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ABSTRACT

In this work a simple predictive model to estimate PV/T collector performance is presented. The model is based
on an equivalent electrical circuit of the collector, whose solution allows evaluation of its thermal and electrical
power produced. The electrical circuit is modified according to whether the problem is solved in stationary or
transient conditions. As regards the stationary approach, two different circuits can be schematized: the first
allows evaluation of the magnitudes at different points along the motion direction of the fluid; the resolution of
the second electric circuit allows direct evaluation of the average magnitudes between the inlet and outlet
collector section. With the transient model, instead, it is possible to estimate the behaviour of the collector by
adding, to the previous circuit, a capacitor of capacity equal to those of the thermal collector. Obviously, when
the transient condition is exhausted, the various determined quantities are identical to those measured in
stationary conditions. Finally, the study shows that the electrical circuit used for this type of collector is similar
to that of the solar thermal collector, with the difference that some circuit components also contain electrical
quantities.
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1. INTRODUCTION

Among the various sources of energy, certainly, solar
energy has a basic role in meeting global energy needs and in
the air pollution reduction [1]. The solar energy is collected by
means of photovoltaic and thermal panels. The photovoltaic
panels convert solar energy directly into electricity, while the
thermal panels (or collectors) convert it into thermal energy of
a heat transfer fluid.

PV/T cogenerative technology, the subject of research and
development since the *70s, arises from the need to improve
the low efficiency of the PV system and also, using the heat
generated as a product, to provide easily both electricity and
heat. Therefore, they can replace cogeneration plants which
use non-renewable resources [2]. PV/T collectors are simple
to incorporate in the facades or on the roofs of buildings and
therefore they are suitable to real applications. One of the main
advantages of the PV/T technology is the fact that the
collection surface used is roughly halved for the same
electrical and heat products, when compared with that required
by separated panels (PV and thermal). This aspect is more
evident especially when the surface has significant sizes [3].

The aim of the present work is to identify simple alternative
methodologies, to allow the estimation of the cogenerative
solar collectors performance. This is possible using electrical
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analogy. Two systems are similar when they are governed by
similar equations and have similar conditions to the limit: the
equation that describes the behavior of a system can be
transformed into the equation of the other system simply by
changing the variable symbols. For example, thermal
conduction in solids is, in many ways, similar to electrical
conduction in the conductors. Therefore, a thermal circuit
corresponds to each electrical circuit and vice versa.
Specifically, the thermal parameters such as power,
temperature and heat capacity, are equivalent, respectively, to
the following electrical parameters: current, voltage and
capacity.

In this case, the equivalent electric circuit of the collector
allows resolution of the power balance. The various terms in
the equation are combined to circuit elements; for example, the
power absorbed by the collector is represented by means of a
current generator, while the external air temperature by means
of a voltage generator. In addition, the electric circuit is
suitably modified as a function of the system conditions:
stationary or transient.

In this work it is shown that the circuit relating to the solar
thermal collector can also be used for the PV/T collector,
through the redefinition of certain circuit magnitudes so as to
take account also of the electrical component.



2. HEAT BALANCE EQUATION OF A SOLAR
COLLECTOR

The instantaneous heat balance equation of a solar collector,
with reference to the power absorbed by the plate, is:

G A(ra)=Q,+Q, + d:Jtp

(1)

where G. is the global radiation incident on the collector plane,
A, is the absorbing surface area, (ta) is the effective product
between the cover transmission coefficient and the plate
absorption coefficient, Qq is the thermal power given to the
heat transfer fluid, Q, is the power lost by radiation and

. . dUp .
convection, while d_tp is the power accumulated by the plate.

2.1 Stationary thermal analysis

Setting the solar irradiance absorbed with S [S=G¢-(ta)], the
plate temperature with T, and the fluid temperature with T,
Eq. (1), written in stationary conditions, for an element of area
(W-dx), becomes:

_rhc, dT, (x)
W dx
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where Cr is the hourly specific thermal capacity of the fluid,
W is the collector width, U. is the global heat exchange
coefficient between plate and external air and T, is the external
air temperature.

Referring to Eq. (2) it is possible to schematize the
equivalent electric circuit shown in Figure 1.
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Figure 1. Equivalent electric circuit

In the electric circuit shown in Figure 1, R represents the
thermal resistance between the plate and the external air (equal
to 1/U¢) and Ry is the thermal resistance between the plate and
the fluid. The latter is obtained as the difference between the
fluid-external air resistance and the plane-external air
resistance:

The use of a capacitive element is not related to the transient
modeling of the solar collector. In fact, for the stationary
analysis, the capacitor is simply used as an integral element in
the circuit and the time is simply analogous to the distance [4].
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The resolution of this circuit allows the temperature of the
plate and that of the heat transfer fluid to be estimated and,
therefore, the thermal power transferred to the fluid at different
points, along the fluid motion direction (from the collector
inlet section x = 0 to collector outlet section x = L).

Since, to estimate the average useful power between inlet
and outlet it is necessary to solve the circuit and then calculate
the mean arithmetic value between the magnitudes evaluated
in the two extreme sections, it was considered appropriate to
schematize a second electrical circuit in which the magnitudes
estimated are already averages, so as to make the immediate
calculation. With the new circuit the analysis can be extended
to more irradiation values (time values) on the plane of the
collector and, therefore, to perform the estimation of the useful
daily power.

The electrical circuit of Figure 2, in this case, describes the
following thermal balance:

(f-T) (L-T) _(T-T) (T-T.)

S= + = + (3)
A 1 R, R
2rhc, U,
with the hypothesis:
- T T
'l'f — out + in
2

where Ti, and Toy represent, respectively, the inlet and outlet
temperature of the fluid.
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Figure 2. Equivalent electric circuit, average magnitudes
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Figure 3. Equivalent electric circuit in transient conditions
2.2 Transient thermal analysis

Eq. (3), written in transient conditions, becomes:
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where (mc), represents the heat capacity (specific) of the plate
Cp [J. m-2. K-1].

The electric circuit, that describes Eq. (4), is schematized in
Figure 3.

3. HEAT BALANCE EQUATION OF A PV/T
COLLECTOR

Hybrid thermal-photovoltaic solar collectors [3], or PV/T,
are systems able to convert simultaneously solar energy into
electricity and heat. A PV/T collector, generally, is composed
of a coil, or of a bundle of tubes in parallel, in which the heat
transfer fluid circulates and above which the photovoltaic
module is glued, by means of a highly conductive glue, or
laminated; they can be glazed or uncovered. Figure 4 shows
an assembly drawing of a PV/T glazed collector.
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Figure 4. Assembly drawing of a PV/T collector [3]

The instantaneous heat balance equation of the absorber
plate, in the case of the PV/T collector, is described by Eq. (5).

du,
dt

G, (ra)A =Q,+Q, +Q. + (5)

where, the useful power transferred to the heat transfer fluid is
indicated with Q, while Q. represents the useful electrical
power generated.

3.1 Stationary thermal analysis

The specific electrical power is calculated by the following
expression:

Q

9. =~ =10C, (6)
A

where, e represents the electrical efficiency [5]:

e =Mk [1_/B(TC_TR)+7/|0910 Gc] (7)

Given the hypothesis that the plate temperature is coincident
with the photovoltaic laminate temperature T. = T}, Eq. (5),
written in stationary conditions, for an element of area (W-dx),
becomes:
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With simple algebra [3, 6], Eq. (8) can be rewritten as:

jz

(va)

G (Ta){l—nR [1_ﬂ (Ta _TR)+7|0910 Gc]

©)
dT, (x)
dx
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5 _UR[l_ﬁ(Ta_TR)+7|0910Gc]
S =G, (ra)(l (ra)
a
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(7a)

]:

(10)

(1)

where 1, is the electrical efficiency of the collector when the
cell temperature is equal to external air temperature.
Eq. (9) becomes:

S=C, g + =
X

This last expression, with the change of variables introduced,
is identical to Eq. (2) relative to the traditional thermal
collector.

Referring to Eq. (12) it is possible to schematize the
equivalent electric circuit shown in Figure 5.

The electrical circuit of Figure 5 is similar to that of Figure
1, with the difference that some circuit variables also contain
the electrical component in accordance with Eqgs. (10) and (11).
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Figure 5. Equivalent electric circuit, PV/T collector

Using Egs. (13) and (14), which describe the specific useful
power, and Eq. (12), a differential equation of the first order is
obtained; the resolution of this equation allows the expression
for the calculation of the local fluid temperature to be obtained
and, therefore, that for the calculation of the local plate



temperature, along the fluid motion direction.

g, (x)=C, dTé)EX) (13)
Q (X)_TP(X)FN;Tf (%) 14)
T (X) =T, +T" 1—eRé'J (15)
T,(X)=T,+T" 1_%“2,} (16)

where:
T':(Ta_Tin+ S ~e)

R=R +R,

Integrating Egs. (15) and (16) over the entire length of the
plate, the equations for the calculation of the plate and fluid
average temperature and, therefore, the equations to calculate
the thermal and electrical average powers are obtained:

qu = ~R (g_uc (Tln _Ta)) (17)
qe:naGc_nR ﬁGc (Ui;(l_lfR)'i_(Tin _Ta)'ER] (18)

Also for the PV/T collector, as for the traditional thermal
collector, it is appropriate to schematize a second electric
circuit as a function of the average quantities rather than local
ones. In this case the electric circuit (Figure 6) describes the
following thermal balance:

(M -T) (L-T)_(T-T), (T-T)

S= + = +— (19)
A 1 R, R
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Figure 6. Equivalent electric circuit (average magnitudes),
PV/T collector
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Taking into account the change of variables, Egs. (10) and
(11), the electrical circuit of Figure 6, relative to the PV/T
collector, is similar to that of Figure 2 corresponding to the
traditional thermal collector.

3.2 Transient thermal analysis

Eq. (19), written in transient conditions, becomes:

S (T _Ti")+(fpjTa)+(mc) a,
R, P dt

R

(20)

The circuit that describes Eq. (20) is shown in Figure 7; also
in this case, the electric circuit is similar to that of Figure 3
relative to the traditional thermal collector.
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Figure 7. Equivalent electric circuit in transient conditions,
PV/T collector

4. VALIDATION OF MODELS

To verify the correctness of the results provided by the
models, initially a solar thermal collector, whose
characteristics are summarized in Table 1, is used. In the same
table, also the data of solar radiation on the collector plane,
external air temperature and temperature of the incoming fluid
to the collector are reported.

Table 1. Input data for the analysis

Absorbing surface area Ac [m?] 1.91
Mass flow rate of the fluid [kg/s] 0.01592
Transmittance 0.91
Absorbance 0.95
Zero loss efficiency mo [%] 78.5
First order heat loss coefficient a1 [W/m?K] 3.722
Second order heat loss coefficient a2 [W/m?K?] | 0.012
Thermal capacity Cp [J/m?K] 9543
Global radiation Gc [W/m?] 800
External air temperature Ta[°C] 23
Fluid temperature in the inlet section T [°C] 30

By the resolution of the circuit shown in Figure 1, the local
values of the plate temperature Tp, of the fluid temperature Tr
and of the specific useful power qu, along the motion direction,
are obtained; their trend is shown in Figure 8. The average



value of the specific useful power obtained is of 568 W/m?. By
the resolution of the circuit shown in Figure 2 (stationary
conditions and average magnitudes), instead, a value of the
specific useful power of 568.8 W/m? is obtained. The same
value, as shown in Figure 9, is reached asymptotically with the
resolution of the electric circuit in transient conditions (Figure
3), when the transient condition is exhausted.
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Figure 8. Fluid temperature, plate temperature and specific
useful power trend
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Figure 9. Specific useful power trend in transient conditions

In Figure 10, the comparison between the power curve
obtained by resolution of the circuit under transient conditions
and the power curve given by the collector manufacturer is
shown. The comparison is made for a constant solar irradiation
value of 1000 W/m?. The same results are presented in Table
2, in which also the percentage error between the two solutions
is estimated:

QuCaIc _QuReaI %
QuReaI

E =

2D

The small difference between the two solutions is
attributable to the evaluation of a single value of the global
heat exchange coefficient Uc, non provided by the
manufacturer. It is derived from coefficients a; and a,.

For the analysis of the models relative to the PV/T collector,
a collector with the characteristics reported in Table 3 is used.
By the resolution of the circuit shown in Figure 5, the local
values of the plate temperature Tp, of the fluid temperature T
and of the thermal and electrical specific useful power (q. and
de), along the motion direction, are obtained; their trend is
shown in Figure 11. The average values of these quantities are,
respectively, equal to 41.74 °C, 31.29 °C, 308.7 W/m? and 139
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W/m?. By the resolution of the circuit shown in Figure 6, the
following results are obtained: 'T'p =41.73 °C, 'T'f =31.27 °C,

g, = 308.9 W/m? e §,= 139 W/m?. The same values of the

thermal and electrical power, as shown in Figure 12, are
reached asymptotically with the resolution of the electric
circuit in transient conditions (Figure 7), when the transient
condition is exhausted.
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Figure 10. Real and calculated power curve
Table 2. Real and calculated power
-T—f -Ta [CC] QuReaI [VV] QuCaIc [VV] € [%]
0 1499.35 1536.02 2
10 1425.97 1442.01 1
20 1348.00 1348.00 0
30 1265.45 1253.99 -1
40 1178.32 1159.98 -2
50 1086.60 1065.97 -2
60 990.30 971.96 -2
70 889.41 877.95 -1
80 783.94 783.94 0
90 673.89 689.93
100 559.25 595.92
Table 3. Input data for the PV/T collector
Absorbing surface area Ac [m?] 1.15
Mass flow rate of the fluid [kg/s] 0.033333
Zero loss efficiency o [%] 55
First order heat loss coefficient ai [W/m?K] 6.3
Second order heat loss coefficient a> [W/m?*K?] | 0.08
Thermal capacity Cp [J/m?K] 11478.26
Temperature coefficient for cell efficiency B [°C™ | 5 0045
11
Rated voltage Vimp [V] 30.5
Rated current Imp [A] 8.2
Global radiance Gc [W/m?] 800
External air temperature Ta[°C] 25
Fluid temperature in the inlet section Ts [°C] 30
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Figure 11. Fluid temperature, plate temperature, specific
thermal and electrical power trend, PV/T collector

Finally, the hourly values of thermal and electrical power
have been determined for the PV/T collector for a whole day
in stationary and transient conditions.

The results obtained are presented in Table 4 and shown in
Figure 13.
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Figure 12. Specific thermal and electrical power trend in
transient conditions, PV/T collector

Table 4. Comparison of thermal and electrical power
estimated with the stationary and transient model, for a PV/T

solar collector
Hour Ta Ge Qus Qes Qut Qet
[T] | [WIm?] | [WIm?] | [WIm?] | [WIm?] | [W/im?]
6 24.3 | 69.79 0 0 0 0
7 25.46 | 257.59 91.6 10.98 84.16 11.05
8 26.94| 466.14 | 196.62 52 188.86 52.14
9 |28.06| 656.89 | 284.58 98.8 277.97 | 98.96
10 [28.58| 803.36 | 346.19 | 138.85 | 341.51 | 138.99
11 28.7 | 892.28 | 380.77 | 164.57 | 378.12 | 164.66
12 28.7 | 916.57 | 389.79 | 171.77 | 389.10 | 171.79
13 28.7 | 875.06 | 374.35 | 159.51 | 375.55 | 159.47
14 |28.58| 770.87 | 333.84 | 129.68 | 336.98 | 129.59
15 |28.12] 612.94 | 267.87 87.36 | 273.00 87.24
16 |27.26] 419.15 | 180.17 41.55 187.03 41.44
17 |26.18| 221.96 82.33 5.48 90.06 5.42
18 |25.14| 66.78 0 0 1.28 0
Average [W/m?] 225.24 | 8158 | 224.89 | 81.60

From the results presented in Table 4, it is observed that,
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under transient conditions, for the capacitive effects of the
collector, in the early hours of the day during which the
collector is heated, the specific useful power transferred to the
heat transfer fluid is less than that obtained under stationary
conditions. On the contrary, in the afternoon hours, during
which the collector cools down, the specific useful power
transferred to the heat transfer fluid is greater than that
obtained in stationary conditions (the collector takes more
time to cool down).
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Figure 13. Thermal and electrical power trend, stationary
and transient circuit model, PV/T collector

5. CONCLUSIONS

In this paper a simple predictive model to estimate PV/T
collector performance has been presented. The model is based
on an equivalent electrical circuit of the collector, whose
solution allows the evaluation of thermal and electrical power
produced. The electrical circuit is modified according to
whether the problem is solved in stationary or transient
conditions. As regards the stationary approach, two different
circuits were schematized: the first allowed evaluation of the
quantities at different points along the motion direction of the
fluid; the resolution of the second electric circuit allowed
direct evaluation of the average magnitudes between the inlet
and outlet collector section. With the transient model, instead,
it was possible to estimate the behaviour of the collector by
adding a capacitor of capacitance equal to those of the thermal
collector to the previous circuit. Obviously, when the transient
condition is exhausted, the various determined quantities are
identical to those measured in stationary conditions. Finally,
the study showed that the electrical circuit used for this type of
collector is similar to that of the solar thermal collector, with
the difference that some circuit components also contain
electrical quantities.

Simulating the behaviour of a thermal solar collector and a
cogenerative PV/T solar collector, it was verified that the three
circuit models, stationary with local magnitudes, stationary
with average magnitudes and transient (when transient is
exhausted), provide the same results.

Comparing, instead, the PV/T collector behaviour in
stationary and transient conditions, for a whole day, it was
observed that, for the capacitive effects of the collector, during
the morning hours in which the collector heats, the transient
model provides useful power values lower than the stationary
model and the opposite in the afternoon hours, during which
the collector cools.
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NOMENCLATURE
A absorbing surface area, m?
Ce hourly specific thermal capacity of the
fluid, W. m!. K'!
Cp plate specific thermal capacity, J. m2. K-
1
Cp specific heat of the fluid, J. kg!. K'!
F’ collector efficiency factor
F' PVIT collector efficiency factor
F. PVIT collector removal factor
Gc global radiation on the collector plane,
W. m?

L collector length, m

m mass flow rate of the fluid, kg. s*!
Q power, W

Q PV/T power, W

q specific power, W. m?

q average specific power, W. m™

Re

Greek symbols

B

Y
€
n
Na

(10)

Subscripts
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thermal resistance between plate and
external air for thermal collector, m?. K.
W-l

thermal resistance between plate and
external air for PV/T collector, m?. K. W-
1

thermal resistance between plate and
fluid for thermal collector, m?. K. W-!
thermal resistance between plate and
fluid for PV/T collector, m?. K. W!

solar irradiance absorbed by the thermal
collector plate W. m?

solar irradiance absorbed by the PV/T
collector plate W. m™

temperature, °C

average temperature, °C

global heat exchange coefficient between
plate and external air for a thermal
collector, W. m2. K'!

global heat exchange coefficient between
plate and external air for a PV/T
collector, W. m2. K*!

internal energy, J

collector width, m

motion direction of the fluid, m

temperature  coefficient  for  cell
efficiency, C*

intensity coefficient for cell efficiency
percentage error, %

efficiency

electrical efficiency with T,=T, condition
effective product between the cover
transmission coefficient and the plate

absorption coefficient

external air

cell

electric

electric steady
electric transient
fluid

inlet section
outlet section
plate (collector)
reference conditions
thermal

thermal calculated
thermal real
thermal steady
thermal transient
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