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Division of Air Conditioning and Heating, Faculty of Building Services, Hydro and Environmental Engineering,
Warsaw University of Technology, Nowowiejska 20, 00-653 Warsaw, Poland; adrian.trzaski@pw.edu.pl
* Correspondence: joanna.rucinska@pw.edu.pl

Received: 22 April 2020; Accepted: 14 May 2020; Published: 18 May 2020
����������
�������

Abstract: This paper deals with the impact of the use of daylight on the overall energy demand
for heating, cooling, and lighting in educational buildings. The energy performance of buildings is
currently of the utmost importance as current European regulations, starting from 31st December
2020 impose that all new buildings must meet nearly zero-energy building requirements. This paper
presents a study of the illuminance distribution in an educational room obtained from measurements
and simulation results using two different models. One of the models, integrated with a thermal
simulation software, was used to estimate the impact of daylight on the energy demand. The analysis
included the use of various window types, lighting control system, reference point location, and
daylight calculation model for a sample room in an educational building. Results of the analysis
indicate that, due to the high share of lighting demand (reaching up to 78% of the primary energy
balance), there is a need to take into account the efficiency of lighting systems during the design
process to correctly determine the actual energy balance of a building, increase the quality of the
design of lighting systems, as well as to select the optimal parameters of windows.

Keywords: energy conservation; daylighting; dynamic daylight metrics; energy efficiency; lighting
control; windows

1. Introduction

European regulations such as the energy performance of buildings directive impose demands on
the construction industry and investors [1]. Both buildings as a whole, as well as building elements
that significantly impact the energy performance of the building, should meet cost-optimal levels of
energy performance.

For years, regulations on the energy efficiency of buildings have focused on the heating and
cooling demand of buildings [2–6]. This is due to the fact that almost 50% of the EU’s final energy
consumption is used for heating and cooling, of which 80% is used in buildings [7]. However, not all
building components are responsible only for heating or cooling demand. In case of windows, heat
loss and gains are only a part of the actual energy balance as the use of daylighting can significantly
reduce the energy demand for artificial lighting.

Considering the energy use for heating, cooling, and lighting purposes the share of final energy
consumption for lighting in the EU is around 7% for residential buildings and nearly 16% for
non-residential buildings [8]. For comparison, the final energy demand for cooling is lower and
amounts to 2.1% for residential buildings and 5.4% for non-residential buildings. As properties
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of windows simultaneously affect heating, cooling, and lighting demands, windows constitute an
extremally important component of buildings.

Although many studies focused only on the influence of windows on the heating and cooling
demand of buildings [9–11], other studies pointed out that they are a valuable source of daylight [12–18].
Considering the impact of windows on the energy performance of buildings, stricter regulations
regarding heating/cooling energy demand, ones that don’t take into account their influence on the
energy demand for lighting may result in worse actual energy performance of buildings. Therefore,
there is a need to include the energy demand for lighting, including the use of natural light, in the
energy performance of buildings calculations. This need is all the more important as the use of
active transparent facades is one of the main lines of research for increasing energy efficiency in
buildings [19–22].

There are many applications designed specifically to assess the availability of daylight such as
Radiance, VELUX Daylight Visualizer, Daysim, Relux, and DIALux [23–27]. There are also many
thermal simulation tools that include daylighting such as EnergyPlus, DesginBuilder, Dial+, Ida Ice,
and IESVE [28–32].

For all those tools the main input data is the geometry of analyzed spaces, properties of the
materials used for construction, and installed luminaires as well as time and sky conditions.

Radiance is a set of tools for the analysis and visualization of lighting system designs [23]. Its engine
uses the Monte Carlo approach with a backward ray-tracing algorithm. Simulation results are available
in both graphical and numerical format and include spectral radiance, irradiance, and glare indices.
The tool has been verified in many experiments and thanks to its good accuracy and capabilities many
applications are based on its simulation engine, for example Daysim, or DesignBuilder.

Various possibilities of different applications and the results obtained with their use was compared
in [33–35]. In some studies, the model’s accuracy was verified on the basis of measurements and,
although most results were satisfactory [36,37], other studies demonstrate quite significant discrepancies
for particular conditions [38–40].

The role of daylight calculation in the design practice is increasing year to year [41–44].
The available daylight simulation tools can be classified into two types: one that is based on advanced
and accurate models based on ray-tracing algorithms (e.g., Radiance), and tools that use analytical
formulas and static methods (e.g., EnergyPlus). Due to the significant computational time requirements,
the first type of tools is better suited for designing lighting systems for visual comfort, while much
less time consuming tools can be used more efficiently for the calculation of the energy performance
of buildings.

The important role of the energy demand for lighting requires a significant increase the quality of
the design of lighting systems through a better adaptation to the actual conditions. Moreover the need
to improve the energy performance of buildings requires to take into account the efficiency of lighting
systems during the design process of buildings and their systems. Both of these goals can be achieved
through an extensive use of proper simulation tools.

The field measurements conducted in this study were used to examine the accuracy of two different
daylight illuminance distribution models used in the Design builder program. One of them was the
complex Radiance model and the other was the simplified EnergyPlus model. Next, the annual energy
demand for heating, cooling, and lighting of the educational room in various conditions was simulated
using the standard EnergyPlus model and its build-in alternative, a DElight model. The results were
used to analyze the impact of the o the accuracy of the daylight calculations on the estimated energy
performance of buildings.
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2. Materials and Methods

2.1. Investigated Educational Room

The study was conducted in an educational building of the Faculty of Building Services, Hydro and
Environmental Engineering (Wydział Instalacji Budowlanych Hydrotechniki i Inżynierii Środowiska)
located in the main area of the Warsaw University of Technology. The building has 335 rooms that
serve different purposes (educational, laboratory, technical and office) and over 2000 people use it
daily. Built in the 1970s, it has only been partially modernized since then. Visualization of the building
(dark gray) and its surroundings (light gray) is presented in the Figure 1.
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Figure 1. Visualization of the model of the building and its surroundings.

The values of the main parameters characterizing the building are presented in Table 1.

Table 1. Characteristic parameters of building envelope.

U-Value W/(m2 K)

wall south facade 0.24
other external walls 1.00

roof 0.23
internal walls 1.90

windows 1.49
solar energy transmittance of windows (gg) 0.57

light transmission coefficient of windows (Lt) 0.74

visible absorptance

walls 0.50
celling 0.30
floor 0.50
tables 0.30

The analysis of the illuminance was carried out for an educational room in the building: the
lecture hall (room 210) on the second floor (Figure 2). Although the room has two external walls, all of
the five 1.78 × 2.00 m windows are installed in the south facade constituting 52% of its area. The lecture
hall is 11.8 m in length, 5.7 m in width, and 2.9 m in height. As in engineering practice, designers do
not usually have accurate data on the optical properties of the materials, thus the values of the visible
absorptance of the surfaces in the room were assumed on the basis of visual assessment and measured
values for various materials [45].
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Figure 2. A photograph and visualization of the lecture hall 210.

2.2. Field Measurements

The field measurements were conducted on selected days in 2018 and 2019. Each day, several
measurement series at various times of the day were carried out. The illuminance in the room was
measured in accordance with the diagram shown in Figure 3. The solar radiation intensity was
measured on the roof. The following sensors were used for the measurements: datalogger with sensor
LP471 PYRA 02 to record external solar radiation intensity, datalogger with sensor LP 471 PHOT to
measure illuminance in the auditorium and Testo 545 illuminance meter to measure the reference
level of illuminance. The dimensions of the grid were set to correspond with the distribution of the
workstations. A total of 319 measuring points were distributed at the level of the working plane
(75 cm above the floor), every 27.5 cm along the Y axis of the room and every 55 cm along the X axis.
Measurements at individual points were made in turn by two operators moving in opposite directions
in accordance with the line illustrated in the drawing of the room. Moving the sensor to the next point,
together with concealing the operator below the work plane and stabilizing the indications required on
average about 8 s, therefore one measurement series took about 20 min to perform.
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Figure 3. The distribution of measurement points.

As the external solar illuminance level is not stable, to compensate for its changes during each
series a reference measurement of indoor illuminance was made at a fixed location in the middle of the
room. Consequently, the measured illuminance value for each point was corrected accordingly to the
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ratio of the illuminance value recorded at the same time for the reference point time to the reference
value recorded for a chosen moment during the measurement series.

After the analysis of the obtained data, two measuring series for were selected for which the
conditions were the most stable and close to those described by the CIE standard [46], which is used to
model sky conditions in the Design Builder software.

The measurements used in the analysis were taken 21 September 2018 with a clear sky with no
cloud cover (representing CIE sunny clear day) and 11 January 2019 with overcast sky and 100% cloud
cover (representing CIE Overcast Day).

2.3. Illuminance Simulations

The analysis is based on the building model created with the Design Builder software as part
of the KODnZEB project [47]. The Design Builder program was chosen because it has two different
modules that allow to calculate the daylight illuminance distribution in the room. As both methods
use the same numerical model of the room and its surroundings, the differences in the results of
illuminance calculations should result only from the differences between the models, not the input
data in regards of the geometrical or optical properties of the room. The main difference in terms of the
input data between the models is that EnergyPlus module is based on solar irradiation data from the
weather database, while the Radiance based module carries out simulations according to the outdoor
illuminance characteristic of a selected sky model. There are 7 possible choices:

• CIE Sunny Clear Day
• CIE Clear Day
• CIE Sunny Intermediate Day
• CIE Intermediate Day
• CIE Overcast Day
• CIE Overcast Day (specify illuminance)
• Uniform Cloudy Sky.

These models take into account various weather conditions that affect the availability of daylight.
Depending on the model, a different scope of data is required for simulations. In case of the CIE
Overcast Day conditions for specific illuminance, the level of external illuminance has to be entered,
while the sunny clear day model requires the date and time for the simulation. As the external
illuminance was not measured, its value was calculated using the results of the outdoor solar radiation
intensity measurements. The calculations were based on the correlation curve determined for the
irradiation and illumination data from the weather database (Figure 4).
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2.4. Energy Demand Simulations

The next stage of the study was to perform energy performance calculations that were carried
out with an hourly time step and included the room’s use schedules, which reflected its educational
character. The most important factors regarding the energy efficiency of the building were:

• mechanical ventilation with heat recovery (average temperature efficiency 73%) with a scheduled
fresh air volume for one person of 30 m3/h,

• heating/cooling via fan coil units with a set temperature of 20 ◦C for heating and 24 ◦C for cooling,
• artificial lighting system including scheduled operating hours and a linear regulation of its

intensity within a range of 0–500 lx. The control of the artificial light power in design builder used
a single reference point and a light sensor with no inertia and perfect accuracy. The maximum
lighting power was 10 W/m2.

To assess the possible impact of windows on the energy balance of a building, the annual energy
demand for heating, cooling, and lighting under various conditions was simulated with Design
Builder. The overall energy performance of educational buildings depends on many factors such as
location, construction and space arrangement, therefore the analysis included three different variants
of windows, a change of orientation as well as different reference point positioning.

The energy demand analysis was made for three different sets of windows currently available on
the market and compliant with current technical requirements. The first variant used double-glazed
windows with a heat transfer coefficient of the glazing Ug = 1.0 W/(m2 K), solar energy transmittance
gg = 0.50, and light transmittance coefficient Lt = 0.71. For the second variant, we chose triple glazed
windows with a heat transfer coefficient Ug =0.7 W/(m2 K) and solar energy (gg = 0.35) and light
transmittance (Lt = 0.57) coefficients. Finally, the third variant utilized windows with superior triple
glazing, with a reduced Ug = 0.4 W/(m2 K) and maintained values of gg = 0.35 and Lt = 0.57. Conducting
tests with different types of glazing allowed us to verify the impact of the change of energy losses and
gains through windows on the energy demand of the analyzed room.

In order to illustrate the impact of the direct solar radiation availability, the simulations were
carried out for two extreme orientations of the room (with windows facing south and north). The energy
demand was calculated for two reference point locations used by the artificial lighting control system
based on the availability of natural light. The point was located accordingly 2.9 m and 5.9 m from the
western external wall, in the middle of the room. A point at the distance of 5.9 m (in the middle of the
room) is the default point location used in the Design Builder software (reference point 1). The second
point was located in the middle of the wide area between windows. Its location was chosen to check
the impact of the reference point selection on the energy demand for various needs (Figure 5).
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3. Results and Discussion

3.1. Daylight Distribution

The analysis of the measurements and simulations results indicated that the calculated level
of illuminance can differ significantly from the results of measurements. Although the general
characteristics of the measured and calculated illuminance distribution were similar, there were
significant deviations in the illuminance level across the room. Most importantly, the nature of these
differences varied and depended on both the outside illuminance conditions and the location in the
analyzed room.

In general, in the case of the overcast sky on 11 January 2019, the EnergyPlus model produced
results that indicated much higher illuminance than the measured values, while the deviations of the
Radiance model were much smaller (Figure 6).
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Figure 6. Illuminance distribution for cloudy conditions (11 January 2019) (a) measured at 8:48–9:09,
(b) DB (Radiance) 9:00, ext. illuminance 5251 lx, (c) DB (EnergyPlus) 9:00, irradiation 47.68 W/m2.
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The accuracy of both models was further verified for the area where the three rows of benches are
located. For this purpose, the minimum, maximum and arithmetic average of the illuminance values
for points located in the three working areas (rows I, II, and III) marked in Figure 3 were analyzed
(Table 2). According to the results, the average illuminance for the first row of benches (nearest to the
windows) was over 60% higher than the average of measured values in case of the EnergyPlus model
and nearly 13% lower in the case of the Radiance model. For the second row, the differences were
+102% and −15%, respectively, while for the third row, it was +204% and +13%.

Table 2. Illuminance values summary for cloudy conditions (11 January 2019).

Row
Illuminance [lx] Simulation/Measurement

min. max. avg.

I
Measurements 59 616 353 -
DB (Radiance) 40 570 309 0.88

DB (EnergyPlus) 257 941 570 1.61

II
Measurements 57 180 108 -
DB (Radiance) 47 157 92 0.85

DB (EnergyPlus) 154 295 218 2.02

III
Measurements 27 65 46 -
DB (Radiance) 31 70 52 1.13

DB (EnergyPlus) 124 157 140 3.04

The energy demand calculations in Design Builder are not based on the distribution of daylight
but on the illuminance value calculated for a selected reference point location. The figures (Figure 7a,b)
present the daylight illuminance profiles along the lines intersecting in the geometrical center of the
room—the default reference point location. According to the results, the daylight illuminance level
for the reference point calculated by the EnergyPlus model is much higher than the measured value
(+87%), whereas the illuminance calculated by the Radiance model is slightly lower (−16%). Similar
differences can be recorded along the length of both profiles with some exceptions, e.g., the immediate
vicinity of windows.
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Figure 7. Daylight illuminance profiles in the room for cloudy conditions (11 January 2019 9:00) (a)
along the width (b) along the length.
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In the case of the sunny clear day conditions on 21 September 2018 again the illumination levels
calculated by the EnergyPlus model were mostly higher than the measured values, however the
deviations of the Radiance model were much higher compared to the deviations for the overcast day
(Figure 8).
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Figure 8. Illuminance distribution for sunny conditions (21 September 2018) (a) measured from
11:40–12:34, (b) DB (Radiance) 12:00, sunny clear day, (c) DB (EnergyPlus) 12:00, irradiation 610.64 W/m2.
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According to the results, the average illuminance for the first row was over 23% higher than the
average of measured values for the EnergyPlus model and nearly 13% lower for the Radiance model
(Table 3). For the second row, the differences were +19% and −53% respectively, whereas for the third
row they were +100% and −43%.

Table 3. Illuminance values summary for sunny conditions (21 September 2018).

Row
Illuminance [lx] Simulation/Measurement

min. max. avg.

I
Measurements 427 38,757 21,078 -
DB (Radiance) 700 34,699 18,263 0.87

DB (EnergyPlus) 2544 40,853 25,952 1.23

II
Measurements 433 3134 2353 -
DB (Radiance) 603 1737 1098 0.47

DB (EnergyPlus) 2442 3273 2797 1.19

III
Measurements 189 1705 1188 -
DB (Radiance) 403 929 679 0.57

DB (EnergyPlus) 2254 2499 2375 2.00

In this case, daylight illuminance value at the reference point calculated by the EnergyPlus
model was almost the same as the measured value (+0.4%), whereas the illuminance calculated by the
Radiance model was much lower (−52%). Moreover, the differences varied along the length of both
profiles. Significant deviations from the measured values in the vicinity of windows were caused by
the fact that the profile ran in a line between windows and even a small displacement in time and/or
location could have had a huge impact. Figure 9c presents profiles along the length of the room, 0.3 m
from windows, where the impact of the given location can be seen more clearly.

Comparison of simulation results made with two different methods with the measurement results
indicated some deviations in the illuminance level across the room for both methods. The Radiance
method provided very similar results to the results of measurements in case of the cloudy conditions
(up to about 15% variation), while in case of the sunny conditions the differences were more significant
(up to about 53%). One of the reasons for this might be the way sunlight conditions in this method are
defined. In the case of cloudy conditions, the exact value of the external illuminance is entered, while
the value for sunny conditions is defined on a basis of standard conditions. This problem affects both
the total value of the external illuminance, as well as the share of the diffuse radiation due to the actual
clearness of the atmosphere. Some of the differences might be caused by the difference between the
actual level and distribution of reflectance values of the surfaces in the room. As these surfaces didn’t
have uniform visual absorptance it was extremely difficult to estimate a correct visual reflectance value.

In the case of the EnergyPlus method, despite the use of actual values of solar irradiation, both the
level and distribution of illumination similarity with measurement results was worse than in the case
of the Radiance method. In this case, the source of the differences could be that the method is based
on interpolation of pre calculated daylight factors, that are interpolated accordingly to the current
time step’s sun position and sky condition. As a results these conditions may not accurately reflect
actual conditions.

It should be noted that both models quite well and comparatively render the profiles of the
distribution of illumination in the room. Therefore, in the case of year-round calculations for which the
assumptions regarding standard conditions will be met, compliance of the results should be satisfactory.
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Figure 9. Daylight illuminance profiles in the room for sunny conditions (21 September 2018 12:00) (a)
along the width (b) along the length (center) (c) along the length (0.3 m from windows).

3.2. Energy Demand Simulations

Simulations of the energy demand were performed for a single room under different conditions.
This made it possible to observe some dependencies that would have been blurred when analyzing the
entire building.

Table 4 presents the annual results of the energy demand for heating, cooling, lighting and primary
energy balance (PE) for analysis.
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Table 4. Summary of the simulation results.

Model Reference
Point

Orientation Windows
Variant

Variant
#

Heating Cooling Lighting PE
kWh/a kWh/a kWh/a kWh/a

Detailed

1

S
1 1 1064 902 559 2848
2 2 980 796 624 2874
3 3 748 979 624 2795

N
1 4 1685 315 698 3346
2 5 1393 312 832 3436
3 6 1103 391 832 3244

2

S
1 7 1045 928 613 2983
2 8 962 832 691 3049
3 9 734 1028 691 2982

N
1 10 1636 327 794 3553
2 11 1344 349 967 3756
3 12 1064 450 967 3585

DELight

1

S
1 13 1018 958 682 3152
2 14 926 874 784 3278
3 15 707 1086 784 3228

N
1 16 1701 320 682 3323
2 17 1421 311 784 3339
3 18 1127 383 784 3139

2

S
1 19 984 1034 810 3491
2 20 893 991 945 3726
3 21 681 1226 945 3696

N
1 22 1640 340 810 3604
2 23 1359 354 945 3716
3 24 1077 452 945 3543

No control
No reference

point

S
1 25 874 1825 1754 6254
2 26 806 1705 1754 6122
3 27 614 1975 1754 6131

N
1 28 1386 775 1754 6024
2 29 1182 812 1754 5878
3 30 942 942 1754 5759

The analysis of the simulation results confirmed the important and complex role of windows in
shaping the energy balance of buildings and allowed us to formulate several interesting conclusions.

The energy needs required for lighting in modern educational rooms are as important as other
energy needs. For the analyzed room, depending on the variant, the share of lighting in the overall
usable energy demand varied from 22% to 48%. In case of the primary energy analysis the importance
of lighting is even higher. The primary energy factor value for lighting is usually much higher than for
the energy sources used for heating and cooling. According to the energy efficiency directive (Directive
2012/27/EU), the average for the member states (Primary Energy Factor) PEF value for electricity is
2.5. Assuming the use of electricity based energy sources such as a reversible air to air heat pump for
heating and cooling, with seasonal efficiency of heating (Seasonal Performance Factor) SPF = 3.0 and
cooling (Seasonal Energy Efficiency Ratio) SEER = 4.0 the primary energy demand share varied from
49% to 76%.

Such a high share of lighting in the energy balance of the room shows how important it is to
correctly design the lighting system. The designer should take into account both the location and
parameters of the windows as well as the use of an appropriate lighting control system.

An automatic lighting control system based on the intensity of natural light in the room can
provide significant energy savings not only in terms of the demand for lighting but also cooling as it
reduces the heat gains form unnecessary lighting. In the case of the analyzed room, the possible usable
energy savings were between 52% and 68% in case of lighting and from 50% up to 61% for cooling.
The drawback of the control system was the 17%–22% increase of the demand for heating.

A proper selection of the reference point location is important for the sake of correct estimation of
the energy demand. For the two analyzed locations, the difference in the demand for lighting varied
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from 9% to 14%. In rooms where the distribution of daylight is more irregular, the selection of the
reference point location can be even more important.

The selection of the method of calculation can have a great impact on the accuracy of the results.
According to the results, the difference in the energy demand for lighting calculated with the Detailed
method and the DELight method varied from 2% to 37%. The most important deficiency of the DELight
method was that it did not take into account the orientation of the room, and consequently, the demand
for the southern orientation was overestimated by 20%–37% in comparison to the detailed method.

The use of windows with a lower U-value does not guarantee better energy balance. For example,
in the case of the variants #1 and #2, the use of a lower U value windows results in the reduction of
the useful energy demand by 84 kWh/a for heating and 106 kWh/a for cooling, whereas the lighting
demand increased by 66 kWh/a. In terms of the primary energy balance, it would result in an increase
of the overall primary energy consumption by 26 kWh/a. The difference is even more significant in
case of the north oriented room in variants #4 and #5, where, despite the lower U value, the increase of
the primary energy consumption is 90 kWh/a.

The difference could be even more significant if we consider the use of optimization measures
like passive and active shading devices or advanced automatic lighting control systems adapting the
power of individual luminaires. However, the problem here may be the possibility to include these
solutions in simulations, e.g., Design Builder software used in this research does not allow to adjust
the power of individual luminaries accordingly the distribution of natural lighting.

The results of the analysis showed that the choice of window parameters in the designed buildings
should not be based on a single performance indicator such as U-value, but should be based on the
overall energy balance, that takes into account the energy demand for heating, cooling and lighting.
As a result, you may need to use a different type of window depending on the orientation of the facade
or other factors such as the function of the room.

4. Conclusions

This study analyzed the distribution of illuminance resulting from the use of daylighting in an
educational room. The results of measurements were used to verify the accuracy of the numerical models
used for lighting design and energy simulations. Indicated discrepancies between the measurements
and the results of simulations could have been caused both by the inaccuracy of the models used as well
as the inability to use accurate environmental data. However, in the case of year-round calculations for
which the assumptions regarding standard conditions will be met, compliance of the results should
be satisfactory.

The radiance model provided a more accurate representation of the natural light distribution for
the defined intensity of external illuminance (cloudy day) than the Energy plus model, but unspecified
external illuminance for a sunny clear day conditions resulted in significant deviations in the simulated
levels of illuminance. The high compliance of the generated illuminance profiles for both models
confirms that they allow to significantly increase the quality of the design of lighting systems through
a better adaptation to the actual conditions.

The results of the annual energy demand simulations obtained with the Design Builder software
indicated both the importance and complexity of windows in shaping the energy performance of
buildings. Changes of window parameters resulted in significant variations of all three primary
elements of the balance, i.e., heating, cooling, and lighting. Although the presented simulation results
relate to an example room in a given location, the obtained results illustrate universal problems
concerning the impact of fenestration systems for various buildings and locations.

In the case of the analyzed educational room, the share of usable energy demand for artificial
lighting reached 48%, while the primary energy demand reached 76%. The simulated possible energy
savings for lighting and cooling due to the use of a lighting control system based on the natural light
availability indicated a large potential for energy consumption reduction. This indicates the need
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to take into account the efficiency of lighting systems during the design process of buildings and
their systems.

Differences in the simulated energy demand caused by changes of window properties, the use of a
different daylight model, or the reference point position indicated the importance of using appropriate
tools and due diligence, both of which are required to correctly determine the actual energy balance of
buildings as well as to select the optimal parameters of windows.
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