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ABSTRACT 

Fener, a new Radiance-based building energy model, is 
presented. The motivation is to be able to perform 
detailed analyses of complex fenestration systems 
(CFS) from the energetic and daylighting points of 
view. The model couples daylighting and thermal 
simulations in a time-step basis, so that shading control 
strategies that depend on thermal variables, such as 
indoor air temperature and energy load, can be 
simulated without iterating between full-year 
simulations of a thermal model and a daylighting 
model. Fener is a "shoe-box" energy model that uses 
the three-phase method and bi-directional scattering 
distribution functions (BSDF) to predict the transmitted 
solar irradiance and indoor illuminance of office spaces 
with CFS. The model can also be used as a shading 
controller simulator, whose output in terms of shading 
operation can then be used in standard building 
simulation programs. 

INTRODUCTION 
Complex fenestration systems (CFS) refer to any 
window technology that incorporates a non-clear (non-
specular) layer. Examples include translucent insulating 
panels and shading devices, such as venetian blinds and 
roller shutters. CFS, combined with a suitable control 
strategy, have the potential to improve the thermal and 
visual comfort of indoor spaces as well as to save 
energy for lighting, cooling and heating. Recent energy 
reduction requirements are forcing the architectural-
engineering community to integrate daylighting and 
shading technologies in their designs. However, the 
prediction of the light scattering properties of CFS 
remains an open research field. There is still a need for 
the integration of advanced methods for thermal and 
daylighting simulation in order to facilitate the 

development of new products and the adoption of 
commercially-available technologies. 

In recent years, a number of modelling strategies have 
been proposed in order to represent the light scattering 
properties CFS. Kuhn et al. (2011) presented a "Black-
Box" model to predict solar gains through CFS in 
building simulation programs. For a fenestration 
system, composed by a glazing unit and one or various 
shading devices, the Black-Box model requires the 
profile-angle-dependent optical properties of the 
shading systems (obtained by measurements or by a 
ray-tracing program) and the normal-incidence 
properties of the glazing unit. Then, the model 
calculates the angularly resolved g-value of the CFS 
(Kuhn et al., 2006) and introduces its effect on the 
energy balance of the building through a two-layer 
approach.  

Other modelling initiatives keep the separation between 
the thermal and optical problems of the fenestration 
system. While the thermal problem can be solved by 
solving a layer-by-layer heat transfer equation, the 
optical problem is addressed by using bi-directional 
scattering distribution function (BSDF) data. Klems 
(Klems 1994a, Klems 1994b) developed a calculation 
method to generate BSDF data of multi-layered 
fenestration systems from the angularly resolved data 
of single layers, which could be independently 
measured or calculated. Measurements of BSDF data 
can be carried out with a goniophotometer (Andersen et 
al., 2006), although just a few of these devices 
currently exist that can fully characterize a CFS. 
Alternatively, one can generate BSDF data through ray-
tracing. The Radiance-based program genBSDF 
computes theses datasets from the geometry of 
macroscopic systems and surface properties of the base 
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materials (McNeil et al., 2013). The Klems' method 
was implemented in the Window 6 program.  

BSDF data can already be used within Radiance (Ward 
et al., 1998) in order to simulate the daylighting 
performance of CFS. The three-phase method (Ward et 
al., 2011), based on the daylight coefficient method, 
separates the light transport between the outdoor and 
the indoor environments into three phases: exterior 
transport, fenestration transmission through a BSDF 
dataset and interior transport. BSDF data is also used in 
building energy calculations. The building simulation 
program, EnergyPlus, allows the user to provide BSDF 
data as the optical representation of the fenestration 
system, while keeping the layer-by-layer heat transfer 
definition.  

The present study proposes a new Radiance-based 
building energy model called Fener. The main 
contribution is to be able to couple daylighting and 
thermal simulations in a time-step basis, so that shading 
control strategies that depend on thermal variables, 
such as indoor air temperature and energy load, can be 
simulated without iterating between full-year 
simulations of a thermal model and a daylighting 
model. Widely available simulation platforms such as 
the DIVA plug-in for Rhino and ComFen do not allow 
for coupling thermal and Radiance daylighting 
simulations in a time-step basis.  

Fener is a "shoe-box" energy model that uses the three-
phase method to predict the solar transmission and 
indoor illuminance of office spaces with CFS. It allows 
for detailed analyses of facade systems from the 
energetic and daylighting points of view. Fener can also 
be used as a shading controller simulator, whose output 
in terms of shading operation can then be used in 
standard building simulation programs (e.g. 
EnergyPlus). 

In this paper, a description of Fener is presented. 
Special attention is paid to the calculation of solar 
transmission and illuminance. Then, the model is 
evaluated against EnergyPlus and Radiance for 
different seasons and fenestration systems for a weather 
dataset for Frankfurt/Main (Germany).  

MODEL DESCRIPTION 

The mission of Fener is to provide a simulation 
platform for the evaluation of fenestration technologies 
applied to office spaces independently of their 
complexity. Fener keeps a simple geometric definition, 
a rotatable rectangular “shoebox” space, while allowing 
a flexible definition of fenestration systems and their 
control through the use of BSDF data. Although 

building typologies could be extended in the future, the 
“shoe-box” approximation is often used by the building 
performance simulation community to showcase the 
impact of façade design parameters (Reinhart et al. 
2013).  Fener allows the user to define any number and 
size of windows in each of the four facades and the 
ceiling (including windows in more than one surface). 

Three-phase method 

The distinctive feature of Fener, as compared to other 
building simulation programs, is the integration of the 
Radiance-based three-phase method for daylighting and 
solar transmission calculations. 

The three-phase method separates the energy transport 
from the outdoor to the indoor environments into three 
phases: exterior transport, transmission through the 
fenestration system and interior transport. Each phase 
of energy transport is simulated independently and 
stored in matrix form. The resultant irradiance (or 
illuminance) at interior sensor points (I) is obtained by 
the matrix multiplication I = V T D s, where V is a 
view matrix that relates the interior sensor points with 
the inner BSDF patches, T is a transmission matrix that 
relates the inner with the outer BSDF patches, and D is 
a daylight matrix that relates the outer BSDF patches 
with the sky patches. The final part of the equation is a 
vector (s) that contains the average radiance of the sky 
patches for a given time and sky condition. The 
combined VTD matrix can, therefore, be understood as 
a daylight coefficient matrix that relates outdoor 
radiance (or luminance) with indoor irradiance (or 
illuminance). 

Fener uses the three-phase method to calculate the 
indoor horizontal illuminance at a user-specified grid of 
sensors (at workplane height), which is then used to 
analyse the daylight autonomy and daylight distribution 
of the space. The resulting illuminance at a control 
sensor is passed to a lighting control algorithm in order 
to obtain the artificial lighting requirements. In 
addition, the vertical illuminance can be calculated for 
the main viewing directions at the workplaces in order 
to evaluate also the annual daylight glare. The annual 
glare evaluation is implemented according to the 
enhanced simplified glare evaluation method presented 
by Wienold (2009). 

The three-phase method is also used to calculate the 
transmitted solar irradiance that is absorbed by indoor 
surfaces. A pair of sensor grids (one facing towards the 
surface and another one facing in the opposite 
direction) is placed 1 mm away from the surfaces. The 
solar irradiance absorbed by a surface is the average of 
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the irradiance difference between sensors looking at 
opposite directions. 

The three-phase method overcomes important 
limitations encountered in EneryPlus’s embedded 
daylighting engine, DElight. For example, the 
definition of surface properties is more flexible and 
detailed through Radiance’s material inputs, and there 
are no limits for the number and direction of sensor 
points allowing for glare evaluations as explained 
above. Besides, according to its manual, EnergyPlus 
DElight does not support dynamic shading control, 
which is one of the motivations for the development of 
Fener. 

Optical transmission 

Fener uses the BSDF dataset of a fenestration system as 
the transmission matrix in the three-phase method. It 
also uses the angular-dependent absorption properties 
of each layer for the thermal transmission calculation. 
The model requires BSDF specifications (transmittance 
and reflectance) for each layer of the fenestration 
system, which are then combined into the BSDF data 
(transmittance and absorptance) of the system by 
applying the Klems method (1994a, 1994b). BSDF data 
of a transparent glazing layer can be automatically 
generated from its optical properties at normal 
incidence by applying the Roos model (Roos et al, 
2001) (it requires adjusting one parameter). BSDF data 
of complex fenestration layers, such as shading devices, 
can be automatically generated from the Radiance-
based program genBSDF (McNeil et al., 2013). The 
model can also use BSDF data generated by other 
means, such direct goniophotometer measurements and 
calculations with the program Window. 

The application of BSDF data and the Klems method 
imposes a number of assumptions that require special 
attention. These are the following: 

The Klems method assumes integrated spectral 
properties. The condition for this assumption to be 
valid is that most layers have spectrally flat optical 
properties, with at most one strongly selective layer. If 
one of the layers is selective and the other layers have 
an average transmission in the transmission region of 
the selective layer that is different from its average 
transmission over the full spectral region, the model 
fails. One solution for solar transmission is to use the 
visible properties of the layers after a selective, solar 
control layer. 

The BSDF format treats spatial inhomogeneities as 
homogeneous. In this approximation, the directly-

transmitted radiation from a venetian blind would be a 
uniformly-lit patch.  

Thermal transmission 

Fener solves the transient heat conduction through the 
room enclosure by applying a finite differences method. 
Opaque and transparent surfaces are numerically solved 
by treating layers as a simple RC network in matrix 
form. Temperature values for the previous time step are 
used as initial values for the current time step. The 
model calculates net surface heat fluxes at both sides of 
the enclosure, which are then passed as Neumann 
boundary conditions for the finite difference method. 

Angular-dependent absorption properties of transparent 
layers are obtained by the Klems method and used to 
calculate the solar radiation absorbed by these layers. 
Absorbed solar radiation is used as an energy source in 
the RC network. 

Shading control 

One of the strengths of Fener is its flexibility for 
shading control simulation. Control algorithms can 
depend on daylighting variables, such as illuminance 
and glare, and on thermal variables, such as indoor air 
temperature and energy load. Combinations of these 
variables can also be implemented. Different shading 
states (on/off, a certain slat angle, etc.) are determined 
based on predefined setpoints of the control variable. 
At each timestep, the model resolves the control 
variable, compares it with the control setpoints, and 
uses the corresponding BSDF dataset in the three-
phase-method calculation. The BSDF data of all 
shading states are precomputed before the dynamic 
simulation. 

Heat balance method 

Fener uses a heat balance method to calculate indoor 
thermal conditions and building energy demand. An 
energy balance is applied to each indoor surface, 
accounting for conduction, convection, longwave and 
shortwave radiation heat components. 

Convection and longwave radiation heat fluxes (q) are 
calculated from a standard heat transfer coefficient 
formulation, q = h ΔT, where h is a heat transfer 
coefficient and ΔT is a temperature difference. Indoor 
convective heat transfer coefficients are taken from 
EnergyPlus documentation (DOE, 2013), depending on 
the relative position between the surface and the indoor 
air. Radiative heat transfer coefficients are obtained 
from linearization of the Stefan-Boltzmann equation, 
assuming only one bounce of radiative heat fluxes 
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between surfaces. Correlations for view factors 
between surfaces are obtained from Mills (Mills, 1995) 
assuming a "shoe-box" geometry. 

To calculate the dynamic evolution of indoor air 
temperature between a cooling and a heating thermal 
setpoint, Fener solves a sensible heat balance at the 
indoor air. The sensible heat balance is composed of 
the convective heat fluxes from indoor surfaces, the 
convective fraction of internal heat gains and the 
infiltration/ventilation sensible heat flux. Indoor and 
outdoor surface energy balances are solved in Fener to 
provide boundary conditions for the transient heat 
conduction equation.  

The sensible building energy demand is calculated by 
applying the same heat balances at the indoor air, but 
assuming that this is at setpoint conditions. 

MODEL EVALUATION 
In this section, Fener is evaluated against EnergyPlus 
and classic Radiance. The goal of this simulation-based 
evaluation is to test the code implementation by using 
models that have already been extensively used and 
evaluated within their respective communities, building 
energy and daylighting. 

Model setup 

Input parameters for this case study are summarized in 
Table 1. It consists of a single-zone office space with 
one south-facing external facade (3.7 m x 4.6 m x 2.85 
m, deeper in the north-south direction), which 
represents an office located in an intermediate floor of a 
multi-storey building. The external wall has 0.355 m 
thickness and 0.3 W m-2 K-1 U-value. The indoor 
surface reflectances is 0.5. Windows are double-pane 
insulating glazing (5.7 mm x 12.7 mm x 6 mm), with 
low e-coating and argon filling, and with a U-value of 
1.39 W m-2 K-1 , a visible transmittance of 0.744 and a 
solar heat gain coefficient (SHGC) of 0.576 (Table 2). 
In order to simplify the analysis, no window frame is 
considered.  

The window shading device consists of silver external 
venetian blinds. The lamellas are 80 mm width 
separated 72 mm among each other. Their surface 
reflectance is 0.6. The office is single-occupied during 
worktime. Thermostat setpoints for the heating period 
are 20°C during worktime and 16°C otherwise. They 
are 26°C and 28°C for the cooling period (DIN 18599). 
In the present study, infiltration and mechanical 
ventilation are combined in the same parameter, 1.5 
ACH during worktime, 0.3 ACH otherwise. Heat gains 
from people are calculated according to their activity 

level (assuming 120 W person-1). Internal gains due to 
equipment are 10.08 W m-2 during worktime and 0.95 
W m-2 for the rest of the time. The lighting is controlled 
by an on/off algorithm. When the illuminance 
calculated at a sensor point located at 2 m from the 
south facade and at 1.85 m from the west facade is less 
than 300 lux due to daylight, the artificial lights in the 
space are assumed to be on. The installed lighting 
power is 14 W m-2.  

The office is located in Frankfurt/Main (Germany) 
(50.10°N, 8.68°E). Weather conditions are obtained 
from Meteonorm database. 
 

Table 1 Input parameters of the reference case study 
used to evaluate Fener against EnergyPlus and 
Radiance. 
 

Location                  Frankfurt/Main 

Latitude 50.10° 

Longitude 8.68° 

Orientation  South 

Zone dimmensions 3.7 m x 4.6 m x 2.85 m 
(measured from inside) 

Sky view factor 0.5 

Ground albedo 0.2 

Indoor surface reflectance 0.5 

Worktime schedule 6-18 LT 

Infiltration/ventilation  1.5 ACH (worktime), 0.3 
ACH (rest) 

Equipment heat gain 10.08 W m-2 (worktime), 
0.95 W m-2 (rest) 

Occupation 1 person (worktime) 

People radiant fraction 0.5 

Activity level 120 W person-1 

Lights installed power 14 W m-2 

Lights radiant fraction 
radiant 

0.72 

Illuminance setpoint 300 lux 

Illuminance sensor height 0.8 m 

Heating thermostat setpoint 20° C (worktime), 
16°C(rest) 

Cooling thermostat setpoint 26°C (worktime), 28°C 
(rest) 

External wall construction Exterior finish (1 cm) 
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 Insulation (12 cm) 

 Reinforced concrete (21 cm) 

 Interior finish (1.5 cm) 

Partition construction Interior finish (1.5 cm) 

 Insulation  (7 cm) 

 Interior finish (1.5 cm) 

Ceiling and floor 
construction 

Interior finish (1 cm) 

 Cement floor (2 cm) 

 Concrete slab (20 cm) 

 Insulation (5 cm) 

 Suspended ceiling (2 cm) 

Number of windows 3 

Window area 1.369 m² (each window) 

Window U-value 1.48 W m-2 K-1 

Window SHGC 0.576 

Window visible 
transmittance 

0.744 

Shading device External silver venetian 
blinds (80 mm) 

 

Table 2 Thermal and optical properties (normal 
incidence) of glazing panes. 
 

PROPERTY OUTER PANE INNER PANE 

Thickness (m)  0.0057 0.006 

Solar Transmittance 0.771 0.530    

Solar Front (outer) 
Reflectance 

0.070 0.260    

Solar Back 
Reflectance 

0.070 0.179    

Visible 
Transmittance 

0.884 0.839   

Visible Front 
Reflectance 

0.080 0.042    

Visible Back 
reflectance 

0.080 0.057   

Front Emissivity 0.840 0.090   

Back Emissivity 0.840 0.837   

Conductivity  (W m-1 
K-1) 

1.000 1.000 

 

Comparison with EnergyPlus and Radiance 

Simulations are carried out with Fener, EnergyPlus and 
Radiance for two different situations: (1) the 
fenestration system composed of the double-pane 
glazing described above and (2) the same fenestration 
system protected by external silver venetian blinds.  

In this analysis, EnergyPlus reads a BSDF dataset of 
the fenestration system calculated by Fener using the 
Klems method. 

On the other hand, the Radiance simulation case does 
not use the BSDF data of the fenestration system but 
solves a geometrical model of it by backwards ray 
tracing. For the glazing description, a BTDF-function is 
used in combination with the Roos model (Roos et al., 
2001)  in order to get similar angular transmission and 
reflection properties than the Window 6 model (Fig. 1). 

 
Figure 1 Comparison of angular-dependent optical 
properties of the glazing system calculated by Window 
6, by Fener and by the Roos model (used in the 
Radiance simulation case). 
 

Figure 2 compares hourly values of building energy 
demand calculated by Fener with those calculated by 
EnergyPlus for one sunny day in summer (23/07) and 
one overcast day in winter (15/02). Weather 
information for these two days is summarized in Table 
3. Lighting energy demand is calculated by the three-
phase method and passed as a schedule to EnergyPlus. 
As expected, the case with less lighting energy demand 
corresponds to the sunny summer day without blinds, 
followed by the sunny day with blinds, the overcast 
winter day without blinds, and finally the overcast day 
with blinds.  
 
Table 3 Weather data information for 23/07 and 15/02, 
according to the weather file of Frankfurt am Main 
(Germany) obtained from Meteonorm database. 
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VARIABLE 23/07 15/02 

Min. air temperature  (°C)  13.4 -7.1 

Max. air temperature (°C) 30.8 -1.3 

Average air temperature (°C) 22.4 -3.7 

Max. direct normal irradiance (W m-2) 938 0 

Max. diffuse horizontal irradiance (W m-2) 100 100 

 

It can be seen that Fener reproduces the heating and 
cooling energy demand calculated by EnergyPlus. 
Statistical results of the comparison for the full hourly 
series of February and July are presented in Table 4. 
The root-mean-square error (RMSE) between the two 
models ranges between 1.2 W m-2 for the case with 
blinds in summer and 1.8 W m-2 for the case without 
blinds in winter. As reference values, the average of 
non-zero heating loads in February ranges between 7.9 
W m-2 and 10.2 W m-2, while the average of non-zero 
cooling loads in July ranges between 14.7 W m-2 and 
17.7 W m-2.The mean-bias error (MBE) indicates a 
systematic but small underprediction of cooling energy 
demand and heating energy demand by Fener compared 
to EnergyPlus. 

The comparison of transmitted solar irradiance for the 
four cases (sunny and overcast day with and without 
shading device) is illustrated in Fig. 3. The graph 
presents the results from Fener, EnergyPlus and 
Radiance, showing an overall good agreement among 
the three models. The RMSE between Fener and 
Radiance ranges between 0.1 W m-2 and 0.4 W m-2 in 
February, when the average of positive solar 
transmission ranges between 0.4 W m-2 and 1.9 W m-2. 
The RMSE reaches 1.6 W m-2 in July when the average 
transmitted value is 11.6 W m-2. However, the MBE is 
always negative indicating that Fener systematically 
underpredics the transmitted solar irradiance. This is 
assumed to be related with the three-phase method, 
because the Klems method works reasonably well when 
comparing, for example, the angular-dependent optical 
properties of the glazing system without blinds 
calculated by the Klems method from the optical 
properties of the individual layers with the angular-
dependent properties of the fenestration system 
calculated by Window 6 or by the Roos method (Fig. 
1).  

Finally, Fig. 4 shows the comparison of average 
workplane illuminance calculated by Fener and 
Radiance. In this case, the RMSE between Fener and 
Radiance is low (between 1.6 lux and 13.7 lux) except 
for the case without blinds in July, in which it reaches 

65.7 lux, being the daily average 756.9 lux for that 
case. The MBE is again negative reproducing the 
underprediction of transmitted energy previously 
addressed.  

Still the overall results of the comparison are 
satisfactory. In the daylighting literature, it is common 
to use the relative RMSE, defined as  

 
where xsim and xref are the calculated and reference 
illuminance values, respectively, and N is the total 
number of values. For this case study, RMSErel ranges 
between 2% and 8%. This is lower than the expected 
RMSE reported for the program DAYSIM (Reinhart, 
2009), considered the state-of-art in dynamic 
daylighting simulations until the development of the 
three-phase method. 
 

 
Figure 2 Comparison of hourly cooling, heating and 
lighting energy demand of the office space with and 
without blinds calculated by EnergyPlus and by Fener 
during a sunny summer day (23/07) and an overcast 
winter day (15/02). Cooling is indicated as negative 
energy demand. Lighting energy demand is calculated 
by Fener and passed as inputs in EnergyPlus. 
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Figure 3 Comparison of hourly transmitted solar 
irradiance of the office space with and without blinds 
calculated by EnergyPlus, by Fener and by Radiance 
during a sunny summer day (23/07) and an overcast 
winter day (15/02). 
 

 

 
Figure 4 Comparison of hourly average workplane 
illuminance of the office space with and without blinds 
calculated by Radiance and by Fener during a sunny 
summer day (23/07) and an overcast winter day 
(15/02). 
 

Table 4 Monthly mean bias error (MBE), root mean 
square error (RMSE), and reference value (REF) of the 
energy demand, transmitted solar irradiance, average 
workplane illuminance between Fener and EnergyPlus 
(energy demand) and between Fener and Radiance 
(irradiance and illuminance). Cooling is indicated as 
negative energy demand. The reference value is the 
average of the non-zero values calculated by Fener for 
each variable. Scores for energy demand account for 
hourly values during one month. Scores for irradiance 
and illuminance account for hourly values during one 
day. 
 

CASE MONTH MBE RMSE REF 
Energy demand (W m-2) 
No blinds February -0.5 1.8 10.2 

No blinds July 0.9 1.6 -14.7 
Blinds February -0.7 1.5 7.9 
Blinds July 0.0 1.2 -17.7 
Transmitted solar irradiance (W m-2) 
No blinds  February 15 -0.3 0.4 1.9 
No blinds July 23 -0.7 1.6 11.6 
Blinds February 15 -0.1 0.1 0.4 
Blinds July 23 -0.6 0.7 2.6 
Average workplane illuminance (lux)  
No blinds February 15 -5.9 6.3 266.4 
No blinds July 23 -59.5 65.7 756.9 
Blinds February 15 -1.4 1.6 35.6 
Blinds July 23 -8.1 13.7 231.3 

 

CONCLUSION 
A Radiance-based building energy model for the 
analysis and control of CFS in office spaces has been 
presented. The new model, called Fener, couples 
detailed daylighting and thermal simulations in a time-
step basis, which makes it easy to implement shading 
control algorithms. The use of BSDF datasets to 
represent CFS permits the evaluation of a broad variety 
of systems, given goniophotometer data is available. 

Fener has been satisfactorily evaluated against 
EnergyPlus and classic Radiance. The accuracy of the 
dynamic daylighting simulation lies within what is 
considered the state-of-the-art, which is acceptable 
given the scope of the model. However, the comparison 
shows that the three-phase method (used in Fener) 
tends to underpredict the energy transmitted through 
the fenestration system as compared to classic 
Radiance. Although the differences in transmitted solar 
irradiance are relatively small (a few W m-2) and the 
resulting workplane-average illuminance values are 
similar (an RMSE of 66 lux for the worst case 
scenario), the distribution of light in the space is 
significantly affected. Close to the window (first 1.5 
m), the illuminance underprediction can be between 
200 and 400 lux, reaching 2000 lux when direct solar 
radiation enters the space in a sunny day in summer. 
The differences gradually disappear away from the 
window. Future work will analyze in detail these 
differences.  
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