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Abstract

The Santa Cruz planning office in Bolivia aims to publish its new building regulations this
year, including updating its section on daylighting. This paper will undertake a critical
analysis of the ‘rules of thumb’ of the draft regulations relating to daylighting and their
effectiveness within the local climate conditions.

This will involve simulations using DAYSIM and Radiance software that follow the
proposed standards in order to obtain luminance levels, average daylight factor, useful
daylight illuminance and daylight autonomy for side-lit rooms. The research will also use
EnergyPlus with Open Studio to obtain results of thermal performance and energy
consumption of the case studies. UK-based guidelines recommend methods of calculations or
‘rules of thumb’ to achieve specific benchmarks for domestic and non-domestic buildings.
These will be simulated within a tropical climate in order to analyze and compare which
performs better under these conditions.
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Introduction

Daylighting design is an integral part of the building and architectural process for a range of
reasons. Good daylighting design is beneficial to health, has a positive impact on occupants
physiologically as well on improving mental health and stress. It is important for visual
performance - perhaps most significantly in a working environment - while over-reliance on
artificial lighting can eye strain and provoke headaches (Boyce, 2003; Mental Health
Foundation, 2011).

Moreover, there is a significant environmental and financial compulsion for optimal
daylighting. Good use of natural light can mean reduced reliance on artificial lighting to reach
useful thresholds of illuminance levels, as well as contributing to heating the internal
environment when needed. Optimal daylighting design, therefore, can reduce bills for
electricity and potentially gas/oil.

However, the majority of studies done to-date on daylighting design are focused on
northern hemisphere ‘cold’ climates. Conversely, Guidelines for tropical climates are less well
established. In hot climates, it is necessary to find a balance between maximizing the use of
daylighting and maintaining a pleasant internal temperature - and so energy use and
environmental aspects are reliant not only on lighting and heating but also on keeping
environments cool (Lukman. N, Ibrahin. N, Hayman S, 2010).

The planning department in Santa Cruz is in the process of finalizing new building
regulations including a section on daylighting. The draft regulations divide spaces into three
categories - the first category includes bedrooms, offices, shops and living rooms; the second
includes kitchens and other rooms; and the third includes staircases, storages and hallways.
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Code 4.8, Article 171 of the draft version of Building Standards of the city of Santa Cruz,
Daylighting and Ventilation, says that the maximum room depth for Ist category (side-lit
where the only opening is on the shorter side of the room) should never be longer than 2.5
times its width, and the overhang not longer than 1.5 meters (DRUOP, 2011).

Meanwhile, Article 173 states that the opening dimension for Ist category rooms
should never be less than 1/4 (25%) of the total floor area of the room. If the overhang is
longer than 1.5 metres (established in Article 174), the area of the opening should be a 1/4
(25%) of the projection area (roof), including overhang (DRUOP, 2011).

This paper poses the question of whether these guidelines are the optimum ones for
tropical climates. In order to test this, ‘rules of thumb’ for maximum depth and minimum
window area, as well as other traditional ‘rules of thumb’ referred to in UK guidelines, will be
simulated within the Santa Cruz climate.

Methodology

The experiment involves of three side-lit room scenarios. The first one (model 1) complies
with the maximum depth of 2.5 times the width and the minimum window area of 25%
window to floor area ratio and the maximum overhang of 1.5m. The second one (model 2) has
a 2.5m overhang (longer than the maximum required to make use of the previous window to
floor area ratio) and therefore uses the 25% window to projected area (including overhang)
ratio. The third model (model 3) tests the UK guideline (BS 8206 part:2) referring to a
maximum depth and minimum window area. In a different climate.

The models were simulated as offices during 8.00 to 17.00 working hours. Thermal
performance and daylight analysis as well as the energy consumption for artificial lighting
when daylighting does not on its own reach a minimum established level were carried out
using Radiance, DAY SIM and EnergyPlus softwares.

Visualizations of direct sunlight and luminance levels at the equinox and summer and
winter solstices were undertaken. , the model have reflectance of 0.7 on walls and ceiling and
0.25 on the floor, and a window transmittance of 0.73. Initially created in Autodesk Ecotect
Analysis, the model was exported to Radiance using the parameters in table 1.1. Results of
the visualizations, false color and color bands at times of 09.00 and 12.00 at the equinox and
summer solstice under clear sky and winter solstice under intermediate sky were obtained.

Table 1.1 Radiance parameters

Ambient Ambient Ambient Ambient Ambient Direct
bounces division sampling accuracy resolution threshold
5 1000 20 0.1 300 0.05

The model was then exported to DAYSIM to obtain Daylight Factors, DA (Daylight
autonomy), DAcon , DAmax and UDI (Reinhart, C.F., Mardalejevic, J., Rogers, Z, 2006; Nabil
A, Mardaljevic J, 2006). A requirement of 300 1x as a minimum illuminance on a 0.8m high
workplane was set during working hours from 08.00 to 17:00 hours. The data was imported to
Ecotect and values were visualized in the model workplane grid. To get exact frequency
values, the same results were imported to a spreadsheet.

The thermal performance at different scenarios under natural ventilation and AVAC
was undertaken in EnergyPlus. For the natural ventilated simulation, results of outside dry
bulb temperature are compared with the mean radiant of the interior during the hottest and
coldest. For the air conditioned models a cooling set point of 26°C for a 16°C for heating was
set to obtain values of energy consumption. Two reference points on a workplane height were



located in the room, one at the back and the other at the front (window end) of the room.
These reference points were set to record hourly data of daylighting illuminance levels for the
8,760 hours of the year. Sensor controls were set in the models to activate artificial lighting
when illuminance levels fall below the 300 1x. Energy consumption in artificial lighting was
analyzed by square metre per year. All the results were then analysed to review the daylight
performance, the thermal performance and energy consumption within a tropical climate.

Results of simulations of model 1 and 2 within Santa Cruz guidelines

Both models comply with local guidelines of Santa Cruz de la Sierra. They are north
orientated and side-lit with the same window area and width, but with variable depth and
overhang length. The results given by climate-based daylight analysis show that both models
have acceptable daylight levels in accordance with the BS 8206 part 2: where an ADF
(average daylight factor) above 2% is recommended. Model 1 has an ADF of 3.35%, while
model 2 has a level of 4.21%. The DA (daylight autonomy) of the first model lies between
80% to 100%, meaning that artificial light will be needed in less than 20% of daylight period.
The second model performs even better with a DA between 96% to 100%. Both models have
a DAcon above 80% in 100% of the sensors, which means that the daylight illuminance will be
not less than 0.8 times the required illuminance. Model 2 has a higher proportion than model
1 where DAnmax is above 5% - in 33% of the sensors, while in model 1 this figures is 29%. The
UDI (Useful daylight index) is higher in model 1 with 60% of the sensors, while 48% is given
for model 2, suggesting that the longer overhang does not increase the Useful daylight index
(Table 1.2).

Results show that UDI below 100 Ix is not seen in model 2, whereas results show that for 1%
of the time in 40% of the sensors of model 1, illuminance levels drop below this level. While
low illuminance is not an important issue in both of the models, high levels are more
significant. Model 2 has 32% of the sensors with a UDI of 2000 1x or more over 80% of the
time. For model 1 this figure drops to 20% (Table 1.2). Model 1 - which has a greater room
depth than model 2 - does not experience low levels of illuminance and compared with the
area of high illuminance in both of the models, model 1 has more space within a range of
useful daylight.

Table 1.2 Daylighting analysis

Model 1 Model 2
ADF 335% 421%
DF > 2% 45% 71%
DA 80 -100% 96 -100%
DAcon
>80% 100% 100%
DA max
>5% 29% 33%
UDI 100-20001x 60% 48%
UDI < 1001x 1% 0%
UDI > 20001x 20% 32%




Results of the energy consumption for lighting, cooling and heating show that model 2 has a
significantly lower value in cooling, which is the most critical area. Model 2 has a smaller
volume and the same window area, which was thought would require more energy in cooling
than model 1 (Table 1.3) However, it appears that the longer overhang in model 2, by
obstructing direct sunlight, reduces energy consumption in cooling. This obstruction of direct
sunlight in model 2 will also prevent heat gains during winter, and slightly increase energy
consumption in heating. However, the coldest period of the year is very short and for that
reason not very significant. In terms of lighting, model 2 requires less energy for lighting than
the model 1, however the consumption in both is low.

Table 1.3 Energy consumption KWh/m? per year

Model 1 Model 2
Lighting 0.98 KWh/m? 0.80 KWh/m?
Cooling 72.96 KWh/m? 57.39 KWh/m?
Heating 0.10 KWh/m? 0.70 KWh/m?
Total 74.04 KWh/m?2 58.89 KWh/m?2

Model 1 has better performance in terms of daylight, whereas model 2performs better in
terms of energy consumption as a significant amount is saved in cooling. It seems that the best
option to save energy whilst enjoying daylight in a tropical climate is the use of longer
overhangs, although glare control needs to be considered.

Comparison of ‘rules of thumb’ performance: Bolivian vs UK guidelines

Model 3 is simulated following UK guidelines (BS 8206 part: 2, 2008), using the original
version of the minimum glazing area equation (shown by Reinhart C. F, VRM LoVerso, 2010
to perform more accurately than the amended version) and the recommended maximum depth
equation (Lynes, 1979).

e Maximum depth equation I/w+1/h=2/1-Rp

e Window area equation Aglazing=2DA(1-R)/t 0

Table 1.4 Daylighting analysis

Model 1 Model 3
ADF 3.35% 1.30%
DF > 2% 45% 23%
DA 80 -100% 0-100%
DAcon
>80% 100% 63%
DAmax
>5% 29% 10%
UDI 100-20001x 60% 78%
UDI < 1001x 1% 19%
UDI > 20001x 20% 3%




Table 1.4 shows a comparison of results from a climate-based daylighting software analysis
using DAYSIM. The ADF in model 3 falls to 1.3%, much lower than model 1. Model 3 also
has a lower DAcon compared with the total value in model 1. However model 3 with its low
illuminance levels shows a higher Useful Daylight Index of 78% in the range of 100 Ix to
20001x compared with 60% in model 1. Another advantage is that the percentage of UDI
above 2000 Ix is just 3% compared with the 20% seen in model 1, suggesting that the model 3
will probably have a lower risk of overheating and glare due to high contrast levels.

The energy consumption for cooling in model 3 is lower than in model 1, suggesting that
reducing the window size in tropical climates may results in energy savings in cooling loads.
However, the energy consumption in artificial lighting as well as the lighting loads is
increased, so almost all the energy saved in cooling is spent in artificial lighting. Model 1
(larger window area) has a total energy consumption of 74.21 KWh/m2 per year, while the
model 3 (smaller window area), has a result of 74.04 KWh/m?2 per year.

Table 1.5 Energy consumption KWh/m? per year

Model 1 Model 3
Lighting 0.98 KWh/m? 10.47 KWh/m?2
Cooling 72.96 KWh/m? 63.61 KWh/m?
Heating 0.10 KWh/m? 0.13 KWh/m?
TOTAL 74.21 KWh/m? 74.04 KWh/m?
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Figure 1.6 Energy consumption KWh/m? per year

Conclusion

Santa Cruz guidelines of minimum window area are over-sized in terms of daylight as it was
already identified by Lukmand N, Ibrahim N and Hayman S in 2010. On top of that, the
simulations show that the thermal performance is affected by the large openings size and
overheating may occur. Conversely large overhangs (longer than the 1.5m) will not
significantly reduce daylight levels but reduce significantly the cooling loads.



Given the Santa Cruz proposed guidelines. This experiment suggests that a shorter minimum
depth combined with a longer maximum overhang for side-lit office spaces will have better
results in terms of daylighting, thermal performance and energy consumption.

In comparison with UK guidelines, results showed much lower daylight levels, sometimes not
achieving the recommended ones. In terms of energy consumption, window openings will
reduce the cooling loads, however as the lighting levels may be not sufficient to the office
tasks, artificial lighting will have to be used at almost all times in the back half of the room.
This suggests that these ‘rules of thumb’ may not be suitable for office spaces but might be
suitable for dwelling, and raises the question on whether the room categories in the Santa
Cruz guidelines need to be amended.

Guidelines of maximum depth of side-lit rooms should also consider height and surface
reflectance. This may be particular relevant given the warm and dark colors typically used
indoors.

Further research of these rules of thumb at different orientations would give a more accurate
statement.
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