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The Electrodynamics of a Pair of PV M oduleswith Connected Building
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Abstract: - The electrodynamics of a pair of photovoltaic (PV) module$ winnected resistance due to

thermal mass of an outdoor room has been presented. Thénexgerwere conducted on a pair of glass
coated PV modules connected with a series electricalicircough a rheostat. A steady state network model
for a pair of PV modules connected with building resistivevaek has been proposed. The principles of
electromagnetic wave theory have been applied to perfornenbegy balances on the discretised nodal
elements in the network. The solution accuracy for predictidemperatures at various nodes in the network
is based on the magnitude and number of the connected ressstanthe circuit, the smaller the shunt

resistance value the greater has been the accuracy.
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1 Introduction forming a parallel plate airflow passage with facade
The electrodynamics is movement of electrons by arsection. The useful heat tra'nsport into the room from
applied electromagnetic force so as to cause_PV modu!es has been achieved with an exhaust. fan
transmission of heat and electricity through a installed in an outdoor room. The facade section
conductor. The electrodynamics of a pair of corresponding to PV modules was a polystyrene
photovoltaic (PV) modules has been investigatedfilled plywood board as an insulating back panel.
through a numerical and experimental study [1]. The Theé schematic of PV module test section with
glass coated photovoltaic modules were embeddedPcation of sensors is illustrated in Fig. 3.

in south facade of an outdoor room. The schematic i

of an outdoor room is illustrated in Fig. 1. The PV
modules were connected in series electrical circuity,, 5.0 1
through a 50Q rheostat [1]. The rheostat was a
wire-wound coil with a sliding contact used to vary e
electrical resistance without interrupting the current © Rp VI
and has another use in volume control of anPVPane2
amplifier. Electrical circuit for series connection of

PV modules with a rheostat is illustrated in Fig. 2. O
Fig. 2 Electrical circuit for PV modules with a
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Fig. 1 Schematic of an outdoor room with test (Open)

section for PV modules

The PV modules were adjoined through a woodengjy 3 gchematic of PV module test section with
frame on the facade section of an outdoor roomy, otion of sensors
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2 Problem Formulation Assuming no infiltration or air leakage sources in
The network model for a pair of PV modules airflow passage between PV module and back panel,
connected with building resistive network has beenthe continuity equation is satisfied is expressed as:
proposed. The assumptions applicable to network
model are: (i) the electrical analog of thermal part of P airA ¢V mean=
system boundary has been analysed as a parallel _ _ _
plate vertical channel; (ii) lumped temperatures at1he governing equations (1-7) are applied to
nodes; (iii) constant surface and air properties; (iv)COmposite nodes in the network to perform finite
negligible air heat conduction; (v) PV modules have difference approximations. The principles  of
negligible thermal storage in comparison to electromagnetic wave theory have bgen applled to
absorbed solar energy. The connected elementgerform thg energy balances on the discretised nodal
included in an integrated network circuit were €léments in the network. The system of algebraic
discretised part resistances of a pair of PV modulesnodal equations for each of the node in the nodal
airflow passage and back panel. The systernnetw_or!( is hgnceforth established and solved using
boundary of the electrical analog of thermal part of Matrix inversion.
the network has been discretised into 10 resistive3 Problem Solution
elements placed each on solid-air edges of PVThe network has been solved with control volume
module, back panel and center of air gap column. finite difference method (CVFDM) with measured
air velocity to calculate mass flow rate across one
PV module [1]. The electromagnetic force due to
2.1 Governing Equations solar irradiation has been assumed to be balanced

The governing equations representing heatWith forces due to flow of eleCtriCity, vertical heat
conduction, heat exchange and heat transport in P\¢onduction, long wave heat radiation, heat
module test section are presented herewith [1]. Theonvection, film heat transfer coefficients for an

heat conduction equation for PV module is written outdoor room and heat transport.
as: The energy balance equations for PV module, back

panel and air nodes in the network are written as:

constant (7)

2 2 .
0 0 Qi
Ti+—=T;+—=C 1) _ .
aX2 | ayz | ki AQ (amb)j o + AQ(cond)j j-1 + qAV + ... (8)
The heat conduction equation for insulating back = BQ(conv)i,k + AQ (cond)i j+g + Z Q(rad)i,j =0

panel is written as: !
2 2 AQ(zone)j,ZwLAQ(cond)j,j_l+AQ(c0nv)j,k+....

a—Tj"' 9 Tj:C (2) (9)
ox? ay? . 8Q(oond) 41+ 3 Q(rad) i = 0

The boundary conditions for PV module and back !

panel facing airflow passage are written as:

. AQ(enthk, k+1 + AQ(conv) i + AQ(cony)k, j= C (10)

3 . :
K [ =T =higT-T;)+ hi, (T:-T; 3
'{ax 'j T ,Z‘zo 51T 3) The matrix procedure is used for solution of
0 unknown temperatures at the discretised nodes with
_kj{a_Tthjc(Tk—Tj)+z hjr”(Ti_Tj) (4) constitution of network equations as per energy
ox ey balances performed from Egs. (8) to (10). The
The boundary condition representing energy balancdMatrix equation for the composite nodes (1 to 30) of
between solid surface and air flowing through the network is written as [1]:
passage between PV module and back panel is given

U

by: 30,30 30,17 91,3¢ (11)

P _ _ 5 The resistances were assumed to be developed
MCp a_ka = hig W (Tj=Ty) +hic W (Tj=Ty) ) due to flow of heat and current in the circuit with
. .. incident steady state electromagnetic radiation of
Tﬁﬁ boundetlrty cong!nor\ f.orfenr'hatlpy cha(ljngg _at Inletsolar energy. The view factor algebra between
with respect to ambient air for first air node 1. composite surfaces of PV module and back panel
has been derived with use of crossed-string method
Hgaq=mc U —Td (6)
Pl 10 [1]. The model has been based on measured values
of solar irradiation, electric power, air velocity,
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ambient air and room air temperatures [1]. The3.2 Resultsand Discussions

schematic of network of distributed conjugate The temperature plots for PV module, air and back
resistances of heat conduction, heat convection, hegsanel with volume of PV module test section are
radiation and heat transport is illustrated in Fig. 4.  presented in Fig. 5.
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3.1 Solution Procedure

The input values of ambient air temperature, room £ 3
air temperature, solar intensity, air velocity at outlet 1451
and electric power from the experimental setup have 1“

Air Temperature (°C)

0.05 015 025 035 045 055 065 075 085 0.9

been used to initialise the numerical solution [1]. Height of PV module Test Section (m)
The measured air velocity has used to obtain the .
mass flow rate for one PV module for calculating Fanvindaced Hyorid ventiation

thermal capacity conductance terms for the air
nodes. The thermal properties of PV module, air and
back panel, are assumed to be constant except
transmittance-absorbtance product of PV module,
which has been calculated over a period of solar
time for calculating absorbed solar radiation by PV 23
module at the time of solar intensity measurement. 2]
The non-linearity of temperature dependent " S
boundary conditions has been eliminated by heat 005 015 025 035 045 055 065 075 08 095
balance model [1]. The effect of radiation heat Height of PV module Test Section (m)
exchange between surface nodes of PV module and
back panel has been considered in detail withFig.5 Temperature plots for PV module, air and
radiosity-irradiation method assuming the enclosureback panel with respect to volume of PV module test
analysis [1]. The radiation exchange factors havesection
thus been evaluated using script factor matrix of size
(20 X 20) [1]. The non-linear temperature plots of PV module
The convection heat transfer coefficients areand back panel have shown increase in their
calculated using temperatures obtained from the heatemperatures with volume or height of PV module
balance model [1]. The conductance values are thusest section. The increase in temperature for back
been obtained as per constitutive relations for heapanel was observed to be higher than PV module as
conduction, heat convection, heat radiation and heaback panel was heated with radiation heat exchange.
transport to formulate the U-matrix (30 X 30) after Moreover back panel made up of plywood board
obtaining off-diagonal and diagonal entries [1]. The filled with polystyrene has higher heat storage
inverse of U-matrix (30 X 30) has been multiplied capacity in comparison to glass coated PV module.
with the heat source element matrix (1 X 30), to Hence, significant cooling of surface of PV module
obtain temperature matrix (30 X 1) for 30 nodes [1]. was achieved by radiation heat exchange with back
panel. The air temperatures in airflow passage were
developed as a function of magnitude of the ambient

o

Panel Temperature ( C)
N
(5]

Back




Proc. of the 3rd IASME/WSEAS Int. Conf. on Energy, Environment, Ecosystems and Sustainable Development, Agios Nikolaos, Greece, July 24-26, 2007 566

air temperature. There was exponential temperature -
variation of air with height of PV module test Unacconted L oss
section. The maximum convection heat transfer was
observed between ambient cold air entering into
inlet damper and airflow passage of PV module test
section. The dissipation of heat at inlet opening has
resulted in considerable increase in temperature of
the air. The dissipated heat from the walls of PV
modules and back panel was affected by inlet air
temperature, as with cold air temperatures increased i

heat transfer rate has resulted in significantly Electric Power o e
increasing air temperature at the inlet damper [1]. Emhal;ii/;angm Transfer Ambient Heat L oss

The heat was transported through the PV module  Ar

test section was due to convection heat exchang&ig. 6 Energy balance on a composite control
with the air flowing across the cross-sectional areavolume of 18" node of PV module test section at
of the test section [1]. The enthalpy change of airoutlet using enthalpy generation approach

was due to thermal capacity rate of amg, which

was inversely proportional to surface temperature ofTable 1 Validation results

PV module and back panel [1]. The energy balance Property Simulated Observed

on a composite control volume (PV module, air and Temperature at fodiscretised node (outlet) of
back panel) of 1®node of PV module test sectionis P\ module test section

illustrated in Fig. 6. (1) PV Module  39.2°C 35.8 °C
The mean air velocity was assumed to be (2) Air 18.6 °C 20.3°C
constant in PV module test section for representing  (3) Back panel  25.8 °C 28.9 °C

nodes of air with same thermal capacity Temperature difference betweer"Hir node and
conductances, rp@lso termed as thermal capacity 1% air node)

rate G through out the height of PV module test (4) Air 3.8°C 3.0°C
section [1]. The amount of dissipated heat from the .

PV module that has been taken up by air was_?‘_'h COI’(IjClIUhS|0n dicted th K ¢ t
function of mass flow rate passing over it, thermal € model has predicled the unknown temperatures

capacity of air and temperature difference of air inat discretised'n(.)des with use of initial c'onditions of
the airflow passage of PV module test section [l].boundary resistive elements. The solution accuracy
The thermal capacity rate mpdis ventilation heat of the network has been baseq on the magthd.e a'nd
capacity that was developed for width W across onenumber of the connecteq resistances in the circuit,
PV module in the test section [1]. The dissipatedthe smaller the shunt resistance value the greater has
heat from the face area (W X H) of PV module test been the accuracy. .

section was transformed into ventilation heat rate The network model is a usetul tool for accurate

across cross-sectional area and eventually wa?.red'.(;t'o.r,:h‘)f r?[ass fIO\f[vtrhate mdthe delec}rlcaldagalo?
convection heat exchange from the walls due golireult with voltages at the nodes developed due 1o

difference in temperature between the walls and airwaII and air temperatures. The resistive network has

flowing across cross-sectional area of the solar waIIbeen fpund to be”uncondmonally stable .W'.th
[1]. algebraic superposition of connected resistive

The validation of the results obtained from the elements in the circuit that were analysed at their

proposed network model and measured values hav@a(;('mutm delei:tr;lcal _t.anclsllog ctgnductance values
been conducted [1]. Table 1 has presentedun er steady state critical operation.
comparison of results obtained from the

: References:
experimental setup and the proposed network model . :
The results obtained from the model were in good[}] H- Dehra, A numerical and experimental study

agreement with the measured values. The majorfohr gen?ration ?jf Ielectricbagg ;[jherngallgowefr Wi(;h
o photovoltaic modules embedded in building facade,
cause of deviation of the model from the measured%ubmitted/unpublished Ph.D. thesBepartment of

values was due to considerable heating at the inlet"" .. . . . .
g uilding, Civil and Environmental Engineering,

g?vrcgsé Zzg gieeaxtigtlrzgs[ﬁr losses from the side wall oncordia University Montréal, Canada,August
) 2004.
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Nomenclature:

A Face area of PV module fn

Co Specific heat of air at constant pressure (J
kg' K™Y

Ey Electric power generated by PV module
(Watts)

H Height of PV module test section (m)

ho Wind heat transfer coefficient (WK™

hic Convective heat transfer coefficient for PV
module (W nifK™)

hic Convective heat transfer coefficient for
Back panel (W MK™)

hr Linearized radiation heat transfer coefficient
(W m?K™)

Kair Thermal conductivity of air (WattshiK™)

ki Thermal conductivity of PV module (Watts
miK™?

Ki Thermal conductivity of back panel (Watts
miK™?

L Air gap width of channel (m)

m mass flow rate (for one PV module) through
the PV module test section (kg)s

q Ngt heat flux density in PV module (Watts
m”)

Qs1 Heat source matrix (30 X 1)

Q(amb) Ambient heat transfer rate (Watts)
Q(cond)Conduction heat transfer rate (Watts)
Q(conv)Convection heat transfer rate (Watts)
Q(enth) Enthalpy heat transfer rate (Watts)
Q(rad) Radiation heat transfer rate (Watts)
Q(zone) Room heat transfer rate (Watts)

S Absorbed solar radiation by PV module
(Watts)

T Temperature at node (° C).

To Specified ambient air temperature (° C)

Tso1  Temperature matrix (30 X 1)

T Temperature of PV module (° C)

T; Temperature of Back panel (° C)

Tk Air temperature in the channel (° C)

Tr Room air temperature (° C)

U Conductance at nodal element (Watts)

Uso3e Conductance matrix (30 X 30)

Y Air velocity through the channel (rif)s

Subscripts:

[ PV module

] Back panel

k Air

o] Ambient air

H Height of PV module test section

L Air gap width of airflow passage

R Room

PV PV module

w Width of one PV module
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