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Abstract

High temperature is a challenging problem with all solar collectors that are using PV panels for electricity production.
Cooling of PV panels using traditional fluids become not effective as for the poor thermal properties of these fluids.
Dispersion of nanoparticles with different liquid was found to enhance the thermal properties of these liquids.
Nanofluids and Nano-Phase Change Materials (Nano-PCMs) were considered as promising solutions to enhance the
performance of PV/Thermal (PV/T) systems. Nanofluids can be used beneath the PV for cooling or above it for
optical filtration. In addition, Nano-PCM can be used beneath the PV for cooling and storage. In this study, an
analytical solution was developed to evaluate the effect of using nanofluid filtration and nano-PCM on the overall
performance of the PV/T solar collector. Four models were examined alternating between the presence and absence
of optical filtration and lower nano-PCM layer. Neglecting the storage side, it was found that without optical
filtration, presence of nano-PCM below the PV module decreases the overall efficiency (thermal + electrical) by
around 6.7%. In contrast, presence of optical filtration decreases this percentage to be less than 1%. Moreover, using
the optical filtration alone improves the overall efficiency by 6-12%.
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1. Introduction

Solar energy is considered one of the most promising sources of renewable energies that should be used efficiently
to be able to completely replace the fossil fuel energy very soon. Many devices are used for the collection process of
solar radiation. Hybrid Photovoltaic/Thermal collectors are found to combine the advantages of electrical and thermal
energy generation as well as solving the problem of performance degradation of PV cells because of high temperature
by cooling the PV panels. In this demand, many researches had been made alternating from changing the design of
the collector to using different cooling fluids to attain the highest possible overall efficiency.

Hussain et al. (2013) studied the efficiency of using honeycomb channels beneath the PV in enhancing the thermal
efficiency of hybrid PV/T collector cooled by air. They examined the enhancement under different flow rates. It was
found the thermal efficiency enhanced from 27% to 87% when using honeycomb channels with air mass flow rate
of 0.11 kg/s. Fudholi et al. (2014) investigated a study for different configurations of water cooled PV/T under
different mass flow rates and solar irradiation levels. Three different new absorber channels were proposed; web
flow absorber, direct flow absorber, and spiral flow absorber. They found that as the mass flow rate increases, the
PV temperature decreases and the electrical efficiency increases. Also, increasing the solar radiation level increases
the PV temperature and the generated electrical efficiency. They ended up with that the spiral flow absorber presented
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the highest overall performance at solar incident radiation of 800 W/m2, with overall, thermal, and electrical
efficiencies of 68.4, 54.6, and 13.8% respectively.

Nanofluids, which was first proposed by Choi and Eastman (1995), for enhancing the thermal properties of different
fluids were used for the cooling purposes of the PV module as well as collecting the large possible amount of heat
from solar radiation. Nanofluids were used in channels below the PV module (H Zhu and C Zhang, 2006; A Kasaeian
etal., 2015; W I.A.Aly, 2014) and were recently used to flow in the front of the PV module for optical filtration (N.
E. Hjerrild et al., 2016) beside the cooling objective. Vakili et al. (2016) examined the effect of using graphene
nanoplatelets in enhancing the heat transfer in solar collectors as it is dispersed in a deionized water as a base fluid.
The authors tried different concentration in weight fractions of 0.0005, 0.001, and 0.005, and different mass flow
rates of 0.0075, 0.015, and 0.225 kg/s. Maximum efficiency was obtained at mass flow rate of 0.015 kg/s and there
was an enhancement in the thermal efficiency with increasing the concentration of the nanoparticles. Hajjar et al.
(2014) proposed a study on the thermal conductivity enhancement as a result of using graphene oxide nanofluids.
Through all types of GO/water nanofluids, GO 5 had the best enhancement in thermal conductivity relative to that
of water (about 47.54% more than water at 40°C). In addition, regarding its optical properties, they examined high
absorptance for the graphene oxide nanofluid in the spectral range of solar radiation. Hassani et al. (2016a, 2016b)
used nanofluid as spectrally-selective material for the solar irradiation. They found that the nanofluid-optical filter
did not prevent solar radiation from reaching the PV panels, and at the same time, it gets the most benefit from the
solar thermal energy. Moreover, silver/water nanofluid was found to be better than only water, as water alone is not
capable of absorbing except the IR spectra.

As the solar radiation is not constant throughout the day and the need for the availability of energy in the night time,
it became necessary to have storage for the absorbed solar radiation. Phase Change Materials (PCMs) were found to
be the best storage idea with solar collectors, as it has very high capacity and it makes cooling as well. In contrast,
low thermal conductivity of PCM causes a resistance for heat transfer so dispersing some nanoparticles for
enhancement of thermal conductivity was proposed reaching the Nano-PCMs concept. Colla et al. (2017) discussed
the feasibility of using alumina and carbon black nanoparticles with pure paraffin waxes PCM. Two PCM materials
were examined (RT20 and RT25) with the addition of nanoparticles (Carbon black and Aluminum oxide). They
ended up with that the addition of alumina can make an enhancement in the latent heat while CB will be able to make
an enhancement in the thermal conductivity that is required. Su et al. (2017) investigated a comparative study on the
benefits behind using PCM in cooling the hybrid PV/T solar collectors. The effect of PCM position relative to the
cooling channels on the surface temperature, outlet temperature and the efficiencies were studied as well as the effect
of the thickness of the PCM layer. It was found that putting the PCM on the upper side of the duct with 3 cm thickness
gives higher overall efficiency.

The current paper studies the effect of existence of optical filtration above the PV and PCM beneath the PV in
enhancing the overall efficiency of the PV/T solar collector by studying four different models alternating between
existence and absence of optical filtration and PCM layer. It was found that existence of optical filtration above the
PV and absence of PCM layer beneath the PV will result in the best performance.

2. Method:

The analytical equations governing the energy transfer through the PV/T were developed. These equations included
all the physical, optical, thermal, and electrical contributions of the system. A systematic study for the governing
equations was studied under reasonable assumptions to examine the thermal and electrical performance of the PV/T
under different configurations.

2.1.  The physical model:

In this part, the physical descriptions of the different provided configurations (M-1 to M-4) are discussed. Model-1
consists of one PV module, one thermal unit below the PV for the cooling purposes at which water/graphene
nanofluid is used, and one thermal above the PV for the optical filtration purposes at which water/silver is used. Also,
single PCM layer under the PV with graphene nanoparticles for storage and cooling as well. Model-2 is the same as
Model-1 but without nano-PCM layer at the bottom of PV. Model-3 is slightly different from Model-1 that the optical
filtration was removed and a vacuum channel was added at the bottom of the cooling channels. Model-4 is exactly
like Model-3 but also without using nano-PCM layer at the bottom of the PV panels. Figure 1 shows schematic
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diagrams for the proposed designs for the PV/T solar collector.
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Figure 1 Numerical solution models

2.2.  Working principles of PV/T configurations:

Figure 1-(a) shows the configuration of the first model M-1. In M-1, the incident solar radiation reaches the PV cells
after passing through the first cover glass, then through the optical filtration fluid channel through. The optical
filtration fluid is responsible for allowing the solar radiation within the useful spectral range for electricity production
only to pass through. The nano-PCM layer at the bottom of the PV is responsible for storing heat as well as
transferring heat to the cooling fluid beneath the PV module. Nanoparticles were added to the PCM layer to enhance
its thermal conductivity. It was guessed that the nano-PCM layer may resist the heat transfer to the cooling fluid and
that’s why it was removed in M-2. In Model-3, the optical filtration was removed totally and the solar radiation
reached the PV cells directly. In M-4 the nano-PCM layer was also removed.

2.3. Mathematical model:

The simple general numerical models presented later were used to evaluate the performance of the PV/T collector
through the calculation of the different temperatures, thermal, and electrical efficiencies using previously calculated
optical and thermal properties. Table 1 shows the governing equations for the four proposed models. The assumptions
that were used in this study are listed in Table 2. In addition, the technical data of the proposed models are available



at Table 3. The optical properties for the optical filter were taken from literature [10,11]. Table 4 summarize the
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thermal and rheological properties of the main substances used in the models.

Table 1 Governing equations for the proposed Models

M- # Balance Governing Equations Equation no.
Glass cover @G = hy—am(Ty = Tam) + hy—or(Ty — Tof) (eq. 1)
. . _ _ c dT, eg. 2
Optical fluid | tyaorG = hop_g(Tor = Ty) + hof—pp(Tos — Tpy) + ——2= "f Pos d;:f (eq. 2)
1
_ Ty — Ty (eq. 3)
PV panel ApyTgTorG = hpv_of(Tp,, - Tof) + pvR—b + Ny TyTor G
T,, —T; T, —T, (eq. 4)
Back plat PP Rpoy——2
1 Ack pate Ry PN Atpey
T, — T, _ .
Plate 1 kpen ———L = hy,_o (T, — Tyy) (eq.5)
Atpem
i . - - mocfcpcf chf (eq 6)
Cooling fluid hpef (Tp = Tey) = hepi(Tep — Tr) + I i,
Insulation hepoi(Tep = Ti) = hy—am (Tr — Tam) (eq. 7)
EfﬁCienCy ne = rlref[l - ﬁref(T - Tref)] (eq 8)
Glass cover @G = hygm(Ty = Tam) + hg—op(Ty — Toy) (eq.9)
. . _ _ c dT, eg. 10
Optical fluid | tyaorG = hor_g(Tor — Ty) + hof—p(Tos = Tpw) + "f Pos d;f (eq. 10)
1
_ Ty — Ty (eq. 11)
PV panel ApyTgTorG = hpv_af(Tp,, - Tof) + pvR—b + Ny TyTor G
T,y — T, _ .12
2 Back plate ’"’Tb = hy_of (Ty — Tof) (eq. 12)
b
) ) _ _ mocfcpcf dTCf (eq 13)
Cooling fluid Rpecf(To = Tef) = hepoy(Ter — T1) + I
Insulation hepoi(Tep = Ti) = hy—am (Tr — Tam) (eq. 14)
EfﬁCienCy ne = rlref[l - ﬁref(Tc - Tref)] (Eq 15)
Ty — T, eg. 16
PV panel ayG = hppam(Tpy — Tam) + WR—b +n.a,6G (g. 16)
b
Tpw — T Ty =T, (eq. 17)
Back pl pv b _ b p1l
ack plate R, PCM Atpen
T, — T, — eq. 18
Plate 1 kpey ——20 = Ry —ep(Tpy — Tey) (eq. 18)
3 Atpem
. . — — cper AT, (eg. 19)
COO“ng f|UId hpl—cf(Tpl - ch) - h‘Cf—p(TCf pZ) Cf 2i d;f
2
Plate 2 he—pa(Ter — Tpz) = hrpoi(Tpz — T,) (eq. 20)
Insulation Rrp2-1(Tpz = T1) = hi—am(Ty = Tam) (eq. 21)
EfﬁCienCy Ne = nref[l - ﬁref(Tc - Tref)] (eq 22)
Ty — T eq. 23
PV panel ayG = hppam(Tpo — Tam) + wa +n.a,6G (eq. 23)
b
Ty — T, = .24
Back plate P b by o f(Ty = Tof) (eq. 24)
4 Ry
. . _ _ m° ccp.r dT, eq. 25
COO“ng f|UId hb—Cf(Tb - Cf) = th—p(TCf - Tp) + M —Cf ( q )
L dx,
Plate hes—p (ch - Tp) = hr,p—I(Tp - TI) (eq. 26)
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Insulation Rr i (Ty = T1) = Ry—am (Tr = Tagm) (eq. 27)
Efficiency Ne = Nyer [1 = Bres(Te — Tref)] (eq. 28)

Table 2 Assumptions considered in the present study

Assumptions

Steady state

Normal incident radiation

Radiation losses from glass cover or insulation to atmosphere were neglected
Very thin glass covers, plates, and insulation so conduction was neglected
Working fluid is flowing through a rectangular channel

Heat transfer was only considered in one dimension

All fluids remain liquids through the operation of the system

Thermal properties were calculated at an average temperature of 30°C
Negligible pumping power due to very low mass flow rate

Reference electrical efficiency of 12%

© 00 N o O A W DN B

=
o

Table 3 Technical design data of the different solar collectors investigated in the present study

Item Specifications M-1 M-2 M-3 M-4
Glass cover-1 o = 09 ol ol v ol
ag = 0.05
Nanofluid, water/silver [11]
Optical filter Tor = 0.62 N N
oy = 0.38
Glass cover-2 o = 09 v ol
ag = 0.05
PV cell Multi-crystalline J J J J
@y = 0.945
Back-plate N N N N
Nano-PCM PCM/graphene N N
Plate-1 N N
Working fluid Nanofluid, water/graphene N N N N
Plate-2 g, = 0.9 N v v v
Vacuum N N
Insulation N N N N

Table 4 Thermal and rheological properties

Substance/Property k K p Cp
Air 0.026424 18.718x10°® 1.165285 1007.22
Water 0.615504 0.000797345 995.65 4180.02
PCM 0.195 0.01145 820 2500
Graphene 5000 - 1000 15

Silver 429 - 10500 235
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2.4.  Thermal and rheological properties of nanofluids and nano-PCM:

The equivalent thermal properties for the nanofluids and nano-PCM were calculated based on the formulas that are
available in the literature.

Thermal conductivity:

_ [kp+2Ks—20(kf—kp)

fen = p+ 2k +0(k—iep) | T (eq. 29)
Dynamic viscosity:

Hny = ﬁﬂf (eq. 30)
Density:

Py = Opp + (1 = Bpy (eq. 31)
Specific heat:

(pcp),,, = 8(pcy), + (1 = ®)(pcy), (eq. 32)

Table 5 shows the thermal and rheological properties of the nanofluids and nano-PCM used in the present study.

Table 5 Properties of Nanofluids and nano-PCM

(0] M p Cp k
Optical filter 0.001 0.0008 1005.1543 4138.8 0.61734
Working fluid 0.001 0.0008 995.65 4175.855 0.61735
Nano-PCM 0.001 - 820.18 - 0.19558

2.5.  Temperature distribution::

In the current section, the equations describing the temperature distribution throughout the optical filtration and
cooling nanofluids used with M-1 were formulated. The energy equations that communicate between the fluids
temperatures and its surroundings were used.

The working fluid:

From eq. 6:

T, T ° dr,
hp—Cf(Tp - ch) = th—I(ch — TI) + m “lef

L dx,
By rearranging,
dT. L
ek S pp— [Po—cr (Tp = Te) = hegi(Tey = T1)]
dTy L

B dxz mocfcpcf [hp—Cpr + th—ITI - TCf(hp—cf + th—I)]

L

m"cfcpc

L
mOcrcpef

Take A =

P (hp—Cpr + th—lTI)' B = (hp—Cf + th—I)

dTyf
" dx,

= A—- BT,
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J-ch,XZ dTCf j d
A— BT, 2

ch,in

FTep () = 5 = [5 = Topin| exp(~Bx,) (eq. 33)
TerW) = 2= [2 = Tep | exp(—-BW) (eq. 34)
cf W_f cf(xz)dxz W f [B o cf m] exp( sz)] dxz

W Ty = % — ——[A = BT, in][exp(—BW) — 1] (eq. 35)

The optical filter channel:
Fromeq. 2:

) ofcpof dTof

TgorG = hos_g (TOf - Tg) + hOf—pV(TOf dx
1

By rearranging,

. dTOf
Cax, | mOgrevey [19@0rG = hog—g(Tor = Tg) = hop—pv(Tor — Tpw)]
ar,, W
: dx, = MO CPoy [19@0rG + hos—gTy + hop—poTpw = Tos(hog—g + hop—pv)]
w w
Take C = m [TgaofG thop—gTy + hof—vapv]’ D= m(hof—g + hof-m)
ATy
=C — DT,
" dx, of
J-Tof,xl dTDf j‘ d
X1
Tofin C— DT,y
c [c
 Top (1) = = = |5 = Top in| exp(=D2xy) (eq. 36)
c [c
Top(L) =< = [£ = Top | exp(=DL) (eq. 37)

_ 1t 1rtrC c
Tof = ZJ; Tof(xl)dxl = ZJ; [E - [E - Tof,in] exp(_Dxl)] dxq

wTop = % - E [C — DT, in]lexp(~DL) — 1] (eq. 38)

Table 6 Reference values used

L (cm) 103.5 Twt, in (K) 298
W (cm) 100 Tof, in (K) 298
Lc (cm) 100 Vam (M/S) 1
Atpcy (€M) 0.5 m° (kg/s) 0.0104
Working fluid channel width (cm) 4 nref (%0) 12
Optical filter channel width (cm) 2 B 0.0045

Tam (K) 298
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2.6. Calculation of heat transfer coefficients for M-1:

For flow over flat plate surfaces, Nu = 0.86Re1/3Pr1/2, Re = 22k , Pr =

H o lam k lam

UcCp

Using the properties of air mentioned before and that h = Nukam

c

hg—am = hi—am = 5.065 W /m.K

For internal laminar flow with constant heat flux inside rectangular channels, and with height to width>8, Nu=8.24,

Then for the optical filter fluid, h = ko
hof

With Dy, or = 3.92 cm, and the properties of the optical filter nanofluid,
hgi-of = Rga—of = Rpy_opr = hy_opr = 129.715 W/m.K

Nukwf

And for the working fluid, h =
Dhwf

With Dn, wi = 7.69 ¢cm, and the properties of the working fluid nanofluid,
hpl—Wf = hpZ—Wf = 66.13 W/mK

3. Analytical results and discussion

The governing equations were solved separately for each model and the results are shown in Figure 2, Figure 3,
Figure 4, and Figure 5. In addition, the results for solving the governing equations for conventional PV
module were also discussed.

Studying the effect of existence of optical filtration, a comparison were held between the performance of models 1
and 2 versus that for models 3 and 4, it can be seen clearly that the existence of the optical filtration helped in
enhancing the overall performance of the PV/T system. Comparing the models with optical filtration to the models
without optical filtration, it was found that the PV temperature has decreased by 16-27.6 °C (Figure 2), electrical
efficiency increased by 0.87-1.49% (Figure 3), and thermal efficiency increased by 11.7-17.4% (Figure 4).

The effect of the existence of the nano-PCM layer below the PV module can be distinguished by comparing the
performance of M-1 with M-2 and M-3 with M-4. It was found that treating the nano-PCM on its thermal conductivity
and neglecting its storage effects will end up with the result that existence of nano-PCM will decrease the
performance due to low thermal conductivity and as a result resistance to heat transfer from the bottom side of the
PV to the cooling fluid. Figure 2 to Figure 5 show that the effect of nano-PCM existence is not significant
in the models that deal with optical filtration fluid; M-1 and M-2, M-3. In contrast, the effect of existence of nano-
PCM layer in resisting the heat flow is very clear when comparing the performance of M-3 to M-4.
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4. Conclusions

In the current paper, an analytical solution based on steady state assumption was developed. Four different models
of hybrid PV/T solar systems studying the effect of optical filtration and nano-PCM technologies were studied. The
governing energy equations for the heat transfer throughout the four models were solved to evaluate the solar
utilization performance. From the discussion of the results, different conclusions were attained and can be
summarized in:

e Using optical filtration is highly beneficial in enhancing the overall performance of PV/T systems.

¢ Neglecting the storage effect of the nano-PCM, existence of nano-PCM layer below the PV cells resists heat
transfer to working fluid and thus increase the temperature of PV cells and decrease the performance of
PVIT.

5. Additional work:

e Considering the honeycomb channels during analysis should end up with more enhancement in the
performance of the PV/T.

e Using only one channel for optical filtration may increase or decrease the performance, so it needs to be
studied.
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