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Abstract. This paper examines the performance of solar photovoltaic generators on roofs of residential
buildings. The primary focus is the loss of performance due to temperature increase as function of roof material
and the distance from the photovoltaic (PV) generator to the roof. A heat transfer model has been developed to
predict PV module temperature, and the equations of the model were solved using the Engineering Equation
Solver (EES) software. The research modeling correlates the distance of the solar generator to the roof and the
roofing material with the temperature variations in the PV generator. There are many models to predict PV
module temperature, but this study refines the prediction by the distance fromPVmodule to roof and the roofing
material as variables. Optimal combinations of distance andmaterials that minimize the heating loss in the solar
generator leading to increased electrical power generation. Results show an average error of 3%–4% from the
temperature predicted by the model to the temperature measured under experimental conditions in Belo
Horizonte, Brazil. The minimum roof-module separation required to ensure minimal PV performance loss from
heating from the roof is ∼10 cm for red ceramic and cement fiber roofs. For galvanized steel, the optimal distance
is between 20 cm and 30 cm. Cement fiber shows the best predicted and measured characteristics for PV-panel
roof mounting among the 3-common commercial roofs evaluated in these studies. These investigations were
based on roof installations and local materials in Belo Horizonte, Brazil.
1 Introduction

Cumulative PV installations in Brazil reached 8 GW at the
end of 2020, and the country has a solar-PV target of at
least 90GWby 2050 [1]. Though the focus has been on large
power-plant installations, the interest and investment in
rooftop PV systems has been increasing. Like many other
countries, Brazil is now experiencing some issues relating to
proper installations and certification. Many systems are
under-performing because they have either been improp-
erly installed or were designed for other climates or roofing
configurations and materials [2–8]. On the environmental
and location sides we have to consider potentially negative
performance factors including soiling [9–15], shading
[14,16,17], cell/module aging [18–20], damage to due
handling [21], climate and ambient temperatures [22,23].
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This study evaluates the installation of PV rooftop
systems in the Brazil environment, based on common
Brazil roofs, materials, and configurations. The study
incorporates crystalline-Si PVmodules in themodeling and
analysis Figure 1 shows two examples of PV generators
over typical brazilian roofs.

The PV module performance has been represented by
several models aimed at increasing system power output.
Various authors have modelled the critical PV module
temperature and its relation to meteorological conditions
[22–30], primarily through considering thermal radiation,
convection, and conduction mechanisms relating to the
power generated. For example, Armstrong et al. [31]
studied an overall thermal response as a function of loss
coefficient, resulting in a linear relationship between
module temperature and irradiance under steady-state
conditions. Tuncel et al. [32] describes a transient thermal
model, which considers hourly meteorological data, wind
speed and direction, module parameters, and locational
information. In developing this work, he used the first law
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Fig. 1. Examples of Brazil PV roof installations on galvanized steel roofing material.
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of thermodinamics, avaiable data from PV module
manufacturers, and the heat capacity of the PV module.
The energy balance is the key feature of this approach.
Torres lobera [33] also uses the energy balance leading to a
dynamic thermal model.

Most of PV module temperature models are based on
two simple parameters: solar irradiance and ambient
temperature. These are the most important factors
that directly affect the PV module temperature. But these
are couple with the location and environment and difficult
to control. However, the PV generator installation can be
controlled in most cases. Skoplaki and Palivos [34] take in
to account the installation factors in their temperature
model. They defined 4 coefficients associated to 4-types of
installations, depending whether the PV module is free or
ground mounted, installed on a flat roof, installed on a
tilted roof, or integrated to the roof structure.

Modeling and simulation of a roof-mounted PV system
is important for optimizing real PV module power-
generation and for forecasting of a systems capability [7].
The objective and major contributions of current work are
modeling the roof-mounted PV-module temperature for
common commercially used roofing materials to evaluate
and characterize its power output under the equitorial
climatic zone conditions of Belo Horizonte, Minas Gerais,
Brazil [23]. This includes the experimental validation of the
model under operating conditions in this locality.

2 Mathematical modeling

The model developed in this research is a dynamic model
based on the total energy balance in the PV module. The
energy balance is defined as follows [35]:

qr � qp � Ps � Cmod
dTmod

dt
¼ 0 0ð1Þ

where qr is the solar radiation received at the front surface
of the PV module, qp is the energy lost to the environment
through the heat transfer mechanisms, Psis the output
power generated by the PV module, Cmod is the thermal
capacity of the PV module, and dTmod

dt is the time-rate of
change of the temperature of the PV module.
The solar irradiance that reaches the front surface of the
PV module is defined as [36]:

qr ¼ aGA ð2Þ
where a is the absorbance of the photovoltaic module, G is
the solar irradiance that reaches the PV module, and A is
the area of the PV module.

The output power of the PV module is defined in terms
of the voltage and current produced:

Ps ¼ V I: ð3Þ
The thermal capacity of the PV module is equal to the

sum of the properties of the materials that constitute it:

Cmod ¼
XM
1

AdnrnCp;n ð4Þ

where dn is the thickness of the material, rn is the density,
andCp,n the specific heat of the nth layer. The total number
of layers in the module is specified by the parameter M.

The physical properties of the materials used in the
photovoltaic module of this study are summarized in
Table 1.

The three heat-transfer modes–conduction, convection,
and radiation–are considered in mechanisms of heat-loss of
the PVmodule to the environment. The simplified physical
model of the crystalline silicon module used in the
evaluations of this study is illustrated in Figure 2.
The heat loss due to conduction through the aluminum
structure of the module can be neglected since the contact
surface between it and the PV module is very small [39].
Considering the remaining losses due to convection and
radiation, the total loss is:

qp ¼ qconv þ qrad ð5Þ

where qconv is the flow of heat dissipated by convection
and qrad is the flow of heat dissipated by radioactive
exchange.

Thermal losses due to convection and radiation occur
both at the front and at the rear of the PV module. In the
case of convection, front-side and back-side losses are



Table 1. Physical properties of the PV module materials [37,38].

Material Thickness d (m) Specific heat Cp (J/kgK) Density r
(kg/m3)

Thermal conductivity k, (W/mK)

Glass 0.003 500 [20] 3000 [20] 1.8 [29]
EVA 0.0005 2090 [3] 960 [3] 0.35 [28]
Photovoltaic Cell 0.00025 677 [20] 2330 [20] 148 [28]
Tedlar/Poliester 0.0005 1250 [20] 1200 [20] 0.2 [28]

Fig. 2. Simplified physical model for photovoltaic module [36].
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represented by the following relationships:

qconv;front ¼ Ahconv;front T front � T ambð Þ ð6Þ

qconv;back ¼ Ahconv;back T tras � T ambð Þ ð7Þ

where hconv is the convection heat transfer coefficient
calculated for the front and back of the photovoltaic
module, A is the area of the PV module, Tfront and Ttras
are the temperature of the front and back of the
PV module respectively. Tamb is the ambient tempera-
ture. In this work Tamb and Tsky (sky temperature) are
the same [36].

The calculation of the convective coefficient, hconv is
complex because it depends on the environmental
characteristics of the location where the module is
installed—as well as on how the PV module is positioned
on the roof, on the speed and orientation of the wind, and
on the properties of the air that circulates near the PV
module. The convective coefficient is calculated from the
Nusselt number, for the front and the rear part of the PV
module:

hconv ¼ Nuconvk

L
ð8Þ

where Nuconv is the Nusselt number calculated through
empirical correlations, k is the thermal conductivity of the air,
and L is the characteristic length of the PV module, which is
calculated through the ratio between the area of the module
and its perimeter.

The air properties required for the calculations will be
obtained at the film temperature, and atmospheric
pressure equal to 1atm. The temperature of the film is
defined by:

T film ¼ T front=trasð Þ þ T amb

2
: ð9Þ

Typically, the temperature of the PV module is
measured with a sensor positioned on the rear surface,
so this measured value has to be corrected. The difference
between the rear temperature and the front temperature of
the PV module depends on the module’s constituent
materials, its thermal conductivity, and the incident
irradiance. This has been treat by Bulag et al. [3], and
the front and rear temperatures of the PV module can be
related:

T front ¼ T tras þ GT

Gref
T ð10Þ

where GT is the total irradiance that reaches the PV
module,DT is the temperature difference between the front
and rear of the module, and Gref is the reference solar
irradiance, which is defined under standard measurement
conditions as 1000W/m2 [40].

The literature provides reference values for DT that
depend on the type of PV module assembly. Kratochvil
et al. [28] considered an open-rack type assembly, in
which the module support is opened allowing the air
passage at the rear. They reported the temperature
difference is 3 °C, for an assembly type integrated to the
building. The case in which there is no air circulation at
the rear, the temperature difference is 1 °C. It is clear that
this temperature difference will be influenced by the
thermal characteristics of the PV module thermal
capacity. There are basically three types of roof mounting
for photovoltaic generators: leaning against the roof,
integrated into the building, and separated by a distance
from the roof.

The temperature difference between the front and back
parts of the module can be measured experimentally for
each type of assembly, and in the case of mounting away
from the roof, the distance between generator and roof can
also be varied in order to obtain values of DT for each
distance between them.
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Both natural and forced convection have to be
considered in the heat exchanges between the PV module
and the environment. Depending on each situation, one will
overlap the other. On days without wind, natural
convection will dominate the heat loss process [41]. When
there is wind, forced convection can dominate (depending
on the wind characteristics). The convective coefficient for
natural convection is:

hnat ¼ Nunatk

L
: ð11Þ

The Nusselt number for natural convection at the front
of the PV module is calculated from [42]:

Nunat;front ¼ 0:14 Ra
1
3 � GrcrPrð Þ13

h i

þ 0:56 GrcrPrcosbð Þ14: ð12Þ

This expression is valid for the range: 105 < Grcr Pr cos
b < 1011, with 15° < b < 75°.

The critical Grashof number, Grcr, establishes the limit
of passage between the laminar regime to the turbulent
regime and can be found in the work of [43].

For the calculation of the forced convective coefficient
the empirical correlation used is the one proposed by [40],
and is given by:

hforc; ¼
0:931rnCpRe

1
2

LPr
2
3

: ð13Þ

The Reynolds number (Re) for a module mounted on
the roof is:

Re ¼ L

n
nwwa ð14Þ

where nw is the wind speed and wa is the wind adjustment
coefficient that can be reported in the literature [35]. This
coefficient adjusts the wind in relation to its direction and
also takes into account the type of mounting of the
generator on the roof. It is possible to obtain data on wind
speed and direction through the GREEN PUC Minas
(Energy Study Group) meteorological station [44], where
the mathematical model validation tests have been
performed. The Nusselt number, the ratio of convective
to conductive heat transfer across a boundary, is:

Nuforc; ¼
hforc;L

k
ð15Þ

The convective Nusselt number is calculated using
natural and forced components [45]:

Nuconv3 ≈Nunat3 þ Nuforc3 : ð16Þ
The convective coefficient, hconv, necessary to calculate

the heat losses at the front and back of the module, can
finally be obtained through the above ratio, so it is possible
to calculate the total loss by convection qconv.

The radiation heat loss basically follows the same
principle in calculating the convective loss. The basic
equation for calculating radiation losses is [46]:

qrad ¼ seT 4 ð17Þ
where s is the Steffan-Boltzman constant, e is the
emissivity of the surface, and T is the surface temperature
(in degrees Kelvin). The PVmodule emissivity lies between
0.85 and 0.91 [47].

From the basic equation of the heat transfer rate by
radiation we can calculate the heat loss by radiation in the
photovoltaic module:

qrad;front ¼ A sefrontFfc T4
front � T4

ceu

� ��

þsefrontFft T4
front � T4

tel

� �� ð18Þ

qrad;tras ¼ A setrasFtc T4
tras � T4

ceu

� ��
þsetrasFtt T4

tras � T4
tel

� �� ð19Þ

where the emissivity of the front and rear surfaces are efront
and etras, respectively, the sky and roof temperatures are
Tceu and Ttel respectively, the factors Ffc, Fft, Ftc, and Ftt
are called view factors and establish the relationship
between the front surface and the sky, between the front
surface and the roof, between the back surface and the sky,
and between the back surface and the roof, respectively.

These factors are taken from the literature and are
calculated for a photovoltaicmodule mounted on a roof and
with a view angle (angle of the module in relation to the
vertical) equal to b, according to the work of Jones and
Underwood [48] The equations for calculating the view
factors are taken from the work of Armstrong et al. [31].

The estimate of the temperature of the Ttel roof depends
mainlyonthecharacteristicsof thematerialsused,mainlyon
the thermal conductivity, absorptivity, and thermal capaci-
ty. An approximation for the roof temperature can be
obtained through the work of Torres and Valkealahti [33]:

T tel ¼ T amb þ arGh ð20Þ
where ar is the absorption coefficient of the roof, and Gh is
the irradiance incident in the horizontal plane.

However, this equation does not take into account the
emissivity of the material, the inclusion of which maymake
the estimate of the roof temperaturemore accurate. Table 2
presents the absorptivity and emissivity of some roofs of
common buildings in Brazil [49].

The irradiance incident on the horizontal plane can be
directly measured or estimated using the equation
proposed by Dominguez et al. [47]:

Gh ¼ Gtsen gð Þ
sen g þ bð Þ ð21Þ



Table 2. Absorptivity and emissivity for Brasil roof materials [49].

Surface type a e

Aluminum sheet (new and reflective) 0.05 0.05
Galvanized steel sheet (new and reflective) 0.25 0.25
Concrete 0.65 / 0.80 0.85 / 0.95
Clay tile 0.75 / 0.80 0.85 / 0.95
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where g is the angle of elevation of the sun that will depend
on the local latitude and longitude. The calculation of g can
be found in the works developed by Duffie and Beckman
[50]. Thus, the total heat loss can be obtained by adding the
convective loss and the radiative loss.

The temperature of the module in relation to time is
obtained by replacing the equations of qr, qp,Ps andCmod in
the proposed non-linear differential equation, resulting in:

See equation (22) below.

This equation has no analytical solution, but can be
solved numerically by the Runge-Kutta method. The data
of total irradiance GT, ambient temperature Tamb, wind
speed (w), elevation angle (g), and output power (Ps) will
be used as input data for the solution of the problem.

3 Valıdatıon of model with measured
temperatures for roof-mounted pv generators

Engineering Equation Solver (EES) software was used [51],
incorporating the equations of the heat transfer model in
order to define the temperature of PVmodule over different
available types of roofingmaterials. This software was used
because it is a common method employed by building
energy designers (e.g., in conjunction with TRNSYS) and
provides a comprehensive method to handle the complexity
of the non-linear equations of this model. The most
important parameters for studies with roof-mounted solar
PVpanel are roof absorptivity (ar), solar irradiance, ambient
temperature (Ta) andwind speed coefficient, which, in turn,
depends upon the materials of the roof, orientation of
building roof, and its surroundings [45–47].

The common roof materials used in Belo Horizonte,
Brazil, buildings are red ceramic, cement fiber, and
galvanized steel. Initially, we carried out an online survey
among companies and individual professional installers to
gain information on the PV system installation config-
urations and parameters, especially the separation between
the roof and the installed PV generator [52]. All residential
locations surveyed had Si-PVmodule installations. For the
dTmod

dt
¼ aGA� Ps �Ahconv;frontðTfront � T

Cmod

� As

efrontFfc T4
front � T4

ceu

� �þ efrontF
þetrasFbt T4

tras � T4
tel

� �
5 companies and 12 individual professional installers
surveyed 41.2% answered that no distance between roof
and PV generator is used in those installations, 29.4%
answered that 10 cm between PV generator and roof is
used, 11.8% answered that it depends on the on what the
installation location would permit (e.g., obstructions,
ability to support the modules, security, etc.), 5.9%
answered that the distance is 15 cm or more, and 11.7%
answered that this “distance is not important”. These data
were used to define the distances from PV generator to roof
for the experiments of this work, although mount directly
on the roof was known to be very poor practice in most
cases because of performance losses.

The model module temperature Tmod (monitored at
1-minute intervals during each measurement day) was
determined by solving equation (22) numerically using the
Runge-Kutta method with EES software. The model shows
an average error of 3% comparing with the experimental
data. Figure 3 shows very good correlation between the
measured and model predicted temperatures for each of the
cases, with and average error of 3–4% comparing the model
with the experimental data. These data are used to
determine the peak module temperature and the average
module temperature for each of the roofing materials as a
function of the module-roof separations.

Table 3 summarizes the experimental results for the
3 roofing materials as a function of the roof-module
separation, corresponding to the data presented in Figure 3.
The average temperature and the peak temperature in
Table3weredeterminedtypicalbyaverging thetemperature
from thermocouple sensors positioned at three places on the
back of each PV module. The measurement was performed
from 6:00 am to 16:30 pm for each pair of distance/material
on dayswith best-sky conditions (with peak irradiances near
900W/m2 during this time of the year). Temperature was
registered at 1-minute intervals, and the average module
temperature cited inTable 3wascalculated fromthedata for
the6:00 amto 16:30 pmperiodof day.The peak temperature
is the maximum temperature registered for the period. The
maximumtemperatures reachedby thePVmodule occurred
in all cases between 12:00-noon and 13:30 pm corresponding
to the higher solar irradiance recorded. Some intermittent
ambÞ � Ahconv;tras Ttras � Tambð Þ

ft T4
front � T4

tel

� �þ etrasFbc T4
tras � T4

ceu

� �þ

Cmod
ð22Þ



Fig. 3. Comparison of model and typical measured PVmodule temperatures as a function of hour of day and module-roof separations
for red ceramic, fiber cement, and galvanized steel roofing materials.
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Table 3. Measured PV module temperature for 3 roof materials as a function of roof-module separation.

Roofing material Separation distance between roof and module
0 cm 10 cm 20 cm 30 cm

Red ceramic
Peak temperature (°C) 66.2 55.9 57.1 60.5
Average temperature (°C) 47.5 39.8 39.1 43.2
Cement fiber
Peak temperature (°C) 54.2 60.3 56.6 58.8
Average temperature (°C) 42.3 37.4 39.8 41.3
Galvanized steel
Peak temperature (°C) 76.9 55.6 53.8 58.7
Average temperature (°C) 55.5 41.1 39.3 41.8

Fig. 4. Module temperatures as a function of room-module separation using samemeterological and solar irradiance parameters in the
model: (a) Peak module temperature (left) and (b) Average module temperature (right). This demonstrates the optimal separation of
10 cm for both the fiber cement and red tile roofing materials and higher optimal separation for the galvanized steel. Simulation also
shows the differences in the module temperature, with fiber cement best and galvanized steel worst in considering either peak or
average module temperature.
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cloud coverwas encountered, as canbe observed in several of
the characteristics in Figure 3. A feature of themodel is that
it takes into account the change in the irradiance and follows
the corresponding change in roof and module temperature.

The measurement and model evaluation just discussed
covers actual days that have difference in the solar
irradiances due to intermittent cloud cover and meteoro-
logical conditions. To minimize these differences to provide
a more balanced comparison of the 3 roof types, the model
was run with data with no loss due to cloud cover and
normalized to the same irradiance conditions. Figure 4
shows the differentiation between the roof types, with the
better comparison between peak temperatures and average
temperatures—with the fiber cement roof clearly better
from the temperature of the module, and the separation of
10 cm the same for the fiber cement and the red tile.
The data show that for the three materials it is not
recommended to install the generator without any distance
between it and the roof, when this type of installation
happens the temperatures are always higher, and conse-
quently there are greater losses of energy generation. The
ideal installation distance varies depending on the roof
material. In the case of red ceramic, the ideal distance is
between 10 and 20 cm, for fiber cement the ideal
installation distance of the PV module is around 10 cm,
and in the case of galvanized steel the ideal installation
distance of the PV module is between 10 and 20 cm.
Interestingly, at the 30 cm distance between the PV
module and the roof, an increase in temperature was
recorded for all materials, which suggests that large
installation distances are not desirable Figure 5 shows
the field experiment to validate the mathematical model.



Fig. 5. PVmodule over a roof bench created to validate the mathematical model. From left to right are the three common Brazil roof
materials: Red ceramic, fiber cement and galvanized steel.
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These data confirm that the placement of the PV panel
directly on the roof (i.e., 0-cm separation) is a configura-
tion that should be avoided. This is a convention
discouraged by most installers and suppliers to avoid
the loss of power output due to potential higher panel
temperatures [53]. Mounting with no separation results in
the largest module temperatures for any of the 3 roofing
materials. Although field (no-roof mounted) modules
(mounted at the latitude near 20°) at this site operate
typically <50 °C, direct roof mounting results in modules
with temperatures 55 °C to more than 70 °C. Though for
the fiber cement thermal properties are best roof-panel
operations in these studies, losses of at least 3% to 4% in
module power were observed over the reference field-
mounted modules. For the case of galvanized steel, the
measured power losses were 10% to 15% for the modules
mounted with no separation. Thus, those local installers
(41%) in the survey indicating that they mount directly on
the roof are losing useful and considerable power for the
consumers. There are, of course, also worries about long-
term degradation or failure of these modules operating at
higher temperatures under conditions that can be
avoided. The best installation (separation) depends upon
the roofing material. For example, the optimal separation
is about 10 cm for the fiber cement and the red tile roofs
and 20-30 cm for the galvanized steel. It should be noted
that for all cases, the module temperature rises for
separations greater than the optimal one due to increased
radiation from larger exposure to roof areas. And in all
cases, the roof mounted PV panels operate at higher
temperatures than those that are field-mounted.
4 Conclusions and summary

This study has analyzed and evaluated the installation of
crystalline-Si PV rooftop systems in the Brazil environ-
ment, based on common Brazil roofs, materials, and
configurations. Modeling and experimental validation
of the operating temperatures for these roof-mounted
PV generators under Equitorial climate zone conditions
in Belo Horizonte, Brazil. The major contributions
include:
–
 An in-depth dynamic model has been developed in this
research based on the total energy balance with the roofing
material and the PV module to predict the operating
temperature of the PV device. The special features of this
model include consideration of the materials parameters of
the roofing material and the PV panel, the heat transfer
parameters, the solar resource and local climate conditions,
and positioning of the panel with respect to the roof.
–
 The model is used evaluate the Si module temperature
as a function of panel-roof separation for 3-common
roofing materials used in Brazil under typical operating
conditions. The optimal separations were found to be:
–
 * * Fiber Cement: 10 cm
* Red Tile: 10 cm
* Galvanized Steel: 20–30 cm.
The model was validated by comparing it to temperature
–

measurements for crystalline-Si panels mounted on the
3-roofs under the local meteorological and solar
conditions showing good correlations (3–4%).
–
 Panels mounted directly onto the roof (0 cm separation)
showed the highest operating temperatures during the
day, typically peaking in the 12:00 to 13:00 time-of-day,
corresponding to the peak irradiance time. The peak
temperatures reached were highest for the panels on the
galvanized steel roof and lowest on the fiber cement roof.
This is due to the thermal properties of the roofing
materials.
–
 Of the 3 roofs evaluated, the fiber cement was shown to
be the best surface for mounting the PV panels due to its
thermal capacity and transfer properties leading to the
least heating of the solar panel at the lowest (10 cm)
optimal separation distance. The red roof was second,
with the same optimal separation but higher operating
temperatures for the PV module. The galvanized steel
roof required higher optimal separations with the panels
always higher temperatures than for either of the other
two roofs.
–
 Surveys conducted with installers and developers gave
indications that there are concerns that roofs are being
installed inappropriately. About half of these companies/
installers were either mounted directly on the existing roof
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or did not pay attention to any required separations-
– resulting in lower PV performance and potential longer-
range degradation of these solar systems for the consumer.

We are in the process of providing the analyses of these
studies to the installers and developers in this area.
Though the prices for photovoltaic modules have
decreased considerably over the last decade, they remain
higher in Brazil due to import duties and lack of local
manufacturing. Thus, the best-possible performance of
these solar devices is critical to minimize costs to
consumers. It is important to ensure consumer confidence
through providing economic electricity costs and reliable
products.
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