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Abstract: The thermal energy storage and conversion process possesses high energy losses in the form
of waste heat. The losses associated with energy conversion achieve almost 90% of the worldwide
energy supply, and approximately half of these losses are waste heat. Hence, waste heat recovery
approaches intend to recuperate that large amount of wasted heat from chimneys, vehicles, and solar
energy systems, among others. The novel class of thermal fluids designated by nanofluids has a high
potential to be employed in waste heat recovery. It has already been demonstrated that nanofluids
enhance energy recovery efficiency by more than 20%. Also, the use of nanofluids can improve the
energy capacity of steelworks systems by around three times. In general, nanofluids can improve
efficiency and reduce exergy destruction and carbon emissions in devices like heat exchangers. The
current work summarizes the application of nanofluids in waste heat recovery and discusses the
involved feasibility factors. Also, the critical survey of more than one hundred scientific papers
enabled the overview of the environmental aspects of the nanofluid’s waste heat recovery. Finally, it
discusses the main limitations and prospects of the use of nanofluids in waste heat recovery processes.

Keywords: nanofluids; waste heat recovery; thermoelectric generator; organic Rankine cycle;
waste heat conversion; waste to energy

1. Introduction

This overview attempts to estimate whether nanofluids are suitable for several ex-
isting routes for waste heat recovery. Along with the main benefits and drawbacks of
the use of nanofluids in this technological area, this work aims to furnish an extensive
examination of the preparation and thermophysical properties of nanofluids, including
thermal conductivity, specific heat, density, and rheology, among others. The main influ-
encing factors of these properties are also discussed. It also briefly describes the main
worldwide sources of waste heat and their representativeness among global waste energy
amounts. Nonetheless, the main scope of the review is to evaluate the feasibility of the
application of nanofluids and phase-change materials in the various waste heat recovery
approaches using equipment like heat exchangers and heat pipes in different technological
fields such as HVAC systems, fuel cells, cement industry, and heat engines, among others.
There will be addressed diverse research topics on the use of nanofluids in waste heat
recovery, like heat transfer enhancement, heat recovery capability, equipment compactness,
cost-effectiveness, pressure drop, and environmental concerns, among others. Moreover,
it has been demonstrated that around 72% (2016) of worldwide energy consumption is
released into the environment as waste heat in the forms of exhaust and effluent losses,
like the amount of thermal energy discharged to a refrigerant and other types of losses.
Nearly 52% (2016) of energy losses are exhaust and effluent losses that can be recovered,
whereas the balance is not practical to retrieve. Also, energy efficiency has been attracting
the interest of the research community to explore efficient methodologies to decrease energy
demands. Moreover, in recent years, global warming and harsh environmental impacts
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from fossil fuels led to the implementation of reducing greenhouse gases policies, including
the already achieved European Union 20-20-20 goals in 2020 and, especially, the European
Union Fit to 55 package, which is a set of proposals to revise and update the European
Union legislation to reduce the net greenhouse gas emission by at least 55% by the year 2030.
One of the main mechanisms of the mentioned package is the Carbon Border Adjustment
Mechanism (CBAM) which deals with imports of products in carbon-intensive industries.
The objective of this mechanism is to prevent, along with full compliance with the inter-
national trade rules, that the greenhouse gas emissions reduction in the European Union
are offset by increasing emissions outside its borders by the relocation of the production
to countries where the climate change counter policies are less ambitious than those of
the European Union or increased imports of carbon-intensive products. One of the most
prominent energy efficiency fields is waste heat recovery because of its cost-effectiveness
and strong, helpful features. Waste heat recovery has been deployed to enhance energy
efficiency, particularly with fossil fuel systems involved in the aluminum industry [1],
ceramic industry [2], and desalination [3], among others. Also, waste heat recovery enables
the reduction of fuel demands and inherent environmental impacts such as greenhouse gas
and CO, emissions [4]. The fundamental waste heat recovery routes are the heat-to-heat,
heat-to-work, and heat-to-power ones [5]. The heat-to-heat waste heat recovery is a facile
and straightforward way of using heat exchangers with considerable recovery efficiency.
Nonetheless, its applicability is not the better one since the energy is recovered in the form
of heat [6]. The heat-to-work approach deals mainly with mechanical energy and mimics
the thermodynamic cycles or heat engines derived from the Carnot cycle like the Rankine
cycle [7] and Kalina cycle. Finally, in the heat-to-power mode, the heat is recovered and
converted to electrical energy [8]. Such an approach can be carried out by the combined
heat and power generation through the connection of commonly used heat engines to an
electric generator [9]. Furthermore, another way to follow the heat-to-power route is by
thermoelectric generators using thermoelectric material [10] and thermal electrochemical
cycles [11]. Nonetheless, it is noteworthy that as the amount of converted energy increases,
from the heat-to-heat heat-to-work to heat-to-power, the energy recovery efficiency dimin-
ishes, which is caused by the energy losses in every conversion phase [12]. Additionally,
heat-to-power waste heat recovery entails low energy conversion efficiency, significative
investment cost, and certain backdraws incoming from the use of thermoelectric materials.
In this scenario, improved heat transfer fluids like nanofluids have been expanding their
scope of application. For instance, apart from waste heat recovery, nanofluids and nano-
materials can also be applied in waste heat recovery conversion, as demonstrated in the
experimental works of researchers Mai et al. [13], Straub et al. [14], and Pandya et al. [15].
Nanofluids possess enriched thermophysical properties, given that the incorporation of
nanostructures to a base fluid usually enhances the thermal conductivity and specific
heat of the resulting thermal fluids, leading to improved heat transfer parameters like
the Heat Transfer Coefficient (HTC) [16]. The broad exploration of nanofluids leads to an
enhanced energy conversion efficiency and, consequently, diminishes energy consumption
for thermal management purposes. Additionally, a very wide range of nanoparticles, in-
cluding gold, silver, and copper, metallic oxides like magnesium oxide, silica, and alumina,
carbon nanotubes, graphene, and graphene oxide has been used in nanofluids for waste
heat recovery approaches and processes [17]. Remarkably, the utilization of nanofluids
has been extensively increasing in the last few years. Because of their improved features,
nanofluids can be applied in a wide range of heat transfer-enhancing processes. Research
work on the matter, heat transfer enhancement underlying mechanisms, and different uses
of nanofluids are still in their initial phase of knowledge. Being aware of such evidence,
this overview intends to address the fundamental advances in waste heat recovery by
nanofluids. Consequently, the current work discusses the main preparation methods of
nanofluids and their application in the different waste heat recovery routes. It also assesses
the fundamental expressions and models to determine the thermophysical properties of
nanofluids. This review also addresses the techno-economic feasibility of nanofluids in
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waste heat recovery processes and associated environmental aspects. The latter is of great
importance as the production of the nanoparticles and their addition to the base fluids en-
tails potential environmental toxicity. Moreover, the limitations and further recommended
studies are also listed, together with the fundamental conclusions on the subject. Figure 1
summarizes the main waste heat recovery approaches using nanofluids.
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Figure 1. Main waste heat recovery approaches using nanofluids.

2. Waste Heat Sources

Heat is one of the common types of energy used in definitive form in heating and
cooling applications or under intermediate form derived from the traditional power gen-
eration from fuels. The primary source of heat is the combustion of fuels, which release
vast quantities of energy [18]. As an example, the average heat content of natural gas is
approximately 8.6 MJ/m? at normal temperature and pressure [19]. A significant part of
industrial applications uses the heat contained in vapor, acting as a heat transfer medium,
having high, medium, and low pressure grades of vapor [20]. Nonetheless, the main
problem with heat is that it requires a temperature gradient to be transferred from the
higher-temperature stream to the lower-temperature stream, leaving waste heat that cannot
be further transferred from the heat source to the heat dissipator [21]. The energy losses in
different processes are a thermodynamic fact that is rather difficult to avert, given that no
thermal process can attain a complete energy efficiency of 100%, and most of the energy
losses are released under the form of heat. According to the work of Forman et al. [22],
the global waste heat comes from exhausts/effluents (52%), energy services (28%), and
other losses (20%). By sectors, and according to the same study, waste heat is mainly
produced by the electricity sector (61%), transportation (18%), industrial (9%), residential
(7%), and commercial (6%). A work elaborated by authors Vance et al. [23] has shown that
in the US industry, around 113.6 TWh of waste heat comes from chimneys, furnaces, steel
electric arc furnaces, and the glass industry. Moreover, researchers Cheng et al. [24] showed
that high-temperature solid granular material in, for instance, the cement, coke, and steel
industries were associated with approximately 160, 700, and 1400 TWh of waste heat in
India, the United States, and China, respectively. A significant part of waste heat amount
can be linked to energy losses, which account for 45% of conventional power plants, 40% of
pumps and fans, and up to 80% of compressors [25]. This clearly shows that waste heat
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sources are widely spread across different processes to the level that it is hard to find a
particular industry without waste heat. The feasibility of waste heat recovery depends
mainly on the quality and quantity of waste heat and the state (gas, liquid, or solid) of
the waste heat stream [25]. Figure 2 summarizes the fundamental waste heat recovery
applications with nanofluids.
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Figure 2. Fundamental waste heat recovery applications with nanofluids.

3. Nanofluids
3.1. Preparation Methods

Nanofluids can be produced by dispersing nanoparticles in base fluids. A uniform
dispersion that mitigates the clustering and sedimentation of the included nanoparticles is
paramount. In this direction, these are usually added to nanofluid surfactants to improve
their stability over time. Apart from this, the modification of the surface of the dispersed
nanoparticles and application of strong force on their clusters can enhance the stability
over time of nanofluids. The one-step and two-step methods are the main preparation
methodologies to synthesize nanofluids.

3.1.1. One-Step Method

This method averts some stages of the manufacturing and handling of the incorporated
nanoparticles, such as drying and dispersion of the nanoparticles and their storage and
transportation. For example, the physical vapor deposition technique can produce relatively
stable nanofluids in which the evaporation and condensation of the nanoparticles occur in
the base fluid. The most advantageous feature of the one-step methodology is the relatively
reduced agglomeration and sedimentation of the nanoparticles. The main limitations
are the fact that this method is expensive and originates residual reactants left in the
final nanofluids.

3.1.2. Two-Step Method

The two-step is the most cost-effective and scalable of nanofluid preparation methods.
In this methodology, the nanoparticles are first manufactured through different techniques
and, after that, are dispersed into the base fluids. The fundamental associated limitation of
this method is the possibility of the aggregation of the included nanoparticles, which can
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be diminished by the addition of surfactants. A significant part of the research community
adopts this method to synthesize nanofluids.

3.2. Thermophysical Properties
3.2.1. Thermal Conductivity

Maxwell [26] proposed a thermal conductivity model for solid-liquid mixtures ap-
plicable for spherical-sized nanoparticles and for moderate and low concentrations of
nanoparticles expressed by Equation (1):

& _ kp + 2kps +2¢ (kp — kbf)
kps kp + 2kps — d)(kp — kbf)

)

where K¢ is the thermal conductivity of nanofluids, Ky, is the thermal conductivity of the
nanoparticles, Ky is the thermal conductivity of the base fluid, and ® is the volumetric
concentration of the nanoparticles. Then, Hamilton-Crosser [27] introduced a model that
includes the shape factor, which is a generalization of the Maxwell model and can be
expressed by Equation (2):

& _ kp +(n—1kps— (n— 1)d)(kbf — kp)
kps kp + (1’1 — 1)kbf + d)(kbf - kp)

@)

where n = 3/1, n is the empirical shape factor, and 1\ the dimensionless sphericity factor,
with { equal to one for spherical nanoparticles. Furthermore, researchers Pak and Cho [28]
proposed Equation (3) for an alumina aqueous nanofluid derived from the classical model:

Knf _ 1 1 7474 ®)
kg

Accounting to the Brownian motion, researchers Xuan et al. [29] proposed Equation (4):

@ _ kp + 2kps — 2(kbf - kp)d)k n pp(bcpnp KgT @
Kot Kp + 2kpe + (kpf —kp) PASN; 37U g

where pp, is the density of the nanoparticles, Cpnp is the specific heat capacity of the
nanoparticles, K is the Boltzmann constant, T is the temperature, r. is the radius of the
clusters, and ¢ is the dynamic viscosity of the base fluid. The Brownian diffusion is
given by élftlfu. The radius of the clusters of the nanoparticles r. can be experimentally
determined by Particle Size Distribution (PSD) analysis using, for instance, a laser beam
particle size analyzer. The radius of the clusters of the nanoparticles can be plotted as a
function of the elapsed time from the sonication process. Finally, researchers Yang et al. [30]
introduced a model that included the Brownian convection, and it was developed from the

kinetic theory of nanoparticles and can be expressed by Equation (5):

Knf _ Kp + 2kpe + 2(kp — kpt) b
Kyt kp + 2kps — Z(kp — kbf) ()

kpf + 157.5¢pCpeuyt (5)

where C, is the heat capacity of the nanofluid per unit volume, u,, is the Brownian velocity
of the nanoparticles, and 7 is the relaxation time.

3.2.2. Specific Heat

The specific heat capacity of a substance is the amount of added /released heat enough
to alter the temperature of the substance by one degree. Considering the mixture law, the
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specific heat of nanofluids is given as a function of the volumetric concentration of the
nanoparticles by Equation (6):

Cpnf = Cpnpcb + (1 - d))cpbf (6)

where Cpnp is the specific heat of the solid nanoparticles and Cpys is the specific heat of
the base fluid. Moreover, researchers Xuan and Roetzel [31] proposed Equation (7) for the
specific heat of nanofluids:

d)pnp'cpnp + (1 - cb)pbf'cpbf
Pnf

Cpnf = )
where ppp is the density of the solid nanoparticles, py is the density of the base fluid, and
Pnf is the density of the nanofluid, which is given by p,; = Prp® + (1 — ¢)pp¢. Authors
Zhou et al. [32] demonstrated that Equation (6) provides accurate results only at low
concentrations of nanoparticles. For this reason, Equation (7) is widely used for the specific
heat of nanofluids at a broad range of concentrations of nanoparticles.

3.2.3. Dynamic Viscosity

In the case where two adjacent fluid layers move relatively to each other, the resistance
of the fluid to flow can be determined by viscosity, that is, the ratio of the shear stress to the
shear strain rate. Einstein [33] proposed a model for estimating the dynamic viscosity of
nanofluids that can be expressed by Equation (8):

Hnf _ 94 05¢ (8)
Hpf
where ¢ is the dynamic viscosity of the nanofluid, and s is the dynamic viscosity of the
base fluid. Nonetheless, this model was not as accurate as that for volumetric concentrations
of the nanoparticles lower than 0.02 vol. Furthermore, Brinkman [34] proposed Equation (9)
for the dynamic viscosity of nanofluids at volumetric concentrations of the nanoparticles
up to 4% vol.
Hnf 1
ot o ©)
Mof  (1—¢)*°
Additionally, researchers Abu-Nada [35] and Namburu et al. [36] evaluated the heat
transfer enhancement of alumina dispersed in water and alumina dispersed in a mixture of
water and ethylene glycol nanofluids and proposed a temperature-dependent model given
by Equations (10) and (11) for the dynamic viscosity of nanofluids:

png = —0155 — 952 + 0794 + 2557 — 0.19297 — 8,114 — ZARE2 10)
+0.127¢% 4+ 1.6044 % +2.1754%

log(1tne) = Ae BT (11)

where A = —0.29956¢° + 6.7388¢% — 55.44¢ — 236,11 and B = 047450 +140.03¢7 147656+ 20341

Equation (10) can be used at temperature values between — 35 °C and 50 °C and
particle volumetric concentrations of the nanoparticles between 1% vol. and 10% vol. Addi-
tionally, researchers Nguyen et al. [37] introduced a model as a function of the temperature
and expressed by Equation (12):

Hnf
Hbf

= 2.1275 — 0.0215T + 0.00027T2 (12)
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Finally, authors Wang et al. [38] proposed a model that depends on the concentration
of the nanoparticles and can be expressed by Equation (13):

Hnf _ 1 4 734 4 123¢2 (13)
Hbf
Additionally, authors Naddaf and Heris [39] investigated the dynamic viscosity of a
diesel oil-based nanofluid at temperature values between 5 °C and 100 °C. Authors found
that the dynamic viscosity of nanofluids decreased with increasing temperature.

3.2.4. Density

Considering the mixture law, the density of nanofluids is given by Equation (14):
Pnf = Prp® + (1 — &) pps (14)

3.3. Thermal Conductivity Influencing Factors

The thermal conductivity of nanofluids is influenced by many factors, such as the
nature of the base fluid, the type, size, and shape of the added nanoparticles, and oper-
ating temperature, among others. The next sub-sections briefly discuss some of the most
commonly reported trends between the thermal conductivity of nanofluids and their main
impacting factors.

3.3.1. Base Fluid

The thermal conductivity of nanofluids is closely linked to the thermal conductivity
of the base fluid. There is a linear relationship between the two thermal conductivities:
the nanofluid exhibits higher thermal conductivity in cases where the base fluid has high
thermal conductivity.

3.3.2. Type of Nanoparticles

The type or nature of the incorporated nanoparticles in the base fluids significantly
impacts the thermal conductivity of the final nanofluid. The addition of high thermally
conductive nanoparticles is usually the common choice since they impart a higher thermal
conductivity to the nanofluid. The most stable are the metal oxides due to their chemical
and thermal stability and the metallic nanoparticles. Nonetheless, the latter are not as
cost-effective as others happen to be.

3.3.3. Concentration of the Nanoparticles

The thermal conductivity of nanofluids normally increases with increasing nanoparti-
cle concentration. Most of the existing effective thermal conductivity models include the
concentration of the nanoparticles, and a linear and non-linear correlation between the
thermal conductivity and concentration of the nanoparticles was experimentally found by
the research community. Researchers Barbés et al. [40] examined copper oxide aqueous
nanofluids and reported a linear relationship. Moreover, authors Xie et al. [41] found a
nonlinear relationship between thermal conductivity and the fraction of nanoparticles for
carbon nanotubes dispersed in glycol nanofluids.

3.3.4. Size of the Nanoparticles

The thermophysical properties of nanofluids, like, for instance, thermal conductivity,
are influenced by the size of the incorporated nanoparticles. The thermal conductivity of
nanofluids, in most of the published cases, increases with the decreasing size of nanopar-
ticles. If the nanoparticles are small, the Brownian motion becomes dominant, and the
randomly wised motion of the nanoparticles in the base fluid increases, and consequently,
the thermal conductivity of the nanofluid also increases. Also, the surface-to-volume ratio
increases with the decreasing size of the nanoparticles.
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3.3.5. Shape of the Nanoparticles

The shape of the added nanoparticles also impacts the thermal conductivity of nanoflu-
ids, as demonstrated by Hamilton-Crosser [27]. The influence of the shape of the added
nanoparticles was studied by researchers Timofeeva et al. [42]. Authors used alumina
nanoparticles dispersed in a mixture of water and ethylene glycol and confirmed that the
cylindrical nanoparticles exhibited the highest thermal conductivity. Additionally, it was
already found that the brick-shaped nanoparticles had higher thermal conductivity than
the nanoplatelets and blade-shaped nanoparticles [43].

3.3.6. Operating Temperature

The thermal conductivity of nanofluids can be directly related to the operating temper-
ature. In this sense, several researchers have found an ameliorated thermal conductivity of
nanofluids with increasing working temperature. The thermal conductivity increases with
increasing temperature since the Brownian motion of the nanoparticles becomes stronger.
Researchers Duangthongsuk and Wongwises [44] investigated a titanium oxide aqueous
nanofluid at a temperature range between 15 °C and 30 °C and found that the thermal
conductivity increased with augmenting working temperature from 15 °C to 30 °C.

3.3.7. Addition of Surfactants

The surfactants are usually added to nanofluids to improve their stability over time
by diminishing the agglomeration of the nanoparticles. Nonetheless, the surfactant may
decrease the thermal conductivity of the nanofluid in the stabilization process. Authors
Khairul et al. [45] evaluated copper oxide aqueous nanofluids with the addition of the
surfactant SDBS and found that the thermal conductivity deteriorated upon the addition
of the surfactant. The thermal conductivity decreased with increasing concentration of
the surfactant. Hence, the addition of surfactants should be explored carefully at an
optimum concentration.

3.4. Nusselt Number

The heat transfer characteristics of a nanofluid are influenced by many factors, includ-
ing the thermophysical characteristics of the nanoparticles and base fluid, the size and
concentration of the nanoparticles, and surfactants, among others. Therefore, the functional
form of nanofluids Nusselt can be expressed as follows:

Nu = f (Re, Pr, Knp, Ky, ¢, size of the particle, shape of the particle, flow pattern)
where Re is the Reynolds number expressed by % where uy, is the mean flow velocity
of the nanofluid, D is the inner diameter of the tube, and v is the kinematic viscosity of

the nanofluid. Pr is the Prandtl number given by X—Eﬁ, where o is the thermal diffusivity
K

PnfCpni”
specific heat capacity of the n;noﬂuid.

Moreover, researchers Heris et al. [46] numerically studied an alumina aqueous
nanofluid in a triangular-shaped duct and reported that the Nusselt number increased
with decreasing nanoparticle size and increasing nanoparticle concentration. Additionally,
authors Pak and Cho [28] proposed Equation (15) for alumina and titanium oxide aqueous
nanofluids flowing under a turbulent regime:

of the nanofluid given by where py¢ is the density of the nanofluid, and C is the

Nu = 0.021Re?®Pr??, 6.5 < Pr < 12.3 and 10* < Re < 10° (15)

Also, authors Xuan and Li [47] examined a copper oxide/water nanofluid in turbulent
flow and proposed Equation (16) for the Nusselt number determination:

Nu = 0.0059(1 + 7.6286P 0550 pel001)Re0 9238 py 04 (16)
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umdnp
Knf

where Pe is the Peclet number given by
the nanoparticles.

Authors Maiga et al. [48] proposed Equation (17) for the Nusselt number of an alumina
aqueous nanofluid:

, where dyp is the average diameter of

Nu = 0.085Re?”'Pr%%, 6.6 < Pr < 13.9 and 10* < Re < 5 x 10° (17)

3.5. Rheological Behavior

The rheological behavior of a fluid can be interpreted by the relationship between
the shear stress and the shear rate. The shear stress can be defined as the tangential force
per unit area, and the shear rate can be defined as the alteration of the shear strain per
unit time. The viscosity of a fluid can be defined as the ratio between the shear stress
and shear rate, and it is a measure of the resistance given by the adjacent layers to one
another during the fluid flow. The fluid behavior can be categorized as Newtonian and
non-Newtonian. The non-Newtonian can be divided in pseudoplastic, Bingham, Bingham
plastic, and dilatant. In the cases where a fluid exhibits Newtonian behavior, its viscosity
remains constant, whereas its shear stress exhibits a linear relation with the shear rate.
In the case where a fluid shows non-Newtonian behavior, the viscosity varies with the
shear rate, and the relationship between the shear stress and shear rate exhibits Bingham
behavior. Moreover, the rheological behavior of nanofluids directly impacts their pressure
drop and brings some useful insights about nanoparticle structuring, which can be very
useful in estimating the thermal conductivity of nanofluids. The rheological behavior can
be determined with the aid of rheometers. The titanium oxide-water nanofluids usually
show shear thinning behavior, and the titanium oxide-ethylene glycol nanofluids present
Newtonian behavior even for high shear rates. Additionally, the multi-walled carbon
nanotubes (MWCNTs) exhibit both Newtonian and non-Newtonian behaviors, depending
on the type of base fluid in which they are dispersed. Also, a shear thinning behavior
was reported by MWCNTs dispersed in water, resin, and oil. Nanofluids containing
MWCNTs in silicone oil and glycerol have Newtonian behavior for all concentrations
and operating temperatures. It should be noted that the MWCNTs nanofluids with high
volume fractions exhibit non-Newtonian behavior, whereas they show Newtonian behavior
when they possess lower concentrations. The MWCNTSs nanofluids usually exhibit shear
thinning behavior for low shear rates and sometimes show Newtonian behavior at high
shear rates. The silica nanofluids exhibit Newtonian behavior regardless of the base fluid.
A large part of the alumina aqueous nanofluids exhibit non-Newtonian behavior, with
the exceptions of the alumina-ethylene glycol and alumina polyethylene glycol, which
behave as Newtonian fluids. The aqueous nanofluids with micro-sized alumina particles
exhibit a shear-thinning behavior. Also, the alumina nanofluids show a transition from
shear thinning behavior to shear thickening as the shear rate exceeds a certain critical
level, which increases with increasing concentration of nanoparticles. The copper oxide
nanofluids exhibit almost a Newtonian behavior, but with the addition of xanthan gum,
they show a shear-thinning behavior. In sum, it can be concluded that a significant part
of nanofluids with low concentrations of nanoparticles behave as Newtonian fluids, and
nanofluids with high concentrations exhibit non-Newtonian behavior. Nanofluids present
Newtonian behavior at low shear rates and non-Newtonian behavior at high shear rates.
Also, the spherical nanoparticles are more prone to present Newtonian behavior, whereas
the tetragonal and tubular ones usually show non-Newtonian behavior. Nanofluids having
base fluids with high viscosity, like, for instance, ethylene glycol, are more likely to exhibit
Newtonian behavior than those having base fluids with low viscosity, like water. The
addition of surfactants increases the viscosity of nanofluids and may alter their flow pattern
to dilatants.
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4. Heat-to-Heat Waste Heat Recovery with Nanofluids

The diverse approaches using nanofluids to recover thermal energy from different
waste heat sources will be presented. Hence, there will be described the main heat-to-heat,
heat-to-work, and heat-to-power waste heat recovery routes where the usage of nanofluids
takes an active role. Figure 3 summarizes nanofluids characteristics that are very suitable
for waste heat recovery processes.

High Thermal
Conductivity

Decreased Thermal
Resistance

Figure 3. Nanofluids target characteristics for waste heat recovery.

4.1. Waste Heat Recovery Using Heat Exchangers

There are several types of heat exchangers, the most common being the double pipe,
shell and tube, helical or coiled, and plate heat exchangers, having diverse configurations
for heat transfer performance and efficiency enhancements [49]. The effectiveness of the
heat exchangers depends fundamentally on the temperature values and thermophysical
features of the hot and cold streams, together with the constitutive material and channel
configuration of the heat exchangers [50]. The improved heat transfer across the heat ex-
change surface in a heat exchanger from waste heat stream to the nanofluid, and within the
nanofluid, shows a more dispersed heat transfer across the nanofluid due to the suspended
nanoparticles resulting in an overall plasmonic effect. The heat transfer beams showed
a primary heat transfer across the surface from the waste heat stream to the nanofluid.
Additionally, due to the presence of the nanoparticles, secondary heat transfer beams
within the nanofluid itself are generated, hence improving the heat transfer efficiency
beyond that of conventional fluids. Researchers Pordanjani et al. [51] reviewed the energy
savings inherent to the use of nanofluids in heat exchangers and confirmed substantial
energy savings derived from nanofluids, particularly in the laminar regime flow region,
and from the use of hybrid nanofluids as compared to their conventional counterparts. The
investigation team also emphasized that further studies are still required to address the
underlying mechanisms of the agglomeration and sedimentation of the nanoparticles and
corrosion within heat exchangers and to optimize the morphology and concentration of the
nanoparticles. Also, authors Zamzamian et al. [52] investigated the influence of the tem-
perature and concentration of nanofluids on the convective HTC using alumina/ethylene
glycol and copper oxide-ethylene glycol in double-pipe and plate heat exchangers under
turbulent flow. The results showed an increase of up to 50% in the HTC, with better results
for the copper oxide nanofluids comparatively to the alumina ones and for the plate heat
exchanger in comparison to the double-pipe heat exchangers. Moreover, researchers Attalla
and Maghrabie [53] studied the heat transfer and fluid flow of alumina aqueous nanofluid
flowing in a plate heat exchanger, showing an increase in the HTC and Nusselt number with
increasing volumetric concentration of the alumina nanofluid and surface roughness by up
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to 14% in the heat transfer efficiency, and up to 30% in the Nusselt number. Furthermore,
researchers reported a friction factor increase of around 53% at 1.2% vol. compared to up to
67% at 2.6% vol. at different roughness values, demonstrating that the surface roughness
was the main influencing parameter of the friction factor over the concentration. Also,
authors Leong et al. [54] used a shell and tube heat exchanger for waste heat recovery in
biomass heating plants from flue gas through copper—ethylene glycol and copper-water
nanofluids. It was found that at 1% wt. the copper—ethylene glycol nanofluid resulted in
a nearly 8% enhancement in the heat transfer rate due to an increase of around 17% and
9.5% in the convective and overall HTCs, respectively. Oppositely, only a 4.5% heat transfer
increase was confirmed for the copper aqueous nanofluid, together with 11% less coolant
pumping energy for the copper—ethylene nanofluid. Similarly, authors Kong et al. [55]
examined waste heat recovery from combustion stack gas employing helical coiled heat
exchangers and a graphene-aqueous nanofluid. It was verified that there was an up to 25%
enhancement in the HTC for a graphene concentration of 0.05% wt. in reference to that
attained with water due to the 13.4% increase in thermal conductivity. Authors Ebrahimi
et al. [56] performed work on the application of nanofluids as heat transfer fluids in waste
heat recovery processes of a steel-making complex. The authors used a plate heat exchanger
to recover the heat from the hot process water. At first, researchers conducted a theoretical
study to address the thermal performance of aqueous nanofluids of alumina, silica, zinc
oxide, and copper oxide. It was confirmed that the alumina nanofluid was the one that
performed better and increased the effectiveness of the heat exchanger by up to 4%. After
that, the research team conducted experimental work to confirm the theoretical results and
found that the effectiveness of the system was indeed improved, but to a somewhat lesser
extent than the one estimated by the prior modeling. Finally, researchers made an economic
analysis with the net present value method and concluded that the proposed system was
economical in terms of global market prices.

4.2. Waste Heat Recovery Using Heat Pipes

The heat pipes are composed of an evaporator, condenser, and adiabatic sections. The
evaporator is located at one end of the heat pipe, where the heat is absorbed, and the
working fluid is vaporized. The condenser is located at the other end, where the vapor is
condensed, and the heat is released. The adiabatic section is located between the evaporator
and condenser, where the two phases flow in opposite directions trough the core and wick
sections [57]. The heat pipe contains the fluid and vapor phase, where the saturated fluid
turns into vapor, and then it is transferred to the condenser section, where it goes back
to liquid form. The fluid that has been condensed is converted to vapor again through
the wick section using capillary wicking. The different types of heat pipes include the
tubular heat pipe, thermosyphon heat pipe, pulsating heat pipe, rotating heat pipe, heat
pipe heat exchanger, loop heat pipe, and gravity heat pipe. Diverse types of heat pipes have
already been studied for waste heat recovery purposes. For example, the heat pipe heat
exchangers were evaluated for waste heat recovery in surgery rooms in hospitals [58] and
air conditioning equipment and systems [59], and the two-phases closed thermosyphons
were investigated for waste heat recovery in bakeries [60], in buses to recover the heat
from the exhaust gas of the engine [61], and in naturally ventilated buildings [62] leading
to an improved cooling ability and energy savings [63]. The fundamental characteristics
of a heat pipe that determine its suitability for waste heat recovery processes include the
ability to provide an enhanced heat transfer through reduced cross-sections without an
external power supply at a broad range of operating temperatures. Nanofluids promote
the reduction of the heat pipe temperature gradient and decrease the dimensions of the
heat pipe as compared to a heat pipe with a traditional thermal fluid flowing under the
same conditions. Additionally, nanofluids improve the boiling heat transfer performance
and thermal conductivity in the heat pipes. Nanofluids utilized in waste heat recovery
via heat pipes are fundamentally single-particle nanofluids, magnetic nanofluids, and
hybrid nanofluids.
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4.2.1. Pulsating Heat Pipes

There are three types of forces acting on the nanoparticles dispersed in a nanofluid:
gravitational, electrical repulsion, and attraction forces. The electrical repulsion force (zeta
potential charge) makes the nanofluid stable, whereas the other forces induce instability to
the nanofluid because of the formation of larger clusters, resulting in the nanoparticles’ de-
position. The application of a magnetic field could aid the stabilization of the nanoparticles
with magnetic properties since it can enhance the heat transfer performance and reduce the
need for the ultrasonication preparation phase and surfactant incorporation. Furthermore,
researchers Goshayeshi et al. [64] evaluated the impact of incorporating 10 nm to 30 nm
iron oxide nanoparticles into kerosene in a pulsating heat pipe with and without the appli-
cation of a magnetic field. The incorporation of iron oxide nanoparticles ameliorated the
thermal efficiency of the heat pipe, particularly with the application of the magnetic field.
A magnetic aqueous nanofluid having iron oxide nanoparticles was examined flowing
in a five-turn glass pulsating heat pipe with and without the application of an external
magnetic field [65]. A hybrid alumina-copper oxide nanofluid at 0.1% vol. at various ratios
and flowing in a heat pipe was studied [66]. The 1:3 ratio indicated the lowest thermal
resistance having a reduction of nearly 44% compared to that obtained with the water itself
caused by the wettability and surface roughness enhancements. The hybrid nanofluid of
0.1% wt. silica-copper oxide and 0.1% wt. alumina-copper oxide in water was analyzed
flowing in a 4-turn pulsating heat pipe, showing a thermal resistance reduction of 57% and
34% for silica-copper oxide and alumina-copper oxide nanofluids, respectively, with respect
to water [67]. Although the thermal conductivity of the alumina-copper oxide nanofluid
was higher than that of the silica-copper oxide nanofluid, the thermal resistance was found
to be lower using the silica-copper oxide nanofluid that was attributed by authors to the
greater dynamic viscosity of the alumina-copper oxide nanofluid, which hindered the fluid
transportation through the heat pipe.

4.2.2. Gravity Heat Pipes

The gravity heat pipes normally exhibit superior thermal performance due to the cyclic
phase transformation of the operating fluid. As an important thermal management device
for waste heat recovery, the heat transfer capability of the gravity heat pipes improves, the
performance and efficiency of waste heat recovery improve, and more wasted heat can be
stored more rapidly. In this direction, researchers Qian et al. [68] explored nano-diamond,
which has the highest thermal conductivity dispersed in water, to improve the thermal
performance of a gravity heat pipe. Additionally, the influences of filling ratio, mass fraction,
and heat flux on thermal performance require further studies. Researchers reported that
the heat flux had the most significant impact on the thermal performance, followed by the
filling ratio and mass fraction. The thermal performance was the best when the optimal
parameters of a filling ratio of 20% and a mass fraction of 1% wt. were chosen at a heat
flux of 20 x 10* W/m?. The diamond nanofluid heat transfer behavior is studied by
observing the flow patterns. The orthogonal experiment and range analysis investigate
the influence of the filling ratio, concentration of the diamond nanoparticles, and heat
flux on heat transfer capability. The research team also confirmed that the heat transfer
capability decreased with increasing filling ratio due to the poor generation of bubbles
and vapor flow rate. It will be difficult for the gravity heat pipe with flowing diamond
nanofluids at high filling ratios to produce slug flow, and the heat transport capability will
decrease. At concentrations of 0.5% wt. and 1% wt., the flow pattern of the nanofluid was
dominated by slug flow. At 2% wt., the flow changed to bubble flow. The heat transfer
capacity increased with increasing concentration of diamond nanoparticles from 0.5% wt.
to 1% wt., then decreased when the concentration reached 2% wt. It was found that the
addition of nanoparticles can facilitate the nucleation in the base fluid and enhance the
energy transfer inside the diamond nanofluids, which is caused by the leading effect of
the nano-diamond heat transfer enhancement effect. The enhanced heat transfer effect
of nanoparticles increased with their concentration. When reaching 2% wt., the diamond
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nanoparticles inhibited the heat transfer in the diamond nanofluid due to the excessively
high fluid viscosity, while the equivalent HTC showed a positive relationship with the heat
flux and a negative relationship with the filling ratio. When the heat flux increased from
2 x 10* W/m? t0 20 x 10* W/m?, the equivalent HTC rapidly increases from 758 W /(m? °C)
to 2982 W/(m? °C). And when the filling ratio increased from 20% to 80%, the equivalent
HTC dropped by 14-16%. The thermal performance of the gravity heat pipe was enhanced
with concentrations of nanoparticles lower than 1% wt. The thermal performance of
the gravity heat pipe deteriorated when the mass fraction of the diamond nanofluid
increased up to 2% wt. When the filling ratio was 20%, the gravity heat pipe filled with a
1% wt. diamond nanofluid had the best heat transfer capability under 20 x 10* W/m? heat
flux. The equivalent heat transfer coefficient was 3485 W/(m? °C). Figure 4 illustrates the
fundamental sections and principles of a gravity heat exchanger.
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Figure 4. Schematic representation of a cross-section of a gravity heat exchanger.

4.2.3. Heat Pipes Heat Exchangers

The heat pipe heat exchangers seem like ordinary finned coils, but each successive
tube is independent and not connected to the other tubes. Each tube possesses an internal
capillary wick material and is evacuated, filled with a compatible fluid according to the
range of operating temperatures, and sealed. With the tubes installed horizontally, one
half of the heat exchanger will act as an evaporator, and the other half will play the role
of a condenser. The high-temperature air stream passes through the evaporator half of
the unit, and the low-temperature air stream passes through the condenser half. The
high-temperature air stream passes over one half of all the tubes. Since the working fluid
is heated and vaporized in the evaporator half, the vapor pressure difference directs the
vapor to the condenser end section of the heat tube. In the condenser section, the fluid
releases the latent energy of vaporization as it condenses, thus heating the low-temperature
air stream. The fluid will return to the evaporator end through the internal wick. Authors
Chaudhari et al. [69] studied zinc oxide aqueous nanofluids flowing in a heat pipe heat
exchanger and tested them to recapture the heat in low-temperature applications. The
thermal performance of the system was inferred at different heat inputs and mass flow
rates. The heat input values varied from 25 W to 1500 W, whereas the flow rate Q of air was
increased from nearly 0.05 m3/s to 0.24 m®/s. Peak effectiveness of nearly 0.3 was found
for a heat input of 1500 W and a flow rate Q of 0.047 m3/s. The authors reported that the
HTC increased with increasing source temperature. The performance improvement was
caused by better thermal conductivity due to the incorporation of the nanoparticles. It was
also verified that the heat pipe heat exchanger with zinc oxide-water nanofluids performed
better than the heat pipes charged with conventional thermal fluids. Moreover, recovering
the heat from the waste air in residential and commercial buildings it not an easy task
to accomplish due to the involved low-temperature range. In this sense, authors Shinde
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et al. [70] developed a heat pipe heat exchanger for waste air heat recovery processes to
provide energy transfer during the simultaneous flow of cold supply and warm drain
air. The thermal management equipment was wickless and specially built for waste heat
recovery purposes. There were employed boron nitride aqueous nanofluids as thermal
fluids. The heat input from the boiler was varied on operating the boiler under different
pressures, and the hot and cold air stream flow rate varied from around 0.05 m3/s to
0.26 m3/s. Researchers concluded that the thermal performance of the heat pipe heat
exchanger working with the boron nitride aqueous nanofluid increased with increasing
temperature. Peak effectiveness of 0.4 was observed for the proposed heat pipe heat
exchanger. Also, the results provided by the heat pipe heat exchanger with the boron
nitride aqueous nanofluid were superior to those furnished by a heat pipe charged with
conventional fluid.

4.3. Pool Boiling Waste Heat Recovery

Heat extraction from wastewater or incinerators is an important and challenging task
in the industry’s thermal management systems. Heat recovery boilers are often used in
the industry for heat recovery, and their thermal performance is mainly dependent on the
Critical Heat Flux (CHF) of the working fluid. Researchers are using nanofluids as a better
alternative to conventional base fluids. Also, the pool boiling process is of relevance for
the energy sustainability of the wastewater heat recovery and incinerator heat recovery
processes. In this sense, authors Thakur et al. [71] explored multi-walled carbon nanotubes
and aqueous nanofluids for nucleate pool boiling experiments. It was observed that by
using a 0.005 vol% of multi-walled carbon nanotubes dispersed in water, the CHF was
enhanced to nearly 2.1 W/m?. Such CHF enhancement was around 62% superior to the
CHEF required for the water. In addition, at the same concentration of carbon nanotubes,
the HTC increased by 30%. Researchers concluded that the enhancement in the CHF was
caused by the improved surface wettability of the heat transfer surface by the nanofluid.
Accordingly, the deposition of the carbon nanotubes on the surface of the heat transfer
surface provoked the CHF enhancement.

4.4. Waste Heat Recovery Using Phase-Change Materials

The phase-change materials absorb and release energy in the form of latent heat, which
is normally dominant when compared to the sensible heat, and low-temperature gradients
are the driving force for heat transfer improvement [72]. The phase-change materials
can be categorized according to the kind of latent heat being transported into liquid—-gas,
solid-solid, solid-liquid, and solid—gas. The solid-gas and liquid—gas have higher latent
heat and, consequently, heat capacity [73]. Nonetheless, the fundamental concern linked
with these two types of phase-change materials is the increased gas volume that evolved
during the phase transition, making them unsuitable for large-scale ends. Apart from this,
the solid-solid phase change material has a higher phase transition temperature but lower
latent heat in comparison with the solid-liquid phase change material that presents a wide
phase transition temperature range. The phase-change materials can be divided according
to the type of the constitutive material into organic, inorganic, and eutectic mixtures of
organic-organic, inorganic-inorganic, and organic-inorganic phase-change materials. The
phase-change materials, in general, and the solid-liquid, in specific, are widely utilized in
energy storage purposes and have been successfully applied for waste heat recovery [74].
The paraffinic and non-paraffinic organic phase-change materials exhibit the benefits of
having self-nucleation capacity, congruent melting, and low corrosivity. The inorganic
phase-change materials possess enhanced heat storage capacity or latent heat and thermal
conductivity, and of being inexpensive and non-flammable. The inorganic phase-change
materials integrate the metals, salt, salt hydrates, and salt mixtures. Figure 5 summarizes
the different types of phase-change materials.
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Figure 5. Classification of the phase-change materials.

The phase-change materials can be in bulk or encapsulated form. In the bulk form,
the heat transfer behavior is influenced by the morphology of the container [75]. The
phase change material encapsulation is explored to enhance the heat transfer area, de-
creasing the corrosivity degree of some phase-change materials by avoiding direct contact,
controlling the volume alteration during the phase transition, and reducing the back-
draws from subcooling [76]. The encapsulation can be done in the form of a core-shell
or shape-stabilized configuration in which the phase change material is kept inside a
porous material with a capillary effect. One of the fundamental problems associated with
phase-change materials is their low temperature and poor thermal conductivity, which
needs prolonged periods and greater surface area. As an example, the paraffin-based
phase-change materials, which are one of the most used phase-change materials, have
excellent availability, cost-effectiveness, superior thermal and chemical stabilities, and
suitable melting points between 18 °C and 30 °C and are adequate to be used in a broad
range of applications, have only a poor thermal conductivity of 0.2 W/m K [77]. Also,
the thermal conductivity of the phase-change materials can be increased by adding high
thermally conductive nanoparticles and by the microencapsulation technique [78]. The
resulting materials are commonly known as nano-enhanced phase-change materials. There
are three types of nanomaterials inorganic nanoparticles, such as metals, metal oxides,
and metal nitrides; organic nanoparticles, such as single and multi-walled carbon nan-
otubes, carbon nanofibers, and graphite, and hybrids, which are a combination of organic,
inorganic or both. The organic-based nanoparticles are usually used to decrease the sub-
cooling degree, while inorganic nanoparticles improve thermal conductivity [79]. The use
of phase-change materials in waste heat recovery in the cement industry is described in the
corresponding dedicated sub-section of the review. Figure 6 summarizes the properties of
the phase-change materials with the most interest in waste heat recovery approaches.
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Figure 6. Phase change material characteristics of interest for waste heat recovery.

4.5. Main Areas of Actuation of the Heat-to-Heat Waste Heat Recovery
4.5.1. HVAC Systems

Heating, ventilation, and air-conditioning, commonly designated by HVAC systems,
usually account for up to 60% of the energy demand in residential buildings. Hence,
many heat recovery methods are increasingly adopted to decrease the heating and cooling
demands of the HVAC systems through pre-heating or pre-cooling. In energy recovery
ventilation, the technological solutions for waste energy recovering are studied. The ex-
ploration of air-to-air energy recovery devices and systems in HVAC systems continues
to increase. The more demanding outdoor air requirements needed to accomplish the
ASHRAE standards regarding the building ventilation for the indoor air acceptable quality
entailed appreciably the cooling and heating charges. The augmentation of the outdoor
air loads will increase the operating and equipment costs. Such facts had a great interest
in energy recovery systems and their economic implications. The new and retrofit energy
recovery methodologies can be divided into process-to-process, process-to-comfort, and
comfort-to-comfort approaches. In the process-to-process route, the sensible heat is taken
from the exhaust stream, and it is transported to the supply one. In a significant part of the
process-to-comfort approaches, the recovery of energy involves the capture and transfer
of sensible heat only. Waste heat is transferred to makeup or outdoor air streams. This
is effective during winter months, but it requires modulation during spring and autumn
to prevent overheating of the residential buildings. Usually, no energy recovery is made
during summer. Comfort-to-comfort applications differ from other categories in that both
sensible and latent heat are often transferred. The heat recovery equipment transports
sensible heat from the air stream with a higher temperature to the air stream with a lower
temperature and transports the moisture from the air stream with the higher humidity
ratio to the air stream with the lower humidity ratio. The devices and systems for en-
ergy recovery ventilation have attracted special interest from researchers as the rotating
wheels transport moisture and heat. One wide utilization of the two-phase closed ther-
mosyphons is to make them act as gas—gas heat exchangers for heat recovery processes
in the HVAC technology. In this sense, researchers Firouzfar et al. [80] experimentally
studied a two-phase closed thermosyphon using a silver-methanol nanofluid in an air con-
ditioning system. Researchers reported that the two-closed thermosyphon heat exchanger
could save up to 31.5% energy for cooling and up to 100% by reheating the supply air. A
two-phase closed thermosyphon using the R407C cooler for cogeneration of residential
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buildings was evaluated by authors Byrne et al. [81]. The obtained results showed that the
thermal performance increased by almost 17% in comparison with that achieved with a
standard reversible heat pump. Moreover, authors Jouhara and Merchant [82] examined a
nine-finned two-phase closed thermosyphon heat exchanger and predicted its effectiveness.
The authors observed that the heat exchanger could provide improved performance in
the vertical direction at varying heat inputs from 750 W to 1500 W. The performance of
an air-to-air two-phase closed thermosyphon heat exchanger was numerically and ex-
perimentally evaluated by researchers Danielewicz et al. [83]. It obtained consistency
between the theoretical predictions and experimental results. The heat recovery rate and
effectiveness increased with the increasing ratio of the condenser inlet mass flow rate to
the evaporator inlet mass flow rate. Moreover, authors Meena et al. [84] experimentally
studied a two-phase closed thermosyphon heat exchanger using copper-distilled water
nanofluids with a filling ratio of 50% at temperature values between 60 °C and 80 °C. The
research team verified that the maximum efficiency occurred at 80 °C, and the thermal
effectiveness performance increased compared to that achieved with distilled water only.
In air conditioning facilities with high outside air requirements, such as clean room air
conditioning systems, considerable energy savings are possible through heat recovery
processes using heat pipe heat exchangers. Furthermore, researchers Zhang and Zhang [85]
inferred the applicability and energy-saving potential of a dedicated ventilation system
combined with a heat pipe heat exchanger to diminish energy consumption under distinct
laboratory conditions. The energy savings and efficiency of the heat pipe were deter-
mined under diverse outdoor conditions. The numeric simulation and experimental results
demonstrated that the energy savings and efficiency of the heat pipe exhibited similar
evolutions at different outdoor temperatures and relative humidity values. It was reported
that the heat pipe could save up to 60% of energy during the operating air-conditioning
period. The total energy consumption of the system decreased from 1.8% to 2.8%. Thus, the
results revealed that the developed set-up was very suitable for the thermal management
of residential buildings to obtain high energy savings in subtropical climates in which the
air-conditioning needs vary a lot. In work conducted by Ahmadzadehtalatapeh [86], it was
inferred that the impact of a heat recovery heat pipe heat exchanger on the efficiency of an
existing HVAC system of an operating theater. The existing HVAC system, designated by
Case 1, was reconfigured by the addition of heat pipe heat exchangers as Case 2 and Case 3,
and an adequate configuration in terms of energy saving and air quality was proposed.
The TRNSYS simulation software was employed, assuming an operation of 8760 h per year.
In view of the obtained results, the authors concluded that the application of heat pipe heat
exchangers Case 3 could reduce the energy need of the system, and it was suggested by the
authors to be integrated into the HVAC system. Also, it was already demonstrated that
the heat pipe heat exchangers integrated systems improved the supply duct and room air
quality. In the operating theaters, the exhaust air is always separated from the fresh outdoor
air. Hence, the energy recovery potential is quite high. Additionally, the de-humidification
capability of the cooling coils can be improved by the pre-cooling effect of the energy
recovery equipment. In addition, providing clean indoor air for the operating theaters is
of great importance to the designers of the systems. The ASHRAE (American Society of
Heating, Refrigerating, and Air-Conditioning Engineers) standard proposes a temperature
between 20 °C and 24 °C and from 30% to 60% of relative humidity for the operating
theaters. Additionally, the ASHRAE proposes relative humidity values lower than 70% for
low-velocity ducts and indoor spaces to avoid fungal creation and growth. Consequently,
keeping the supply air relative humidity value lower than 70% is highly recommended.
One adequate mode for decreasing the energy consumption of the HVAC systems is to
employ heat pipe heat exchangers. Moreover, authors Noie-Baghban and Majideian [58]
developed a heat pipe heat exchanger to recover the heat in hospitals and laboratories in
which the air should be changed up to 40 times per hour. The characteristic design and heat
transfer limitations of single heat pipes for different types of wick and different working
fluids have been studied initially by computer simulation. The production of heat pipes that
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incorporate the washing, insertion of the wick, vacuum production, flowing of the working
fluid, and final installation have also been performed. After obtaining the appropriate
heat flux, the air-to-air heat pipe heat exchanger was conceived, fabricated, and tested at
low-temperature values with methanol as an operating fluid. The obtained results for the
absorbed heat by the evaporator section were consistent with the heat transfer rate attained
with the numeric simulation. Two streams of inlet fresh air and return air were connected
to the heat pipe heat exchanger to evaluate the thermal behavior and efficiency of the heat
recovery system. There were adopted the ratios of mass flow rate between the inlet and
return air of 1, 1.5, and 2.3 to validate the heat transfer process and temperature alteration of
the inlet fresh air. The inlet fresh air temperature from 32 °C to 40 °C was controlled, whist
the inlet return air temperature was maintained unchanged at approximately 26 °C. The
obtained results demonstrated that the temperature modifications of the fresh and return
air increased with increasing inlet temperature of fresh air. The effectiveness and heat
transfer for the evaporator and condenser sections were increased to approximately 48%
when the inlet fresh air temperature was increased to 40 °C. The impact of the mass flow
rate ratio on the efficiency was beneficial for the evaporator section side and detrimental for
the condenser section side. The enthalpy ratio between the heat recovery and conventional
air mixing was increased to nearly 85% with the increasing temperature of the inlet fresh air.

4.5.2. Cement Industry Waste Heat Recovery

Cement production is one of the most intensive, energy-consuming, and largest
carbon-emitting industrial sectors due to the very high-temperature values required to
obtain the cement clinker. The cost of energy consumption in the cement industry signifies
20% to 40% of the total production cost. According to the International Energy Agency,
energy consumption can still be as high as approximately 0.5 GJ/ton of cement (Canada,
2018). Waste heat sources from the cement plants comprise the exhaust gases from the
pre-heater and the ejection of hot air from the cooler of the clinker. In terms of cogeneration
power, these waste heat sources, which have various temperature levels, can be employed
independently or in combination. The rotary kilns are worldwide explored by various
industries to manufacture a wide range of products such as lime, cement, magnesia,
alumina, vermiculite, and iron ore pellets. There are many published studies on waste heat
recovery processes in the cement sector that incorporate waste heat recovery from flue gases
and rotary kiln surfaces. Whereas the former has attracted much interest from the industry,
and waste heat recovery plants for flue gases are installed in cement plants, the latter is still
not followed because of some practical concerns regarding the kiln operation. The cement
plant kiln releases an appreciable heat quantity to the surroundings through its surface.
Therefore, the heat can be extracted by developing and implementing a suitable waste heat
recovery system over the kiln shell. A model of a rotary kiln explored for the calcination
process of dolomite in magnesium manufacturing having a heat exchanger was proposed
by authors Karamarkovic et al. [87]. The kiln employed radiant and convective heat loss
from the kiln shell surface and avoided excessive heating, did not need air tightness, and
was implementable over rotary kilns having a similar distribution of temperature at the
surface. The heat losses that occur from the surface of the rotary kilns during the calcination
are the main waste heat source in the cement industry. To recuperate this heat, it was
used a multi-shell heat exchanger, which formed an annular duct over the zone with a
high temperature of the kiln furnace. The phase change material paraffin wax with a
melting point of 68 °C was filled between the gap of the two concentric annular steel shells
that are thermally insulated from the outside. For comparison analysis, a mild steel heat
exchanger model that extracts waste heat from the kiln was studied with and without the
tertiary shell containing the phase change material. Also, the outer surface of the heat
exchanger was insulated by glass wool, and to facilitate the passage of air between the
shells for heat transfer, a variable-speed centrifugal fan was installed. The experimental
results showed that the waste heat recovery rate was increased from 3% to 8%, depending
on the air-flow rate, using the phase change material. Nonetheless, the model used various
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thermal, geometrical, and air-flow conditions for the fabrication of cement. It employed
the paraffin wax 6499 phase change material in the experimental model, and a comparison
was made, and it was concluded that the phase-change materials enhance waste heat
recovery. Phase-change materials are often used for thermal energy storage employing
the latent heat of a phase change material for storing heat with large energy densities in
combination with very small temperature variations and to stabilize the temperature [88].
As in this model, the surface of the kiln releases enough energy through convection and
radiation. The phase change material absorbs the heat and releases it when the operating
fluid comes in contact with it. The stored energy during a latent storage process can be
determined by Q = mL, where m is the mass and L is the latent heat of the phase change
material [89]. It was used paraffin wax, which is an organic phase change material in the
model, based on the consideration that suitable phase-change materials should possess
adequate thermophysical, kinetic, and chemical properties [88]. Paraffin is suitable as
heat fusion storage material due to its large temperature range availability. Considering
the economic factors involved in these systems, the technical grade paraffins are used as
phase-change materials in latent heat storage systems. The main paraffin benefits were
its reliability, safety, cost-effectiveness, non-corrosive nature, and chemical stability and
inertness at temperature values lower than 500 °C. The paraffin also exhibits melting small
volume alterations and possesses low vapor pressure under melt form. Also, it should be
stated that a system employing paraffin normally shows an extended freeze-melt cycle [90].
The inclusion of paraffin in the model derived its effectiveness from its superior thermal
cycling stability, enabling a very high number of phase changes without changing its
characteristics. After choosing the phase change material to be used, the question arises
now how the phase change material can be integrated into the system. There are different
modes to integrate phase-change materials in heat exchanging systems. Encapsulation,
as discussed by authors Sharma et al. [88], is one of the effective modes for exploring
phase-change materials. The encapsulation process can be categorized into micro- and
macro-encapsulation. The micro-encapsulation involves the introduction of micro-particles
to enhance the heat storage capability of the phase-change materials. The authors used the
macro-encapsulation technique that involves containment of the phase change material in
some cylinder or shaped body to prevent the surrounding environmental contamination.
The phase change material was placed between the second and the tertiary shell, and some
measures were undertaken to avoid the leakage of the phase change material. The model
is considered a heat exchanger, consisting of two concentric annular thermally insulated
shells surrounding the rotary kiln and carrying the paraffin wax phase change material.
Also, the model determined the convective and radiant heat losses to calculate the heat loss
of the bare kiln. It also evaluated the amount of recoverable waste heat from the surface of
the kiln shell at a fixed mass-flow rate of the operating fluid and the thermal conductivity.
The authors discussed the design, production, and validation of a prototype rotary kiln,
together with a heat exchanger. The set-up contained thermally insulated suction pipes
connected to the outermost shell, and their other ends were connected to the input of a
centrifugal fan to attain diverse flow rates. To further enhance the efficiency of the waste
heat recovery system, glass wool was included as an insulating material for the secondary
shell, given that it possesses lower thermal conductivity in comparison to mineral wool
resulting in enhanced overall efficiency of the system. The prototype was designed to
allow the changing of the parameters to infer the thermal performance of diverse possible
configurations of the heat exchanger, enabling the comparison between the results with
and without using the phase change material. The obtained results showed enhancements
between 3% and 8% in heat extraction using phase-change materials. The work combined
the usage of waste heat recovery systems and phase-change materials and can be taken
as a very suitable option for exploring phase-change materials for industrial purposes in
waste heat recovery. Thermodynamic analysis and cogeneration for a cement plant were
proposed by researchers Khurana et al. [91] and Madlool et al. [92], who highlighted the
capability to recuperate heat losses by convection and radiation in a grate cooler through
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innovative methods that incorporate waste heat loads to heat the operating fluids of a
cogeneration cycle. Moreover, researchers Madlool and Hadi [93] aimed to demonstrate
waste heat recovery relevance in the clinker cooling system of the cement industry. Also,
unlike the conventional waste heat recovery process, the pipe was inserted within the grate
cooler to absorb a heat loss fraction. Base fluids like water, ethylene glycol, and engine oil
are conventional heat transfer fluids often used for various purposes within the cement
industry. It is easy to recognize the notorious heat transfer enhancement that comes from
suspended solid nanoparticles in base fluids. Keeping this in mind, the authors dispersed
copper nanoparticles in different base fluids to use the resulting nanofluids in the recovery
cycle. Researchers conclude that lower specific heat is directed to higher heat transfer
capabilities within the possible base fluids. Also, researchers confirmed that the copper
nanoparticles dispersed in engine oil showed the best energy-saving, emission-reducing,
and cost-saving behavior. Oppositely, the copper nanoparticles dispersed in water were
the option with the lowest savings of energy and overall cost and toxic emission reduction.
Figure 7 presents a schematic representation of a waste heat recovery process in a cement
production plant.
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Figure 7. Schematic representation of a waste heat recovery process in a cement production plant.

4.5.3. Fuel Cells Waste Heat Recovery

One of the most promising nanofluid uses in the fuel cells technological area is the
waste heat recovery approach. The current overview sub-section is dedicated to the use of
nanofluids in the different waste heat recovery techniques adequate for fuel cell devices,
including Stirling engines, absorption chillers, organic Rankine cycles, and thermoelectric
generators. One of the most common ways to recuperate waste heat in fuel cell devices is to
drive absorption chillers in the fuel cell for combined cooling power systems producing, at
the same time, power, and cooling. This waste heat recovery route was suggested for solid
oxide fuel cells [94] and proton-exchange membrane fuel cells [95]. The absorption chillers
have received increased research interest since these types of chillers are activated by heat
instead of electricity and consequently are considered an environmentally benevolent tech-
nological solution and a very suitable alternative to the conventional vapor compression
chillers [96]. The ammonia-water and lithium bromide-water are the most common oper-
ating mixtures used as absorbent-refrigerant pairs in the absorption chillers. Nanofluids
having improved heat transfer and mass transport characteristics can be employed as ab-
sorbent material in the absorption chillers to enhance the absorption rate of the refrigerant
vapor [96]. Moreover, researchers Zhang et al. [97] experimentally examined the mass
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transfer performance of lithium bromide-water nanofluids having diverse nanoparticles
of alumina, copper, and carbon nanotubes. It was found that the absorption rate of water
vapor was closely related to the concentration and size of the nanoparticles. The authors
found that the copper nanoparticles portrayed the greatest improvement effect on the ab-
sorption process. Furthermore, authors Pourfayaz et al. [98] investigated the performance
of a hybrid proton-exchange membrane fuel cell-absorption refrigeration system using
aluminum, silver, and alumina aqueous nanofluids as absorbents for increasing the coeftfi-
cient of performance of the refrigeration system. Authors reported that the silver aqueous
nanofluids augmented the overall efficiency of the system by 81%. Beigzadeh et al. [99]
analyzed the performance of a solid oxide fuel cell single-effect absorption chiller hybrid
system employing nanofluids as heat transfer fluids flowing between the evaporator section
of the chiller and the radiator providing the cooling demand for a residential building. The
proposed solid oxide fuel cell-absorption chiller hybrid system used the exhaust gases from
the solid oxide fuel cell in a heat recovery steam generator to produce the needed steam for
the generator of the cooling cycle. The utilized nanofluids were silver, copper, copper oxide,
alumina, single-walled carbon nanotubes, and MWCNTs. It was found that the MWCNTs
nanofluid was the most effective, augmenting the coefficient of performance and overall
thermal efficiency of the system by nearly 32% and 9.7%, respectively. Thermoelectricity
generators are another energy conversion technological solution proposed for waste heat
recovery in fuel cells converting waste heat into electricity [100]. TEG-based waste heat
recovery system has received increased attention for different types of fuel cells, including
solid oxide fuel cells [94], proton-exchange membrane fuel cells [95], direct carbon fuel
cells [101], and alkaline fuel cells [102]. Despite the many advantages of thermoelectric
generators as reliable energy conversion equipment, their poor energy conversion efficiency
and the need for a constant heat source are the fundamental limitations that hinder their
large-scale use [103]. Also, improving the heat transport at the cold side of the TEG by
employing nanofluids can considerably enhance the restricted efficiency of the device and
enhance its power output. Moreover, authors Selimefendigil et al. [104] evaluated the per-
formance of a thermoelectric generator using diverse nanofluids, including aqueous carbon
nanotubes and silver-magnesium oxide hybrid nanofluids flowing in a channel where
the thermoelectric generator module was mounted. The obtained results showed that the
power output of the thermoelectric generator increased when nanofluids were employed
in the system. Also, the highest output power was achieved with the silver-magnesium
oxide hybrid nanofluid. Furthermore, researchers Xing et al. [105] proposed the use of
graphene nanoplatelets dispersed in water nanofluid, which enhanced the output power
and the conversion efficiency of the thermoelectric generator by approximately 26.4%
and 14.7%, respectively. Also, researchers Li et al. [106] evaluated the performance of the
thermoelectric generator system employing a 5% vol. graphene-aqueous nanofluid. The
authors confirmed increases in the power output, voltage, and conversion efficiency of
21.6%, 11.3%, and 3.5%, respectively. Additionally, authors Li et al. [107] compared the
output performance of a thermoelectric generator waste heat recovery process using copper
nanoparticles dispersed in ethylene glycol nanofluids and an ethylene glycol-water mixture.
It was found that the copper—ethylene glycol nanofluids provided an increase of 14% in
the output power in reference to that attained with the ethylene glycol-water mixture. In
addition to the power enhancement, the copper—ethylene glycol nanofluid decreased the
optimal total area of the thermoelectric generator module, providing a substantial benefit
for waste heat recovery systems with space limitations. In essence, nanofluids possessed
the ability to ameliorate the performance of the distinct waste heat recovery technologies
used in fuel cell generation systems. Figure 8 summarizes the main routes of the fuel cells’
waste heat recovery with the aid of nanofluids.



Processes 2023, 11, 2443

22 of 36

Fuel Cells WHR
Bl with Nanofluids [

Absorption
Chiller

Stirling
Engine

Thermoelectric
Generator

Organic
Heat Engines Rankine Cycle

SOFC/PEMFC/
SOFC/PEMFC SOFC/PEMFC
Cell Types o PAFC/DCFC/APC o

| |

Nanofluids Operating/Heat Heat Transfer Absorbent
Role Transfer Fluid Fluid Additive

| |

%

Operating Fluid

4

Efficiency Efficiency Vapor Absorption Efficiency
Increase Increase Increase Increase
Main
Benefits ’ ’
Energy Cost Power Output Heat Transfer
Reduction Increase Increase

Figure 8. Main routes of the fuel cells waste heat recovery using nanofluids.

4.5.4. Chimneys Waste Heat Recovery

The very large worldwide number of chimneys used in several industries, restau-
rants, and homes, among many others, strongly contribute to global warming and climate
change because of their release of large amounts of waste heat. Attempting to reduce such
negative effects, authors Eldesoukey et al. [108] analyzed the thermal performance of a
thermoelectric generator cooled by a micro-channeled heat spreader using nanofluids for
waste heat recovery from a vertical chimney. Researchers employed three-dimensional
mathematical models for the thermoelectric generator, microchannels, nanofluids, and
heat spreader, which were solved by the Ansys Fluent™ 2021 R1 software. The effects
of Joule, Seebeck, and Thomson were considered in the thermoelectric generator model.
The obtained results showed that the thermoelectric power increased with increasing heat
spreader and microchannel sizes: a 4-fold increase in the microchannels and heat spreader
sizes increased the thermoelectric generator output power by 10%. Under these conditions,
it achieved a maximum cooling efficiency of nearly 89% and the net output power peak.
Also, the micro-channeled heat spreader increased the system net power by around 125%
in reference to the normal channel and reduced the needed cooling fluid flow rate. Fur-
thermore, the use of alumina and copper aqueous nanofluids increased the thermoelectric
generator output power to a maximum of 4% and 14%, respectively. Nonetheless, the use
of nanofluids raised the pumping power demand of the system. Finally, the authors stated
that the utilization of nanofluids increased the net output power at low Reynolds numbers
and decreased the net output power at higher Reynolds numbers.

4.5.5. Stack Gas Heater Waste Heat Recovery

The impact of using alumina aqueous nanofluids on the thermal performance of an
annular enclosure was investigated by authors Dalvand et al. [109], which can be used for
waste heat recovery from a stack of a gas heater. In the first heating steps, the temperature
of the inner cylindrical increases, whereas the liquid bulk is approximately at the preceding
uniform temperature. Consequently, the wall heat flux was considerably increased at
the beginning. After that, it was verified that the wall heat flux deteriorated because
of the enhancing Rayleigh number R, and the correspondent creation of flows in the
annulus, which led to a temperature increase in the liquid. The use of nanofluids possesses
the benefit of enhancing the main key influencing factors, such as the Nusselt number.
Nanofluids with increased concentrations of nanoparticles require less time to react to
any alterations in the thermal environment. A greater HTC and improved uniformity of
the temperature values in the enclosure were attained by choosing larger nanoparticle
concentration nanofluids. The experimental results indicated that the HTC and Nusselt
number of nanofluids were comparatively enhanced with time, given that the hotter base
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fluid results in higher thermal conductivity. In view of the results, the research team
concluded that in the initial heating phases, there were observed higher temperature
increases in the liquid. The water itself and nanofluids exhibited asymptotic evolutions,
achieving nanofluids at a higher temperature because of the increased thermal conductivity
due to the Brownian motion of the nanoparticles. At low Rayleigh numbers, conduction
is the only heat transfer mechanism of fluid flow. As the Rayleigh number increased,
it is established a laminar flow regime at the boundary layer, which is restricted by the
boundary layers close to the cylinders. The resulting flow enables the liquid to ascend along
the hot wall and descend along the cold wall. The temperature uniformity will be obtained
if the volumetric concentration of the nanoparticles enlarges to some extent. The more
concentrated nanofluids having higher concentration required a shorter period to reach a
specific temperature. Hence, the more concentrated nanofluid, the shorter the response
time to any alterations in the thermal environment. Also, any augmentation of the time
constant will make the fluid respond more slowly to alterations in the thermal environment.
Such effects happened whether the ratio between the liquid and gas heat capacities was
large or the gas mass flow rate was low. The temperature difference between the outer and
inner surfaces of the enclosure increases with increasing concentration of nanoparticles.
When the experiments were initiated, the HTC in the enclosure seemed to be high, but
it swiftly decreased at a specific time. After that time, it exhibited a fluctuating rising
tendency caused by the sequential changes in the thermal conductivity and temperature
gradient between the surface and the bulk liquid. The HTC of the liquid became relatively
higher in the second half of the time interval because of the increased temperature of the
base fluid and, hence, higher increased thermal conductivity. The inner wall peak heat
flux was accomplished by the more concentrated nanofluids. During the experiment, the
temperature of the inner surface increased by the flue gas, whilst occurred a delay in the
bulk liquid temperature increase. As a result, the temperature gradient of the wall and,
hence, the heat flux were considerably increased for a certain period. After this period, a
wall heat flux degradation was ascertained as the temperature gradient between the wall
and liquid bulk was decreased because of the circulating flows and natural convection
within the enclosure. Meanwhile, since the nanofluid with higher concentration induced
a higher wall heat flux, it was comparatively capable of absorbing more energy under
the form of heat. The Nusselt number quickly decreased at first and then showed a
fluctuating evolution. Nonetheless, a peak was reached at a specific time, which depended
on the concentration of nanoparticles. The temperature ratio diminished over time because
of the decreasing ability of the fluids to enhance their thermal energy. Finally, at 0.1%
vol. nanofluids, the bulk liquid temperature, HTC, Nusselt number, and heat flux were
increased by nearly 3.4%, 20.1%, 7.2%, and 22%, respectively.

5. Heat-to-Work Waste Heat Recovery with Nanofluids

The heat-to-work waste heat recovery approach can be carried out using diverse heat
engines or thermodynamic cycles like the steam and organic Rankine cycle (ORC), Kalina
cycle, Stirling engine, and Brayton cycle [110]. The organic Rankine cycle is the most
employed for waste heat recovery for work and power, considering the broad range of
fluids to be utilized and adequacy for low-grade waste heat [111]. Nonetheless, working
fluids to be used in the heat engines should exhibit some special characteristics due to the
cyclic character of the phase transition. Also, the thermal fluids operating in the Rankine
cycle can be vapor steam, organic compounds, or mixtures of organic compounds, whereas,
for instance, the Kalyna cycle normally uses an ammonia-water mixture [112]. Moreover,
the application of nanofluids in heat engines is limited and has only been initiated very
recently. Nanofluids have been applied as heat transfer fluids in the evaporator and
condenser sections to enhance waste heat transport to the operating fluid in essentially the
ORC [113]. One initial example is the work developed by Saadatfar et al. [114], in which it
was proposed the use of nanofluids in the ORC for decreasing the dimensions of the heat
exchanger, evaporator, and condenser of the solar organic Rankine cycle integrated power,
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heating, and cooling tri-generation. Researchers added silver nanoparticles to the pentane
base fluid, increasing the thermal conductivity of 0.136 W-m-~ 'K~ of the pentane to nearly
16 W-m-~'K~! at 0.5% wt. of silver nanoparticles. Also, the obtained results revealed that
the use of the nanofluid augmented the overall efficiency by 14%, which was superior to
the one of a conventional ORC of 11%. Also, the inclusion of the nanofluid reduced by
30% the exergy destruction, enhanced by 12% the exergy efficiency and reduced by 14%
the CO, emissions. Additionally, a numerical simulation was conducted by researchers
Mondejar et al. [115] to evaluate nanofluids as operating fluids in the ORC. Authors
elected the nanofluid stability, nanoparticle accumulation and migration to the gas phase,
and expander performance as the main concerns of the process. The employed Monte
Carlo method showed that the inclusion of a 1% vol. nanofluid resulted in a around
4% decrease in the heat exchanger area. The use of the nanofluid also led to around an
18% rise in the pressure drop, which did not affect the pump power consumption too
much. Furthermore, researchers Cavazzini et al. [116] incorporated metal-organic heat
carrier nanoparticles in the base fluid R245fa commonly used in the organic Rankine cycle.
This type of nanoparticle can extract extra heat because of the endothermic enthalpy of
desorption that can conduct a much-increased heat transfer rate. The use of the nanofluid
resulted in a considerable decrease of the heat exchanger area per unit power production
from the organic Rankine cycle to 7.9-13.8 m?/k-W in comparison to 7.8-15.9 m? /k-W
using the pure R245fa base fluid at temperature value between 100 °C to 150 °C. Nanofluids
flowing in the heat exchanger in the organic Rankine cycle have been reported to enhance
thermal performance and power output. The utilization of graphene and carbon nanotubes
aqueous nanofluids as engine coolant enhanced waste heat recovery, having a net power
output of nearly 3.8 in two different organic Rankine cycle configurations [117]. The use of
silica, alumina, copper oxide, and iron oxide aqueous nanofluids for cooling photovoltaic
panels to drive the organic Rankine cycle revealed a 17% enhancement in the efficiency
of the system with copper oxide aqueous nanofluids [118]. Also, multi-walled carbon
nanotubes dispersed in oil have been used for solar energy storage from solar concentrators
attaining a total system efficiency of 21.4% in reference to that of 18.9% attained with the
oil base fluid alone [119]. Moreover, researchers Merhpooya et al. [120] evaluated the
enhancement in the heat recovery enhancement in combined heat power and solar-driven
organic Rankine cycle configurations using nanofluids in a shell and tube heat exchanger.
The first step of the work was to simulate the combined heat and power system and the
organic Rankine cycle using Aspen HYSIS™ software (https://www.aspentech.com/).
Also, aqueous nanofluids of alumina, titanium oxide, copper, and silver were considered
at volumetric concentrations of the nanoparticles varying between 0.5% vol. and 4% vol.
In view of the obtained results, the authors noted that by adding the nanoparticles to
the base fluid, the thermal conductivity, viscosity, HTC, and density increased, and the
specific heat decreased. Decreasing the heat capacity of the nanofluid and increasing
the viscosity of the nanofluid are deterrents. On the other hand, increasing the thermal
conductivity is a positive factor. Hence, the combined result of these factors implies the
surface heat transfer area reduction at a certain volume fraction. Because of the large value
of Reynolds number and turbulence inside the pipes, the HTC inside the piping is high,
and the fluid inside the shell is the controller. Therefore, the increase in the concentration
of the nanoparticles induced a rapid increase in the HTC and a decrease in the surface area.
The reduction of the specific heat led to the reduction of the average temperature gradient.
This factor caused the decrease in the surface area of the employed heat exchanger at a
certain concentration of nanoparticles. Moreover, the silver nanoparticles, because of the
intrinsic elevated thermal conductivity, had the highest impact on the reduction of surface
area and overall cost. Nonetheless, reducing the heat exchanger area will diminish the
costs associated with the initial investment, and increasing the pressure drop also increases
the annual operating costs, and consequently, the addition of nanoparticles was optimized
at a certain point. Considering the organic Rankine cycle unit, authors found that using
1% vol. of silver, copper, alumina, and titanium oxide nanoparticles dispersed in water,
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the overall cost was reduced by 3.1%, 1.9%, 1.2%, and 0.9%, respectively. Additionally,
in the combined heat power system employing 2% vol. of silver, copper, alumina, and
titanium oxide aqueous nanofluids, the overall cost decreased by 4.4%, 3%, 1%, and 0.5%,
respectively. The main conclusion which authors arrived at was that the use of nanofluids
in thermodynamic cycles could appreciably decrease the overall investment cost of heat
exchangers and the whole process. Additionally, researchers Prajapati and Patel [121]
analyzed and optimized the performance of an organic Rankine cycle-waste heat recovery
system using copper oxide aqueous nanofluids in the evaporator and condenser to transfer
the heat from the heat source to the operating fluid of the organic Rankine cycle. The
authors conclude that the addition of copper oxide nanoparticles to the system enhanced
its thermodynamic performance with a thermal efficiency of around 19% and reduced the
levelized energy cost by nearly 3.5% in comparison with the conventional organic Rankine
cycle. Additionally, authors Prajapati and Patel [17] performed a comparative analysis of
the organic Rankine cycle employing copper oxide and alumina aqueous nanofluids in
the heat exchanger. The authors noted that the organic Rankine cycle with copper oxide
nanofluids demonstrated a better economic performance than that demonstrated by the
alumina nanofluids. Furthermore, the author Sami [118] studied the thermal performance of
a hybrid system composed of photovoltaic/thermal, organic Rankine cycle, and cooling coil
using silica, alumina, copper oxide, and iron oxide nanofluids in a waste heat boiler of the
organic Rankine cycle. Among the different heat transfer fluids, the copper oxide nanofluids
provided the highest efficiency and greater cooling effect, increasing the efficiency of the
hybrid system by around 17%. Figure 9 schematically represents the Kalina cycle, and
Figure 10 illustrates the Rankine cycle.
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Figure 9. Schematic representation of the Kalina cycle.
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Figure 10. Schematic representation of the Rankine cycle: 1-2: isobaric expansion; 2-3:isentropic
expansion; 3—4: isobaric compression; 4-1: constant volume heating.
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6. Heat-to-Power Waste Heat Recovery with Nanofluids

One adequate mode to convert thermal energy into electricity is to employ thermo-
electric generators by the thermoelectric module. The fundamental improving feature of
thermal energy storage comes from the heat transfer improvement provided by nanofluids.
In the following sub-sections, there are briefly described some illustrative cases concerning
the use of nanofluids in thermoelectric generators in heat-to-power waste heat recovery.

6.1. Solar Thermal Energy Waste Heat Recovery

Several studies have been dedicated to recovering heat energy efficiently by using
nanofluids and thermoelectric modules. These studies showed that the hot side of the
thermoelectric generators was attached to the backside of the photovoltaic panels to ab-
sorb the dissipated heat and convert it to electricity. Also, the cold side was cooled by
nanofluids and phase-change materials. A first example is the experimental work carried
out by authors Soltani et al. [122] in which it was evaluated a system having waste heat
recovery from photovoltaic cells using the thermoelectric module and iron oxide or silica
aqueous nanofluids. These nanofluids were flowing in the cold side of the thermoelectric
module made of bismuth telluride, which can bear the working temperature. Also, the
backside of the photovoltaic cells is connected to the hot side of the thermoelectric module.
The obtained experimental results confirmed that the silica nanofluid cooling was better
than the one provided by the iron oxide nanofluid, given that the former enhanced the
power output by nearly 54% as compared with the 52% enhancement obtained when using
the iron oxide nanofluid. Moreover, researchers Rajaee et al. [123] studied the combined
usage of a cobalt oxide aqueous nanofluid and a nano-enhanced phase change material
composed of paraffin and alumina nanoparticles on the performance of a hybrid photo-
voltaic/thermoelectric generator system. Researchers concluded that operating with the
cobalt oxide aqueous nanofluid increased the electrical power generation by nearly 11%
in reference to that attained with water. The system, with the introduction of the phase
change material, further augmented the electrical efficiency by 4.5%. The authors also
emphasized the need for large-scale photovoltaic module experiments to better evaluate
the feasibility of the developed cooling system. Moreover, there were performed numer-
ical analysis on waste heat recovery in solar thermal energy systems. Some examples of
such analysis were the ones carried out by authors Sami and Marin [124]. The authors
investigated the influence of the concentration of nanoparticles dispersed in nanofluids
on waste heat recovery efficiency from a photovoltaic cell coupled with a thermoelectric
generator working with silica, alumina, copper oxide, and iron oxide nanofluids. The
adopted model considered nanofluids as homogeneous, isotropic, incompressible, and
Newtonian, having stable inlet temperature and velocity. Researchers arrived at the con-
clusion that a greater concentration of nanoparticles enhanced the heat released by the
photovoltaic cell and, consequently, enhanced power generation by the thermoelectric
generator. The obtained results were consistent with the ones found in previous works on
photovoltaic/thermoelectric generators in thermoelectric generator-rated systems. Another
numeric simulation on the subject was done by researchers Ramamurthi and Nadar [125],
who evaluated the thermal performance of a thermoelectric generator-rated system of
a parabolic trough collector employing nanofluids and a thermoelectric generator. The
authors noted that the energy absorption enhancement was increased by 50% in the case
where the nanofluid was used. Additionally, authors Li et al. [106] studied the use of a
graphene-aqueous nanofluid on the cold side of a thermoelectric generator in a channeled
heat exchanger. The hot plate temperature value was adjusted to mimic the industrial
waste heat. The authors reported that the increase of the conversion efficiency, voltage, and
output power was nearly 3.5%, 11%, and 22%, respectively. Moreover, considering a waste
heat recovery application, researchers Xing et al. [105] conducted numerical work to evalu-
ate the thermal performance of a thermoelectric generator employing graphene-aqueous
nanofluids as heat transfer fluids. The authors adopted three-dimensional and steady-state
numerical models. The obtained results indicated that nanofluids at 0.1% wt. of graphene
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increased the power output and conversion efficiency by approximately 26% and 15%,
respectively. Moreover, authors Mohammadnia et al. [126] elaborated on an experimental
waste heat recovery application using a thermoelectric generator to store extra thermal
energy and control the temperature outside the dish cavity of a sterling engine. Such a
procedure enabled an enhanced solar concentration and prevented the overheating of the
cavity in the middle of the day. At 8:00 AM, the solar irradiation power to the concentrator
was around 62 kW. Nearly 4 kW were available by the sterling engine, and an additional
0.8 kW was attained utilizing the thermoelectric generator modules. Researchers found that
the thermoelectric generator increased the thermal performance of the system by between
20% and 30% at the beginning and end of the days, respectively. Also, the authors stated
that the hybrid dish-sterling-thermoelectric generator system produced approximately
1.3% more electrical energy than the common dish-sterling engine. Nanofluids have been
used for waste heat recovery in the heat-to-power route only to increase the heat transfer
capability of the primary waste heat source and as refrigerants for the cold and hot sides of
thermoelectric generators. In the thermoelectric generators, the weight and investment cost
of these waste heat recovery systems should be decreased before use. Another issue is the
thermal resistance between the hot reservoir and the thermoelectric generator’s hot side.
Additionally, there is the thermal resistance between the thermoelectric generator’s cold
side and the heat exchanger that will diminish the efficiency of the system. Such effects
can be mitigated by reducing the number of the thermoelectric legs of the thermoelectric
generator, utilizing high thermally conductive interface materials such as graphene and
carbon nanotubes, and increasing the contact area. Further research work is needed to
improve the efficiency of the thermoelectric generators. Accordingly, novel materials and
production methodologies of thermoelectric generators, such as flexible thermoelectric
generators, are most welcome. The depletion of the existing fossil fuels, in conjunction
with the inherent harsh environmental impacts, is the main limitation for the generalized
use of these energy resources that must be handled in a careful mode. The decrease in
energy demands as the obvious action for maintaining the natural resources sustainability
and protecting the environment must be above all considered. Such a way can be paved
by implementing high-energy efficiency processes, which should aim to maximize the
recovery of the lost energy. Figure 11 schematically illustrates a thermoelectric generator.
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Figure 11. Schematic representation of a thermoelectric generator.

6.2. Automotive Waste Heat Recovery

Approximately 70% of the chemical energy in gasoline is lost in the form of heat in
the engine of vehicles during the combustion process. Hence, it is reasonable to think
that waste heat recovery in the automotive technological area should be a key concern. In
this direction, authors Smith and Thornton [127] elaborated a feasibility study for waste
heat recovery in vehicles by a thermoelectric generator. Authors reported that waste heat
recovery efficiency in vehicles can be between 2% and 3%. Nonetheless, with innovative
thermoelectric generators, the same efficiency would get up to 10% to 15%. The research
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team evaluated a mid-sized automobile, a mid-sized sports vehicle, a Class 8 truck, and
a Class 4 truck. It was found that the trucks produced larger amounts of waste heat,
so the trucks are the most suitable for the use of a thermoelectric generator to recover
these amounts of energy. Moreover, authors Li et al. [107] carried out experimental work
and numeric simulation for a vehicle waste heat recovery system with a thermoelectric
generator cooled through the flowing of a nanofluid composed of copper nanoparticles
dispersed in a water and ethylene glycol mixture. The fundamental output performance
influencing factors were studied, including the concentration of nanoparticles, exhaust
gas inlet temperature, and the thermoelectric generator’s total area. Authors reported
that the used nanofluid could decrease the average temperature of the cold side of the
thermoelectric generator and augment the temperature gradient between its hot and cold
sides. The nanofluid increased the power output by nearly 13% and the efficiency of the
thermoelectric generator by around 14%. Additionally, researchers Karana and Sahoo [128]
elaborated a theoretical analysis of the automotive waste heat recovery enhancement using
a thermoelectric generator cooled by magnesium oxide and zinc oxide nanofluids. The
investigation team reported that the 1% vol. magnesium oxide nanofluid at an exhaust
gas inlet temperature of 500 K could increase the conversion efficiency and power output
by 10.9% and 11.4%, respectively. Concerning now the zinc oxide nanofluid, the power
output might enhance by around 10% in reference to the power output attained with the
water/ethylene glycol mixture itself. Considering the same power output, the overall
heat transfer area might be diminished by 33% with the magnesium oxide nanofluids,
leading to an appreciable cost reduction of the waste heat recovery system. Furthermore,
the same authors [129] elaborated a similar study, but this time using silica and zinc oxide
nanofluids for cooling the thermoelectric generator. Authors revealed that employing
silica nanofluids at an exhaust inlet temperature of 500 K enhanced the power output and
conversion efficiency by 11.8 and 11.4%, respectively, with respect to those obtained with the
water/ethylene glycol mixture alone. Similarly, researchers Hilmin et al. [130] performed
experimental and theoretical work on automotive waste heat recovery employing titanium
oxide aqueous nanofluid for cooling a thermoelectric generator. The experimental work
was carried out utilizing a car engine running from 600 rpm to 1500 rpm. The peak
current, temperature gradient, and thermoelectric generator power were, among others, the
parameters which were studied in terms of the cooling ability of the nanofluid. Researchers
confirmed that the use of the nanofluid increased the maximum current appreciably to up
tonearly 14.4 mA, and the generated power was enhanced to around 28 mW, which was 4%
greater than the power generated with only water. Also, the research team found that the
temperature difference between the hot and cold sides of the used thermoelectric generator
was augmented by nearly 30%. Furthermore, researchers Karana et al. [128] elaborated a
theoretical analysis for the performance comparison of automotive waste heat recovery
systems with ethylene glycol and water mixture base fluid, zinc oxide, and magnesium
oxide nanofluids as coolants for a thermoelectric generator system. The research team
found that the highest enhancement of the output power, conversion efficiency, and voltage
of the thermoelectric generator system was attained using magnesium oxide, which was
followed by the zinc oxide nanofluid and finally by the ethylene glycol and water mixture.
The power output and the conversion efficiency at 1% vol. of magnesium oxide nanofluid
at an inlet exhaust temperature of 500 K were enhanced by nearly 11.4% and 10.9%,
respectively, compared to those obtained with the ethylene glycol and water mixture base
fluid. The power output of the thermoelectric generator system increased with increasing
concentration of nanoparticles. Also, the authors stated that there was an ideal total area of
thermoelectric generators for these to provide the maximum output power of the system.
In this sense, it was found that the magnesium oxide nanofluid could reduce the total
area of the thermoelectric generators by up to 33% as compared to the total area achieved
with the ethylene glycol water mixture. Such a result would bring substantial benefits
for the arrangement of thermoelectric generators and reduce the investment cost of the
thermoelectric generator system.
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7. Recommendations for Future Research Works

The weight and overall cost of the thermoelectric generators should be further dimin-
ished. Another challenge related to these waste heat recovery devices is the thermal
resistance between the hot reservoir and the hot side of the thermoelectric generators.
Additionally, the thermal resistance between their cold sides and the heat exchanger
will reduce the efficiency. Such effects can be mitigated by reducing the number of
thermoelectric legs, employing high thermally conductive interface materials such as
graphene and carbon nanotubes, or by alternatively augmenting the contact area;
The innovative material and construction methods of the thermoelectric generators,
including, for instance, the flexible thermoelectric generator approach, should be
further studied and implemented;

Further studies are required to obtain guidelines and alternative improvements to
overcome the main limitations of the use of thermoelectric generators using nanofluids,
namely, the high investment cost and poor energy conversion efficiency;

It should be seriously considered the global energy recovery in techno-economic
feasible degrees. Considering this, waste heat grade and potential waste heat recovery
routes using nanofluids should be in-depth technically and economically assessed to
be urgently implemented;

There is a pressing demand to further analyze the friction factors and pressure drops
associated with the utilization of nanofluids in waste heat recovery approaches since
these factors will determine the required pumping power demand;

It is suggested to perform further studies on the clustering and sedimentation effects
of the nanoparticles included in nanofluids applied in waste heat recovery. The
accumulation effect of the suspended nanoparticles is more evident in the circuit
stagnation sections in which the fluid velocity is very low. This will deteriorate the
heat transfer performance of the system in extended periods of utilization;

We welcome studies that elaborate on the evaluation of the corrosive character of some
of the added nanoparticles in the nanofluid operating in waste heat recovery processes.
The nanoparticles collide with the circuit surfaces and may induce the corrosion of
the equipment. This problem should be mitigated in a dual mode, which implies the
search for less corrosion-sensitive constitutive materials of the channels and equipment
where nanofluids flow and profound studies on the potentially corrosive nature of the
included nanoparticles;

Waste heat recovery processes with nanofluids, rather than only the heat-to-heat
applications, should be further expanded and evaluated. Namely, the ones concern-
ing waste heat recovery involve the use of heat exchangers or heat pipes in which
nanofluids act effectively, but they are not employed in further processing;

The theoretical and simulation work on the waste’s significant recovery with nanoflu-
ids and the associated experimental validation should be further developed;

Despite the large number of published techno-economic analyses for nanofluids and
waste heat recovery separately, there are only a few studies presenting such assess-
ments for the application of nanofluids in the waste heat recovery technological area.
The qualitative evaluation of the technical and economic viability and the environ-
mentally benevolent features inherent to the use of nanofluids in waste heat recovery
are well-known by the scientific community. Nonetheless, further quantitative studies
are needed instead of qualitative evaluations. Such a route should be accompanied
by in-depth studies of waste heat recovery devices and equipment, together with
the design and implementation of the process and stream from which the heat will
be recovered;

More detailed research works are needed to comprehensively evaluate the environ-
mental impacts of the use of nanofluids in waste heat recovery areas comprehensively.
Through the life cycle assessment tool, there should be revealed the impacts inherent to
the addition of nanoparticles derived from their mining, extraction, purification, and
synthesis. All these operations require a considerable amount of energy and fossil fuel
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global depletion that should be strongly diminished. Also, the disposal of nanofluids
after use involves additional toxicity impacting the surrounding ecosystems mainly
because of the presence of nanoparticles, which in some cases may hold, for instance,
heavy metals;

e  There should be further addressed the applicability and advantageous features of
using heat pipe heat exchangers operating with nanofluids for dedicated ventilation
and air-conditioning systems. This route will increase the coefficient of performance
of the systems and prevent the extra energy demand required for the re-heating and
de-humidification processes;

e  Itis highly recommended to elaborate further studies on the use of heat pipes working
with nanofluids for recovering the sensible heat in systems where the inlet air and re-
turn air should always be separated, including surgery rooms and laboratory facilities
in which the air must be changed up to 40 times per hour.

8. Conclusions

e  There are currently three different approaches in the waste heat recovery area, namely
the heat-to-heat, heat-to-work, and heat-to-power. The heat-to-heat is a straightfor-
ward and effective methodology using heat exchangers, heat pipes, thermosyphons,
waste heat boilers, and phase-change materials. Nonetheless, the recovered energy is
still in the form of heat, which can be considered an efficiency-limited form of energy
since it is constrained by the temperature difference;

e  The heat-to-power is a waste heat recovery approach that has great potential since it
converts heat into electricity, having broad applicability. It can be performed indirectly
by extending the heat-to-work through the connection to an electrical generator. Alter-
natively, it can also be done via thermoelectric generators. Waste heat recovery through
thermoelectric generators could be a rated part for several applications because of its
installation easiness and facile operation. The utilization of nanofluids could make the
thermoelectric generators yield higher power output;

e Nanofluids have been demonstrated to be an enhanced technological solution for
waste heat recovery processes. Their superior thermophysical properties induced by
the incorporation of nanoparticles into base fluids, together with the enhanced thermal
conductivity and reduced thermal resistance, have been demonstrated to ameliorate
the heat transfer performance and recovery rate;

e Nanofluids used in the heat-to-work waste heat recovery approaches are still limited
and fundamentally utilized indirectly to increase heat transport from the primary
waste heat source, like in the organic Rankine cycle. The direct utilization of nanofluids
as operating fluids in the organic Rankine cycle has been investigated theoretically by
numeric simulations with no experimental validation;

e Nanofluids have been applied so far for waste heat recovery in heat-to-power ap-
proaches only to increase the heat transport capability of the primary waste heat source
and as refrigerants for the thermoelectric generators’ cold and hot sides;

e  Most studies concerning waste heat recovery in the cement industry have only been
conducted on waste gases from the pre-heater and cooler of the clinker. It requires
to be further examined intensively to decrease the losses derived from the radiation
and convection effects in the cooler. Such losses should be recuperated to improve the
efficiency of the clinker cooler.
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Nomenclature

Nomenclature:

Cpbf Specific Heat of the Base Fluid [J/kg-K]

Cpnf Specific Heat of the Nanofluid [J/kg-K]

Cpnp Specific Heat of the Nanoparticles [J/kg-K]

Cnf Specific Heat Capacity of the Nanofluid per Unit Volume [J/m3-K]
D Inner Diameter of the Tube [m]

dnp Average Diameter of the Nanoparticles [m]

h Heat Transfer Coefficient [W/m2-K]

Kot Effective Thermal Conductivity [W/m-K]

Kyt Thermal Conductivity of the Base Fluid [W/m-K]
knt Thermal Conductivity of the Nanofluid [W/m-K]
knp Thermal Conductivity of the Nanoparticles [W/m-K]
Kg Boltzmann’s constant [J /K]

Nu Nusselt Number

n Empirical Shape Factor

Pe Peclet Number

Pr Prandtl Number

Q Volumetric Flow Rate [m3/s]

rc Radius of the Clusters [m]

Ra Rayleigh Number

Re Reynolds number

t Time [s]

T Temperature [°C] or [K]

Um Average Flow Velocity of the Nanofluid [m/s]

up Brownian Velocity of the Nanoparticles [m/s]
Greek Symbols:

Opf Thermal Diffusivity of the Nanofluid [m2/s]

s Dynamic Viscosity [Pa-s]

Upf Dynamic Viscosity of the Base Fluid [Pa-s]

Ung Dynamic Viscosity of the Nanofluid [Pa-s]

Vnf Kinematic Viscosity of the Nanofluid [m?/s]

Pbf Density of the Base Fluid [kg/ m3]

Pnf Density of the Nanofluid [kg/ m3]

Pnp Density of the Nanoparticles [kg/m?]

T Particle Relaxation Time [s]

) Volumetric Fraction of the Nanoparticles [% vol.]
P Sphericity Factor

w Empirical Constant
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Abbreviations:

ASHRAE  American Society of Heating, Refrigerating, and Air-Conditioning Engineers
CHF Critical Heat Flux

MWCNT  Multi-Walled Carbon Nanotubes

HTC Heat Transfer Coefficient

HVAC Heating, Ventilation, and Air-Conditioning
FTIR Fourier Transform Infrared Spectroscopy
ORC Organic Rankine Cycle

PSD Particle Size Distribution

SEM Scanning Electron Microscopy

TEG Thermoelectric Generator

WHR Waste Heat Recovery
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