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Abstract: The following article presents an analysis of th#uence of the irradiance and
ambient temperature on the roof coating temperafline roof coating temperature depends
mainly on the optical properties of the coating enial. Those properties are the reflectivity and
emissivity. The roof surface temperature determthesheat flux through the roof into the interior
of the building. Proper material selection for toating of the roof can significantly decrease the
surface temperature, and as a result, decreaskeetiteflux into the space just below the roof.
During the calculations, the model of the heat exgfe derived by the author for the flat roof was
used. The paper includes results of heat calculstior two coating materials with different
reflectivity coefficients. The calculations were deafor the specific weather conditions.

Keywor ds: roof coating material, heat load of building, enelbglance of flat roof

of material with high reflectivity and emissivity
1. INTRODUCTION coefficients effectively reduces the roof coating

D ic devel ¢ ilizati . _temperature. Lower external roof surface tempeeatur
ynamic development of our civilization TeQUITES Losults in lower heat flux through the roof intceth

more arf]d mc;Le ener%y. (t?urrerf\tlfy, mr)fst ?f tTe eE!m?rq;(eighboring rooms. On the website of an internation
comes from the combustion ot Tossit fu€ls. In r Cenorganization callethe Cool Roof$1], it is possible to

decades many countries decided to switch t(ﬁnd information about materials used as a rootiocga
renewable energy sources and to produce so-callg%d their optical properties

green energy Another solution to the problem is

energy efficiency in |ndL_Jstry and construction. I_ncompliance with both constructional and architeatur
temperat_e and CfOId c||mate‘, hou;gho_lds _reqwr(ae'g. color) constraints [2]. However, the condiouc
heating in the winter and air-conditioning  in thearchitect or energy auditor cannot precisely eséma

summer. ) . how the specific material will perform under
The following paper presents an analysis of

. . R a different irradiance and ambient temperature.
possible reduction of the heat load for buildinghe

b ¢ A ial selectidme T The aim of this paper is to determine the influence
summer by proper roof coating material selecti of the irradiance and ambient temperature on té ro

coating material selection influences the heat ﬂw&oating temperature and the heat flux into theding

_through the roof |_nto th(_s neighboring rooms. SUChI'he analysis will cover various irradiance and anbi
investment allows improving the energy efficiendy 0temperature. The calculations will be made for two

ventilation ) e.md air-conditioning _systems. H'gh_ermaterials with different reflectivity coefficient.
energy efficiency reduces electricity consumption
during the summer peak.
Building’s roofs coated with materials with proper
optical properties are called the cool roofs. Salac

The problem of selecting a roof coating requires
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2. ENERGY BALANCE OF FLAT ROOF Gsy = 1¢Ggp. (2)

In order to determine the roof coating temperature, The flux of the solar energy reflected by the
the author derived a model of heat transfer thrahgh coating of the roof, however, is described by the
flat, horizontal roof. This model will be presente#d following formula:
this chapter.

An investigated building has a flat, horizontal Gsa = acGsp = (1 =7c)Gsp - (©)
roof. Details concerning construction and mateoiaal Therefore, for a given moment in time, the balance

the roof are not relevant, the resultant heat /@t® f the heat fluxes for the outer surface of thef s
of this partition, however, is necessary for thepq following form:

calculations. Only variable concerning the roothe
coating material. An additional assumption that the Gsa =qc-a +qc-u +qa - (4)

coating material does not affect the resultant heat 1. iarms appearing on the right-hand-side of the

resistance was made. . equation (4) represent: heat flux exchanged through
The energy balance was derived for the roof. Thﬁonvection between roof outer surface and

roof is treated as a qua_si-steady thermOdyn‘r’w"&Jrrounding air, heat flux radiated by the roofesut
system. The balancg tal.<es |nt'o a(;count qn!y the heé’urface into the horizon and heat flux conductethisy
transfer in the longitudinal direction, omitting dte roof that penetrated inside the building, respetyiv

transfer in the transverse direction. The convective heat flux exchanged between the

The solar radiation falling on the surface of theroof outer surface and atmospheric air can be
roof is partially reflected and partially absorbdmsdthe determined using the following formula:
roof. Then the heat penetrates into the room(s)

neighboring with the roof. The analysis does néeta qc-a = he-a(Tc — Tp). (5)
Into - account th_e heat - transfer through radiation The heat flux radiated by the roof outer surface
between the ceiling and the walls. Additionallye th . . .

R ture iust below th iling i toed into the horizon can be calculated according to the
room temperature just below the ceiling is assutoe following relation:
be known a priori.

The energy balance was made for a surface df 1 m qe-n = eco(TE—TH). (6)
Figure 1 shows the heat fluxes exchanged through . ) .
radiation and convection between specific mediums 'N€ re.sultant' temperature of the horizon is defined

and the roof. by the Swinbank’s formula [4]:

‘The solar irradiance falli_ng on a flat st_Jrfacehu#t Ty = 0,0553 - T/}'s. @
horizontal roof depends mainly on the latitude ssea
of the year and time of the day. This parameter is The heat flux conducted by the roof that penetrates
denoted agsz. The flux of solar energy falling on the into the air inside the building can be expressed a

outer surface of the roof (coating) is partiallfleeted ~ follows:

and partially absorbed. g1 = Uo(Te — Tr). (8)
HORIZON The resultant heat transfer coefficient depends on
% SUN AR the heat resistances of each roof layer and the
A convective heat transfer coefficient between the

plasterwork and the air inside the building. Theref

Oss Os-r Jc-A Oc-H .
Wil EEEFEFEFFEFyyrs: Ue =R_e- (9)
N

m\\\\ ROOF m The heat resistance of a multi-layer partition and

ROOM \1, Q COATING | the heat resistance for the convective heat trairsfe

the air inside the building can be determined usirgy

) ) following formula:
Fig. 1. Heat fluxes for the flat horizontal roof g

R, =XiLiRi + Rg. (10)
Therefore, the energy balance equation for the ) ) o
solar radiation has the following form: The heat resistance of a single layer partition is
calculated according to the following formula:
Gsp = Gy + Gsq. (1) 5
The flux of the solar energy reflected by the R A
coating of the roof depends on the reflectivity The heat resistance for the convective heat transfe
coefficient of the material. This flux can be exysed from the ceiling into the air inside the building,
as follows: however, follows the relation:

(11)
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Rp = S (12) OSB) acting as a support for the coated coverdénsi

hr the building, there are: dry-wall and plasterwork.
After substituting the equations (3), (5), (6) 48)) Sometimes between the support and the dry-walether
into the equation (4), the energy balance equdtion is an additional air-gap.
a flat, horizontal roof was derived: Among those materials, the most important for the
B . . heat resistance is the insulation material. Thet hea
(A =7c)Gsp = he-a(Te = Ta) + eco(Te =T + resistance depends on the material and the thislafes
+Ue (T — Tp). (13) its layer. Therefore, if the constructional detedlie
Using the formula (13) it is possible to determinMoWn, the heat resistance is easy to calculate.
the roof coating temperature: However, if those details are not known, the heat
resistance can only be roughly estimated or assumed
T¢+C - Te+C =0, (14)  using the legal acts binding when the building was
into service. In the reference, it was estimated the

where: ; L
resultant heat resistance for the roof varies range
¢, = leatle (15) between 5 and 15 iK)/W.
i Therefore, according to the formula (9), the
C = — (1-7¢)-Gsp+he_aTatUe Tr+ec o T (16) resultant heat transfer coefficient will vary irange
Y, = .

eco between 0.07 and 0.20 WAK). The upper value

Subsequently, after determining that temperaturé{o”eSponds to the constructional regulation (ligdi
and using the formula (8), it is possible to catelthe until the end of 2016). Since the beginning of 2017
heat flux from the roof outer surface into the iy, ~ the binding regulations require thg parameter to be
Then using the equations (5) and (6) it is possible lower than 0.18 W/(AK) for a partition over a room
calculate the heat flux exchanged between the rodfith temperaturet, =18°C. For the calculations
outer surface and the atmospheric air, and thefliat Presented in this paper, the value Bf = 0.20
radiated into the horizon. W/(m?K) was assumed. Moreover, the change of the

The heat fluxes obtained using the equations (55:’0ating material does not affect this parametechSu

(6) and (8) can be normalized to the solar irractan assumption is reasonable because the thicknese of t
therefore: coating usually does not exceed 0.005m.

In this paper, two roof coating materials with
Uc_a = fe-a (17) extremely different optical properties were
investigated. Roofs constructed according to old
Uep = ——, (18) technology were usually coated with the bitumere Th
¢ reflectivity coefficientr, for this material range from
uy = & (19) 0.1 up to 0.2. Roofs constructed according to new
technology have the reflectivity coefficient stadi
The reduction of the heat transfer penetratingom 0.5 up to 0.89 [1,2,5]. For the following
through the roof achieved with the change of thgculations, two values of the reflectivity coefint
coating material can be measured by introducing @ere assumed: 0.2 and 0.85. Therefore, the absorpti
new parameter called the heat load reducrioﬂoeﬁicientsac are 0.8 and 0.15, respectively.

coefficient: The thermal emissivity coefficient of the coating
2, = 9a027Ghoss (20) material e; is assumed constant and equals 0.8. In
A aroz practice, for the gray bodies, the emissivity coefht

This coefficient can be expressed in percentages.  £c IS €qual to the absorption coefficient. Moreover,
a value of this parameter depends on the roof mpati

3. CALCULATIONS temperature as wel. . »
The calculations also require determining the heat

The heat calculations concern the building withrransfer coefficient._, from the roof coating into the
aflat, horizontal roof. This method, however, &i#  atmospheric air. A value of this parameter depenms
for buildings with a little-inclined roof as welRoofs  j a. the velocity of atmospheric air flowing arouthg
can have a different construction, different matsri roof. The higher velocity, the better heat exchange
and usually are built as multilayered. Those maleri petween those mediums. The air velocity is assumed
have different thermal properties, especially tieath constant and equals 1 m/s in this paper. The heat
conduction coefficient. Therefore, it is hard totransfer coefficient also depends on the spatial
precisely evaluate the heat resistance of thetjarti orientation of the roof and the temperatures ohbot
First of all, the roof must have a support. Outdit® mediums. Precise estimation of the heat transfer

main support, usually, there are: insulation foil,coefficient h._, between the roof coating and the
insulation material, engineered lumber board (e.g.
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environmentis very hard, therefore it is amed
constant and equals 5,8 WH6].

The temperature of space just below the roof
vary in relativdy wide range. In this pag, it is
assumed constant and equdls= 295.15 (22°C).
This temperature corresponds to the typical vabure
air conditioning calculations for the summer ti
This temperature is often referred as the the
comfort temperature.

The calculations will be conducted far wide
range of the solar irradian@; and selectedmbient
air temperatures. In this papdr,s assumed that tt
solar irradiance varies in the range betw260 and
1000 W/nf, and the ambient neperatures equal 35°
30°C and 25°CThose environmental parameteare
typical for Poland. Substituting the ambi
temperature values into equation (7), the follow
horizon temperatures were obtained29859K,
291.36K and 284.18K.

With this data anaquations (15) and (16), it is nc
possible to calculate the,@nd G constants.

Subsequently, using the equation (1#)e rool
coating temperature was determinede Thof coating
temperatures as functions of teelar irradiance an
ambient temperature are shown in Fy.anc 3,
separately for each materiaBasing on the dal
presented in Fig. 2it can be stated that duri
asunny day with no clouds in the s
(Gsp =1000W/nf, ty =35°C), the roof coatin
temperature for the material with reflectiv
coefficient 0.2 can reach up to 90°C. Whhbe sky is
cloudy, the solar irradiance is lower (aro 200
W/m? and the ambient temperature is also lo
(around 25°C),then the roof coating temperat
(bitumen) does not exceed 35°@hen the roof i
coated with material with high reflectivity coefiént
re = 0.85, however, during a sunny day with
clouds in the sky, the roof coating temperatumaish
lower and does not exceed 45%Wn a cloudy day, th
roof coating temperature is close to the tempere
inside the building.

Fig. 2. Roof coating temperature as a functiorsofar
irradiance for thredifferent ambient temperatui
reflectivity coefficient of materialc = 0.20

Fig. 3. Roof coating temperature as a function of solar

irradiance for thredifferent ambient temperatui
reflectivity coefficient of materialc = 0,85

The heat fluxes through the roofto the building
for two different coatigs and specific weath
conditions are shown in Fig. 4 and Gf course foi
the higher reflectivity on a cloudy day (ambi
temperature around 25§Cthe heat flux into th
building is close to zero.

Fig. 6 shows the heat load reduction coeffici
calculated according to the formula (28r the
change of the coating materidthe analysis of th
results shows clearly that for high solar irradignthe
reduction of the heat entering the building throtigé
roof varies from 70 up to 85% (the lower ambi
temperature, the higher reduction).

3
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y ;

o

ELzat s

r
\

Fig. 4. Heat flux through the roof into the building as
a function of solar irradiance for three different
ambient temperatures, reflectivity coefficient of
materialrc = 0,20

Fig. 5. Heat flux through the roof into the building as
a function of solar irradiance for three different
ambient temperatures, reflectivity coefficient of
materialrc = 0,85
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Fig. 6. Heat load reduction coefficient as a function das
irradiance

For low solar irradiance and the ambit
temperature 35°Cthe heat load reduction coeffici
is around 50%However, if the ambient temperatt
equals 25°C, the, zoefficient equald00%

Looking at the heat fluentering the building ar
compaing it to the solar irradiance, it can be st
that for the bitumen it is around 3% (low so
irradiance and high ambient temperatuiBut it is
almost 2.5 times higher for the high reflectiv
material (Fig. 8)For high ambient temperatu (35°C
and 30°C) this yield drops while the®lar irradianc
increases However, for lower ambient temperat
(25°C) this yield grows. Fig. 9 and $Bow: how the
yields of heat transfers exchanged between the
coating and the horizon (upper lines), and betvibe
roof coating and the ambient air (lower lir depends
on the solar irradiance and the ambient temper:

The yield of heat flux exchanged between the
coating and the atmospheric air grows with thers
irradiance. The yield of heat flux exchanged betw
the roof coating and the horizon actmtran.

For the building’'s roof coated with hig
reflectivity material and low solar irradiance d@rcbe
stated that the heat flow direction reversesthe hea
is transferred from the air to the roof.

Ratio u, [%}

35°C

——-30C
0.5 B/C

E=
200 300 400 500 600 700 800 900
Trradiance [W/m2]

1000

Fi

g. 7. Ratio of heat flux entering the buildinigrough the
roof and solar irradiance as a function of s
irradiance fotthree different ambient temperatur
reflectivity coefficient of materialc = 0,2(

111

8.0 ‘ ‘
7.0 N

g | |
\ 35°C
6.0

Ratio uy [%]
-
)

0.0 |
200 300 400 500 600 700 800 900
Irradiance W/m?]

1000

Fig. 8. Ratio of heat flux entering the building througle
roof and solar irradiance as a functiorsofar
irradiance fotthree different ambient temperatur

reflectivity coefficient of materialc = 0,85

Fig. 9. Ratios of heaflux exchanged with air and riated
into horizon to solar irradiance as a functionaés
irradiance for three different ambigiemperatures
reflectivity coefficient of materialc = 0,20

10T 11 [
140 J 3500 SR
120 b = L o 35°Cc |
AN
100 3 ——-30°C —-— 25°C
g e
= % ===
2 e
= 60
f 40
- e e i e
0 g =
-ZOZ 0 /30(////4 0 500 600 700 800 900 1000
9
-40 4
7
-60 -
Trradiance [W/m?]
Fig. 10. Ratios of heat flux exchanged with air andiased

into horizon to solar irradiance as a functionalbs
irradiance for three different ambient temperatL
reflectivity coefficient of materialc = 0,85

4. CONCLUSIONS

Basing on the calculations presented in this pz
the following conclusions can be stated:

- roof coating with high reflectivity coefficier
provides relatively low temperatures of rc
surface,

— heat load reduction coefficient on a sunny day
reach around 70-90%,
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- heat load reduction coefficient on a cloudy dayBiographical note
varies in wider range (50-100%) and strongly
depends on ambient temperature,

- yield of heat flux entering the building througleth
roof is only around a few percent.

- on a cloudy summer day, heat flux changeg
direction, i.e. heat is transferred from air to the
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