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ABSTRACT
Workplane daylight illuminance is a commonly-used
predictor of occupants' operation of shading devices
and lighting in buildings. However, it is impractical to
avoid potential obstructions in long-term measurements
of desktop sensors. The objective of this paper is to
assess the practicality and accuracy of using
simulation-based indoor illuminance predictions based
on the local high-resolution global solar radiation. To
this end, the indoor illuminance in an office was
measured. The high-resolution global solar radiation
was measured in a local weather station. The indoor
illuminance was predicted using RADIANCE-based
daylight simulation tool DAYSIM. The results show
that the absolute error of 50% of the corresponding
measured and calculated indoor illuminance were lower
than 32%, 30%, and 44% for points 1, 2, and 3, which
were located in the middle of the test office width at 3,
2, and 1 m away from the window, respectively. The
minimum effect of the surface reflectance on the RMSE
of the difference between the measured and calculated
illuminance was observed at point 1.

INTRODUCTION
Measurement of workplane daylight illuminance is
required to predict occupants' operation of shading
devices and light switches in buildings. However, in
long-term field studies, in-situ measurement of
workplane daylight illuminance is impractical due to
the fact that occupants may cause obstructions of
desktop sensors. Reinhart and Voss (2003) used
simulation-based calculation of workplane daylight
illuminance using DAYSIM (Reinhart, 2001) based on
the direct and diffuse solar radiation for their 10-month
field study on occupants’ blind and light control in
office spaces. Deployment of daylight sensors into a
large number of spaces is also time-consuming and
relatively costly.
There are different methods to predict workplane
illuminance in buildings instead of in-situ

measurement, including simplified, analytical, and
empirical models. Simplified models (e.g. Fakra et al.,
2011) predict indoor daylight based on the sky
conditions using some metrics, such as daylight factor
(CIE, 1973) and daylight coefficients (Tregenza and
Waters, 1983). Analytical methods, which are also
called white-box models, calculate indoor illuminance
based on the surface reflectance and view factors of
surfaces to each other regarding the illuminance
received from outside (De Rosa et al., 2009; Ferraro et
al., 2010). Calculating the indoor illuminance of
complex geometries using analytical methods is
computationally expensive. Based on this method,
there are several codes, such as RADIANCE (Ward,
1994), SkyVision (Laouadi et al., 2003; Laouadi and
Arsenault, 2006), and INLUX-DBR (Ferraro et al.,
2010). The empirical models are black-box models that
are developing mathematical models as output by
training data for full-scale or reduced-scale models
using real data as inputs (e.g. Kazanasmaz et al., 2009;
Logar et al., 2014). Since black-box models are
developed based on measurements under specific
conditions, including geometry, material properties,
light state, and local weather conditions (i.e. solar
radiation and external illuminance), using these models
in other cases with different conditions requires
retraining the model with new input and output dataset.
In several previous studies, comparisons between the
mentioned methods with experiments to predict the
indoor daylight illuminance were performed. Reinhart
and Breton (2009) did an experimental validation of
DAYSIM (Reinhart, 2001) and Autodesk® 3ds Max®
Design 2009 in National Research Council Canada
(NRC) daylighting test cases with detailed information
of the test room properties in Ottawa, Ontario, Canada.
Gibson and Krarti (2015) stated DAYSIM as the most
accurate based on validation analysis of different
daylighting software packages, in the same NRC
daylighting test cases of Reinhart and Breton’s (2009)
validation study. It is worth noting that the NRC
daylighting test cases in Reinhart and Breton (2009)

and Gibson and Krarti (2015) were empty rooms
without any furniture.
In this paper, the practicality and accuracy of
simulation-based indoor illuminance predictions is
evaluated in comparison with in-situ measurements of
workplane illuminance based on the local highresolution measurement of global solar radiation on a
horizontal surface and approximated properties of a
furnished office space. To this end, the indoor
illuminance in an office and global solar radiation were
measured under different sky conditions. It is worth
noting that the measured global solar radiation was
combined with a modelling approach to compute the
direct normal and diffuse solar radiation. The indoor
illuminance was calculated using RADIANCE-based
daylight simulation tool DAYSIM based on the local
solar radiation. Then, the measurements and simulation
results were compared analytically to assess the
practicality and accuracy of simulation-based indoor
illuminance calculations.

EXPERIMENTAL SET-UP
Indoor illuminance was measured in a full-scale
furnished office space in the Canal Building, located on
the Carleton University campus. The global solar
radiation was measured at a local weather station at
Carleton University in 5 min intervals with Kipp &
Zonen CMP6 pyranometer with a spectral range of
285-2800 nm and maximum solar irradiance of 2000
W/m2. The studied office has two double-glazed
windows, which are oriented north-west. Figure 1
shows the studied office with the exterior windows and
interior open blinds and the location of the sensors. The
indoor illuminance was measured and recorded in 10 s
time intervals using Sper Scientific 850007 visible light
datalogger with a cosine-correction type light sensor to
meet CIE photopic spectrum. The measurement
accuracy of this light sensor is ±4% within the ranges
of up to 100000 lx. The measurement resolution is 1,
10, and 100 lx in the light range of 2000, 20000, and
100000 lx, respectively. The reflectances of the
surfaces in the studied office were measured with a
Konica Minolta’s CM-2500d spectrophotometer.
The light sensors were located at workplane height (i.e.
0.75 m from the floor) in the middle of the office width
at 3, 2, and 1 m away from the window. The sensors
are called point 1, 2, and 3, respectively, hereafter. All
the sensors faced upward to measure the horizontal
workplane illuminance. All the measurements were
collected on 12 December 2015 to 14 January 2016
under different sky conditions.

SIMULATION
To calculate the daylighting in the test office, DAYSIM
3.1 (Reinhart, 2010) was used as a validated
daylighting analysis tool (Jakubiec and Reinhart,
2011). It is worth noting that in DAYSIM, the diffuse
sky illuminance is calculated by dividing the celestial
hemisphere into non-overlapped 145 rectangular sky
patches. In DAYSIM, for the whole year, the direct
daylight coefficients are calculated for 65 sun locations
as per the latitude. For other sun locations at other
times of year, the direct daylight coefficients are
interpolated based on the 4 representative sun locations
surround the wanted sun location (Reinhart and
Walkenhorst, 2001; Reinhart, 2006).

Description of model
The geometry of the studied office space was modelled
in SketchUp as shown in Figure 2. To evaluate the
impact of the existing exterior shading and adjacent
walls on the indoor illuminance in the studied office,
the exterior wall and shading on both sides of the office
were extended to mimic the reality as shown in Figure
2. The reflectances of the interior surface of the floor,
walls, and ceiling were assumed as 0.1, 0.2, and 0.8,
respectively, on the basis of the measured values. In
this study, the furniture was excluded from the
DAYSIM model and therefore, the effect of furniture
was assumed to be considered in wall reflectance. The
reflectance of the wall surface before including
furniture was measured as 0.8. Regarding that the
majority of the wall surfaces were covered by the
furniture and the reflectance of the furniture was
measured as 0.1-0.3, the reflectance of walls was
reduced to 0.1 as an approximation.
The visible transmittance (Tn) of the double-glazed
windows was 0.64. The visible transmittance - which is
the total light transmitted - was transferred to
transmissivity (tn) (i.e. 0.70) at normal incidence using
Equation (1) (Building Technologies Program, 2014),
assumed to be constant at different incident angles for
glass material in RADIANCE (Reinhart and Andersen,
2006).
(1)

The RADIANCE simulation parameters (Ward, n.d.)
were set in DAYSIM based on the ranges given in

(Berkeley Lab) for a reasonably accurate rendering
(Table 1).
It is worth noting that this study did not consider the
impact of surrounding buildings on the indoor
illuminance due to the fact that the test office is above
most neighbouring buildings and not significantly
shaded by them.

(7)
Knowing the total and diffuse solar radiation on a
horizontal surface, the direct solar radiation on a
horizontal surface was computed. Based on the zenith
angle of the sun on a horizontal surface ( ) at each
time interval, the direct normal solar radiation was
calculated.

Direct and diffuse solar radiation
Calculating daylight illuminance in DAYSIM requires
the direct normal and diffuse solar radiation for each
time interval as inputs. In the current study, the global
solar radiation on a horizontal surface was measured at
the local weather station at Carleton University in 5
min time intervals. The direct and diffuse solar
radiation values were calculated according to the
procedure as explained below.
For each time step that the total solar radiation (It) on a
horizontal surface was measured at the local weather
station, the extraterrestrial solar radiation (Io) (W/m2)
was computed according to Equation (2).
(2)

RESULTS AND ANALYSIS
The indoor illuminance values calculated in DAYSIM
for the studied time period were compared with their
corresponding measured value at each time interval of
5 min. The obtained values from measurement and
simulation are shown in Figure 3 for the three
measured points in the studied office for the hours
between 9:00-16:00 regarding the time period when the
sun was up in the occupied period. In total, 2808 time
intervals were measured for the time period between
9:00 and 16:00. The absolute relative error () for each
time step was calculated using Equation (8).
(8)

where
is solar constant (1367 W/m2), n is the day of
the year, and
is the zenith angle of the sun on a
horizontal surface.

where
is the measured indoor daylight
illuminance (lx) and
is the simulation-based
calculated daylight indoor illuminance (lx).

Knowing the total and extraterrestrial solar radiation on
a horizontal surface (W/m2), the clearness index (kt)
was calculated using Equations (3) (Wong and Chow,
2001).

The cumulative frequency of the absolute relative error
is shown in Figure 4. The results show generally the
calculated indoor illuminance overestimates their
corresponding experimental values. The results also
indicate that the absolute error of 50% of the
corresponding measured and calculated indoor
illuminance were lower than 32%, 30%, and 44% for
points 1, 2, and 3, respectively. Part of the deviations
between the calculated and the experimental values is
due to that in this study, the direct and diffuse solar
radiation for the DAYSIM model were computed using
a modeling approach based on the measured global
solar radiation. In addition, the test office was
simplified for DAYSIM simulation and the furniture
were excluded from the DAYSIM model, however
their impact on the indoor illuminance was
implemented as the effective surface reflectances of the
walls and the floor.

(3)
As per Orgill and Hollands model (1977), the diffuse
fraction (kd) was calculated based on kt using Equations
(4), (5), and (6).
(4)

;
;
;

(5)
(6)

Knowing the diffuse fraction, the diffuse solar radiation
on a horizontal surface (Id) (W/m2) was computed
based on Equation (7).

To evaluate the average performance of the simulationbased calculation of indoor daylight illuminance, the
root-mean-square error (RMSE) (lx) of the resulted
values were computed using Equations (9).

(9)

where n is the number of time intervals for which the
indoor daylight illuminance was obtained using
measurement and simulation. Figure 5 shows the
measured and simulation-based calculated daylight
illuminance at the three points on different bins of
global solar radiation for the time intervals between
9:00 and 16:00. The corresponding RMSE of the
difference between the measured and calculated
illuminance values on each bin are shown in Figure 6.
These figures show that the global solar radiation
affected the indoor illuminance at point 3 more
significantly than the other measured points. The
highest RMSEs occurred at point 3 with the RMSE of
8408 lx and 11169 lx at the 300-400 and 400-500 W/m2
global solar radiation. Point 3 was located nearer to the
window compared to points 1 and 2 and was more
exposed to the direct solar radiation. Figure 6 also
indicates that the maximum RMSE at points 1, 2, and 3
occur at 200-300, 300-400, and 400-500 W/m2 global
solar radiation, respectively. Generally, the lowest
RMSEs are observed at the global solar radiation of 0100 W/m2, which occurred at 1671 time steps between
9:00 and 16:00.
In this study, since the effective reflectance of walls
were affected by the furniture and the furniture was
excluded from the DAYSIM model, the effect of
furniture was estimated in the surface reflectances of
the walls in the DAYSIM model. To evaluate the
impact of the surface reflectance on the calculated
indoor daylight illuminance, a sensitivity analysis was
performed (Table 2). Figure 7 shows that the
reflectance of the walls has the highest impact on the
RMSE for all the studied points. The higher values
considered for wall reflectance shows 16% increase in
RMSE at point 1, however for points 2 and 3, the
increase in RMSE is about 4%. The effect of changing
wall reflectance on the RMSE at point 2, which was
located almost at the centre of the room, is generally
constant compared to points 1 and 3. The minimum
RMSE yielded by wall reflectance was observed at
point 1 for the wall reflectance of 0.2, which is 1085 lx.
In Figure 7, a sensitivity analysis was also performed
for the impact of glazing transmittance (i.e. 0.3, 0.4,
0.5, 0.6, 0.7). The results show that the impact of
choosing glazing transmittance on the RMSE of the
difference between the measured and calculated
daylight illuminance is more significant for points 2
and 3, which were located nearer to the window
compared to point 1. Higher glazing transmittance

causes higher RMSE of about 10% at point 3 while the
RMSE at points 1 and 2 reduce. It can be concluded
that at lower glazing transmittance, points 1 and 2
which were located deeper in the test office, were more
affected by the wall reflectance in simulation since the
wall reflectance show the highest impact compared to
the floor and ceiling reflectance. However, for point 3
which was located nearer to the window, higher glazing
transmittance causes more direct solar radiation on this
point in simulation and therefore, leads to higher
discrepancy between simulation and measurement.
Figure 7 also shows that all the considered cases in this
sensitivity analysis show the lowest RMSE of the
difference between the measured and calculated
illuminance at point 1 compared to points 2 and 3.

CONCLUSIONS
Workplane indoor illuminance is a required input to
predict occupants’ operation of window blinds and
light switch actions. In reality, measuring workplane
illuminance is a challenging effort since occupants may
cause obstructing desktop sensors. Therefore, it is
preferable to use other methods to calculate indoor
daylight illuminance. In this study, simulation-based
calculated daylight illuminance using RADIANCEbased daylight simulation tool DAYSIM based on the
local global solar radiation were compared with the
measured daylight illuminance to assess the practicality
and accuracy of this method.
The results show that generally the DAYSIM-based
daylight illuminance predict the indoor illuminance
higher than their corresponding measured values for the
three studied points located in the middle of the test
office width at 3, 2, and 1 m away from the window
which were called point 1, 2, and 3, respectively. The
absolute error of 50% of the corresponding measured
and calculated indoor illuminance at the time interval
of 5 min were lower than 32%, 30%, and 44% for
points 1, 2, and 3, respectively. The comparison
between the measurement and simulation results at the
time interval of 5 min in this study shows a high
discrepancy between the simulation results and the
measurement values. The highest RMSEs occurred at
point 3 with the RMSE of 8408 lx and 11169 lx at the
300-400 and 400-500 W/m2 global solar radiation. It is
worth noting that the discrepancies between the
calculated and measured daylight illuminance in this
study are due to the modelling approach implemented
in this study to compute the direct normal and diffuse
solar radiation based on the global solar radiation,
excluding furniture from daylight calculation and
effective surface reflectance uncertainty, instrument
error, and the underlying modelling assumptions and

simplification in RADIANCE and DAYSIM. The
results of this study also show that the reflectance of
the walls has the highest impact on the RMSE for all
the studied points. The sensitivity analysis of the
impact of the surface reflectance shows the minimum
effect on the RMSE of the difference between measured
and calculated illuminance at point 1.
The causes of errors are required to be investigated in
future research. The evaluation of the blind positions
and electrical lighting on the practicality and accuracy
of the simulation-based workplane illuminance is
necessary future work.
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Table 1. RADIANCE simulation parameters setting in
DAYSIM
ambient bounces
2
ambient divisions
512
ambient super-samples
256
ambient resolution
128
ambient accuracy
0.15
limit reflection
8
specular threshold
0.15
specular jitter
0.7
limit weight
0.002
source jitter
0.7
source substructuring
0.15
direct relays
3
direct pretest density
512

Table 2. Surface reflectance
Case
Wall
1
0
2
0.1
3
0.2
4
0.3
5
0.4
6
0.5
7
0.6
8
0.7
9
10
11
0.2
12
13
14
15
0.2
16
17

Floor

Ceiling

0.1

0.8

0
0.05
0.1
0.15
0.2

0.8

0.1

0.6
0.7
0.8
0.9

(a)

(b)

Figure 1. (a) View of the full-scale furnished office with north-west exterior windows and interior open blinds, (b)
Dimensions of the studied office.

Figure 2. Geometry of the model in SketchUp.

Figure 3. Comparing measured and calculated indoor illuminance at the three points in the studied office, for the
time steps between 9:00 and 16:00.

Figure 4. Cumulative frequency of absolute relative errors in the calculated indoor illuminance at the three points in
the studied office.

(a)

(b)

(c)

(d)

(e)

Figure 5. comparing measured and calculated indoor illuminance at the three points in the studied office, for the
time steps between 9:00 and 16:00, on the bins of global solar radiation for the three points: (a) 0-100 , (b) 100200, (c) 200-300, (d) 300-400, and (e) 400-500 W/m2 global solar radiation.
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Figure 6. RMSE of the difference between measured and calculated illuminance on the bins of global solar radiation
for the three points. Number of time steps (i.e. 5 min) between 9:00 and 16:00 at each bin are 1671, 557, 295, 183,
and 102, respectively. The total number of time steps is 2808.

Figure 7. Impact of surface reflectance and glazing transmittance on RMSE of the difference between measured and
calculated illuminance

