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Abstract
Nanolubricants, dispersions of nanometer-scale particles in a conventional lubricant, have been one of the main subjects of 
recent studies aimed at increasing energy efficiency and durability of refrigeration systems. This work presents a state-of-
the-art review of nanolubricants applied to refrigeration systems. Papers found in the literature were classified by the nature 
of the nanoparticle, namely: metals, metallic and non-metallic oxides, carbon allotropes and composites. Major mechanisms 
involved in the intensification of energy parameters are discussed. They are mainly related to heat transfer enhancement and 
to reduction of the system energy consumption. The former is due to the improvement of the thermophysical properties of 
the refrigerant/nanolubricant mixture, and the latter, to better tribological properties as a result of nanoparticles, acting as 
a lubricant additive. The experimental data collected from the literature showed a great dispersion of results, even though a 
tendency to improve the performance of refrigeration systems was observed. Likewise, the most challenging efforts toward 
the sustainable use of nanolubricants in these systems are also discussed.
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List of symbols
c	� Nanoparticle mass fraction (%)
COP	� Coefficient of performance (–)
E.E.R.	� Energy efficiency ratio (BTU/h kW)
GWP	� Global warming potential (–)
P 	� Pressure (bar)
T  	� Temperature (°C)

Greek symbol
� 	� Lubricant mass fraction (%)

Subscripts
C	� Cold
Dis	� Discharge
H	� Hot
Suc	� Suction

Abbreviations
CNT	� Carbon nanotubes
EIA	� US Energy Information and Administration
IGC	� Inert gas condensation
IQR	� Interquartile range
GWP	� Global warming potential
HVAC&R	� Heating, ventilating, air conditioning and 

refrigerating
LPG	� Liquefied petroleum gas
MO	� Mineral oil
NP	� Nanoparticle
NR	� Not reported on literature
PAG	� Polyalkylene glycol
POE	� Polyol ester
PWE	� Pulsating wire evaporation
SH	� Evaporator outlet superheating

1  Introduction

The HVAC&R industry has been making an effort to improve 
the climate change performance of its products. This has 
been accomplished with the development of new technolo-
gies of reduced greenhouse gases emissions, through the use 
of low-GWP refrigerants (direct emissions) or promoting 
the reduction of energy consumption (indirect emissions). A 
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recent report by the US Energy Information and Administra-
tion informed that global energy consumption is projected to 
be 50% higher by 2050 [1]. Remarkably, this increase will 
worsen energy scarcity and environmental pollution since, 
by 2050, in spite of renewable energy being expected to be 
the leading source of primary energy consumption [1], fossil 
fuels, i.e., natural gas, coal, petroleum and other liquids, will 
still total nearly 70% of the energy produced. According to a 
note published by the International Institute of Refrigeration, 
in 2015, the refrigeration sector, including air conditioning, 
consumed about 17% of all electricity produced globally [2]. 
Of this portion, 45% came from the residential sector, 39.6% 
from the industrial sector and 15.4% from the tertiary sec-
tor. These data demonstrate, unmistakably, the importance 
of increasing the energy efficiency of refrigeration systems 
to reduce global energy consumption. This can be achieved 
by reducing power consumption of the compressor and by 
enhancing heat transfer in the evaporator and condenser, thus 
increasing the coefficient of performance (COP). One of the 
many possible ways to provide these improvements has been 
the application of nanolubricants in the refrigeration system. 
Nanolubricants are fluids composed of nanoparticles with a 
size less than 100 nm dispersed in conventional refrigeration 
lubricants [3]. These solid nanoparticles can be metallic, 
non-metallic, ceramic, carbides, carbon allotropes, oxides, 
hybrid (i.e., mixtures of different types of nanoparticles) [4] 
or composites. The interest in adding solid particles to the 
lubricant relies on the fact that solids have greater thermal 
conductivity in relation to fluids [5]. Take, for example, dia-
mond, which has a thermal conductivity of 2200 W/mK [6], 
while that of POE 32 oil (polyol ester) is 0.1472 W/mK 
[7]. The synthesis of nanolubricants can be done by one- or 
two-step methods. In the one-step method, nanoparticles are 
produced and dispersed, simultaneously, in the base fluid, 
whereas in the two-step method, they are first produced to 
be later dispersed in the base fluid [8]. The latter is the most 
used method as it is more economical and applicable to a 
large-scale operation. On the other hand, the resulting nano-
fluid does not have good stability as the one-step method [9]. 
Nanoparticles can be produced by IGC (inert-gas condensa-
tion), chemical precipitation, thermal projection, chemical 
vapor deposition and spray pyrolysis [10]. The most promi-
nent one-step method is PWE (pulsating wire evaporation), 
while the two-step method includes the production of nano-
particles by chemical, physical or mechanical processes and 
their dispersion in high-shear mixing equipment or ultra-
sonic vibrators [11].

One of the reasons for opting for the nanometric scale is 
the fact that, compared with the micrometric scale, nano-
particles would reduce the formation of clusters and avoid 
the obstruction of small passages [12]. Indeed, Kumar 
and Elansezhian [13], Padmanabhan and Palanisamy [14] 
and Wang et al. [15] found no damage or obstruction to 

refrigeration systems analyzed with nanolubricants. Sha-
rif et al. [16] used a silica nanolubricant in an automotive 
air conditioning system and, after making a cross sectional 
cut in the micro-channel evaporator, showed no evidence 
of fouling or erosion. Additionally, the nanoscale nature of 
the resulting fluid provides the formation of nanolayers at 
the solid–liquid interface, between the nanoparticle and the 
base fluid. They are formed by liquid molecules close to 
the surface of the nanoparticle, acting as a thermal bridge, 
which increases the thermal conductivity of the nanofluid 
[17]. Another mechanism that contributes to increase the 
heat transfer at nanoscale is the Brownian motion, which is 
the random movement of particles suspended in a fluid, gen-
erated by their collision with fast-moving fluid molecules. 
This pattern describes a fluid in thermal equilibrium, in 
which there is no preferential direction of the particles [18], 
but rather a random movement, due to the kinetic energy of 
the fluid. At a finite temperature, electrons and ions in any 
matter undergo constant thermal agitation, emitting ther-
mally excited electromagnetic waves in two ways: (i) the 
propagating modes that leave the surface of the emitter and 
radiate freely into space, and (ii) the non-propagating ones, 
which do not transport energy across the surface, in normal 
direction, unless a second surface is brought into the first 
encapsulation of phonons, characterizing near-field radiation 
[19]. With the Brownian movement, random collisions cause 
heat to be transported by phonons between nearby particles, 
which increases thermal conductivity [20].

In refrigeration systems, lubricant oil (or nanolubricant), 
whose function is to lubricate moving metal parts, is intro-
duced directly into the compressor crankcase. The lubricant 
reduces the power loss due to friction, in addition to pre-
venting internal gas leaks, absorbing thermal energy from 
cylinder components and protecting it from corrosion and 
oxidation [21]. The high boiling point of a typical lubricat-
ing oil prevents it from vaporizing at any part of the vapor 
compression cycle. The nanolubricant circulates through the 
components of the cycle and returns to the compressor. Even 
at the compressor discharge flow, the hottest point of the 
cycle, superheated vapor and a mist of oil coexist at lubri-
cating oil to refrigerant mass ratios that can amount to 10%. 
Oil distribution along the cycle determines how the system 
is affected, favorably or not, by the thermal energy exchange 
processes that take place in the condenser and evaporator. As 
for tribology, the nanometric scale makes it easier to insert 
nanoparticles in the surface roughness, compensating for the 
loss of mass due to wear [22]. Authors such as Bi et al. [23], 
Alawi et al. [24] and Sharif et al. [5] point out that nano-
particles can increase the solubility between refrigerant and 
lubricant. Zou et al. [25] revealed an increase in solubility 
between an HFC refrigerant (R134a) and mineral oil (MO) 
with the use of TiO2 nanoparticles. Bi et al. [26] observed 
an increase in the oil return rate with the addition of TiO2 
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and Al2O3 nanoparticles in POE oil with R134a. Górny et al. 
[27] affirmed that over 70% of damaged compressor parts are 
a consequence of the lubricant/refrigerant mixture action. 
The main reasons for failures are lack of oil (defective instal-
lation, poor miscibility, refrigerant leaks etc.), improper oil, 
formation of mixture of liquid agent with oil, and liquid 
impact. On the other hand, when it comes to nanolubricants, 
increase in the cooling capacity, reduction on energy con-
sumption, and an improvement of system tribological condi-
tions have been reported by several authors [28–31]. The fact 
has raised the attention of researchers to become a potential 
alternative to improve the energy efficiency of refrigeration 
systems and components. Figure 1 depicts the number of 
publications over the years on nanolubricants, confirming 
the great interest of the scientific community.

A number of reviews on nanolubricants for refrigeration 
systems can be found in the literature [32, 33]. The review 
papers on nanorefrigerants and nanolubricants are shown in 
Table 1, and it is possible to observe the present review is 
the only one dedicated to refrigeration nanolubricant only. 
From this initial review, it becomes clear that the applica-
tion of nanoparticles to the lubricating oil, in general, pre-
sents better performance for both the compressor and the 
vapor compression cycle. It is also observed that distinct 
approaches were adopted in these reviews. Alawi et al. [32], 
for instance, organized the literature based on the material of 
the nanoparticle, which included: Al2O3, CuO, TiO2, CNT, 
Cu and others. From an early survey, Azmi et al. [34] com-
mented their main attribute, namely, a positive impact on 
compressor performance due to tribological improvement. In 
a comprehensive review of nanofluids applied to refrigera-
tion systems, Bhattad et al. [35] mentioned some works on 
nanolubricants, from which the introduction of nanoparti-
cles to the lubricating oil resulted in percentage reductions 
in compressor energy consumption ranging from 11.8 to 
13.3%. The research conducted by Sharif et al. [5] concen-
trated on reviewing the mechanisms that result in improved 
performance of vapor compression refrigeration systems. 
Yang et al. [36] in their review evaluated the applicabil-
ity of nanofluids to a number of refrigeration systems that 
include HVAC units, industrial and domestic refrigerators, 
heat pumps and heat pipes. An overview of previous review 
investigations was presented, and surveyed literature was 
aggregated to show the application of nanomaterial technol-
ogy in refrigeration systems. Publications were classified 
by each nanomaterial and research gaps were identified and 
discussed. Recently, review papers have been principally 
focused on stability, thermophysical properties of nanoflu-
ids, impacts on refrigeration systems [37], boiling, conden-
sation and tribological properties [38].

The purpose of this paper is threefold: (i) to carry out 
an update on the state of the art regarding the experimental 
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Fig. 1   Number of publications on nanolubricants over the years (key-
word: nanolubricant; database: www.​scien​cedir​ect.​com)

Table 1   Review papers 
on nanorefrigerants and 
nanolubricants

Authors Year of publica-
tion

Subject covered Number of 
references 
cited

Alawi et al. [32] 2015 Nanorefrigerant/nanolubricant 42
Redhwan et al. [120] 2016 Nanorefrigerant/nanolubricant 45
Azmi et al. [34] 2017 Nanorefrigerant/nanolubricant 134
Bhattad et al. [35] 2018 Nanorefrigerant/nanolubricant 143
Sharif et al. [5] 2018 Nanorefrigerant/nanolubricant 67
Yang et al. [36] 2020 Nanorefrigerant/nanolubricant 100
Senthilkumar et al. [33] 2020 Nanorefrigerant/nanolubricant 31
Bharathwaj R et al. [38] 2021 Nanorefrigerant/nanolubricant 107
Yildiz et al. [37] 2021 Nanorefrigerant/nanolubricant 161
Present work 2021 Nanolubricant 127

http://www.sciencedirect.com
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application of nanolubricants in vapor compression refrig-
eration systems; (ii) to classify nanolubricants by particles 
type and by material, and (iii) to analyze nanolubricants by 
their effects on performance parameters of refrigeration sys-
tems for each type of nanoparticle, classifying it by its nature 
(oxides, metals, composites and allotropic forms of carbon). 
The objective is to highlight the nature of the nanoparticles 
that make up the nanolubricant, from the most investigated 
ones to those that still require more experimental data. Also, 
this work intends to go further than a simple of published 
papers by identifying the main challenges to be faced by 
those involved with nanolubricants, before large-scale appli-
cation is achieved. An attempt is made in reaching com-
mon recommendations for better conclusions in the future. 
Furthermore, this review was restricted to nanolubricants 
and their effect upon thermal performance of refrigeration 
systems. Those papers related exclusively to the synthesis, 
stability, and thermophysical properties of nanolubricants 
were not included, since there are updated and high-quality 
review papers in the available literature that have focused on 
these topics [39–43].

2 � Application of nanolubricants 
in refrigeration systems

To facilitate the presentation of the works found in the litera-
ture involving the application of nanolubricants in refrigera-
tion systems, they were classified according to the nature of 
the nanoparticle used to produce the nanolubricant, namely 
metals, metal oxides, allotropes of carbon and composites, 
as summarized by Tables 2, 3, 4 and 5.

2.1 � Metallic nanoparticles

Currently, the literature related to the application of metal-
lic nanoparticles to refrigeration systems is scarce. Ajayi 
et al. [44] used a nanolubricant composed of 0.04% nickel 

mass fraction in MO synthesized by the one-step process and 
applied to a system with R134a refrigerant. A hybrid energy 
source refrigerator was used for the experiment, which con-
sisted of three stages, depending on the energy sources 
used: (a) only the electricity network; (b) battery only and 
(c) hybrid battery/solar energy source. The interest in the use 
of alternative energy sources stems from the possibility of 
implementing this system for the preservation of vaccines in 
remote locations with no access to the electricity network, as 
well as in domestic and commercial applications. The lowest 
pull-down temperature was achieved with the hybrid energy 
source and nanolubricants. The use of nanolubricants, how-
ever, increased energy consumption in all cases, with the 
largest increase obtained with the battery-only mode, 28.9%. 
The authors stated that further investigation is required to 
understand the increase in energy consumption of the refrig-
eration system caused by the use of nanolubricants.

More recently, Yilmaz [45] studied the performance of 
(CuO/Ag)/POE nanolubricants in a conventional refrigera-
tion system operating with R134a. The methodology used 
by the author to measure the effect of adding CuO/Ag alloy 
nanoparticles (0.5%vol) on the performance of the refrigera-
tion system was the transient pull-down test method. The 
results showed that, with the addition of the nanoparticles, 
the system operated with lower suction and discharge pres-
sures, on average 15.4% and 14%, respectively, while COP 
and the heat transfer rate were intensified by 20.88% and 
16%, respectively; finally, power consumption was reduced 
by 3.9% when compared to the system operating with pure 
POE lubricant.

2.2 � Metallic and non‑metallic oxides

Among the studies of nanolubricants in refrigeration sys-
tems, the application of metal oxide nanoparticles is the 
most numerous group. One reason is because oxide nano-
particles are less expensive and the refrigerant-oil solubility 
can be increased with the addition of these nanoparticles, 

Table 2   Summary table of studies that used nanolubricants containing metallic nanoparticles

Author NP Lubricant/refrigerant Synthesis/surfactant NP con-
centration 
(%)

Compressor type/nominal 
capacity

Results

Ajayi et al. [44] Ni MO/R134a One-step/not used 0.04%w Hermetic reciprocating/NR COP: increment of 12.8%;
Energy consumption: 

increment of 17.4%
Yilmaz [45] (CuO/Ag) POE/R134a Sonication/not used 0.5%vol Hermetic reciprocat-

ing/0.18 kW
COP: increment of 

approximately 21%;
Cooling capacity: enhance-

ment of 16%;
Energy consumption: 

reduction of 4%
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Table 4   Summary table of studies that used carbon allotropes

Author NP Lubricant/refrig-
erant

Synthesis/sur-
factant

NP concentration 
(%)

Compressor type/
nominal capacity

Results

Abbas et al. [80] CNT MO/R134a Sonication/Not 
used

0.01–0.1%w NR/NR COP: increment of 
4.2%

Xing et al. [81] Fullerene C60 MO/R600a Sonication/Span-
40 and tween-60

3 g/l Hermetic recipro-
cating/0.125 kW

Energy consump-
tion: reduction of 
4.5%;

COP: increment of 
5.3%

Kamaraj and Babu 
[82]

Amorphous 
Carbon

POE/R134a Magnetic stirrer/
not used

0.2 g/l Hermetic recipro-
cating/NR

COP: increment of 
9.0%;

Energy consump-
tion: reduction of 
15.3%

Moroz et al. [83] Fullerene C60 MO/R600a Sonication/Tween-
80

0.5%w Hermetic recipro-
cating/0.12 kW

Average reduc-
tion of 4% on the 
energy consump-
tion;

The nanoparticles 
did not affect the 
cooling capacity

Fedele et al. [62] Carbon nanohorns POE/R134a Sonication/not 
used

0.1%w Hermetic rotary/
NR

All the effects of 
using nanolu-
bricants relayed 
between the esti-
mated uncertainty 
region

Lou et al. [84] Graphite MO/R600a Sonication/not 
used

0.05–0.5%w Hermetic recipro-
cating/NR

Reduction on the 
energy consump-
tion of 4.5%;

Reduction on the 
cooling time in 
15.2%

Marcucci Pico 
et al. [30]

Diamond POE/R410A Sonication/oleic 
acid

0.1% and 0.5%w Hermetic 
scroll/15 kW

Increment of 7% on 
the cooling capac-
ity for the highest 
mass fraction;

Increment of 8% on 
the COP

The energy 
consumption 
remained at the 
same level

Marcucci Pico 
et al. [85]

Diamond POE/R32 Sonication/oleic 
acid

0.1% and 0.5%w Hermetic 
scroll/15 kW

Increment of 2.4% 
on the cooling 
capacity for the 
highest mass frac-
tion;

Increment of 3.2% 
on the COP

The energy 
consumption 
remained at the 
same level
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Table 4   (continued)

Author NP Lubricant/refrig-
erant

Synthesis/sur-
factant

NP concentration 
(%)

Compressor type/
nominal capacity

Results

Yang et al. [86] Graphene 
nanosheets

POE/R600a Sonication/not 
used

10–30 mg/l Hermetic recipro-
cating/NR

Increase of 5.6% 
on the cooling 
velocity;

Maximum reduction 
of 20.3% on the 
energy consump-
tion;

Reduction of 
approximately 
10 °C on the 
shell compressor 
temperature;

Babarinde et al. 
[87]

Graphene MO/R600a Sonication/not 
used

0.2, 0.4 and 0.6 g/l NR/NR COP: maximum 
increment of 50% 
(0.4 g/l);

Energy consump-
tion: reduction of 
20% (0.4 g/l);

The addition of 
nanoparticles 
decreases the dis-
charge pressure of 
the compressor

Jong Choi et al. 
[88]

MWCNT POE/R134a Sonication/Triton 
X-100

0.05–0.1%vol Hermetic recipro-
cating/NR

Increase in suction 
pressure;

Decrease in the dis-
solved refrigerant 
in the POE-based 
nanolubricant with 
the increment in 
concentration of 
MWCNT

Table 5   Summary table of studies that used composite nanoparticles

Author NP Lubricant/refrig-
erant

Synthesis NP concentration 
(%)

Compressor type/
nominal Capacity

Results

Jia et al. [91] (1) MoFe2O4/
NiFe2O4

MO/R134a Sand mill/Span 80 1.615%vol Hermetic recipro-
cating compres-
sor/0.120 kW

The cooling capacity 
remained approxi-
mately constant 
with the use of 
nanolubricants. 
Maximum incre-
ments in COP were 
1.01% and 5.33% 
for the nanolubri-
cants (1) and (2), 
respectively

(2) MoFe2O4/
NiFe2O4/fuller-
ene

0.8075%vol

Wang et al. [92] Fullerene(C70)/
NiFe2O4

MO/R22 Sand mill/span 80 2 g/l Hermetic 
rotary/3.2 kW

Maximum reduc-
tion of 0.6% in the 
compressor power 
consumption

Maximum increment 
of 1.23% in COP
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as noted by Zou et al. [25], Bi et al. [26] and Wang et al. 
[15]. Among the types of oxide nanoparticles used, one has 
alumina (Al2O3), titanium dioxide (TiO2), silica (SiO2), cop-
per oxide (CuO), zinc oxide (ZnO), magnetite (Fe3O4) and 
nickel ferrite (NiFe2O4). Figure 2 illustrates the number of 
studies found in the literature regarding the application of 
nanolubricants composed of oxide nanoparticles in refrig-
eration systems. A description of the works follows. It is 
observed that most of them were carried out with Al2O3 
and TiO2.

Fu et al. [46] reported an increase in the performance of 
a domestic refrigerator, operated with refrigerant mixture 
HFC134a/HC600a, by adding Fe3O4 nanoparticles to the 
MO lubricant. The authors observed reductions of 2.2 and 
3.5 °C on the surface of the compressor shell and discharge 
temperature, respectively. Besides, they reported a slight 
reduction in power consumption and a reduction of 148 s in 
the pull-down time when using the nanolubricant.

Bi et al. [26] investigated the application of Al2O3 nano-
particles in MO as a replacement for POE oil in a system 
with R134a refrigerant. The mass fractions of the nanopar-
ticles used for the experiment were 0.06% and 0.1%. The 
greatest reduction in energy consumption with this particle 
added to MO was 23.24% with 0.06%w. Assuming that the 
improvement in energy savings could be attributed to the 
difference between the lubricants used, the authors found 
that pure MO, compared to POE, resulted in 16.67% higher 
energy savings. According to the authors, the gain with MO 
oil was the most relevant, and the estimated gain with the use 
of nanoparticles varied between 5 and 10%. Furthermore, 
the rate of oil return to the compressor, operating with MO, 

increased by 8% with the addition of nanoparticles, due to 
the increased oil-refrigerant solubility.

Jwo et al. [47] included Al2O3 nanoparticles with mass 
fractions of 0.05%w, 0.1%w and 0.2%w, in a R134a sys-
tem. They achieved a maximum reduction in compressor 
energy consumption of 2.4% and a maximum gain in COP 
of 4.4%, obtained with the mass fraction of 0.1%w. Kumar 
and Elansezhain [13] applied a nanolubricant with a 0.2% 
volumetric concentration of Al2O3 in PAG oil in a R134a 
system. They found a 10.32% reduction in energy consump-
tion and an increase in COP with an increase in the capillary 
tube until a value of 3.5 was reached with the tube length of 
10.5 m. Subramani and Prakash [48] investigated the appli-
cation of a MO nanolubricant with 0.06% Al2O3 mass frac-
tion in a R134a vapor compression refrigeration. An increase 
of 53% in the heat transfer coefficient was observed, with 
the nanolubricant. Also, the time for reducing the tempera-
ture of the cooling load decreased by 27%. At the condenser 
outlet, the subcooling obtained with the nanolubricant was 
8.3 °C, while with the pure POE oil there was no subcooling. 
Regarding energy consumption, reductions of 18% and 25% 
occurred when using pure MO and nanolubricant, respec-
tively, in relation to pure POE. Thus, the COP with the use 
of nanolubricant is 33% and 11.2% higher compared to pure 
POE and MO, respectively. Subramani et al. [49] carried 
out a comparative study of the use of Al2O3, CuO and TiO2 
nanoparticles as a lubricant additive for refrigeration sys-
tems with R134a/MO at a concentration of 0.1 g/l. Reduc-
tions of 10, 15 and 20 min were found in the pull-down time 
for nanolubricants containing nanoparticles of Al2O3, CuO 
and TiO2, respectively. The energy consumption showed 
the same behavior, yielding percentage reductions of 4.3%, 
12% and 15.5% for nanoparticles of Al2O3, CuO and TiO2, 
respectively. Following the same order, the COP presented 
increments of 11.5%, 16.13% and 20%, in relation to the sys-
tem operating with pure MO (SUNISO 32VG). Moreover, it 
was reported that, when using nanolubricants, the refrigerant 
condenser outlet temperature was reduced by 5, 6 and 8 °C 
for the Al2O3, CuO and TiO2 nanoparticles, respectively. 
Kumar et al. [50] investigated the heat transfer enhancement 
in a R600a domestic refrigerator with nanolubricant com-
posed of Al2O3 and MO. The nanolubricant was produced 
by the two-step method, in which 0.06% of Al2O3 mass frac-
tion was added to MO. For dispersion, ultrasonication was 
applied for a period of 24 h, by means of which a 3-day 
period with no decanting nanoparticles was achieved. For 
a temperature reduction from 28 to 1 °C of the refrigerated 
compartment, the pull-down time decreased by 29% with 
the nanolubricant in relation to pure POE. Also, the system 
showed a subcooling of 3 °C, when using the nanolubricant, 
in opposition of no subcooling for pure POE. Furthermore, 
the reduction in power consumption when using MO instead 
of pure POE was 6%, and this value increases to 11.5% when 
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introducing nanoparticles to MO, compared with the pure 
POE oil. Finally, the COP presented an increase of 19.6% 
when replacing pure POE with nanolubricant and 5.41% 
between this and pure MO. Almeida (2015) [78] evalu-
ated the performance of a beverage refrigerator operating 
with MO-Al2O3 nanolubricant (0.1 and 0.5 g of Al2O3/L of 
lubricant) and refrigerants R600a or R134a. Comparisons 
between pure MO/R600a and pure POE/R134a were per-
formed. The addition of nanoparticles, 0.1 g/l and 0.5 g/l, 
reduced energy consumption by 22% and 25.9%, respec-
tively, in relation to the pure POE/R134a cycle. The addi-
tion of nanoparticles, without changing the refrigerant, 
caused an estimated 5% reduction in energy consumption. 
The performance of a mini-bar type domestic refrigerator 
with the application of a nanolubricant composed of POE 
oil and Al2O3 was also investigated by Yusof et al. [51]. For 
the nanoparticle concentration of 0.2%vol and at different 
refrigerant charges, the greatest reduction in energy con-
sumption was 2.1%, while the greatest enhancement of COP 
was 2.67, which is 3.9% higher in comparison with the COP 
obtained by the system operating with pure lubricant. The 
largest COP increase was obtained with a refrigerant load 
equivalent to an evaporating pressure of 2.48 bar, with 2.15, 
or 5.9%. Gill et al. [28] analyzed the performance of a mini-
bar type refrigerator using the refrigerants R134a and LPG 
(liquefied petroleum gas) with lubricants POE, MO and MO-
Al2O3 nanolubricant, at a concentration of 0.2 g/l. In relation 
to the compressor power consumption, the nanolubricant, 
when compared to pure MO/LPG and POE/R134a, showed 
an increase of 0.5% and a decrease of 2.7%, respectively. 
The system COP, when operating with the nanolubricant, 
was reduced by 16.45%, compared to pure MO/LPG and 
increased by 28.6% for POE/R134a.

Soliman et  al. [52] evaluated the performance of a 
R134a refrigeration system operating with Al2O3/MO and 
Al2O3/POE nanolubricants. The evaluation of the Al2O3/
MO system revealed the existence of an optimal mass frac-
tion of nanoparticles (0.1%w), with a 9.3% reduction in 
energy consumption (kWh) and a COP increase of 8.7%. 
With Al2O3/POE nanolubricant, the system performance 
was increased of 11% and 13.7%, respectively. In a recent 
study [53], Al2O3/MO (MO-4E) nanolubricants contain-
ing different concentrations of nanoparticles were used in a 
window-type R22 air conditioner. The compressor discharge 
temperature was found to decrease with mass fraction of 
nanoparticles increases, by as much as 20 °C for 0.15%w. 
In terms of COP and specific compressor consumption, an 
optimum mass fraction of 0.05%w was found, showing an 
increase of up to 25.6% in COP. Bondre et al. [54] added 
Al2O3 nanoparticles to POE oil at mass fractions of 0.05%, 
0.1% and 0.2% in a R134a refrigeration system. Preparation 
of the nanolubricant followed the two-step method, while for 
the dispersion a sonicator type probe and a magnetic stirrer 

were used for a period of 4 h. This procedure maintained 
the stability of the nanolubricant without sedimentation for 
a period of 11 days. The best results were obtained for a 
mass fraction of 0.1%w, with which the largest increase in 
COP was 17.2%. The cooling capacity increased with the 
nanolubricant and the maximum reduction in energy con-
sumption was 34.48%. Recently, Nair et al. [55] evaluated 
the performance of Al2O3/PAG nanolubricants in a semi-
hermetic reciprocating compressor operating with R134a at 
0.5%w mass fraction. The dispersion of the nanoparticles 
in the PAG lubricant led to a maximum increase of 6.5% 
on the COP of the system. On the other hand, the energy 
consumption remained at the same level with the use of 
nanolubricant. The subcooling at the compressor outlet was 
increased by up to 4 K with the addition of the nanoparticles. 
According to the authors, the increase in subcooling at the 
condenser outlet could be caused by two possible reasons: (i) 
higher heat transfer coefficient in the boundary layer due to 
the presence of nanoparticles, and (ii) lower specific heat of 
refrigerant/nanolubricant mixture which means higher tem-
perature drop for the same amount of heat rejection. In this 
sense, the cooling capacity of the system was enhanced due 
to the increment in subcooling at the condenser outlet which 
reduces the vapor flashing during the throttling process and 
the quality at the evaporator inlet.

Regarding the use of copper oxide (CuO) nanoparticles 
in refrigeration systems, Prasad and Kumar [56] used them 
at volumetric concentrations of 0.01%, 0.015%, 0.02% 
and 0.025% in polyalkylene glycol (PAG) oil in a R134a 
refrigeration system. The authors applied a magnetic field 
to the fluid in the liquid line, between condenser and capil-
lary tube, using 5 pairs of neodymium magnets of 11,800 
Gauss of magnetic flux density each, being 13 cm the dis-
tance between each pair. The maximum efficiency of the 
system was obtained with 4 pairs of neodymium, and it 
decayed with the addition of another pair, presenting an 
optimal point. Without the use of nanoparticles, the maxi-
mum increase in the system COP was 41.5% for 4 pairs. 
With nanoparticles, however, without neodymium mag-
nets, the system COP increase was 32.0% for the 0.025%vol 
volume concentration. Finally, when combining the use of 
nanoparticles and the application of a magnetic field, the 
COP increased by 25.14% at 0.025%vol. Kumar et al. [57] 
evaluated the effect of the mass fraction of CuO/MO nano-
lubricants on the suction and discharge characteristics of a 
hermetic compressor operating with LPG as working fluid. 
Compressor suction and discharge pressures were reduced 
with increasing nanoparticle mass fraction. Authors stated 
that this trend was due to nanoparticle-induced increase 
in the heat transfer coefficient of the LPG/nanolubricant 
mixture in the system heat exchangers. The discharge tem-
perature showed a similar trend to the discharge pressure, 
with a maximum reduction of 10 °C for a mass fraction 
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of 1.0%w. Authors reported that the reduction in the dis-
charge temperature was owing to the spherical morphology 
and the high hardness of the nanoparticles which, in turn, 
improved the lubrication of the compressor. Other equally 
important properties were thermal conductivity and, accord-
ing to Kumar et al. [57], probably, the increase in miscibility, 
which would facilitate the heat rejection of the compressor 
to the surroundings. Additionally, the findings revealed that 
the increase in mass fraction reduced energy consumption 
by up to 7.3% (for a mass fraction of 1.0%w), which was 
attributed to the reduction in the compression ratio and to the 
better tribological performance of the nanolubricant. Fur-
ther, a maximum increase of 36% in refrigeration capacity 
and a maximum COP of 46% (1.0%w) were reported. Anish 
et al. [58] showed that the use of CuO/PAG (SP-10) nanolu-
bricants increased the COP of a R22 refrigeration system by 
up to 23.5% at the nanoparticle concentration of 0.05%vol. 
The energy consumption was reduced from 559 to 480 W 
(~ 14%). The experimental setup used by the authors con-
sisted of a hermetic reciprocating compressor, a fan-cooled 
condenser, a capillary tube, and a serpentine coil submerged 
in a water reservoir, as an evaporator.

Bandgar et al. [59] synthesized two nanolubricants with 
SiO2 nanoparticles at mass fractions of 0.5%, 1.0% and 1.5% 
in MO and POE oils, and tested in a R134a refrigeration sys-
tem. The experimental setup used by the authors is similar 
to that used by Anish et al. [58]. It was found that the pull-
down time was reduced for both nanolubricants with the 
mass fraction of 0.5%w. The largest reductions were 26% 
and 8.2% at 0.5%w of SiO2/POE and SiO2/MO, respec-
tively. The compressor work had a maximum reduction of 
11.6% and 3.4%, also at 0.5%w of SiO2/POE and 0.5%w 
SiO2/MO, respectively. Increases in COP were 23.45% and 
12.16% at 0.5%w SiO2/POE and SiO2/MO, respectively. The 
highest COP obtained was 1.14 (0.5%w SiO2/MO). Sharif 
et al. [16] studied the application of SiO2 nanoparticles, at 
volumetric fractions of 0.2%, 0.3%, 0.5% and 0.7% in PAG 
oil in an automotive air conditioner operating with R134a 
and revealed that the maximum increase in COP was 24% 
for 0.5% volume concentration. The authors cross sectioned 
the evaporator and found no evidence of sedimentation-
induced fouling, erosion or clogging along evaporator. 
Gill et al. [28] also applied the SiO2 nanoparticles, but at 
this time, they dispersed in MO (0.2 g/l) and tested in a 
domestic refrigerator operating with LPG and R134a. With 
the addition of nanoparticles, the power consumed by the 
compressor was 12.67% less than for pure MO and 13.29% 
less than for Al2O3/MO. Cooling capacity and COP were 
13.07% and 31.05%, respectively, compared to pure MO. 
Ohunakin et al. [60] included 0.2 g/l, 0.4 g/l and 0.6 g/l of 
SiO2 nanoparticles in MO and tested in a domestic refrigera-
tor operating with LPG as alternative refrigerant for R134a. 
The results demonstrated that the cooling capacity had a 

maximum increase of 7.47% and a maximum reduction of 
29.91%, depending on the refrigerant charge and the con-
centration of nanoparticles. The addition of SiO2 increased 
compressor power consumption, with the opposite occur-
ring for the lower refrigerant charge, in which there was a 
reduction of 8.57%. With the addition of nanoparticles, the 
largest increase in COP observed was 18.83%. The existence 
of an optimal refrigerant charge is common in refrigeration 
systems and, as observed by Ohunakin et al. [60], is repeated 
for systems loaded with nanolubricants.

Wang et al. [15] applied NiFe2O4 nanoparticles at a con-
centration of 2.5 g/l in MO in a residential air conditioning 
system. It was found that the energy efficiency increased 
with nanoparticle concentration and that the mineral-based 
nanolubricant—HFC refrigerant solubility was good enough 
to ensure a safe operation of the equipment.

Bi et  al. [26] evaluated the performance of a R134a 
domestic refrigerator that included TiO2 nanoparticles in 
MO, with mass fractions of 0.06%w and 0.1%w, to replace 
POE. The greatest energy savings occurred for the 0.1%w 
mass fraction, being 26.1% in relation to pure POE and 
11.3% to pure MO. A higher oil return ratio was observed 
with the nanoparticles, since they, as inferred by the authors, 
increased the R134a-MO miscibility. Bi et al. [23] synthe-
sized a TiO2 nanolubricant at MO concentrations of 0.1 g/l 
and 0.5 g/l and introduced it into a R600a domestic refrig-
erator. The refrigerator compartment temperature was lower 
with the nanolubricants, and the evaporation temperature 
also decreased (with the highest concentration of nanopar-
ticles). Additionally, the largest reduction in energy con-
sumption was 9.6% for 0.5 g/l. Figure 3a and b shows how 
the use of nanolubricants affects the discharge and suction 
pressures of the system. Padmanabhan and Palanisamy [14] 
investigated the irreversibilities of a refrigeration system 
with refrigerants R134a, R436A and R436B with the appli-
cation of MO containing 0.1 g/l of TiO2 as a replacement 
for the conventionally used POE oil. The greatest reduc-
tion in compressor work and increase in COP were 26.9% 
and 34.76%, respectively, for R134a compared to pure POE. 
Sabareesh et al. [31] studied the application of TiO2 at a 
volumetric concentration of 0.01%vol in MO in a R12 sys-
tem. There was a 17% increase in COP compared to pure 
MO and a reduction in compressor work of around 11%. 
Sajumon et al. [61] observed an average reduction of 9.3% 
in energy consumption, a 5.2% increase in the refrigeration 
capacity and a 16% increase in the COP of a refrigeration 
system, with hermetic reciprocating compressor operating, 
with TiO2 nanolubricant/MO, at a volumetric concentration 
of 0.2%vol. Fedele et al. [62] synthesized a nanolubricant 
for use in a R134a heat pump, with three mass fractions of 
0.05%w, 0.1%w and 0.5%w of TiO2 in POE oil and 0.1%w in 
MO. In opposition to the literature trend, the performance of 
the system with POE was better in comparison with mineral 
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oil with or without the addition of nanoparticles. The high-
est COP was obtained with 0.5%w TiO2 in POE oil, slightly 
higher (0.75%) in relation to pure POE and 6.41% higher in 
relation to MO. The authors stated that no significant gains 
were found, attributing the divergent results to the fact that 
a rotary compressor was used instead of a reciprocating one, 
which has been the most used in the works found in the liter-
ature. Hussen [63] synthesized a nanolubricant with 0.01%w 
mass fraction of TiO2 in MO and introduced it into a R22 
window-type air conditioner. The addition of nanoparticles 
to the system caused an increase in COP between 7.93 and 
11.99% and a reduction in compressor power consumption 
ranging from 2.1 to 13.3%. Babu et al. [64] analyzed the 
use of TiO2/MO nanolubricants in a R134a refrigeration. 
The system, when operating with TiO2-nanolubricant, with 
a concentration of 0.2 g/l, presented the highest cooling 
velocity, increased the COP by 20.2%, refrigeration capac-
ity by 10.3% and reduced energy consumption by 9.7% when 

compared to the system operating with pure POE lubricant. 
In this sense, the percentage gains reported by the author 
considered the combined effects of using nanoparticles, as 
an additive, and changing the lubricant, from POE to MO. 
Sutandi et al. [65] tested TiO2/POE nanolubricants in an air 
conditioner (2.5 kW nominal capacity), designed for R22, 
operating with R290 as an alternative refrigerant. Concentra-
tions of 0.1, 0.2, 0.4, 0.5 and 0.6 g/l were evaluated, of which 
only the concentration of 0.2 g/l showed improvements on 
system performance. Among the improvements indicated by 
the authors, the following stand out: (i) the reduction of 6.3% 
in the average power consumption, caused by the increase in 
the suction pressure, since the discharge pressure was kept 
constant; (ii) a 6.49% increase in the average refrigerating 
capacity, because of the increase in the thermal conductiv-
ity of the refrigerant due to the circulation of nanoparticles 
in the system; and, consequently, (iii) the average increase 
in COP of 12.2%. Gill et al. [28] also inserted TiO2 in MO 
and found the greatest reduction in energy consumption of 
a domestic refrigerator with a nanoparticle concentration of 
0.2 g/l compared to pure MO and POE, as well as Al2O3/
MO, SiO2/MO. In relation to pure MO, reduction in energy 
consumption and COP enhancement were 15% and 31.5%, 
respectively, with similar improvements observed for SiO2 
nanoparticles.

Recently, Jatinder et al. [66] studied the effect of using 
TiO2/MO nanolubricants in a domestic refrigerator operat-
ing with R600a. The existence of an optimal concentration 
of nanoparticles (0.2 g/l) allowed: (i) the increase of the 
cooling capacity; (ii) the reduction of energy consumption 
and, simultaneously, (iii) the reduction of compressor dis-
charge temperature. Thereby, the COP of the refrigerator 
was enhanced. In addition, through tribological tests, the 
authors found that this concentration resulted in a lower 
friction coefficient when compared to pure MO. Using a 
viscometer, they concluded that, besides the reduction of the 
friction factor, there was a further reduction in the viscosity 
of the nanolubricant for the optimal concentration. Thus, 
the authors were able to confirm that the improvements pre-
sented were due to the following causes: (i) reduction of 
heat generation in the operation of the compressor, by reduc-
ing the friction coefficient and viscosity that, together with 
the increase in thermal conductivity, allowed to dissipate 
more heat from the compressor, which led to the reduction 
of the discharge temperature and compressor work; and (ii) 
improvement of the transport properties, thus intensifying 
the heat transfer and reducing the drag of the refrigerant/
nanolubricant mixture flow. Further, Razzaq and Ahamed 
[67] studied the effect of TiO2/MO nanolubricants in a R22 
air conditioner operating with mixture refrigerant HC/R22 
(80:20 by mass) as an alternative substitute. In the study, 
the volume concentration of the nanolubricant ranged from 
0.1 to 0.4%vol and the nanolubricants were produced by 

Fig. 3   Variation of compressor. a discharge pressure and b suction 
pressure by the addition of TiO2 nanoparticles. Source: [23]
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the two-step method with a magnetic stirrer. Experimental 
results showed that the COP increased as the volume fraction 
was increased, in which a maximum enhancement of 18.5% 
was observed at the highest volume concentration of 0.4%. 
Oppositely, the energy consumption was reduced with the 
increase in the volume concentration, reaching a minimum 
value of 5.2%.

Kumar and Elansezhian [68] synthesized nanolubricants, 
with ZnO nanoparticles at different volumetric concentra-
tions of 0.1%vol, 0.3%vol and 0.5%vol dispersed in PAG 
oil. The nanolubricants were applied to R152a refrigeration 
system. Compressor power consumption decreased with the 
addition of nanoparticles. The greatest compressor power 
reduction and the highest COP increase were 21%, for a 
concentration of 0.5%vol, and 61.53% higher than the con-
centration of 0.1%vol, respectively. Kumar and Singh [29] 
used a ZnO lubricant with different mass fractions ranging 
from 0.2 to 1.0%w in a refrigeration system operating with 
R290/R600a (50:50%) mixture. With a 0.8%vol concentra-
tion, the largest reduction in energy consumption was 7.48% 
and the largest increase in COP was 46%.

The use of hybrid nanolubricants, nanofluids composed 
by the dispersion of different types of nanoparticles in lubri-
cants, was recently addressed and, currently, there have been 
a few studies available in the literature [69]. One of them 
was presented by Saravanan and Vijayan [70] who evalu-
ated the effect of the concentration of nanoparticles Al2O3/
TiO2/POE (50:50%w of nanoparticles) on the performance 
of a domestic refrigerator using hybrid nanolubricants. The 
authors found reductions of up to 12.3% in the refrigera-
tor power with a concentration of 0.1 g/l (50:50%w). This 
energy reduction was a consequence of the decrease in 
the pressure ratio of the system operating with the hybrid 
nanolubricants. An increase in COP by up to 11.9% was 
also found, relative to the system operating with pure POE 
lubricant. Moreover, the authors reported slight reductions 
in the discharge temperature with the use of nanolubricants. 
Chauhan [71] studied the performance of a R134a ice plant 
operating with Al2O3–SiO2/PAG and also isolated the effect 
of each nanoparticle at different volumetric concentrations, 
from 0.02 to 0.1%. The two-step method was used for the 
synthesis of the nanolubricant, first with a magnetic stirrer 
and later with an ultrasonic vibrator. The author noted the 
existence of an optimal volumetric concentration of 0.08% 
of the hybrid nanolubricant, in which the cooling capac-
ity reaches the maximum increase (12.7%) and the energy 
consumption, its maximum reduction (21%). Consequently, 
the COP is maximized (42%) related to the system operating 
with the pure PAG lubricant oil. Another interesting behav-
ior reported is that the optimal volume concentration found 
by the researcher, 0.08%vol, is the same for all tested nano-
lubricants, Al2O3, SiO2 and Al2O3–SiO2. The hybrid nano-
lubricant showed the highest performance improvements in 

the refrigeration system, followed by the SiO2 and Al2O3 
nanolubricants.

2.3 � Carbon allotropes nanoparticles

Carbon nanoparticles can present different structures: graph-
ite, graphene, fullerenes, carbon nanotubes (CNT), diamond, 
amorphous carbon, etc., and such configurations are usu-
ally called carbon allotropes [72]. Graphite has a layered 
structure where the carbon atoms in each layer are bonded 
in hexagonal arrays with covalent bonds, and the layers are 
bonded by secondary bonds. These secondary bonds deter-
mine weak shear strength, so they can slide by applying low 
forces [73]. Graphene is a single layer of graphite, which 
has a simple, flat, continuous sheetlike structure with a hex-
agonal mesh of carbon atoms [74]. Fullerenes are clusters 
of carbon atoms in the form of hollow structures, usually 
spheres. The size and geometry depend on the number of 
carbon atoms in it. For example, fullerene C60 is a highly 
symmetric spherical molecule composed of 60 carbon atoms 
positioned at the vertices of 20 hexagons and 12 pentagons 
[75]. CNTs have a tubular structure composed of rolled-
up graphene sheets [76]. In general, carbon nanomaterials 
have been increasingly regarded as attractive solid lubricants 
for exploring efficient ways to reduce energy consumption 
[77]. The application of carbon nanotubes dispersed in heat 
transfer fluids, as reported by [78], has led to the use of rare 
(until now) expressions in the heat transfer literature, such 
as “remarkable thermal conductivity” [79].

A work with carbon nanotubes (CNT) was carried out 
by Abbas et al. [80] who added them in mass fractions of 
0.01%, 0.05% and 0.1% in POE oil for a R134a air condi-
tioning system. They found that the COP increased with the 
addition of nanoparticles and the largest increase was 4.2% 
for the highest mass fraction, in relation to pure oil.

Xing et al. [81] used fullerenes C60 at a concentration of 
3 g/l in MO and applied it to a domestic refrigerator operat-
ing with R600a. Two types of reciprocating compressors 
were used in the study, and it was noted that the cooling 
capacity did not change significantly with the nanoparticles. 
Authors justify it by the fact that there is an oil separator 
in the system, which makes it difficult for the transport of 
nanoparticles among cycle components. In addition, for 
both compressors operating with the nanolubricants, power 
consumption decreased by 4.58% and 4.52% and the COP 
increased 5.6% and 5.3%. In a subsequent study [82], car-
bon nanoparticles were used as an additive to MO and POE 
lubricants to improve the performance and operability of 
a R134a refrigeration system. Carbon nanolubricants/POE 
(0.2 g/l) presented a 15.3% reduction in energy consump-
tion, accompanied by a 9.0% increase in COP, all com-
pared to the system operating with pure POE lubricant. 
Moroz et al. [83] used MO nanolubricants/fullerenes C60 
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in a refrigeration system operating with R600a. The find-
ings indicated an average reduction in compressor power 
consumption of 4% with the use of fullerenes in relation to 
the system operating without nanoparticles. In this sense, 
the authors explained that the main factor in reducing the 
energy consumption of the compressor was the formation 
of a low friction and low shear stress tribolayer among the 
compressor moving surfaces. They also claimed that the 
formation of the tribolayer was a direct consequence of the 
polymerization of fullerenes, caused by the operating condi-
tions (contact pressure and temperature). On the other hand, 
the use of fullerene as a lubricant additive did not generate 
a significant increase in the cooling capacity of the system, 
since the reported fullerene concentration in the evaporator 
was relatively low. Fedele et al. [62] used single-walled car-
bon nanohorns with a mass fraction of 0.1%w in POE oil in 
a R134a heat pump. The addition of nanoparticles reduced 
the COP of the heat pump by 1.54% (within the 1.65% COP 
uncertainty range). Lou et al. [84] inserted mass fractions 
of 0.05%w to 0.5%w of graphite nanoparticles in MO in a 
R600a domestic refrigerator. The mass fraction of 0.1%w 
provided the greatest reduction in energy consumption 
(4.55%) and the greatest reduction in the pull-down time of 
the refrigeration system (15.22%). Above this mass fraction, 
increases in nanolubricant viscosity, as well as condenser 
and evaporator refrigerant pressures, were observed. Greater 
pressure drops across the heat exchangers implied a higher-
pressure load and, consequently, higher compressor energy 
consumption. The use of diamond as a nanoparticle was car-
ried out by Marcucci et al. [30], who tested mass fractions of 
0.1%w and 0.5%w of nanoparticles in POE oil in a R410A 
water-to-water refrigeration system. The cooling capacity 
increased with the addition of diamond nanoparticles, with 
a maximum enhancement of approximately 7% for the mass 
fraction of 0.5%w. A COP increase was also observed, with 
the largest improvement of 8% at the same concentration. 
However, power consumption did not change, a fact that 
the authors explained as a consequence of the use of the 
scroll compressor, unlike most of the literature. In a recent 
work [85], it was found that diamond/POE nanolubricants, 
with a mass fraction of 0.5%w, tend to intensify the COP 
and the heat transfer rate of an R410A refrigeration system 
operating with R32 by up to 3.2% and 2.4%, respectively. 
The authors highlighted that these increments are within 
the range of estimated uncertainty. Furthermore, through 
tribological testing, the results showed that nanoparticles 
as a lubricant additive in pure POE oil reduce friction and 
wear for mass fractions below 0.5%w. For larger mass frac-
tions, wear is increased significantly, exceeding the value 
of the wear caused by pure POE oil. Yang et al. [86] used 
graphene nanosheets as a lubricant additive in a R600a/POE 
domestic refrigerator. The study revealed that the use of gra-
phene enhanced heat transfer, reduced energy consumption, 

allowed for lower temperatures of the refrigerator compart-
ment and reduced discharge and compressor shell temper-
atures. According to the authors, the advantages of using 
this type of nanoparticle as a lubricant additive were due 
to a better tribological performance of nanolubricants. As a 
result, friction losses inside the compressor were reduced, 
thus lowering compressor discharge and condensation tem-
peratures, significantly reducing the compression ratio and, 
consequently, compressor energy consumption. Recently, 
Babarinde et al. [87] also evaluated the performance of gra-
phene nanoparticles applied to a refrigeration system operat-
ing with R600a and MO. Nanolubricants were synthesized 
using the two-step method by sonication and magnetic stir-
ring for approximately 3 h and 41 min, respectively, within 
a temperature range of 15–20 °C. The findings exhibited a 
maximum enhancement of 50% in COP and a maximum 
reduction of 20% in the energy consumption of the refrigera-
tion system with the nanoparticle concentration of 0.4 g/l. 
The authors also reported that the addition of nanoparticles 
to the lubricant oil decreases the discharge operating pres-
sure, with a tendency to decrease with the increment of the 
nanoparticle concentration.

As the energy consumption of a refrigeration system is 
highly related to the suction pressure of the compressor 
and this pressure is also directly affected by the amount of 
refrigerant gas dissolved in the lubricant, Jong Choi et al. 
[88] studied experimentally the effect of POE/multiwalled 
carbon-nanotube (MWCNT) nanolubricant on the dilution 
process of the refrigerant. The nanolubricants used by the 
authors were synthesized by the two-step method adding 
Triton X-100 as surfactant in an ultrasonic bath at 40 kHz 
and 300 W during a period of 5 h. The results showed that 
the addition of nanoparticles can decrease the dilution of 
the R134a refrigerant in the lubricant and, thus, increase 
the suction pressure of the compressor because of the higher 
viscosity of nanolubricants which reduces the diffusion of 
the gas in the lubricant. According to a prediction model 
developed by the authors, the increase in the suction pressure 
caused by the use of nanolubricants can reduce the energy 
consumption of the compressor by up to 17% at the volume 
fraction of 0.1%vol of MWCNT.

2.4 � Composite nanoparticles

Composite nanoparticles are nanomaterials with a structure 
constituted by two or more nanoscale components. Com-
ponents with different functionalities have significant and 
strong mutual coupling effect, on a nanometer scale. The 
composite nanomaterials not only enhance significantly the 
intrinsic performance but also show a variety of novel fea-
tures. They also break the limitations of single-component 
properties. These structural features can be mainly grouped 
into three categories: simple hybrid, core/shell structured 
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composite nanoparticles, and multifunctional quantum dots 
[89]. Nanolubricants synthesized with composite nanopar-
ticles should not be confounded with hybrid nanolubricants, 
which are a dispersion of more than one type of nanoparticle 
in a base lubricating oil [90]. There are few works in the 
literature that have introduced composite nanoparticles in 
refrigeration systems. Jia et al. [91] studied two types of 
nanolubricants with MO as the base fluid, namely: (1) com-
posed of MoFe2O4/NiFe2O4 and (2) of MoFe2O4/NiFe2O4/
fullerene (C60–C70). The volumetric fractions of nanolubri-
cants (1) and (2) were 1.615% and 0.8075%, respectively. 
Two reciprocating compressors were used for the test: one 
for R134a and another for R600a. The maximum cooling 
capacity increase was 0.42% for nanofluid (2) with R600a. 
The authors believe that the formation of a lubricating film 
with nanoparticles between piston and compressor cylin-
der liner reduces refrigerant leaks during compression. In 
all cases, there was a reduction in compressor power con-
sumption, the most relevant being 4.52% (R600a) and 0.95% 
(R134a) for nanolubricant (1). An increase in COP for all 
cases was also observed: the highest with nanolubricant 
(1), of 1.01% (R134a) and 5.33% (R600a). Wang et al. [92] 
synthesized a composite nanolubricant with fullerene C70 
and NiFe2O4 dispersed in MO (56EP) at a concentration 
of 2 g/l in a R22 refrigeration cycle. The largest reduction 
in compressor power was 0.6% and the largest increase in 
COP was 1.23%.

3 � Improvements caused by the type 
of nanoparticle

In order to highlight the principal characteristics of each 
type of nanoparticles, when applied to refrigeration sys-
tems. The most relevant gains found in each of the previ-
ously cited works were collected. These gains were limited 
to the main operating parameters of a refrigeration system in 
which nanoparticles tend to have an impact, such as: COP, 
compressor power consumption and refrigerating capacity. 
Data collected from the literature, maximum reductions in 
power consumption and maximum increments and COP, 
were presented graphically in the form of box plots. This 
type of plot was chosen as it presents simultaneously sev-
eral statistical characteristics of the data set, including the 
mean value, median line, variability (dispersion), symmetry, 
and outlier values. In the box plot, the height of the box 
represents the interquartile range (IQR, 25–75%), the lines 
represent a distance equivalent to 1.5 times the IQR, and all 
those points outside this value are considered outliers [93].

Figure 4 shows the maximum COP increments found 
and classified in relation to the nature of the nanoparticle. 
The plot shows that there is a relevant dispersion of data 
for oxide nanoparticles and they also provide the highest 

average COP increase, between 10 and 30%, while the 
remainder of data is between 0 and 10%, which also holds 
true for carbon allotropes and composites. For the case of 
metallic type nanoparticles, there are only two works avail-
able in the literature, which prevents a fair comparison with 
other nanoparticles. Nevertheless, Fig. 4 also highlights the 
scarcity of experimental data related to the application of 
nanoparticles in refrigeration systems other than oxides, 
which had been extensively studied so far.

Figure 5 depicts the reduction in compressor power con-
sumption for each of the refrigeration systems studied here 
in relation to the type of nanoparticle used. Similarly, to the 
COP results, it can be observed that the gains with oxides 
are more dispersed and more likely to be predominant in 
comparison with other types of nanomaterials. There is also 
a tendency for oxides to be the nanoparticles that produce 
the greatest impact on the energy consumption of refrigera-
tion systems, followed by carbon allotropes and composites. 
Composites and metallic nanoparticles, in some cases, may 
show increments in compressor energy consumption. For 
this case, further in-depth investigation is required, extend-
ing the range of the concentration of nanoparticles, start-
ing from very low concentrations. This approach could be 
performed to find some optimal concentrations, which may 
lead to higher enhancements using this type of nanomaterial.

Figure 6 shows the COP gains with the reduction in 
energy consumption using a scatter plot, with the purpose 
to find out what was the main impact of each type of nano-
particle on system performance. Based on the works here 
discussed and from Fig. 6, it can be inferred that oxide 
nanoparticles tend to increase the COP by the combina-
tion of refrigeration capacity intensification and energy 

Metallic Oxides Carbon Composites
-30

-20

-10

0

10

20

30

40

50

60

70

80

Nanoparticle type

C
O

P 
in

cr
em

en
t (

%
)

 25%~75% Range within 1.5 (IQR)  Median Line  Mean  Data

Fig. 4   Increase in COP in relation to the type of nanoparticle applied 
to refrigeration systems



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:88

1 3

88  Page 20 of 27

consumption reduction. As for carbon allotropes, the main 
impact tended to be an intensification of the heat transfer 
rate, while for composites, the impact was more prominent 
in reducing energy consumption. For the case of compound 
nanomaterials, during the performance evaluation, an oil 
separator was installed, which could have reduced the prob-
ability of finding any impact on the intensification of heat 
transfer enhancement [81]. In Fig. 6, the shape of the points 
is related to the compressor type. It is possible to observe 
the lack of data related to types of compressors other than 
the reciprocating one, (the most studied compressor so far). 
As can be observed, not many works have been reported 

with rotary or scroll-type compressors, or different types of 
nanoparticles. Further in-depth studies are needed so as to 
provide a better characterization of nanolubricant improve-
ments in these types of compressors. Moreover, one can eas-
ily identify more often works using oxides, followed by car-
bon, composites and metallic, in that order. Literature on the 
application of composites, metallic and carbon nanomateri-
als is still open, regardless of the type of system, refrigerant, 
lubricant, or compressor. Further studies, on nanolubricants, 
composed of oxide nanoparticles, in refrigeration systems, 
with different compressors, other than reciprocating ones, 
would produce interesting and relevant results.

Figures 4, 5 and 6 show a great dispersion in the experi-
mental data. This can be explained, first, by the fact that 
there are many other factors that influence the observed 
improvements, namely: system configuration (components 
and types), compressor, refrigerant, operating conditions, 
concentration of nanoparticles, the lubricating oil, the size or 
capacity of the application, stability, the use of surfactants, 
experimental methodology used, etc. To decrease this dis-
persion in future works, it is highly recommended to care-
fully control test conditions such as external air/water tem-
perature and humidity, especially for air-cooled condensers 
and small charge refrigeration systems. The lack of control 
of these essential variables can lead to an over or underes-
timation of the possible improvements caused by the nano-
particles and, consequently, low repeatability. High-quality 
and high-precision data acquisition systems are also rec-
ommended to perform rigorous data analysis. Since several 
authors have reported the formation of lubricating films on 
friction surfaces and the deposition of nanoparticles on heat 
transfer surfaces could increase the performance, it is recom-
mended to replace several components before testing a new 
nanolubricant in the same test rig, thus avoiding the possibil-
ity of overlapping the effects of more than one nanoparticle.

4 � Main challenges and limitations 
of the application of nanolubricants

The main challenge currently faced by people involved 
with nanolubricants manufacturers (at laboratory scale) is 
the stability of the nanoparticle dispersion over the fluid 
phase. Stability is a very important factor to avoid fouling, 
sedimentation that can impair the transport of nanoparti-
cles within the system. In addition, there is the possibility 
of clogging filter and expansion devices, and deposition in 
other components, which may be harmful to the operation 
of the system [94], in particular, the expansion valve. Fur-
thermore, the formation of agglomerates, i.e., large clusters 
of nanoparticle material, can aggravate friction and wear on 
moving surfaces, worsening the lubrication of a system [95, 
96]. In this sense, to ensure the dispersion of nanoparticles 
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in the lubricant with the lowest possible deposition rate, 
methods such as ultrasonic agitation, homogenization, high-
shear mixing and magnetic force agitation are used [34]. 
Various authors have found that, with the use of direct or 
indirect ultrasonication and magnetic agitation, for a certain 
period of time, it is possible to achieve nanolubricant stabil-
ity without sedimentation for 3–20 days [54, 59, 97, 98]. 
To improve the stability of nanolubricants, the formation of 
agglomerates and collisions of nanoparticles and the conse-
quent cohesion between them must be avoided. For this, the 
electrical repulsive forces of the nanoparticle surface layer 
must be greater than the van der Waals forces during the 
Brownian motion [99]. Therefore, to reach this objective, the 
steric stabilization method can be used, where surfactants 
encapsulate the nanoparticles, forming reverse micelles. 
Ohmae and Martin [100] present in detail the process of 
steric stabilization of nanolubricants, which can assist in the 
synthesis of stable nanolubricants for future works. Another 
method is electrostatic stabilization, with the development 
of surface charge, for example, ion adsorption or electron 
accumulation or depletion on the surface [99]. Stability 
can be assessed by sedimentation and centrifugation meth-
ods, analysis of the Zeta potential, and spectral absorbance 
analysis [99]. Although the stability of nanolubricants can 
be improved by the use of surfactants, other problems can 
be developed, including foaming [31] and alteration of the 
saturation curves of the refrigerant-oil mixture [46]. Thus, 
the choice of a surfactant must be a very rigorous task, so 
that the aforementioned problems are avoided or, at least, 
mitigated. Also, there should be no possibility of altering 
the chemical stability of the refrigerant, which should later 
be evaluated using the sealed glass tube method, as well as 
compatibility with materials conventionally used in refrig-
eration systems [101].

Another limiting factor in the application of nanolubri-
cants is the degradation of the refrigerant-nanolubricant 
mixture, referring to the continuous decrease in the mass 
fraction of nanoparticles suspended in the fluid. When the 
refrigerant changes phase, boiling in particular, (i) some 
nanoparticles are deposited on the higher temperature 
evaporator surface due to aggregation and sedimentation, 
in addition to the evaporation of micro-layers. Another part 
of the nanoparticles remains (ii) suspended in the lubricant, 
staying in the liquid phase throughout the process, and the 
other part (iii) migrates to the vapor phase of the refriger-
ant by bubble capture [102]. This fraction of nanoparticles 
that migrates to the vapor phase does not exceed 15% yet 
progressing to a significant temporal degradation. Lin et al. 
[103] experimentally evaluated the migration rate of TiO2 
nanoparticles from the refrigerant-oil (R141b/MO) mixture 
to the lubricating oil during the refrigerant drying process. 
The authors found that, with the increase in the oil frac-
tion and the reduction in the nanoparticle mass fraction, the 

migration of nanoparticles to the oil increases significantly. 
This is due to the formation of a layer rich in high viscosity 
oil, which prevents the nanoparticles from coming into direct 
contact with the heat transfer surface, thus allowing them to 
stabilize in the oil and a smaller fraction to be deposited on 
the heat transfer surface. Lin et al. [104] carried out a study 
of the degradation of refrigerant–nanolubricant (R141b/MO) 
mixtures during alternation processes of condensation and 
evaporation. The authors assessed the degradation of the 
nanolubricant/refrigerant mixture using the suspending ratio, 
defined as the ratio of the sum of the suspending nanopar-
ticles in the nanolubricant and nanorefrigerant by the total 
mass of nanoparticles. This parameter was measured every 
condensation–evaporation alternation and compared with 
the initial value of the nanolubricant/refrigerant mixture. 
The results showed a degradation of 28–77% (i.e., the ini-
tial suspending ratio relative to the i th alternation suspend-
ing ratio) after 20 alternations, using TiO2/MO (NM56)/
R141b, and that degradation reduced with an increase in 
the mass fraction of lubricant, a reduction in the mass frac-
tion of nanoparticles and a reduction in heating and cool-
ing temperatures. Figure 7 shows the degradation curves 
of the (TiO2/MO)/R141b nanolubricant/refrigerant mixture 
as a function of the number of condensation–evaporation 
alternation found by Lin et al. [104]. It can be seen in Fig. 7 
that the oil fraction in the mixture, ω, has an important role 
in stability, since with the increase in the oil mass fraction 
the degradation process of the mixture is delayed. Lin et al. 
[105] found that degradation can be reduced by the pool 
boiling process, in which part of the deposited nanoparti-
cles can be resuspended in the liquid and then migrate with 
the flow. However, these particles tend to settle when they 
migrate to an area of no heat transfer, where no bubbles 
are produced. Sharif et al. [16] conducted experiments with 
SiO2 and concluded after cross sectioned the evaporator 

Fig. 7   Effect of the mass fraction of lubricant on the degradation of 
the refrigerant-nanolubricant mixture. Source: [104]
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no evidence, visually, of possible clogging or erosion. The 
authors also stated that SiO2/PAG nanolubricants does not 
damage the air conditioning components.

Although the sedimentation of nanoparticles is seen as 
one of the main challenges to be overcome before its appli-
cation, some studies have found that this potential problem 
may be favorable for the intensification of heat transfer. 
Deokar and Cremaschi [106] analyzed the influence of the 
deposition of nanoparticles over the heating surfaces on the 
heat transfer and pressure drop of refrigerant/nanolubricant 
mixtures (R410A/POE/ZnO and R410A/POE/Al2O3) in sin-
gle- and two-phase heat transfer. The authors reported that 
the heat transfer coefficient was intensified gradually over 
time in long-term tests due to the deposition of the nano-
particles that modified the characteristics of the heat trans-
fer surfaces. According to the authors, these modifications 
increased the surface roughness and the number of bubble 
nucleation sites due to the presence of nanoparticles attached 
to the tube. As expected, owing to the increment on surface 
roughness, the pressure drop was increased because of the 
deposited nanoparticles and nanoparticle interaction at the 
tube wall. Figure 8 shows images of the internal surfaces of 
the tubes after the tests were carried out, in which it is pos-
sible to clearly observe the sedimentation and incrustation 
of the nanoparticles on the heat transfer surfaces.

Another challenge found in the literature regarding the 
use of nanolubricants is the great diversity of systems that 
have been used for analysis, ranging from application size 
(system capacity), compressor type, components, refriger-
ant, lubricating oil, use of surfactants, etc. Consequently, 
these variations prevent the experiments with nanolubricants 
from being easily replicated. An example of the component 
factor is the presence of an oil separator in the system, which 
can reduce the transport of nanoparticles to the components 
of the cycle, thus compromising the required cooling capac-
ity gains [81]. This may cause system performance improve-
ment to be found only with reduction in energy consumption. 
Further, the analysis of the viscosity gain with the addition 
of nanoparticles is crucial, since high viscosity values can 
lead to higher compressor power consumption [84], due to 

the increased pressure drop of the refrigerant-nanolubricant 
mixture and the difficulty of returning the lubricant from the 
system to the compressor [107].

Another measure that could help to standardize and to 
guarantee repeatability of experiments conducted with nano-
lubricants would be to work with nanoparticle concentra-
tions in relation to the refrigerant–nanolubricant mixture and 
not only in relation to the lubricant. This would probably 
eliminate the size factor of the system, working in a normal-
ized form. Concentrations would be measured according to 
the amount of refrigerant/lubricant quantity in the system. 
In this sense, it would be possible to find optimal concen-
trations regardless of the nominal capacity of the system. 
Also, in the literature, it is common in the literature to find 
undeclared charges of refrigerant or lubricating oil, turns 
impossible, until now, for that parameter to be characterized.

Currently, there is a large amount of published work on 
thermophysical properties, including thermal conductivity, 
density, viscosity, etc. [7, 78, 108–110] as well as on tribo-
logical properties [20, 111, 112] of nanolubricants based on 
commercially used refrigeration oils. The current literature 
has a wide variety of studies analyzing the effect of lubricant 
concentration on heat transfer, pressure loss and thermo-
dynamic properties of oil-refrigerant mixtures [113, 114], 
for which there are already empirical correlations and theo-
retical models that allow to predict the thermal behavior of 
this type of mixtures. Indeed, the effect of nanoparticles on 
the thermodynamic properties of refrigerant/nanolubricant 
mixtures has been the subject of a recent study, with so far, 
few other studies available in the literature [115, 116]. The 
lack of data, correlations and models regarding thermody-
namic properties have limited the amount of theoretical and 
numerical work to predict the behavior of the refrigeration 
system operating with nanolubricants. Most of the works 
involving the modeling of nanolubricants refrigeration sys-
tems take only into account the modified thermophysical 
properties applied to conventional heat transfer correlations 
or frequently used for nanofluids by the volume or mass 
concentration. This approach usually ignores the effect of oil 
fraction and its variations in the thermodynamic properties 

Fig. 8   Deposition of nanopar-
ticles within the heat transfer 
surfaces after two-phase flow 
boiling of nanolubricant/refrig-
erant mixture. Source: [106]



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:88	

1 3

Page 23 of 27  88

caused by the addition of nanoparticles to the refrigerant 
[117, 118]. It is important to mention that the rare earth 
compounds, such as CeVO4 or LaF3, can be used as nanolu-
bricant. The lubrication mechanism of these compounds is 
basically the formation of a tribofilm or absorption film. Liu 
et al. [119] concluded that the wear resistance was improved 
using the rare earth compound CeVO4 which showed sat-
isfactory anti-wear and friction reduction performance in 
wear.

5 � Conclusions

In this work, an extensive literature review was carried out 
on the use of nanoparticles as a lubricant additive in refrig-
eration systems. The main physical mechanisms involved to 
enhance the system performance were identified. Addition-
ally, the existing studies were classified according to the 
nature of the nanoparticle. This methodology was applied 
to identify the advantages of each type of nanomaterial. The 
analysis revealed that nanolubricants composed of oxides 
have been extensively studied, especially in reciprocating 
compressors, and, according to the results found in the lit-
erature, they present the highest tendency to increase the 
performance of refrigeration systems (COP, compressor 
energy consumption, cooling capacity etc.). Regarding car-
bon allotropes and composites, few papers were found, com-
pared to oxides, which means that more research is needed to 
characterize them, even though they already show promising 
results. Also, there is a lack of experimental data on the 
application of metallic nanoparticles and it is too early to 
allow for proper characterization. In this regard, the scarcity 
of data in the literature stands out, especially for the types of 
metallic nanoparticles, composites and carbon allotropies. 
Therefore, the application of composites, metallic and car-
bon nanomaterials is still open literature regardless of the 
type of system, refrigerant, lubricant, or compressor. Further 
application of nanolubricants composed of oxide nanoparti-
cles in refrigeration systems studies will be very interesting 
for publication if applied in systems with a different type of 
compressors, rather than reciprocating.

The most used refrigerant was R134a (25 papers), fol-
lowed by hydrocarbons (9 papers). There are still papers 
with R22 and with R12. No papers with HFO were found. 
As far as lubricants are concerned, Mineral Oil was the most 
used, followed by POE and PAG.

Finally, the major challenges that must be overcome 
to allow the large-scale application of nanolubricants in 
refrigeration systems were described. Notably, the long-
term stability of the nanoparticle dispersion in the refriger-
ant/nanolubricant mixture remains the main barrier to be 
removed before application, combined with the evaluation 

of the chemical stability and compatibility of nanolubricants 
with conventionally used materials in refrigeration systems.
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