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ABSTRACT

This paper presents a method to evaluate the thermal impact of complex fenestration systems on
the energy balance of a building zone based on directional solar heat gain coefficients (DSHGC) and
bi-directional scattering distribution functions (BSDF). The proposed methodology is presented as an
alternative to layer-by-layer heat transfer models. An example of a layer-by-layer heat transfer model
is the ISO15099 as implemented in the EnergyPlus building simulation program. The ISO15099 model
relies on a number of assumptions that are not justified in the case of three-dimensional structures,
air-permeable layers and deviations from ideal geometries, which are common features in commercial
daylighting and solar-control systems. In this paper, the proposed methodology is implemented in the
Fener simulation engine and compared with EnergyPlus for systems for which the assumptions of the
ISO15099 model are valid. Then, the Fener program is used to simulate the thermal behaviour of a zone
with a fenestration system that contains sawtooth-shaped retro-reflecting interior blinds, which cannot
be directly modelled with the ISO15099 model. The impact of different control strategies on the thermal
performance of the zone is demonstrated for this case study.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

switchable layer. Although these systems have the potential to
improve the thermal and visual comfort of indoor spaces as well

Complex fenestration systems (CFS) refer to any window tech- as to save lighting, cooling and heating energy, the thermal perfor-
nology that incorporates a light-scattering, light-redirecting or mance of CFS, particularly of solar shading and daylighting systems,
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is often not described adequately by current building energy sim-
ulation programs. These programs usually incorporate a thermal
model of fenestration systems based on a layer-by-layer heat trans-
fer approach. In the case of EnergyPlus [ 1], the method contained in
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List of symbols

List of symbols

g directional solar heat gain coefficient

gi secondary internal heat transfer factor

R thermal resistance [m2 KW-1]

R bi-directional reflectance matrix

T bi-directional transmittance matrix

U U-value or global heat transfer coefficient
[Wm—2K-1]

o absorptance

0 polar or incidence angle [°]

A thermal conductivity [Wm~1K-1]

A propagation matrix

P reflectivity

oC volumetric heat capacity [Jm—3 K]

T transmissivity

Q solid angle [sr]

Subscripts

dif diffuse

dir directional

e solar spectral range

gu glazing unit

h hemispherical

i indoor/inner

n normal

0 outdoor/outer

sd shading device

sum summer

v visible

win winter

Acronyms

BSDF bi-directional scattering distribution function

DGU double glazing unit

DSHGC directional solar heat gain coefficient

extShade exterior shade

extVB  exterior venetian blinds

intShade interior shade

the ISO15099 is implemented [2,3]. This method assumes that each
layer of the fenestration system is quasi-homogeneous, so that the
heat transfer is always perpendicular to the window plane (except
for ventilated cavities). This method fails for three-dimensional
structures (e.g. insulating panels), air-permeable layers (e.g. roller
shutters and blinds) and deviations between target and real geome-
tries. In those cases, unjustified assumptions are made, which
compromise the validity of the results.

This paper presents an alternative method that is able to cap-
ture the heat transfer complexity of such systems. It is based on
models that have already been published but are not yet exten-
sively used. In particular, the model of Kuhn et al. [4], hereafter
referred to as the Kuhn model, in which any complex fenestration
system is represented by a two-layer virtual system, with proper-
ties that are derived from the directional solar heat gain coefficients
(DSHGC), the U-value, and the directional-hemispherical transmit-
tance and reflectance of the actual system. The method proposed in
this study constitutes an upgrade of the Kuhn model, directly using
bidirectional scatter distribution functions (BSDF) as the optical
description of the fenestration system. A BSDF is the most common
form of scattering characterization and can be used to communicate
between designers, manufacturers and users of optical calculation
programs. The BSDF formalism consists of matrices of transmission

and reflection coefficients, in which each matrix element corre-
sponds to an optical coefficient relating an incoming light direction
with an outgoing light direction. In this study, the term BSDF is used
to refer either to the scattering of light or of solar radiation. Recent
developments in ray-tracing simulation engines and photogoniom-
etry have made the use of BSDF datasets of full fenestration systems
(i.e. glazing units + shading devices) feasible in building simulation
programs, such as EnergyPlus and Radiance [5].

The characterization of CFS based on DSHGC and BSDF data pro-
posed in this study permits the evaluation of a broad variety of
fenestration systems and their control based on standardizable and
measurable information, which makes it compatible with building
information modelling (BIM).

This paper also shows how the proposed method can be com-
bined with the models presented by Klems [6,7] and Kuhn [8] in
order to obtain the complex angular behaviour of complete systems
from the separate angular behaviour of glazing units and shading
systems. Inputs for these models are the DSHGC of the glazing unit
and the BSDF of the glazing unit and of the shading device. This
information can be obtained experimentally and, in many cases,
analytically as is illustrated in this study.

The proposed method has been implemented in the Fener
simulation engine [9], a building simulation program specifically
designed for the evaluation of complex fenestration systems and
their control [10]. The Fener engine has also been upgraded by
implementing heat transfer functions for the transient conductive
heat transfer through opaque elements (i.e. walls, ceiling and floor)
[11]. The proposed method as implemented in Fener is evaluated
by comparing it with EnergyPlus. The comparison includes systems
for which the assumptions of the [ISO15099 model are valid. Finally,
the Fener program is used to simulate a building zone with a fenes-
tration system that cannot be directly modelled with the ISO15099
model. This fenestration system consists of interior venetian blinds
with slats that have a sawtooth-shaped retro-reflecting structure
on the upper surface. Different control strategies are compared for
this system.

2. Model description
2.1. The directional solar heat gain coefficient (DSHGC)

The solar heat gain coefficient (SHGC) or g-value is a measure
of the total fraction of incident solar radiation that is transmitted
into the building through a fenestration system and consists of two
components, the solar transmittance 7. and the secondary internal
heat transfer factor g;, the latter resulting from heat transfer by
convection and longwave radiation of that part of the incident solar
radiation which has been absorbed by the system [12]. This paper
focuses on the centre-of-glazing value which excludes the influence
of frames, lateral losses and spacers at the glazing edges. The centre-
of-glazing value is especially useful since it is independent of the
glazing dimensions and therefore generally valid. The effect of the
other window elements can be added in a later modelling stage.

The SHGC of a fenestration system is very sensitive to the direc-
tion of the incoming light and, in general, can vary for all possible
light directions from the incoming hemisphere. Some systems,
especially clear glazing, are rotationally symmetric, meaning that
the SHGC only depends on the polar component of the angle of
incidence (but not on the azimuthal component). Venetian blinds
and other slatted or louvred devices with horizontal or vertical slats
can be considered profile-angle symmetric, meaning that they only
depend on the projection of the incidence angle onto a vertical or
horizontal plane, perpendicular to the window plane [12]. In this
study, the term directional solar heat gain coefficient (DSHGC) is
defined as the SHGC of a fenestration system for different angles
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Hemisphere of incoming light

Hemisphere of outgoing light

Fig. 1. Projections and numbering of the subdivisions of the incoming and outgoing hemispheres according to the Klems’ formalism. Both hemispheres are divided into 9
rings with polar angles at the boundaries [0°, 5°, 15°, 25°, 35°, 45°, 55°, 65°, 75°]. The azimuth divisions of each ring are [1, 8, 16, 20, 24, 24, 24, 16, 12]. Figure created with

LBNL BSDFviewer program.

of incidence, both the polar and the azimuthal components. The
DSHGC can be reliably measured with a solar calorimeter under
stationary laboratory conditions [13].

In addition, due to the secondary internal heat transfer fac-
tor, the DSGHC also depends on boundary conditions such as the
spectrum of the incident solar radiation, the indoor and outdoor
temperatures and the air velocity at the surfaces (a comprehensive
list of boundary conditions that affect the calculation of the DSGHC
is presented in [13]). As will be analysed in Section 3, this depen-
dence is more significant for systems in which the ratio q;/SHGC is
larger. For most CFS, however, this dependence is low so that the
DSHGC can be considered a system property.

2.2. The Kuhn model

The Kuhn model [4] consists of replacing an actual CFS by
a virtual two-layer system with the same thermal and optical
performance. The original model used the direct-hemispherical
transmittance (7) and reflectance (p) as input parameters. Here,
the original Kuhn model is upgraded to accept BSDF data directly,
from which these parameters can be derived. The real and virtual
systems share the following properties:

e U-value (U).

¢ DSHGC (g).

¢ BSDF for the solar spectral range.

e BSDF for the visible spectral range for daylighting and visual com-
fort calculations (not covered in this study but included in the
Fener tool [9]).

In order to build the virtual two-layer system, the Kuhn model
calculates the solar absorptance of the outer and inner layers as a
function of incidence angle, and the thermal resistance between
layers. The virtual system can then be used as a layer-by-layer

window model in building simulation programs that are based on
dynamic surface energy balances under different boundary condi-
tions, such as Fener and EnergyPlus. As a result, the application of
the equivalent virtual system in the building simulation program
does not have to conform to the assumptions of layer-by-layer
window heat transfer models: homogeneous and parallel layers,
idealized geometries, etc. The thermal resistance can also retain
the dependence of the U-value on the average temperature of the
fenestration system during the dynamic simulation.

The calculation of the layer properties of the virtual system is
based on the fact that the energy absorbed by a two-layer sys-
tem will be rejected towards the indoor and outdoor environments
depending on the relative weight of the outer, pane-to-pane and
inner heat transfer resistances [14], viz.

fracqiU = Rocto + (Ro + R) c;, (1)

where R, and R; are the resistances between the outdoor and
indoor surfaces of the system, respectively, and the environ-
ment (in this study, the resistances indicated in EN410 are used:
R;=0.13m2KW~-1 and R, =0.04 m2 KW~1). The thermal resistance
between layers (R) can then be obtained from:

1

R=— —R,—Ri. 2)

The U-value is temperature dependent. The calculation of the
U-value is usually done under winter outdoor conditions, while
the DSHGC is obtained under summer conditions. Therefore, a
correction of the U-value for summer conditions is necessary. In
the absence of specific information about the temperature depen-
dence of the U-value for the fenestration system under study,
Kuhn et al. [4] propose the following expression for this correction,
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Fig. 2. Workflow to obtain BSDF and DSHGC of a fenestration system consisting of
a glazing unit and a shading device.

which is typical for insulating glazing units with U-values around
1.2Wm—2K 1

Usum = Uyyin(—0.8395 + 0.0065T), (3)

where Ts is the mean sample temperature in Kelvin. Eq. (2), com-
bined with Eq. (3) or a specific temperature-dependent function
for the fenestration system under consideration, can also be used
to recalculate the thermal resistance (R) dynamically during the
building simulation.

The solar absorptance of the outer layer of the virtual system
(o) is then calculated as:

1 .
aO:E(a(Ro-FR —%), (4)
while the solar absorptance of the inner layer (¢;) is given by:

‘1 .
o = R (% fOlR0> , (5)

where « is the total absorptance of the system (« = oo + ¢;), obtained
from:

a=1-1t-p. (6)

Eqgs. (4 and 5) are solved for each direction of incident light. For
the method proposed in this study, the hemisphere of incident light
directions is divided into 145 solid angles according to Klems’ for-
malism (Fig. 1). If the fenestration system has several states (e.g. in
the case of different tilt angles for venetian blinds), the layer prop-
erties of the systems are calculated for each state of the fenestration
system.

2.3. Model input parameters

The upgraded Kuhn model needs the U-value, the solar BSDF
and DSHGC of the fenestration system as input parameters. In
many cases, these parameters can be directly measured. In this sec-
tion, some analytical models are selected to calculate the BSDF and
DSHGC for fenestration systems consisting of a glazing unit and an
internal or external shading device (Fig. 2).

The Klems method [6,7] is applied here to calculate the BSDF
of the system from the BSDF of the glazing unit and the BSDF of
the shading device. According to this method, the bi-directional
transmission matrix of the system is calculated as:

-1
T=T, (I—AR?ARQ) ATy, (7)
where I is the identity matrix, and T; and T, are the bi-directional

transmission matrices of the exterior and interior layers, respec-
tively. R’1’ is the bi-directional back reflection matrix of the exterior

layer and R’; is the bi-directional front reflection matrix of the inte-
riorlayer. A is adiagonal propagation matrix whose terms are given
by:

2
Akk = V (Cos(ei,min) - cos(gi,max)) Cos(ei,mean)7 (8)
i

where 0; min, 0imean and 60; mgx are the minimum, mean and maxi-
mum polar angles of the patch k, and N; is the number of azimuth
divisions of the ring at polar angle 6; that contains the patch k
(Fig. 1).

The application of the Klems method to a fenestration system
consisting of a spectrally selective glazing unit (most modern glaz-
ing units) and an interior shading device assumes that the shading
device is spectrally flat, at least in the visible spectral range. In this
case, if the light BSDF and the solar BSDF of the shading device are
different, the former must be used in the model.

The BSDF of the glazing unit (a diagonal matrix) can be gener-
ated with the LBNL WINDOW program or calculated from the Roos
model [15] if information about coatings is provided. The BSDF
of shading devices can be calculated by the Radiance-based tool
genBSDF [16] if enough information about the optical properties
of its components’ surfaces is available. Alternatively, BSDF can be
directly measured with a photogoniometer [17] if a suitable sample
of the system can be built. Photogoniometer measurements record
the light that reaches a sensor from a sample under known illumi-
nation for a combination of source and scattered light directions.
These measurements are limited by the dimensions of the sample,
which must be small enough to fit the device. At the same time, the
representative period of the macroscopic structure of the sample
must be a few times smaller than the illuminated patch. For this
reason, BSDF of slat systems are generally obtained by ray-tracing
from the optical properties of the slat surfaces, while the BSDF of
e.g. roller blinds can be directly measured with a photogoniometer.

The DSHGC of a fenestration system can be calculated from the
DSHGC and the BSDF of the glazing unit and the BSDF of the shad-
ing device by applying the model proposed in [8]. According to
this model, for a combination of an external shading device and
a glazing unit, the SHGC for each incoming light direction (g) can
be approximated by:

_ Aext Aext
8 = Tsd8gu +anT2 + Tsd (1 —ggu) Tl’ (9)

where 74 and oy are the transmittance and absorptance, respec-
tively, of the shading device for this particular incoming light
direction, and gg, is the SHGC of the glazing unit for this par-
ticular incoming light direction. Furthermore, A;{=6Wm 2K!,
Ay =18Wm2 K and Aexr =(1/Ugy +1/A1 +1/A3).

For a combination of a glazing unit and an interior shading
device, the SHGC for each incoming light direction (g) can be
approximated by:

(1 — 1) Tqugy,dif Psd
1 — Psd, dif Pgu, dif

g=T+8u—Tgqu+

A.
+Tgullsg (1 - ﬁ) (1 - psh,difpgu,dif) , (10)

where A =1/(1/Ugy +1/A3). The coefficient « can have values
between zero and one and represents the outward-flowing fraction
of energy that is reflected by the shading device and then absorbed
by the glazing unit. Kuhn [8] showed a good agreement between
measurements and model results for different daylighting venetian
blinds by using k = 0.4, but this value might be different for different
fenestration systems.
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In Eq. (10), 7 is the system directional-hemispherical transmit-
tance, calculated as:

Tgu Psd Pgu, dif Tsd, dif

, (11)
1 — psd.dgif Pgu. dif

T =TguTeq +
where the subscript dif refers to diffuse-hemispherical optical
properties.

3. Model evaluation

The Kuhn model has been implemented in the Fener simula-
tion engine [9], a building simulation program specifically designed
for the evaluation of complex fenestration systems and their con-
trol. The Fener engine has also been upgraded by implementing
heat transfer functions for the transient conductive heat transfer
through opaque elements (i.e. walls, ceiling and floor) [11].

In this section, the implementation of the Kuhn model and trans-
fer functions in Fener is tested by comparing it with EnergyPlus for
four different systems that can be simulated in EnergyPlus on the
basis of the layer-by-layer heat transfer model ISO15099.

3.1. Characterization of fenestration systems

The fenestration systems under consideration are the following:

1 Adouble glazing unit (DGU) consisting of (from outside to inside):
5.7 mm clear glass, 12.7 mm argon-filled gap and 6.0 mm low-e
coated glass.

2 Asystem consisting of a perfectly diffusing interior shade or roller
blind (7. =0.5, pe =0.3) and the DGU defined above.

3 A system consisting of a perfectly diffusing exterior shade or
roller blind (t, =0.5, pe =0.3) and the DGU defined above.

4 A system consisting of external venetian blinds with flat slats,
tilted 45°, and the DGU defined above. The slat surface is matt sil-
ver (Lambertian surface reflectance of 0.61). The slats are 80 mm
wide and separated by a distance of 72 mm.

As it was explained in Section 2.3, analytical methods can be
applied to calculate the BSDF and DSHGC of a fenestration system
from the BSDF and DSHGC of the glazing unit and the BSDF of the
shading device.

In this case, the BSDF of a perfectly diffusing shade is also calcu-
lated analytically. The elements of the BSDF matrix are calculated
as:

A

Pi = 145Q; cos 6;’ (12)

where A is the transmittance or reflectance of the shade, 8;; is the
[i, j] element of the transmittance/reflectance matrix, and €2; and
0; are the solid angle and polar angle, respectively, of the Klems’
patchj (Fig. 1).

The BSDF of the venetian blinds is calculated by the ray-tracing-
tool genBSDF [16], geometrically describing the venetian blinds and
optically describing the slat material in Radiance.

Characterization data of the glazing unit is obtained from the
LBNL WINDOW tool, which already generates a BSDF data file and
angle-resolved SHGC. A summary of the system properties resulting
from this workflow is presented in Table 1. For the fenestration
systems under consideration, the impact of the shading device on
the U-value of the system is neglected.

3.2. Comparison between Fener and EnergyPlus

In this section, simulation results from Fener and EnergyPlus
are compared. The four systems previously defined are simulated

Table 1

Characterization information of the fenestration systems under consideration. These
are a double glazing unit (DGU), a system consisting of an internal light-diffusing
shade (intShade) and the DGU, a system consisting of an external light-diffusing
shade (extShade) and the DGU, and a system consisting of external flat venetian
blinds (extVB) and the DGU. For the system extVB +DGU, the properties correspond
to a zero-azimuth angle of the incident light.

U-value SHGC SHGC Tedirh Te,dirh

[Wl]172 1(71] 0;=0° 0; =60° 0;=0° 0; =60°
DGU 1.48 0.58 0.49 0.43 0.33
DGU +intShade 1.48 0.50 0.43 0.24 0.18
extShade + DGU 1.48 0.34 0.30 0.24 0.18
extVB+DGU 1.48 0.22 0.07 0.14 0.02

Table 2
Input parameters of the reference case study used to compare Fener and EnergyPlus.
Location Frankfurt
Malaga
Latitude 50.10° North
36.67° North
Longitude 8.68° East
4.49° West
Orientation South
West
Zone dimensions (interior) 4mx5mx3m
Window dimensions 39mx1.5m
Sky view factor 0.5
Ground albedo 0.2
Interior surface albedo 0.5

8-18 LT (weekdays)
2.0 ACH (worktime)
1.0 ACH (rest)

5.0 Wm~2 (worktime)

Worktime schedule
Infiltration/ventilation

Equipment heat gain

Equipment radiant fraction 0.0

Occupancy heat gain (sensible) 5.0 Wm~2 (worktime)
Occupancy radiant fraction 0.5

Installed power for lighting 2.0Wm2

Radiant fraction of lighting 0.72

300 lux

Exterior finish (1cm)
Insulation (14 cm)
Massive material (19 cm)
Interior finish (1 cm)
Exterior finish (1 cm)
Massive material (19 cm)
Interior finish (1 cm)
Exterior finish (1 cm)
Massive material (5 cm)
Interior finish (1 cm)
A=025Wm!K!
A=0.03WmK!
A=23Wm1K!
pc=23ebIm3K!

[lluminance setpoint
Exterior wall
construction

Interior floor/ceiling
Construction

Interior wall
Construction

Properties exterior finish
Properties insulation
Properties massive material

for one year in Frankfurt/Main (Germany) (50.10°N, 8.68°E). Addi-
tional simulations are also carried out for Malaga meteorological
data (36.67°N, 4.49°W). Meteorological datafiles are obtained from
the Meteonorm database (http://meteonorm.com/).

The case study consists of a single-zone office space
(width x depth x height=4m x5mx3m) with one external
facade, which represents an office located in an intermediate floor
of a multi-storey building. Other surfaces enclosing the space are
assumed to be adiabatic. The glazing-to-facade ratio is 50%. Input
parameters for this case study are summarized in Table 2. The
comparison includes solar radiation transmitted by the window,
convective and radiative heat fluxes through the window, floor
surface temperature, indoor air temperature and heating and
cooling energy loads. When the indoor air temperature is to be
compared, it is allowed to fluctuate freely between 0°C and 40°C.
For the comparison of heating and cooling energy loads, the indoor
air temperature is assumed constant at 24°C.
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Table 3

Statistical comparison of transmitted solar radiation (sollrrTrans), air-window
convective heat flux (convHeatFlux) and room-window radiative heat flux (rad-
HeatFlux) calculated by Fener and EnergyPlus for one year for a south facade in
Frankfurt. Three fenestration systems are considered: a double glazing unit (DGU),
an indoor light-diffusing shade (intShade) combined with the DGU and external
flat venetian blinds (extVB) combined with the DGU. Scores include the mean bias
difference (MBD), the root mean square difference (RMSD) and the mean of the
absolute hourly values calculated by Fener (Mean). The units refer to square metres
of window area.

Fenestration system Variable MBD RMSD Mean
[Wm~2] [Wm2] [Wm~2]

DGU sollrrTrans -0.2 7.5 61.8
DGU convHeatFlux 1.8 34 34
DGU radHeatFlux 2.6 3.6 16.0
DGU +intShade sollrrTrans -0.3 3.8 33.2
DGU +intShade convHeatFlux -0.9 5.7 53
DGU +intShade radHeatFlux -2.0 141 20.2
extVB+DGU sollrrTrans 0.8 1.5 121
extVB+DGU convHeatFlux 0.1 1.0 1.6
extVB+DGU radHeatFlux 0.2 4.0 9.4

There are different ways to define fenestration systems in Ener-
gyPlus. One possibility is to define a set of generic homogeneous and
parallel layers, each one with a finite thickness and associated ther-
mal properties, combined with a set of BSDF data for the complete
system, including angle-resolved absorptance values for each layer.
The characterization of fenestration systems presented in Section
3.1 can be used to feed this model definition. Another possibility
is to define the different fenestration layers by using the specific
models implemented in EnergyPlus for glazing panes, shades and
venetian blinds [2]. The latter possibility is the one selected for this
comparison although the comparison results are similar also for the
former option.

The implementation of the Kuhn model in Fener is first evalu-
ated by comparing window heat fluxes for three different systems:
the DGU, an indoor shade combined with the DGU and exterior
venetian blinds combined with the DGU (Table 3). The first system
illustrates a system consisting of two homogeneous and parallel
layers, for which the Kuhn model and the 1SO15099 model must
produce very similar results, while the other two illustrate more
complicated systems. Fig. 3 compares the transmitted solar radi-
ation, the window convective heat flux and the window radiative
heat flux for the system with venetian blinds. Here, March is cho-
sen because it includes rapidly changing boundary conditions. The
agreement between the two models in a summer month is always
better than for a month from an intermediate season for the cases
presented here.

Table 3 shows that, for the case with the non-scattering system
(DGU), the root mean square difference (RMSD) of transmitted solar
radiation per square meter window area as calculated by Fener and
EnergyPlus is 7.5 W m~2. This value is considered acceptable given
the fact that the difference obtained by comparing the two differ-
ent ways that EnergyPlus offers to define a fenestration system is
of the same order of magnitude: 3.7 W m~2. This difference, how-
ever, produces changes in the temperature field of the room, which
lead to differences in the convective and radiative heat fluxes of
around 3Wm~2, which is nevertheless considered small. For the
system with venetian blinds, the transmitted irradiance difference
is smaller, 1.5W m~2. Here it should be noted that both programs
are using very different methods to calculate the optical proper-
ties of this system and still the calculated solar transmittance is
very similar. For this system, the differences in the convective and
radiative heat fluxes are also considered small (less than 5W m~2).

Fener and EnergyPlus present the greatest differences for the
system with an indoor shade. These differences are evident for the
comparison of window heat fluxes and then transferred to the com-
parison of indoor air temperature and energy loads. The reason for

Table 4

Statistical comparison of floor surface temperature calculated by Fener and Ener-
gyPlus for one year for a south facade in Frankfurt. Three fenestration systems are
considered: a double glazing unit (DGU), an internal light-diffusing shade (intShade)
combined with the DGU and external flat venetian blinds (extVB) combined with
the DGU. Scores include the mean bias difference (MBD), the root mean square dif-
ference (RMSD) and the mean of the absolute hourly values calculated by Fener
(Mean).

Fenestration system MBD RMSD Mean
] [K] [°C]
DGU -0.2 0.6 20.4
DGU +intShade -04 0.7 19.0
extVB+DGU 0.2 0.5 14.6
Table 5

Statistical comparison between annual simulations of Fener and EnergyPlus. Com-
pared variables are the indoor air temperature, when this is allowed to fluctuate,
and the heating and cooling energy loads, when the indoor air temperature is kept
constant at 24°C. Energy load values are positive for heating demand and negative
for cooling demand. Four fenestration systems are considered: a double glazing unit
(DGU), a system consisting of an internal light-diffusing shade (intShade) and the
DGU, a system consisting of an external light-diffusing shade (extShade) and the
DGU, and a system consisting of external flat venetian blinds (extVB) and the DGU.
Two facade orientations are included: south and west. Two climates are considered:
Frankfurt and Malaga. Scores include the mean bias difference (MBD), the root mean
square difference (RMSD) and the mean of the absolute hourly values calculated by
Fener (Mean).

System Orient. Climate  Airtemperature[°C] Energy load [Wm~2]
MBD RMSD Mean MBD RMSD Mean
DGU South Frankfurt —0.1 0.5 191 00 1.7 17.9

Frankfurt —0.5 0.8 180 -09 5.1 18.2
Frankfurt —-0.2 0.5 165 -0.6 1.7 183

DGU +intShade South
extShade +DGU South

extVB+DGU South Frankfurt 0.3 0.5 142 02 17 19.8
extVB +DGU West  Frankfurt 0.1 0.4 139 -0.1 16 20.3
extVB+DGU South Malaga 03 04 235 06 17 9.7

this difference is twofold. On the one hand, the system with indoor
shades has the greatest contribution of the secondary internal heat
transfer factor to the SHGC (q;/SHGCy =0.57 compared to 0.39 for
an exterior shade). As a consequence, the system with the indoor
shade depends more on the thermal boundary conditions than the
rest. Since the Kuhn model has a lower dependence on the bound-
ary conditions than the ISO15099 standard, it is expected that the
greatest differences between Fener and EnergyPlus occur for this
system. On the other hand, the model used to calculate the aggre-
gated properties of a glazing unit and an indoor shading device (Eq.
(10)) contains a calibration parameter «. If experimental informa-
tion for some incidence angles is available, this coefficient can be
calibrated (see for example Section 4). Otherwise, a default value
k =0.4 can be used, although it implies an uncertainty in the model.

The implementation of transfer functions in Fener is evaluated
in this case by comparing the surface temperature of the floor inside
the room. The floor surface absorbs most of the transmitted solar
radiation, being the surface with the greatest impact on the indoor
air temperature. Table 4 summarizes this comparison for one year
and for the three systems previously considered. The RMSD is well
below 1K, which is considered acceptable. The MBD has different
signs for the different systems, so no systematic difference between
the two programs can be inferred.

Table 5 summarizes the comparison of indoor air temperature,
when this is allowed to fluctuate, and of energy loads, when the
indoor air temperature is kept constant at 24 °C. This comparison
includes the four different systems previously defined, two differ-
ent orientations and two different meteorological data files. The
agreement between the two programs is acceptable, with an RMSD
of around 0.5K and 1.7 Wm~2. Figs. 4 and 5 visually illustrate such
an agreement for the case of exterior venetian blinds.



B. Bueno et al. / Energy and Buildings 155 (2017) 43-53 49

6 0 T T T T

—— Fener
50 H— — EnergyPlus

20

10 H

0 |

1/\1A1 1 1 1 1

A A A,

1 1

Transmitted solar irradiance (W m~—2)

NIRRT AU AWE Ruy-
01234567

8 910111213141516171819202122232425262728293031

Days

40 H—— Fener
EnergyPlus

20 -

Convective heat flux (W m~2)

-20 i
—40} A
_60 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
012345678 910111213141516171819202122232425262728293031
Days
T T T T
40— Fener a
‘TE — — EnergyPlus
= 20 E
o] ~ A
= 0 g "1 A / %
2
8 ,
< ' ! \ |
o =207 | | | i
>
& \
8
g —40 - B
~
—60 ! !

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0123456 7 8 910111213141516171819202122232425262728293031

Days

Fig. 3. Hourly values of transmitted solar radiation, air-window convective heat flux and room-window radiative heat flux calculated by Fener and EnergyPlus between the
1st and 31st of March for a south facade with a fenestration system consisting of external flat venetian blinds (extVB) and a DGU. The units refer to square metres of window

area. Meteorological data: Frankfurt.

As discussed before, the system with indoor shades presents
the largest differences. For this system, the RMSD is 0.8 K and
5.1 Wm~2. Fig. 6 shows that Fener predicts lower maximum peaks
than EnergyPlus. The MBD, in this case, is —0.5K and —0.9W m~2,
By reducing the calibration coefficient « from 0.4 to zero, the RMSD
is reduced to 0.7 K and the MBD to —0.2 K (for the case of floating
indoor air temperatures).

A difference of less than 1K is considered acceptable given the
state-of-the-art of building simulation programs and the scope of
the Fener program.

4. Case study: control strategy of a retro-reflective blind
system

Section 2.2 showed that the Kuhn model does not depend on
the assumptions of [SO15099 and, therefore, it is equally valid for
systems that satisfy these assumptions and systems that do not.
Section 3.2 dealt with systems that satisfied them. In this section,
a system that cannot be modelled by a layer-by-layer heat transfer
model is analysed.

Fener is used to compare control strategies for a fenestration
system consisting of a triple glazing unit (TGU) and indoor venetian
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Fig.4. Hourly values of indoor air temperature calculated by Fener and EnergyPlus for external flat venetian blinds (extVB) combined with a DGU. Two periods are considered:
between the 1st and 31st of March and between the 1st and 31st of July. Meteorological data: Frankfurt.

blinds composed of slats with a sawtooth-shaped retro-reflecting
structure on the upper surface (Fig. 7). The special geometry of
the retro-reflecting slats allows them to reflect back a significant
fraction of the direct radiation, particularly for large incidence
angles, while visual contact with the outside is retained between
the slats [18]. For this case study, the same south-facing office space
described in Section 3.2 is simulated using meteorological data
for Frankfurt and Malaga. In the case of Frankfurt, the indoor air
temperature is allowed to fluctuate freely, whether in the case of
Malaga, the indoor temperature is kept constant at 24°C and the
cooling energy demand is analysed.

The model presented in [8] is also used in this case to gen-
erate system data from the properties of the glazing unit and
the shading device. The angular properties of the glazing unit are
calculated from the properties at normal incidence provided by
the glazing manufacturer, applying the Roos model [15]. For the
internal blinds, Koester Lichtplanung provided angle-dependent
transmissivity and reflectivity calculated with the two-dimensional
ray-tracer it had developed in house.

An evaluation of this workflow is carried out by comparing the
calculated SHGC of the system with the value determined experi-
mentally by the accredited Testlab Solar Facades at Fraunhofer ISE
(Freiburg, Germany). Experimental values were available for two
different glazing units combined with the retro-reflecting blinds at
60° incidence angle and at 15¢° tilt angle. For the calculated SHGC,
the calibration coefficient ¥ was given values between zero and one,
defining the tolerance range of the SHGC calculation. Table 6 shows

Table 6

SHGC of a fenestration system consisting of two different triple glazing units (TGU1
and TGU2) and interior retro-reflective blinds calculated according to [8] and mea-
sured at Fraunhofer ISE (Germany). The incidence angle of the incoming light is 60°
(zero azimuth angle) and the tilt angle of the slats is 15°. The tolerance range of the
calculated values corresponds to values of the calibration coefficient x between zero
and one.

Glazing unit SHGC 0; =60° (measured) SHGC 6; =60° (calculated)
TGU1 0.14+0.02 0.12+0.04
TGU2 0.17 +£0.02 0.14+0.05

the results of this comparison, where the measured and calculated
SHGC value lie within their tolerance ranges.

Based on this comparison, the coefficient « is calibrated so that
the calculated SHGC matches the measured SHGC at the centre of
its tolerance range. The resulting value is « = 0.22. The Fener model
is then used to compare the following three control strategies for
the retro-reflecting blinds:

e The tilt angle of the slats is 15° when the solar irradiance on the
facade is below 150 W m~2; otherwise the tilt angle of the slats
is 45°.

e The tilt angle of the slats is 15° when the solar profile angle on
the facade is below 30°; otherwise the tilt angle of the slats is 45°.

e The tilt angle of the slats is 15° when the indoor air temperature
is below 25°C; otherwise the tilt angle of the slats is 45°. This
control strategy applies only to the case study of Frankfurt.
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Fig. 5. Hourly values of energy loads calculated by Fener and EnergyPlus for external flat venetian blinds (extVB) combined with a DGU. Two periods are considered: between
the 1st and 31st of March and between the 1st and 31st of July. Meteorological data: Malaga.

Table 7

Properties of a fenestration system consisting of a triple glazing unit (TGU) combined
with retro-reflective blinds. Properties are shown for two incidence angles: 0° and
60° (zero-azimuth angle).

Tilt angle U-value SHGC SHGC  Tegirh  Tegdirh

] [Wm2K-1] 6;=0° 6;=60° 6;=0° 6;=60°
TGU - 0.6 034 025 028 020
TGU +RetroFlexBlind 15 0.6 032 017 021 004
TGU +RetroFlexBlind 45 0.6 023 017 003 003

The measured system properties (glazing +blinds) for the two
different tilt angles are summarized in Table 7. It can be seen that,
although at normal incidence angle the SHGC coefficient at the 45°
tilt angle is around two-thirds of that at the 15¢ tilt angle, the prop-
erties at the 60° incidence angle are almost identical for both tilt
angles.

In the case of Frankfurt case study, in which the indoor temper-
ature is allowed to fluctuate, the reduction of overheating hours
(indoor air temperature greater than 27 °C) for each control strategy
with respect to a fixed tilt angle of 15° is compared. The bene-
fit of tilting the blinds in summer is of course constrained by the
upper limit of fixing the blinds at the 45¢ tilt angle. This upper limit
amounts to an overheating reduction of 24%.

The control strategy based on profile angle is a geometrical func-
tion of the solar angles, which makes it very easy to implement.
It does not require meteorological measurements, simulations or
sensors to operate and still achieves the maximum overheating
reduction (24%). The most common radiation-based control strat-

egy is able to reduce overheating by 21% but requires access to
radiation measurements. The temperature-based control strategy
achieves a similar reduction of overheating hours, 20%. Thermal
inertia effect may have played a role for getting a slightly inferior
performance for the temperature-based control strategy than for
the other two control strategies. In any case, it can be concluded that
the three control strategies have very similar thermal performance
and that it is close to the maximum achievable for this particu-
lar setup. The selection of one of them should then be based on
criteria such as implementation and maintenance complexity and
costs. Visual comfort criteria (daylight provision, glare protection
and visual contact), although not included in this comparison, must
also be considered.

Similar results are obtained for the case study in Malaga, in
which the indoor air temperature is kept constant at 24 °C and the
annual cooling energy demand of the office space is analysed. In this
case, only the control strategies that depend on the profile angle
and the solar radiation are considered. The maximum achievable
reduction of cooling energy demand is 16%, which is obtained for
the radiation-based control strategy. The control strategy based on
profile angle produces a lower reduction of cooling energy demand,
namely 11%.

5. Conclusions

A general method to evaluate the thermal impact of complex
fenestration systems on building zones has been presented. The
window heat transfer model proposed by Kuhn et al. [4] has been
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Fig. 7. Interior venetian blinds consisting of 80 mm slats with a sawtooth-shaped
retro-reflecting upper surface, manufactured by RetroSolar. © Koester Lichtplanung.

upgraded and implemented in the Fener simulation engine [9],
together with transfer functions for the transient conductive heat
transfer through opaque elements. The new simulation engine, in
which the characterization of solar control and daylighting systems
isbased ondirectional solar heat gain coefficients and bi-directional
scattering distribution functions for light and solar radiation, allows
a broad variety of these systems and their control to be evaluated,
and builds on information that can be standardized and measured.

The proposed method has been satisfactorily evaluated against
the layer-by-layer heat transfer model ISO15099 (as implemented

in the building simulation program EnergyPlus) for systems for
which the assumptions of this model are fulfilled. The results show
a good agreement between the two methods. The greatest differ-
ences are observed for fenestration systems in which the secondary
heat gain g; is a larger fraction of the SHGC (e.g. indoor shades).
Nevertheless, the accuracy of the dynamic thermal simulation lies
within what is considered the state of the art, which is acceptable
given the scope of the model.

A case study has illustrated the fact that the presented method
can be used to assess the thermal performance of innovative shad-
ing systems (out of the scope of the ISO15099 model) and control
algorithms. Three control strategies for a fenestration system con-
sisting of a triple glazing unit and indoor venetian blinds with
retro-reflecting upper slat surfaces are compared for a south-
oriented office space in Frankfurt and in Malaga. The control
strategy based on the profile angle of the sun on the facade, which is
the easiest to implement, presents a similar thermal performance
than control strategies that require access to meteorological data
or measured parameters, such as those that are based on solar
radiation on the facade or indoor air temperature. For the case
in Frankfurt, in which the indoor air temperature was allowed to
fluctuate, the three control strategies produce reductions in over-
heating hours that are close to the maximum achievable. The same
is true for the reductions in cooling energy demand obtained for
the case in Malaga, in which the indoor air temperature was kept
constant.
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