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Abstract
The thermal performance of conventional flat roof systems is in practice normally assessed by the heat
transfer caused by conduction. The effects of radiation and convection are in such cases ignored as being
insignificant. Holistic flat roof systems are designed to better utilize the impact of radiation and convection
on improving the indoor climate. However, to determine the influence of radiation and convection, an
integrated assessment should be used. In this article, the effect of applying five different holistic flat roof
systems is compared with a conventional roof system of an existing storage hall. With EnergyPlus the internal
air temperature in the storage hall was simulated for a complete year using weather data of the moderate
Dutch climate. The most efficient systems prove to be the systems that decrease the heat gain by solar
radiation. These systems can decrease the number of overheating hours by up to 95%. Increasing the thermal
resistance value of a roof could lead to adverse results. The study shows an integrated approach that could
be implemented in policies and regulations for the thermal assessment of holistic flat roof systems.
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1. Introduction
A flat roof is an often used design for industrial
buildings. Flat roofs in different climates are
usually covered with a dark coloured roofing
material [1–4]. The temperature of this dark
coloured roofing material can, on sunny summer
days, primarily due to solar radiation, rise to 90 °C
[5]. Akbari et al. [6] found that the difference
between the surface temperature and the ambient air
temperature can be as much as 50 °C with dark
roofs. The term flat roof system is here used for a
horizontal roof made up of multiple layers of
different materials that together determine and
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influence the thermal performance of the building.
Decreasing the roof temperature is nowadays
widely accepted as a significant way of improving
the summer thermal comfort in buildings [4, 7]. In
winter, in moderate climates, the heat flow through
flat roofs is mainly upwards (heat leaving the
building) and a layer of insulation may be added to
the building shell to decrease this conductive heat
flow.
In general, to determine conductive losses, the
thermal resistances of the individual layers of a roof
are summed to find a static R-value (expressed in
m2K/W) or U-value (expressed in W/m2K) for the
roof structure. Adding insulation material to the
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roof increases the R-value and decreases
conductive heat losses. The roof insulation acts as a
barrier to heat flow in both directions. In summer,
it will first act as a barrier to limit the heat contained
in the warm outside air transferring to the cooler
internal space through conduction. However, at
some point, a temperature equilibrium will be
reached and the heat flow will cease and then
reverse, and the insulation will hinder natural
cooling by conduction.
An assessment that focuses on conduction as the
only heat transfer method overlooks a number of
opportunities to improve the indoor climate.
Assessments of flat roof systems to comply with
building regulations and to operate as input for
energy performance indicators [8], often only
include conduction as the heat transfer method. The
effects of radiation and convection are, often
wrongly, ignored as insignificant. By not including
radiation and convection in the design assessment,
the space for innovative solutions is unnecessarily
reduced. Bahadori [as cited in 9] explains, as a first
example, that curved roofs are liable to incur higher
convective heat losses than flat roofs under similar
levels of solar irradiance. Suehrcke et al. [4] also
noted that heat transfer types, other than
conduction, were ignored in energy performance
regulations and, for a second example, reflects on
the possible positive and negative effects of the roof
colour. In general, ignoring convection and
radiation probably underestimates the potential
added-value of innovative and advanced flat roof
systems.
This study focuses on the contributions that a
holistic flat roof system can make to improve the
indoor climate of an existing flat-roofed building.
The term holistic is used to refer to flat roof systems
that are designed taking multiple heat transfer
methods into account [10]. For clarity, although the
term holistic could be interpreted broader than the
heat transfer mechanisms (e.g. daylight usage and
acoustic properties), the term holistic in this article
refers only to heat transfer methods.
The objective of this study is to offer guidance
on improving the indoor climate in buildings by
providing a comparative assessment of a range of
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holistic flat roof systems. Consequently, a
calculation method is used that can be applied to
different holistic flat roof systems and that takes
conduction, convection, and radiation of heat into
account.
2. Holistic flat roof systems
There are various types of holistic flat roof systems.
Five holistic flat roof systems have been selected
that potentially improve the indoor climate by
utilizing other heat transfer methods. Both cool
roofs and green roofs could decrease the heat gain
from solar radiation [5, 11]. Further, a double-skin
roof (DSR) is an option for increasing convection
losses by adding a layer that is separated from the
conventional roof with a cavity. Finally, the
Roofclix system is a relatively new system that has
been designed with attention given to all three heat
transfer methods.
2.1. Cool roofs
Increasing the albedo (α) of the top layer of a roof
increases the reflection of sunlight and decreases
the effect of solar radiation on the inside
temperature. If a surface, exposed to solar radiation,
has a high albedo, the resulting temperature
increase will be lower than for a surface with a low
albedo. The Infrared emittance (σ) is used to specify
the amount of radiation that is emitted and absorbed
compared to a black body, which is a perfect emitter
and absorber of radiation. Both the albedo and the
infrared emittance are measured on a 0 to 1 scale.
The albedo of asphalt roofing is typically around
0.1 [12], while the albedo of the external wall of the
case object is estimated at 0.37 [13]. The infrared
emittance of non-metallic surfaces is typically
about 0.9 [4].
The literature often uses the terms white roof,
high albedo roof, and cool roof interchangeably.
The concept of a cool roof is described by Dabaieh
et al. [14] as “a passive solution and a building
typology that assists in reducing the cooling loads
and energy demands on a building’s envelope”.
According to ASHRAE standards, a cool roof has
an albedo ≥ 0.70 and an emittance ≥ 0.75 [15]. In
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this paper, the term cool roof will be used since not
all cool roofs are white [16].
A cool roof can be created by adding a layer
with a high albedo to an existing roof [e.g. 12,17]
or by replacing the existing top layer with a highly
reflective material. A relatively cheap method of
increasing the albedo is simply to paint the roof.
Kolokotroni et al. [12] found that a cool roof could
decrease the internal air temperature by an average
of 2.5 °C for an office in London. Romeo and Zinzi
[18] similarly found an average reduction of 2.3 °C
using a cool roof in the operative temperature
during the cooling season for a school in Italy.
A cool roof gains heat by absorbing shortwave solar
radiation and longwave diffuse radiation and loses
heat by emitting longwave radiation. Natural
convection takes place on the surface and
conduction through the roof. The energy balance
for a cool roof system is given by Eq. (1).

(

)

4
Fc =  c I S −  c Tc4 − Tsky
−

Tc − Ti
+ Hc
Rc + R r

(1)

2.2. Green roofs
A green roof is created by planting vegetation on
the roof, and these have been assessed in several
studies [e.g. 1, 19]. Coma et al. [19] state that green
roofs are “interesting construction systems because
they provide both aesthetic and environmental
benefits”. A major contribution of green roofs in
terms of thermal comfort is the protection they
provide against solar radiation [20].
Ismail et al. [11] found indoor air temperature
differences between green and bare black roofs in
Malaysia that ranged from 0.2 °C to 1.7 °C.
Niachou et al. [20] found a green roof improved
summer indoor comfort conditions by 2.0 °C in
Greece. Gagliano et al. [21] found that a green roof
can decrease the operative temperature by more
than 3.0 °C compared with an uninsulated roof in
Italy.
When assessing green roofs, a distinction is
made between the energy balance for the foliage
and for the substrate since the foliage layer is semitransparent. Both the foliage and the substrate
experience convection and solar radiation. There is

a strong relationship between these two energy
balances. The substrate layer is an opaque layer and
therefore the heat flux between the substrate layer
and the conventional roof below it is purely
conductive. The heat balances for the foliage and
the substrate layers are given in Eqs. (2) and (3)
[22,23]. The interested reader is referred to Sailor
[23].
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2.3. Roofs covered with PV panels
PV panels on a roof not only transform solar energy
into electrical energy that can be used in the
building, they also provide shading [24,25]. While
there has been considerable research on the
feasibility of placing PV panels on roofs, this has
mainly focused on the financial and environmental
benefits of the electric energy provided by the solar
panels.
Wang [26] states that separating PV panels from the
roof by incorporating a cavity decreases the cooling
load and increases the efficiency of the PV panels.
For maximum shading on a flat roof, the PV panels
should be parallel to the roof, in other words, placed
horizontally. If so placed, the efficiency of the
panels will be sub-optimum, but a high output can
still be achieved. Kapsalis et al. [27] measured, on
a typical summer day in Greece, a roof surface
temperature variability of almost 40 °C for an
exposed roof, while the temperature variability
under a roof covered in PV panels was less than 20
°C. Further, the minimum outside surface
temperature of the exposed roof was lower than that
of the shaded roof.
The heat transfer mechanisms of a roof covered
with PV panels parallel to the roof can be expressed
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by two energy balances (Eqs. (4) and (5)). The gap
between the roof and the panels allows convection
and radiation. The energy balance for the PV panels
includes two sensible heat fluxes as convection can
take place on both sides of the panels.

(

4
FPV =  PV I S −  t Tt 4 − Tsky

Fr =

)

(

+

bt 
Tt 4 − Tb4
b + t − bt

+

Tt − Tb
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(

)
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b +  r − b r
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(5)

2.4. Double roof
Creating a non-ventilated cavity (i.e. close-ended)
by placing a double roof above an existing one
provides a barrier to heat entering or escaping from
the room. Another option is a ventilated open-ended
cavity, where the cavity and the second layer can
decrease the cooling load on a building. The
‘second’ roof provides shelter against solar
radiation [28,29].
Zingre et al. [28] note a maximum reduction in
indoor air temperature of 2.4 °C on a sunny day and
1.1 °C on a cloudy day for an open-ended double
roof in the tropical climate of Singapore. In
comparison, Gagliano et al. [21] found that adding
a 40 mm layer of insulation to an uninsulated roof
decreased the operative temperature by a notdissimilar 2.0 °C. Considering a situation in a
moderate climate and comparable to the use of PV
panels, Eq. (6) provides the heat balance for a closeended double roof system.

(

4
Fdr =  dr I S −  dr Tdr4 − Tsky

−

)

Tdr − Ti
+ H dr
Rdr + Rcav + Rr

that are 40 mm deep and filled with polyurethane
(PUR) with a high thermal resistance. The panels
are fixed above the existing roof using coupling
pieces with a diameter of 260 mm and a height of
65 mm. These coupling pieces raise the Roofclix
panels creating a cavity of 25 mm between the roof
and the panels. The gaps between the Roofclix
panels have an area of 3,960 mm2 per square meter
or 4.0% of the total area. As such, the cavity under
the Roofclix system is a well-ventilated air layer in
terms of ISO 6946. The Roofclix panels have,
according to the supplier of the system, an albedo
value of 0.85 and weigh 8 kg per m2 [30].
Neglecting the small impact of the PUR, the
specific heat capacity of the panels is 840 J/kgK
[13]. The energy balance for the roof with the
Roofclix system is presented in Eq. (7) where,
based on ISO 6946, Rcav=0.06 m2K/W and Rrx= 0.

(

4
Frx =  rx I S −  rx Trx4 − Tsky

−

)

Trx − Ti
+ H rx
Rrx + Rcav + Rr

(7)

3. Method
This section presents how holistic flat roof systems
will be studied by modeling their effects on indoor
temperature when applied to a particular building,
referred to as our case object. The research design
is in line with the approaches of Boyano et al. [31]
and Dabaieh et al. [14] in that the measures are not
physically placed on the case object but
implemented in a simulation.
Several energy simulation programs (ANSYS,
TRNSYS) are available and were considered.
EnergyPlus will be used in this research. Positive
experiences of this open-source software are
reported in comparable studies [14,31].

(6)

2.5. Roofclix system
The Roofclix system is a relatively new and largely
unknown holistic flat roof system. The system is
shown in Fig. 1. It consists of highly reflective
400mm x 400mm polyvinyl chloride (PVC) panels
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Fig. 1. The Roofclix system
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The research process consists of the following
steps:
1. Assessing of the relevant heat transfer methods
when applying a particular roof design;
2. Deriving the energy balance for the adopted
roof design;
3. Implementing the roof design in Energyplus;
4. Checking the validity of assumptions;
5. Running EnergyPlus for multiple scenarios;
6. Analyzing the effect of the roof design on the
thermal comfort.
3.1. Climate data
A local IWEC weather data file was obtained for
Groningen (Eelde) Airport (latitude: 53° 7’ 11” N,
longitude 6° 34’ 46” E) which has comparable
weather conditions. The Netherlands is, in terms of
the ASHRAE standard, located in the Cool-Humid
climate zone 5A [15]. The meteorological institute
in the Netherlands (KNMI) indicates that the
monthly mean temperature varies between 3.1 °C in
January and 17.9 °C in July [32]. On average the
annual precipitation is 887 mm [33] and the longterm mean solar radiation intensity is 10.1
MJm2(day)-1 [34].
To be able to calibrate the EnergyPlus model for
the case object’s current roof system, three
temperature sensors (RTD Pt1000) were installed to
measure indoor temperatures. Over a period of four
weeks, from 25 September 2015 to 23 October
2015, these sensors were connected to a data logger
(ATAL ATV-05A). This time period was chosen by
the owner of the facility, who granted us permission
to measure. Considering that the average outdoor
temperature we measured during this time period
was 9.6 ºC and is close to the national annual
average of 9.5 ºC, we believe that this relative short
period can be considered as representative. The
temperature was measured at three heights close to
the center of the storage facility. Sensor 1 was
placed 0.3 m below the roof. Sensor 2 was placed at
a height of 3.0 m above the floor to measure air
temperature development within the hall. Sensor 3
was placed 1.0 m above the floor to measure the air
temperature experienced by people in the storage
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hall. Fig. 2 shows a schematic view of the position
of the sensors.
3.2. Building model
In previous studies, the implementation of holistic
flat roof systems has been studied for various
building types (e.g. dwellings [35], schools [18],
industrial buildings [36] and offices [37]). We focus
on industrial buildings since these are known for
their relatively large flat roofs resulting in high
‘roof-to-wall’ ratios. As such, their roofs are
expected to have a considerable influence on the
indoor climate. Our case object is an existing
storage hall of an industrial company as shown in
Fig. 3. The building is located in the north-eastern
part of the Netherlands. The building specification
reflects typical designs from around 25 years ago,
and the storage hall is connected on its north side to
other parts of the factory. The other three sides are
external walls and not shaded by surrounding
objects. As a storage facility, there is only limited
activity within it. Personnel works in the storage
hall at irregular moments. The duration of the
working tasks in the storage hall range from a few
minutes to several hours. Production continues 24
hours per day and seven days per week.

Fig. 2. Position of the temperature sensors
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Bituminous Roof Cover
Insulation Material
External Wall
Cavity
Insulation Mat.
Internal Wall

Structural Layer

Fig. 3. The case object in SketchUp (The transparent spaces
are not part of the case object, but are simulated as adjacent
buildings to include their thermal influence on the case object )

The hall has an internal floor area of 686 m2 and the
internal height is 5.2 m. In terms of temperature
control, the storage hall has a heating but no cooling
system. The thermal resistance of the building
envelope, presented in Table 1, was calculated in
line with ISO 6946 [38] based on the original
building plans. The typical structure of such a roof
for an industrial building is shown in Fig. 4. The
current insulation material is placed above the
structural layer, making the current roof a so-called
‘warm roof’, and its thermal resistance is calculated
at 3.5 m2K/W.
Table 1. Thermal characteristics of the building envelope
of the case object
Construction
Materials
element
External
wall

Roof

Floor

d
(m)

Specific
λ
heat
ρ
(W/mK) (kg/m3) capacity
(J/kg K)

Sand-lime
brick

0.100

0.860

1,850

840

Cavity

0.030

-

1.20

1,010

Rockwool
insulation

0.040

0.038

25

840

Brickwork

0.100

0.770

1,700

835

Cellular
concrete

0.140

0.160

727

840

PUR
insulation
material

0.060

0.025

30

1,470

Asphalt

0.030

0.700

2,100

840

Monolith
concrete
layer

0.150

1.930

2,450

840

Fig. 4. Typical construction of a bituminous roof of an
industrial building

The internal heat gains in the storage hall are linked
to the lighting system with a power density of 3.9
W/m2. The storage hall has twenty-one fixed
exterior windows (2.50 m x 0.50 m) consisting of
double glazing in an aluminum frame with a heat
transfer coefficient around 3.1 W/m2K and three
interior high-speed roll-up doors (3.00 m x 2.00 m)
with a heat transfer coefficient estimated at 2.4
W/m2K.
3.3. Scenarios
The thermal resistance of the roof has a major effect
on the thermal performance of a building.
Therefore, two scenarios are simulated to
investigate the influence of the thermal resistance
of the existing roof on the effect of a holistic flat
roof system. First, we model a high thermal
resistance scenario, with an R-value of 3.5 m2K/W.
This is in line with the calculated value for the
storage hall we are simulating. Second, we
investigate a low thermal resistance construction
that can be seen as similar to the first scenario but
without the layer of insulation material in the roof,
resulting in an R-value is 1.1 m2K/W. Combining
these two scenarios with the six roof designs
outlined earlier results in twelve situations as shown
in Fig. 5.
3.4. Holistic flat roof systems
The building has been modeled in EnergyPlus
including heating, ventilation and lighting
influences. The heat gains from the adjacent
production hall are simulated as a thermal load on
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Fig. 5. The scenarios and holistic flat roof systems used in the simulations

Fig. 6. Measured data at the case object, solar radiation and the outdoor air temperature [39]

the production hall. Using the on-site air
temperature measurements of the centrally located
sensor (2nd) as a means of calibration, the estimated
thermal load and ventilation rate have been
adjusted. A comparable method was applied by Jo
et al. [37] who used measurement data to determine
the thickness of insulation material.
Data from the indoor air temperature sensors
and from a nearby KNMI weather station are shown
in Fig. 6. The figure shows that the indoor
temperature increased with height. During the
measurement period, the average outdoor air
temperature was 9.6 °C, while the temperature
difference between Sensor 1 and Sensor 3 ranged
from 0.5 °C to 2.9 °C. After October 13 th, the
external temperature drops while the internal
temperature fluctuates more rapidly, but, as an

effect of the installed heating system, hoovers
around a reasonably constant average temperature.
In the first part of the period, when the heating
system was not in use, the temperature in the hall
was considerably higher than the outside
temperature. This increased temperature can be
explained by heat gains from the installed lighting
and from the adjacent production hall which
generates considerable heat from the installed
production equipment.
The heating is implemented in the model by
using a continuous heating set point of 17.5 °C
based on the measurements taken in the storage
hall. Goods stored in the storage hall restrain the
internal temperature fluctuations and are modeled
as an internal mass based on an estimate by the user
of the storage hall of the average contents.
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The result of this calibration process is
evaluated in terms of the Normalized Mean Bias
Error (NMBE), Coefficient of Variation of Root
Mean Square Error (CVRMSE) and Correlation
Coefficient (R2) [40], which are three statistical
indicators suggested in the ASHRAE Guideline 142002 [41]. This resulted in an NMBE of −0.05%, an
RMSE of 3.62% and an R2 of 0.91, all within the
acceptable ASHRAE guideline range. In the
following sections for each of the five holistic flat
roof systems, a description is provided on how it is
implemented in the basic model.
3.4.1. Cool roof model
The cool roof concept is implemented in this study
as a white-painted roof. This approach is much
cheaper than replacing the top layer of the roof
albeit not so long-lasting. The albedo of the selected
paint (αc) is 0.7; a value that was also used by Virk
et al. [42]. Kolokotroni et al. [12] found in their
study an optimum albedo value between 0.6 and 0.7
for their case study on an office building in a
comparable climate (London) and a comparable
roof structure as in our case study.
The cool roof is simulated based on Eq. (1). The
main difference is due to the change in albedo (αc),
which is simulated by decreasing the absorbance of
the top layer of the conventional roof.
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m2K/W and the albedo of the top surface at 0.1
based on manufacturers’ specifications and data
obtained from Davis et al. [45] and Wang et al. [26].
The PV panels are simulated using Eqs. (4) and
(5). They are included as a shading layer above the
storage hall using the estimated thermal properties
of the PV panels.
3.4.4. Double roof model
In this study, a non-ventilated double roof design is
implemented in the form of a non-ventilated cavity
with an insulated additional roof-mounted some
distance above the existing roof. We added a roof
where the emissivity and the albedo values are the
same as the existing conventional roof. In this way,
we are able to compare the results of adding a
second roof and creating a cool roof. The other
thermal and physical characteristics of the double
roof were set to the values of the Roofclix panels.
This then enables us to compare the thermal impact
of creating a cool roof, a double roof and installing
the Roofclix system.
The double roof is simulated using Eq. (6). In
modeling terms, two layers are added on top of the
conventional roof: firstly a non-ventilated cavity
(25 mm) and then an additional roof layer. For the
cavity, a fixed thermal resistance of 0.19 m2K/W is
used as prescribed in ISO 6946 for downward heat
flow.

3.4.2. Green roof model
The green roof modeled in this study is a sedum
roof since sedum species are commonly used as
they are “really resistant plants which require low
maintenance effort thanks to their characteristics of
drought resistance and low growing rate” [1]. The
green roof is modeled by adding layers to the
existing roof. The EcoRoof model uses Eqs. (2) and
(3) [23] to calculate the energy balances. The
required parameters for the EcoRoof model are
extracted from other studies [43,44].
3.4.3. PV panels model
In this study, PV panels are horizontally ‘added’
above the existing roof, with a ventilated 200 mm
gap between the panels and the roof. In the model,
the thermal resistance of the PV panels is set at 0.04

3.4.5. Roofclix model
In January 2010, measurements (conducted by a
third party and be available on request) were taken
on a building that was partly covered with Roofclix
panels. Thermocouples were installed to measure
the surface temperatures of the unmodified roof, the
roof under the Roofclix panels and the top of the
Roofclix panels. The results from 8 January 2010
are shown in Fig. 7 along with the outdoor air
temperature using data from the local weather
station in the Netherlands at Schiphol Airport [39].
The Roofclix system was initially simulated as
prescribed in ISO 6946 using Eq. (7) from Section
3.5. In keeping with ISO 6946, this effectively
amounted to adding an additional layer to the
conventional roof with a thermal resistance of only
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0.06 m2K/W. Using -derived from Fourier’s lawEq. (8) below, the simulation results for the outside
surface temperature of the conventional roof are
shown in Fig. 8 along with estimates of the surface
temperature of the conventional roof, under and
without Roofclix.

Tr = To +

(To − Ti )xRrx
Rr + Rrx

(8)

Fig. 8 also includes the measured roof surface
temperature under the Roofclix panels, and this is
consistently higher than the simulated value with an
assumed Rrx = 0.06 m2K/W. A possible explanation

for this consistent difference is that the impact of
the Roofclix system is underestimated by ISO 6946.
To investigate further, a thermal resistance value
for the Roofclix system was determined from the
measurements, thereby incorporating the effects of
both conductive and convective heat transfer. In
effect, we are determining the thermal resistance
that, when included in the simulation, produces
surface temperatures close to those measured.
Fig. 8 includes the estimated surface
temperature under the panels with an assumed
thermal resistance of 0.80 m2K/W for the Roofclix
system.

Fig. 7. Measurements with the Roofclix system on 8 January 2010

Fig. 8. Simulation and estimation with the Roofclix model
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The simulated external surface temperature is
reasonably close to the measured value during the
main part of the day but in the early hours of the
morning, when the outside temperature dropped
rapidly and then recovered, the simulated
temperatures show a matching, albeit less extreme,
pattern whereas the measured surface temperature
remained reasonably steady under the Roofclix
panels. A possible explanation is that the cavity is
not as well ventilated as the simulation assumes and
acts more as a closed space below the insulated
panels. It would seem that the simplifications used
by ISO 6946 fail to model adequately the
characteristics of the Roofclix system.
A decreased wind speed decreases the thermal
heat flux through a roof [46]. The influence of a
decreased wind speed on the thermal resistance of
the Roofclix system is calculated using empirical
formulae from Eqs. (9)-(11) [13]. This resulted in a
thermal resistance for the Roofclix system of 0.77
m2K/W, a value remarkably close to the earlier
estimated value of 0.8 m2K/W.

Re =

V xl


(9)

(

)

Nu = Pr1 / 3 x 0.037x Re 0.8 − 871
h=

k x Nu
l

(10)
(11)

4. Results and discussion
The desirable internal air temperature in a room
depends on many variables, such as the season, the
activity level and the thickness of the clothes that
people are wearing [47,48]. Here, the Fanger model
is widely used to determine the Predicted Mean
Vote (PMV), which is a value that estimates the
perceived acceptability of the thermal climate in a
room [1,17]. Generally, a PMV between -0.5 and
0.5 is considered acceptable in that, within this
range, less than 10% of the occupants will be
dissatisfied with the conditions [47]. Based on the
activities (metabolism = 1.7), relative humidity (RH
= 50%) and clothing (clo-value = 0.7) requirements
for its users, the Fanger model indicates the
acceptable temperature ranges for the storage hall
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to be 15 − 21.5 °C in winter and 18 – 23 °C in
summer [49]. Our simulations show that, in the
summer months, the maximum “acceptable”
temperature of 23 °C is exceeded on occasions. In
order to compare the performance of the various
roof structures, we calculate the maximum internal
temperature seen throughout the year and the
number of times the 23 °C “limit” is exceeded. In
this way, we are able to compare the different roof
designs in terms of delivering acceptable internal
conditions.
4.1. High thermal resistance scenario
The calculated internal air temperature for the
conventional roof design with a high thermal
resistance is shown in Fig. 9. The internal air
temperature is reasonably constant during the
winter months at close to the heating set point of
17.5 °C. During the summer months, the internal
temperature is driven by the external conditions and
peaks at 25.3 °C. However, the external surface
temperature of the roof sees a much greater
temperature range: from -20.5 °C on 13 February to
70.9 °C on 3 August. The minimum outdoor air
temperature was -14.2 °C on 13 February and the
maximum 32.8 °C on 4 August. Based on the
Fanger model, the maximum acceptable indoor
temperature is 23°C, and this was exceeded during
862 hours and by a maximum of 2.3 °C. The
corresponding results for the indoor climate with
the holistic flat roof systems are shown in Table 2.
4.2. Low thermal resistance scenario
The comparable internal air temperatures for the
conventional roof in the low thermal resistance
scenario are shown in Fig. 9. The internal air
temperature ranges between 17.5 °C and 29.3 °C so,
as one might anticipate, reducing the roof insulation
results in outside conditions having more influence
on internal temperatures. The maximum internal
acceptable temperature is now exceeded for 2,155
hours (virtually a quarter of the year) and by as
much as 6.3 °C.
The corresponding results for the indoor climate
with the various holistic flat roof systems in the low
thermal resistance scenario are shown in Table 2.
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Table 2. Indoor climate for the holistic flat roof systems
Cool Green PV Double
Roofclix
roof roof panels roof
High thermal
resistance scenario
Number of
overheating hours
(862)

166

313

139

581

131

Reduction of
overheating hours
(-)

81%

64%

84%

33%

85%

Maximum internal
air temperature
(°C)

24.2

24.2

23.8

24.7

23.8

Maximum
temperature
exceeding (°C)

1.2

1.2

0.8

1.7

0.8

Number of
overheating hours
(2,155)

317

722

113

1,366

107

Reduction of
overheating hours
(-)

85%

66%

95%

37%

95%

Maximum internal
air temperature
(°C)

25.7

24.9

24.4

26.2

23.9

Maximum
temperature
exceeding (°C)

2.7

1.9

1.4

3.2

0.9

Low thermal
resistance scenario

4.3. Comparison of holistic flat roof systems
The internal air temperature of the storage hall
during summer is shown in Fig. 10 for the
conventional, high thermal resistance roof, and with
each of the holistic flat roof systems applied.
This plot, covering the warmest day of the year,
shows that all the holistic flat roof systems decrease
the internal air temperature in summer. The number
of overheating hours is decreased dramatically by
the cool roof (by 81%), the PV panels (by 84%) and
the Roofclix system (by 85%) to within the
generally accepted number of overheating hours
that are tolerated when designing HVAC systems
[49]. The maximum overheating is just 0.8 °C for
both the PV panels and the Roofclix system. The
cool roof simulation indicates a maximum
exceedance of 1.2 °C, which is perhaps larger than
one might expect given its similar reduction in the
number of overheating hours. However, this shows
that the effects on the internal air temperature are
smaller in case of reflected solar radiation by a cool
roof than blocking solar radiation by a cavity under
beneath PV panels or Roofclix.

Fig. 9. Simulated internal air temperatures for a conventional high thermal resistance roof (above) and a conventional
low thermal resistance roof (below)
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Fig. 10. Simulated internal air temperatures with the holistic flat roof systems.

4.4. Comparison between Roofclix and a
combination of cool roof and double roof
For this comparison, the albedo and emissivity
values of the cool roof are set to the values of the
Roofclix system to be able to compare the results of
the Roofclix system, which is a double-skin roof,
with a cool roof forming a second roof above the
existing roof. Fig. 11 shows that the effect on the
internal temperature of a cool double roof has a
similar pattern to that of the Roofclix system, but
that the temperature decrease is constantly larger
than for the Roofclix system. This shows that the
combined effect of the high albedo and the
increased thermal resistance on the internal
temperature is smaller than the individual effects.
This can be explained by Fourier’s law, that heat
transfer is directly proportional to the temperature
difference between the inner and outer surface
temperatures. A high albedo top layer decreases the
external surface temperature, which then decreases
the impact of additional insulation. This also shows
that simply summing the effects of individual heat
transfer methods can lead to incorrect estimates of
the impact of holistic flat roof systems.
4.5. Comparison of thermal scenarios
Decreasing the R-value of the thermal shell of the
building leads to the solar heat gain by the roof
having a larger influence on indoor temperatures.
Compared with the more typical roof, the number

of overheating hours is more than doubled from 862
to 2,155 and the maximum internal air temperature
increases by 4.1 °C. However, the number of
overheating hours is lower in the low thermal
resistance scenario than in the high thermal
resistance scenario for the Roofclix system (18%
lower) and when the roof is clad in PV panels (19%
lower). An explanation for this could be that the
decreased R-value enables more heat to escape
from the hall at night [50]. Furthermore, increasing
the R-value of the roof from 1.1 m2K/W for the low
thermal resistance scenario to 1.9 m2K/W for the
double roof situation leads to a decrease in the
maximum value of the PMV by 0.6, namely from
1.7 to 1.1 [51]. An increase in the thermal resistance
of the roof from 3.5 m2K/W for the high thermal
resistance scenario to 4.3 m2K/W for the double
roof situation, decreases the maximum value of the
PMV by only 0.1, namely from 0.9 to 0.8. Fig. 12
shows the influence of the R-value of the roof on
the internal temperature.
5. Conclusion
The objective of this study has been to analyze the
full potential impact of holistic flat roof systems by
considering not just conduction, but also
convection and radiation in an integrated manner.
Our study makes some important scientific
contributions. First, the used methodology to assess
the impact of holistic flat roof systems provides an
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Fig. 11. Simulated decrease in internal air temperatures by applying the Roofclix system or a cool double roof

Fig. 12 Simulated influence of the R-value of the roof on internal air temperature.

alternative that includes all three heat transfer
methods. This methodology can be applied to other
holistic flat roof systems, such as those containing
phase change materials [48,52] or a photovoltaicgreen roof [53]. Second, it is demonstrated that
increasing the thermal resistance of a roof is not
only less effective if the roof is already well
insulated but that it can also lead to adverse effects.
All the studied holistic flat roof systems can
improve the indoor climate in non-cooled buildings
which otherwise suffer from overheating in
summer. The most effective retrofit systems for
decreasing the number of excessively hot hours in a
building with a conventional flat roof are the
Roofclix system, the cool roof and covering the roof
with PV panels, all of which significantly decrease
the heat gain by solar radiation. These systems
decrease the number of excessively hot hours by
81-85%. These flat roof systems could be an
alternative to installing mechanical cooling systems
to avoid exceeding the maximum allowable number
of overheating hours. In a building with a roof with

a low thermal resistance, installing such holistic flat
roof systems can decrease the overheated hours by
over 90%.
The thermal resistance of an existing roof has a
major influence on the effectiveness of adding a
holistic flat roof system. For roofs with limited roof
insulation, holistic systems that increase the
thermal resistance are effective in improving the
indoor climate. However, this study shows that
increasing the thermal resistance of an existing roof
with an R-value greater than 3.5 m2K/W has little
effect on the acceptability of the indoor climate
since the improvement according to our simulations
in PMV will be less than 0.1. Furthermore, this
study shows that, in some situations, increasing the
thermal resistance of the roof can lead to an
increased number of overheating hours. Therefore,
the desirability of changing the thermal resistance
of a roof should be carefully determined.
We have shown that to assess the full potential
impact of holistic flat roof systems not just
conduction, but also convection and radiation,
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should be considered. Further, simply combining
the thermal impacts of the individual heat transfer
methods can lead to misleading conclusions.
Therefore, an integrated approach that takes into
account the conduction, convection, and radiation
of heat, as described in this paper, should be used in
assessing holistic flat roof systems.
The findings in this study are relevant for
decision-makers who have to assess whether a
holistic flat roof system is desirable. Loonen et al.
[54] state that decisions in early stages of a
building’s design have the greatest impact on the
final result but are often based on intuition rather
than analysis. As such, the methodology used in this
study can be useful for building designers in
enabling them to compare different holistic flat roof
systems in an early design stage. The findings are
also relevant for policymakers when addressing
Building Codes and Energy Performance
Indicators. Often a minimum thermal resistance is
stipulated, driving a focus on adding insulation to
lower conductivity. However, our findings suggest
that solutions that also consider radiation and
convection could be highly relevant, especially
when it comes to updating existing buildings. In
future studies, it would be interesting to study in
depth how policy makers could practically increase
the use of energy simulation models in regulations.
As with any study, this one has certain
limitations. Although two thermal conductivity
scenarios and six flat roof systems have been
simulated, this study is limited to a single case
object. The activities that take place in a building
have a large influence on the impact of different
holistic flat roof systems and it is quite possible that
a different building design would result in different
findings. The acceptable temperature range
strongly depends on the activities that take place in
the building and are also subjected to personal
preferences. If work productivity or product quality
is increased by improving the indoor climate, this
can have significant financial benefits. The thermal
characteristics of the rest of a building also have a
major influence on the effectiveness of a holistic
flat roof system. In this study, the effects of
changing the albedo, heat capacity and thermal
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resistance of the roof were simulated, but there are
also other parameters, such as the window-to-wall
ratio and the specific heat capacity of the
construction elements, that influence the impact of
a holistic flat roof system. The shading layers as
they are applied in EnergyPlus do not participate in
the heat transfer calculations and the longwave
radiation between the solar panels and the roof is
therefore not included in the calculations. Although
limited in size [55], this could have influence on the
indoor climate. Incorporating this effect in
EnergyPlus would be a valuable follow-up study.
The simulations were performed using weather
data for a moderate, northern European, climate.
There is also a need to study the effect of holistic
flat roof systems on the indoor climate of buildings
in other climate zones. In warmer climates, the
dominant situation is a downward heat flow with
internal heat gain. The described impact of systems
that decrease the heat gained through solar radiation
will be increased when there are longer periods of
overheating. Even in colder climates, holistic flat
roof systems might improve the indoor climate
since long summer days combined with a thick
insulation package can otherwise lead to an
accumulation of heat in buildings.
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Nomenclature
d

thickness material (m)

F

net heat flux (W/m2)

h

convection
(W/m2K)

H

sensible heat flux (W/m2)

I

total incoming radiation (W/m2)

k

thermal conductivity of air (W/mK)

l

characteristic length of the roof (m)

L

latent heat flux (W/m2)

Nu

Nusselt number (-)

Pr
R

Prandtl number (-)

Re

Reynolds number (-)

heat

transfer

thermal resistance (m2K/W)

coefficient

T

surface temperature (K)

To

outside air temperature (K)

Tsky

effective sky temperature (K)

V

wind speed (m/s)

Greek letters
α

albedo (-)

ε

emissivity (-)

λ

thermal conductivity (W/mK)

υ

kinematic viscosity (m2/s)

ρ

density (kg/m3)

σ

Stefan-Boltzmann constant (5.67 x 10-8
W/m2K4)

σf

fractional vegetation cover (-)

Subscripts
b

back side PV panels

c

cool roof

cav

cavity

f

foliage layer

g

ground layer

i

internal

ir

longwave infrared radiation

PV

photovoltaic panels

r

conventional roof

rx

Roofclix system

s

shortwave solar radiation

dr

double roof

t

top side PV panels

