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Photovoltaic thermal (PVT) modules convert solar energy into electricity and heat. Unlike that of
normal photovoltaic modules, the nominal operating cell temperature (NOCT) of PVT modules, which
is used to evaluate the temperature and electrical power output, is unknown because it depends on the
mass flow rate and inlet temperature of the working fluid in the module. In this paper, a new method
for calculating the NOCT of PVT modules with water as the working fluid is presented. Four unglazed
identical PVT modules in series were tested outdoors with various mass flow rates. The tests, which
were similar to solar collector tests, were conducted from 8:30 to 16:30 on clear-sky days in Chiang
Mai, Thailand, and the water inlet temperature of the first PVT module of the system was varied from
27 to 60 °C. The correlation between the NOCT of the unglazed PVT module, based on (T —T,)/Ir, and
the water mass flow rate, ri1, was determined. The calculated PVT module temperature determined
with the new NOCT method agrees well with the experimental data, and 96% of the calculated results
deviate only by up to +10% from the experimental data.
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1. Introduction

The increasing world economy causes many concerns regard-
ing energy demand and environmental pollution. The consump-
tion of limited fossil fuels such as coal and natural gas, which
are the primary energy resources today, emits greenhouse gases
and other emissions. Photovoltaic (PV) technology is one of the
most capable and fastest growing renewable energy approaches
and will play an essential role in the near future.

Electrical power generated by PV modules depends on many
factors: solar irradiance, solar spectrum, PV module installation,
and PV module performance. According to manufacturers, the ef-
ficiency can be determined under standard test conditions (solar
irradiance of 1,000 W/m?, air mass of 1.5, and operating module
temperature of 25 °C). However, in practice, solar irradiance
varies with the sun path and cloud condition. When the PV mod-
ule is exposed to sun irradiance, the operating temperature of the
PV module can reach 70 °C, particularly in hot countries such as

* Corresponding author at: Department of Mechanical Engineering, Faculty
of Engineering, Chiang Mai University, 239 Huay Kaew Road, Muang District,
Chiang Mai, 50200, Thailand.

E-mail address: tanongkiat_k@yahoo.com (T. Kiatsiriroat).

https://doi.org/10.1016/j.egyr.2020.04.026

Thailand in which the ambient temperature sometimes exceeds
40 °C. Consequently, the PV efficiency is lower than that under
standard conditions. Fig. 1 shows the PV module performance of
different cells at different module temperatures. An increasing
PV module temperature decreases the open-circuit voltage and
increases slightly the short-circuit current, which results in lower
maximum generated power (rectangular area of I-V curve in
Fig. 1). Many methods for reducing the solar cell module tem-
perature have been reported: for instance, air, water (Teo et al.,
2012), and phase change material (PCM) cooling (Sun et al., 2018).

The active heat removal at the back of a PV module by lig-
uid/air is realized with a PV thermal (PVT) module. In the PVT
module, the solar module is attached to an absorber plate with
circulating fluid inside for the simultaneous generation of power
and hot water or air; the overall module efficiency can be higher
than that of the normal PV module. The first design of PVT mod-
ules was presented by Kern and Russell in 1978 (Kern and Russell,
1978). In 1979, Florschuetz (1979) developed a theoretical model
with experimental studies for the PVT module performance with
a solar collector model. Fudholi et al. (2014) studied three dif-
ferent water flow channels for a PVT module: web flow, direct
flow, and spiral flow. The spiral flow led to the best PVT mod-
ule performance. Moreover, Al-Shamani et al. (2016) tested PVT

2352-4847/© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. PV performance at different module temperatures.

modules with various types of nanofluids (SiO,, TiO,, and SiC);
the results showed that the fluid with SiC resulted in the best per-
formance. Yu et al. (2019) designed an unglazed PVT in which the
absorber plate was attached with the thermo-laminating bonding
method. As a result, both the electrical and thermal efficiencies
were improved. Some PVT modules with PCMs were numeri-
cally (Gaur et al., 2017; Fayaz et al, 2019; AL-Musawi et al.,
2019; Kazemian et al., 2019) and experimentally (Hossain et al.,
2019) studied; their electrical system efficiency was improved
from 7.1% to 13%, and the thermal efficiency was 72% (Al-Waeli
et al., 2019; Salem et al., 2019). Furthermore, a PVT module was
used for combined cooling, heating, and power generation in a
building (Ramos et al., 2017; Herrando et al., 2019); the PVT
module output covered 60% of the heating demand and 100% of
the cooling electricity.

In general, the maximum power generated by the PV or PVT
module can be evaluated when the incident solar irradiance
and module temperature are known. To determine the module
temperature, several mathematical models (dynamic and steady-
state) have been developed (Al Tarabsheh et al., 2016; Fiorentini
et al,, 2015; Rejeb et al., 2015; Shyam and Tiwari, 2016; Guar-
racino et al,, 2019; Al-Shamani et al., 2018). For instance, Rejeb
et al. (2015) developed a thermal model of a PVT module with
energy balance equations for six main components: transparent
cover, PV module, plate absorber, tube, water-filled tube, and
insulation. In addition, the energy balance equations included the
thermal properties of the PV module and related heat transfer
coefficients. Al-Shamani et al. (2018) used the computational fluid
dynamics technique to calculate the temperature of a PVT module
with water-based nanofluid for heat extraction. Table 1 shows the
current models that are used to calculate the PVT module tem-
perature. However, the calculation process remains complicated
because much information on the heat transfer characteristics
and thermal properties is required. Therefore, the calculation is
time-consuming and the approach impractical.

Another method for calculating the PV module temperature
is determining the nominal operating cell temperature (NOCT),
which was introduced by Ross (1980) in 1980. The NOCT is the
module temperature at solar irradiance of 800 W/m? and 20 °C.
In the method, the module is subjected to various solar irradi-
ance and ambient temperature values to predict the PV module
temperature based on a correlation. Normally, the manufacturer
provides the NOCT values, and the PV module temperature can
be estimated. The correlation results reported by Ross agree very
well with the experimental data (Mattei et al., 2006). This method
is very efficient and more practical than the other methods in
Table 1. The NOCT of a PV module is always constant. However,
that of a PVT module depends on the mass flow rate and inlet

temperature of the working fluid inside the PVT module. A practi-
cal method for evaluating the NOCT of PVT modules has not been
presented so far.

In this paper, a novel method for evaluating the NOCT of
PVT modules with water circulation is presented. The aim is
modifying the concept of the flat plate solar collector with liquid
heating to determine the thermal characteristics such as the
optical efficiency and heat loss coefficient of the PVT module at
different liquid mass flow rates and liquid inlet temperatures.
These values are integrated into the NOCT equation to determine
the NOCT. The determined NOCT at any liquid mass flow rate and
inlet liquid temperature can be used to evaluate the PVT module
temperature and generated electrical power. This new concept
enables the design and sizing of the PVT modules.

2. Theory

The electrical power generation of PV modules depends on
the module temperature and solar irradiance. The maximum
electrical power can be calculated as follows (Pantic et al., 2016):

Ir
Py = P sec - (1 =y (Tpy — 25)) 1000’ (1
where Py, is the maximum electrical output power and Py, s the
maximum electrical power under the standard test conditions at
solar irradiance of 1000 W/m? and PVT module temperature of
25 °C; y is the temperature coefficient of the maximum power
and Tpy the PV module temperature (Ross, 1980; Masters, 2004;
Duffie and Beckman, 2013):

Ir
Tpy = Ty + (NOCT — 20) 300" (2)

The NOCT is determined by the PV cell or module temperature,
which can be determined with a typical installation at a solar
irradiance level of 800 W/m?, ambient temperature of 20 °C, and
under no-load condition. The NOCT is generally provided by the
manufacturer and is approximately 45 + 2 °C for monocrystalline
and polycrystalline PVs.

2.1. NOCT and module temperature of PV module

This section describes the derivation of Eq. (2). The tempera-
ture of a PV module is determined by the energy balance. In an
open circuit, the solar energy absorbed by the PV module, Qs =
(ta) - It - A, is converted into heat loss, Qios = Uy - A - (Tpy — Tp).
The thermal energy balance for the PV module is as follows:

(ta) - It -A=U,-(Tpy —Ty) - A (3)
or
U - (Tpy — T,
(te)) = % )
T

where (ta) is the optical efficiency of the PV, U; is the overall
heat loss coefficient, and A is the PV module area. At the reference
point of the NOCT conditions provided by the manufacturer:
Tpy = NOCT, T, = 20°C, and I; = 800 W/m?:
UL noct (NOCT - 20)

1 800 ' (3)
Based on Egs. (3) and (4), the PV module temperature at any
ambient temperature can be calculated as follows:

UL(TPV - Ta) _ UL.noct(NOCT - 20)
Iy N 800 '
Consequently,

(ta) =

(6)

(ta) =

IiT . UL,noct
800 U,

Tpy = T, + (NOCT — 20)
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Table 1

Mathematical models for calculating PVT module temperature.
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Mathematical model

Details

Type

Ref.

I
Tpy = T, + (NOCT — 20) - L General model for predicting module temperature (PV Steady state Ross (1980),
800 only); T, is ambient temperature, It is solar irradiation, Masters (2004)
and NOCT =45+ 2 °C. and Duffie and
Beckman
(2013)
dTpy
(p&ﬁ)pv a apy Tglr + (e + h)py g (Tg — Tov) — Pe
+hepv—ap (Tap — Trv) Spv is thickness of PV panel, Ty is glass temperature, Tgp Dynamic Rejeb et al.
2Ty (%, y)  92Tpy (X, ) is absorber plate, kpy is thermal conductivity. (2015)
+ (k&) py
0x2 ay?
NOCT — 20 . . .
Tpy = Tg + (219 4+ 832K,)) —— NOCT = 45 °C, K; is hourly clearness index. Steady state Conti et al.
800
(2019)
dTwy . . .
(M) y dt Q“{*PV ~Qugpv + Qegpv + Qvsp Qea,pv is heat transfer in solar cell between two adjacent ~ Dynamic Guarracino
—Qpy_a — Pe nodes due to conduction, Q, ;_py is heat addition to et al. (2019)
glass cover of solar cell due to radiation, Q,g,pv is heat and Guarracino
addition to glass cover of solar cell due to convection, et al. (2016)
Qpyv—sp is fraction of incident irradiance absorbed by
solar cell, Qpy_4 is heat addition to absorber of solar
cell due to conduction.
dTpy,
(PVEp) i S = (1—npw) (te) Ailr — Ay (Toy i — Tp i)
—heAi (Tpvi — Ta)
—§104A; (Tf)‘w - Tlé,i)
—epyoh; (T;lv - Tj) ey is PVT electrica} efficiency, Ty is fluid temperature, i Dynamic Liu et al.
’ is node number, o is Boltzmann constant, kpy is thermal (2018)
Y emw (Tov.i = Tov.i1) conductivity, w is width of PVT system, epy is thickness
z of PV panel, z is length of each region of PVT system.
—%epvw (TPv.i - TPV.i—l)
dTpV - . . . . PR - . .
(Mcp) 1y o = Al —Q,—Q —P. (Mcp),,, is absorbed sensible heat capacity, t is time, Qu Dynamic Sakellariou and

is useful heat, Q; is heat loss, and P, is electrical power. é\zxoaogp)OUlOS
1
Tpy =Ts + L(l — Fg) Qu is useful heat rate. Steady state Sakellariou and
A-Fr-U, Axaopoulos
(2018)
Ty =Ty + U & Unpsriia is the internal heat transfer coefficient. Steady state Limmle et al.
AbsFluid

(2017)

(Olcfgﬁc - Tgﬁcﬁo - TgﬁcﬁUUOTU) It + Ute,aTa + hper Tr

Tpy =
Utc,a + Upe,r — TgﬂcﬁﬂﬂOIT

a. is absorptivity of solar cell, 7, is transmissivity of
glass, B is packing factor of solar cell, By is
temperature-dependent efficiency factor, ng is efficiency
under standard conditions, Ty is cell temperature for
optimal cell efficiency, U 4 is overall heat transfer
coefficient from solar cell to ambient, U, is heat
transfer from bottom of module to drying chamber, T,
is room temperature.

Steady state

Sahota and
Tiwari (2017)

t is time, At is time step, QE_T is energy transferred by
convection at top, Qcp is energy transferred by
convection at bottom, Q: r is energy transferred by
irradiance at top, Q, g is energy transferred by
irradiance at bottom, P, is electrical power.

Dynamic

Al Tarabsheh
et al. (2016)

_ (ta)ly + Uge,aTa + he p Ty

Tpy
Utc,a + hc,p

Utc,q is overall heat transfer coefficient from solar cell to
ambient, hc , is overall heat transfer coefficient from
solar cell to blackened absorber plate.

Steady state

Tiwari et al.
(2011) and
Atheaya et al.
(2016)

Tpy = 30 + 0.0175 (I % CR — 300) + 1.14(T, — 25)
Tpv.ef = Tpv + (Tpvr — Ta)

CR is concentration ratio, Tpy ¢ is effective module
temperature obtained from experimental data.

Steady state

Tripanagnos-
topoulos et al.
(2005)

In general, U, = U nor, Which leads to Eq. (2). However,
this equation is no longer used when the PV module is in-
stalled in a confined space such as a rooftop or building inte-
gration. The installed NOCT (INOCT) at the NOCT was estimated
by Fuentes (Fuentes, 1987). According to his results, INOCT is

—1 to 11 °C higher than the NOCT temperature when the PV is
installed on the roof. Furthermore, Eq. (2) cannot be applied for
PVT modules that have an absorber plate with circulating fluid
and insulation. A method for evaluating the NOCT of PVT modules
is presented in the following section.
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Table 2
PVT specification (Anon, 2019a).
Cell type Mono-crystalline
Dimensions 828 mm x 1601 mm x 90 mm
Aperture area 1.326 m?
Weight 244 kg
Number of cells 72

Cell dimensions 125 mm x 125 mm
Maximum power, Py, 200 Wp
Maximum power voltage, Vi, 365V

Maximum power current, Iy, 52A

Open-circuit voltage, V. 45.26 V
Short-circuit current, Iy 5.66 A
Electrical efficiency of module, 7. 15.08%
Temperature coefficients of Py, y —0.45%/°C

2.2. NOCT of PVT module

The temperature of a PVT module is determined by the energy
balance. Under no electrical load, the solar energy absorbed by
the PV module, Qs = (ta) - It - A, is converted into useful energy
in the circulating fluid, Qy, = nw, - It - A = (rhcp)f (T, — Tp) and
heat loss, QLOSS = U, -A- (Tpy — Ty); ne is the useful thermal
efficiency, (rcy) ; the heat capacity rate of the flow fluid, Ty the
inlet temperature before entering the PVT module, and Tj, the
outlet temperature of the PVT module. Thus, the thermal energy
balance for the PVT module can be expressed as follows:

(ta) It -A=np - Ir A+ UL - A(Tpy — Ta), (8)

or

Tpy — Tg
It '

Such as for the solar thermal collector, the inlet temperature
T is used for calculating the thermal efficiency:

nm = (ta) — Up (9)

T — Ty
It
where Fy is the module heat removal factor. Based on Egs. (9) and

(10),
Fr (‘L'O() — FRULM = (TO{) — ULM.

I I
This leads to theTfollowing expressi{)n:

N = Fr (tar) — (FrUL) ; (10)

Tpy — T, T — T, To
wola g Tnizle GO g gy (11)
Ir Ir U,
According to Eq. (2), 24 = NOZ=20 which leads to the
following equation:
NOCT — 20 Ti—T, (1)
=F.X 2 (1 -F), 12
300 R + U, ( R) (12)
or
Tﬁ — T, (‘L’Ol)
NOCT = 800Fg - #-—* + = = - (1~ F¢) 800 +20. (13)
T L

The module optical efficiency (r«) is constant and depends
on the PVT absorber material; Fr and U; alter the mass flow rate

of the circulating fluid. Therefore, the NOCT of the PVT module
changes with the mass flow rate (1) and inlet temperature of the
working fluid (Tg).

The NOCT and (T — Tg)/Ir exhibit a linear relationship, as
shown in Fig. 2(a). The slope of the graph is 800Fg, and the

intercept on the NOCT axis is % - (1 — Fg)800 + 20; (ra) and

U; can be determined based on the correlation between the PVT
thermal efficiency (n) and (Tpy — Ty)/Ir, as shown in Fig. 2(b).

3. Experimental setup

A set of four identical unglazed 200 Wp PVT modules was
installed in series on a roof, as shown in Fig. 3. The PVT modules
were facing south with 18° inclination angle toward the latitude
of Chiang Mai. The PVT module information is provided in Table 2.
The tests were performed outdoors at the Chiang Mai University,
Chiang Mai, Thailand.

The experimental equipment consisted of a closed-loop sys-
tem (Fig. 4), and the PVT set was connected to a 220 L water
storage tank with water circulation based on a water pump. A
flow meter was installed to measure the water flow rate leav-
ing the pump, and a ball valve was used to adjust the flow
rate. A set of K-type thermocouples were installed at the inlet,
outlet, and surface of each PVT module, and the temperature
values were recorded by an 8-channel data-logger S220-T8. In
addition, an MS-602 pyranometer (Anon, 2019c) aligned with the
inclined plane of the PVT module was connected to a Hukseflux
LI19 (Anon, 2019b) data logger to measure the solar radiation
intensity on the PVT plane. The accuracy of each instrument in
this test is listed in Table 3, and the uncertainties of the data
reduction are provided in Table 4 and Appendix A.1.

The NOCT test was performed in the open-circuit mode; this
means that the PVTs were not connected to an external load, as
shown in Fig. 4. Under this condition, the first PVT module (PVT1)
was connected to a solar analyzer Prova 210 with a maximum
current of 12 A. The solar analyzer scanned the operating current
of the PVT module from zero to the short-circuit current; it took
approximately 25 s to determine the [-V curve. The solar analyzer
started working every 5 min.

The experiments were conducted between 8:30 to 16:45 at
daytime on clear-sky days with mass flow rates of 1, 2.4, 4, and
6 LPM (liter per minute).

4. Results
4.1. PVT module performance

Fig. 5 presents the water inlet, water outlet, and module
temperature profiles of the four PVT modules in series. The ex-
periment was conducted from 8:30 to 16:45 on a clear-sky day
in Chiang Mai. The water outlet temperature of the PVT modules
increased from the first to the last modules, and the last module
reached a maximum temperature of 63.3 °C at 15:00, which
decreased slightly with decreasing solar irradiance. In addition,

the PVT module temperature increased with increasing solar
Table 3
Sensors and accuracies.
Sensor Characteristics and measured range Accuracy
K-type thermocouple Measures PV module temperature, inlet/outlet temperature, +0.5 °C
and ambient temperature
Range: —270 to 1260 °C
Pyranometer MS-602 with data Measures solar irradiation. +1.5%

logger Hukseflux LI19
Solar analyzer Prova 210 0-60 V

0.01-12 A

Range: 0-2000 W/m?

+1%
+1%
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NOCT A (a) Eq. (13) D = ey (Tro — Tri) (b) Eq. (9)
¢ 1A

A

(ta)

(za) slope 800F, .

——- (1 —F)80
U,

™

> >
Tfl Ta TPV - Ta
Iy Ir

PVT4 In/Out PVT2

In/O

Datalogger
P
PVT Inlet Outlet Module gl R
module temperature temperature temperature R
PVTI Ty T, Tovt Solar analyzer
PVT2 Tr, Trs Tpva 0 o O
Pyranometer PVT3 Trs Tra Tovs 8 Ugﬂg
PVT4 Ta Trs Tpys o000
0000
Fig. 4. PVT module performance tests in open-circuit mode.
Table 4
Measurement errors and uncertainties of important parameters.
5Ta,exp 5TPV,exp (SIT.exp élm,exp 5Vm,exp Spm,exp SNOCTexp ‘STPV.sim Spm.sim
(Eq. (2)) (Eq. (1))
0.5 °C 0.5 °C 1.5% 1% 1% 1.41% 2.05% 3.45% 1.76%

1033

irradiance and inlet water temperature. At the end of the tests, beginning because of the higher ambient temperature in the

the PVT module temperatures were higher than those at the afternoon and the higher temperature in the water storage tank.
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Fig. 5. (a) Weather data, (b) water inlet and outlet temperatures of PVT modules in series, (c) PVT module temperatures on February 10, 2019; water mass flow

rate was 2.4 LPM.

Solar irradiation, W/m?

PVT module temperature, °C

V. Sun, A. Asanakham, T. Deethayat et al. / Energy Reports 6 (2020) 1029-1042

1000

900 -

800

700

600 -

500 -

400

300

200

(?)

40

35

30

25

20

-
(=}

15
18

(=)
w
T

(=
(=}
T

W
W
T

W
(=]
T

40 +

35r

Inlet and outlet temperature, °C
N
W
T

30 -

25

20

70

65

[%%)
(=]
T

[ %)
W
T

(3]
(=}

W
W
T

W
S
T

~
Y
T

S
=)
T

(%51
W
T

1 1 1 1 1 L 1 1 1

9 10 11 12 13 14 15 16 17
Time, h

18

Ambient temperature, °C



V. Sun, A. Asanakham, T. Deethayat et al. / Energy Reports 6 (2020) 1029-1042 1035

6
140
5
® &L g 120
4 100
< =
=3 80 A~
(0] (]
g z
3 —o—1-V 49.7°C 60 o
2
I-V 62.3°C 40
P-V 49.7°C
! 20
P-V 62.3°C
0 0
0 5 10 15 20 25 30 35 40 45

Voltage V, V

Fig. 6. PVT electrical performance at a solar irradiance of 815 W/m? with different module temperatures (results obtained with solar analyzer); tests were performed

on February 10, 2019.

The test results of the electrical performance at solar irradi-
ance of 815 W/m? is shown in Fig. 6 in forms of I-V and P-V
curves. The current in the short-circuit mode increased slightly,
and the open-circuit voltage decreased sharply when the PVT
module temperature increased. In addition, the maximum power
point decreased from 141 to 136 W with increasing module
temperature from 49.7 to 62.3 °C.

4.2. NOCT of unglazed PVT module

Fig. 7 shows the PVT thermal performance based on Egs. (9)
and (13). The NOCT with respect to (T — T,)/Ir is linear. The
optical efficiency of the PVT module, (t«), and overall heat loss
coefficient, U;, were calculated based on Fig. 7(b), and the heat
removal factor, Fg, was determined with Fig. 7(a).

Based on Eq. (9), the experimental data of the thermal effi-
ciency, ng, with respect to (Tpy — T,)/Ir were plotted in Fig. 7(b).
The slope of the plotted curve shows the overall heat loss coeffi-
cient, —Uj, and the intercept on the thermal efficiency axis is the
optical efficiency, (r«), of the module.

Since the module temperature was normally over the ambient
temperature and (Tpy — T,)/Ir was always higher than 0.02, then
there is a lack of datapoints at zero-loss condition. Therefore,
there may be uncertainty regarding the estimation of the optical
efficiency and then a few degrees of the NOCT are fluctuated.

Moreover, the relationship between NOCT and (T — T,)/Ir
in the figure corresponds to that described in Eq. (13). The Fg
value can be determined based on the slope of the plotted curve
of Eq. (11) or (13). In addition, the Fy values at different mass flow
rates are listed in Table 5; Fg and U; increased with increasing
mass flow. It could be noted that the value of (ta) was 0.67 which
was similar to that of Sarhaddi et al. (2010).

With F, (t), and U, the NOCT can be determined with Eq.
(13). The NOCTs of the four investigated modules in series at a
flow rate of 2.4 LPM are shown in Fig. 8. All curves exhibit similar
relationships between NOCT and (T — T,)/Ir.

Fig. 9 shows the effect of the mass flow rate on the NOCT of the
PVT module. The flow rates were varied from 1 to 6 LPM, and the
NOCT decreased with increasing mass flow rate. However, when
(Ts — Ty)/Ir exceeded 0.06, the NOCTs at any value of (Ts — Tq)/Ir
were nearly identical for all flow rates. The correlation between
the NOCT, (T —T,)/Ir, and mass flow rate, 1i1, of the tested module
can be expressed as follows:

Tp — Ta ,
NOCT = 509.5—* — 0.73521f + 36.94. (14)
T
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Fig. 7. Thermal performance of PVT at mass flow rate of 2.4 LPM: (a) NOCT,
and (b) thermal efficiency.

The R? and RMSE values are 0.9795 and 1.223 °C, respectively.

4.3. Comparing current NOCT model with typical NOCT model

Fig. 10 shows the PVT module temperature at 2.4 LPM water
circulation. The normal NOCT model was not affected by the fluid
inlet temperature, and the module temperature decreased with
the solar irradiance level; even the inlet temperature was high,
particularly in the afternoon. Regarding the current NOCT model,
the calculated results of the module temperature agree well with
the experimental data.
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Table 5
Thermal characteristics obtained in tests under no electrical load.
i i, A 800Fx % -(1—Fx)800+20 Fp (ta)/U,  (za) U
LPM J/Ks m?
1 62.7 1.326 476.29 36.569 0.595 0.051 0.67 13.2
24 167.2 1.326 492.65 35.547 0.616 0.050 0.67 133
4 278.667 1.326 505.71 34.337 0.632 0.049 0.67 13.8
6 418 1.326 572.86 30.805 0.691 0.046 0.67 14.7
90
o
=y
80
o
3
70 g°
o
& of nE
- ) o PVTI1
= 60 o8 F5
S oo 4PVT2
~ 5 oPVT3
; PVT4
40 A
30
0 0.02 0.04 0.06 0.08 0.1 0.12
(Tg-T )y
Fig. 8. NOCTs of four PVT modules in series obtained from experimental data at mass flow rate of 2.4 LPM in open-circuit mode.
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Fig. 9. Relationship between NOCT an (T — T,)/Ir at different water mass flow rates.
65
60 2
s ™
O
o
3« 50
g 45
3]
g 40 Tpv experiment
&= 3 Tpv NOCT (Eq. 2 and 14)
30 Tpv NOCT (Eq. 2 typ NOCT at 45 °C)
Tfi
25
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time, h

Fig. 10. Comparison of PVT module temperature of experiment (Tpy exp) and calculation (Tpy nocr) based on Egs. (2) and (14) and that of typical NOCT at 45 °C
(February 10, 2019).
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Fig. 11. Weather data of four days of experiments.

4.4. Validation of current NOCT model under various sky conditions

The developed NOCT model was used to predict the PVT
module temperatures under no load, which was then compared
with the experimental data of days with different sky conditions
(Fig. 11). The results of all four PVT modules with water flow rates
of 2.4 and 6 LPM are shown in Fig. 12. The RMSEs of all deviations
were below 2 °C. Moreover, Fig. 13 shows the deviation of the
predicted module temperatures with respect to the measured
data; over 96% of the data exhibited deviations within £10%.

4.5. Electrical performance

Fig. 14 compares the calculated maximum power point, Py,
based on Eq. (1) with the experimental data of the first PVT
module (PVT1) recorded on clear-sky and overcast days. The
calculated results of P, agree well with the experimental data

for all weather conditions with RMSE values of 2.8 and 5.1 W
for the clear-sky and overcast-sky days, respectively; 94% of the
calculated results agree well with the experimental data, with
deviations of £5%.

5. Conclusions

In this study, the performance of four PVT modules in se-
ries was investigated outdoors at various water mass flow rates
and water inlet temperatures in the Chiang Mai climate. A new
method for calculating the NOCT of PVT modules was developed,
and the NOCT was used to evaluate the PVT module temperature
and electrical power output. The conclusions are as follows:

e The NOCT of the PVT module depends on the incident solar
irradiance, ambient temperature, fluid mass flow rate, and
inlet temperature. Increase of the mass flow rate or decrease
of the inlet temperature resulted in decrease of the NOCT.
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Fig. 12. (continued).

e A new method for evaluating the NOCT of PVT modules was
developed and presented, and the correlation between the
NOCT of the tested unglazed PVT module, (Ts — T,)/Ir, and

1039

the mass flow rate was determined: NOCT = 509.5Tf’,;T” -

0.7352r1+ 36.94. The corresponding calculated PVT module
temperature agrees well with the experimental data for all
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(a) Clear-sky day, mass flow rate 2.4 LPM (b) Clear-sky day, mass flow rate 6 LPM
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square error:

Tpy PVT module temperature, °C
Ur Overall heat loss coefficient, W/m? K
Vv Voltage, V
(tar) Optical efficiency of module
y Temperature coefficient of maximum power, 1/K
Nth Thermal efficiency
Appendix

A.1. Uncertainty

The experimental uncertainty was calculated with the Gaus-
sian prevalence law:

R \? R \? R \°
opg=—o1) +(—w) + -+ —wn ],
0X1 X5 0xp

where wy is the uncertainty of the output result and w1, wo, .
wy are the errors of the corresponding parameters.

ey

A.2. Error analysis

The accuracy of the calculation results with respect to the
experimental data can be calculated in terms of the root mean

RMSE =

)

Z?:] (.yi - Xi)z
n

where y; is the calculated value, x; is the experimental value, and
n is the number of models or experimental data.
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