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a  b  s  t  r  a  c  t

A  closed-analytical  expression  for  the solar  heat  gain  coefficient  (SHGC)  of  a  glass-glass  photovoltaic
module  for  building-integration  is constructed  ab  initio,  from  the  thermal  study  of  the  general  case  of
any number  of  planar  parallel  layers  with  homogeneous  absorption  of  solar  radiation.  By introducing
the  optical  model  of Baenas  and  Machado,  the  expressions  for the  SHGC  of the  opaque  and  transparent
parts  of the  module  will be  provided.  The  scope  of the  calculation  and  the assumed  working  hypothesis
eywords:
hermal performance
emitransparent BIPV
olar heat gain coefficient
lazing systems

are  in line  with  those  of  international  standards  for multiple  glazing  systems  and  building-integrated
photovoltaic  modules.  The  proposed  model  has  been  applied  to a real  case  of  study,  showing  an  excellent
agreement  with  the  numerical  and  experimental  related  data.

© 2017  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
olar factor

. Introduction

Building-integrated photovoltaic (BIPV) market has experi-
nced a considerable expansion in the past decades and a
ontinuous development is expected for the following years. One
f the main drivers for BIPV market growth is the increasingly
emanding legislation related to energy performance in buildings.
he building sector, responsible for 40% of the total energy con-
umption in the EU,1 provides a largely untapped and cost-effective
otential for energy savings. Energy related directives, building
odes and standards are therefore amongst the most important
easures for energy efficiency in buildings. In the EU, for example,

he Energy Performance of Buildings Directive [1] 2010/31/EU and
he Energy Efficiency Directive [2] 2012/27/EU constitute the main
egislation in relation to energy consumption reduction in build-
ngs. Within this framework, the introduction of passive energy
aving strategies is key, but also renewable energy technologies,

nd in particular the integration of photovoltaic (PV) systems in
he building envelope, offer many possibilities to play a key role
ithin the Nearly Zero Energy Buildings scenario.

∗ Corresponding author.
E-mail addresses: tomas.baenas@ua.es (T. Baenas),

aider.machado@tecnalia.com (M.  Machado).
1 See, e.g.,  the proposal for the amendment of Directive 2010/31/EU on the

nergy performance of buildings (2016), http://ec.europa.eu/energy/en/topics/
nergy-efficiency/buildings.

ttp://dx.doi.org/10.1016/j.enbuild.2017.06.039
378-7788/© 2017 The Authors. Published by Elsevier B.V. This is an open access article 

/).
The use of semitransparent glazed BIPV products in skylights
and faç ades is rapidly increasing, offering a good balance between
aesthetics, efficiency, cost and multifunctionality in the building
environment. Glass-glass PV laminates may  be combined with
additional glass panes in double or triple glazing systems and also
with added coatings or colored elements to provide improved aes-
thetics, shading during the summer, natural lighting and thermal
insulation during the winter, acoustic insulation and mechanical
safety, among other functionalities.

This growing implementation of semitransparent BIPV elements
and the need to comply with energy performance related legis-
lation and national building codes implies for architects, thermal
engineers and manufacturers the need to have access to the thermal
transmittance coefficient (U-value) and solar heat gain coefficient
(SHGC) values, which are typically used for comparison between
glazing systems and as inputs for building energy performance
simulations.

The SHGC, also named as g-value or solar factor, is the total solar
energy transmittance factor through a glazing system separating
two environments (generally outdoor and indoor). A standardized
definition of this magnitude in the case of transparent glazing sys-
tems is given by, mainly, ISO 9050 [3] or EN 410 [4] for a simplified
calculation, i.e.,  avoiding the resolution of the non-linear system

of equations for the heat balance. A detailed calculation in which
conductive-convective and radiative parts of the heat transport
problem are coupled through the temperature nodes, is provided
by ISO 15099 [5] and EN 13363-2 [6]. The latter standards follow a
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Nomenclature

A spectral absorptance
Ā solar-spectrum integrated absorptance
Āi ith layer solar-spectrum integrated absorptance
ei ith layer thickness, [m]
g SHGC (solar heat gain coefficient)
f ratio of transparent to total area
h combined heat transfer coefficient, [W/(m2K)]
hconv convective heat transfer coefficient, [W/(m2K)]
hrad radiative heat transfer coefficient, [W/(m2K)]
I solar irradiance, [W/m2]
ki ith layer thermal conductivity, [W/mK]
Pel electrical (DC) PV generation power, [W/m2]
q steady-state heat flux without solar irradiance,

[W/m2]
qs steady-state heat flux with solar irradiance, [W/m2]
qi,i+1 steady-state heat flux between ith and (i + 1)th nodal

planes, [W/m2]
ri i component interface spectral reflectivity
Ri ith layer thermal resistance, [m2K/W]
Rtot total thermal resistance of the system, [m2K/W]
R spectral reflectance
R̄ solar-spectrum integrated reflectance
R̃i,i+1 modified thermal resistance between ith and

(i + 1)th layers, [m2K/W]
S normalized relative spectral distribution of the solar

radiation, [m−1]
Ti ith node temperature without solar irradiance, [K]
Ts
i

ith node temperature with solar irradiance, [K]
Tm temperature mean value, [K]
T spectral transmittance
T̄ solar-spectrum integrated transmittance
U U-value (thermal transmittance coefficient),

[W/(m2K)]
ˇe Hermanns et al.’s parameter (direct absorptance

moment)
ˇref linear temperature coefficient (at reference temper-

ature), [K−1]
� Rosenfeld’s parameter (normalized average thermal

resistance)
ε hemispherical emissivity
ıq steady-state heat flux difference between solar irra-

diance and no solar irradiance cases, [W/m2]
� PV cell conversion efficiency
� spectral solar flux factor
�̄ solar-spectrum integrated flux factor
� wavelength, [m]
�i i component substrate spectral transmissivity
� Stefan-Boltzmann constant, [W/(m2K)4]
	 irradiation angle of incidence, [rad]
	r irradiation angle of refraction, [rad]

Special subscripts and superscripts
bare bare PV cell (not encapsulated)
cal analytically calculated value
cell PV cell
eff effective (absorptance)
ec encapsulated PV cell
enc encapsulation materials (glass and polymers)

in/out boundary indoor (or incoming)/outdoor (or out-
coming)

l polymer interlayer
num numerically calculated value
exp experimental value

f/b front/back directions
gi ith glass layer
ref reference conditions

different approach, by considering either a node of temperature in
each glass surface, or a sole node for each layer, respectively.

Therefore, for glazing systems with no PV cells embedded,
different mathematical procedures for the calculation of the
SHGC and thermal transmittance are included in the previously
mentioned standards: in the case of the simplified calculation,
closed-analytical expressions are provided, while iterative proce-
dures must be applied for a detailed calculation. Concerning the
normative framework of BIPV, the recently published EN 50583 [7]
standard, parts 1 and 2, for BIPV modules and systems states the
need to determine U- and g-values for BIPV systems, but no spe-
cific calculation procedure is provided, beyond references to the
glazing standards. For the determination of the solar factor of semi-
transparent BIPV glass–glass modules, the analysis of heat transfer
through the system should consider both the surface covered by
opaque PV cells (opaque region) and the transparent glazed part
(transparent region). In this sense, the detailed thermal and optical
modelling of the area occupied by the cells is missing in currently
available standards.

In this paper, an analytical determination of the SHGC of a glass-
glass photovoltaic module for building-integration is provided,
starting from the thermal study of a general system of any number
of planar parallel layers with homogeneous absorption of solar radi-
ation (short-wave spectrum), and opaque to infrared radiation. An
accurate description of the optical performance is included through
the application of the optical model of Baenas and Machado [8]
and Machado et al. [9]. The scope of this analytical model and its
assumed working hypothesis are in line with those of international
standards for multiple glazing systems. However, it improves the
accuracy of the optical and thermal modeling, with respect to the
standardized simplified calculation, and it completes the descrip-
tion of the opaque region by introducing the effective short-wave
absorptance of the solar cell. This effective absorptance takes into
account the ability of the solar cell to convert a portion of the solar
irradiation into electrical energy.

The features of the model presented herein allow the achieve-
ment of results with the same accuracy levels as those of the
iterative procedures, under standardized boundary conditions. This
is accomplished through closed-analytical expressions and a set of
physical parameters that can be quantified by following the pro-
cedures from the related standards – including the experimental
optical characterization of the encapsulation materials – or even
from the technical data provided by the manufacturers for the dif-
ferent components, leading to a determination of the SHGC from
design parameters. However, this operational advantage is related
with the standardized-like set of environmental conditions used
in the simplified calculation, which is very useful for BIPV applica-
tions. Obviously, it cannot hold for any set of boundary conditions,
as the non-linear equations and coupling effects within the heat
transfer problem cannot be avoided in general, due to the involved
physical laws.

Several studies can be found in the specific literature on
the thermal performance of semitransparent BIPV modules using

numerical procedures, with different modelling approaches. For
instance, Fung and Yang [10] provided a rigorous calculation of
the so-called semi-transparent photovoltaic module heat gain
(SPVHG), which is equivalent to the g-value, by numerically solving
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 one-dimensional transient heat transfer model of a glass-glass
V module. Further interesting numerical studies on the thermal
erformance of BIPV systems can be found, among others, in Skan-
alos and Karamanis [11], Vats and Tiwari [12], Infield et al. [13,14],
ong et al. [15], Wang et al. [16], Han et al. [17], Chow et al. [18]

r Liao [19] and Guardo et al. [20] (the last two ones using two-
imensional computational fluid dynamics – CFD – to model the
eat transfer phenomena). A recent compilation of different mod-
lling approaches for the thermal analysis of BIPV systems has
een performed as a result of the SOPHIA Photovoltaic European
esearch Infrastructure FP7 project.2

These numerical studies contextualize the importance and the
eed to obtain estimations for the g-value from the design phase of
IPV modules, though this issue is approached from a complemen-
ary perspective to the one followed in this work. They provide a
lear view on the general design parameters used for the theoretical
tudy of the thermal performance, the accuracy of numerical pre-
ictions and the simplifications of the modelling, some of which
in particular, those regarding the optical performance) can be
mproved, as will be shown herein.

In a similar way, Mazzali et al. [21] used a finite difference model
o solve the heat transport problem. This work will be further ana-
yzed in Section 4, as it includes a direct experimental measurement
f the SHGC in standardized boundary conditions which will be
sed herein to test the results of the theoretical model presented.
ote that the experimental characterization of the SHGC is a costly
nd complex matter (see, e.g., in the scope of BIPV, Chen et al. [22],
ahud et al. [23], Olivieri et al. [24], Kuhn [25] and the previously
entioned Mazzali et al. [21]).

The experimental measurement of the solar factor is not a
equirement from BIPV or glass for building standards, and it is not a
ervice usually offered by research centers, laboratories of notified
odies, though available in some of them. Experimental character-

zation, based on the use of calorimeters, is costly and onerous for
he usual industry needs.

None of the previous works includes an optical characteriza-
ion of the absorptance of the solar cell, through the layer-by-layer
alculation of the short-wave energy fluxes (ISO 15099, [5], or Bae-
as and Machado [8] and references therein). This key physical
arameter is included in the formerly mentioned thermal mod-
ls either as a design parameter or by numerically fitting through
n experimental calibration. Although these calculation procedures
re technically valid within the different purposes of each study (for
nstance, an accurate evaluation of the annual total heat gain of the
V system), the common and practical use of the g-value, mainly
y the glazing and faç ade industries, requires a complete a priori
alculation of the SHGC, in line with the recent requirements of EN
0583 [7] standard. There is a need in these sectors to determine in
dvance the optical and thermal properties of the glazing elements,
nder the different and multiple configurations that can be consid-
red in the design phase of the building envelope. An example of an
pplication of this type is shown in Machado et al. [9], where opti-
al analytical modeling is used to predict PV cell efficiencies with
ifferent encapsulation materials (mainly glass and polymers).

In this sense, Moralejo et al. [26] performed the optical char-
cterization of a set of BIPV modules through the ISO 9050 [3]/EN
10 [4] standards, and used the simplified standardized expres-
ion for the g-value. This is also the approach taken in, e.g.,  Misara’s
27] or Shen’s [28] dissertations, in order to tackle with the thermal

erformance of BIPV modules.

In view of the above, the procedure developed herein incorpo-
ates a theoretical modeling of the optical and thermal performance

2 Grant Agreement 262533, http://www.sophia-ri.eu/
Buildings 151 (2017) 146–156

of a BIPV system. The optical model requires the spectrophoto-
metric characterization of a minimum number of configurations
in order to obtain the spectral reflectivity of the encapsulation-
cell interfase, after which the optical performance of other module
configurations can be obtained from calculations [9]. The thermal
modeling allows the calculation of the solar factor from standard-
ized and/or design parameters (e.g., experimentally characterized
by the manufacturer). This calculation is performed here from a
simplified approach, in line with EN 410 [4] and ISO 9050 [3] stan-
dards to which BIPV standard EN 50583 [7] refers, avoiding the
non-linear calculation of the thermal balance equations. However,
a detailed numerical calculation can be tackled from standardized
procedures (ISO 15099, [5] and EN 13363-2, [6]) or the referenced
literature on numerical studies. As a result, the presented method
involves lower economic and execution costs than a fully experi-
mental g-value determination.

This paper is structured as follows. In Section 2, the applied
thermal model and the general definition of the SHGC for a multi-
layered system are developed ab initio. In Section 3, the proposed
expression for the simplified calculation of the g-value and its main
features are presented. This comprises the optical performance
of the PV module, the modeling of the effective absorptance of
the encapsulated solar cell, and their integration within the pre-
vious thermal model. In Section 4, an experimental and numerical
comparison with external data will be provided, highlighting the
operational advantages of the proposed procedure. Finally, some
conclusions about the presented research will be drawn.

2. Thermal model fundamentals

2.1. Central nodal-plane approach

The theoretical basis of a one-dimensional short-wave absorp-
tion and thermal conduction problem, in steady-state, for a
multilayered planar parallel glazing structure is revisited in this
work. For the established purposes, an in accordance with current
European and international regulatory framework, homogeneous
and non-scattering media will be considered, within the hypothe-
sis of uniform absorption of solar radiation, which represents very
closely the real behaviour of glazing systems. For a comprehensive
study of a more general situation – including non-uniform absorp-
tion – Rosenfeld [29] or Hermanns et al. [30], can be consulted
(both models being indeed equivalent). The central nodal-plane
approach, based on the equivalence of the uniform absorption
hypothesis and the assumption that the short-wave absorption
occurs in a nodal-plane in the center of the glass pane, is followed
herein. This approach will simplify the handling of the thermal
balance equations.

The incoming normal solar radiation flux (irradiance) will be
henceforth denoted by I. A glass pane with thickness e and thermal
conductivity k will be considered. Let 0 ≤ Ā ≤ 1 be the (standard-
ized) solar-spectrum integrated absorption coefficient, ĀI  being the
absorbed radiation flux. Let T1 and T2 be the surface temperatures,
and qin and qout the incoming and outcoming steady-state heat
fluxes, respectively. All heat fluxes are defined per unit area. Let
x be the transversal coordinate, positive as depicted in Fig. 1.

The uniform absorption hypothesis is mathematically estab-
lished by means of the differential relation dq = (ĀI/e)dx.  This

equation, together with the one-dimensional Fourier law (for
steady thermal conduction), q(x) =− kdT/dx,  leads to the well-
known parabolic temperature profile inside the layer3 after a

3 Within the glazing standards scope, see, e.g., Eq. (32) of ISO 15099 [5].

http://www.sophia-ri.eu/
http://www.sophia-ri.eu/
http://www.sophia-ri.eu/
http://www.sophia-ri.eu/
http://www.sophia-ri.eu/
http://www.sophia-ri.eu/
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between the ith and (i + 1)th central nodal-planes (set q0,1 = qout and
qn,n+1 = qin). In the steady-state situation, there is a sole heat flux, q,
which, by application of the second equation in (2), can be written

4 The simplified calculation requires an a priori estimation of the Tm value, in order
Fig. 1. Scheme of a layer with central nodal-plane.

ouble integration with the boundary conditions of the inner sur-
ace, q(x = 0) = qin and T(x = 0) = T2,

(x) = qin + ĀI

e
x,
ĀI

e
x2 + qinx = −k[T(x) − T2] (1)

herefore, by imposing the remaining boundary conditions of the
uter surface, q(x = e) = qout and T(x = e) = T1, the following relations
re obtained,

qout = qin + ĀI,
ĀI

2
+ qin = −T1 − T2

R
,

(2)

 = e/k being the thermal resistance of the layer.
These algebraic expressions govern the steady-state thermal

alance so that the heat fluxes qin and qout can be obtained from
he constants of the problem. Eqs. (2) imply that it is not necessary
o determine the temperature profile inside the media in order to
btain the boundary heat fluxes, which is the basis for the heat
alance calculation with thermal resistances.

The central nodal-plane approach is a symbolic procedure to
btain Eq. (2), avoiding the integration process, by considering a
entral plane with temperature Tn where the absorption of the
hole solar radiation takes place (see Fig. 1). This plane divides

he glass pane into two parts, each of them accounting for half of
he thermal resistance. So it can be considered that

in = −Tn − T2

R/2
,  qout = −T1 − Tn

R/2
,  (3)

hich can be added to the ad hoc assumption of qout = qin + ĀI to
btain

in + qout = 2qin + ĀI = −T1 − T2

R/2
, (4)

r equivalently, Eq. (2). Note that the sign criterium selected for
he heat fluxes is such that q > 0 implies heat transfer from right
indoor) to left (outdoor).

.2. Definition of the solar heat gain coefficient

As defined above, the SHGC or g-value, 0 ≤ g ≤ 1, is the total solar
nergy transmittance of a glazing system (or fenestration element)
eparating two environments. It can be operatively defined by con-
idering the steady-state heat fluxes in a twofold situation, when
he system is exposed to solar irradiance from outdoor, qs, or when

here is no irradiance, q. Then, the SHGC is a dimensionless factor
uch that the following relation is fulfilled,

s = q − gI. (5)
Buildings 151 (2017) 146–156 149

Then, the physical problem consists in obtaining the two contribu-
tions of the thermal gain of the system, i.e.,  the one due to the direct
transmission of the solar radiation flux, T̄ I, T̄ being the (standard-
ized) solar-spectrum integrated transmittance of the glazing, and
the one due to the absorption-conduction problem, |ıqin| (here the
ı symbol stands for the heat flux difference with respect to the case
of no solar irradiance), so that,

gI = T̄ I  + |ıqin|. (6)

In order to perform a simplified calculation, outdoor and indoor
environments will be described by the thermal resistances between
them and the system’s inner and outer surfaces, Rout = h−1

out , Rout =
h−1
in

, hout and hin being the external and internal combined heat
transfer coefficients. These are modelled through the convec-
tive and radiative parts of the thermal exchange between the
system and the environment, hin/out = hconv

in/out
+ hrad

in/out
, under spe-

cific boundary conditions. Classical approximations exist (see, e.g.,
Aguilar [31]) which allow a linear treatment of the combined
convection–radiation heat transfer problem. For instance, by con-
sidering Tin � T2 and Stefan-Boltzmann law, the hrad

in
coefficient can

be expressed as (with the notation from Fig. 1),

hradin = ε�
T4
in

− T4
2

Tin − T2
� 4ε�T3

m, (7)

� being the Stefan-Boltzmann constant, ε the hemispherical emis-
sivity [32] and Tm the mean value of Tin and T2, considered as a
constant in a simplified calculation4 (obviously, an analogous rela-
tion stands for the outdoor variables). It should be noted that Eq. (7)
is an example of the Newton law of cooling, due to qin = hin(Tin − T2)
with hin being (approximately) constant.

For the standardized simplified approach, the combined heat
transfer coefficients between the glass surfaces and indoor and
outdoor environments can be considered as in EN 673 [33]5,
hout = 25 W/(m2K), hin = 3.6 + 4.1ε/0.837 W/(m2K). Note that this
standard also uses the aproximated value of hrad in Eq. (7) to model
the radiative conductance of the gas spaces in multiple glazing, with
an a priori value of Tm = 283 K.

On the modeling of the heat transfer coefficients through the
natural/forced convection and thermal radiation, see e.g.,  ISO 15099
[5] or, in the scope of PV modules, Fung and Yang [10], Skandalos
and Karamanis [11] and references therein. It should be recalled
that, in any case, the g-value is a function of the boundary conditions
of the problem.

2.3. Solar heat gain coefficient of a layer stack

The union of n layers will be now considered, as shown by Fig. 2.
Each layer has a thickness denoted as ei, conductivity ki (Ri = ei/ki)
and integrated absorption Āi, i = 1, 2, . . .,  n. Let Tout, Rout, Tin and Rin
be the boundary conditions for temperatures and thermal resis-
tances of the outdoor and indoor environments. In order to apply
the nodal plane approach, let Ts

i
and Ti be the nodal temperature of

the ith layer, for the cases of solar irradiation from outside and no
irradiance, respectively.

If there is no solar irradiation, qi,i+1 is defined as the heat flux
to  avoid the temperature nodes T1 and T2 within the heat transfer coefficients. The
most straightforward consists in taking Tm as the Tin and Tout boundary values.

5 For a non coated glass surface, ε = 0.837 then hin = 7.7 W/(m2K). hin and hout values
were updated in the 2011 versions of EN 673/EN 410, regarding the previous values
from ISO 10292 [34].
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Fig. 2. Scheme of a n-layer stack.

s

 = qout = T1 − Tout

Rout + 1
2
e1
k1

= q1,2 = T2 − T1
1
2
e1
k1

+ 1
2
e2
k2

= · · · = qin = Tin − Tn

Rin + 1
2
en
kn

.

(8)

esides, considering the total thermal resistance of the system,
tot = Rout + R1 + · · · + Rn + Rin,

 = Tin − Tout
Rtot

≡ U(Tin − Tout) (9)

here the thermal transmittance (or standardized U-value),
 = 1/Rtot, has been introduced for notational convenience. Note

rom denominators of Eq. (8), that it will be useful to define the
odified thermal resistances,

R̃out = Rout + 1
2
e1

k1
, R̃in = Rin + 1

2
en
kn
, R̃i,i+1 = 1

2
ei
ki

+ 1
2
ei+1

ki+1
,

i = 1, 2, . . .,  n − 1, (10)

hich also verify, Rtot = R̃out + R̃12 + · · · + R̃n−1,n + R̃in.
The case of solar irradiation from the outside will be consid-

red now. The heat flux difference from the former case, ıqi,i+1, will
e defined analogously, so that between the ith and (i + 1)th nodal
lanes the relation qs

i,i+1 = q + ıqi,i+1 holds. Given the first Eq. in
2), the following relations are fulfilled

ıqout − ıq1,2 = IĀ1,

ıqi,i+1 − ıqi+1,i+2 = IĀi+1, i = 1, 2, . . .,  n − 2,

ıqn−1,n − ıqin = IĀn.

(11)

orming a linear system of n equations and n + 1 unknowns (ıq).
he missing equation in order to provide a particular solution is
btained from the relation between the qs

i,i+1 through the nodal
emperatures, i.e.,

s
i,i+1 = q + ıqi,i+1 =

Ts
i+1 − Ts

i

R̃i,i+1
, i = 0, 2, . . .,  n (12)

ith ıq0,1 = ıqout, ıqsn,n+1 = ıqin, R̃0,1 = R̃out , R̃n,n+1 = R̃in, and
s
0 = T0 = Tout , Tsn+1 = Tn+1 = Tin, used for notational convenience.
sing Eq. (8) for q,

(Ts
i+1 − Ti+1) − (Ts

i
− Ti)
qi,i+1 =
R̃i,i+1

, i = 0, 1, 2, . . .,  n (13)

hich can be suitably added in order to remove the unknown nodal
emperatures, and obtain the following relation among fluxes and
Buildings 151 (2017) 146–156

resistances,

R̃outıqout+R̃1,2ıq1,2+R̃2,3ıq2,3+· · ·+R̃n−1,nıqn−1,n+R̃inıqin = 0.

(14)

The system of equations comprising Eqs. (11) and (14) can be writ-
ten in matrix form as follows:

⎛
⎜⎜⎜⎜⎜⎝

1 −1 · · · 0 0

0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 −1

R̃out R̃1,2 · · · R̃n−1,n R̃in

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

ıqout

ıq1,2

...

ıqn−1,n

ıqin

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

IĀ1

IĀ2

...

IĀn

0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠
. (15)

For the SHGC calculation, only the ıqin heat flux is of interest. The
system of equations can be solved by the Gauss-Jordan elimination
method. The (n + 1) × (n + 1) matrix of the system is reduced to a
triangular form by means of the following sequence of row oper-
ations: −R̃out × F1 + Fn+1, −(R̃out + R̃1,2) × F2 + Fn+1, and so on, Fi
being the ith row. Then the last equation of the equivalent system
results in

Rtotıqin = −R̃out IĀ1 − (R̃out + R̃1,2)IĀ2 − · · ·
−(R̃out + R̃1,2 + . . . + R̃in)IĀn (16)

or, equivalently, by recovering the original thermal resistances

ıqin = −I
n∑
i=1

Āi

Rout +
(∑i−1

j=1Rj

)
i>1

+ Ri/2

Rtot
(17)

Note that ıqin < 0, implying a thermal gain of the indoor environ-
ment.

Then, the net heat flux in the situation of solar irradiation is
given by

qs = q + ıqin − T̄ I = U(Tin − Tout) − (IT̄ + |ıqin|), (18)

which, considering definition (5) of the SHGC, implies

g = T̄ + |ıqin|/I = T̄ +
n∑
i=1

Āi

Rout +
(∑i−1

j=1Rj

)
i>1

+ Ri/2

Rtot
. (19)

This expression will be used in the current study to obtain the
g-value of a PV module structure, comprising the encapsulation
materials (mainly glass and polymeric interlayers) and solar cells.
However, the expression can be used in a more general way  (as
it is a general algebraic relation between thermal resistances of a
multilayered structure), for instance, in the case of multiple glazing
(including gas chambers).

The |ıqin|/I ratio is known as secondary heat transfer factor
in glazing standards. The general expression for this factor given
by Rosenfeld [29] for glazing systems is (Eq. (2) of the reference,
written with this paper’s notation) |ıqin|/I = (Rout + �Rs)Ā/Rtot , Rs

and Ā being the thermal resistance and absorptance of the glaz-
ing, and � the normalized average thermal resistance between the
outer surface of the system and the planes where the solar radia-
tion is absorbed. This expression is equivalent to Eq. (17) when �
parameter is obtained for a multilayered structure under the same
modeling hypothesis of this work [35], � =

∑n
i=1ĀiR0i/(ĀRs), R0i

being the thermal resistance between the centre of the ith layer

and the outer surface of the system. The approach of Hermanns
et al. [30] for the thermal response of a single pane is also equiv-
alent to Rosenfeld [29], by means of the relation � = 1 − ˇe/Ā, ˇe

being the direct absorptance moment introduced by these authors,
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elated with the spatial distribution of radiation absorption within
he glass pane.

. Simplified calculation of the SHGC of a BIPV module

In this section, the former Eq. (19) for the SHGC will be applied
o a conventional laminated BIPV module, consisting in front and
ear encapsulation materials and a specific surface distribution of
paque PV cells. This subject is addressed in three steps: the optical
odelling of the system, the effective absorptance of the encapsu-

ated cell, considering the conversion of a portion of the incident
olar energy into electricity, and the integration of these features
ithin the thermal model previously developed.

.1. The optical modelling

Expression (19) for the g-value includes short-wave spectrum-
ntegrated energy magnitudes, namely, the total transmittance T̄ ,
nd the layer absorptions Āi. These parameters must be obtained
rom the optical modelling of the PV module. Such a problem has
een previously tackled by Baenas and Machado [8] and Machado
t al. [9], with a basis on the classical transfer matrix methods
see, e.g.,  Harbecke [36], or Heavens [37] for the characteristic

atrices theory background).6 The modeling hypothesis, follow-
ng the approach of the previously mentioned standards (mainly
he approximation of incoherent superposition of radiation, near-
ormal incidence and no light diffusion), allow the formulation of
losed analytical solutions for these energy magnitudes, which is
ssential to fulfill the purpose of this work. For consistency rea-
ons, the analytical expressions for these energy magnitudes are
quivalent to those of EN 410 [4] and ISO 9050 [3] standards, in
he transparent region. However, these regulations do not address
he situation of an opaque component within the optical system,
hich must be treated as a singular solution of the general system

f equations for the energy coefficients of the glazing system (the
ptical components are not well defined in the case of null trans-
issivity). This subject has been addressed by the authors in the

reviously mentioned references.
The optical modelling yields the short-wave spectral energy

agnitudes of the PV module (transmittance, T, reflectance, R, and
bsorptance, A), in terms of internal magnitudes of the system com-
onents (transmissivity, � or t, or reflectivity, 
 or r). Note that
ll these parameters, depicted in Fig. 3, are spectral, although the
avelength argument is omitted for the sake of simplicity. The

pectrum-integrated (or averaged) magnitudes are then calculated
ollowing the standards, using discretized spectral distributions of
he incoming solar flux (ISO 9050 or EN 410 for glazing, ASTM G173-
3, [42] or IEC 60904-3, [43] for PV modules,7 etc.). These averaged
arameters are symbolized with a top bar (T̄ , R̄ and Ā).

In Fig. 3 and the following formulae, subscripts g and l are used
or glass and interlayer film, respectively. Subscript cell is used to
efer to the opaque solar cell, and enc is used for the ensemble
f encapsulation materials (i.e., glass and interlayer). On the other
and, superscripts st and op are used to denote the transparent and

paque regions of the module, and f and b are used for front and
ack directions.

It should be taken into account that all the previous spectral
agnitudes can be experimentally obtained by UV–vis–NIR spec-

6 Other approaches can be followed, as for instance those based on the classical
ay-tracing methods. See, e.g., Furler [38] and Rubin et al. [39] or, within the PV

odules scope, Krauter and Hanitsch [40] and Lu and Yao [41], among others.
7 Both standards provide an AM1.5 global distribution spectrum corresponding to

n  integrated irradiance of 1000 W/m2 incident on a sun-facing plane surface tilted
t  37◦ to the horizontal, IEC 60904-3 being a more recent update.
Fig. 3. Scheme of the optical model for a BIPV module.

trophotometry at near-normal incidence, by means of specific basic
configurations allowing the separate characterization of each com-
ponent, following EN 410 [4], Rubin et al. [39] or Baenas and
Machado [44,8], among others. For the sake of completeness, the
expressions of the absorptances needed for the further develop-
ment of this work are listed below. They are calculated from the
basic set of optical parameters rg1, rg2, �g1, �g2 and � l and have
been extracted, except for notation, from Baenas and Machado [8].

In the opaque region, the expressions

rcell = Rf,op − rg1

�2
g1�

2
l

(1 − 2rg1 + Rf,oprg1)
,

Aenc = (1 − rg1)(1 − �g1�l)
1 + �g1�lrcell

1 − rg1rcell�
2
g1�

2
l

,

Acell = (1 − rg1)(1 − rcell)
�g1�l

1 − rg1rcell�
2
g1�

2
l

,

(20)

are fulfilled, and there is no transmission or short-wave absorption
on the rear glass. In the transparent region,

Ag1 = (1 − rg1)(1 − �g1)
1 + �g1�2

g2�
2
l
rg2

1 − rg1rg2�2
g1�

2
g2�

2
l

,

Al = (1 − rg1)(1 − �l)�g1

1 + rg2�l�
2
g2

1 − rg1rg2�2
g1�

2
g2�

2
l

,

Ag2 = (1 − rg1)(1 − �g2)�g1�l
1 + rg2�g2

1 − rg1rg2�2
g1�

2
g2�

2
l

,

(21)

while the transmittance Ttr can be obtained, for instance, following
EN 410 [4], or equivalently,

Ttr = (1 − rg1)(1 − rg2)
�g1�l�g2

1 − rg1rg2�2
g1�

2
g2�

2
l

. (22)

In a standard PV cell, with rcell � 1 (mainly due to the presence of
antireflective – AR – coatings in the interlayer-cell interface, for the
usual values of the refractive indices of the laminate components),
the non-normal incidence case can be tackled in good numer-
ical approximation by substituting in the previous expressions
the internal transmissivities � by �1/cos	r , 	r being the irradiation
angle of refraction, and calculating rg(	) according to Fresnel equa-
tions, 	 being the irradiation angle of incidence (	 = 0 for normal
incidence) [45]. By application of the considered optical model, rig-

orous expressions for other types of multilayered structures can be
achieved, for instance, including AR coatings in the outdoor-front
glass interface, low-emissivity coatings in the indoor-rear glass, or
even embedded coatings if necessary.
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the linear relation,

g = (1 − f )gop + fgtr . (28)
52 T. Baenas, M.  Machado / Energ

.2. The effective absorptance of the PV cell

Under working conditions of a PV module, a portion of the
ncident solar energy is converted into electricity, and taken out
f the system. In a first approximation, this mechanism can be
escribed by means of spectrum-averaged magnitudes,8 such as
he PV module conversion efficiency, 0 ≤ � < 1, a dimensionless

agnitude defined as � = Pel/I, Pel being the electrical (DC) PV gen-
ration power (per unit area). Then, for the purpose of calculating
he SHGC of a PV module, the previous absorptance Ācell will be
ubstituted by an effective one, Āeff

cell
, which takes into account the

oss of energy due to PV generation.
It can be assumed that the internal efficiency of the cell (i.e., the

elation between absorbed and generated powers, inside the PV
ell), will not vary among the bare and encapsulated situations (Koo
t al. [46]), except for the inherent temperature dependence (see,
.g., Skoplaki and Palyvos [47]). Therefore, if Pbare

el
and Pec

el
are the PV

enerated electrical powers of the bare and encapsulated solar cell,
espectively, the relation Pbare

el
/I = Pec

el
/(�̄I) will be fulfilled, �̄ being

he integrated factor of the solar flux incident on the encapsulated
ell, i.e., inside the module. Correspondingly, �ec = �̄�bare. Note that
he integrated effective absorptance of the encapsulated solar cell
ill be hence given by

¯ eff
cell

= Ācell − �ec. (23)

lthough it is assumed that the PV cells in a module display a very
imilar electrical performance in ideal conditions (e.g., no shad-
wing), strictly speaking the efficiency of the least producing cell
hould be used in the calculation, taking a conservative approach.

The �̄ parameter can be determined by means of the optical
odel referred in the previous section. Specifically, following Bae-

as and Machado [8], the spectral factor of solar flux incident on the
ncapsulated cell, �, is given by the back radiosity of the encapsu-
ation materials (J1b, in the layer-by-layer absorption calculation),

 = (1 − rg1)
�g1�l

1 − rg1rcell�
2
g1�

2
l

= Acell
1 − rcell

(24)

here the second equality comes from the comparison with
he third equation in (20). Subsequently, �̄ is the related solar
pectrum-integrated magnitude. Let S(�) be the normalized rela-
ive spectral distribution of the solar radiation, and [�1, �2] the
elevant wavelength range (both depending on the particular stan-
ard considered). Then, Eq. (24) leads to,

ec = �bare

∫ �2

�1

S(�)
Acell(�)

1 − rcell(�)
d�, (25)

llowing a direct calculation of Āeff
cell

from �bare, which is a common
esign parameter provided by solar cell manufacturers.

As stated above, for usual PV cells, rcell � 1, enabling the approx-
mation � � Acell, and therefore �ec � Ācell�bare. In such a situation,
he integrated effective absorptance of the solar cell is given by,

¯ eff
cell

= Ācell − �ec � Ācell(1 − �bare). (26)

his is a practical (but approximate) relation, simplifying the cal-
ulation of this portion of the SHGC.
It is known that solar cells performance significantly decreases
ith operating temperature increase. A comprehensive compila-

ion of the correlations between this temperature and the weather

8 PV conversion is more accurately characterized by means of the External Quan-
um  Efficiency (EQE) spectral function, defined as the ratio of charge carriers
ollected by the solar cell to the number of photons incident on the cell, at a given
avelength. A calculation in terms of this magnitude, however, requires a more

omplex experimental characterization of the PV cell [8].
Fig. 4. Scheme of the BIPV module thermal model.

variables and boundary conditions can be found in Skoplaki and
Palyvos [47]. The traditional one is the linear relation (Evans and
Florschuetz [48])

�(T) = �Tref [1 − ˇref (T − Tref )], (27)

Tref, �Tref and ˇref, being reference parameters for temperature, elec-
trical efficiency and linear temperature coefficient (at reference
temperature), defined under a specific solar irradiance.9

Besides solar irradiance absorption, the operating temperature
of the module depends on Joule (heating) effect, related to the heat
released by the passage of the electrical current through resistive
conductors. The associate temperature variation has been quan-
tified by numerical experimentation based on multiphysics finite
element (FE) modelling of the PV module, for instance, by Acciani
et al. [49] or Nyanor et al. [50]. It has been proved that Joule effect
has a minimal influence on the overall PV module temperature (less
than 5%) when the calculation is performed in normal operating cell
temperature (NOCT). This fact, together with the complexity associ-
ated to the modeling of the Joule effect from the design parameters
of the PV module, justifies the neglection of its influence on the
effective absorptance of the solar cell.

3.3. The solar heat gain coefficient of a BIPV module

From the consideration of the previous sections, a closed-
analytical expression for the SHGC of a three-layer standard BIPV
module, depicted in Figs. 3 and 4, can be given.

The g-value is divided in two  parts, corresponding to the opaque,
gop, and transparent, gtr, regions. If f is the ratio of transparent to
total area, the total SHGC will be given, in a first approximation, by

10
9 Usual design values are, e.g., Tref = 25 ◦C, �Tref = 0.15, ˇref = 0.0041 ◦C−1,

Iref = 1000 W/m2, for a c-Si PV cell (Skoplaki and Palyvos [47], and references therein).
It  should be noted that these values depend on the solar cell technology and that a
wide range of commercial solar cells (including thin film or other technologies) is
currently available for BIPV applications. Usually, �Tref and ˇref are given by the PV
manufacturer for the bare cell.

10 Any type of thermal edge effects are neglected in such a relation. However, some
experimental measurements of the g-value of a PV module have confirmed that the
linear correlation with the surface ratio f can be assumed (see, e.g., Olivieri et al.
[24]).



y and Buildings 151 (2017) 146–156 153

∣∣

w
e
s
c
e
e
o

a
a
a
e

g

S
[
h
a

g

T
d
a
t
t

h
m

d
o
a
t
i
m
E

4

t
m
t
e

o
h
e
w
i
h

Table 1
Comparison of SHGC values as a function of the operating modes.

Test gexp gnum gcal (this work)

OC 0.45 ± 0.04 0.45 0.45
MPP  0.43 ± 0.04 0.43 0.43

Table 2
Effect of operating temperature in SHGC and �g values.

Test gexp �gexp gcal �gcal

OC 0.45 ± 0.04 0.4527
T. Baenas, M. Machado / Energ

Therefore, by using Eq. (19), gop =
∣∣ıqop

in

∣∣/I and gop = T̄ tr +
ıqtr
in

∣∣/I,  so that the following expressions are obtained,

gop = Āenc
Rtot

(
Rout + 1

2
eenc
kenc

)
+ Āeff

cell

Rtot

(
Rout + eenc

kenc
+ 1

2
ecell
kcell

)
,

gtr = T̄ tr + Āg1

Rtot

(
Rout + 1

2
eg1

kg1

)
+ Āl
Rtot

(
Rout + eg1

kg1
+ 1

2
el
kl

)

+ Āg2

Rtot

(
Rout + eg1

kg1
+ el
kl

+ 1
2
eg2

kg2

)
,

(29)

here the equations of the optical modelling, (20) and (21), and the
ffective absorption of the solar cell given by Eq. (23), must be con-
idered. Note that, for the sake of simplicity, the equivalent thermal
onductivity kenc, defined by means of eenc/kenc = eg1/kg1 + e′

l
/kl ,

′
l

being the thickness of interlayer in the solar cell area and eenc =
g1 + e′

l
, has been used for the encapsulation materials within the

paque region.
For nominal (standardized) and usual design values of thickness

nd thermal conductivity of glass (kg ∼ 1 W/mK,  eg ∼ 4 ×10−3 m)
nd polymeric interlayers (kl ∼ 0.20 W/mK,  el ∼ 4 ×10−4 m),  the
pproximation e/k � Rout can be considered, allowing simpler
xpressions for the g-value,

op � Rout
Rtot

(
Āenc + Āeff

cell

)
, gtr � T̄ tr + Rout

Rtot
(Āg1 + Āl + Āg2). (30)

trictly, the approximate gtr-value of the EN 410 [4] and ISO 9050
3] standards is obtained by expressing Eq. (30) in terms of the
eat transfer coefficients. For instance, the standardized g-value of

 simple glazing (one layer) results in

tr � T̄  + Rout
Rtot

Ā = T̄  + hin
hout + hin

Ā. (31)

he validity of the standardized expression of the gtr-value is also
iscussed in Rosenfeld et al. [35] and in Hermanns et al. [30]. In

 similar way, the expressions given by standards for double and
riple glazing can be recovered from gtr in Eq. (29) by introducing
he expression of the thermal resistance of the gas chambers, Rg =
−1
g = (hradg + hconvg )

−1
, following the same normative texts for the

odelling of the combined heat transfer coefficients.
The approximate expression is better for gtr than for gop. This is

ue to the fact that T̄ is by far the main contribution to gtr in the case
f semitransparent PV structures with high solar transmittance. The
pproximate total g-value reaches the second significant figure for
he usual design values of a standard PV module, as will be shown
n the next section. This numerical simplification gets worse for

ultilayered PV modules of polymeric materials (polycarbonate,
TFE, etc.), with low thermal conductivities.

. A real case of study

In this section, the formerly derived expressions will be applied
o a particular case and compared with experimental measure-

ents and numerical calculations found in the specific literature. In
his way, the simplified calculation of the SHGC will be performed
mulating the design phase of a PV element.

The experimental data and numerical model for the estimation
f the solar factor of BIPV modules carried out by Mazzali et al. [21]
ave been considered of interest. These authors perform the SHGC

xperimental characterization by means of a calorimeter equipped
ith a solar simulator, set to reproduce the ISO 9050 [3] standard-

zed value of the heat transfer coefficients, he = 23 ± 3 W/(m2K) and
i = 8 ±1 W/(m2K) (for an indoor surface hemispherical emissiv-
MPP, �ec(25 ◦C) = 0.1371 0.43 ± 0.04 4.44% 0.4295 5.13%
MPP, �ec(45 ◦C) = 0.1262 0.4313 4.72%

ity of 0.837), and a UV/vis/NIR spectrophotometer for the optical
measurements of the samples.

A comprehensive explanation of the numerical method pro-
posed by Mazzali et al. [21] can also be found in Zinzi et al. [51]
and Scarpa et al. [52]. It is based on a finite difference model in
order to obtain the temperature nodes in a set of ISO 15099-like
heat balance equations, by means of an iterative procedure.

The structure of the laminated BIPV specimen is that of a
glass–glass PV module, with a 4 mm thickness extra-clear (low-
iron) glass and 0.38 mm of PVB (polyvinyl butyral) interlayer as
superstrate, polycrystalline silicon cells (in the opaque region), and
0.38 mm of PVB and 4 mm of float clear glass in the substrate. The
opaque region contains 25 square cells of 156 × 156 mm2 in a sam-
ple size of 995 × 995 mm2, giving a transparent to opaque surface
ratio f = 0.385 � 40%. The nominal electrical conversion efficiency of
bare cells is �bare = 0.15.

In order to perform the analytical calculation, the optical charac-
terization of analogous elements has been reproduced for this work,
using a UV/vis/NIR spectrophotometer (JASCO V-670) equipped
with a 150 mm integrating sphere, calibrated in the 300–2200 nm
wavelength range. Fig. 5 shows some relevant curves of the per-
formed optical characterization. By means of Eqs. (20) and (21),
the following averaged magnitudes were found: Āenc = 0.0471 and
Ācell = 0.8635 in the opaque region; Āg1 = 0.0214, Āl = 0.0401,
Āg2 = 0.1520 and T̄ st = 0.7152 in the transparent zone. All the inte-
grated parameters have been computed with the ASTM G173-03
[42] discretized spectral distribution, commonly used in photo-
voltaic applications. Through Eq. (25), �ec = 0.1371 is obtained
for the efficiency of the solar cell in encapsulated configura-
tion. The design parameters of the components are given by the
standards and manufacturers, kg1 = kg2 = 1 W/mK,  kl = 0.20 W/mK,
eg1 = eg2 = 4 mm,  el = 0.38 mm (per film). There is one interlayer film
in the opaque region, and two in the transparent one.

Therefore, by applying Eq. (29) the analytical g-values (gcal)
obtained will be compared with the experimental and numerical
values of the SHGC (gexp and gnum) from Mazzali et al. [21] (Table
4 of the reference), in two  operating conditions: open circuit (OC)
– without an electric load, i.e.,  with �ec = 0; and at maximum power
point (MPP) – at the point of maximum power generation – with
the previously estimated values of �ec parameter. The results of this
comparison are collected in Table 1.

Note that in the OC and MPP  situation, the theoretical SHGC
values (numerical and closed-analytical) match the central value
within the experimental uncertainty ranges, up to the second
significant figure of the g-value, which is the usual accuracy
requirement.

If the approximate Eq. (30) are used instead of Eq. (29), the fol-
lowing values are obtained: g = 0.44 (OC), g = 0.42 (MPP). Note
cal cal
that the second significant figure is affected.

In Table 2, SHGC values with a higher accuracy are displayed.
Two situations have been considered: in the first one, the former
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of the above properties is therefore less time intensive and
costly than the g-value measurement based on calorimetric meth-
ods.
Fig. 5. Spectrophotometric curves of the optic

ec = 0.1371 value of the conversion efficiency is used. In the second
ne, the conversion efficiency is corrected by using Eq. (27), con-
idering an estimated module operating temperature of 45 ◦C (see,
.g., FSEC standard [53]), which gives �ec = 0.1262. �g  represents
he relative variation (%) of the g-value between the OC and MPP
onditions.

Table 2 shows that, although in this case the g-value rounded up
o two significant figures is not sensitive to slight variations of the
lectrical power conversion efficiency of the cell, by comparing the
gcal values with nominal (experimental) ones, it is convenient to

orrect the efficiency value with an estimation – or design value – of
he operating temperature of the cell (Skoplaki and Palyvos [47]). In
his case, there is a good agreement between the theoretical predic-
ion �gcal = 4.72% and the experimental value, �gexp = 4.44%, which
s directly related with the modeling of the effective absorptance
f the solar cell.

All the �g  values are consistent with the experimental study of
hen et al. [22], in which it is concluded that, when electric loads
re present, the SHGC of semitransparent BIPV modules is reduced
rom 3 to 6%, proportionally to the electric power output.

. Conclusions

In this paper, a closed-analytical expression for the SHGC of a
lass–glass BIPV module has been constructed ab initio, for the case
f normal incidence of the solar radiation. This expression is useful
o perform simplified calculations by decoupling the convective-
onductive and radiative parts of the heat transfer problem from
he temperature nodes. The use of more complex iterative proce-
ures to solve the non-linear equations of the thermal balance can
e therefore avoided. The analytical formula allows the use of stan-
ardized or design values for the involved physical parameters. This
pproach is in line with the most widely used glazing standards and,
onsequently, with the recent EN 50583 standard for BIPV modules
nd systems. The usual requirement from the glazing, faç ades and

IPV sectors, i.e.,  the a priori calculation of the SHGC, can be also

ulfilled with the proposed approach. Additionally, in the trans-
arent region of the BIPV module, the equivalence between the
erived expression of the g-value and other existing thermal mod-
racterization of the BIPV module (this work).

els has been established, including those of the EN 410/ISO 9050
standards. In order to overcome the limitations posed by the use
of standardized boundary conditions, the proposed model can also
be applied to the case of non-standardized boundary conditions
through the classical approach of linear treatment of the com-
bined convection–radiation heat transfer equations, as discussed
in Section 2.2, or the use of iterative procedures for the non-linear
situation.

It has been shown that this analytical calculation of the
SHGC is in excellent agreement with a real case of study, which
includes external experimental data and numerical determinations
of the solar factor. The theoretical prediction of the variation of
the SHGC between the open circuit and maximum power point
operating modes also shows very good agreement with experi-
ments. This simplified method shows a clear operational advantage
with respect to numerical procedures. Additionally, the outlined
approach can be extended to more complex configurations of BIPV
modules.

As previously described, the optical characterization of the
module components required by the method is analogous to the
one required by glazing standards. It can even be reduced to the
characterization of basic configurations in order to obtain the
spectral reflectivity of the encapsulation–cell interface, given that
the parameters for other module architectures can be obtained
from calculations. The experimental work can be also minimized
from the use of public databases (e.g., the international Glaz-
ing Database – IGDB11 – maintained and published by Lawrence
Berkeley National Laboratory), which provide spectral transmit-
tance and reflectance data of encapsulation materials (simple
and laminated glass, from which the transmissivity of the inter-
layer can be obtained). The thermal parameters and cell efficiency
can be taken from standardized or design values, generally pro-
vided by the manufacturers. The experimental characterization
11 http://windowoptics.lbl.gov/data/igdb/igdb.

http://windowoptics.lbl.gov/data/igdb/igdb
http://windowoptics.lbl.gov/data/igdb/igdb
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As a further application, this work can be considered a proposal
or completion and compliance with the requirements of the new
N 50583 BIPV standard, which, in its “Energy economy require-
ents” section states that “In addition to the procedures defined in

N 410 to determine the total solar energy transmittance (g-value)
f glazing materials, calculations or measurements are permitted
hat take the removal of energy from the system as electricity into
ccount”. This normative text stems the thermal and related optical
odeling of the BIPV module to glazing standards EN 410 and EN

73. However these standards do not include the needed calcula-
ion of the short-wave absorptances of each separate component
f the system, and, in particular, the effective absorptance of the
olar cell, which is related with its electrical power conversion effi-
iency, in encapsulation conditions. Besides, the expression of the
HGC given by the standards is an approximate case that can affect
he second significant figure of the g-value as it has been demon-
trated. All these features are indeed addressed in the analytical
odel presented herein.
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