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Abstract. In a number of countries, producers of roof covers are not obliged by law to estimate the
reflectivity and emissivity of their products and make them generally available. However, information
concerning these parameters that characterize the surface of roof cover is relevant for building's heat
calculations. Adequate choice of kind and color of the roof surface affects the amount of heat transferred
between the interior and the environment. Simplified research methodology has been proposed in the paper.
This methodology requires that experimental research is carried out and characteristic temperatures of roof
and of the air are determined. It is then possible to estimate the emissivity for roof cover from the model of
energy balance.
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– irradiance, W/m
– convective heat transfer coefficient, W/(m2K)
– heat flux, W/m2
– reflectivity
– heat resistance, (m2K)/W
– temperature, °C
– absolute temperature, K
– overall heat transfer coefficient, W/(m2K)
– wind velocity, m/s
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Greek symbols
– thickness, m
– emissivity
– thermal conductivity, W/(m⋅K)
– Stephan-Boltzmann constant, 5.67⋅10-8 W/m2K-4
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– absorption
– ambient
– roof covering (roofing paper)
– equivalent
– sky (horizon)
– irradiance
– interior
– sun
– styrofoam on the side of roofing paper
– styrofoam on the side of interior
– incidence angle of solar beams
– conductivity

Effective energy consumption is one of fundamental
strategic targets of governments in many countries [1].
Decrease of energy consumption causes in each
economy that the so far used sources are sufficient and
advancement of the energy sector can be less dynamic.
A significant consumer of heat and electricity is the
sector of construction [2-5]. One of ways to diminish the
heat energy consumption in constructing is adequate
choice of applied building materials [6-8]. The issue has
been recognized also by producers and scientists of roof
covers. Appropriate choice of kind and color of roofing
affects meaningfully the energy balance of a building [912]. The amount of energy transferred between the
building's interior and its environment can be
significantly reduced by application of the right roofing
material with right reflectivity and emissivity of roofing
outer layers [13-15]. In some countries, producers of
roof covers have created organizations to promote the so
called "cool roofing" [16]. They publish information
concerning a.o. reflectivity and emissivity of outer layers
of roof covers.
Unfortunately in too many countries, producers of
roof covers are not associated and there are not juridical
regulations that would oblige the producers to include
reflectivity and emissivity in technical data concerning
their products.
The present paper proposes simplified estimate
methodology of emissivity for roof covers. The
methodology requires, as a matter of fact, experimental
research to be carried out, however, its implementation is
not difficult.
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2 Model of heat transfer for roof

and emissivity 𝜀𝐶 . Heat properties of roof are related by
parameter 𝑈𝑒 , called equivalent heat transfer coefficient.
Its value depends on resistance of heat conduction by
particular layers of roof 𝑅𝑖 , and on resistance of heat
transfer between the ceiling and the inside of interior 𝑅𝑅 .
Hence:

In papers [17, 18] the model of heat transfer for roof
proposed by author is being presented. It is assumed for
the model that the roof is in a quasi-state condition. Fig.1
shows energy fluxes that are transferred among the roof
and particular media.
Energy balance equation written for 1m2 of roof has
the general shape:
𝐺𝑆𝑆 = 𝑞𝐶−𝐴 + 𝑞𝐶−𝐻 + 𝑞𝜆 ,

On the left side of equation (1), there is irradiance
absorbed by the roof cover 𝐺𝑆𝑆 . The irradiance is part of
total irradiance, 𝐺𝑆𝑆 , that reaches the surface of roofing.
The remaining part of irradiance, 𝐺𝑆𝑆 , is reflected by the
outer surface of the cover. On the right side of the
equation (1), there are three heat fluxes, that is, the flux
transferred between the roofing and the surrounding free
air, 𝑞𝐶−𝐴 , the flux radiated from the outer layer of the
cover to the sky (horizon), 𝑞𝐶−𝐻 , and the flux conducted
by the construction of roofing and transferred into the
interior of the building, 𝑞𝜆 . It is assumed for equation (1)
that only transverse heat fluxes are analyzed. The
roofing, as well as materials used for roof constructing
are characterized with relatively low thickness which
allows to neglect the heat transfer in the longitudinal
direction. Particular energy fluxes can be determined
from the given below equations:
(2)

𝑞𝐶−𝐻 = 𝜀𝐶 𝜎(𝑇𝐶4 − 𝑇𝐻4 ),

(4)
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3 Experimental stand
In order to determine temperatures of particular media,
an experimental stand was built. The stand is presented
in Fig. 2. Rectangular prism with dimensions: height –
0.88m, length – 1.14m, and width – 0.84 m was a model
of a building with a flat roof. The stand was placed on
the roof of the building of Department of Heat
Engineering, West Pomeranian University of
Technology, Szczecin (Poland), on its south-west side.
Walls of the stand were made of plywood with thickness
of 0.014m and insulated with rock wool with thickness
of 0.005m at the inner sides. Also plywood was used to

Fig. 1. Energy fluxes for roof [17, 18].

After substitution of relation (2) ÷ (5) in equation (1),
the following equation has been obtained:

+𝜀𝐶 𝜎(𝑇𝐶4 − 𝑇𝐻4 ) + 𝑈𝑒 (𝑇𝐶 − 𝑇𝑅 ).

𝑇𝐻 = 0.0553 · 𝑇𝐴1,5 .

Emissivity of roof cover can be determined from the
above equation:

COVER

(1 − 𝑟𝐶 )𝐺𝑆𝑆 = ℎ𝐶−𝐴 (𝑇𝐶 − 𝑇𝐴 ) +

(9)

+𝑈𝑒 (𝑇𝐶 − 𝑇𝑅 ).
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𝑅𝑅 = 1⁄ℎ𝑅 .

0 = ℎ𝐶−𝐴 (𝑇𝐶 − 𝑇𝐴 ) + 𝜀𝐶 𝜎(𝑇𝐶4 − 𝑇𝐻4 ) +

AIR

qS-r

(8)

Application of equation (6) for calculations of
parameters that characterize optic properties of roof
covers requires the knowledge of all the remaining
parameters present in equations (6) – (10). Besides, in
equation (6) both reflectivity 𝑟𝐶 , as well as emissivity 𝜀𝐶
are unknown. So, value of one of the above parameters
should be assumed, or an additional equation to define
the relation between them should be written.
However, if energy balance for roof cover is valid
only for the night time, equation (6) is simplified to the
shape:

(5)

𝑞𝜆 = 𝑈𝑒 (𝑇𝐶 − 𝑇𝑅 ).

𝑅𝑖 = 𝛿𝑖 ⁄𝜆𝑖 ,

Heat resistance of a flat layer of material depends on
its thickness 𝛿𝑖 and on coefficient of heat conduction 𝜆𝑖 .
Heat transfer between free air and roof cover depends on
coefficient of heat transfer ℎ𝐴−𝐶 , and heat transfer
between the ceiling and the interior depends on
coefficient ℎ𝑅 .
Thermodynamic stimulants for heat transfer are the
temperature gradients. In heat balance equation (6) for
roof, mean temperatures of particular media are applied.
In order to calculate the sky temperature, the simplified
Swinbank formula has been applied [19]:

(3)

𝑞𝐶−𝐴 = ℎ𝐶−𝐴 (𝑇𝐶 − 𝑇𝐴 ),

(7)

Heat resistances can be calculated from the equations:

(1)

𝐺𝑆𝑆 = (1 − 𝑟𝐶 )𝐺𝑆𝑆 ,

𝑈𝑒 = 1⁄𝑅𝑒 = 1⁄(∑𝑁
𝑖=1 𝑅𝑖 + 𝑅𝑅 ),

(6)

In equation (6), two parameters characterizing
properties of roofing are present, that is, reflectivity 𝑟𝐶
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build the roof. The roof was insulated with styrofoam
with thickness of 0.1m. The outer surface of styrofoam
was covered by the black roofing paper with unknown
properties. The floor of the stand was insulated with a
styrofoam plate with thickness of 0.1m.
In order to measure temperatures, five sensors of type
Pt100 were used. They were connected with data
recorder of type APAR206. The temperature sensors
were placed:
• in the centre of roof cover surface (roofing paper),
• in the centre of styrofoam surface on the side of
roofing,
• in the centre of styrofoam surface on the side of
stand's interior,
• in the centre of inner space of the stand,
• behind the curtain, in order to measure the ambient
temperature.

Times of sunrise and sunset were determined on the
basis of a computer program from the website [21]. It
can be concluded from the analysis of measurements
results that the lowest are temperatures of outer and
inner surfaces of roofing paper. Air temperatures in the
interior and at the inner surface of styrofoam have the
highest values. Ambient temperatures have values higher
than temperature of outer surface of roofing paper, but
lower than values of air temperature in the interior. Thus,
on the basis of Fig.3, it can be stated that heat is
transferred from the outer air to the roof cover at night.
The roof cover receives also the heat from the inner air.
On the other hand, roof cover loses heat as a result of
irradiance to the sky.
It was assumed for calculations that coefficient of
heat transfer from the free air to the roof cover was
known. Value of this coefficient was calculated with
assumption that wind velocity was equal 1m/s [22]:

a)

ℎ𝐴−𝐶 = 2.8 + 3.0𝑤.

(13)

The coefficient equals ℎ𝐴−𝐶 = 5.8 W/(m2K). In turn,
equivalent heat transfer coefficient equals 𝑈𝑒 = 0.18
W/(m2K) [17]. The above value was calculated because
heat resistance of styrofoam was known and the
coefficient of heat transfer from styrofoam to inner air
was assumed.
Fig.4 shows calculations results for emissivity for
black roofing paper determined for the time of night.
Values of emissivity change in a wide range. It may be
caused by application of simplified Swinbank formula in
order to calculate equivalent temperature of sky in the
proposed methodology. Temperature of sky depends on
content of water vapor in atmosphere and on cloudiness.
It depends also on the time of the year and on the time of
the day [23]. Choice of an adequate relation to calculate
the temperature of sky, as Pluta [24] claims, is
particularly relevant when the operation of solar
installations in the night time is analyzed. Thus, if the
sky is cloudy, temperature of sky calculated from
simplified Swinbank formula (10) requires to be revised,
or only cloudless (or nearly cloudless) nights in time
under research can be analyzed.
Because of the above fact, analysis of irradiance
distribution in the investigated time (Fig.5) was made.
The end of August 2017 was the time in which it was
stated that the sky was very little cloudy, as irradiance
distribution was regular and time temperatures changes
were mild. Thus, three August nights were chosen for
further analysis, i.e. 25/26, 27/28, and 28/29 of August.
Results of temperatures measurements and calculated
values of roofing paper emissivity are shown in Figs 6
and 7. It results from analysis of temperatures
distributions for chosen nights that the mildest changes
occurred at night 25/26 of August 2017. Roofing paper
emissivity calculated from equation (12) shows tendency
to oscillate around the mean value of this parameter
equal 0.63. So, it can be assumed that the black roofing
paper under research is characterized by emissivity close
to this value.

b)

Fig. 2. Experimental stand: a) view b) interior (photo
A.Walterowicz [20]).

Temperatures of particular layers of roof, of
environment, and in of interior were measured every 3
minutes.

4 Research results
Experimental research was carried out in the time from
25.08.2017 to 14.09.2017. Initial analysis of obtained
results is presented in paper [20]. Fig.3. shows
characteristic temperatures distributions for media in
particular night periods within the time under research.
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Fig. 3. Temperatures distributions in particular nights measured in the time from 25.08.2017 to 13.09.2017.
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Fig. 4. Emissivity calculated for the night time in the period from 25.08.2017 to 13.09.2017.
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Fig. 5. Irradiance in the period from 25.08.2017 to 14.09.2017.
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