer 

Application of the Taguchi method 

Traditional experimental design methods are complex and difficult to use. When the 
test parameters increase, it is necessary to make a great number of tests [23, 28, 35-38]. By 
using orthogonal arrays, the TM experimental design technique is useful in decreasing the 
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number of experiments and also in minimizing the effects of uncontrolled factors. In an exper-
imental study with TM, costs are reduced and significant factors can be specified in a short 
time [23, 28, 35-38]. The TM is not only an experimental design technique, but also a benefi-
cial technique for high quality system design. Since it is a strong instrument for parameter de-
sign, TM was used in this study for the purpose of determining optimum temperatures in the 
MHP used in waste heat recovery.  

In this study, the errors between measurements and predicted value were used as the 
loss function. The TM uses a loss function to determine the quality characteristics. The loss 
function is defined in terms of the deviation of a design parameter from an ideal or target val-
ue. The quality losses between initial and optimal combinations for operating temperatures er-
ror will be calculated in the section Evaluation of operation temperatures via TM. This loss 
function values are converted to a signal-to-noise, S/N, ratio. The S/N ratio [dB] characteris-
tics can be classified into three categories, as given in eqs. (1)-(3) [37, 38]: 
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where y̅ is the mean of observed data, Sv
2 - the variance of y, n - the number of observations, 

and y - the observed data [39].  
Since the T1, T2, and Tc temperatures in the MHP used for the application of waste 

heat recovery must be at nominal values, the optimum values of the control factors were cal-
culated with respect to the Nominal is the best characteristic, eq. (1) and were obtained by us-
ing the S/N ratio. Similarly, since ΔTew, ΔTcw and Te temperatures must be at the higher val-
ues, the optimum conditions were calculated with respect to the Larger is better characteristic, 
eq. (2) and were obtained by using the S/N ratio. Determination of the quality characteristics 
of the measured control factors was provided by S/N ratios. 

The first step of the TM is to select an approvative orthogonal array. Taguchi aimed 
to obtain characteristically distinguished data by using orthogonal arrays and from these data 
to analyze the performance measurements for deciding optimum process parameters [37, 38]. 
In this study, compressor speed, nc, wastewater temperature, Tw, and wastewater flow rate, 
ṁw, were selected as control factors and their levels were determined as shown in tab. 1. Each 
of control factor having three levels. Levels of the control factors were coded as "1", "2" and 
"3". A group of preliminary tests were performed to determine the optimal lower and higher 
level of control factors. Based on the outcomes from the pilot experiments, the lower and 
higher control parameters have been determined to investigate their influences on the operat-
ing temperatures of the MHP. Hence, the control factors used in the experiments were as-
signed to each column and twenty seven combinations of control factors were performed to 
measure responses at all combination of the factor levels. When compared with a full factorial 
design technique (3 × 3 × 3 = 27 trials) the number of experiments is not decreased since used 
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L27 orthogonal array. 
However, TM is a powerful 
tool for the design of high 
quality systems and it pro-
vides simple, efficient and 
systematic approach to op-
timize designs for perfor-
mance, quality and cost. 
The TM to design of exper-

iments is easy to adopt and apply for users with limited knowledge of statistics. Therefore, re-
cently it has been widely employed in several industrial fields, and research works. 

In this study, during Taguchi applications, a linear model analysis including the 
main effects of the control factor analysis was performed. Linear model analysis provides the 
coefficients for each factor at the low level, their p-values and an analysis of variance table. 
The linear model coefficients are straightforward to estimate, and they provide reliable esti-
mates of the operating temperatures. 

Analysis and discussion of experimental results 

Operating temperatures T1, T2, ΔTew, ΔTcw, Te, and Tc, measured in the experiments 
on the MHP which was used for the recovery of waste heat, were analyzed using Minitab 16.0 
software. 

Evaluation of operating temperatures via Taguchi method 

Analysis of the S/N ratio 

The twenty seven experiment combinations which were made depending on the cho-
sen orthogonal array, experimental temperature measurement results, T1, T2, ΔTew, ΔTcw, Te, 
and Tc operating temperatures estimated by TM according to the quality characteristics in eqs. 
(1) and (2) and the S/N ratios of measurement results are all given in tab. 2. Each test was re-
peated three times and the temperature values given in tab. 2 are the arithmetic means of the 
temperature measurements [T1_mean = (T1 + T2 + T3)/3]. The TM uses S/N ratios to measure the 
variation of the experimental design. In the recovery of waste heat by the MHP, T1, T2, and Tc 
temperatures must be at nominal values. As a result from the twenty seven experimental trials, 
the overall mean values of these temperatures and the S/N ratios were calculated as 15.75 °C, 
27.6 dB; 62.78 °C, 34.1 dB; and 48.97 °C, 10.1 dB, respectively. Since ΔTew, ΔTcw, and Te 
temperatures must be at higher values, overall mean values of these temperatures and the S/N 
ratios were calculated as: 19.40 °C, 28.8 dB; 6.0 °C, 15.5 dB; and 20.10 °C, 26.1 dB. 

The effects of the level of each control factor on the quality characteristics can be 
analyzed using S/N ratios. These effects are defined and evaluated according to total mean 
values of experimental trial results or S/N ratios [39]. The optimum operating temperatures 
values can be calculated by means of total mean values of experimental trial results. The 
mean S/N ratios for each level of control factor and level differences of factors are given in 
tab. 3. The S/N ratio analysis gave important information on the nature of operating tempera-
tures for the recovery of waste heat with the MHP under the chosen conditions. Higher or 
lower differences between the highest and the lowest S/N ratio values of the control factors 
calculated at different levels of each other were used to determine the effective factors on the 
operating temperatures T1, T2, ΔTew, ΔTcw, Te, and Tc.  

Table 1. Control factors and their levels 

Factors Symbols 
Coded levels 

1 2 3 

Compressor speed, nc, [Hz] A 22.5 33.5 50 

Wastewater temperature, Tw, [°C] B 23.3 34.8 52 

Wastewater flow rate, ṁw, [Lth–1] C 60 90 135 
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Table 2. Experimental results and their S/N ratios for operating temperatures 

Trial 
No. 

Control 
factors T1 [°C] T2 [°C] ΔTew [°C] ΔTcw [°C] Te [°C] Tc [°C] 
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1 22.5 23.3 60 13.75 12.75 21.2 49.45 47.44 28.3 8.35 7.25 18.4 1.90 1.73 5.5 14.95 13.34 23.5 41.75 40.46 36.3 

2 22.5 23.3 90 13.25 14.19 26.4 50.20 50.26 28.1 4.20 4.81 12.5 1.95 1.99 5.7 13.85 13.82 22.8 41.35 41.01 45.8 

3 22.5 23.3 135 13.15 16.13 20.8 47.50 48.69 28.2 5.40 3.41 14.6 1.85 2.00 5.3 14.05 14.32 23 41.25 40.94 41.3 

4 22.5 34.8 60 21.35 17.61 25.0 51.55 50.97 30.0 10.65 9.74 20.5 2.15 2.21 6.6 16.60 16.24 24.4 43.25 42.89 41.8 

5 22.5 34.8 90 16.00 19.05 27.1 56.20 53.79 36.4 7.05 7.30 17.0 2.80 2.47 8.9 17.05 16.72 24.6 44.45 43.45 36.9 

6 22.5 34.8 135 20.75 20.99 35.4 49.30 52.22 30.8 5.85 5.90 15.3 2.45 2.49 7.7 16.25 17.21 24.2 42.05 43.37 55.5 

7 22.5 52 60 30.20 29.07 46.6 57.10 58.37 38.1 13.40 13.35 22.4 2.75 2.78 8.7 19.90 19.90 26 45.05 45.35 56.1 

8 22.5 52 90 31.85 30.51 26.6 64.45 61.18 45.2 8.85 10.91 18.9 3.25 3.03 10.2 20.05 20.38 26 45.55 45.90 56.2 

9 22.5 52 135 32.45 32.44 31.0 56.80 59.62 29.2 8.45 9.52 18.5 2.65 3.05 8.5 20.10 20.87 26.1 44.50 45.83 36.0 

10 33.5 23.3 60 7.65 6.10 40.7 60.20 57.39 24.6 6.95 8.94 16.8 3.15 3.29 9.9 7.50 8.67 17.4 45.75 46.34 42.2 

11 33.5 23.3 90 7.60 7.54 22.6 56.90 60.21 35.2 8.45 6.50 18.5 2.95 3.55 9.4 8.50 9.15 18.5 45.85 46.90 39.3 

12 33.5 23.3 135 9.30 9.47 36.4 61.40 58.64 27.6 4.05 5.10 11.9 4.20 3.56 12.3 9.50 9.64 19.5 47.25 46.82 42.5 

13 33.5 34.8 60 11.05 10.96 29.9 62.10 60.92 38.9 10.85 11.43 20.7 3.80 3.78 11.5 11.75 11.57 21.4 49.05 48.77 56.8 

14 33.5 34.8 90 13.60 12.40 25.7 58.50 63.74 38.4 9.75 8.99 19.7 3.80 4.03 11.3 11.50 12.04 21.2 48.10 49.33 50.6 

15 33.5 34.8 135 13.80 14.33 30.2 66.75 62.17 30.3 7.10 7.59 17.0 4.45 4.05 12.9 13.75 12.54 22.8 50.75 49.26 43.1 

16 33.5 52 60 18.70 22.41 28.4 70.65 68.32 46.0 15.75 15.04 23.9 4.55 4.34 13.2 16.25 15.23 24.2 52.25 51.23 43.4 

17 33.5 52 90 22.10 23.85 34.3 64.80 71.13 29.7 13.10 12.60 22.3 4.25 4.59 12.5 15.00 15.71 23.5 50.75 51.79 43.1 

18 33.5 52 135 29.05 25.79 35.4 70.80 69.57 29.4 11.40 11.21 21.1 4.65 4.61 13.3 17.00 16.20 24.6 52.40 51.71 39.3 

19 50 23.3 60 3.80 2.42 11.7 63.95 64.99 45.1 11.80 12.69 21.4 4.80 4.40 13.6 4.15 4.17 12.3 51.50 51.75 37.2 

20 50 23.3 90 5.00 3.86 14.1 68.70 67.81 32.1 9.35 10.25 19.4 4.80 4.65 13.6 5.15 4.64 14.2 52.55 52.30 57.4 

21 50 23.3 135 4.75 5.79 15.7 63.40 66.24 36.1 9.25 8.85 19.3 4.25 4.67 12.6 5.25 5.14 14.1 51.50 52.23 37.2 

22 50 34.8 60 5.70 7.28 32.1 65.20 68.52 43.7 15.25 15.18 23.7 4.45 4.88 13 6.05 7.06 15.6 53.25 54.18 43.6 

23 50 34.8 90 9.30 8.72 18.3 76.10 71.34 31.1 12.95 12.74 22.2 5.35 5.14 14.6 8.25 7.54 18.2 55.50 54.74 37.9 

24 50 34.8 135 10.45 10.65 29.4 67.75 69.77 38.8 10.75 11.34 20.6 4.95 5.15 13.9 7.75 8.03 17.8 54.25 54.66 43.7 

25 50 52 60 15.15 18.74 29.7 72.65 75.92 33.8 19.40 18.79 25.8 5.30 5.44 14.5 9.75 10.72 19.7 55.75 56.64 44.0 

26 50 52 90 21.60 20.18 26.8 82.35 78.73 33.4 16.75 16.35 24.5 6.00 5.70 15.5 11.85 11.20 21.5 58.50 57.19 38.4 

27 50 52 135 24.00 22.11 23.0 80.40 77.17 32.8 15.65 14.96 23.9 5.85 5.71 15.3 12.00 11.69 21.5 58.00 57.12 38.3 

Minimum 3.80 2.42 11.7 47.50 47.44 24.6 4.05 3.41 11.9 1.85 1.73 5.3 4.15 4.17 12.3 41.25 40.46 36.0 

Maximum 32.45 32.44 46.6 82.35 78.73 46.0 19.40 18.79 25.8 6.00 5.71 15.5 20.10 20.87 26.1 58.50 57.19 57.4 

Overall of mean 15.75 15.75 27.6 62.78 62.78 34.1 10.40 10.40 19.7 3.83 3.83 11.1 12.36 12.36 21.1 48.97 48.97 43.9 
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Table 3. Mean S/N [dB] ratios of control factors 

Level 

Compressor suction gas  
temperature, [dB] 

Compressor discharge gas 
temperature, [dB] 

Temperature difference of  
water entering and leaving 

from evaporator, [dB] 

A B C A B C A B C 

nc Tw ṁw nc Tw ṁw nc Tw ṁw 

1 28.88 23.27 29.48 32.71 31.72 36.51 17.58 16.99 21.51 

2 31.51 28.12 24.65 33.34 35.38 34.40 19.12 19.63 19.44 

3 22.31 31.31 28.58 36.34 35.29 31.47 22.31 22.37 18.04 

∆* 9.20 8.05 4.83 3.63 3.66 5.04 4.73 5.38 3.48 

Rank 1 2 3 3 2 1 2 1 3 

Level 

Temperature difference of  
water entering and leaving 

from condenser, [dB] 

Evaporation temperature, 
[dB] 

Condensation temperature, 
[dB] 

A B C A B C A B C 

nc Tw ṁw nc Tw ṁw nc Tw ṁw 

1 7.46 9.75 10.71 24.51 18.37 20.50 12.38 8.85 10.90 

2 11.79 11.15 11.29 21.45 21.14 21.17 10.69 11.79 11.29 

3 14.04 12.41 11.30 17.21 23.66 21.50 7.24 9.68 8.12 

∆* 6.59 2.66 0.59 7.30 5.29 1.00 5.14 2.68 3.16 

Rank 1 2 3 1 2 3 1 3 2 

* Δ = difference between maximum and minimum. 

From tab. 4, it is possible to identify the sequence of influence of the control factors 
on each operating. While the most effective control factor on the compression suction gas 
temperature, T1, and the temperature difference of water entering and leaving the evaporator, 
ΔTew, was wastewater temperature, Tw, the most effective control factor on the compressor 
discharge gas temperature, T2, the temperature difference of water entering and leaving the 
condenser, ΔTcw, evaporation temperature, Te, and condensation temperature, Tc, happened to 
be the compressor speed, nc. Distribution of the means of S/N ratios and optimum level of 
control factors for operating temperatures are shown in fig. 3. From this figure, the effects of 
each factor at different level can be observed. From tab. 4 and fig. 3 the optimum level of the 
control factors for T1 was determined to be: (nc2 – Tw2 – ṁw2) nc = 33.5 Hz, Tw = 34.8 °C,  
ṁw = 90 Lt/h; for T2 (nc2 – Tw2 – ṁw3) nc = 33.5 Hz, Tw = 34.8 °C, ṁw = 135 Lt/h; for  
ΔTew (nc3 – Tw3 – ṁw1) nc = 50 Hz, Tw = 52 °C, ṁw = 60 Lt/h; for ΔTcw (nc3 – Tw3 – ṁw3)  
nc = 50 Hz, Tw = 52 °C, ṁw = 135 Lt/h; for Te (nc1 – Tw3 – ṁw3) nc = 22.5 Hz, Tw = 52 °C,  
ṁw = 135 Lt/h; and for Tc (nc2 – Tw2 – ṁw3) nc = 33.5 Hz, Tw = 34.8 °C, ṁw = 135 Lt/h. Varia-
tions of the operating temperatures depending on the variation of control factor levels are 
shown in fig. 3 and the control factors have similar effects on T1 and Te, figs. 3(a) and 3(e). 
With the increase of nc, the flow rate of the refrigerant circulating in the system and compres-
sion ratio with increasing amount of refrigerant swept were increased. The evaporator heat 
load remained the same due to constant waste water temperature and flow rate through the 
evaporator. This caused a decrease in T1 and Te and an increase in T2, Tc, ΔTew and ΔTcw. In  
addition, Tw affected all of the temperature values of the system by causing them to increase.  
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Table 4. Response table for means for operating temperatures 

Level 

Compressor suction gas  
temperature, T1 [°C] 

Compressor discharge gas 
temperature, T2, [°C] 

Temperature difference of  
water entering and leaving 

from evaporator, ΔTew, [°C] 

A B C A B C A B C 

nc Tw ṁw nc Tw ṁw nc Tw ṁw 

1 21.42 8.69 14.15 53.62 57.97 61.43 8.02 7.53 12.49 

2 14.76 13.56 15.59 63.57 61.49 64.24 9.71 10.02 10.05 

3 11.08 25.01 17.52 71.17 68.89 62.68 13.46 13.64 8.66 

∆* 10.33 16.32 3.37 17.55 10.92 2.82 5.44 6.11 3.83 

Rank 2 1 3 1 2 3 2 1 3 

Level 

Temperature difference of  
water entering and leaving 
from condenser, ΔTcw, [°C] 

Evaporation temperature, Te 
[°C] 

Condensation temperature, Tc, 
[°C] 

A B C A B C A B C 

nc Tw ṁw nc ṁw ṁw nc Tw ṁw 

1 2.42 3.32 3.65 16.98 9.21 11.88 43.24 46.53 48.62 

2 3.98 3.80 3.91 12.31 12.11 12.36 49.13 48.96 49.18 

3 5.08 4.36 3.92 7.80 15.77 12.85 54.53 51.42 49.11 

∆* 2.67 1.04 0.27 9.18 6.56 0.97 11.29 4.89 0.56 

Rank 1 2 3 1 2 3 1 2 3 

* Δ = difference between maximum and minimum. 

With the increasing of Tw, the evaporator heat load also increased because of higher waste 
water temperature and this caused an increase in the temperature values of T1, Te, T2, Tc, ΔTew, 
and ΔTcw. With the increasing of nc and Tw, T2, and Tc increased as well. With the increase of 
Tw, the increase of the evaporator heat load gave rise to an increase in the condenser heat load 
and consequently, the Tc also increased. ΔTew decreased significantly and T1 also increased 
with the increasing of ṁw. The increase of ṁw did not notably affect the Te; the temperature 
variation of Te was approximately 1 °C, and therefore, the Tc value was not affected signifi-
cantly. Depending on the variation of the Tc of the system, the T2 and ΔTcw values were not af-
fected much either.  

Analysis of variance 

In this study, ANOVA was also used to analyze the effects of control factors on op-
erating temperatures. The experimental results were evaluated at a confidence level of 95%. 
The ANOVA values belonging to experimental results for T1, T2, ΔTew, ΔTcw, Te, and Tc are 
given in tab. 5. The significance of control factors in ANOVA is determined by comparing F 
value of each control factor and F0.05 value from the table. Contribution percentage [%] is also 
used to determine the significance of the control factors. In consequence of the conducted as-
sessments, the factors that contribution percentages less than 5% and error values for T1, T2, 
ΔTew, ΔTcw, Te, and Tc were removed from tab. 5. The residual error term and total error  
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variance which includes this error were combined by the pooling method. These terms re-
moved from the table were marked with sign bold font. The contribution percentages of the 
control factors are given for each operating temperature, tab. 5(a)-(f). 
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Figure 3. Distribution of the means of S/N ratios and optimum level of control factors for operating 
temperatures; (a) T1, (b) T2, (c) ΔTew, (d) ΔTcw, (e) Te, (f) Tc 
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Table 5(a)-(f). The ANOVA results for operating temperatures 

(a) Compressor suction gas temperature, T1 (b) Compressor discharge gas temperature, T2 
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nc 2 493.80 246.90 52.26 25.95 nc 2 1394.30 697.15 56.77 62.39 

Tw 2 1263.28 631.64 133.71 66.38 Tw 2 559.25 279.63 22.77 25.02 

ṁw 2 51.54 25.77 – – ṁw 2 35.85 17.93 – – 

Residual 
error 20 94.48 4.72 – – Residual 

error 20 245.61 12.28 – – 

Pooled 
error (21) (146.02) 6.95 – 7.67 Pooled 

error (21) (281.46) 13.40 – 12.59 

Total 26 1903.10   100.00 Total 26 2235.02   100.00 

(c) Temperature difference of water entering and leaving 
from evaporator, ΔTew 

(d) Temperature difference of water entering and leaving 
from condenser, ΔTcw 
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nc 2 139.49 69.75 54.07 34.64 nc 2 32.31 16.16 140.57 80.87 

Tw 2 169.66 84.83 65.76 42.13 Tw 2 4.92 2.46 21.40 12.31 

ṁw 2 67.76 33.88 26.27 16.82 ṁw 2 0.42 0.21 – – 

Residual 
error 20 25.80 1.29 – 6.41 Residual 

error 20 2.30 0.11 – – 

Pooled 
error – – – – – Pooled 

error (21) (2.72) 0.13 – 6.81 

Total 26 402.71   100.00 Total 26 39.95   100.00 

(e) Evaporation temperature, Te (f) Condensation temperature, Tc 
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nc 2 379.08 189.54 277.65 64.11 nc 2 573.82 286.91 282.33 81.58 

Tw 2 194.27 97.14 142.29 32.86 Tw 2 107.56 53.78 52.92 15.29 

ṁw 2 4.25 2.13 – – ṁw 2 1.64 0.82 – – 

Residual 
error 20 13.65 0.68 – – Residual 

error 20 20.32 1.02 – – 

Pooled 
error (21) (17.9) 0.85 – 3.03 Pooled 

error (21) (21.96) 1.05 – 3.13 

Total 26 591.26   100.00 Total 26 703.34   100.00 
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− The most effective factors on T1 were Tw (66.38%) and nc (25.95%). 
− The most effective factors on ΔTew were Tw (42.13%), nc (34.64%), and ṁw (16.82%). 
− The most effective factors on T2 were nc (62.39%) and Tw (25.02%). 
− The most effective factors on ΔTcw were nc (80.39%) and Tw (12.31%). 
− The most effective factors on Te were nc (64.11%) and Tw (32.86%).  
− The most effective factors on Tc were nc (81.58%) and Tw (15.29%).  

According to results obtained from tab. 5, it is observed that T1 and ΔTew most af-
fected from Tw. Because of increasing temperature of the wastewater passed through the 
evaporator, heat transfer between the refrigerant and the wastewater increased and so T1 and 
ΔTew increased. While it is observed that effects of nc on the T1 and ΔTew are less than Tw 
(25.95% and 34.64%, respectively). Its effects on the T2, Tc, ΔTcw, and Te are more than the 
effects of Tw (62.39%, 80.39%, 64.11%, and 81.58%, respectively). The ṁw only affects ΔTew 
(16.82%), its effects on the other temperatures were not observed. 

Determination of optimal operating temperatures 

The models determining optimal operating temperatures are defined with the total 
effects generated by the control factors. The factors are equals to the sum of each individual 
effect. The optimum levels are evaluated by considering the pooled error losses [39]. The op-
timal operating temperatures were obtained by taking into account the influential factors with-
in the evaluated optimum combination. Optimal operating temperatures in terms of the afore-
mentioned control factors can be easily determined from fig. 3, ant tab. 4. The optimum con-
trol factors are A2B2 (nc2 – Tw2), A2B2C3 (nc2 – Tw2 – ṁw3), A3B3 (nc3 – Tw3), A3B3 (nc3 – Tw3), 
A1B3 (nc1 – Tw3), and A2B2 (nc2 – Tw2) for T1, T2, ΔTew, ΔTcw, Te, and Tc, respectively. There-
fore, the predicted optimum values of T1, T2, ΔTew, ΔTcw, Te, and Tc operating temperatures 
were calculated respectively by the aid of eqs. (4)-(9).  

 
1 1 1 1opt _ 2 2( ) ( )T T T TT A T B Tµ = + − + −  (4)  

 
2 2 2 2opt _ 2 2( ) ( )T T T TT A T B Tµ = + − + −  (5) 

 
ew ew ew ew ewopt _ T 3 T 3 T 1 T( ) ( ) ( )T T A T B T C Tµ ∆ ∆ ∆ ∆ ∆= + − + − + −  (6) 

 
cw cw cw cwopt _ 3 3( ) ( )T T T TT A T B Tµ ∆ ∆ ∆ ∆= + − + −  (7) 

 
e e e eopt _ 1 3( ) ( )T T T TT A T B Tµ = + − + −  (8) 

 
c c c copt _ 2 2( ) ( )T T T TT A T B Tµ = + − + −  (9) 

Table 4 shows the following values: for T1, A2 = 14.76 °C and B2 = 13.56 °C; for T2, 
A2 = 63.57 °C and B2 = 61.49 °C; for ΔTew, A3 = 13.46 °C, B3 = 13.639 °C, and C1 = 12.49 °C; 
for ΔTcw, A3 = 5.08 °C and B3 = 4.36 °C; for Te, A1 = 16.98 °C and B3 = 15.77 °C, and for Tc, 
A2 = 49.13 °C and B2 = 48.96 °C. From tab. 3, 

1TT = 15.75 °C, 
2TT = 62.78 °C, 

ewTT∆  = 10.40 °C, 
cwTT∆  = 3.83 °C, 

cTT = 12.36 °C and 
cTT  = 48.97 °C values were taken. These values were put 

into eqs. (4)-(9) and the following optimal operating temperatures were calculated: 
1opt _ Tµ  = 

= 12.57 °C, 
2opt _ Tµ  = 62.28 °C, 

ewopt _ Tµ ∆  = 18.79 °C, 
cwopt _ Tµ ∆  = 5.61 °C, 

eopt _ Tµ = 20.39 °C, 
and 

copt _ Tµ = 49.14 °C. 
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Confidence intervals of estimated means 

Confidence interval (CI) is the maximum and minimum value between which the 
true average should fall at some stated percentage of confidence [38]. The CI was employed 
to verify the quality characteristics of the confirmation experiments. At the level of 95%, the 
CI for the predicted optimal values was calculated by the aid of the equation: 

 
2:1, error

eff

1 1
VCI F V

n Rα
 

= + 
 

 (10) 

where Fα:1,V2 is the F-ratio of significant level α, α – the significant level, 1-α – the confidence 
level, V2 – the degree of freedom of pooled error variance, Verror – the pooled error variance,  
R – the number of repeated trials, neff – the number of effective measured results. The Fα:1,V2 
value is 3.46 for T1, T2, ΔTcw, Te and Tc. The Fα:1,V2 value is 3.49 for ΔTew. Residual error vari-
ance values (Verror) for T1, T2, ΔTew, ΔTcw, Te, and Tc were taken from tab. 5 as 6.95, 13.40, 
1.29, 0.13, 0.85 and 1.05, respectively; neff was calculated through eq. (11): 

 eff
dof1

Nn
T

=
+

 (11) 

where N is the total number of tests (27), and Tdof – the sum of the degrees of freedom (Tdof is 
4 for T1, T2, ΔTcw, Te, and Tc and Tdof is 6 for ΔTew) of the significant parameters. When all of 
the calculated values were put into eq. (10), the values 

1TCI  = ±3.53, 
2TCI = ±4.90,  

ewTCI∆ = ±1.63, cwTCI∆ = ±0.48, eTCI = ±1.23, and cTCI = ±1.37 were obtained. At a confi-
dence level 95%, the confidence intervals for T1, T2, ΔTew, ΔTcw, Te, and Tc were calculated 
8.87 < 12.57 < 15.93 °C, 57.27 < 62.28 < 67.08 °C, 17.16 < 18.79 < 20.43 °C, 5.23 < 5.61 <  
< 6.20 °C, 19.64 < 20.39 < 22.11 °C, and 47.88 < 49.14 < 50.63 °C, respectively.  

Confirmation experiments 

Three confirmation tests conducted with regard to the optimal levels of control fac-
tors. Means of measurements are given in tab. 6. These means falls within the determined 
confidence interval (8.87 < 13.9 < 15.93 °C, 57.27 < 66.1 < 67.08 °C, 17.16 < 18.55 < 20.43 
°C, 5.23 < 5.65 < 6.20 °C, 19.64 < 20.45 < 22.11 °C, 47.88 < 48.9 < 50.63 °C). Therefore, the 
system optimization for operating temperatures was successfully carried out by using the TM 
at a significance level of 0.05. 

The comparisons of the operating temperatures to optimal tests and the predicted 
combinations A2B2C2, A2B2C3, A3B3C1, A3B3C3, A1B3C3, and A2B2C3 and the combination 
A2B1C1 (nc = 33.5 Hz, Tw = 23.3 °C, ṁw = 60 Lt/h) selected from twenty seven initial trials are 
given in tab. 6. In these comparisons, T1, T2, ΔTew, ΔTcw, Te, and Tc values were eliminated 
from 7.65, 60.20, 6.95, 3.15, 7.50, and 45.75 to 13.35, 66.10, 18.55, 5.65, 20.45, 48.90, re-
spectively. The improved accuracy efficiency because of the optimal combinations was in-
creased up to 75.51%, 9.80%, 166.91%, 79.37%, 172.67%, and 6.89% for T1, T2, ΔTew, ΔTcw, 
Te, and Tc, respectively. The S/N ratios are also given in tab. 6 to compare the quality charac-
teristics of the initial and optimal conditions.  
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Table 6. Experimental conditions for confirmation tests and comparative results 

 
Compressor suction gas 

temperature, T1 [°C] 
Compressor discharge gas 

temperature, T2 [°C] 

Temperature difference 
of water entering and 

leaving from  
evaporator, ΔTew [°C] 

Level T S/N Level T S/N Level T S/N 

Initial combination A2B1C1 7.65 40.7 A2B1C1 60.20 24.6 A2B1C1 6.95 16.8 

Optimal combination (exp.) A2B2C2 13.35 24.7 A2B2C3 66.10 28.3 A3B3C1 18.55 25.4 

Optimal combination (pre.) A2B2C2 12.40 25.7 A2B2C3 62.17 30.3 A3B3C1 18.79 25.8 

Quality loss [%] 2.48 42.54 13.71 

 

Temperature difference 
of water entering and 

leaving from condenser, 
ΔTcw [°C] 

Evaporation temperature, 
Te [°C] 

Condensation  
temperature, Tc [°C] 

Level T S/N Level T S/N Level T S/N 

Initial combination A2B1C1 3.15 9.9 A2B1C1 7.50 17.4 A2B1C1 45.75 42.2 

Optimal combination (exp.) A3B3C3 5.65 14.9 A1B3C3 20.45 26.2 A2B2C3 48.90 35.2 

Optimal combination (pre.) A3B3C3 5.71 15.3 A1B3C3 20.87 26.1 A2B2C3 49.26 43.1 

Quality loss [%] 31.51 13.09 19.87 

Quality losses 

The quality losses between initial and optimal combinations for operating tempera-
tures error are calculated [39]: 

 
/3

opt

ini

( ) 1
( ) 2

L y
L y

η∆
 ≈  
 

 (12) 

where, Lopt(y) and Lini(y) are optimal and initial combinations, respectively, and Δη – the dif-
ference between S/N ratios of optimal and initial combinations. The differences of S/N ratios 
that can be used to evaluate the quality loss eq. (12) of the optimal combination for T1, T2, 
ΔTew, ΔTcw, Te, and Tc, respectively were found as 16.0, 3.7, 8.6, 5.0, 8.8, and 7.0, respective-
ly. Using eq. (12), the quality loss of T1, T2, ΔTew, ΔTcw, Te, and Tc were calculated as 0.0248, 
0.4254, 0.1371, 0.3151, 0.1309, and 0.1987. Thereby, the quality loss of T1, T2, ΔTew, ΔTcw, 
Te, and Tc at the optimal combinations became only 2.48%, 42.54%, 13.71%, 31.51%, 
13.09%, and 19.87% of the initial combination, respectively (tab. 6). When these results were 
evaluated, the quality losses for the T1, T2, ΔTew, ΔTcw, Te, and Tc were reduced to 97.52%, 
57.46%, 86.29%, 68.49%, 86.91%, and 80.13% by using the TM, respectively. 

Conclusions 

In this work, the effect of control parameters such as compressor speed, nc, 
wastewater temperature, Tw, and mass flow rate, ṁw, on the operating temperatures of the 
MHP are studied. The experimental studies are performed based on Taguchi’s L27 full facto-
rial design of experiment and determined the optimal control parameters for the MHP. The 
following conclusions can be drawn from the experimental study. 
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• Nominal levels of the control factors for the T1, T2, and Tc temperatures in the MHP used 
in the waste heat recovery application were specified as T1, nc = 33.5Hz, Tw = 34.8 °C,  
ṁw = 90 Lt/h; for T2, nc = 33.5 Hz, Tw = 34.8 °C, ṁw = 135 Lt/h; and for Tc, nc = 33.5 Hz, 
Tw = 34.8 °C, ṁw = 135 Lt/h.  

• The optimal temperatures were obtained for for ΔTew, nc = 50 Hz, Tw = 52 °C, ṁw = 60 Lt/h; 
for ΔTcw, nc = 50 Hz, Tw = 52 °C, ṁw = 135 Lt/h; and for Te, nc = 22.5 Hz, Tw = 52 °C,  
ṁw = 135 Lt/h. 

• The most effective factors on the compressor suction gas temperature and discharge gas 
temperature were wastewater temperature 66.38%, 62.39% and compressor speed 
25.95%, 25.02%, respectively. 

• The significant influential parameters on the temperature difference of water entering and 
leaving from evaporator were obtained the wastewater temperature with percentage con-
tribution of 42.13% and the compressor speed has a meaningful correlation with a per-
centage contribution of 80.39% on the temperature difference of water entering and leav-
ing from condenser.  

• The effects of compressor speed on evaporation and condensation temperature were 
measured by factors of 64.11% and 81.58%, respectively.  

• The operating temperatures were predicted with the TM and determined the optimal op-
erating temperatures for T1, T2, ΔTew, ΔTcw, Te, and Tc. 

• The findings of this experimental study and optimization models are expected to be useful 
guidelines for the mechanical heat pump tested, it could be varied in other cases. 
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Nomenclature 
a – significant level 
CI – confidence interval 
cosφ – power factor 
Fα,1,fe – F ratio of significant level a 
Lini – initial combinations 
Lopt – optimal combinations 
ṁw – wastewater flow rate, [Lth–1] 

N – total number of tests 
nc – compressor speed, [rpm] 
neff – number of effective measured results 
R – number of repeated trials 
S/N – signal-to-noise, [dB] 
Sy

2 – variance of y 
T1 – compressor suction gas temperature, [°C] 
T2 – compressor discharge gas temperature, [°C] 
Tc – condensation temperature, [°C] 
Tdof – sum of the degrees of freedom 
Te – evaporation temperature, [°C] 
Tw – wastewater temperature, [°C] 
V2 – degree of freedom of pooled error variance 
Verror – residual error variance values 
y – observed data  
y̅ – mean of observed data 

T – total mean of temperature, [°C] 
∆T – temperature difference, [°C] 
Greek symbols 

Δη – difference between S/N ratios of optimal and 
initial combinations, [dB] 

μopt – predicted optimum values of operating 
temperatures, [°C] 

Subscripts 

cw – water entering and leaving the condenser 
ew – water entering and leaving the evaporator 
mean – mean 
pre – predicted 
Acronyms 

ANOVA – analysis of variance 
MHP – mechanical heat pump 
TM – Taguchi method 
TXV – thermostatic expansion valve 
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