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Abstract

Common phase change materials (PCMs) have serious shortages, and the most important one is the low thermal conductiv-
ity. This issue makes the phase change process a time-consuming period that decreases the performance of thermal storage
units. This paper concentrated on improving energy and exergy performance with the aid of an air—PCM heat exchanger,
which could be employed for free cooling of buildings. For the heat exchanger, the PCM of Rubitherm 22 °C high capac-
ity (RT22HC) and the nanoparticles of multi-wall carbon nanotube were employed. The initial charging and discharging
experiments showed that due to thermal conductivity enhancement, melting and solidification periods decreased using
nano-PCM with three concentrations of 0.1, 0.2, and 0.5 mass% compared to the PCM without nanoparticles. Moreover, the
highest exergy and energy efficiencies were obtained for the case of nano-PCM 0.5 mass% during the charging process and
the values were 11.03 and 21.33%, respectively. Experiments with nano-PCM 0.5 mass% were accomplished during three
continuous days. The results demonstrated that the heat obtained from nano-PCM 0.5 mass% encapsulations varied with
weather conditions. In addition, the output energy and exergy rose with sunrise and fell with sunset. Finally, an economic
analysis was carried out for cold climate conditions. The results indicated that the whole invested capital expenditures will
return in the ninth year of exploitation.
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Abbreviations

COP Coefficient of performance

CF Equivalent annual cash flow ($)
IRR Internal rate of return

LHTES Latent heat thermal energy storage
MWCNT  Multi-wall carbon nanotube

PCM Phase change material

NPCM Nano-phase change material

NPV Net present value

RT22HC Rubitherm 22 °C high capacity
SSR Solid-state relay

TEM Transmission electron microscopy
Introduction

Global warming and changes in living standards have been
leading to an increase in the energy usage of air condition-
ing systems [1]. The consumption of fossil fuels to eliminate
energy shortages causes greenhouse gas emissions. Ther-
mal energy storage (TES) technologies are useful for carbon
emissions reduction and energy saving [2]. By comparing
the different types of TES, the latent heat TES (LHTES)
systems are usually chosen due to their small temperature
fluctuation and high storage density [3].

Phase change materials (PCMs) are widely employed in
LHTES systems. PCMs are utilized in various fields, includ-
ing solar applications [4—6], cooling systems [7-9], and free
cooling and heating of buildings [10—13] because of their
stability and considerable latent heat capacity. PCMs are
classified in three various types: organic, inorganic, and
eutectics [14, 15]. Paraffin is an organic PCM which exten-
sively used due to its suitable thermophysical properties
like large latent heat, low cost, non-corrosiveness, and non-
toxicity [7, 16]. These properties make paraffins appropriate
for use in free cooling and heating of buildings. However,
the low thermal conductivity of PCMs is a major problem
that reduces their effectiveness in LHTES applications. This
problem can be largely solved using nanoparticles [17-19].
Mishra et al. [17] experimentally studied the effect of add-
ing carbon black nanoparticles (CBNP) to a lauric acid-
based PCM. They reported a maximum enhancement of
about 195% in thermal conductivity by adding 3.5 mass%
CBNP to the PCM. Also in another experimental research,
Kabeel et al. [18] added graphene oxide nanoparticles to
the PCM to improve water production in a solar still. Their
results showed a 52% increase in the thermal conductivity
of NPCM with respect to pure PCM.

Recently, the application of PCMs in air condition-
ing (AC) technologies has become an interesting topic for
researchers [20-24]. PCMs, which can be used in building
structures, release heat during night-time (solidification)
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and then absorb heat during day-time (melting) in summer
due to high temperature variation. Also, PCMs can absorb
solar radiation in sunny hours of winter (melting) and use
for heating applications. Indeed, to satisfy the thermal com-
fort in free cooling and heating applications, the suitable
temperature range of PCMs for phase transition is from 18
to 30 °C [25].

The energy and exergy analysis is needed to further inves-
tigate the thermal performance of the LHTES technologies.
The first law of thermodynamics is used in energy analysis,
which only considers the energy quantitatively. In contrast,
the second law of thermodynamics is needed to evaluate
the quality and quantity of energy, i.e., exergy analysis [1].
The irreversibilities are considered in exergy analysis which
lead to improvement in the LHTES systems efficiency. Many
studies have examined LHTES systems from an energy per-
spective, but a few investigations have been carried out on
exergy analysis of these systems [1, 2, 26-34].

Yadav and Sahoo [29] experimentally studied the exergy
and energy efficiency of a LHTES system driven by engine
exhaust gas. They conducted exergy and energy analysis for
different mass fractions of organic PCMs, including paraf-
fin wax, stearic acid, and lauric acid. Their results at higher
mass fractions showed higher exergy and energy efficiency
for lauric acid than other two organic PCMs. Nikkerdar et al.
[28] numerically evaluated the thermal performance of a
PCM-air heat exchanger integrated with a solar air heater.
In their study, the tested paraffin (RT25HC) was used as a
PCM for a free heating system in a moderate climate condi-
tion. They performed exergy and energy analysis for various
air channel densities and design temperatures. According
to their results, the maximum exergy and energy efficiency
is obtained for the 110X 110 air channels number. Thermal
performance evaluation of a LHTES system using multiple
PCMs for free cooling was studied numerically by Mosaffa
et al. [30]. They studied the effect of parameters like volu-
metric flow rate and inlet temperature of air on the exergy
efficiency of the system. Based on their results in the charg-
ing process, as the inlet temperature decreases from 36 to
32 °C, the exergy efficiency enhances by 6.2%. However,
as the volumetric flow rate varies from 800 to 1600 m3/h,
the exergy efficiency increases only by 5.6%. Therefore, the
effect of inlet temperature reduction is higher than the volu-
metric flow rate increasing. Nie et al. [31] experimentally
studied the charging performance of a LHTES system using
dynamic exergy analysis. They calculated energy and exergy
efficiencies for an AC system in various inlet air tempera-
tures and velocities. They reported that maximum exergy
efficiency increases with increase in inlet air temperature.
Dastmalchi and Boyaghchi [2] numerically investigated the
exergy and energy analysis of a PCM-air heat exchanger
enriched with nanoparticles for free cooling of buildings.
The influence of various slab lengths and PCM thicknesses
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was investigated, while the nanoparticles volume fraction
was varied from O to 5%. Their results showed that maxi-
mum exergy efficiency enhancement is 4.1% for the vol-
ume fraction of 5%. Tyagi et al. [34] evaluated the thermal
performance of a thermal management system (TMS) filled
with encapsulated PCM (CaCl,-6H,0) for building cooling.
The heating loads of 1-3 kW were selected for discharg-
ing process of TMS with an AC system. According to their
results, the heating load of 1 kW has the highest energy
and exergy efficiencies, while the heating load of 3 kW has
the lowest ones. In another experimental study, Tyagi et al.
[1] studied two types of PCM-based TMS systems from an
energy and exergy perspective for space heating and cool-
ing applications. They used calcium chloride hexahydrate
(CaCl,.6H,0) as the PCM in the climate condition of India.
They concluded that exergy efficiency is always less than
energy efficiency for both types of TMS systems during the
heating and cooling process.

This article intends to experimentally study the thermal
performance of a PCM-air heat exchanger dispersed with
multi-wall carbon nanotubes (MWCNTs). To the authors'
best knowledge, the investigation of energy and exergy anal-
yses in building free cooling and heating applications has
been rarely studied. In this work, the influence of various
inlet temperatures and nanoparticle concentrations on energy
and exergy efficiencies of a PCM—air heat exchanger during
heating and cooling periods are studied. Moreover, the vari-
ations of outlet energy and exergy of the heat exchanger dur-
ing three successive days are evaluated. Finally, an economic
analysis is conducted for cold climate conditions.

Experimental
Materials and properties

At a nearly constant temperature, to release and store a
noticeable amount of thermal energy, PCMs are employed
for the processes of congealing and melting. To this end, the
PCM of RT22HC (Rubitherm 22 °C High Capacity), with
the features of non-toxicity and high capacity is purchased.
According to the local weather condition, the selected PCM
has a melting temperature range of 20-23 °C. The PCM
thermo-physical properties are indicated in Table 1. Some
of them are specific heat capacity, thermal conductivity, and
density. Figure 1 indicates the DSC curves of paraffin and
nano-PCMs of 0.2 and 0.5 mass%, presented in our previous
study [35]. The first peak, which is not fully revealed due to
the minimum temperature in the DSC test, happens because
of the solid—solid phase transition. The second peak (exo-
thermic) shows the solid-liquid phase transition.

The addition of nanoparticles of MWCNT to the PCM
is recommended because of the PCM’s low thermal

Table 1 Thermophysical properties of PCM presented by the manu-
facturer [37]

Thermal properties Value
Melting range 20-23 (°C)
Heat storage capacity 190,000 (J kg™
Heat conductivity (both phases) 02 (Wm'K™
Specific heat capacity 2000 (J kg~' K71
Density in solid state at 20 °C 0.76 (kg 171
Density in liquid state at 50 °C 0.7 (kg 1™
Volume expansion 12.5 (%)
Flash point > 150 (°C)
Exothermic peak
A \
\ Pure PCM
ST e 0.2 Mass% nano-PCM

0.5 Mmass% nano-PCM

Heat flow/W g-1
w

2F 4~ Cooling

Heating sy

0
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Fig.1 DSC curves of the PCM and nano-PCMs [35]

conductivity [35, 36]. Employing NPCM in the free cool-
ing field is one of the purposes of this study. Due to nano-
particles agglomeration, dispersing nanoparticles in PCM is
a significant issue. Using functionalized nanoparticles can
solve this problem. So, MWCNT with carboxyl functional
group (MWCNT-COOH) is considered as the selected nano-
particle due to its high thermal conductivity (as presented
in Table 2, US Research Nanomaterials Inc.). A group of
hydroxyl (O—H) is attached to the atom of carbon of a car-
bonyl group (C=0) and makes the carboxyl group (COOH)
called a functional group. Figure 2 indicates the MWCNTs
TEM image [35]. The carboxyl group in these nano-sized
powders helps the particles better dispersing in the PCM.
Thus, MWCNT-COOH nanoparticles are selected in the
process of NPCM construction. A specific mass fraction of
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Table 2 Nanoparticle features (MWCNT-COOH) [36]

Nanoparticle features

Functional group Carboxyl
Purity 95%
Diameter/nm 20-30
Length/pm 5-10
Effective area/m? g~! >200
Apparent density/g cm™> 2.1

Fig.2 An image of TEM related to MWCNT-COOH nanoparticles
(35]

nanoparticles is added to the PCM. Then, obtained mixture
is stirred at 30 °C and a speed of 100 rpm. Next, an ultra-
sonic bath (Elma, Elmasonic, S60H, and Germany, with 400
watts power and 37 kHz frequency) is employed to put the
mixture inside. The bath temperature and sonication time
would be 40 °C and 30 min, respectively. Finally, a stable
NPCM is achieved. For the present study, four different mass
fractions are considered (0%, 0.1%, 0.2%, and 0.5%).

The thermal conductivity and latent heat of fusion for
both liquid and solid phases were measured in our previ-
ous paper [35]. It concentrated on evaluating the PCM and
NPCM during solidification and melting periods. Table 3
shows these parameters for PCM and NPCMs.

Experimental setup

3D and 2D schematic views of the experimental apparatus
are displayed in Fig. 3a and b, respectively. A fan with an
axial type is used to move the air through the heat exchanger
(in an open-air circuit). Providing a constant temperature air
is the duty of cooling and heating unit devices. Cooling and
heating units are included a compression refrigeration cycle
and heater elements, in order. As shown in Fig. 3, for the
thermal energy storage part, a shell-and-tube heat exchanger
is examined. To track the influence of changes in tempera-
tures of air and PCMs, the tubes are made of aluminum and
have flat plate closures. The closures contain PCM inside
and are called PCM encapsulations. Each encapsulation
is fabricated with dimensions of 15X 15X 2 cm. Besides,
dimensions of 65X 18 X 25 cm are considered for the shell,
which is a container. Furthermore, the shell is fabricated by
wooden plates (with a thickness of 1.5 cm), and to minimize
thermal losses, it is covered by elastomeric insulation.

To set the air inlet temperature to a specific value, a con-
trol temperature system is used, which is automatic. The
control system comprises a TC4Y temperature indicator and
an SSR (solid-state relay) connected to the cooling and heat-
ing unit. Whenever the inlet thermocouple wants to raise the
temperature (for example, 27 °C), the SSR receives a signal
from the indicator, and the heater power is controlled by the
electric current, and desired temperature is provided.

The encapsulations which contain PCM are placed par-
allel to the flow of air such that the flow of air can move
along the PCM encapsulations. Between each two of them,
a 20-mm gap is considered. It must be noted that the tem-
perature of PCM is measured just for one encapsulation due
to the symmetry and excellent insulation, as stated in our
previous research [36]. Thus, the inlet, outlet, and PCMs
temperatures are measured and saved utilizing five calibrated
thermocouples with the type of DS18B20. In addition, to
measure the airflow velocity, a calibrated UT211B 60A Mini
Clamp Meter is used.

Uncertainty investigation

Uncertainty investigation demonstrates how the input
parameters’ uncertainty of a mathematical model affects
the variable of output and evaluates the reliability of the

Table 3 Thermal conductivity

dl £ fusion i h Samples Thermal conductivity Thermal conductivity (lig- Latent heat of
and latent heat of fusion in bot (solid phase)/W m™ K~!  uid phase)/W m~! K~ fusion/k] kg™!
solid and liquid phases [35]

Pure PCM 0.136 0.132 210

NPCM 0.2 mass% MWCNT 0.184 0.157 184.3

NPCM 0.5 mass% MWCNT 0.203 0.192 180.1

@ Springer



Energy, exergy, and economic (3E) analyses of nanoparticle-enriched phase change material...

(a)

Charging
system

air-PCM heat exchanger

air outlet

fan inside duct

(b) Charging process Discharging process
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sensor DS 18B20
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Fig.3 a 3D and b 2D schematic views of the experimental setup
included heat exchanger and PCM encapsulations

results. However, uncertainty analysis is applied based on
the method proposed in Ref. [38]. Equation (1) calculates
the total uncertainty for each parameter according to the
uncertainty of repetition (éu,.,) and uncertainty of equip-
ment (éueqp) [38].

rep

51 = Bty + (Bt ? (1)

The repetition uncertainty (ou,
ment (6u

rep) and uncertainty of equip-

eqp) are presented by the following equations:

a
eqp = \/5 )

rep = ﬁ 3

In Eq. (2), half of the equipment accuracy is expressed by
a. In Eq. (3), the parameter N and o are the numbers of the
repeated measured data and the standard deviation, in order.

Considering G to be a function of ‘n’ linear parameters
which are independent, 0G, 6u;, and 0G/ du; are defined as
the function G uncertainty, the »; uncertainty, and the partial
derivative of G, in order [38]. Thus, Eq. (4) is the uncertainty
of the function G:

2 2 2
0G = (g—uGléu1> + <3—25u2> +..+ <g—an§un>
“
Table 4 shows the accuracy and the repetition, equipment,
and total uncertainty for each measuring equipment. This

analysis ascertains the high reliability of experimental results
since the uncertainty is less than 3%.

Measurements
Energy analysis

The equations used in the energy analysis of the PCM-—air heat
exchanger system can be given as follows:

For the storage process, the energy balance is written as
below [34]:

Energy input — [energy loss energy +recovered] =accumu-
lation of energy.

Output energy can be given as [39—41]:

Eout = Mpcm CPCM(Tend - Tstart) + mPCMLsf (5)

where mpcy, is the mass of the PCM, Cpey, is the specific
heat capacity of the PCM, T, 4 and T, are the final and
initial temperatures of the PCM, respectively, and L is the
latent heat of melting.

The energy input for the charging process is written as
below:

Table 4 Uncertainty of

measuring parameters Equipment Measurement section Accuracy Uegp  Upep Uy
DS18B20 thermocouple Inlet/outlet temperature +0.2°C 0.058 0.099 0.115°C
DS18B20 thermocouple Ambient temperature +0.2°C 0.058 0.170 0.180 °C
DS18B20 thermocouple Encapsulation temperature  +0.2 °C 0.058 0.047 0.075°C
UT211B clamp, flow meter Air velocity +(0.8%+2)ms™" 0.017 0.086 0.087 ms!
Ruler Geometries 1 mm 0.289 0.047 0.292 mm
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Ey, =P, (6)

where Py, is the power of the electric heater and can be cal-
culated using Eq. (7):

P, =VxI ™

where V and I are the heater voltage and electrical current,
in order.

The energy input for the discharging process is written
like so:

Eic = Pac (8)

where P, is the power of the air conditioner.
Also, when the air flows through encapsulations, the
heat transfer rate can be given as follows:

GQair = maircp(Tin - Tout) 9

where i1, is the mass flow rate of the air, C,, is the specific
heat capacity of the air, and 7;, and 7, are the inlet and
outlet temperatures of the air, respectively.

To better evaluate and compare the PCM-air heat
exchanger from an energy perspective, a parameter called
energy efficiency is introduced. This efficiency is determined
as the output energy ratio which is absorbed/released by
PCM to input energy and can be given as [42-46]:

_ Energy(output)

ﬂenergy - ( 1 0)

Energy(input)

For the charging process, the energy efficiency is writ-
ten using Eq. (11):

out

Henh = Eih (11)

Energy efficiency for the discharging process is written
as below:

_ “out
nenc - E (12)

ic

Exergy analysis

The exergy balance for the storage process can be given
utilizing following relation:

Exergy input — [exergy recovered + exergy loss] —energy
consumption =exergy accumulation.

The below equation is proposed for output exergy
[42-46]:

@ Springer

ExXou = mPCMCPCM(Tend - Tstart)
+ mPCMLsf(l - Tamb/ Tsource) (13)

— Mpcm TambCPCM -In (Tend/ Tslart)

where mpcy, is the mass of the PCM, Cpey, is the specific
heat capacity of the PCM, T,,, and T, are the final and
initial temperatures of the PCM, respectively, L is the latent
heat of melting PCM, T, is the ambient temperature and
T urce 18 the temperature of the charging/discharging source.

Furthermore, the exergy input for the charging process is

written as below:
Exj, = Py, X7, (14)

where 7, is the efficiency of the electric heater.
The exergy input for the discharging process is written as:

Ex,. = P,. X COP (15)

where COP is the coefficient of performance of the air
conditioner.

Like energy analysis, a parameter called exergy efficiency
for this system is introduced. The exergy efficiency is deter-
mined as the output exergy to input exergy ratio and can be
given as follows [42—46]:

Exergy(output)
Mexerey = Lo iy

Exergy(input) (16)

Exergy efficiency for the charging and discharging pro-
cesses is:

Exout

Nexh = By, a7
Ex,,

lexe = (18)

1c

Results and discussion
Effect of nanoparticles concentration

As observed in Fig. 4, due to different heat transfer modes
and storage mechanisms like conduction and convection
heat transfer, sensible heating, and latent heating phenom-
enon, the effect of the mass fraction of PCM on the tran-
sient encapsulation temperature doesn’t have a linear trend.
For the system response, six stages are considered. The first
stage of the system, where a sharp rise in temperature curve
is observed, is defined as sensible heating without melting.
As the melting process begins, stage two begins. The slope
of temperature declines in this stage. Moreover, sensible
heating in the post-melting stage appears as a melting period
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Fig.4 Temperature evolution 30
vs. time for the pure PCM and
NPCM (3 concentrations) dur-
ing charging (inlet temperature 26

28

of 29 °C) and discharging (inlet O o4l
temperature of 13 °C) periods S
5 22
o
“é_ 20
Q 18

Pure PCM
— = nano-PCM 0.1 mass%

----- nano-PCM 0.2 mass%

= -nano-PCM 0.5 mass%

of NPCM or pure PCM finishes. Next, a steady-state condi-
tion (29 °C) is observed by a monotonic increase in the tem-
perature of the encapsulation. Besides, for the encapsulation
cooling period, a similar analysis can be defined. The fourth
stage is sensible cooling. In the next period, a change in the
temperature curve slope starts, and solidification takes place.
In the final stage, the encapsulation temperature reduces to
13 °C during the post-sensible cooling. Adding CNTs to the
pure PCM provides a more thermal conductor PCM which
can absorb/release heat more than the pure one. So, the sixth
stage for nano-PCM has a sharper slope.

Furthermore, using the NPCM compared to pure PCM
in lab-scale experiments augments the curve slope. This
phenomenon indicates the higher melting and solidification
rates of the NPCM cases compared to that of the pure PCM,
demonstrating an increase in the heat quantity charged into/
discharged from the encapsulations per unit of time.

Figure 5a displays the variation of energy efficiency of the
PCM-=air heat exchanger during the charging period for pure
PCM and NPCMs of 0.1, 0.2, and 0.5 mass%. Three differ-
ent temperatures are considered for the inlet temperature of
the heat exchanger: 25, 27, and 29 °C. For all PCM cases,
the energy efficiency is enhanced as inlet air temperature
increases. This increase in the case of NPCM 0.5 mass%
is nearly 20% when the inlet temperature varies from 25 to
29 °C. Nevertheless, at a constant temperature of 29 °C, the
addition of MWCNT of 0.1, 0.2, and 0.5 mass% to the pure
PCM would improve the energy efficiency by approximately
3.7, 5.6, and 7.7%, respectively. The maximum energy effi-
ciency of 21.33% is devoted to NPCM 0.5 mass% and the
inlet air temperature of 29 °C.

Figure 5b displays the variation of energy efficiency of
pure PCM and NPCMs of 0.1, 0.2, and 0.5 mass% during
the discharging period. The energy efficiency is obtained
for the inlet air temperatures of 13, 15, and 17 °C. It is
seen from Fig. 5b that temperature reduction of the inlet
air raises energy efficiency. Moreover, the charging energy
efficiency is greater than that of the discharging phase due to

800
Time/min

m25°C@27°C@29°C

20 — [ ]

0

?0“”?

(b) 14

\
N

m17°C@15°C@O13°C

O\l\ 35‘50‘0 a55°]o

o’o
S5
o °

Y g
\«?O‘M RE

Fig.5 Energy efficiency of pure PCM and NPCM of 0.1, 0.2, and
0.5 mass% during a charging and b discharging periods

the slowness of discharging period. Furthermore, at the inlet
air temperature of 13 °C, the maximum energy efficiency is
calculated for the case of NPCM 0.5 mass%, which is nearly
11.44%.
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The variation of exergy efficiency of the PCM-air heat
exchanger during the charging process for pure PCM and
NPCMs 0.1, 0.2, and 0.5 mass% is shown in Fig. 6a. The
exergy efficiency is calculated at temperatures of between
25 to 29 °C. Considering the pure PCM, increasing the
inlet air temperature improves the exergy efficiency, simi-
lar to the energy efficiency. This increase equals about
2% for changing the air inlet temperature from 25 to
29 °C. However, at a constant temperature such as 25 °C,
the addition of carbon nanoparticles of 0.1, 0.2, and
0.5 mass% only increases the exergy efficiency by 0.21,
0.44, and 0.66%, respectively. Therefore, the results show
the importance of the inlet air temperature on the exergy
efficiency of the PCM-air heat exchanger. For each inlet
temperature, the NPCM 0.5 mass% has the highest exergy
efficiency. This is attributed to the fact that according to
Table 3, the thermal conductivity of both liquid and solid
phases of PCM increases by nanoparticle addition, which
leads to an increase in the PCM temperature and exergy
efficiency. Moreover, the specific heat of NPCM increases
due to adding nanoparticles, which results from the inter-
action between MWCNT and pure PCM. The maximum

(@) 12

m25°C 027 °C 29 °C
10

8

Nexn/ %
o

2

0
O\l\ 5010 501 ° olo
@ ° N ‘(\35 «\3‘5 «\359
4 0\1\0‘ 2
\\4

(b) 7
m17°C 015°C 13 °C

Nexd %

Fig.6 Exergy efficiency of pure PCM and NPCM of 0.1, 0.2, and
0.5 mass% during a charging and b discharging periods
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exergy efficiency is obtained for NPCM 0.5 mass% and the
inlet air temperature of 29 °C, which is equal to 11.03%.

The variation of exergy efficiency during discharging
process for pure PCM and NPCMs 0.1, 0.2, and 0.5 mass%
is depicted in Fig. 6b. The exergy efficiency is obtained
for the temperature range of 13—17 °C. Similar to the
energy efficiency, it is concluded that the exergy efficiency
increases with decrease in the inlet air temperature. As
mentioned earlier, due to the slowness of discharging pro-
cess, the exergy efficiency values of discharging period
are lower than the charging process. Also, the maximum
exergy efficiency is calculated for NPCM 0.5 mass% and
the inlet air temperature of 13 °C, which is equal to 5.8%.

From energy and exergy efficiency diagrams, it is
deduced that the exergy efficiency is always lower than
energy efficiency. This is because the energy efficiency is
computed from the first law of thermodynamics. The first
law describes the quantity of energy but does not discuss
the losses/irreversibility. However, the exergy efficiency is
obtained using the second law of thermodynamics which
describes the quality of energy and considers the losses/
irreversibilities.

This part evaluated the pure PCM and NPCMs 0.1, 0.2,
and 0.5 mass% based on temperatures, and energy and
exergy efficiencies to determine which case is the best.
According to obtained results, the NPCM 0.5 mass% has
the best (highest) efficiency among other cases. Therefore,
this case is selected for the outdoor experiments.

Another way to use phase change materials in buildings
free cooling is to prepare PCM panels and put them in the
wall to control room temperature. Tyagi et al. [34] employed
PCM of CaCl,-6H,0 with the latent heat of 140 kJ/kg and
melting temperature of 24 °C for their thermal management
system (TMS). A schematic of this study is displayed in
Fig. 7.

By comparing both studies from Fig. 8, it is shown that
the current system has a noticeable efficiency (energy,
exergy, and total) compared to that proposed by Tyagi et al.
[34] for the charging period. It means that the total efficiency
for TMS and NPCM 0.5 mass% is 7.1 and 30.1%, respec-
tively, indicating a nearly 312% improvement. This notice-
able enhancement is not observed for discharging period.
The TMS has a total efficiency of 14.7%. This parameter for
the current study with pure PCM and NPCM 0.5 mass% is
14.2 and 15.5%, in order, which shows almost the equality
of both systems in the discharging process. Moreover, as
observed in Fig. 8 (discharging), the current heat exchanger
can compete with the TMS from an energy viewpoint. How-
ever, the exergy efficiency of the TMS is much higher that
can compensate for its lack of energy efficiency and reach its
total efficiency approximately to the other cases.
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Fig.7 The TMS schematic using PCM panels inside room wall [34]

Outdoor analysis

Figure 9a illustrates inlet temperature, outlet temperature,
and amount of heat charged in or discharged from the encap-
sulations containing NPCM 0.5 mass% under three consecu-
tive winter days. It should be stated that in this experiment,
the ambient air is the inlet fluid. According to this figure, the
warm air flows through the encapsulations during the day-
time until the encapsulations’ temperature reach nearly the
inlet temperature. Meanwhile, heat of the air (and maybe the
sun) is charged into the encapsulations, and the air tempera-
ture drops before entering the building. While night-time,
the heating process is vice versa. The encapsulations, which
absorb the air (and maybe the sun) heat, release it to the inlet
air to raise the air temperature for the building. As it is indi-
cated in Fig. 9a, the three continuous days have an ascending
temperature, a maximum temperature of nearly 27.5 °C (day
1) to 30.5 °C (day 3). At day 1, due to lower air temperature,
the NPCM misses the third stage. Therefore, the magnitude
of heat discharged from the air into the encapsulations is the
lowest over the three days.

In this case study, it is observed that the thermal energy
obtained or discharged from the NPCM 0.5 mass% encap-
sulation packs varies with the change in the weather con-
ditions. The maximum heat charged into and discharged
from the encapsulations is 67.1 and —89.6 W, respectively.
It should be mentioned that the rapid solidification and
melting rates can enhance the amount of heat per unit of
time that is discharged from or charged in the encapsula-
tion packs. Besides, it is detected that the slope magnitude
of the heat curve using the NPCM 0.5 mass% has higher
values when the encapsulations pass the phase-changing
zones because, in these zones, the temperature difference
between the inlet and outlet is considerable. In addition, as
the encapsulations couldn’t finish the fifth and sixth stages
on day 1, the output energy has a much lower amount
(about 17 kJ) over the three days.

Figure 9b displays the variation of the output energy
and exergy for the case of NPCM 0.5 mass% during three
successive winter days. Based on this figure, both the out-
put energy and exergy are low initially. However, when the
time increases, both the energy and exergy increase at a
similar trend until the encapsulation temperature reaches
to inlet value (at the end of each day). Then, the intensity
of sunlight gradually decreases and both values decrease
until the next day. This trend repeats consecutively within
two next days with higher values for both the output
energy and exergy due to energy and exergy storage in
the NPCM. This is because of the fact that output energy
and exergy are functions of the sensible and latent heat of
NPCM. It is also found that the output exergy is always
lower than the output energy because the output exergy is
calculated via second law of thermodynamics which con-
siders the irreversibilities. The maximum values of output
energy and exergy are about 325 and 24 kJ, respectively.

u energy eff. (%)

m exergy eff. (%)
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Table5 Assumptions of economic assessment for the air-PCM heat
exchanger

Parameter Value
Capital expenditures/$ 1400
Operating cost/$ 140
Inflation rate/% 7.6
Energy gain/J year™! 5.2x107
Gas consumption saving during a year/$ year™! 402.2
Natural gas price/$ 107 Btu 5.415

Economic analysis

The economic aspect is a significant issue for the final
evaluation of specified weather conditions. In the follow-
ing, for cold climate conditions, an economic analysis
of the air—-PCM heat exchanger has been accomplished.
Table 5 represents the significant assumptions for the eco-
nomic assessment of the current system.

In this economic investigation, the technique of dis-
counted cash flow (DCF) is employed. Three criteria are

@ Springer

defined for this technique utilized for choosing the most
profitable and economic project [47].

At first, at the project beginning, the overall incomes
obtained in future are converted into the equivalent earnings
with an appropriate discount rate. To measure net present
value (NPV), the project-needed initial capital is deducted
from the equivalent earnings. Equation (19) is expressed
NPV:

G
(1+7)

N
NPV =-Cy+ Y (19)
i=1

where C; is devoted to the i-th period (i-th year or month) is
the expected cash flow, C, is the initial investment cost, i is
the number of periods of project plant life (years or months),
and r is the discount rate. The expected cash flow consists
of all project expenditures and incomes during the plant
life. In this evaluation technique, the project is evaluated as
acceptable, profitable, and economical whenever the NPV of
a project is positive, while the project is considered as non-
profitable and unacceptable if the NPV is negative.

In this technique, through the discounted project income
to the investment amount, the discount rate is obtained. The
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internal rate of return (IRR), which is considered the dis-
count rate, equals the present value of project income to the
present value of its costs, which makes the NPV of all cash
flows from a particular project equal to zero. Thus, IRR is
calculated through the following relation:

N c
NPV_0=>NPV——C0+;m (20)

According to the investigation, the project is considered
as profitable if the project IRR is more than the interest rate
of investment. Moreover, the plan will be evaluated as non-
economical, if it is less.

Payback period

An investment method for the payback period is employed,
which expresses the period of time taken by the investment
to recover the principal or initial investment. Thus, Egs. (21)
and (22) are utilized for this purpose. n is the period that
the overall initial investment of the project returns to the
investors and obtains from the following relations. In other
words, a more economical project which attracts to inves-
tors’ attention has less n index.

N
~Cy+ ) (CF), =0 Q1)
i=1

herein CF is the equivalent annual cash flow, and (CF); is
the i-th period cash flow. According to the assumptions in
Table 5, using the DCF technique and designing a cost—ben-
efit analysis (CBA) model [47], the following results are
obtained. In a cold climate in Iran, the NPV for the air-PCM
heat exchanger is 1483.36 dollars, and an IRR of 19% is
calculated. It should be noted that, after several melting/
solidification cycles, the nanoparticles may sediment in the
PCM, which is not considered in the economic assumptions.
According to Table 6, in the ninth year of exploitation, the
air—-PCM heat exchanger will return the whole invested capi-
tal. In a cold climate, the total rate of return (NPV/I) using
the heat exchanger is around 57%. This demonstrates that
the project will return 57 cents per one dollar of investment.

Table 6 Economic results of the air-PCM heat exchanger in the
Iran’s cold climate

Capital NPV/$ IRR/% NPV/I (NPV/I)/n Payback period
expendi- (month)

tures/$

1400 1000 19 0.57  0.032 107

In addition, the annual rate of return ((NPV/I)/n) for the
system is 3.2%.

Conclusions

In this study, the effect of dispersing nanomaterial of multi-
wall carbon nanotubes (MWCNT) in a phase change mate-
rial (PCM) was evaluated. To this end, an air-PCM heat
exchanger that could be applied in free cooling of buildings
was designed and fabricated. Five similar encapsulations
containing PCM were put inside the heat exchanger so that
the air can flew through it. The main points are summarized
here:

e As the inlet temperature increases, both the efficiencies
(energy and exergy) increase during the charging process
so that the maximum values are obtained for 7;, =29 °C.
Also, both the efficiencies (energy and exergy) increase,
as the inlet temperature decreases during the discharging
process so that the maximum values are calculated for
T,,=13°C.

e At a constant inlet temperature, the case of NPCM 0.5
mass% shows the highest efficiencies (energy and exergy)
among all cases during the charging and discharging pro-
cesses. This is due to adding nanoparticles, which leads
to improve the heat transfer characteristics.

e The maximum energy efficiency values are 21.33 and
11.44% during the charging and discharging periods,
respectively. In addition, the maximum exergy efficiency
values are 11.03 and 5.8% during the charging and dis-
charging processes, respectively.

o Exergetic efficiency is always lower than energetic effi-
ciency during charging and discharging periods. This
is because the irreversibilities are considered in exergy
analysis.

¢ In outdoor analysis for NPCM 0.5 mass% under three
consecutive winter days, it was found that the thermal
energy obtained from NPCM 0.5 mass% encapsulations
changed with weather conditions. The maximum thermal
energy values that charged into and discharged from the
encapsulations were 67.1 and — 89.6 W, respectively.

e During three consecutive days, the output energy and
exergy changed according to the variations in the sen-
sible and latent heat of NPCM. The maximum values
of output energy and exergy were about 325 and 24 kJ,
respectively.

e In the ninth year of exploitation, the air—-PCM heat
exchanger will return the whole invested capital expen-
ditures.

e The project will return 57 cents per one dollar of invest-
ment. In addition, the annual rate of return ((NPV/I)/n)
for the current system was 3.2%.
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