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A B S T R A C T   

Despite massive efforts in the field of nanofluids over the last two decades, nanofluids are primarily still used in a 
lab scale due to numerous controllable and uncontrollable barriers that impede their effective large-scale 
implementation. Nanofluids market uptake can be realized only when those barriers have been overcome. 
These barriers must be examined for their impacts on all aspects of nanofluids market adoption. In this study, 
barriers to the commercial applications of nanofluids in thermal energy technologies are identified in the 
literature and are assessed in consultation with experts in the field using a total interpretive structural modeling 
approach and cross-impact matrix multiplication applied to a classification analysis. It is discovered that most of 
the barriers are interrelated and can influence one another. Long-term stability issue is identified as the main 
driver in the effective implementation of nanofluids at commercial scale. Research in this direction might be able 
to help R&D institutions and researchers in this field to sort out the most influential barriers to nanofluids market 
uptake.   
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1. Introduction 

Recent breakthroughs in nanotechnology have paved the way for the 
emergence of new heat transfer fluids. Nanofluids are dilute solutions of 
nanomaterials that have unique and improved properties. The suspen-
sion of optimal levels of nano-sized solid particles in liquids has long 
been known to provide considerable advantages in industrial heat 
transfer fluid systems [1,2]. The discovery of different classes of nano-
particles combined with recent advances in nanoparticle synthesis 
methods [3] (as illustrated in Fig. 1), and modeling & simulation of 
nanofluid flows [4,5] have made nanofluids a potential candidate in 
modern energy systems due to their superior heat transfer and trans-
portation capabilities. 

1.1. Perspective for commercial applications of nanofluids 

Nanofluids have been studied extensively for a wide variety of ap-
plications, including heat transfer/storage, lubrication, drug delivery, 
enhanced oil recovery, and solar thermal systems [6–12]. However, 
there are still significant challenges to the commercialization of nano-
fluids. In this regard, the current impediments of nanofluids to market 
acceptance must be identified and studied carefully to overcome the 
barriers. The focus of primary research should be on identifying the gaps 
in the applicability of nanofluids in energy systems, as well as evaluating 
the economic and performance viability of nanofluids in such systems. 
Although nanofluids have better thermophysical properties and can be 
applied in various industrial systems, they have many shortcomings, 
including high production costs, long-term stability concerns, corrosion 
and erosion of the equipment in which nanofluids flow, and other 
negative impacts. The illustration of some issues regarding the use of 
nanofluids is shown in Fig. 2. For a successful commercial deployment of 

nanofluids, factors like environmental health and safety, and waste 
management/recycling must all be taken into account. Moreover, reg-
ulations and safety standards must be put into effect to advance nano-
fluids to widespread commercialization. 

1.2. Barriers towards commercial applications of nanofluids 

For the commercial uptake of nanofluids, researchers and scholars 
from both academia and industry have been making efforts to figure out 
the existing barriers. A representative project is the “Nanouptake COST 
Action”, which is an initiative for nanofluid large-scale utilization in 
Europe [18]. Through strategic meetings, SWOT (strengths, weaknesses, 
opportunities, and threats) analysis, and an online questionnaire, 
numerous positive and negative factors surrounding the use of nano-
fluids have been identified. The main barriers include health and safety, 
waste management, lack of legislation, lack of information for long-term 
consistent studies, sedimentation, and corrosion. Combined with the 
professional reports of Nanouptake and a thorough assessment of the 
literature, a list of barriers to commercial application of nanofluids is 
compiled and the description of each barrier is provided as follows: 

1.2.1. High cost of production and operation 
The high cost of nanofluids comes from several aspects including 

material cost, preparation expenses (such as reagent, surfactant, ultra-
sonic bath, and mechanical stirrers). The gross cost of different nano-
fluids (TiO2, Al2O3, SiO2 and Ag) has been estimated based on the 
material market price and additional price for the solution preparation 
[19]. It was shown that the unit cost for different nanofluids varies 
significantly depending on the material, size, and concentration. For 
instance, 1 m3 of SiO2 nanofluids and Ag nanofluids with a concentra-
tion of 0.04% are € 1186 and € 223,473.06, respectively. While a small 

Fig. 1. Illustration of a) nanoparticle heterogeneous structure composed of three distinct layers, b) main classes of nanoparticles and c) high-quality nanoparticle 
synthesis techniques to control the size and shape of the particles. 
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amount of nanofluids is more costly to prepare, quality control required 
increases dramatically as the prepared volume increases, which is one of 
the basic requirements for commercialization. For instance, accurate 
temperature control and precursor concentration control are critical for 
obtaining homogeneous nanofluids, and the control of these parameters 
becomes much more difficult as the volume increases [19]. In addition, 
the reported synthesis methods are often customized and vary from one 
use case to another. This leads to insufficient data and information to 
systematically estimate the cost of nanofluids [10], which is an addi-
tional barrier. 

1.2.2. Long-term stability issues 
Another bottleneck for the commercialization of nanofluids is the 

stability issue. The particles in the nanofluids are prone to form sedi-
ments due to various forces such as the Van der Waal attractive force, 
gravitational force, buoyancy force and the electrostatic repulsive force. 
From the theory proposed by Derjaguin, Landau, Vewey, and Overbeek 
(DLVO theory) [20], if the Van der Waal attractive force dominates the 
electrostatic repulsive force, then particles tend to agglomerate and 
eventually cause sedimentation. The sedimentation of nanofluids can 
result in clogging of ducts (especially in a microchannel) and would 
affect the thermal properties since the concentration changes due to 
sedimentation. In applications for thermal systems, clogging can nega-
tively impact system performance, as reported in prior studies [21–25]. 
The stability is highly dependent on the type of nanofluid (metal, metal 
oxide, carbon, or hybrid metal-based) and the preparation method. 

There are two preparation methods, one-step and two-step. In the 
one-step method, the synthesis of nanoparticles and the dispersion into 
the base fluid is simultaneous. It is typically easier to control the particle 
size and avoid particle agglomeration in the one-step method. The 
one-step process results in nanoparticles that are very small (2–20 nm), 
minimizing agglomeration, and resulting in nanofluids that are char-
acterized as stable. A single-stage method called VEROS (Vacuum 
Evacuation on to a Running On Substrate technique), was proposed in 
[26]. In the VEROS method, metal (nanoparticle material) is vaporized 
by an electron beam in a vacuum chamber where it settles on an 
oil-coated (base liquid) rotating disk. However, it is expensive and only 
applicable to a small batch-wise preparation [27,28]. In the two-step 
method, the nanoparticles are first synthesized, then after drying and 
storage processes, they are dispersed in the base fluid [29,30]. This 
method is relatively more cost-effective and more suitable for large-scale 
production. However, agglomeration is more prone to happen, thus 
physical (ultrasonication, magnetic stirrer, and high pressure homoge-
nizer) and/or chemical (electrostatic, steric and electrosteric) measures 
need to be taken to improve the stability [31,32]. The factors that in-
fluence the stability of a nanofluid include the dielectric constant of the 
basefluid, zeta potential, pH value, particle size, shape, and the particle 
concentration. Additionally, operating conditions such as temperature, 
flow rate, porosity, salinity, external magnetic field, wall effects, and 
shearing may also affect nanofluid stability [20]. 

Fig. 2. Representation of issues using nanofluids: a) Fouling of the heating surface observed when the nanofluid is pumped out of the rig [13], b) Pump ran with 
alumina nanofluid, resulting in pitting corrosion [14], c) Corrosion testing of 316 L stainless steel using 1.0 wt.% carbon nanotubes based nanofluid at 80 ◦C [15], d) 
Sedimentation of nanographite dispersions in ethylene glycol at varying storage times [16], e) Severe nanoparticle deposition at the bottom of the chamber for 
unstable nanofluid with a pH ~ 8 [13], and f) Schematic illustration of nanoparticles interaction with biological systems, tissue/cell and molecules [17]. 
a) adapted from [13], b) reprinted with permission from Walter de Gruyter, License ID: 1165777-1, c) adapted from [15], d) reprinted with permission from Royal 
Society of Chemistry, License ID: 1165834-1, e) adapted from [13], f) adapted with permission from [17] ©2014 American Chemical Society. 
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1.2.3. Need of higher pumping power compared to conventional working 
liquids 

The addition of nanoparticles can increase the viscosity and corre-
spondingly, cause higher pumping power. In a recent study on diamond- 
water nanofluids, the dynamic viscosity was found to increase by about 
36% with a volume fraction of 1.25% at 25 ◦C, and the corresponding 
pumping power was increased by about 50%. Purohit et al. [33] studied 
heat transfer and entropy generation in a PV/T collector with Al2O3 
nanofluids and found that at an equal pumping power, the addition of 
nanoparticles leads to a decrease in the heat transfer coefficient by up to 
13.8% and an increase in the entropy generation by up to 31%. Recently, 
hybrid nanofluids have drawn researcher’s attention in improving 
nanofluids performance. Sundar et al. [34] investigated the 
MWCNT+Fe3O4 nanofluids and found that the pumping power was 1.18 
times higher compared to the base fluid when the Nusselt number was 
increased by 31.1%. In the study by Bhattad et al. [35], it was found that 
in a hybrid nanofluid (Al2O3 + MWCNT/water), when the volume 
fraction is 0.02%, the heat transfer coefficient can be improved by 
39.6% with an increase in pumping power of 1.23%. Compared to single 
nanofluids, the use of hybrid nanofluids can alleviate the harmful effect 
of increased pumping power, but systematic comparative research is still 
needed. 

1.2.4. Uncertainty in the value of thermophysical properties of nanofluids 
For the estimation of thermophysical properties, various mathe-

matical approaches have been proposed by different researchers. Taking 
thermal conductivity as an example, the first model was proposed by 
Maxwell [36], which was based on the solid-liquid mixture model. Later, 
by introducing the factor of nanoparticle shape, Hamilton et al. [37] 
developed a new model based on the Maxwell model. In the past de-
cades, various additional models have been proposed by scholars by 
considering different effects such as: nanolayers effect [38,39] , Brow-
nian effect [40–43], or particle cluster effect [44,45]. In addition to 
theoretical models, researchers have also proposed regression models 
based on the nanofluids they used [46,47]. Even though the proposed 

models may be suitable for a specific nanofluid, there is a lack of a 
general model for all kinds of nanofluids. Similarly, for the specific heat, 
although there is a large agreement between theoretical models and 
experimental results, some different ways for CNT/water and graphe-
ne/water nanofluids still exist [48–50]. Therefore, the large-scale usage 
of nanofluids thus requires further investigation and development of 
unified modeling approaches for determining the thermal properties of 
the nanofluids. Furthermore, there is a lack of repeatability and reli-
ability among different experimental measurements for the thermo-
physical properties of nanofluids due to different nanofluid synthesis 
methods and/or different measurement methods [51–53]. 

1.2.5. Corrosion & erosion of equipment in which a nanofluid flows 
The existence of nanoparticles in nanofluids can also cause corrosion 

and/or erosion in the equipment. This can not only harm the equipment 
by creating cavities on the surface of the tubes or collectors, but also 
change the nanoparticle shape which is detrimental to the performance 
of the system. For instance, research presented in [54], has shown that 
the rate of corrosion and erosion by the Al2O3 nanofluids on the surface 
of carbon steel was 237% higher than that by the pure seawater at 298 K 
under turbulent flow. The authors also observed significant corrosion of 
Al and Cu surfaces through the use of Al2O3 nanofluids [55]. The 
corrosion rate was also found to accelerate with increasing temperature 
[56] and operation in an alkaline and/or acidic environment [57]. In 
addition to corrosion and erosion, chemical compatibility is another 
concern for the large-scale application of nanofluids in industry equip-
ment [58]. 

1.2.6. Uncertainties in the prediction of system performance due to 
limitations in various mathematical modelling approaches 

Apart from the different models for nanofluids thermophysical 
properties, different approaches can also be applied for simulating the 
heat transfer behavior of nanofluids [59]. Generally, two approaches 
exist for the simulation of the heat transfer behavior, the single-phase 
approach and the two-phase approach. In the single-phase approach, 
the mixture of the base fluid and the nanoparticles is treated as a 
single-phase combination with steady properties [60,61]. In the 
two-phase approach, the nanoparticle features and behaviors are treated 
separately from those of the base fluid, and either the Lagrangian or the 
Eulerian framework can be applied [62]. In some cases, it has been re-
ported that single-phase results were close to experimental data while in 
some others the results of two-phase approach were in good agreement 
with experimental data. 

1.2.7. High expenses for maintenance of nanofluid-based systems 
Due to previously mentioned operational factors such as sedimen-

tation and erosion, the nanofluid-based system would likely need more 
maintenance, increasing the operational and maintenance expense for a 
given industry to utilize nanofluids. In the work by Otanicar and Golden 
[63], a life cycle assessment was conducted for a solar hot water col-
lector, and the maintenance cost was estimated to be $20 more than a 
traditional collector. In a recent study on a PV/T system with nanofluids 
[64], the annual maintenance cost was estimated to be the sum of 2.76% 
of a PV cost, 2.3% of a heat exchanger cost and 0.7% of a pump cost. In a 

Fig. 3. Methodology of the proposed work.  

Table 1 
Logic Knowledge Database.  

Notation of 
barrier pair 

Paired comparison of barriers Yes/ 
No 

Brief description of 
the relationship 

B1-B2 “High Production and Operation 
cost” influences “Long-term 
stability issues” 

No Not applicable 

B1-B3 “High Production and Operation 
cost” influences “Need of higher 
pumping power compared to 
conventional working liquids” 

No Not applicable 

– – – – 
B1-B10 “High Production and Operation 

cost” influences “Market 
uncertainties” 

Yes High costs affect the 
law of supply and 
demand 

– – – – 
B10-B9 “Market uncertainties” 

influences “Unclear human 
health implications” 

No Not applicable  
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work on desalination coupled to a nanofluid-based solar collector [65], 
the operation and maintenance cost together was assumed to be 20% of 
the plant annual cost. In another recent work on PV/T system with 
nano-PCM/nanofluid, the addition of a nanofluid led to an increase in 
maintenance cost by about 10% [66]. Notably, all of these prior studies 
are all estimates and no long term study of the operational costs of using 
nanofluids in a system has been conducted. 

1.2.8. Possible negative effects on the environment 
The use of nanofluids can also have negative effects on the envi-

ronment. All along the lifecycle of nanofluids, i.e. synthesis, storage, 
operation, maintenance, and disposal, possible pollution to the envi-
ronment may occur [67]. For instance, nanoparticles from laboratories 
can cause contamination to the surrounding environment if not carefully 
disposed of. They may also accelerate bacterial mutation, which can 
become a threat to the environment[68]. Even though numerous studies 
have been conducted to evaluate the environmental effects, most of 

them are qualitative analyses without quantifying the environmental 
impact of using the nanofluids [63,69,70]. In the work by Faizal et al. 
[71], the environmental impact was evaluated in terms of system weight 
reduction and space saving. In the work by Hassani et al. [72], it was 
shown that an annual CO2 reduction of 312 kg can be obtained by using 
CNT/water nanofluids in a PV/T system. However, these quantitative 
studies mainly focus on limited aspects, without comprehensively esti-
mating the life cycle impact of using nanofluids on the environment. 

1.2.9. Unclear human health implications 
Nanoparticles properties such as size, shape, morphology, chemical 

composition, surface energy, and surface area all influence nanoparticle 
activity, thus potentially impacting human health. The existence of 
nanoparticles can facilitate the bacterial mutation rate, resulting in 
potential harm to human health [73]. Nanoparticles can also cause 
allergic reactions since their size is smaller than pollen allergens [74]. 
Nanoparticles can also damage the breathing system and attack the 

Table 2 
Initial Reachability Matrix.  
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living organs and immune systems of humans [68]. Tsoli et al. [75] 
investigated gold nanoparticles and found that nanoparticles can 
penetrate into membranes. According to another study, nanoparticles 
have a negative impact on the human immune system and induce brain 
disorders [76]. Additionally, the study by Brittle et al. [77] showed that 
the accumulation of nanoparticles occurred in shrimps, which can also 
be a harm to consumers. All these health implications need to be taken 
into account for the large-scale commercialization of nanoparticles. 

1.2.10. Market uncertainties 
Despite the fact that a significant number of studies on nanofluids 

regarding different aspects including synthesis, physical properties, 
chemical properties, and various applications, these studies are still 
limited to laboratory scale and there is still a long way to go before 

commercialization. The lack of large-scale and long-term tests of sys-
tems using nanofluids makes it unknown whether nanofluids are suit-
able to be industrialized. The lack of a comprehensive framework for 
guiding the selection of nanofluids creates another barrier for 
commercialization [78]. Another market uncertainty comes from 
governmental policies on environmental control. For example, 
extremely strict policies could drastically reduce the likelihood of 
adoption. 

1.3. Motivation of the study 

It is obvious from the analysis of the literature that the commercial 
applications of nanofluids is not at the level of risk needed for wide-
spread adoption. As a result, it is critical to assess and eliminate current 

Table 3 
Final Reachability Matrix.  

Barrier Notation B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

High production and 

operation cost B1 
1 0 0 0 0 0 0 0 0 1 

Long-term stability issues B2 
1 1 1 0 1 1 1 1 1 1 

Need of higher pumping 

power compared to 

conventional working 

liquids B3 

1 0 1 0 0 0 0 1 1 1 

Uncertainty in the value of 

thermophysical properties  B4 
1 0 0 1 1 1 1 1 1 1 

Corrosion & erosion of 

equipment  B5 
1 0 0 0 1 0 1 1 1 1 

Uncertainty in the 

prediction of system 

performance  B6 

1 0 0 0 0 1 0 1 1 1 

High expenses for 

maintenance  B7 
0 0 0 0 0 0 1 0 0 1 

Possible negative effects 

on environment B8 
0 0 0 0 0 0 0 1 1 1 

Unclear human health 

implications B9 
0 0 0 0 0 0 0 0 1 1 

Market uncertainties B10 
0 0 0 0 0 0 0 0 0 1 
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barriers to nanofluids uptake. In this work, the mutual interaction be-
tween these barriers is investigated using the total interpretive struc-
tural modeling approach (TISM) followed by a cross-impact matrix 
multiplication applied to classification (MICMAC) analysis with the goal 
of identifying the most influential barriers to nanofluids market accep-
tance. A roadmap to overcome these barriers is also presented to 
encourage the usage of nanofluids in commercial applications. 

2. Solution methodology 

As demonstrated above, there are several issues regarding the com-
mercial applications of nanofluids. Interpretive Structural Modeling 
(ISM) is a widely used approach to analyze the relationship among 
barriers [79–81]. However, the interpretation of model elements is not 
depicted in traditional ISM. Alternatively, the interpretation matrix in 
the TISM approach addresses this limitation by providing both direct 
and transitive links that exist between the model’s elements. Therefore, 
a detailed logic-based model can be developed [82–84]. For this reason 
the TISM approach was used to identify and analyze interactions among 
barriers to nanofluids market uptake. To classify and compare the 
identified barriers according to their driving/dependence power, the 
MICMAC approach was used. The flowchart of the proposed method-
ology is depicted in Fig. 3. 

2.1. TISM approach for analysing the barriers to nanofluids market 
uptake 

The detailed step-by-step procedure to implement the TISM 
approach is elaborated as follows: 

2.1.1. Step 1: identifying and defining barriers 
First and foremost, the barriers to commercializing nanofluids up-

take must be identified. The list of barriers was compiled after a thor-
ough assessment of the literature and expert reviews. The TISM uses 
expert opinion to build contextual relationships between variables. A 
total of 36 experts were involved in this work. To develop a validated 
model, multiple discussion sessions with the expert team needed to be 
conducted for gathering the data and validating the model. In his study, 
out of 36 identified experts, 11 were utilized for developing the initial 

contextual relationship matrix and 25 were utilized for validating the 
derived TISM model. The questionnaire used to gather data from experts 
can be found in Table S1 and the profile of the experts can be found in 
Table S2. 

2.1.2. Step 2: defining contextual relationships 
A contextual relationship of the type "will influence" was chosen for 

evaluating the barriers. The contextual linkages between the barriers 
were built on the assumption that Barrier “A” would influence or impact 
Barrier “B”. The variables correlation matrix was then employed, with 
expert opinion, to define the contextual relationships between identified 
barriers. 

2.1.3. Step 3: interpreting contextual relationships 
This step distinguishes the TISM approach from the ISM framework. 

Even though the contextual relationship in step 2 evaluates the nature of 
the relationship; it is absolutely unclear from step 2 how the contextual 
relationship between barriers influences each other. To better under-
stand the relationships, interpretations in terms of ‘how’ or ‘in what 
way’ Barrier “A” influences Barrier “B” was adopted in step 3 to create 
interpretive matrix. 

2.1.4. Step 4: interpretive logic knowledge base 
Using the interpretive matrix, each paired comparison is interpreted 

in terms of directional relationship on this stage. The ith barrier is 
compared separately to all the barriers from (i + 1)th to nth barrier in 
paired comparison. 10 barriers are identified in this work. Thus, there 
are 90 rows in the interpretive logic knowledge base since each pair of 
barriers can have two possible directional links. The input is either “Yes” 
or “No” for each link. For any pairwise comparison, if 50% or more of the 
responses were “Yes” the relationship was considered otherwise each 
paired comparison was not considered. The format of the logic knowl-
edge database is given in Table 1. 

2.1.5. Step 5: Initial reachability matrix 
The initial reachability matrix was developed by transforming the 

paired comparisons in the interpretative logic-knowledge base (step 4). 
This reflectsprominent influential relations represented by “Yes” and 
least influential relations represented by “No” into a binary matrix (1 or 
0), as shown in Table 2. A total of 90 pairwise associations are repre-
sented in a 10 × 10 matrix, with each cell Bij (i ∕= j) representing the 
pairwise comparison Bi-Bj. If Bi has an impact on Bj, cell Bij will be set to 
1; otherwise, it will be set to 0. The direct pairwise relationship indicated 
by ‘1’ is highlighted in purple, while the diagonal values are always 
assumed to be ‘1’ and highlighted in blue. 

2.1.6. Step 6: final reachability matrix 
To construct the final reachability matrix, transitive relationships are 

identified and represented in the matrix (Table 3), where all the first 
level transitive relationships are highlighted in yellow. If barrier Bi in-
fluences barrier Bj, and Bj influences Bk, then Bi will also influence Bk, 
according to the transitivity rule. If a transitive link is created between 
any two barriers, the respective cell of the final reachability, in this case 
cell Bik, is recorded as ‘1’. 

The identified transitive relationships are sent to the group of experts 
for validation. The expert opinion is recorded in Table 4. Three transi-
tive linkages, namely B2-B8, B2-B9, and B2-B10, were considered after 
expert validation. Then, the final reachability matrix was updated with 
validated transitive links (Table 5). 

2.1.7. Step 7: level partitions 
Level partitioning is performed to determine the placement of ele-

ments level-wise. To perform level partitions, a reachability set and an 
antecedent set are devised. The reachability set includes the barrier itself 
and other barriers that it would impact, whereas the antecedent set in-
cludes the barrier itself and other barriers that would impact it. Once the 

Table 4 
Transitive link validation.  

Barrier Relationship Barrier Accept / 
reject 

Long-term stability issues Influences Possible negative 
effects on environment 

Accept 

Long-term stability issues Influences Unclear human health 
implications 

Accept 

Long-term stability issues Influences Market uncertainties Accept 
Need of higher pumping 

power compared to 
conventional working 
liquids 

Influences Unclear human health 
implications 

Reject 

Need of higher pumping 
power compared to 
conventional working 
liquids 

Influences Market uncertainties Reject 

Uncertainty in the value of 
thermophysical properties 

Influences High expenses for 
maintenance of 
Nanofluid-based 
systems 

Reject 

Uncertainty in the value of 
thermophysical properties 

Influences Possible negative 
effects on environment 

Reject 

Uncertainty in the value of 
thermophysical properties 

Influences Unclear human health 
implications 

Reject 

Uncertainty in the value of 
thermophysical properties 

Influences Market uncertainties Reject 

Uncertainty in the 
prediction of system 

Influences Unclear human health 
implications 

Reject  
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reachability set and antecedent set are devised, the intersection of these 
sets is then calculated for each barrier. The top-level barriers in level 
partitioning are those that have the same elements in both the reach-
ability set and the intersection set. After finding level 1 barriers, they are 
removed from the reachability set as well as the antecedent set of all 
other barriers, and the second iteration begins. This approach is 
continued until all of the barriers have been assigned a level (Table 6). 

2.1.8. Step 8: digraph development and formulation of interaction & 
interpretive matrix 

The digraphs constitute the most important relationships in the final 
reachability matrix. The elements are presented on a level-by-level 
basis, with the most influential relationships represented in the form 
of digraphs. The procedure is directed by an interpretive logic derived 

from the knowledge base of influential relationships. 
The digraph was converted into a “binary interaction matrix,” with 

all interactions (both direct and transitive links) represented by “1” 
(Table 7). When there is no interaction between the barriers, the rele-
vant cell is set to “0”. Also, the “Interpretive interaction matrix” was 
developed by interpreting entries with “1” and by selecting the appro-
priate interpretation from the knowledge base (Table S3). 

2.1.9. Step 9: TISM model 
The development of the TISM model is the next step. The information 

in the interpretive matrix is represented in the obtained digraph by the 
appropriate linkages. As a result, we have a TISM model, as shown in 
Fig. 4. 

Table 5 
Final Reachability Matrix with validated transitive links.  
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2.1.10. Step 10: validated TISM model 
A group of experts validated the represented relations in digraph. 

The most influential digraph relations are rated on a scale of 1–5, with 1 
being the least influencing relationship and 5 representing the most 
influencing relationship. Each elemental relationship average score is 
calculated (Table S4). A value of threshold is also set (average score =
3), with the average score for each influential relation being deleted if it 
goes below the threshold, resulting in the final digraph presentation 
(Fig. 5). To construct the validated TISM model, each digraph relation is 
logically interpreted. 

2.2. MICMAC analysis 

The driving and dependence power of the barriers is analyzed using 
MICMAC with the help of final reachability matrix. The driving power is 
calculated by adding the rows of each barrier in the final reachability 
matrix, and the dependence power is calculated by adding the columns 
of each barrier. After the driving and dependence powers have been 
calculated, they are plotted, with the dependence powers on the x-axis 
and the driving powers on the y-axis. The four dimensions of MICMAC 
are the autonomous, dependent, linkage, and the independent barriers, 
respectively [80].  

I. Autonomous barriers feature a weak driving power and a weak 
dependence. They are relatively cut off from the system, with 
which they have only a few links that are rather strong.  

II. Dependent barriers have weak driving power but a strong 
dependency.  

III. Linkage barriers have a strong driving power as well as strong 
dependence power. They are unstable, and any action taken 
against them will have a knock-on effect on others, as well as a 
self-feedback effect.  

IV. Independent barriers have a strong driving power, but they 
have a weak dependency. 

3. Findings and discussion 

According to the analysis of the various levels of barriers (Table 6), it 
is identified that the barriers can be arranged into five levels. B10 
(market uncertainties) is found at the top level (level 1). As B10 is 
positioned at the top of the hierarchy of the TISM framework, it does not 
influence other barriers. At level 2, B1 (high production and operation 
cost), B7 (high expenses for maintenance), and B9 (unclear human 
health implications) were identified. B8 (possible negative effects on the 
environment) is found at level 3. At level 4, B3 (need of higher pumping 
power compared to conventional working liquids), B5 (corrosion & 
erosion of equipment), and B6 (uncertainty in the prediction of system 
performance) were placed. B2 (long-term stability issues) and B4 (un-
certainty in the value of thermophysical properties) were placed at the 
lowest level (level 5) of the TISM model and work as the main driver in 
the effective implementation of nanofluids at commercial scale. 

From the implementation of the validated TISM model (Fig. 5), it is 
seen that significant relationships exist among the barriers. There is a 
direct influence of the long-term stability issues of nanofluids on the 
need for high pumping power as low stability leads to a higher pressure 
loss. The associated increase in pumping power would result in extra 

Table 6 
Level partitions.  

Barriers Reachability set Antecedent set  Intersection set  Level 

(Identified 

through 

iterative 

procedure)

B1 B1 B10 B1 B2 B3 B4 B5 B6 B1 2 

B2 B1 B2 B3 B5 B6 B7 B8

B9 B10

B2 B2 5 

B3 B1 B3 B8 B2 B3 B3 4 

B4 B1 B4 B5 B6 B4 B4 5 

B5 B1 B5 B7 B8 B9 B10 B2 B4 B5 B5 4 

B6 B1 B6 B8 B10 B2 B4 B6 B6 4 

B7 B7 B10 B2 B5 B7 B7 2 

B8 B8 B9 B10 B2 B3 B5 B6 B8 B8 3 

B9 B9 B10 B2 B5 B8 B9 B9 2 

B10 B10 B1 B2 B5 B6 B7 B8 B9

B10

B10 1 
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operational cost, and would increase maintenance expenses as well. All 
of which influence the overall payback period of implementing nano-
particles in a commercial system. Nonetheless, it should be noted that 
making nanofluids stable for a long term (for several months to several 
years) is not an easy task, especially in high temperature applications 
(for instance, solar collectors). 

Categorization of barriers into clusters through MICMAC analysis 
(Fig. 6) shows the relative importance and interdependencies between 
the identified barriers based on their driving power and dependence 
power. As seen from Fig. 6, B3 (need of higher pumping power 
compared to conventional working liquids), B4 (uncertainty in the value 
of thermophysical properties), B6 (uncertainty in the prediction of sys-
tem performance), B7 (high expenses for maintenance) and B9 (unclear 
human health implications) formed a cluster and can be categorized as 
autonomous barriers. This cluster of barriers does little to influence the 
commercial applications of nanofluids. In the second cluster, under the 

category of dependent barriers, B1 (high production and operation cost), 
B8 (possible negative effects on the environment) and B10 (market 
uncertainties) can be grouped. These barriers are weak drivers so they 
do not contribute to the driving force of others. However, they have a 
strong dependency on other barriers. Thus, particular care should be 
given to tackle these barriers. It can also be seen from the driving and 
dependence power plot that no barriers are found under the linkage 
category. The nonexistence of barriers under the linkage category re-
veals that there are no unstable barriers. Unstable barriers influence 
other barriers, and a feedback mechanism may impact them. Lastly, B2 
(long-term stability issues) and B5 (corrosion & erosion of equipment) 
are identified as independent barriers. They have a strong driving force 
but a weak dependency on other barriers. Besides, they act as key bar-
riers and should be given high priority in realizing the successful com-
mercial implementation of nanofluids. 

Table 7 
Interaction matrix.  
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4. Roadmap to foster the use of nanofluids in commercial 
applications 

To overcome the limitations to commercial use of nanofluids, long- 
term stability issues must first be resolved. Addressing long-term sta-
bility issues of nanofluids is a critical prerequisite for successful indus-
trial application. The problems with stability may lead to larger pressure 
losses and, when disposed of, cause negative environmental conse-
quences. To increase the long-term stability and applicability of nano-
fluids, more research into electrosteric stabilization techniques is 
needed compared to electrostatic and steric stabilization strategies [20]. 
Additionally, non-uniform nanoparticles are more likely to cause 
long-term stability issues. However, producing nanoparticles of uniform 
size could be prohibitively expensive. It should be noted that the high 
cost of production may increase the marketing of nanofluids and their 
feasible use. Consequently, the high cost could augment the market risk 
and its uncertainty. The thermophysical properties of nanofluids, 
particularly thermal conductivity and viscosity depend not only on the 
volume concentration of nanoparticles, but also on their size and ma-
terial, and are not explained by classical theories [85]. This explains, in 
particular, the widespread variation of the literature data, where the 
influence of these factors (the size of nanoparticles and their material) 
was not considered and was not taken into account. Efforts should be 
made to develop nanofluids with unique properties for specific appli-
cations in order to cut costs and reduce the impact on end-of-life 
disposal. To use nanofluids as heat transfer fluids, it is extremely 

important to have a clear understanding of the mechanism of convec-
tion, especially forced convection [86]. In general, the results of ex-
periments on forced convection in nanofluids demonstrate an increase in 
the heat transfer coefficient relative to the base fluid under similar 
conditions is non-monotonic [87]. An interesting fact is that an increase 
in the thermal conductivity of the liquid relative to the base fluid is not 
the primary factor increasing the heat exchange during forced convec-
tion [88]. To improve product service life and lower maintenance costs, 
the surface materials in which a nanofluid flows should be made 
corrosion and erosion resistant. To evaluate the performance of 
nanofluid-based systems, validated models with improved prediction 
efficiency are required. To develop such predictive models, recent 
breakthroughs in soft computing and machine learning methodologies 
could be used. Nanoparticles were found to be the largest contribution to 
the total environmental and toxicological impacts of nanofluids. The key 
factors include nanoparticle properties and loading, as well as nanofluid 
production methods [89]. In the future, innovations may help make a 
breakthrough in solving many environmental problems. Simulta-
neously, the impact of most nanoparticles on human health has not been 
fully studied and requires special attention. The size of the nanoparticles 
allows them to enter the body when breathing and even through the skin 
[90,91]. They enter the bloodstream and accumulate in the cells, dis-
rupting their functioning [92]. People working with nanomaterials are 
in the greatest danger. The potential negative impacts of nanofluids on 
the environment and human health should be investigated further in 
order to alleviate consumer fears and boost nanofluid market demand. 

Fig. 4. TISM model showing relationship between barriers. The solid line depicts direct influence between barriers, while the dotted line depicts indirect influence.  
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Fig. 5. Validated TISM model based on expert score depicting most influential relations.  

Fig. 6. The cluster of barriers based on driving and dependence powers. The cluster of autonomous barriers is in the bottom left quadrant, whereas the cluster of 
dependent barriers is in the bottom right quadrant. The independent and linkage barriers are indicated by the top left and right quadrants, respectively. 
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Based on the aforementioned findings, we propose a roadmap for 
overcoming barriers to the nanofluids market uptake illustrated in 
Fig. 7. 

5. Concluding remarks 

The quest to commercialize nanofluids in the energy sector is gaining 
attraction these days. For instance, “Nanouptake”[18] is taking enor-
mous efforts to advance and promote the use of nanofluids as a heat 
transfer fluid and thermal energy storage materials to meet the Euro-
pean Union’s Horizon 2020 Energy and Climate goals. To improve the 
efficiency of nano-enhanced heat exchanger/energy storage systems, a 
proper action plan to address the barriers identified in this study must be 
implemented to offset the effects of each of these barriers. There are 
numerous options for producing nanofluids with unique characteristics 
for specific applications. For instance, unpredictable chemical reactions 
limit the usage of nanofluids in space, nuclear and other corresponding 
industries. All stakeholders must work together to achieve commercial 
nanofluids production to meet the goals of the United Nations Sustain-
able Development Goals on affordable and clean energy and the 
framework Convention on Climate Change. 
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