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Abstract

Adequate daylight design with balanced energy consumption is the prime concern of architectural principles,
especially in educational buildings. It not only reduces the building’s operational energy demand but also
enhances pupils' learning productivity and reduces mental stress by maintaining a healthy indoor environment.
This paper presents a parametric simulation approach using the Rhinoceros’ Grasshopper tool to investigate
the visual comfort and energy efficiency of a school building situated in the semi-arid composite climate of
Jaipur (India). Useful Daylight Illuminance (UDI), Daylight Autonomy (DA), Uniformity Ratio, Average Lux,
Cooling Energy Demand (CED), and Heating Energy Demand (HED) are assessed as performance indicators
with nine different building forms in each orientation. The building forms include single and double line I
shapes, L, U, square, hexagonal, rectangle, H, and circle shapes, and their effectiveness on building visual and
energy performance has been investigated. This research demonstrates that optimal building form enhances
the UDI and uniformity ratio by 35.83% and 293%, respectively, and reduces cooling and heating energy
demand by 22.82% and 23.93%, respectively. This analysis provides decision-making support for architects

and engineers for building form design in the early design stage to ensure visual and energy performance.
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1. Introduction

School is a very imperative educational space where students spend 50% of their time to sharing information,
learning, and interacting with tutors [1]. Creating a healthy indoor environment is a crucial aspect of
architectural design principles [2]. Numerous past studies demonstrate how comfort (visual and thermal) levels
in surroundings have a significant impact on learning [3]. Better daylight in school helps to create a pleasant
learning environment, promotes better health, and provides significant energy savings [4]. Therefore, the
provision of daylight in educational spaces is internationally recognized. Moreover, it is the most crucial design
challenge in architecture. Visual comfort is the subjective sensation of contentment with the visual system that
defines the occupant’s perceived satisfaction with lighting conditions, levels, and views in the occupied space
for performing specific tasks [5]. Visual comfort is affected by various factors, such as environmental, human,
and physiological. The environmental factors are mapped as illumination level, glare, colours, and uniform
distribution of light. The human factor includes exposure time, susceptibility to glare, and age. The physiology
factor encompasses motivational and transient adaptations [6—7]. There are several indexes available to
evaluate the many aspects that influence visual comfort, including the amount of daylight, consistency, quality,
and glare of the light. The assessment criteria to measure daylight is the quantity of natural light. Meanwhile,

various metrics are available to quantify the daylight. To assess the quantity of daylight, illuminance, daylight
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factor (DF), daylight autonomy (DA), useful daylight illuminance (UDI), continuous daylight autonomy,
intensity of visual comfort, etc. are available. Besides, illuminance uniformity was used to measure the uniform
distribution of daylight in the space [8-10]. Many past studies were available that focused on the investigation
of daylight by exploring various envelope design variables through simulation and parametric optimizations.
Szentesia et al. (2022) investigate the provision of a uniform distribution of daylight in the classroom building.
This research illustrates that the integration of light shelves and skylights enhances the uniformity ratio of
daylight [11]. Mushtha et al. (2019) examined daylight factor, glare, and cooling load for the 15 existing school
buildings and found that most of the buildings failed to achieve a sufficient luminous level inside the space.
Therefore, it is the cause of higher energy demand [12]. Mohammad and Zahra (2016) illustrate that the
placement of a lighting shelf at an optimized angle can reduce the glare in the space and enhance the work
plane area by 2-40%. It also reveals that southern fagade glazing with the integration of a light shelf can reduce
the lighting load by 60% in arid climates [13]. Aniela (2020) shows that the orientation of the classroom has a
significant impact on operational energy demand. This research investigates the effect of daylight on lighting
energy demand with the placement of lighting sensors. It reveals that an optimum orientation of building spaces
can achieve 28% energy savings [14]. Mohamed et al. (2022) examined the effect of automatic shading
strategies on the indoor thermal visual environment of school buildings [15]. Khaoula et al. (2021) investigate
the effect of envelope design, including wall, glass, window-to-wall ratio, and shading, on energy consumption,
daylight, and thermal comfort. This research was evaluated by parametric optimization using the Rhinoceroses’
Grasshopper tool [16]. Although exploring all the previous literature reviews, the authors identified a lack of
research available that extensively examines the effect of various building forms on daylight and energy
consumption. Therefore, this work focused on the effects of various building forms that are typically used in
architectural design and their significant impact on daylight and energy consumption. Visual comfort and
cooling energy demand might have a contradictory relationship in tropical climates. However, enhancing the
daylight by envelope, opening, orientation, and building geometry does not give a guarantee of thermal
performance because of the penetration of heat inside the building space. To maintain the indoor thermal
environment occupant required to run the air-conditioning. Meanwhile, it increases the cooling energy demand.
Therefore, this research focused on identifying the optimal building form that is suitable to maintain the trade-
off between daylight and cooling consumption in education buildings. The novelty of this study is to investigate
the impact of building geometry on various daylight matrices along with cooling energy demand for education
building. Moreover, the methodology of this research was applied to the existing allocated site of a school
building. In this research, the authors developed nine different building forms such as single I, double I, L, U,
square, hexagonal, rectangle, H, and circle shapes, with equal buildup area and volume in a Rhinoceroses tool.
Grasshopper was used to investigate the performance objectives such as daylight and energy demand. Useful
Daylight Illuminance (UDI), Daylight Autonomy (DA), Uniformity Ratio, and Average Lux were used as
performance indices for daylight, and for the determination of energy demand, Cooling Energy Demand
(CED), and Heating Energy Demand (HED) were taken into account. This research demonstrates that optimal

building form enhances the daylight and reduces the energy demand.

2. Methodology
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This section presents the methodological approach used for this research. It comprises into three sequential
approaches, as shown in Fig. 1. Step 1 shows the development of different building forms; the second step
illustrates the assign the building performance objectives as daylight and energy consumption; and finally, the

third step reveals the results and outcomes.
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Fig. 1: Methodological hierarchy for simulation
3. Building model

A 3D Rhinoceroses software was used for the modeling. A working site allotted for a school building was
assumed for the analysis, which is shown in Fig. 2. It is situated in the composite semi-arid (Kdppen climate
classification: Bsh) climate zone of Jaipur, India. Jaipur has extremely hot summer (45°C) and cold winter
(4°C) temperatures [17]. Therefore, building form has a very crucial role in thermal comfort and energy
consumption. In this work, different building forms were created with equal area and volume. Fig. 3 shows the
possible building forms created in the Rhino tool. Furthermore, the Grasshopper plugin was used coupled with
Rhino for simulation. The created building form was arranged in the possible building orientations as depicted

in Fig. 4.
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Fig. 2: Site plan for school building
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Fig. 3: Different building forms with area and volume
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Fig. 4: Different possible orientations for simulation



P. Chaturvedi et. al. / SWC 2023 / ISES Conference Proceedings (2023)

4. Performance Objectives

In this research, two objectives with different indices were used for simulation. Assessing the quantity of
daylight, average lux, useful daylight illuminance (UDI), daylight autonomy (DA), and uniformity ratio were

calculated. For the energy calculation, cooling and heating were taken into account.
4.1. Lux

It is the unit of illuminance; it is defined as the amount of light falling on the surface called illuminance. It is
used to create a local and short-term metric that evaluates the amount of light using a one-tailed criterion. [18].
Different illuminance threshold was defined for different types of buildings and kinds of use of spaces. In this
research minimum 500 average lux level at a work plane height of 0.8 meter was taken into account as a

threshold criterion.
4.2. Useful daylight illuminance (UDI)

It is defined as the fraction of time during which horizontal illuminance falls in the indoor space within a
defined range. The lower and upper thresholds of illuminance are split into three bins to analyze the period of
daylight availability. Upper bins (<2000 lux) show the overflow of daylight, which might be the cause of glare
and visual discomfort. Lower bins illustrate the time period when the illuminance range (>100 lux) that is too
dark. And intermediate bins (100—2000 lux) show the appropriate amount of daylight that comes into indoor
space for the defined time period. [19].

4.3. Daylight autonomy (DA)

It is a long-term, one-tailed, and local index that measures the quantity of daylight that is present at
a specific location during times when the area is inhabited. It is described as the proportion of
occupied hours during the year when the lone daylight source meets a minimal illuminance threshold.

[20].
4.4. Uniformity ratio

Visual comfort is related to both the amount and distribution of light in an area. The ratio of the
minimal illuminance value to the average illuminance on the specified plane at the specified time
moment is known as the illuminance uniformity (Uj) of the specified plane. Eq. 1 was used to
calculate the uniformity ratio [21]. Many studies show that the range of uniformity ratio is between
0.30-0.70 as per space and building typology.

Up = —min_ (eq.1)

Eaverage

4.5. Energy demand
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Energy demand defined as the amount of operational energy (kWh) is required for an entire period of a year.
In this research, the energy performance index (EPI) was calculated for cooling and heating energy [22]. It is

the ratio of total annual energy demand and the built-up are of buildings in sq.m. as shown in Eq. 2.

EPI (kWh/ sq. m/ _'VT.) — Annual energy consumption (kWh) (eq 2)

Total build—up area (sq.m.)

5. Result and discussion

After modeling in Grasshopper, the Radiance and Open Studio simulation engines were used to perform the
daylight and energy simulations, respectively. Daylight was calculated at a work plane (table) height of 0.8 m,
and lighting sensors were placed in a 2x2 meter grid matrix. An EPW format of the weather file for Jaipur city
was imported into Grasshopper to investigate the defined performance objectives. The weather file contains
the weather data including dry bulb temperature, wet bulb temperature, due point temperature, humidity, solar
radiation (direct and diffused), global horizontal illuminance, wind velocity, and wind direction. Fig. 5 shows
the most important weather data profile that has a significant impact on daylight and cooling energy demand.
Fig 5 (a) illustrates the day bulb and wet bulb temperature, 5 (b) shows the humidity and 5 (c) shows the global
horizontal illuminance (GHR), direct normal radiation (DNR), and direct radiation (DR).
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Fig. 5: Typical weather data profile of Jaipur city

The reflectance of the wall, ceiling, and floor was taken as 50%, 70%, and 20%, respectively, as per the energy
conservation building code (ECBC) [23]. The calculation of energy demand (cooling or heating) and daylight
was conducted for building operational time between 9 a.m. to 5 p.m. as per ECBC. A standard HVAC system
type was used as the system configuration. It is an air-load HVAC system in EnergyPlus, which is most suitable
in the early design stage considering the calculation time and cost [24]. The cooling set point of 26 °C and
heating set point of 18 °C were the most suitable HVAC set point for energy efficiency point of view in tropical
climates. The cooling and heating set points are taken as 26 °C and 18 °C, respectively [25]. The occupancy
rate and their schedule, infiltration, and other constraints were set as per Indian standards. The ECBC and NBC
standards were taken for choosing the setting of schedules during the simulation. Thermal conductivity of wall
material 2.41 W/m?K (burnt clay brick) and 3.62 W/m?K (RCC slab) for roofing was taken into account for
simulation. Table 1 presents the simulation results of daylight and energy consumption for each building form
in different possible orientations. The result demonstrates that the I-shaped building in east-west orientation
has higher lux and UDI levels. Because maximum daylight penetration comes from this side. Therefore, in this

orientation, the uniform distribution of daylight is also enhanced compared to other orientations. L-shape
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building form in southwest facing was responsible for higher cooling energy demand. However, in peak
summer, the sun's position between 12 p.m. and 3 p.m. is at the top of the building. Therefore, maximum heat
comes from the building envelope through conduction and convection. Meanwhile, it enhances the building's
cooling energy demand to maintain the indoor thermal environment. H-shaped and hexagonal building forms

perform moderately in daylight and energy demand due to their compact building forms.

Table 1 Simulated results for daylight and energy demand

Form Orientation UDI DA Average Uniformity | Cooling | Heating
Lux Ratio Energy Energy
Demand | Demand
Single line | E-W 80.82 94.96 1734.26 22.62 113 18.26
I-shape "N 7579 | 65.67 | 225497 | 6.86 11322 | 18.26
NE - SW 76.15 65.73 2273.86 9.77 109.4 18.13
NW - SE 74.88 64.49 1549.37 11.67 111.04 18.71
Double E-W 80.02 86.26 1848.4 29.25 122.65 | 22.18
lsﬁfpel N-S 68.63 96.83 44352 10.61 12455 | 21.49
NE - SW 77.51 95.85 3968.27 16.80 126.53 21.85
NW - SE 78.22 95.36 1981.31 27.02 12043 | 22.81
L- shape S&E
Elongation 62.96 98.16 4121.79 15.13 13034 | 21.9
N&W
Elongation 59.13 98.51 4410.54 14.21 13287 | 21.5
N&E
Elongation 66.26 97.8 4039.66 14.12 13422 | 21.56
S&W
Elongation 63.2 97.74 4151.92 14.23 134.77 | 21.39
U- Shape | South 63.89 97.46 4742.38 10.72 132.72 | 21.25
North 64.42 97.5 4516.95 10.59 13229 | 21.35
NW 67.6 97.41 3367.31 14.98 132.03 21.6
SW 66.59 97.35 3533.33 13.74 132.17 | 21.48
NE 68.47 94,98 4231.82 12.04 13236 | 21.12
SE 68.19 94.96 3265.83 14.60 132.14 21.5
Square 1 79.97 83.31 2529.51 18.32 124.78 | 20.76
Shape 2 79.39 84.12 2663.9 16.95 122.34 | 20.55
Hexagonal | 1 68.45 96.7 3931.5 12.02 117.82 21.69
shape 2 7094 | 90.4 3702.55 | 13.67 118.36 | 22.47
Rectangle | 1
shape 68.53 85.24 1862.25 22.75 120.59 | 20.98
H-Shape | E-W 79.77 94.01 2286.23 17.46 123.14 19.54
N-S§ 79.78 94.41 2658.98 15.86 121.74 19.78
NE - SW 80.3 82.39 2540.95 17.37 120.49 19.64
NW - SE 79.44 81.85 2363.1 18.19 119.54 19.46
Circle E-W 70.42 96.63 3384.4 11.48 121.97 | 21.37
Shape N-S 7322 | 91.09 | 3608.68 | 10.21 120.6 20.66
NW - SE 70.09 96.64 3158.009 | 12.65 121.84 20.78
NE - SW 66.34 96.83 4085.9 9.23 122.36 21.35
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6. Conclusion

This research purposes is a decision-making approach for building form design in the composite climate of
Jaipur, India. An education building site was taken into account for the analysis, and different possible building
forms were created and simulated in different directions. A Rhinoceros tool coupled with Grasshopper was
used to investigate daylight (average lux, UDI, DA, and uniformity ratio) and energy consumption (cooling
and heating). The results reveal that single and double I-shaped buildings situated in east-west orientation were
found to be the most suitable for daylight, and northwest-to-southeast longitude buildings had good
performance in energy consumption. U and L-shaped buildings had the worst performance in daylight and
energy consumption. It also demonstrates that optimum building form design can enhance the UDI and
uniformity ratio by 35.83% and 293%, respectively, and reduce cooling and heating energy demand by 22.82%
and 23.93%, respectively. The future work can be extended by optimizing the visual comfort, thermal comfort
along energy consumption in the realistic education building and investigating the effectiveness of optimal

solutions on occupant productivity.
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