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This experimental study aims to investigate the effects of copper (II) 

oxide (CuO) nanoparticles (~50 nm, 99.9% trace metal basis) 

incorporation in polyalkylene glycol (PAG) lubricant of a compressor 

included in air-conditioning (AC) system of a light duty passenger car. 

Observations on fuel consumption in real-world driving tests while the 

AC system is fully running were conducted. In order to determine the 

impacts of CuO nanoparticle incorporation in PAG oil, friction (pin-on-

disc tribotester) and wear tests were carried out along with surface 

visualization analyses of scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) on the disc samples laser-cut from the 

spare AC compressor vanes. Morphology and thermal stability of the 

CuO nanoparticles were also investigated via SEM and thermal 

gravimetric (TG) analyses, respectively. Wear rate (WR), average 

coefficient of friction (µa) and surface roughness analyses on the 

specimen surfaces were conducted to procure a comprehensive 

knowledge about the tribological improvement of CuO nanoparticles. All 

analyses were repeated on the identical metal samples in PAG lubricant 

bath (PL) and CuO nanolubricant (NL) separately under the same 

conditions and average of the test results were taken into account to 

minimize error. The results demonstrate that reductions of 15.5% in 

average coefficient of friction, 33% in wear rate and 9% in average 

surface roughness were achieved resulting in a decrease of 7.7% in fuel 

consumption at designated driving conditions. 

Keywords: CuO nanoparticles, AC rotary compressor, nanolubricant, fuel consumption. 

1. Introduction 

The relationship between gasoline prices and 

new car fuel economy has been under scrutiny 

due to worries about rising oil prices, energy 

security, and global warming. By investing in 

cars with better fuel economy, consumers can 

lessen their susceptibility to price hikes or 
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volatility. Furthermore, several nations employ 

gasoline tariffs or fuel economy regulations to 

lower oil imports and carbon dioxide (CO2) 

emissions [1,2]. 

There are several mechanical factors affecting 

fuel consumption of the vehicles such as tire 

[3-7] and road conditions [8], vehicle 

aerodynamics [9-13], air intake pressure [14-

17] and temperature [18,19], fuel properties 

[20-22], etc. as well as driving behaviors [23-

25]. Among these, impact of air conditioning 

(AC) system of the vehicle on fuel 

consumption draws special attention due to 

being a compulsory equipment for thermal 

comfort of the driver and the passengers. 

Aforementioned parameters affecting fuel 

economy may be intervened in to minimize 

consumption but the effect of AC unit on fuel 

economy can just be reduced by increasing the 

overall efficiency of the system. The energy 

required to run an automotive air conditioning 

system is much more than the energy needed 

for an engine to drive a mid-sized vehicle at a 

steady speed of 56 km/h [26]. Few studies have 

revealed that the fuel consumption of 

traditional internal combustion engine (ICE) 

vehicles might increase by as much as 30% due 

to HVAC systems [27-29]. 

The one of the very effective ways of 

increasing efficacy of the AC system of a 

vehicle is to enhance rheological properties of 

AC system’s compressor lubricant by 

incorporating appropriate nanoparticles in the 

compressor oil [30-36]. In order to reduce 

compressor wear and to boost compressor 

uniformity, proper lubrication is essential. The 

proper lubrication is provided by lubricants to 

these compressors to avoid excessive friction 

on the piston ring and cylinder wall surfaces. 

By minimizing wear between two contacting 

and sliding surfaces and lowering frictional 

power losses in the compressor, lubrication 

also helps to avoid rust and corrosion 

formation [37]. Tribological performance of 

automotive AC systems can be further 

enhanced by the use of nanolubricant additives 

because of the formation of protective coatings 

and rolling effects on the friction surfaces [38, 

39]. Similar to ball bearings, which use a 

rolling mechanism to reduce friction between 

the worn surfaces, nanoparticles exhibit 

similar behavior (rolling effect) [40]. By 

adding nanoparticles to standard lubricants, 

friction can also be decreased since the 

nanoparticles cover the spaces between the 

worn surfaces and form a thin layer (oil film). 

As a result, wear can be decreased and weight 

carrying capacity can be raised. Furthermore, 

nanolubricants yield to improve extreme 

pressure resistance, load carrying and anti-

wear abilities as well as absorbing heat from 

the friction and minimize thermal and 

structural wear by separating fretting pairs [41, 

42]. 

CuO nanoparticles step forward as an additive 

to lubricants to enhance the tribological 

features in mechanical systems due to its tribo-

sintering to the worn surface, reducing metal-

to-metal contact and good heat rejection 

property preventing overheat [43, 44]. This 

experimental study presents a comprehensive 

tribological analysis on compressor of an 

automotive AC system running on CuO 

incorporated lubricant (NL) to observe the 

variation of compressor work and its effects on 

fuel economy considering real-world driving 

conditions at designated vehicle under 

standard conditions. Though there are several 

studies on tribological improvement of CuO 

nanolubricants [45-56], no other study has 

been found elsewhere consisting of 

comprehensive tribological analyses and fuel 

consumption data of a real-world vehicle 

driving conditions. Thus, it is believed that this 

study will be a guide in terms of fuel efficiency 

of automotive systems in these times when oil 

prices are increasing rapidly. 

2. Material and Methods 

2.1. Friction and wear tests 

A pin-on-disc tribotester with oil heater (Fig. 

1) was utilized to create wear and physical 

friction on disc samples (62–65 HRC, E=210 

GPa, ʋ=0.35, Ø20) laser-cut from the spare 

compressor vanes of the AC unit. Above the 

typical load of 20 N, it was found that every 

sample surface employed in the experimental 

analysis experienced significant surface 

damage. Thus, 20 N load was applied onto the 

disc specimens submerged in two different oil 

media (PL and NL) and friction analyses were 

performed 5 times for each sample and 

averaged to reduce data scattering at sliding 

distance of 400 m, sliding speed of 0.5 m/s and 
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oil temperature of 60°C (average automobile 

AC compressor working temperature) for each 

oil bath ambient. 

 
Fig. 1. Illustration of pin-on-disc tribometer 

 
Fig. 2. CuO concentration vs. average coefficient of 

friction 

Initially, 1 mL of base oil was added to the disc 

surface at appropriate time intervals until the 

total volume of oil in the bath reached 10 mL 

for both NL and PL. Before and after each test, 

hydrocarbon solvents were used to clean every 

component of the experimental apparatus, 

including the oil tanks, discs, pin holder, and 

pin. CuO nanoparticles were dispersed in 

polyalkylene glycol (PAG) lubricant (oil of 

AC compressor of the vehicle) by 0.1 wt.%. 

Above the 0.1 wt.% of nanoparticle 

concentrations, excess increment in an average 

coefficient of friction (µa) was inevitable due 

to agglomeration of particles on the metal disc 

samples (Fig. 2). Based on the concentration 

results, 0.1 wt.% of CuO nanoparticles was the 

optimum amount to be used in both friction 

and driving tests. 130 mL of lubricant with 

CuO nanoparticles was subjected to 3 hours of 

sonication at 0.25 kW and 44 kHz subsequent 

to 1 hour of magnetic stirring. SEM analyses 

of the nanoparticles and worn sample surfaces 

were carried out using a device with a 

magnification range of 6,000–1,000,000×. The 

wear rate of the samples was obtained by 

precisely weighing the disc samples before and 

after the wear tests. An equipment was utilized 

for AFM studies which has a cantilever paired 

with a 20× objective, 480 × 360 μm of field of 

view (CCD 1 Mpixel), and direct on-axis 

vision of the sample surface. The 

nanoparticles' thermal stability (TG) was 

assessed between 0°C and 420°C. 

2.2. Real-world vehicle tests 

The lubricant in AC compressor of the test 

vehicle was evacuated and the inner housing of 

the compressor was vacuumed into low 

pressure to get rid of any contaminations and 

moisture. In the first stage, the oil chamber of 

the compressor was charged with pure PAG 

lubricant before the activation of the AC 

system. The system consists of a rotary type 

compressor with vanes and other air 

conditioning units (evaporator, condenser, 

capillary tubes, expansion valve) in which the 

R132a refrigerant cycles. The compressor was 

driven by the internal combustion engine 

through a belt. The vehicle was equipped with 

sensors to record data simultaneously at 1 Hz 

on fuel consumption, load, engine revolutions 

per minute (rpm), vehicle speed, cabin and 

outside temperatures. Through the OBD 

system, integrated with its special software on 

a laptop, the engine control unit (ECU) 

provided information on the engine's speed and 

load as well as the vehicle's speed and fuel 

consumption. Commercially available OBDII 

readers were used in this study and the OBD 

data from a variety of light-duty passenger 

vehicle technologies can be read by these 

devices. Each driving test with each 

compressor lubricant was conducted with 2 

people in the car, on the same 10 km section of 

a rural road (no traffic) within the same test 

duration and same day time to standardize the 

test conditions (Table 1). Each test with 

different compressor lubricants was repeated 5 

times and average values were taken into 

consideration. 

3. Results and Discussion 

3.1. Tribological analyses 

The tribological features of mechanical 

systems are significantly influenced by the 

geometry of the nanoadditive within the 

structure, i.e. the sphere-like shape of the 
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nanoadditive is useful in minimizing wear due 

to rolling effect. 

Table 1. Conditions for each driving tests 

Description Definition 

Atmospheric 

temperature 
34°C, clear sky 

Atmospheric pressure 0.92 bar 

Average wind speed 
4 km/h blowing from the 

rear of the vehicle  

Road type Dry tarmac 

Average road slope 3% uphill 

Road length 10 km 

Vehicle type Light duty passenger car 

Vehicle curb weight  1080 kg 

Vehicle speed 60 km/h 

Engine speed 2000 rpm 

Vehicle engine specs 

Naturally aspirated, 1.2 

liters, 75 HP max. power at 

5500 rpm, 108 Nm max. 

torque at 4250 rpm   

Total test duration  120 min 

Extra vehicular weight 
Driver: 75 kg, data 

acquisitor person: 80 kg 

AC system type Manual  

AC system status 

Maximum cooling mode 

(min. temperature, max. 

blow speed, windows fully 

closed, inner air loop off) 

AC compressor 12 V, rotary type with vanes 

AC compressor 

lubricant and oil 

capacity 

Pure PAG (PL), CuO 

incorporated PAG (NL), 

130 mL 

SEM images of CuO nanoparticles prove that 

the spherical geometry of the nanoparticles is 

very influential on separation of vane tips and 

the inner housing of the compressor as well as 

facilitating easy rotation of the vanes (Fig. 3a). 

Thus, decrease in compressor work is an 

expected outcome yielding a reduction in both 

engine load of the compressor and fuel 

consumption. SEM images of the worn disc 

samples (laser-cut from compressor vanes) in 

PL and NL baths are depicted in Fig. 3b and 

Fig. 3c., respectively. It is clearly seen that the 

sample surface which underwent abrasion 

process (wear test) in the NL bath has lower 

roughness and smoother surface than that of 

the sample fretted in the PL bath. The higher 

viscosity of NL than that of PL facilitates 

entrainment of the fluid into the crevices and 

hollows on the friction surfaces leading a 

smoother surface (polishing effect) with 

improved tribological characteristics (lower 

friction and wear). Nevertheless, high viscosity 

triggers the formation of thicker oil film 

between the vane tips and housing surface in 

the context of separating the friction surfaces. 

Furthermore, rolling effect of spherical CuO 

nanoparticles yields smooth operation of the 

rotary system. 

 
a) 

 
b) 

 
c) 

Fig. 3. (a) SEM images of; (a) CuO nanoparticles, (b) 

worn surface in PL bath, (c) worn surface in NL bath 

The coefficient of friction (µ) fluctuation as a 

function of sliding distance for a normal load 

of 20 N is shown in Fig. 4. Average coefficient 
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of friction (µa) for samples submerged in PL 

was found to be 0.45 whereas it was 0.38 for 

samples tested in NL bath (15.5% reduction). 

Rolling and polishing effects of CuO 

nanoparticles in the oil bath facilitate smoother 

surface and reduced coefficient of friction 

values when compared to that of sample 

surface in PL bath. Lower average coefficient 

of friction for NL bath also confirms the SEM 

images of the worn surfaces or vice versa. 

 
Fig. 4. µ vs. sliding distance 

Thermogravimetric techniques reveal details 

regarding how the temperature effect alters the 

structure of nanoparticles. A high level of 

thermal stability, or the absence of peaks, 

means that the sample does not degrade at that 

temperature range [57, 41, 58]. TG analysis 

results of the CuO nanoparticles is 

demonstrated in Fig. 5. As can be seen from 

the graph, there is no sharp peak indicating that 

thermal stability of the nanoparticles was 

maintained even above temperature of 400°C 

proving that the nanoparticles never undergo 

decomposition, thermal cracking, melt down, 

etc. considering working temperatures of 

compressor lubricant. 

 
Fig. 5. Thermal stability of CuO nanoparticles 

Wear rate of fretting surfaces and their 

roughness parameters are of great importance 

in order to determine the tribological 

improvement of CuO nanoparticles. Table 2 

depicts the average surface roughness (Ra) and 

wear rates (WR) of the specimens. The 

entrainment of nano-size particles to the 

grooves of the sample surface induces 

smoother operation due to polishing effect and 

lower surface roughness in NL bath. Harsher 

surface (higher roughness) of the sample in PL 

bath causes increase in coefficient of friction 

and consequently higher mass loss and wear 

rates are inevitable. The wear rates of the 

surfaces were computed using Eqs. (1) and (2) 

[59-61]: 

*WSV TA RMA=               (1) 

*

WSV
WR

F
=


              (2) 

Table 2. Wear and roughness test results 

Sample 
Submerged 

in PL bath 
Submerged 

in NL bath 

Mass 

(g) 

Before wear 

test 
0.7281 0.8435 

After wear 

test 
0.7246 0.8413 

Mass loss 0.0035 0.0022 

 
WR 

(mm3/Nm) 
31.4*10-9 21.1*10-9 

Ra 

(µm) 

Test 1 1.22 1.04 
Test 2 0.91 0.93 
Test 3 0.84 0.84 
Mean Ra 0.99 0.91 

AFM imaging was utilized to investigate the 

surface morphology of the substrates, with a 

scan size of 10 µm × 10 µm (Fig. 6). It can be 

seen that the surface thickness of the sample 

worn in NL bath is higher than that of the 

sample worn in PL bath. AFM image confirms 

that sample in PL bath underwent severe 

abrasion in wear tests and lost more material 

than that of the sample worn in NL bath. Mass 

loss and wear rate analyses also validate this 

phenomenon. 

3.2. Fuel consumption analysis 

The test vehicle’s ECU utilizes the 

approximated technique to report fuel usage 

via the OBD port. As the car has no fuel 

consumption data monitoring feature, the fuel 

usage was calculated using Eq. 3 [62]. It makes 

use of information from the mass airflow 

sensor, the gasoline stoichiometric air-fuel 

ratio of 14.7, and the fuel density (880 g/L). 
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a) 

 
b) 

Fig. 6. AFM images of; (a) worn surface in PL bath, 

(b) worn surface in NL bath 

*
fuel

MAF
V

AFR 
=               (3) 

 
Fig. 7. Fuel consumed vs. travel duration (AC on) 

The required data shown in Eq. (3) were 

acquired via OBD system and the specific fuel 

consumption—measured in liters of gasoline 

consumed per 100 kilometers traveled (L/100 

km) was used as a derivation of the Vfuel. All 

driving tests were conducted considering the 

conditions mentioned in section 2.2 and Table 

1. The results depicted that, at the end of the 10 

km long road, when the compressor of the AC 

system of the vehicle ran on PL and NL 

separately under aforementioned conditions, 

the calculated average fuel consumptions were 

to be about 9.1 L/100 km and 8.4 L/100 km, 

respectively which corresponds to 7.7% 

reduction in average fuel consumption/100 km 

(Fig. 7). Thanks to CuO nanoparticles, 

improvement of tribological features of 

compressor oil conveys reduction in 

compressor work and compressor load on 

engine crank making the engine deliver the 

same or more power with lesser fuel 

consumption. 

4. Conclusions 

CuO nanoparticles were successfully 

incorporated in PAG lubricant of a AC 

compressor equipped in a light duty passenger 

car to observe the tribological improvements 

and their effect on fuel consumption. In the 

tribological test section of the study, related 

analyses were conducted on disc samples 

directly laser-cut from the spare vanes of the 

compressor to determine the effectiveness of 

CuO nanoparticle incorporation in PAG 

lubricant. All visual and computational 

analyses confirm each other and improvement 

in tribological characteristics of the 

compressor oil was clearly proved. Surface 

analyses (SEM, AFM) of the samples after 

abrasion tests depicted that the surface worn in 

NL bath underwent lower wear and mass loss 

along with smaller coefficient of friction 

(15.5% reduction). The real-world fuel 

consumption results also confirmed the 

tribological test results. SEM and TG analyses 

plainly showed the sphere-like geometry and 

high thermal stability of the CuO nanoparticles 

leading to improved tribological performance 

of the system. However, the tribological 

performance tends to decrease when the CuO 

fractions in PAG oil exceeds 0.1 wt.% due to 

reduction in dispersion of the nanoparticles in 

the lubricant leading to huddling of particles 

and increased friction. It is deduced from the 

real-world driving tests that roughly 8% fuel 

saving can be achieved by using CuO 

nanolubricant in compressor oil of the AC 

system. Considering the AC system is 

responsible for 30% of fuel consumption of an 

average light duty vehicle and rapidly 

increasing oil prices, CuO incorporation in 

compressor oil of the AC system is a good and 

promising way of fuel saving due to its 

superior tribological enhancement properties. 
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Nomenclature 

Vfuel : volumetric fuel consumption (L/s) 

MAF : mass airflow introduced in the engine 

(g/s) 

Ρ : density of the fuel (g/L) 

AFR : air-fuel ratio 

WSV : worn surface volume (mm3) 

TA : trace area (mm2) 

RMA : trace length in one rotation (mm) 

WR : wear rate (mm3/Nm) 

F : normal load (N) 

   : sliding distance (m) 
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