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ABSTRACT 15
Carbon emissions and excessive power usage are addressed by applying thermoelectric cooling, 16
which benefits from its ability to be portable, economical, and reliable. However, a conventional 17
thermoelectric air conditioner's coefficient of performance (COP) is much less due to the sustained 18
heat generated on the thermoelectric module's hot side. This work presents a novel idea of utilizing 19
a nanofluid cooled radiator as an external cooling jacket around the thermoelectric module's hot 20
side to enhance the heat transfer rate of thermoelectric air conditioners. In this research, the 21
performance of a newly designed thermoelectric air conditioner (TEAC) powered by photovoltaic 22
systems (PV) installed in a residential building is analyzed using nanofluid as a coolant. 23
Furthermore, by supplying different input currents (2-6A), the cooling characteristics and 24
performance of the newly designed nanofluid assisted thermoelectric air conditioner (NTEAC) 25
system were experimentally studied in a test room of 25.6 m3 volume in Malaysia's tropical climate. 26
The system's best performance was at 6A, with a maximum temperature drop of 4.9 °C, a cooling 27
capacity of 571W, and a coefficient of performance of 1.27. In addition, the NTEAC system 28
showed an energy saving of 67% and CO2 emission mitigation of 76% when compared with a 29
conventional split air conditioner. Thus, an alternative to the traditional air conditioning system was 30
developed from this research, which is Freon free. This system is expected to consume less energy 31
and emit less CO2 for the tropical climatic conditions.  32

33
Keywords: Nanofluid assisted thermoelectric air conditioner (NTEAC); photovoltaic; nanofluid; 34
Coefficient of performance; energy saving; CO2 emission. 35
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1. INTRODUCTION 36
Conventional air conditioning systems have become more efficient in recent years, but they also 37
account for most electricity use and CO2 emissions in most residential, commercial, and industrial 38
buildings [1,2]. According to the International Energy Agency, air conditioners (ACs) in buildings 39
will increase from 1.6 to 5.6 billion by 2050 [3]. In 30 years, each second, there will be ten new 40
ACs purchased. Furthermore, the HVAC industry is dominated by vapour-compression systems. 41
However, these systems employ harmful refrigerants that pollute the atmosphere. Thermoelectric 42
cooling is seen as a valuable alternative to vapour compression, possessing several advantages 43
compared to traditional vapour compression technologies, including smaller size and weight, 44
excellent reliability, no moving parts, zero noise, and the possibility of using photovoltaic. 45
Although the fundamental principles of thermoelectricity are widely understood, studies to 46
comprehend the heat transfer process in small and medium-sized prototypes have been carried out 47
throughout the years [4 6]. A thermoelectric module (TEM) or thermoelectric cooler (TEC) is a 48
novel solid-state cooling system of thermocouples that rely on the Peltier effect to transfer heat 49
from one side of a device to another. As shown in Figure 1, a thermocouple has a sequence of p-50
type and n-type semiconductors connected with top and bottom electrodes in series. The other 51
components are thermally connected in parallel. Additionally, TECs may be directly connected to 52
renewable energy systems to meet the urgent requirement for lowering building energy 53
consumption [7]. 54

55

 
Figure 1: Thermoelectric module with semiconductor elements and heat exchangers [8] 

56
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Thermoelectric air conditioners (TEACs) are composed of multiple thermoelectric modules (TEMs) 57
that are selected in accordance with the building's cooling load (for example, a 600W cooling load 58
requires 12 TEMs of 50 W). When an electric current is provided to the TEMs in a TEAC, heat is 59
transferred through the TEMs from the cold side to the hot side, making one junction colder and the 60
other junction warmer. Then the cooled air from the cold junction is subjected to the building while 61
the hot air is released into the atmosphere. The typical working principle of TEAC installed in a 62
house is described in Figure 2. One of the significant problems with TEAC is poor COP 63
(Coefficient of Performance), especially in high-performance applications. A high COP can be 64
attained by improving heat transfer on the TEM's hot side and increasing the number of TEMs. A 65
critical review on maintaining the cold side temperature of a TEM through different heat dissipation 66
mechanisms was conducted by Sajid et al. [9]. Their study demonstrates that the performance of a 67
thermoelectric device depends on effective thermal management of TEM's cold side and a hot side. 68
On the other hand, Dizaji et al. [10] discovered that when the hot side of a thermoelectric module is 69
cooled by a liquid such as water, the cold side may work as an excellent air conditioning system. 70

 Figure 2: Schematic illustration of a building equipped with TEAC 
71

Atta et al. [11] evaluated the performance of a TEAC system coupled with liquid-to-air heat 72
exchangers. Within 90 minutes, the system could chill an enclosed space at a temperature of 14 °C 73
below ambient and showed a maximum COP of 0.72. In another study, Sun et al. [12] employed a 74
flat heat pipe to dissipate heat and saved ten minutes of the total thermal reaction time. 75
Additionally, Zhao et al. [13] used the heat radiated by the TEM to heat the hot water by combining 76
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it with a radiative sky cooler. This helps to minimize energy usage and save natural resources. 77
Cheng et al. [14] reported that both the absorbed solar energy and the generated heat in the 78
thermoelectric cooler might be evacuated via the cooling water, resulting in higher performance for 79
the cooling module. Liu et al. [15] examined the performance of a solar thermoelectric air 80
conditioner (STACHWS) with water as a heat transfer fluid (HTF). From their results, the water 81
temperature has an enormous impact on the operation of the STACHWS system. The STACHWS 82
system's COP reached a high of 4.51 and 2.74 with water temperatures of 20 °C and 42 °C, 83
respectively. Putra et al. [16] investigated the use of nanofluids in conjunction with thermoelectric 84
cooling to cool a computer's CPU using a heat pipe liquid block system. With the nanofluids, their 85
cooling system can lower the CPU temperature by an immense value than the other typical cooling 86
systems. Thermoelectric coolers are still employed for refrigeration and electrical equipment, 87
despite their intriguing features for buildings. 88
Recently, new ideas for using TECs in buildings have been explored. For instance, Manikandan et 89
al. [17] improved a thermoelectric cooler's COP and cooling performance using modified pulse 90
operation for building space cooling. Compared with the thermoelectric cooler's regular operating 91
mode, the modified pulse operation increased the cooling power and COP by 23.3% and 2.12%, 92
respectively. Tian et al. [18] developed a novel air cooler composed of thermoelectric modules 93
arranged in a tube-bundle shape. According to the author, a tubular thermoelectric system that 94
includes a tubular component is more efficient and functional because it does not require channels 95
to divide the hot and cold sides. Su et al. [19] proposed a novel building envelope with TEC and a 96
radiative sky cooler (RSC) to avoid heat gains and deliver cooling. The TEC-RSC exhibited a 97
cooling capability of 25.49 W/m2 under global solar radiation of 1000 W/m2, with an outdoor 98
temperature of 35°C and relative humidity of 60%. Han et al. [20] studied a unique split-type liquid 99
circulation thermoelectric cooling performance under various parameters. Their findings 100
demonstrate that as the outdoor temperature is reduced from its expected value, the device cooling 101
power and COP increase. Kang et al. [21] conducted trials in active and passive modes to examine 102
the performance of a PCM integrated radiant cooling panel. Their proposed system had an active 103
cooling capacity of about 58 W/m2 and a passive cooling capacity of about 54 W/m2 when the mean 104
radiant temperature (MRT) was 26 °C. He et al. [22] developed a solar-driven thermoelectric 105
cooling system for a model room of 0.125 m3. The authors reported a maximum COP of 0.45 and a 106
minimum temperature of 17 °C. In a recent study, Khalvati et al. [23] analyzed the effects of air 107
temperature attenuation, working interval time, and the number of modules on the performance of a 108
thermoelectric cooling system. Operating the thermoelectric air-cooling system during a short 109
period reduces energy consumption while using it for a longer time might raise it. Also, TEAC with 110
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more than twenty TEMs will increase the energy consumption, attributed to less COP. In 2021, 111
Garayo et al. [24] optimized the COP of a thermoelectric cooling system with double flux 112
mechanical ventilation in a house of 80 m2 area. The authors emphasized the significance of 113
airflows, voltage supply, and temperature gaps attributed to a maximum cooling capacity and COP 114
of 375W and 2.5. Gillott et al. [25] used eight TEMs in a small-scale building to generate a cooling 115
capacity and COP of 220W and 0.46. Their results reveal that TEMs' cooling capacity relies on the 116
temperature (hot and cold side) and quantity of the TEMs. Therefore, minimizing the temperature 117
difference between the hot and cold sides is critical for optimal heat transfer via the thermoelectric 118
cooling module. 119
Accordingly, the reviewed literature affirms a direct correlation between the TEAC's COP and 120
hot/cold side temperature difference, which may be enhanced with more effective thermal 121
management techniques. Since the heat flow on the hot side is enormous, the thermoelectric cooling 122
system's hot side thermal management is more complicated than the cold side. Reduced hot/cold 123
side temperature difference generally results in better cooling [26]. Higher-efficient heat sinks or 124
high thermal conductivity heat transfer fluids can reduce the hot side temperature. Nanofluid is 125
considered one of the best heat transfer fluids suitable for low-temperature and high-temperature 126
applications. For instance, nanoparticle-based working fluids were investigated in cooling systems 127
where the authors reported a maximum COP of 4.7 [27]. Furthermore, Akkaya et al. [28] enhanced 128
the performance of a refrigeration system with TiO2 and polyol ester oil, resulting in a COP 129
improvement of 39%. Likewise, Akkaya and  [29] experimentally investigated the COP of a 130
heat pump using deionized water and CuO/ZnO hybrid nanofluids. The COP of the heat pump 131
ranged from 4.23 to 4.44 for deionized water and CuO/ZnO nanofluid, respectively. Recently, 132
Çiftçi et al. [30,31] used binary hybrid nanofluids to develop an efficient heat pipe for air to air heat 133
exchangers and thermosiphon. Most prior methods have revolved around using nanofluid on heat 134
exchangers [32 36], electronic devices [37 39] and heat sinks [40 42]. None of the previous 135
studies was conducted on a system that integrated a nanofluid, a radiator coupled heat sink, and a 136
thermoelectric air conditioner utilizing solar photovoltaic systems in real-time buildings. The 137
novelty of this paper is that it studies the use of nanofluid cooled radiators as an alternative to 138
conventional methods (air-cooled heat sinks) in thermoelectric air conditioners. The newly 139
proposed nanofluid cooled radiator can cool the hot side junction of the TEAC. This can provide a 140
cheap and straightforward retrofit solution that can contribute to increasing the performance of 141
TEACs in residential buildings. Against this background, this study proposed a novel 142
thermoelectric air conditioner coupled with a radiator integrated with nanofluids (NTEAC) 143
consisting of air and liquid (nanofluid) cooled heat sinks for space conditioning. Heat is removed 144
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from the thermoelectric cooling system's hot side junction via nanofluid. The radiator unit transfers 145
the heat from the nanofluid inside to the outside atmospheric air, cooling the nanofluid turn cools 146
the TEM's hot side. Therefore, this research aims to design, build, and evaluate the performance of 147
a novel NTEAC system for a building located in the tropical climate of Malaysia. 148
2. EXPERIMENTAL APPARATUS AND METHODOLOGY 149
This section intends to illustrate the experimental research involved in field measurements in 150
Tronoh, Perak, Malaysia's realistic climatic environments, utilizing a test room fitted with PV and 151
NTEAC. The experimental test room or building configuration is outlined in section 2.1. The 152
preparation of MWCNT/Water nanofluid is explained in section 2.2. The fabrication, description, 153
evaluation of NTEAC components and NTEAC system are discussed in sections 2.3 and 2.4. 154
Furthermore, the design and arrangement of the test room equipped with the NTEAC system are 155
presented in section 2.5. Ultimately, the methodology for data acquisition and uncertainty analysis 156
is depicted in sections 2.6 and 2.7. 157

 158
2.1. Building description 159
In a test room at Universiti Teknologi Petronas in Tronoh, Perak, Malaysia (4° 23' 2.292" N and 160
100° 58' 16.824" E), the studied NTEAC system was installed. The schematic image of the test 161
room or building is depicted in Figure 3(a). The test room is installed with photovoltaic panels and 162
a weather link station. Figure 3(b) illustrates the dimensions of the test room, which are as follows: 163
3200 mm (length), 3200 mm (width) and 2500 mm (height). The external walls are three-layered, 164
with a 200 mm thick stone centre layer, while all side walls are cemented. The inside layer of 165
cement is 13 mm thick, while the exterior layer is 18 mm thick. Clay roof tiles were used for the 166
roof cover, and the ceiling (1800 × 1200 × 6.3 mm) is made of a Gypsum board. The wall window 167
is 304 mm high, 1200 mm wide, and 22 mm thick plywood. In addition, the test room has a single 168
steel door measuring 2000 mm in height, 850 mm in width, and 450 mm in thickness on the 169
northwest wall. Table 1 summarises the thermophysical parameters of the materials utilized in the 170
test room. 171
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Figure 3: (a) Original image and (b) floor plan of the studied building 
172

Table 1: Significant parameters of the building materials 173
Materials Thermal conductivity  

(W/m. K) 
Density 
(kg/m3) 

Specific heat capacity 
(kJ/kg.K) 

Limestone tile 1.8 2420 0.84 
Sand grave 1.740 2240 0.84 
Brick tile 0.798 1892 0.88 
Mud brick 0.75 1731 0.88 
Soil 0.518 1620 0.88 
Cement mortar 0.716 1647 0.92 
Cement plaster 0.719 1761 0.84 
Roof tile 0.632 2531 1.42 
GI sheet 61.06 7520 0.50 

174
2.2. Nanofluid preparation 175
The Multiwalled Carbon Nanotubes (MWCNTs) with 10nm diameter purity 98% was bought from 176
Sigma Aldrich, USA. Distilled water-based MWCNT nanofluid was prepared using the two-step 177
method. MWCNT nanoparticles are dispersed in distilled water with SDBS surfactant to create a 178
highly effective and stable heat transfer fluid. A mixture of MWCNTs and SDBS at 0.5wt% 179
concentration is swirled together using a magnetic stirrer for 30 minutes at 800 RPM without 180
increasing the temperature to ensure uniformity in MWCNT/SDBS mixture distribution. Our 181
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previous literature can provide more detailed information on the studied nanoparticle, base fluid, 182
and nanofluid [43]. The schematic image of the nanofluid preparation is depicted in Figure 4.  183

 
Figure 4: Schematic presentation of nanofluid preparation 

2.3. Description of heat sinks, radiators, TEMs and PV panels 184
2.3.1  Air-cooled heat sinks 185
A heat sink may effectively absorb or disperse heat from thermal systems to atmospheric air with 186
extended surfaces such as fins and spines. When effective heat dissipation is necessary, heat sinks 187
are utilized in a broad range of applications; notable examples include refrigeration, heat engines, 188
and electronic equipment that need to be cooled. Most heat sinks are made of metal with a cluster of 189
cooling fins, called a fin array. The heat sink's performance can be increased by increasing the 190
surface area, thermal conductivity, or heat transfer coefficient. Longitudinal fins are available in 191
various shapes, including rectangular, triangular, and parabolic fins. The rectangular design is the 192
most fundamental and extensively utilized when it comes to multiple fin arrays. In this study, a 193
multiple-fin array with forced convection is herein preferred for the rectangular profile. The 194
proposed finned heat sink was fabricated based on the conventional heat sink designs [44]. Figure 5 195
indicates the schematic view of the multi finned heat sink and its dimensions. This heat sink has a 196
channel height of 20 mm, a channel width of 4 mm, a fin width of 2 mm, a total length and breadth 197
of 55 mm, and a base height of 3 mm. 198
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Figure 5: Schematic diagram of the air-cooled heat sink 

199
2.3.2 Nanofluid cooled heat sinks 200
Increasing the thermal performance of heat sinks employing traditional heat transfer fluids (HTF) 201
has become ubiquitous in the last decade. The improved thermophysical characteristics of 202
nanofluids compared to conventional HTF allowed them to operate as highly efficient HTF to solve 203
various heat transfer challenges. In this study, MWCNT/Water nanofluid is used as a coolant. A 204
schematic view of the proposed heat sink with a circular channel is presented in Figure 6. The heat 205
sink used for cooling the hot side of the TEMs has a total length of 196 mm, width of 72 mm and 206
height of 23 mm. The diameter of each channel is 2.8 mm, and each channel is surrounded by solid 207
material. The heat generated due to the current flow in TEMs is removed by circulating 208
MWCNT/Water coolant through a channelled heat sink. The heat transfer is carried by conduction 209
in the solid material and the coolant by convection. The nanofluid enters the heat sink in the axial 210
direction with controlled speed and temperature. 211

 
Figure 6: Schematic diagram of the nanofluid cooled heat sink 

212

All dimensions are in mm 

All dimensions are in mm 
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2.3.3 Electrical connections of TEMs 213
The amount of heat absorbed at the cold junction is associated with the Peltier cooling, the half of 214
Joule heating, and the thermal conduction. Figure 7 depicts a basic electrical circuit for the studied 215
thermoelectric cooler. Three rows of twelve thermoelectric modules (55 × 26 × 15 cm) were placed 216
in four columns. The positive wires of each series of TEMs were linked to the negative cables of 217
the following sequence of TEMs. Furthermore, the positive cables are connected to a bus bar 218
(positive side) at the end of each row, and the negative cables are attached to a separate bus bar 219
(negative side) at the end. The positive bar was then attached to the positive power supply terminal, 220
and the negative bar was connected to the negative power supply terminal. 221

 
Figure 7: Electrical connection of TEMs 

As shown in Figure 7, the internal connection between columns was in series, while connections to 222
other columns were in parallel, and all the columns (with TEMs) were installed in plastic nylon. 223
The configuration of the studied thermoelectric modules is listed in Table 2. The dimension of the 224
plastic nylon layer is 303 × 294 × 25 mm. The nylon layer is extruded to the TEM size, and small 225
ways are paved for wire connections. 226

Table 2: Specification of the selected TEMs 227
Company Model Current 

(A) 
Max. 

Voltage 
(V) 

Max. 
Cooling 
Power 

(W) 

Max. 
Temperature 

Difference 
(°C) 

No. of p-n 
couples 

Ferrotec 9500/391/
085B 

8.5 53.8 248 72 391 

228
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2.3.4 Arrangement of heat sinks and thermoelectric modules 229
On the hot side of the TEMs, waste heat is dissipated into the environment (outdoor space) using 230
nanofluid cooled heat sinks coupled with a radiator. Also, on the cold side of the TEMs, the cooling 231
capacity is enhanced by using air-cooled heat sinks and blower fans, as illustrated in Figure 8. The 232
first aspect of this project is that six nanofluid-cooled heat sinks are connected to the hot side of the 233
twelve TEMs, where each heat sink is connected to two TEMs using thermally conductive grease. 234
Secondly, each TEM's cold side is fixed to separate finned heat sinks, supported by a nylon layer. 235
Consequently, twelve TEMs are connected to twelve heat sinks to stimulate the sustained cooling 236
favoured by the TEMs' cold sides. Furthermore, the cooling obtained by the finned heat sink is 237
fanned out to the test room through the twelve small axial flow fans and a single large fan. The 238
specifications of a single small fan (80 × 80 × 25 mm) are 0.96 W, 2050 RPM, 33.5 CFM, 21.5 Pa, 239
22 dB and 95 g. Meanwhile, the big fan (200 × 200 × 50 mm) has a configuration of 78 W, 285 240
CFM, 1800 RPM, 285 CFM, 50 dB, and 400 g. All the layers are tightly enclosed via nuts and bolts 241
to prevent leakage. The NTEAC dimensions were in line with the ASHRAE standard [45]. 242

 
Figure 8: Arrangement of thermoelectric modules and heat sinks (Part B) 

2.3.5 Radiator 243
In the NTEAC system, a Proton automobile radiator made of aluminium material with a louvre fin 244
type is used. On both sides of the tubes, louvred fins are connected. When air enters the radiator's 245
system, it blows in a transverse direction to the arrangement of tubes. Steel is used for both the tube 246
and the louvred fins. Radiators consist of three main parts: heat pipes, an aluminium substrate, and 247
flat fins. Steel is a common material used in radiators since it has a strong anti-corrosion property. It 248
is built to handle heat flow from the hot nanofluid coolant, which passes through it and transfer to 249
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the outside air. Figure 9 depicts the schematic design of the radiator. There are 46 aluminium fins 250
with a dimension of 430 mm × 350 mm × 38 mm. The heat transfer performance of the nanofluid 251
coolant directly affects the running state of the NTEAC system. The MWCNT/water coolant carries 252
the waste heat generated by the TEM incorporated heat sinks (Part B) to the radiator for cooling. 253

 
Figure 9: Schematic diagram of the studied radiator 

254
2.3.6 Photovoltaic panels 255
Malaysia's energy sector strongly depends on non-renewable fuels as a source of energy, such as 256
natural gas or fossil fuels. The government of Malaysia has made various efforts to promote 257
investment in solar photovoltaic projects. Solar energy has fewer potential environmental 258
consequences than other energy sources, such as fossil fuels, often generated with adverse side 259
effects. A solar PV system comprises several PV modules, also known as solar panels. A module 260
consists of tiny solar cells, each generating 1 to 2 watts of electricity. A PV module with a surface 261
area of one square metre will produce 150 W of electricity. At an angle of 15°, the PV panels are 262
installed on the test room's east-facing roof. Figure 3(a) in the earlier section shows the installed PV 263
on the test room roof. In the current research, three pieces of polycrystalline photovoltaic panels of 264
325 Wp each generate the PV-NTEAC system's electricity. Table 3 lists the configurations of the 265
PV panels. 266

Table 3: Specifications of the PV panel 267
Parameters Specifications 
Mechanical properties: 
Type of element used Polycrystalline silicon 
Size (Length × Breadth × Height) 1.99 × 1× 0.035 m 
Weight 24 kg 
Cells used 72 

All dimensions are in mm 
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Type of output node Amphenol H4 
Gauge of output cable wire 12 AWG 
Length of the output cable 1.2 m 
Electrical properties: 
Maximum efficiency 16.3% 
Tolerance limit of power ±3% 
Maximum current  8.8A 
Maximum voltage  36V 
Current of the short circuit (Isc) 9.4A 
Voltage of the open circuit (Voc) 46.4V 
Nominal operating cell temperature  45°C 
Coefficient of temperature for Isc 0.05 %/K 
Coefficient of temperature for Voc -0.134V/K 
Coefficient of temperature of the power -0.4%/K 
Fuse rating of series connection 15A 
Maximum voltage of the system 1000V 

268
2.4. Novel proposed NTEAC system description 269
Evaporative air conditioners and refrigerative air conditioners are the two types of air conditioners 270
typically used in houses. These systems, which use compressors to disperse heat, are called "air-271
cooled systems" and operate similarly to a car radiator. Since this cooling system absorbs moisture 272
as it cools, it dehumidifies the air. The system absorbs water from the air within the cooled region 273
and distributes it as hot air to the outside air. The proposed NTEAC system also follows the same 274
principle, and it is illustrated in Figure 10, combining a nanofluid tank (Part A), TEMs incorporated 275
heat sinks (Part B), and a radiator (Part C). The basic principle of the NTEAC system is the transfer 276
of heat from the indoor air to the atmospheric air using forced convection. The components used in 277
this system are a submersible pump, a small tank, an adjustable valve, a liquid-cooled heat sink, 278
TEMs, air-cooled heat sinks, nylon layer, connecting pipes, and a radiator. The major part of the 279
NTEAC system is Part B, where the thermoelectric modules are installed. It consists of six layers: a 280
big fan; a fan mounting layer; small fans; air-cooled heat sinks; nylon layer; TEMs; and nanofluid-281
cooled heat sinks. Hot and humid weather conditions in Malaysia's Perak state were considered 282
while designing the manufactured system. 283
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Figure 10: Schematics of the Nanofluid Assisted Thermoelectric Air Conditioner 

The proposed NTEAC system has two main units: an indoor unit (pump and TEM combined heat 284
sinks) and an outdoor unit (radiator). An adjustable valve and a digital flowmeter control the 285
nanofluid flow and measure the flow rate. The sequential operations in the NTEAC system are 286
demonstrated as follows. (i) MWCNT/Water nanofluid is pumped to the TEM combined heat sinks 287
with a 13.50 LPM flow rate and 1012.6 kPa pressure. (ii) Heat from the hot side of the 288
thermoelectric module is absorbed by the circulated nanofluid, while the cooling side of the TEM is 289
subjected to indoor air via air-cooled heat sinks and fans resulting in a reduction in test room 290
temperature. (iii) Then, the heated nanofluid flows to the radiator, where the heat is transferred to 291
the atmosphere and enters the pump (with tank) to repeat the cycle. The schematic diagram of the 292
processes in the NTEAC system is illustrated in Figure 11. The design details of the NTEAC 293
components are listed in Table 4. 294
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Figure 11: Schematic diagram of the processes in the NTEAC system 

295
Table 4: Technical details of the NTEAC components 296

Sl. No. Components Parameters Unit Quantity 
1. Submersible Pump 220 V, 50 Hz, 85 

W, 4000 L/H, 4m 
- 1 No. 

2. Nanofluid tank 250 × 155 × 155 mm 1 No. 
3. TEM I max = 8.5 A 

Vmax = 53.8 V 
- 12 Nos. 

4. Air-cooled heat 
sinks 

55 × 55 × 23 
(20 fins) 

mm 12 Nos. 

5. Small fan 24 V, 0.04 A, 
33.5 CFM 

- 12 Nos. 

6. Big fan 12 V, 6.5 A 
200 × 200 × 50 

 
mm 

1 No. 

7. Nanofluid cooled 
heat sink 

196 × 72 × 25 mm 6 No. 

8. Brass valve ½ inch 1 No. 
9. MWCNT/Water 

nanofluid 
k = 0.71  W/m.K 5 Litres 
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10. Radiator 430×350×38, 
0.09 (fin 

thickness), 0.3  
(Radiator tube) 

mm 1 No. 

11. Digital flowmeter 0.3  15  LPM 1 No. 
297

2.5. Building equipped with NTEAC system 298
The actual NTEAC system installed in a building consists of three main parts, namely a tank filled 299
with nanofluids (Part A), TEMs incorporated with heat sinks (Part B), and a radiator (Part C). 300
Figure 12 illustrates the studied PV-NTEAC device installed in the test room. From 1st September 301
to 30th September 2020, the experiment was conducted in a test room situated at the Universiti 302
Teknologi PETRONAS, Malaysia. Before the installation of the NTEAC system, the test room's 303
estimated peak cooling demand was 590 W. Each TEM produced a cooling power of 50 W at an 304
applied voltage of 10 V and 5 A. Since the required cooling load for the test room is 590W, the 305
NTEAC system uses twelve 50W (600 W) thermoelectric modules, which are slightly more (10 W) 306
than the required cooling load. Once the DC power supply was turned on, the current flowed 307
through the TEMs, creating a temperature difference between the module's cold and hot sides. With 308
an exhaust fan (78 W), the ambient air was scattered inside the test room through the NTEAC 309
device (Part B) mounted on the test room's inside wall. There were twenty-four fins in each heat 310
sink linked to the cold side of the TEMs, which absorbed the heat sustained in the test room's 311
ambient air. The heat sinks were also cooled using 0.96 W (12 Nos) power exhaust fans by forced 312
convection.  313
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Figure 12: Building equipped with PV-NTEAC(a) Schematic diagram (b) Indoor unit with Part A 

and Part B (c) Outdoor unit with Part C 
2.6. Experimental procedure 314
As mentioned earlier, the experiment was conducted in September 2020. The CLTD (Cooling Load 315
Temperature Difference) calculation showed that the test room needed 590 watts of cooling 316
capacity to compensate for the thermal acceptability criteria without considering the influx of heat 317
through the floor. As shown in Figure 13, the electricity generated from photovoltaic panels was 318

A 

B C 

(a) 

(b) (c) 
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stored in batteries (RA-12-40 Batteries) through a solar charge controller (Beta 2.0). This research 319
explores the PV-NTEAC system's performance at current levels, ranging from 2 A to 6 A.  320

 
Figure 13: Schematic diagram of the experimental setup 

321
It also uses an adjustable current controller (DPS 5015) to control the current supply into the PV-322
NTEAC system. Moreover, different temperatures, such as inlet temperature (Tin), hot junction 323
temperature (Thot,out), cold junction temperature (Tc) and cold outlet temperature (Tc,out), were 324
measured at various positions in the test room using 10 K-type thermocouples. Based on the 325
ASHRAE standard 55 [46], the methodology for measuring the test room's indoor thermal condition 326
was chosen. The Class II field research protocol [47] was followed to render the data collection 327
method. To obtain the indoor air quality (IAQ) such as room temperature (Troom), room humidity 328
(RH), air pressure (Proom)and air velocity (Vroom), TESTO 480 was placed at 1000 mm above the 329
ground and near the occupant region. Data were gathered during the solar hours of 8 AM to 8 PM 330
with an interval of 5 minutes for 30 days. Figure 14 shows the original image of the experimental 331
setup used in the study. The details of various electrical instruments used in the NTEAC system are 332
listed in Table 5. 333

334
335
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Figure 14: Original image of the experimental setup 

336
Table 5: Specification of electrical devices 337

Descriptions Values 
Current Controller (Model: DPS 5015) 
Voltage output accuracy 0.01V (0.5%) 
Voltage input accuracy 6-60V 
Maximum Voltage output 50V 
Maximum power output 1000W 
Maximum output current 20A 
Current output accuracy 0.5% 
Charge Controller (Model: Solar Beta 2) 
Length × Breadth × Height 0.159 × 0.81 × 0.47 m 
Operating voltage of the system 12-24V 
Input PV voltage (Max.) 50V  
Maximum Charge Current 15A 
Terminal voltage of the battery (Max.) 34V 
Maximum current supply (Battery) 20A 
Voltage drop of the circuit (Charge) V 
Voltage drop of the circuit (Discharge) V 
Battery Bank (Model: MSB RA 12-40) 
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Length × Breadth × Height 0.19 × 0.16 × 0.17 m 
Unit voltage 12V 
Battery Capacity 40Ah@10hr-rate  
Discharge current (Max.) 400 (5) A/sec 
Internal resistance  
Temperature range for discharge -20 to 60 
Temperature range for charge 0 - 50°C 
Operating temperature during current storage -20 to 60°C 
Operating temperature during normal condition 25±5°C 
Maximum charging current 12A 
Submersible Pump (Venus Aqua V4800) 
Voltage 220  240V 
Frequency 50/60 Hz 
Power 85 W 
Maximum flow rate 4000 L/hr 
Maximum flow height 4m 

338
Besides, the Davis Vantage Pro 2 weather station is fixed outside the test room at the height of 3000 339
mm. All the measured data is displayed on a console placed inside the test room through a low 340
power radio (wireless). The Davis vantage pro 2 can determine the inside temperature, outside 341
temperature, inside humidity, outside humidity, pressure, heat index, wind speed, solar radiation, 342
dew point, UV index, etc. This study measured ambient temperature, humidity, and wind speed at a 343
5-minute interval via the Davis vantage pro 2 weather station. Table 6 presents the technical 344
specifications of the Davis vantage Pro 2 sensors. 345

346
Table 6: Specification of sensors in Davis Vantage Pro 2 347

Variable Descriptions  Values 
Humidity Range 1  100% 

Resolution 1% 
Accuracy ±2% 

Pressure Range 410  820 mmHg 
Resolution 0.1 mmHg 
Accuracy ±0.8 mmHg 

Temperature Range 0  60 °C 
Resolution 0.1 °C 
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Accuracy ±0.3 °C 
Solar radiation Range 0  1800 W/m2

Resolution 1 W/m2 
Accuracy ±5% 

Dew point Range -76 °C to +54 °C  
Resolution 1 °C 
Accuracy ±1 °C 

348
2.7. Data reduction and uncertainty analysis of the PV-NTEAC system 349
2.7.1 Data reduction 350
The cooling capacity (Qc) of the NTEAC system is calculated using Eq. 1. [26] 351

 (1) 
Where S, I, R, K and  represent the Seebeck coefficient, input current, electrical resistance, 352
thermal conductivity, and temperature gradient of the thermoelectric module. Tc and Th denote the 353
temperature of the hot and cold sides of the TEM, respectively. 354

355
The Coefficient of Performance (COP) of the studied PV-NTEAC is estimated using Eq. 2. [20] 356

 (2) 

 (3) 

 (4) 

Where PTEM reflects the input power provided by TEM, W illustrates the input power given to other 357
components (fan, pump, radiator) of the NTEAC system. 358

359
The thermoelectric cooling module's input power is determined using Eq. 5. 360

 (5) 

I is the input current, and V is the input voltage supplied to the TEM. 361
362
363
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2.7.2 Uncertainty analysis  364
Due to calibration and data recording, systematic errors can emerge during the experiment. 365
Therefore, measuring probes such as thermocouples are adjusted to increase the precision of data 366
collection. Therefore, measurement probes such as thermocouples are calibrated with a bi-metallic 367
thermometer immersed in water under different temperatures to enhance their data collection 368
precision. As shown in Table 7, systematic errors are also considered in the uncertainty analysis to 369
get a complete picture of the measurement's accuracy. The root-sum-squares (RSS) technique has 370
been used to do the total uncertainty analysis. Moffat [47] pioneered this method, which defines the 371
uncertainty of a function, , as follows: 372

 
 

(6) 
Where  indicates the uncertainty sensitivity coefficient, fore, using the above equation (Eq. 6), the 373
estimated uncertainty of COP ( ) is determined with a 98% certainty, and the computed value 374
was less than 0.1%, as far as significant components are concerned. 375

Table 7: Uncertainty analysis of the obtained experimental data 376
Variable Typical Value (X)  Relative Uncertainty 

(  
T in (°C) 30-35 0.51 1.7 
T c,out (°C) 22-25 0.54 2.4 
T h,out (°C) 21-23 0.21 1 
T amb (°C) 25-28 0.24 0.9 
T room (°C) 27-30 0.3 1.1 
RH in (%) 85-100 0.6 0.7 
RH out (%) 90-94 0.64 0.71 
Current (A) 1-6 0.01 0.16 
Voltage (V) 5 0.05 1.66 
Nanofluid flow rate 
(LPM) 

13 - 15 0.12 1 

Solar radiation (W/m2) 100 - 1000 1.5 1.5 
377

 1  2  3  4  5  6  7  8  9 1011121314151617181920212223242526272829303132333435363738394041424344454647484950515253545556575859606162636465



 
 

23 
 

3. RESULTS AND DISCUSSION 378
In this section, the results of the performed experiments are discussed to observe the PV-NTEAC 379
system's performance with MWCNT/water nanofluids. First, the detailed experimental results of the 380
test room acquitted with the PV-NTEAC system are reported. Then, the effect of changing input 381
current supply on the COP and cooling power of the PV-NTEAC system is discussed in detail. 382
Following that, the test room's indoor thermal conditions during optimal operating conditions are 383
measured and compared to the initial test room to determine the system's suitability for building 384
cooling in Malaysia's climate. 385
3.1. Thermal environments 386
3.1.1 Air temperature and Relative humidity 387
Tronoh, located at latitude 4° 23' 2.292" N and longitude 100° 58' 16.824" E, is a tropical city in 388
Malaysia's hot and humid area. Since the performance of the PV-assisted NTEAC system is 389
dependent on the outside climatic conditions, such as outside temperature, relative humidity (RH), 390
and solar radiation intensity, it is no surprise that the PV-assisted NTEAC system's performance 391
varies widely based on the climate at the installation site. In this study, the ambient air temperature, 392
relative humidity, and UV index were evaluated by Davis Vantage Pro for 30 days (720 hours) in 393
September 2020, as shown in Figure 15. The annual mean temperature ranges between 25 and 394
27°C, and the monthly mean temperature and humidity in September are 26.5°C and 82%. 395
Moreover, the minimum and maximum temperatures recorded during the September month were 396
23.6 and 30.1 °C, with an average UV index of 6. The lowest RH ranged between 46 and 55.73% 397
during daylight, while the highest RH ranged from 79.3 to 99% at night.  398

 
Figure 15: Hourly changes of ambient air temperature and relative humidity for September 2020 
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399
3.1.2 Solar irradiance and PV power 400
Assessment of the solar irradiance of a region is just as critical as evaluating the humidity and 401
temperature data collection for a given time in deciding the viability of a solar-powered project. The 402
variation of solar irradiance and the PV panel power output from 1st to 30th September 2020 is 403
displayed in Figure 16. Underlying darkness and cloudiness lead to reduced electrical power 404
production. An average solar irradiance of 661.42 W/m2 was observed during the experiment. The 405
maximum solar irradiance was 1045.81 W/m2 on 18th September 2020, and a minimum solar 406
irradiance of 126.03 W/m2 was detected on 19th September 2020. The photovoltaic (PV) panel 407
delivered a maximum of 595.81 W and 1.12 kWh of daily power output. Also, three PV panels 408
were used to provide sufficient power to the PV-NTEAC device via batteries. Two solar charge 409
controllers controlled the power supplied by three PV panels and stored directly in the batteries. 410
The impact of input current on the PV-NTEAC device's output was investigated using this as a 411
source of input control. 412

 
Figure 16: Hourly changes in solar irradiance and PV power output for September 2020 
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413
3.1.3 Mean radiant temperature and air velocity 414
The daily changes of mean radiant temperature (MRT) and air velocity from 1st to 30th September 415
2020 are depicted in Figure 17. Air temperature, velocity, and globe temperature were used to 416
determine mean radiant temperature (MRT) according to ISO 7726 standards [48]. The average 417
ambient air velocity was 1.16 m/s, with a minimum and maximum air velocity of 0.67 m/s and 2.02 418
m/s observed on September 16th and 20th. Therefore, the daily change of MRT is similar to that of 419
the air temperature. Many of the MRT values recorded in the analysed building were much higher 420
than the air temperature (about 1°C), indicating a significant radiant impact that needed to be 421
accounted for. 422

 
Figure 17: Daily changes of mean radiant temperature and air velocity for September 2020 

The ambient data from 7th to 11th September (8 hours to 20 hours each day) is considered the most 423
identical to ensure the results are comparable under natural weather conditions. The ambient 424
weather conditions are presented in Table 8. 425

Table 8: Summary of ambient weather conditions of the test room 426
Parameters Description 7/9/2020 8/9/2020 9/9/2020 10/9/ 

2020 
11/9/ 
2020 

Outdoor 
Temperature (°C) 

Minimum 24.9 26.02 25.11 26.3 25.4 
Maximum 34.23 31.4 33.2 32.1 33.6 
Mean 27.7 27.41 28.33 29.2 30.1 
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Standard 
Deviation 

2.70 2.60 4.10 3.50 3.80 

Indoor Temperature 
(°C) 

Minimum 24.01 25.8 25.25 24.92 25.02 
Maximum 33.12 31.78 32.67 32.30 32.9 
Mean 27.26 25.49 27.66 27.31 26.40 
Standard 
Deviation 

2.45 2.80 2.020 2.50 2.90 

Radiant 
Temperature (°C) 

Minimum 25 24.90 22.80 23.71 24.50 
Maximum 27.42 27.03 26.89 26.84 26.50 
Mean 27.51 27.26 25.64 26.57 26.8 
Standard 
Deviation 

2.70 2.40 2.90 2.60 2.30 

Outdoor Relative 
Humidity (%) 

Maximum 97 96 89 91 93 
Minimum 57 55 49 53 57 
Mean 79 75 82 84 81 
Standard 
Deviation 

5.40 4.80 4.20 6.20 5.10 

Indoor Relative 
Humidity (%) 

Maximum 80 83 91 85 79 
Minimum 61 72 59 64 55 
Mean 77 79 84 75 78 
Standard 
Deviation 

3.40 4.20 5.50 5.30 3.80 

Velocity of air (m/s) Maximum 3.20 2.50 2.10 1.80 2.20 
Minimum 0.8 1.20 0.70 1.20 1.00 
Mean 1.60 1.80 1.40 1.30 1.50 
Standard 
Deviation 

0.68 0.30 0.20 0.70 0.50 

427
3.2. Thermal performance of the NTEAC system 428
Figure 18 presents the time-dependent temperature measurements conducted on a hot, humid day in 429
September 2020 for the internal front wall, internal rear wall, the hot surface of TEM, cold surface 430
of TEM, cooled space, ambient air, and coolant (MWCNT/water nanofluid) of the NTEAC system 431
installed in the test room. While the cold side temperature of the TEM ranged between 29.3 and 432
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69.4°C, this value ranged between 47.1 and 147.7 °C for the TEM's hot side. An improvement of 433
17% was obtained in the cooling system using 0.5wt% MWCNT/Water nanofluid with respect to 434
pure distilled water when the initial and final state temperature differences were compared. As the 435
temperature of the surrounding environment rises,  436
is cooled using the studied nanofluid-based TEAC. The obtained data also shows that 437
MWCNT/water nanofluids give the most impressive improvements in heat transfer performance. 438
Furthermore, it is observed that the rate of enhancement depends on various factors, including 439
thermal conductivity, agglomeration, viscosity, density, and the specific heat capacity of the heat 440
transfer fluid. These aspects were briefly explored in our previous literature [43]. In principle, the 441
thermal conductivity of nanofluids has the most significant effect on heat transfer characteristics, 442
which is also supported by the results of T, which shows a similar trend to that seen in the prior 443
research [49]. As a whole, it can be said that the thermal performance of the PV-NTEAC system is 444
highly dependent on solar irradiation and ambient temperature. The PV-NTEAC system, on the 445
other hand, may function differently depending on the climate. 446

 
Figure 18: Thermal performance of NTEAC device for 0.5wt% MWCNT/Water nanofluid 

447
3.3. Coefficient of performance and Cooling Capacity of the NTEAC system 448
The coefficient of performance (COP) was assessed by calculating the cooling energy dissipated 449
inside the test room and the thermoelectric modules' electrical energy input. As aforementioned, the 450
COP of the photovoltaic powered nanofluid assisted thermoelectric air conditioner (PV-NTEAC) 451
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can be improved by reducing the hot side temperature of the thermoelectric modules. This can be 452
done by removing heat more efficiently from the hot side of the TEMs through the nanofluid cooled 453
heat sink unified to a radiator. Nanofluids are ideal coolants for radiators because of their excellent 454
thermal properties, contributing to high heat transfer. To analyze the cooling effect of the enhanced 455
thermophysical properties of working fluid (nanofluid), more tests were performed on the PV-456
NTEAC system by varying the input current supply (2-6.5A). Figure 19 shows the COP variation of 457
the PV-NTEAC system implemented in the test room. As seen in the above figure, the COP of the 458
PV-NTEAC system increased to its maximum at first and then decreased gradually when the 459
current supply increased to 6.5A. The maximum obtained COP is 1.27 when the applied current is 460
6A, and the cold side temperature is 22.7 °C. The results show that the PV-NTEAC system requires 461
less electrical energy and works more efficiently with an optimum input current supply of 6A. On 462
the other hand, the COP decreased from 1.27 to 1.19 when the current supply increased from 6A to 463
6.5A. When the system was operating at current levels greater than 6.5A, it was discovered that a 464
significant quantity of heat was being transmitted to the cold side of the TEMs, thus negating the 465
total cooling capacity of the system. 466

 
Figure 19: Effect of current on the COP of the PV-NTEAC system 

467
By circulating nanofluids on the heat sink (hot side of TEMs), the temperature difference between 468
the hot and cold sides of the TEMs can be maintained, allowing for constant cooling of the heat 469
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sink (hot side of TEMs). As MWCNT/water nanofluid possesses fascinating heat transfer 470
characteristics, this method effectively calms buildings with a minimum number of TEMs in 471
TEACs. Furthermore, the obtained results are compared with earlier thermoelectric cooling studies, 472
shown in Table 9. 473

474
Table 9: Comparison with previous studies on thermoelectric cooling 475

References Number of TEMs 
& Model No. 

Operation 
current(A)/ 
Voltage(V) 

Maximum 
COP 

Maximum 
Cooling 
capacity 
(W) 

Application 

Shen et al. 
2013, [50] 

1 TEM  
(TEC1-12706) 

1.2A 1.77 6.38 Small office 
space  

Tan et al. 
2015, [51] 

42 TEMs 
 (RC12-8) 

5A 0.78 1534 Office room 
(33.6 m3) 

Kashif et al. 
2015, [52] 

24 TEMs 
 (TEC1-12730) 

2  7A 
 

0.679 499 Test room 
(18.9 m3) 

Puy et al. 
2017, [53] 

16 TEMs 
 (RC12-8) 

12 V 0.78 600 Residential 
building (0.27 
m3) 

Rincon et al. 
2018, [54] 

12 TEMs 
 (RC12-6L) 

120 V 0.77 480 Climatic 
chamber 

Cheon et al. 
2019, [55] 

9 TEMs  
(HMN 6040) 

1  3.2A 0.73 504 Office 
building 
(3000 m3) 

Chen et al. 
2020, [56] 

9 TEMs 1.5  9.9A 
 

1.24 324 Simulation 
box (0.42 m3) 

Looi et al. 
2020, [57] 

9 TEMs 
 (Ferrotec 
9500/391/085B) 

5A 1.67 181 Test chamber 
(3.6 m3) 

Present work 12 TEMs 
 (Ferrotec 
9500/391/085B) 

2  6A 1.27 571 Test room 
(25.6 m3) 

476
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In order to ensure continuous operation and appropriate performance, the hot sides must efficiently 477
disperse heat into the ambient air. Cooling performance is affected by both the convection heat 478
transfer coefficient and the heat dissipation regions on the hot side TEM. The high heat transfer 479
coefficient of MWCNT/water nanofluid is attributed to the high heat dissipation rate, resulting in 480
cooling capacity enhancement. Figure 20 shows the PV-NTEAC system's cooling capacity (Qc) 481
with various current supplies. Increasing the input current first allows the cooling capacity to 482
achieve its maximum value. Following that, the Qc falls in accordance with the rise in electrical 483
current flow. Using a current supply of 6A, the maximum possible Qc of 571W was obtained. As 484
long as the input current is sufficient, the Peltier cooling rises in proportion to an increase in 485
electrical current, eventually taking over and reducing Qc ultimately. This is attributed to the rise of 486
Qc with the rise of electrical current. Apart from that, Qc declines after reaching its maximum value 487
since Joule heat rises faster than Peltier cooling does. These results are in good agreement with 488
Irshad et al. [52], in which the COP and Qc increased (3-5A) first and decreased (> 5A) at greater 489
current supply. Furthermore, the COP and Qc increase when the hot side temperature of the TEMs 490
are lowered. In a nutshell, the maximum COP is 1.27, and the corresponding Qc is 571W. 491

 
Figure 20: Effect of current on the cooling capacity of the PV-NTEAC system 

492
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3.4. Performance of the test room equipped with NTEAC system 493
This section will present and discuss TEM's cold side and hot side temperatures, indoor 494
temperature, and relative humidity under different input currents to analyze the PV-NTEAC 495
system's performance. The temperature variations seen at the outlet areas of the hot and cold 496
junctions occur due to the Peltier effect when the PV-NTEAC system is turned on at 8 AM. The 497
decrease in the incoming air temperature was due to heat absorption on the cold side of the TEMs, 498
and the absorbed heat was discharged via forced convection, which transferred the heat to the hot 499
side of the system. The airflow rates to the cold junction and the hot junction are monitored to 500
ensure no change for all current supplies. Regarding the experimental findings shown in Figure 21, 501
different outcomes were found for the hot and cold sides' temperatures, depending on the 502
nanofluids' temperature. The results show that both the nanofluid temperature and the hot side 503
temperature rise in tandem, whereas the cold side temperature rises slower. This increases the 504
difference between the hot and cold sides' temperatures, thus making the temperature gradient 505
wider. 506

 
Figure 21: Temperature of TEM and nanofluid at different timings 

507
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Figure 22: Deposits of dew particles and water drops in the PV-NTEAC 

508
As the temperature of an object drops below the dew point, water vapour condenses on the 509
comparatively cool surface of the object to create water droplets and dew particles. The formation 510
of water droplets and dew particles is shown in Figure 22. At constant pressure and continuous 511
water vapour, moisture in moist air is cooled to achieve the dew point temperature. Due to the fact 512
that the dew point temperature is a measure of humidity, it functions as a comfort index. Usually, 513
the dew point temperature should be lower than the wet-bulb temperature to attain optimum human 514
comfort. Figure 23 illustrates the dry bulb and dew point temperature fluctuation of the processed 515
air at 6A current. Results showed that the dew point and the dry bulb temperature differed slightly, 516
which expedited moisture removal. The maximum dew point and dry bulb temperature were 24.77 517
°C and 26.14 °C, respectively, which occurred around 13.30 hours. 518

 
Figure 23: Variation of dry bulb and dew point temperature with time at 6A 
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The impact of the PV-NTEAC system on the test room's indoor temperature by supplying different 519
input currents from 2-6A to TEMs is shown in Figure 24. The data for five cloudless days (7th  11th 520
Sept 2020) is presented in Table 8. The results obtained for the operation period between 8 and 20 521
hours were compared with normal test room conditions (See Table 8). With 2A of input current 522
from the PV and DC power systems to the NTEAC system, the average indoor temperature was 523
25.26°C, 2°C lower than the normal test room temperature. It was apparent from the figure that the 524
interior temperature of the test room was lower during the morning session (from 8 to 11 hours). 525
Then, during the peak hour session (from 11 to 17 hours), the interior temperature increases and 526
then decreases during the last session of the trial (from 17 to 20 hours). When PV and DC power 527
system current is increased to 3 A, the NTEAC's cooling capacity increases, and the test room 528
temperature is reduced by 2.4 °C, resulting in a final temperature of 23.09 °C. When the current 529
input of the NTEAC system was increased to 4A, the temperature decrease in the test room was 530
3.2°C less than the typical test room temperature. Additional improvements were made to the test 531
room by increasing the supply current of the NTEAC system from a PV and DC power source that 532
delivered 5A. The temperature within the building was reduced to a maximum of 23.31°C, resulting 533
in a 4°C drop below the room temperature. With an increase in the input current supply of NTEAC 534
to 6A, the system now provided a 4.9°C decrease in indoor room temperature, attributable to an 535
optimum temperature of 21.5°C. So, with 6A of input current, the optimal performance of the PV-536
NTEAC system was achieved. 537

 
Figure 24: Variation of the indoor temperature of the test room equipped with PV-NTEAC system 

operated at 2-6A (7th  11th September 2020) 
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538
An acceptable range for specific physical properties of relative humidity is 50 to 60%, according to 539
the Malaysian Industry Code of Practice on Indoor Air Quality (IAQ). Figure 25 illustrates the 540
variation of the relative humidity of the PV-NTEAC system at different input current levels (2-6A) 541
in the test room. The mean ambient outdoor relative humidity ranged from 75 to 84% during 542
September 2020. At the 2A current level, the average relative humidity reduction was 9-15%. 543
Furthermore, when the current supply was increased to 3A, the average relative humidity reduction 544
ranged from 17-23%. Consequently, the current supply to the NTEAC system was raised to 4A and 545
5A, where the average relative humidity reduction ranged between 23-27% and 30-35%, 546
respectively. To further enhance the indoor relative humidity in the test room, the input current 547
supply of the NTEAC system was increased to 6A using the PV and DC power systems. It showed 548
a maximum average indoor relative humidity decrease of 35 to 41% at this current supply. 549

 
Figure 25: Variation of the indoor relative humidity of the test room equipped with PV-NTEAC 

system operated at 2-6A (7th  11th September 2020) 
550

3.5. Carbon credit potential and CO2 mitigation 551
Energy is critical for the survival and development of contemporary civilization since it is the main 552
factor that stimulates economic growth and development. A significant amount of energy has been 553
used over the last several decades due to the continuous development of the global economy. 554
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Carbon dioxide emissions have resulted in global climate change, which has now emerged as one of 555
the most significant factors influencing sustainable socio-economic growth throughout the globe. 556
Climate change is becoming an unassailable reality as global CO2 emissions continue to grow 557
alarming, increasing the unabated global average temperature. Thus, fossil fuel energy use is the 558
most significant contributor to carbon dioxide emissions. Therefore, limiting fossil fuel CO2 559
emissions is critical to mitigating global warming. Carbon mitigation should be a significant 560
component of strategies to reduce greenhouse gas emissions. One approach to introduce relevant 561
energy policies is to manage market behaviour, introduce regulation of producers and consumers, 562
and so steer the economy toward a low-carbon country. According to estimates, Malaysia's six 563
major CO2-emitting industries are power production, transportation, industrial, residential, 564
commercial, and agriculture. Essentially, air conditioners in residential sectors consume many fossil 565
fuels to provide thermal comfort, resulting in a large quantity of CO2 emissions. In Malaysia, gross 566
CO2 emissions rose considerably by the end of the 1990s and were more than 160 million metric 567
tons (MMt) by 2003, increasing to 328 MMT by 2020 [58]. The PV-NTEAC device is a highly 568
efficient and environmentally sustainable clean energy solution to minimize CO2 emissions. The 569
total CO2 pollution mitigated by the investigated PV-NTEAC system was quantified numerically 570
compared to conventional air conditioning systems. Eq. 7 was used to calculate the cumulative 571
emission of CO2 pollution from current PV-NTEAC devices and traditional air conditioning 572
systems over 25 years. In general, CO2 pollution emitted from power plants totalled 2.02 kg/kWh 573
per unit of electricity produced annually [59]. 574

 (7) 

Where E denotes the annual electrical energy units consumed by the device over a 12-hour cycle 575
and is calculated using Eq. 8: 576

 (8) 

The carbon credit allocation is set at 33 US$ per tonne, which is predicted in the article "Malaysia 577
carbon tax could pave the way for potential clean energy" [60], so the value of the carbon credit 578
earned by the system can be calculated by Eq. 9. 579

 (9) 
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Due to solar energy and carbon credit potential, the electricity cost is saved, attributed to the initial 580
cost subjugation of the studied PV-NTEAC system. Furthermore, the payback period is evaluated 581
using a line cash flow diagram with the following assumptions: 582

 The PV-NTEAC system is projected to have a 25-year life span.  583
 Based on Bank Negara Malaysia (BNM), the payback period of the PV-NTEAC was 584

estimated at a 3% interest rate [61]. 585
 The operational cost of a conventional air conditioner is 197 US$ per annum [62]. 586

The studied PV-NTEAC systems have an operating temperature range of 22.33 to 29 °C with a 6A 587
current supply. The system uses 3.39 kWh of electricity daily when operating in the testing room 588
for 12 hours. The PV-NTEAC system saves 6.89 kWh of electrical energy compared to a 1-ton split 589
air conditioner. The comparison between the test room's electrical energy savings with the PV-590
NTEAC system and a split air conditioner with a 1-ton capacity is presented in Table 10. 591
Furthermore, this PV-NTEAC system can mitigate 71.54 tonnes of CO2 emissions from buildings 592
for 25 years. 593

Table 10: Comparative analysis of PV-NTEAC system with split air conditioner 594
Parameters Split air conditioner (1-ton) PV-NTEAC system 
Electrical energy consumption 
(kWh/year) 

3752.2 1237.35 

Electrical energy saving 
(kWh/year) 

0 2514.85 

CO2 emission (ton/life) 93.54 22 
CO2 reduction (ton/life) 0 71.54 
Carbon credit earned (US$) 0 2360 
Operating temperature (°C) 18-40 22.3-29 
Weight (kg) 9 (indoor), 10 (outdoor) 7 (indoor), 2.5 (outdoor) 
Life span (years) ~15 ~25 

595
4. CONCLUSIONS 596
The research investigated a novel photovoltaic powered nanofluid assisted thermoelectric air 597
conditioner (PV-NTEAC) system for building cooling applications in Malaysia's tropical climate. 598
Feasible heat sinks were designed to integrate nanofluids with thermoelectric air conditioners to 599
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enhance TEM's hot side heat conduction. System performance was examined by evaluating cooling 600
capacity, COP, energy, cost benefits, and CO2 emission mitigation. Significant conclusions were 601
discussed as follows: 602

 The use of nanofluids in conjunction with the radiator and TEAC resulted in a significant 603
increase in thermal performance. This is because nanoparticles can compress the fluid's 604
transverse temperature gradient, mainly caused by the enhanced mobility of liquid atoms in 605
the presence of nanoparticles. 606

 Analysis of NTEAC's cooling performance indicates that raising the input current from 2A 607
to 6A significantly impacted the cooling performance. However, increasing the input current 608
supply further deteriorated the system's performance. 609

 With an input current of 6A, the test room's optimum temperature difference (indoor and 610
outdoor) reached 4.9 °C, resulting in a COP of 1.27 and a cooling capacity of 571 W. 611

 The CO2 emission mitigation resulted in around 71.54 tonnes when compared with a 612
conventional split air conditioner that contributed to a carbon credit allowance of 2360 US$. 613

Furthermore, to achieve even greater system performance, consider lowering the thermal resistance 614
on the hot side of the thermoelectric modules. Even though the PV-NTEAC system has a lower 615
COP than the traditional split air conditioner, it may be used for space conditioning in rural areas 616
with abundant solar energy. Integration of nanofluids with the PV-NTEAC system reduces the 617
temperature difference between the cold and hot sides of the TEMs, leading to an enhanced cooling 618
performance in thermoelectric air conditioners. As a result, the innovative PV-NTEAC system, in 619
conjunction with the MWCNT/Water nanofluids, offers a freon-free, fossil fuel independent, 620
energy-efficient, and low CO2 emission approach for space conditioning. 621

622
NOMENCLATURE 623
A  Area (m2) Greek symbols 
Cp Specific heat capacity (kj/kg.K)  Seebeck coefficient (V.K-1) 
G Solar irradiance (W/m2)  Delta/difference 
i interest rate (%)  Efficiency 
I Current (A)  Specific humidity 
K Thermal conductivity (W/m. K)   
N Number of thermoelectric couples  Range of measured value 
n Time in years Subscripts  
P Power (W) c cold 
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PV Photovoltaic h hot 
Q Rate of heat transfer (W) in inlet 
RH Relative humidity (%) out outlet 
t Time (s) max maximum 
T Temperature (°C) Abbreviations 

NTEAC 
 
Nanofluid Assisted 
Thermoelectric Air 
Conditioner 

 Temperature difference between the 
hot side and cold side TEM (°C) 

Wt. Weight fraction (%) MWCNT Multiwalled Carbon 
Nanotubes 

wh Watt-hour TEM Thermoelectric module 
ZT Figure of merit Water Distilled water 
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Highlights 
 

 Novel radiator coupled nanofluid based thermoelectric air conditioning (NTEAC) 
system was developed. 

 Performance of the PV powered NTEAC system is analysed in a real time building of 
25.6 m3 size.  

 NTEAC system reduced the temperature of the test room below 22°C with 6A current. 
 Significant savings in power consumption and carbon emissions has been fortified. 
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ABSTRACT 15
Carbon emissions and excessive power usage are addressed by applying thermoelectric cooling, 16
which benefits from its ability to be portable, economical, and reliable. However, a conventional 17
thermoelectric air conditioner's coefficient of performance (COP) is much less due to the sustained 18
heat generated on the thermoelectric module's hot side. This work presents a novel idea of utilizing 19
a nanofluid cooled radiator as an external cooling jacket around the thermoelectric module's hot 20
side to enhance the heat transfer rate of thermoelectric air conditioners. In this research, the 21
performance of a newly designed thermoelectric air conditioner (TEAC) powered by photovoltaic 22
systems (PV) installed in a residential building is analyzed using nanofluid as a coolant. 23
Furthermore, by supplying different input currents (2-6A), the cooling characteristics and 24
performance of the newly designed nanofluid assisted thermoelectric air conditioner (NTEAC) 25
system were experimentally studied in a test room of 25.6 m3 volume in Malaysia's tropical climate. 26
The system's best performance was at 6A, with a maximum temperature drop of 4.9 °C, a cooling 27
capacity of 571W, and a coefficient of performance of 1.27. In addition, the NTEAC system 28
showed an energy saving of 67% and CO2 emission mitigation of 76% when compared with a 29
conventional split air conditioner. Thus, an alternative to the traditional air conditioning system was 30
developed from this research, which is Freon free. This system is expected to consume less energy 31
and emit less CO2 for the tropical climatic conditions.  32

33
Keywords: Nanofluid assisted thermoelectric air conditioner (NTEAC); photovoltaic; nanofluid; 34
Coefficient of performance; energy saving; CO2 emission. 35
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1. INTRODUCTION 36
Conventional air conditioning systems have become more efficient in recent years, but they also 37
account for most electricity use and CO2 emissions in most residential, commercial, and industrial 38
buildings [1,2]. According to the International Energy Agency, air conditioners (ACs) in buildings 39
will increase from 1.6 to 5.6 billion by 2050 [3]. In 30 years, each second, there will be ten new 40
ACs purchased. Furthermore, the HVAC industry is dominated by vapour-compression systems. 41
However, these systems employ harmful refrigerants that pollute the atmosphere. Thermoelectric 42
cooling is seen as a valuable alternative to vapour compression, possessing several advantages 43
compared to traditional vapour compression technologies, including smaller size and weight, 44
excellent reliability, no moving parts, zero noise, and the possibility of using photovoltaic. 45
Although the fundamental principles of thermoelectricity are widely understood, studies to 46
comprehend the heat transfer process in small and medium-sized prototypes have been carried out 47
throughout the years [4 6]. A thermoelectric module (TEM) or thermoelectric cooler (TEC) is a 48
novel solid-state cooling system of thermocouples that rely on the Peltier effect to transfer heat 49
from one side of a device to another. As shown in Figure 1, a thermocouple has a sequence of p-50
type and n-type semiconductors connected with top and bottom electrodes in series. The other 51
components are thermally connected in parallel. Additionally, TECs may be directly connected to 52
renewable energy systems to meet the urgent requirement for lowering building energy 53
consumption [7]. 54

55

 
Figure 1: Thermoelectric module with semiconductor elements and heat exchangers [8] 

56
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Thermoelectric air conditioners (TEACs) are composed of multiple thermoelectric modules (TEMs) 57
that are selected in accordance with the building's cooling load (for example, a 600W cooling load 58
requires 12 TEMs of 50 W). When an electric current is provided to the TEMs in a TEAC, heat is 59
transferred through the TEMs from the cold side to the hot side, making one junction colder and the 60
other junction warmer. Then the cooled air from the cold junction is subjected to the building while 61
the hot air is released into the atmosphere. The typical working principle of TEAC installed in a 62
house is described in Figure 2. One of the significant problems with TEAC is poor COP 63
(Coefficient of Performance), especially in high-performance applications. A high COP can be 64
attained by improving heat transfer on the TEM's hot side and increasing the number of TEMs. A 65
critical review on maintaining the cold side temperature of a TEM through different heat dissipation 66
mechanisms was conducted by Sajid et al. [9]. Their study demonstrates that the performance of a 67
thermoelectric device depends on effective thermal management of TEM's cold side and a hot side. 68
On the other hand, Dizaji et al. [10] discovered that when the hot side of a thermoelectric module is 69
cooled by a liquid such as water, the cold side may work as an excellent air conditioning system. 70

 Figure 2: Schematic illustration of a building equipped with TEAC 
71

Atta et al. [11] evaluated the performance of a TEAC system coupled with liquid-to-air heat 72
exchangers. Within 90 minutes, the system could chill an enclosed space at a temperature of 14 °C 73
below ambient and showed a maximum COP of 0.72. In another study, Sun et al. [12] employed a 74
flat heat pipe to dissipate heat and saved ten minutes of the total thermal reaction time. 75
Additionally, Zhao et al. [13] used the heat radiated by the TEM to heat the hot water by combining 76
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it with a radiative sky cooler. This helps to minimize energy usage and save natural resources. 77
Cheng et al. [14] reported that both the absorbed solar energy and the generated heat in the 78
thermoelectric cooler might be evacuated via the cooling water, resulting in higher performance for 79
the cooling module. Liu et al. [15] examined the performance of a solar thermoelectric air 80
conditioner (STACHWS) with water as a heat transfer fluid (HTF). From their results, the water 81
temperature has an enormous impact on the operation of the STACHWS system. The STACHWS 82
system's COP reached a high of 4.51 and 2.74 with water temperatures of 20 °C and 42 °C, 83
respectively. Putra et al. [16] investigated the use of nanofluids in conjunction with thermoelectric 84
cooling to cool a computer's CPU using a heat pipe liquid block system. With the nanofluids, their 85
cooling system can lower the CPU temperature by an immense value than the other typical cooling 86
systems. Thermoelectric coolers are still employed for refrigeration and electrical equipment, 87
despite their intriguing features for buildings. 88
Recently, new ideas for using TECs in buildings have been explored. For instance, Manikandan et 89
al. [17] improved a thermoelectric cooler's COP and cooling performance using modified pulse 90
operation for building space cooling. Compared with the thermoelectric cooler's regular operating 91
mode, the modified pulse operation increased the cooling power and COP by 23.3% and 2.12%, 92
respectively. Tian et al. [18] developed a novel air cooler composed of thermoelectric modules 93
arranged in a tube-bundle shape. According to the author, a tubular thermoelectric system that 94
includes a tubular component is more efficient and functional because it does not require channels 95
to divide the hot and cold sides. Su et al. [19] proposed a novel building envelope with TEC and a 96
radiative sky cooler (RSC) to avoid heat gains and deliver cooling. The TEC-RSC exhibited a 97
cooling capability of 25.49 W/m2 under global solar radiation of 1000 W/m2, with an outdoor 98
temperature of 35°C and relative humidity of 60%. Han et al. [20] studied a unique split-type liquid 99
circulation thermoelectric cooling performance under various parameters. Their findings 100
demonstrate that as the outdoor temperature is reduced from its expected value, the device cooling 101
power and COP increase. Kang et al. [21] conducted trials in active and passive modes to examine 102
the performance of a PCM integrated radiant cooling panel. Their proposed system had an active 103
cooling capacity of about 58 W/m2 and a passive cooling capacity of about 54 W/m2 when the mean 104
radiant temperature (MRT) was 26 °C. He et al. [22] developed a solar-driven thermoelectric 105
cooling system for a model room of 0.125 m3. The authors reported a maximum COP of 0.45 and a 106
minimum temperature of 17 °C. In a recent study, Khalvati et al. [23] analyzed the effects of air 107
temperature attenuation, working interval time, and the number of modules on the performance of a 108
thermoelectric cooling system. Operating the thermoelectric air-cooling system during a short 109
period reduces energy consumption while using it for a longer time might raise it. Also, TEAC with 110
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more than twenty TEMs will increase the energy consumption, attributed to less COP. In 2021, 111
Garayo et al. [24] optimized the COP of a thermoelectric cooling system with double flux 112
mechanical ventilation in a house of 80 m2 area. The authors emphasized the significance of 113
airflows, voltage supply, and temperature gaps attributed to a maximum cooling capacity and COP 114
of 375W and 2.5. Gillott et al. [25] used eight TEMs in a small-scale building to generate a cooling 115
capacity and COP of 220W and 0.46. Their results reveal that TEMs' cooling capacity relies on the 116
temperature (hot and cold side) and quantity of the TEMs. Therefore, minimizing the temperature 117
difference between the hot and cold sides is critical for optimal heat transfer via the thermoelectric 118
cooling module. 119
Accordingly, the reviewed literature affirms a direct correlation between the TEAC's COP and 120
hot/cold side temperature difference, which may be enhanced with more effective thermal 121
management techniques. Since the heat flow on the hot side is enormous, the thermoelectric cooling 122
system's hot side thermal management is more complicated than the cold side. Reduced hot/cold 123
side temperature difference generally results in better cooling [26]. Higher-efficient heat sinks or 124
high thermal conductivity heat transfer fluids can reduce the hot side temperature. Nanofluid is 125
considered one of the best heat transfer fluids suitable for low-temperature and high-temperature 126
applications. For instance, nanoparticle-based working fluids were investigated in cooling systems 127
where the authors reported a maximum COP of 4.7 [27]. Furthermore, Akkaya et al. [28] enhanced 128
the performance of a refrigeration system with TiO2 and polyol ester oil, resulting in a COP 129
improvement of 39%. Likewise, Akkaya and  [29] experimentally investigated the COP of a 130
heat pump using deionized water and CuO/ZnO hybrid nanofluids. The COP of the heat pump 131
ranged from 4.23 to 4.44 for deionized water and CuO/ZnO nanofluid, respectively. Recently, 132
Çiftçi et al. [30,31] used binary hybrid nanofluids to develop an efficient heat pipe for air to air heat 133
exchangers and thermosiphon. Most prior methods have revolved around using nanofluid on heat 134
exchangers [32 36], electronic devices [37 39] and heat sinks [40 42]. None of the previous 135
studies was conducted on a system that integrated a nanofluid, a radiator coupled heat sink, and a 136
thermoelectric air conditioner utilizing solar photovoltaic systems in real-time buildings. The 137
novelty of this paper is that it studies the use of nanofluid cooled radiators as an alternative to 138
conventional methods (air-cooled heat sinks) in thermoelectric air conditioners. The newly 139
proposed nanofluid cooled radiator can cool the hot side junction of the TEAC. This can provide a 140
cheap and straightforward retrofit solution that can contribute to increasing the performance of 141
TEACs in residential buildings. Against this background, this study proposed a novel 142
thermoelectric air conditioner coupled with a radiator integrated with nanofluids (NTEAC) 143
consisting of air and liquid (nanofluid) cooled heat sinks for space conditioning. Heat is removed 144
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from the thermoelectric cooling system's hot side junction via nanofluid. The radiator unit transfers 145
the heat from the nanofluid inside to the outside atmospheric air, cooling the nanofluid turn cools 146
the TEM's hot side. Therefore, this research aims to design, build, and evaluate the performance of 147
a novel NTEAC system for a building located in the tropical climate of Malaysia. 148
2. EXPERIMENTAL APPARATUS AND METHODOLOGY 149
This section intends to illustrate the experimental research involved in field measurements in 150
Tronoh, Perak, Malaysia's realistic climatic environments, utilizing a test room fitted with PV and 151
NTEAC. The experimental test room or building configuration is outlined in section 2.1. The 152
preparation of MWCNT/Water nanofluid is explained in section 2.2. The fabrication, description, 153
evaluation of NTEAC components and NTEAC system are discussed in sections 2.3 and 2.4. 154
Furthermore, the design and arrangement of the test room equipped with the NTEAC system are 155
presented in section 2.5. Ultimately, the methodology for data acquisition and uncertainty analysis 156
is depicted in sections 2.6 and 2.7. 157

 158
2.1. Building description 159
In a test room at Universiti Teknologi Petronas in Tronoh, Perak, Malaysia (4° 23' 2.292" N and 160
100° 58' 16.824" E), the studied NTEAC system was installed. The schematic image of the test 161
room or building is depicted in Figure 3(a). The test room is installed with photovoltaic panels and 162
a weather link station. Figure 3(b) illustrates the dimensions of the test room, which are as follows: 163
3200 mm (length), 3200 mm (width) and 2500 mm (height). The external walls are three-layered, 164
with a 200 mm thick stone centre layer, while all side walls are cemented. The inside layer of 165
cement is 13 mm thick, while the exterior layer is 18 mm thick. Clay roof tiles were used for the 166
roof cover, and the ceiling (1800 × 1200 × 6.3 mm) is made of a Gypsum board. The wall window 167
is 304 mm high, 1200 mm wide, and 22 mm thick plywood. In addition, the test room has a single 168
steel door measuring 2000 mm in height, 850 mm in width, and 450 mm in thickness on the 169
northwest wall. Table 1 summarises the thermophysical parameters of the materials utilized in the 170
test room. 171
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Figure 3: (a) Original image and (b) floor plan of the studied building 
172

Table 1: Significant parameters of the building materials 173
Materials Thermal conductivity  

(W/m. K) 
Density 
(kg/m3) 

Specific heat capacity 
(kJ/kg.K) 

Limestone tile 1.8 2420 0.84 
Sand grave 1.740 2240 0.84 
Brick tile 0.798 1892 0.88 
Mud brick 0.75 1731 0.88 
Soil 0.518 1620 0.88 
Cement mortar 0.716 1647 0.92 
Cement plaster 0.719 1761 0.84 
Roof tile 0.632 2531 1.42 
GI sheet 61.06 7520 0.50 

174
2.2. Nanofluid preparation 175
The Multiwalled Carbon Nanotubes (MWCNTs) with 10nm diameter purity 98% was bought from 176
Sigma Aldrich, USA. Distilled water-based MWCNT nanofluid was prepared using the two-step 177
method. MWCNT nanoparticles are dispersed in distilled water with SDBS surfactant to create a 178
highly effective and stable heat transfer fluid. A mixture of MWCNTs and SDBS at 0.5wt% 179
concentration is swirled together using a magnetic stirrer for 30 minutes at 800 RPM without 180
increasing the temperature to ensure uniformity in MWCNT/SDBS mixture distribution. Our 181

(a)                                                                                 (b) 
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previous literature can provide more detailed information on the studied nanoparticle, base fluid, 182
and nanofluid [43]. The schematic image of the nanofluid preparation is depicted in Figure 4.  183

 
Figure 4: Schematic presentation of nanofluid preparation 

2.3. Description of heat sinks, radiators, TEMs and PV panels 184
2.3.1  Air-cooled heat sinks 185
A heat sink may effectively absorb or disperse heat from thermal systems to atmospheric air with 186
extended surfaces such as fins and spines. When effective heat dissipation is necessary, heat sinks 187
are utilized in a broad range of applications; notable examples include refrigeration, heat engines, 188
and electronic equipment that need to be cooled. Most heat sinks are made of metal with a cluster of 189
cooling fins, called a fin array. The heat sink's performance can be increased by increasing the 190
surface area, thermal conductivity, or heat transfer coefficient. Longitudinal fins are available in 191
various shapes, including rectangular, triangular, and parabolic fins. The rectangular design is the 192
most fundamental and extensively utilized when it comes to multiple fin arrays. In this study, a 193
multiple-fin array with forced convection is herein preferred for the rectangular profile. The 194
proposed finned heat sink was fabricated based on the conventional heat sink designs [44]. Figure 5 195
indicates the schematic view of the multi finned heat sink and its dimensions. This heat sink has a 196
channel height of 20 mm, a channel width of 4 mm, a fin width of 2 mm, a total length and breadth 197
of 55 mm, and a base height of 3 mm. 198
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Figure 5: Schematic diagram of the air-cooled heat sink 

199
2.3.2 Nanofluid cooled heat sinks 200
Increasing the thermal performance of heat sinks employing traditional heat transfer fluids (HTF) 201
has become ubiquitous in the last decade. The improved thermophysical characteristics of 202
nanofluids compared to conventional HTF allowed them to operate as highly efficient HTF to solve 203
various heat transfer challenges. In this study, MWCNT/Water nanofluid is used as a coolant. A 204
schematic view of the proposed heat sink with a circular channel is presented in Figure 6. The heat 205
sink used for cooling the hot side of the TEMs has a total length of 196 mm, width of 72 mm and 206
height of 23 mm. The diameter of each channel is 2.8 mm, and each channel is surrounded by solid 207
material. The heat generated due to the current flow in TEMs is removed by circulating 208
MWCNT/Water coolant through a channelled heat sink. The heat transfer is carried by conduction 209
in the solid material and the coolant by convection. The nanofluid enters the heat sink in the axial 210
direction with controlled speed and temperature. 211

 
Figure 6: Schematic diagram of the nanofluid cooled heat sink 

212

All dimensions are in mm 

All dimensions are in mm 
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2.3.3 Electrical connections of TEMs 213
The amount of heat absorbed at the cold junction is associated with the Peltier cooling, the half of 214
Joule heating, and the thermal conduction. Figure 7 depicts a basic electrical circuit for the studied 215
thermoelectric cooler. Three rows of twelve thermoelectric modules (55 × 26 × 15 cm) were placed 216
in four columns. The positive wires of each series of TEMs were linked to the negative cables of 217
the following sequence of TEMs. Furthermore, the positive cables are connected to a bus bar 218
(positive side) at the end of each row, and the negative cables are attached to a separate bus bar 219
(negative side) at the end. The positive bar was then attached to the positive power supply terminal, 220
and the negative bar was connected to the negative power supply terminal. 221

 
Figure 7: Electrical connection of TEMs 

As shown in Figure 7, the internal connection between columns was in series, while connections to 222
other columns were in parallel, and all the columns (with TEMs) were installed in plastic nylon. 223
The configuration of the studied thermoelectric modules is listed in Table 2. The dimension of the 224
plastic nylon layer is 303 × 294 × 25 mm. The nylon layer is extruded to the TEM size, and small 225
ways are paved for wire connections. 226

Table 2: Specification of the selected TEMs 227
Company Model Current 

(A) 
Max. 

Voltage 
(V) 

Max. 
Cooling 
Power 

(W) 

Max. 
Temperature 

Difference 
(°C) 

No. of p-n 
couples 

Ferrotec 9500/391/
085B 

8.5 53.8 248 72 391 

228
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2.3.4 Arrangement of heat sinks and thermoelectric modules 229
On the hot side of the TEMs, waste heat is dissipated into the environment (outdoor space) using 230
nanofluid cooled heat sinks coupled with a radiator. Also, on the cold side of the TEMs, the cooling 231
capacity is enhanced by using air-cooled heat sinks and blower fans, as illustrated in Figure 8. The 232
first aspect of this project is that six nanofluid-cooled heat sinks are connected to the hot side of the 233
twelve TEMs, where each heat sink is connected to two TEMs using thermally conductive grease. 234
Secondly, each TEM's cold side is fixed to separate finned heat sinks, supported by a nylon layer. 235
Consequently, twelve TEMs are connected to twelve heat sinks to stimulate the sustained cooling 236
favoured by the TEMs' cold sides. Furthermore, the cooling obtained by the finned heat sink is 237
fanned out to the test room through the twelve small axial flow fans and a single large fan. The 238
specifications of a single small fan (80 × 80 × 25 mm) are 0.96 W, 2050 RPM, 33.5 CFM, 21.5 Pa, 239
22 dB and 95 g. Meanwhile, the big fan (200 × 200 × 50 mm) has a configuration of 78 W, 285 240
CFM, 1800 RPM, 285 CFM, 50 dB, and 400 g. All the layers are tightly enclosed via nuts and bolts 241
to prevent leakage. The NTEAC dimensions were in line with the ASHRAE standard [45]. 242

 
Figure 8: Arrangement of thermoelectric modules and heat sinks (Part B) 

2.3.5 Radiator 243
In the NTEAC system, a Proton automobile radiator made of aluminium material with a louvre fin 244
type is used. On both sides of the tubes, louvred fins are connected. When air enters the radiator's 245
system, it blows in a transverse direction to the arrangement of tubes. Steel is used for both the tube 246
and the louvred fins. Radiators consist of three main parts: heat pipes, an aluminium substrate, and 247
flat fins. Steel is a common material used in radiators since it has a strong anti-corrosion property. It 248
is built to handle heat flow from the hot nanofluid coolant, which passes through it and transfer to 249
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the outside air. Figure 9 depicts the schematic design of the radiator. There are 46 aluminium fins 250
with a dimension of 430 mm × 350 mm × 38 mm. The heat transfer performance of the nanofluid 251
coolant directly affects the running state of the NTEAC system. The MWCNT/water coolant carries 252
the waste heat generated by the TEM incorporated heat sinks (Part B) to the radiator for cooling. 253

 
Figure 9: Schematic diagram of the studied radiator 

254
2.3.6 Photovoltaic panels 255
Malaysia's energy sector strongly depends on non-renewable fuels as a source of energy, such as 256
natural gas or fossil fuels. The government of Malaysia has made various efforts to promote 257
investment in solar photovoltaic projects. Solar energy has fewer potential environmental 258
consequences than other energy sources, such as fossil fuels, often generated with adverse side 259
effects. A solar PV system comprises several PV modules, also known as solar panels. A module 260
consists of tiny solar cells, each generating 1 to 2 watts of electricity. A PV module with a surface 261
area of one square metre will produce 150 W of electricity. At an angle of 15°, the PV panels are 262
installed on the test room's east-facing roof. Figure 3(a) in the earlier section shows the installed PV 263
on the test room roof. In the current research, three pieces of polycrystalline photovoltaic panels of 264
325 Wp each generate the PV-NTEAC system's electricity. Table 3 lists the configurations of the 265
PV panels. 266

Table 3: Specifications of the PV panel 267
Parameters Specifications 
Mechanical properties: 
Type of element used Polycrystalline silicon 
Size (Length × Breadth × Height) 1.99 × 1× 0.035 m 
Weight 24 kg 
Cells used 72 

All dimensions are in mm 
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Type of output node Amphenol H4 
Gauge of output cable wire 12 AWG 
Length of the output cable 1.2 m 
Electrical properties: 
Maximum efficiency 16.3% 
Tolerance limit of power ±3% 
Maximum current  8.8A 
Maximum voltage  36V 
Current of the short circuit (Isc) 9.4A 
Voltage of the open circuit (Voc) 46.4V 
Nominal operating cell temperature  45°C 
Coefficient of temperature for Isc 0.05 %/K 
Coefficient of temperature for Voc -0.134V/K 
Coefficient of temperature of the power -0.4%/K 
Fuse rating of series connection 15A 
Maximum voltage of the system 1000V 

268
2.4. Novel proposed NTEAC system description 269
Evaporative air conditioners and refrigerative air conditioners are the two types of air conditioners 270
typically used in houses. These systems, which use compressors to disperse heat, are called "air-271
cooled systems" and operate similarly to a car radiator. Since this cooling system absorbs moisture 272
as it cools, it dehumidifies the air. The system absorbs water from the air within the cooled region 273
and distributes it as hot air to the outside air. The proposed NTEAC system also follows the same 274
principle, and it is illustrated in Figure 10, combining a nanofluid tank (Part A), TEMs incorporated 275
heat sinks (Part B), and a radiator (Part C). The basic principle of the NTEAC system is the transfer 276
of heat from the indoor air to the atmospheric air using forced convection. The components used in 277
this system are a submersible pump, a small tank, an adjustable valve, a liquid-cooled heat sink, 278
TEMs, air-cooled heat sinks, nylon layer, connecting pipes, and a radiator. The major part of the 279
NTEAC system is Part B, where the thermoelectric modules are installed. It consists of six layers: a 280
big fan; a fan mounting layer; small fans; air-cooled heat sinks; nylon layer; TEMs; and nanofluid-281
cooled heat sinks. Hot and humid weather conditions in Malaysia's Perak state were considered 282
while designing the manufactured system. 283
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Figure 10: Schematics of the Nanofluid Assisted Thermoelectric Air Conditioner 

The proposed NTEAC system has two main units: an indoor unit (pump and TEM combined heat 284
sinks) and an outdoor unit (radiator). An adjustable valve and a digital flowmeter control the 285
nanofluid flow and measure the flow rate. The sequential operations in the NTEAC system are 286
demonstrated as follows. (i) MWCNT/Water nanofluid is pumped to the TEM combined heat sinks 287
with a 13.50 LPM flow rate and 1012.6 kPa pressure. (ii) Heat from the hot side of the 288
thermoelectric module is absorbed by the circulated nanofluid, while the cooling side of the TEM is 289
subjected to indoor air via air-cooled heat sinks and fans resulting in a reduction in test room 290
temperature. (iii) Then, the heated nanofluid flows to the radiator, where the heat is transferred to 291
the atmosphere and enters the pump (with tank) to repeat the cycle. The schematic diagram of the 292
processes in the NTEAC system is illustrated in Figure 11. The design details of the NTEAC 293
components are listed in Table 4. 294
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Figure 11: Schematic diagram of the processes in the NTEAC system 

295
Table 4: Technical details of the NTEAC components 296

Sl. No. Components Parameters Unit Quantity 
1. Submersible Pump 220 V, 50 Hz, 85 

W, 4000 L/H, 4m 
- 1 No. 

2. Nanofluid tank 250 × 155 × 155 mm 1 No. 
3. TEM I max = 8.5 A 

Vmax = 53.8 V 
- 12 Nos. 

4. Air-cooled heat 
sinks 

55 × 55 × 23 
(20 fins) 

mm 12 Nos. 

5. Small fan 24 V, 0.04 A, 
33.5 CFM 

- 12 Nos. 

6. Big fan 12 V, 6.5 A 
200 × 200 × 50 

 
mm 

1 No. 

7. Nanofluid cooled 
heat sink 

196 × 72 × 25 mm 6 No. 

8. Brass valve ½ inch 1 No. 
9. MWCNT/Water 

nanofluid 
k = 0.71  W/m.K 5 Litres 
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10. Radiator 430×350×38, 
0.09 (fin 

thickness), 0.3  
(Radiator tube) 

mm 1 No. 

11. Digital flowmeter 0.3  15  LPM 1 No. 
297

2.5. Building equipped with NTEAC system 298
The actual NTEAC system installed in a building consists of three main parts, namely a tank filled 299
with nanofluids (Part A), TEMs incorporated with heat sinks (Part B), and a radiator (Part C). 300
Figure 12 illustrates the studied PV-NTEAC device installed in the test room. From 1st September 301
to 30th September 2020, the experiment was conducted in a test room situated at the Universiti 302
Teknologi PETRONAS, Malaysia. Before the installation of the NTEAC system, the test room's 303
estimated peak cooling demand was 590 W. Each TEM produced a cooling power of 50 W at an 304
applied voltage of 10 V and 5 A. Since the required cooling load for the test room is 590W, the 305
NTEAC system uses twelve 50W (600 W) thermoelectric modules, which are slightly more (10 W) 306
than the required cooling load. Once the DC power supply was turned on, the current flowed 307
through the TEMs, creating a temperature difference between the module's cold and hot sides. With 308
an exhaust fan (78 W), the ambient air was scattered inside the test room through the NTEAC 309
device (Part B) mounted on the test room's inside wall. There were twenty-four fins in each heat 310
sink linked to the cold side of the TEMs, which absorbed the heat sustained in the test room's 311
ambient air. The heat sinks were also cooled using 0.96 W (12 Nos) power exhaust fans by forced 312
convection.  313
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Figure 12: Building equipped with PV-NTEAC(a) Schematic diagram (b) Indoor unit with Part A 

and Part B (c) Outdoor unit with Part C 
2.6. Experimental procedure 314
As mentioned earlier, the experiment was conducted in September 2020. The CLTD (Cooling Load 315
Temperature Difference) calculation showed that the test room needed 590 watts of cooling 316
capacity to compensate for the thermal acceptability criteria without considering the influx of heat 317
through the floor. As shown in Figure 13, the electricity generated from photovoltaic panels was 318

A 

B C 

(a) 

(b) (c) 
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stored in batteries (RA-12-40 Batteries) through a solar charge controller (Beta 2.0). This research 319
explores the PV-NTEAC system's performance at current levels, ranging from 2 A to 6 A.  320

 
Figure 13: Schematic diagram of the experimental setup 

321
It also uses an adjustable current controller (DPS 5015) to control the current supply into the PV-322
NTEAC system. Moreover, different temperatures, such as inlet temperature (Tin), hot junction 323
temperature (Thot,out), cold junction temperature (Tc) and cold outlet temperature (Tc,out), were 324
measured at various positions in the test room using 10 K-type thermocouples. Based on the 325
ASHRAE standard 55 [46], the methodology for measuring the test room's indoor thermal condition 326
was chosen. The Class II field research protocol [47] was followed to render the data collection 327
method. To obtain the indoor air quality (IAQ) such as room temperature (Troom), room humidity 328
(RH), air pressure (Proom)and air velocity (Vroom), TESTO 480 was placed at 1000 mm above the 329
ground and near the occupant region. Data were gathered during the solar hours of 8 AM to 8 PM 330
with an interval of 5 minutes for 30 days. Figure 14 shows the original image of the experimental 331
setup used in the study. The details of various electrical instruments used in the NTEAC system are 332
listed in Table 5. 333

334
335
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Figure 14: Original image of the experimental setup 

336
Table 5: Specification of electrical devices 337

Descriptions Values 
Current Controller (Model: DPS 5015) 
Voltage output accuracy 0.01V (0.5%) 
Voltage input accuracy 6-60V 
Maximum Voltage output 50V 
Maximum power output 1000W 
Maximum output current 20A 
Current output accuracy 0.5% 
Charge Controller (Model: Solar Beta 2) 
Length × Breadth × Height 0.159 × 0.81 × 0.47 m 
Operating voltage of the system 12-24V 
Input PV voltage (Max.) 50V  
Maximum Charge Current 15A 
Terminal voltage of the battery (Max.) 34V 
Maximum current supply (Battery) 20A 
Voltage drop of the circuit (Charge)  
Voltage drop of the circuit (Discharge)  
Battery Bank (Model: MSB RA 12-40) 
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Length × Breadth × Height 0.19 × 0.16 × 0.17 m 
Unit voltage 12V 
Battery Capacity 40Ah@10hr-rate  
Discharge current (Max.) 400 (5) A/sec 
Internal resistance  
Temperature range for discharge -20 to 60 
Temperature range for charge 0 - 50°C 
Operating temperature during current storage -20 to 60°C 
Operating temperature during normal condition 25±5°C 
Maximum charging current 12A 
Submersible Pump (Venus Aqua V4800) 
Voltage 220  240V 
Frequency 50/60 Hz 
Power 85 W 
Maximum flow rate 4000 L/hr 
Maximum flow height 4m 

338
Besides, the Davis Vantage Pro 2 weather station is fixed outside the test room at the height of 3000 339
mm. All the measured data is displayed on a console placed inside the test room through a low 340
power radio (wireless). The Davis vantage pro 2 can determine the inside temperature, outside 341
temperature, inside humidity, outside humidity, pressure, heat index, wind speed, solar radiation, 342
dew point, UV index, etc. This study measured ambient temperature, humidity, and wind speed at a 343
5-minute interval via the Davis vantage pro 2 weather station. Table 6 presents the technical 344
specifications of the Davis vantage Pro 2 sensors. 345

346
Table 6: Specification of sensors in Davis Vantage Pro 2 347

Variable Descriptions  Values 
Humidity Range 1  100% 

Resolution 1% 
Accuracy ±2% 

Pressure Range 410  820 mmHg 
Resolution 0.1 mmHg 
Accuracy ±0.8 mmHg 

Temperature Range 0  60 °C 
Resolution 0.1 °C 
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Accuracy ±0.3 °C 
Solar radiation Range 0  1800 W/m2

Resolution 1 W/m2 
Accuracy ±5% 

Dew point Range -76 °C to +54 °C  
Resolution 1 °C 
Accuracy ±1 °C 

348
2.7. Data reduction and uncertainty analysis of the PV-NTEAC system 349
2.7.1 Data reduction 350
The cooling capacity (Qc) of the NTEAC system is calculated using Eq. 1. [26] 351

 (1) 
Where S, I, R, K and  represent the Seebeck coefficient, input current, electrical resistance, 352
thermal conductivity, and temperature gradient of the thermoelectric module. Tc and Th denote the 353
temperature of the hot and cold sides of the TEM, respectively. 354

355
The Coefficient of Performance (COP) of the studied PV-NTEAC is estimated using Eq. 2. [20] 356

 (2) 

 (3) 

 (4) 

Where PTEM reflects the input power provided by TEM, W illustrates the input power given to other 357
components (fan, pump, radiator) of the NTEAC system. 358

359
The thermoelectric cooling module's input power is determined using Eq. 5. 360

 (5) 

I is the input current, and V is the input voltage supplied to the TEM. 361
362
363
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2.7.2 Uncertainty analysis  364
Due to calibration and data recording, systematic errors can emerge during the experiment. 365
Therefore, measuring probes such as thermocouples are adjusted to increase the precision of data 366
collection. Therefore, measurement probes such as thermocouples are calibrated with a bi-metallic 367
thermometer immersed in water under different temperatures to enhance their data collection 368
precision. As shown in Table 7, systematic errors are also considered in the uncertainty analysis to 369
get a complete picture of the measurement's accuracy. The root-sum-squares (RSS) technique has 370
been used to do the total uncertainty analysis. Moffat [47] pioneered this method, which defines the 371
uncertainty of a function, , as follows: 372

 
 

(6) 
Where  indicates the uncertainty sensitivity coefficient, fore, using the above equation (Eq. 6), the 373
estimated uncertainty of COP ( ) is determined with a 98% certainty, and the computed value 374
was less than 0.1%, as far as significant components are concerned. 375

Table 7: Uncertainty analysis of the obtained experimental data 376
Variable Typical Value (X)  Relative Uncertainty 

(  
T in (°C) 30-35 0.51 1.7 
T c,out (°C) 22-25 0.54 2.4 
T h,out (°C) 21-23 0.21 1 
T amb (°C) 25-28 0.24 0.9 
T room (°C) 27-30 0.3 1.1 
RH in (%) 85-100 0.6 0.7 
RH out (%) 90-94 0.64 0.71 
Current (A) 1-6 0.01 0.16 
Voltage (V) 5 0.05 1.66 
Nanofluid flow rate 
(LPM) 

13 - 15 0.12 1 

Solar radiation (W/m2) 100 - 1000 1.5 1.5 
377
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3. RESULTS AND DISCUSSION 378
In this section, the results of the performed experiments are discussed to observe the PV-NTEAC 379
system's performance with MWCNT/water nanofluids. First, the detailed experimental results of the 380
test room acquitted with the PV-NTEAC system are reported. Then, the effect of changing input 381
current supply on the COP and cooling power of the PV-NTEAC system is discussed in detail. 382
Following that, the test room's indoor thermal conditions during optimal operating conditions are 383
measured and compared to the initial test room to determine the system's suitability for building 384
cooling in Malaysia's climate. 385
3.1. Thermal environments 386
3.1.1 Air temperature and Relative humidity 387
Tronoh, located at latitude 4° 23' 2.292" N and longitude 100° 58' 16.824" E, is a tropical city in 388
Malaysia's hot and humid area. Since the performance of the PV-assisted NTEAC system is 389
dependent on the outside climatic conditions, such as outside temperature, relative humidity (RH), 390
and solar radiation intensity, it is no surprise that the PV-assisted NTEAC system's performance 391
varies widely based on the climate at the installation site. In this study, the ambient air temperature, 392
relative humidity, and UV index were evaluated by Davis Vantage Pro for 30 days (720 hours) in 393
September 2020, as shown in Figure 15. The annual mean temperature ranges between 25 and 394
27°C, and the monthly mean temperature and humidity in September are 26.5°C and 82%. 395
Moreover, the minimum and maximum temperatures recorded during the September month were 396
23.6 and 30.1 °C, with an average UV index of 6. The lowest RH ranged between 46 and 55.73% 397
during daylight, while the highest RH ranged from 79.3 to 99% at night.  398

 
Figure 15: Hourly changes of ambient air temperature and relative humidity for September 2020 
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399
3.1.2 Solar irradiance and PV power 400
Assessment of the solar irradiance of a region is just as critical as evaluating the humidity and 401
temperature data collection for a given time in deciding the viability of a solar-powered project. The 402
variation of solar irradiance and the PV panel power output from 1st to 30th September 2020 is 403
displayed in Figure 16. Underlying darkness and cloudiness lead to reduced electrical power 404
production. An average solar irradiance of 661.42 W/m2 was observed during the experiment. The 405
maximum solar irradiance was 1045.81 W/m2 on 18th September 2020, and a minimum solar 406
irradiance of 126.03 W/m2 was detected on 19th September 2020. The photovoltaic (PV) panel 407
delivered a maximum of 595.81 W and 1.12 kWh of daily power output. Also, three PV panels 408
were used to provide sufficient power to the PV-NTEAC device via batteries. Two solar charge 409
controllers controlled the power supplied by three PV panels and stored directly in the batteries. 410
The impact of input current on the PV-NTEAC device's output was investigated using this as a 411
source of input control. 412

 
Figure 16: Hourly changes in solar irradiance and PV power output for September 2020 
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413
3.1.3 Mean radiant temperature and air velocity 414
The daily changes of mean radiant temperature (MRT) and air velocity from 1st to 30th September 415
2020 are depicted in Figure 17. Air temperature, velocity, and globe temperature were used to 416
determine mean radiant temperature (MRT) according to ISO 7726 standards [48]. The average 417
ambient air velocity was 1.16 m/s, with a minimum and maximum air velocity of 0.67 m/s and 2.02 418
m/s observed on September 16th and 20th. Therefore, the daily change of MRT is similar to that of 419
the air temperature. Many of the MRT values recorded in the analysed building were much higher 420
than the air temperature (about 1°C), indicating a significant radiant impact that needed to be 421
accounted for. 422

 
Figure 17: Daily changes of mean radiant temperature and air velocity for September 2020 

The ambient data from 7th to 11th September (8 hours to 20 hours each day) is considered the most 423
identical to ensure the results are comparable under natural weather conditions. The ambient 424
weather conditions are presented in Table 8. 425

Table 8: Summary of ambient weather conditions of the test room 426
Parameters Description 7/9/2020 8/9/2020 9/9/2020 10/9/ 

2020 
11/9/ 
2020 

Outdoor 
Temperature (°C) 

Minimum 24.9 26.02 25.11 26.3 25.4 
Maximum 34.23 31.4 33.2 32.1 33.6 
Mean 27.7 27.41 28.33 29.2 30.1 
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Standard 
Deviation 

2.70 2.60 4.10 3.50 3.80 

Indoor Temperature 
(°C) 

Minimum 24.01 25.8 25.25 24.92 25.02 
Maximum 33.12 31.78 32.67 32.30 32.9 
Mean 27.26 25.49 27.66 27.31 26.40 
Standard 
Deviation 

2.45 2.80 2.020 2.50 2.90 

Radiant 
Temperature (°C) 

Minimum 25 24.90 22.80 23.71 24.50 
Maximum 27.42 27.03 26.89 26.84 26.50 
Mean 27.51 27.26 25.64 26.57 26.8 
Standard 
Deviation 

2.70 2.40 2.90 2.60 2.30 

Outdoor Relative 
Humidity (%) 

Maximum 97 96 89 91 93 
Minimum 57 55 49 53 57 
Mean 79 75 82 84 81 
Standard 
Deviation 

5.40 4.80 4.20 6.20 5.10 

Indoor Relative 
Humidity (%) 

Maximum 80 83 91 85 79 
Minimum 61 72 59 64 55 
Mean 77 79 84 75 78 
Standard 
Deviation 

3.40 4.20 5.50 5.30 3.80 

Velocity of air (m/s) Maximum 3.20 2.50 2.10 1.80 2.20 
Minimum 0.8 1.20 0.70 1.20 1.00 
Mean 1.60 1.80 1.40 1.30 1.50 
Standard 
Deviation 

0.68 0.30 0.20 0.70 0.50 

427
3.2. Thermal performance of the NTEAC system 428
Figure 18 presents the time-dependent temperature measurements conducted on a hot, humid day in 429
September 2020 for the internal front wall, internal rear wall, the hot surface of TEM, cold surface 430
of TEM, cooled space, ambient air, and coolant (MWCNT/water nanofluid) of the NTEAC system 431
installed in the test room. While the cold side temperature of the TEM ranged between 29.3 and 432
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69.4°C, this value ranged between 47.1 and 147.7 °C for the TEM's hot side. An improvement of 433
17% was obtained in the cooling system using 0.5wt% MWCNT/Water nanofluid with respect to 434
pure distilled water when the initial and final state temperature differences were compared. As the 435
temperature of the surrounding environment rises,  436
is cooled using the studied nanofluid-based TEAC. The obtained data also shows that 437
MWCNT/water nanofluids give the most impressive improvements in heat transfer performance. 438
Furthermore, it is observed that the rate of enhancement depends on various factors, including 439
thermal conductivity, agglomeration, viscosity, density, and the specific heat capacity of the heat 440
transfer fluid. These aspects were briefly explored in our previous literature [43]. In principle, the 441
thermal conductivity of nanofluids has the most significant effect on heat transfer characteristics, 442

end to that seen in the prior 443
research [49]. As a whole, it can be said that the thermal performance of the PV-NTEAC system is 444
highly dependent on solar irradiation and ambient temperature. The PV-NTEAC system, on the 445
other hand, may function differently depending on the climate. 446

 
Figure 18: Thermal performance of NTEAC device for 0.5wt% MWCNT/Water nanofluid 

447
3.3. Coefficient of performance and Cooling Capacity of the NTEAC system 448
The coefficient of performance (COP) was assessed by calculating the cooling energy dissipated 449
inside the test room and the thermoelectric modules' electrical energy input. As aforementioned, the 450
COP of the photovoltaic powered nanofluid assisted thermoelectric air conditioner (PV-NTEAC) 451
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can be improved by reducing the hot side temperature of the thermoelectric modules. This can be 452
done by removing heat more efficiently from the hot side of the TEMs through the nanofluid cooled 453
heat sink unified to a radiator. Nanofluids are ideal coolants for radiators because of their excellent 454
thermal properties, contributing to high heat transfer. To analyze the cooling effect of the enhanced 455
thermophysical properties of working fluid (nanofluid), more tests were performed on the PV-456
NTEAC system by varying the input current supply (2-6.5A). Figure 19 shows the COP variation of 457
the PV-NTEAC system implemented in the test room. As seen in the above figure, the COP of the 458
PV-NTEAC system increased to its maximum at first and then decreased gradually when the 459
current supply increased to 6.5A. The maximum obtained COP is 1.27 when the applied current is 460
6A, and the cold side temperature is 22.7 °C. The results show that the PV-NTEAC system requires 461
less electrical energy and works more efficiently with an optimum input current supply of 6A. On 462
the other hand, the COP decreased from 1.27 to 1.19 when the current supply increased from 6A to 463
6.5A. When the system was operating at current levels greater than 6.5A, it was discovered that a 464
significant quantity of heat was being transmitted to the cold side of the TEMs, thus negating the 465
total cooling capacity of the system. 466

 
Figure 19: Effect of current on the COP of the PV-NTEAC system 

467
By circulating nanofluids on the heat sink (hot side of TEMs), the temperature difference between 468
the hot and cold sides of the TEMs can be maintained, allowing for constant cooling of the heat 469
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sink (hot side of TEMs). As MWCNT/water nanofluid possesses fascinating heat transfer 470
characteristics, this method effectively calms buildings with a minimum number of TEMs in 471
TEACs. Furthermore, the obtained results are compared with earlier thermoelectric cooling studies, 472
shown in Table 9. 473

474
Table 9: Comparison with previous studies on thermoelectric cooling 475

References Number of TEMs 
& Model No. 

Operation 
current(A)/ 
Voltage(V) 

Maximum 
COP 

Maximum 
Cooling 
capacity 
(W) 

Application 

Shen et al. 
2013, [50] 

1 TEM  
(TEC1-12706) 

1.2A 1.77 6.38 Small office 
space  

Tan et al. 
2015, [51] 

42 TEMs 
 (RC12-8) 

5A 0.78 1534 Office room 
(33.6 m3) 

Kashif et al. 
2015, [52] 

24 TEMs 
 (TEC1-12730) 

2  7A 
 

0.679 499 Test room 
(18.9 m3) 

Puy et al. 
2017, [53] 

16 TEMs 
 (RC12-8) 

12 V 0.78 600 Residential 
building (0.27 
m3) 

Rincon et al. 
2018, [54] 

12 TEMs 
 (RC12-6L) 

120 V 0.77 480 Climatic 
chamber 

Cheon et al. 
2019, [55] 

9 TEMs  
(HMN 6040) 

1  3.2A 0.73 504 Office 
building 
(3000 m3) 

Chen et al. 
2020, [56] 

9 TEMs 1.5  9.9A 
 

1.24 324 Simulation 
box (0.42 m3) 

Looi et al. 
2020, [57] 

9 TEMs 
 (Ferrotec 
9500/391/085B) 

5A 1.67 181 Test chamber 
(3.6 m3) 

Present work 12 TEMs 
 (Ferrotec 
9500/391/085B) 

2  6A 1.27 571 Test room 
(25.6 m3) 

476
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In order to ensure continuous operation and appropriate performance, the hot sides must efficiently 477
disperse heat into the ambient air. Cooling performance is affected by both the convection heat 478
transfer coefficient and the heat dissipation regions on the hot side TEM. The high heat transfer 479
coefficient of MWCNT/water nanofluid is attributed to the high heat dissipation rate, resulting in 480
cooling capacity enhancement. Figure 20 shows the PV-NTEAC system's cooling capacity (Qc) 481
with various current supplies. Increasing the input current first allows the cooling capacity to 482
achieve its maximum value. Following that, the Qc falls in accordance with the rise in electrical 483
current flow. Using a current supply of 6A, the maximum possible Qc of 571W was obtained. As 484
long as the input current is sufficient, the Peltier cooling rises in proportion to an increase in 485
electrical current, eventually taking over and reducing Qc ultimately. This is attributed to the rise of 486
Qc with the rise of electrical current. Apart from that, Qc declines after reaching its maximum value 487
since Joule heat rises faster than Peltier cooling does. These results are in good agreement with 488
Irshad et al. [52], in which the COP and Qc increased (3-5A) first and decreased (> 5A) at greater 489
current supply. Furthermore, the COP and Qc increase when the hot side temperature of the TEMs 490
are lowered. In a nutshell, the maximum COP is 1.27, and the corresponding Qc is 571W. 491

 
Figure 20: Effect of current on the cooling capacity of the PV-NTEAC system 

492
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3.4. Performance of the test room equipped with NTEAC system 493
This section will present and discuss TEM's cold side and hot side temperatures, indoor 494
temperature, and relative humidity under different input currents to analyze the PV-NTEAC 495
system's performance. The temperature variations seen at the outlet areas of the hot and cold 496
junctions occur due to the Peltier effect when the PV-NTEAC system is turned on at 8 AM. The 497
decrease in the incoming air temperature was due to heat absorption on the cold side of the TEMs, 498
and the absorbed heat was discharged via forced convection, which transferred the heat to the hot 499
side of the system. The airflow rates to the cold junction and the hot junction are monitored to 500
ensure no change for all current supplies. Regarding the experimental findings shown in Figure 21, 501
different outcomes were found for the hot and cold sides' temperatures, depending on the 502
nanofluids' temperature. The results show that both the nanofluid temperature and the hot side 503
temperature rise in tandem, whereas the cold side temperature rises slower. This increases the 504
difference between the hot and cold sides' temperatures, thus making the temperature gradient 505
wider. 506

 
Figure 21: Temperature of TEM and nanofluid at different timings 

507
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Figure 22: Deposits of dew particles and water drops in the PV-NTEAC 

508
As the temperature of an object drops below the dew point, water vapour condenses on the 509
comparatively cool surface of the object to create water droplets and dew particles. The formation 510
of water droplets and dew particles is shown in Figure 22. At constant pressure and continuous 511
water vapour, moisture in moist air is cooled to achieve the dew point temperature. Due to the fact 512
that the dew point temperature is a measure of humidity, it functions as a comfort index. Usually, 513
the dew point temperature should be lower than the wet-bulb temperature to attain optimum human 514
comfort. Figure 23 illustrates the dry bulb and dew point temperature fluctuation of the processed 515
air at 6A current. Results showed that the dew point and the dry bulb temperature differed slightly, 516
which expedited moisture removal. The maximum dew point and dry bulb temperature were 24.77 517
°C and 26.14 °C, respectively, which occurred around 13.30 hours. 518

 
Figure 23: Variation of dry bulb and dew point temperature with time at 6A 
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The impact of the PV-NTEAC system on the test room's indoor temperature by supplying different 519
input currents from 2-6A to TEMs is shown in Figure 24. The data for five cloudless days (7th  11th 520
Sept 2020) is presented in Table 8. The results obtained for the operation period between 8 and 20 521
hours were compared with normal test room conditions (See Table 8). With 2A of input current 522
from the PV and DC power systems to the NTEAC system, the average indoor temperature was 523
25.26°C, 2°C lower than the normal test room temperature. It was apparent from the figure that the 524
interior temperature of the test room was lower during the morning session (from 8 to 11 hours). 525
Then, during the peak hour session (from 11 to 17 hours), the interior temperature increases and 526
then decreases during the last session of the trial (from 17 to 20 hours). When PV and DC power 527
system current is increased to 3 A, the NTEAC's cooling capacity increases, and the test room 528
temperature is reduced by 2.4 °C, resulting in a final temperature of 23.09 °C. When the current 529
input of the NTEAC system was increased to 4A, the temperature decrease in the test room was 530
3.2°C less than the typical test room temperature. Additional improvements were made to the test 531
room by increasing the supply current of the NTEAC system from a PV and DC power source that 532
delivered 5A. The temperature within the building was reduced to a maximum of 23.31°C, resulting 533
in a 4°C drop below the room temperature. With an increase in the input current supply of NTEAC 534
to 6A, the system now provided a 4.9°C decrease in indoor room temperature, attributable to an 535
optimum temperature of 21.5°C. So, with 6A of input current, the optimal performance of the PV-536
NTEAC system was achieved. 537

 
Figure 24: Variation of the indoor temperature of the test room equipped with PV-NTEAC system 

operated at 2-6A (7th  11th September 2020) 
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538
An acceptable range for specific physical properties of relative humidity is 50 to 60%, according to 539
the Malaysian Industry Code of Practice on Indoor Air Quality (IAQ). Figure 25 illustrates the 540
variation of the relative humidity of the PV-NTEAC system at different input current levels (2-6A) 541
in the test room. The mean ambient outdoor relative humidity ranged from 75 to 84% during 542
September 2020. At the 2A current level, the average relative humidity reduction was 9-15%. 543
Furthermore, when the current supply was increased to 3A, the average relative humidity reduction 544
ranged from 17-23%. Consequently, the current supply to the NTEAC system was raised to 4A and 545
5A, where the average relative humidity reduction ranged between 23-27% and 30-35%, 546
respectively. To further enhance the indoor relative humidity in the test room, the input current 547
supply of the NTEAC system was increased to 6A using the PV and DC power systems. It showed 548
a maximum average indoor relative humidity decrease of 35 to 41% at this current supply. 549

 
Figure 25: Variation of the indoor relative humidity of the test room equipped with PV-NTEAC 

system operated at 2-6A (7th  11th September 2020) 
550

3.5. Carbon credit potential and CO2 mitigation 551
Energy is critical for the survival and development of contemporary civilization since it is the main 552
factor that stimulates economic growth and development. A significant amount of energy has been 553
used over the last several decades due to the continuous development of the global economy. 554
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Carbon dioxide emissions have resulted in global climate change, which has now emerged as one of 555
the most significant factors influencing sustainable socio-economic growth throughout the globe. 556
Climate change is becoming an unassailable reality as global CO2 emissions continue to grow 557
alarming, increasing the unabated global average temperature. Thus, fossil fuel energy use is the 558
most significant contributor to carbon dioxide emissions. Therefore, limiting fossil fuel CO2 559
emissions is critical to mitigating global warming. Carbon mitigation should be a significant 560
component of strategies to reduce greenhouse gas emissions. One approach to introduce relevant 561
energy policies is to manage market behaviour, introduce regulation of producers and consumers, 562
and so steer the economy toward a low-carbon country. According to estimates, Malaysia's six 563
major CO2-emitting industries are power production, transportation, industrial, residential, 564
commercial, and agriculture. Essentially, air conditioners in residential sectors consume many fossil 565
fuels to provide thermal comfort, resulting in a large quantity of CO2 emissions. In Malaysia, gross 566
CO2 emissions rose considerably by the end of the 1990s and were more than 160 million metric 567
tons (MMt) by 2003, increasing to 328 MMT by 2020 [58]. The PV-NTEAC device is a highly 568
efficient and environmentally sustainable clean energy solution to minimize CO2 emissions. The 569
total CO2 pollution mitigated by the investigated PV-NTEAC system was quantified numerically 570
compared to conventional air conditioning systems. Eq. 7 was used to calculate the cumulative 571
emission of CO2 pollution from current PV-NTEAC devices and traditional air conditioning 572
systems over 25 years. In general, CO2 pollution emitted from power plants totalled 2.02 kg/kWh 573
per unit of electricity produced annually [59]. 574

 (7) 

Where E denotes the annual electrical energy units consumed by the device over a 12-hour cycle 575
and is calculated using Eq. 8: 576

 (8) 

The carbon credit allocation is set at 33 US$ per tonne, which is predicted in the article "Malaysia 577
carbon tax could pave the way for potential clean energy" [60], so the value of the carbon credit 578
earned by the system can be calculated by Eq. 9. 579

 (9) 
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Due to solar energy and carbon credit potential, the electricity cost is saved, attributed to the initial 580
cost subjugation of the studied PV-NTEAC system. Furthermore, the payback period is evaluated 581
using a line cash flow diagram with the following assumptions: 582

 The PV-NTEAC system is projected to have a 25-year life span.  583
 Based on Bank Negara Malaysia (BNM), the payback period of the PV-NTEAC was 584

estimated at a 3% interest rate [61]. 585
 The operational cost of a conventional air conditioner is 197 US$ per annum [62]. 586

The studied PV-NTEAC systems have an operating temperature range of 22.33 to 29 °C with a 6A 587
current supply. The system uses 3.39 kWh of electricity daily when operating in the testing room 588
for 12 hours. The PV-NTEAC system saves 6.89 kWh of electrical energy compared to a 1-ton split 589
air conditioner. The comparison between the test room's electrical energy savings with the PV-590
NTEAC system and a split air conditioner with a 1-ton capacity is presented in Table 10. 591
Furthermore, this PV-NTEAC system can mitigate 71.54 tonnes of CO2 emissions from buildings 592
for 25 years. 593

Table 10: Comparative analysis of PV-NTEAC system with split air conditioner 594
Parameters Split air conditioner (1-ton) PV-NTEAC system 
Electrical energy consumption 
(kWh/year) 

3752.2 1237.35 

Electrical energy saving 
(kWh/year) 

0 2514.85 

CO2 emission (ton/life) 93.54 22 
CO2 reduction (ton/life) 0 71.54 
Carbon credit earned (US$) 0 2360 
Operating temperature (°C) 18-40 22.3-29 
Weight (kg) 9 (indoor), 10 (outdoor) 7 (indoor), 2.5 (outdoor) 
Life span (years) ~15 ~25 

595
4. CONCLUSIONS 596
The research investigated a novel photovoltaic powered nanofluid assisted thermoelectric air 597
conditioner (PV-NTEAC) system for building cooling applications in Malaysia's tropical climate. 598
Feasible heat sinks were designed to integrate nanofluids with thermoelectric air conditioners to 599
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enhance TEM's hot side heat conduction. System performance was examined by evaluating cooling 600
capacity, COP, energy, cost benefits, and CO2 emission mitigation. Significant conclusions were 601
discussed as follows: 602

 The use of nanofluids in conjunction with the radiator and TEAC resulted in a significant 603
increase in thermal performance. This is because nanoparticles can compress the fluid's 604
transverse temperature gradient, mainly caused by the enhanced mobility of liquid atoms in 605
the presence of nanoparticles. 606

 Analysis of NTEAC's cooling performance indicates that raising the input current from 2A 607
to 6A significantly impacted the cooling performance. However, increasing the input current 608
supply further deteriorated the system's performance. 609

 With an input current of 6A, the test room's optimum temperature difference (indoor and 610
outdoor) reached 4.9 °C, resulting in a COP of 1.27 and a cooling capacity of 571 W. 611

 The CO2 emission mitigation resulted in around 71.54 tonnes when compared with a 612
conventional split air conditioner that contributed to a carbon credit allowance of 2360 US$. 613

Furthermore, to achieve even greater system performance, consider lowering the thermal resistance 614
on the hot side of the thermoelectric modules. Even though the PV-NTEAC system has a lower 615
COP than the traditional split air conditioner, it may be used for space conditioning in rural areas 616
with abundant solar energy. Integration of nanofluids with the PV-NTEAC system reduces the 617
temperature difference between the cold and hot sides of the TEMs, leading to an enhanced cooling 618
performance in thermoelectric air conditioners. As a result, the innovative PV-NTEAC system, in 619
conjunction with the MWCNT/Water nanofluids, offers a freon-free, fossil fuel independent, 620
energy-efficient, and low CO2 emission approach for space conditioning. 621

622
NOMENCLATURE 623
A  Area (m2) Greek symbols 
Cp Specific heat capacity (kj/kg.K)  Seebeck coefficient (V.K-1) 
G Solar irradiance (W/m2)  Delta/difference 
i interest rate (%)  Efficiency 
I Current (A)  Specific humidity 
K Thermal conductivity (W/m. K)   
N Number of thermoelectric couples  Range of measured value 
n Time in years Subscripts  
P Power (W) c cold 
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PV Photovoltaic h hot 
Q Rate of heat transfer (W) in inlet 
RH Relative humidity (%) out outlet 
t Time (s) max maximum 
T Temperature (°C) Abbreviations 

NTEAC 
 
Nanofluid Assisted 
Thermoelectric Air 
Conditioner 

 Temperature difference between the 
hot side and cold side TEM (°C) 

Wt. Weight fraction (%) MWCNT Multiwalled Carbon 
Nanotubes 

wh Watt-hour TEM Thermoelectric module 
ZT Figure of merit Water Distilled water 
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