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PERFORMATIVE SHADING DESIGN
TYLER TUCKER

Today's building stock accounts for 48.7% of the total energy consumption in the United States,
and the building enclosure is one of the largest determinants of energy consumption.! The role of
the facade is to maintain the comfort and security of the interior against the outside environment.
Regulation of temperature, protection from sound, excess sunlight, pollution and other environ-
mental factors are all encompassed in the role of the building envelope. In addition to maintaining
thermal and visual comfort of the interior, the facade also provides a visual link to the environment.
Through these responsibilities the facade directly influences the energy consumption of a building's
mechanical systems, such as air conditioning, furnaces and artificial lighting.

In order to meet the challenges of energy saving initiatives and codes such as Architecture 2030,
California Title 24 and ASHRAE 90.1, the building facade must be carefully designed to minimize
energy consumption. However, the effectiveness of a facade system is not entirely based on
minimizing energy usage; solar and visual considerations such as glare and the preservation of views
to the exterior are also important. The performance of a facade system can therefore be defined
as a combination of thermal and visual comfort, which in turn means energy savings as a result of
reduced heating, cooling loads and artificial lighting. In particular, the scope of this research focuses
on solar considerations as the performance metric, covering solar radiation passing through the
facade, regulating and maintaining natural light into the interior,and minimizing discomforting glare.

Highly glazed enclosures offer excellent views and allow large amounts of natural light to enter a
space, reducing the need for artificial lighting and saving energy. However, too much light may intro-
duce excessive heat gains and the possibility of uncomfortable glare. While a reduction on glazing
area may limit heat gains and reduce glare, it may also increase the use of artificial lighting due to
lack of natural light. One method to moderate solar metrics (solar radiation, daylighting and glare)
while still preserving views is by integrating a shading system into the facade. Shading devices such
as overhangs, fins and louvers are able to be custom designed to perform in different climates, orien-
tations and timeframes, providing excellent solar control.

DESIGN

The conceptual design stage of a building is often one of the most important stages. The decisions
made here greatly affect the overall outcome, and it is critical that accurate and informed choices
are made. Current means of developing designs and design alternatives of shading systems focus



on generating small, manageable working sets
of designs and basing decisions off of those
original concepts.? These designs are analyzed,
reviewed and adjusted accordingly, but are
limited by only starting with a small sample size
of design alternatives. Furthermore, analysis is
generally performed individually on each option,
therefore extra options require more time and
resources to narrow down options and search for

The process definition built in Grasshopper
consists of six different pieces:

° Inputs: geometry, materials, directional
vectors, sensor placement and climate data
° Parameters: shading system configuration
parameters (glazing type, number of lou-

the room geometries to address directionality
inside the Grasshopper interface. Sensors for
measuring solar radiation daylighting, and glare
use the local axes to find their positions inside
the rooms. All the inputs are designed to easily
integrate any project for analysis, requiring only
the minimal user setup before getting started.

In order to maintain a realistic scenario for

INPUT GEOMETREY:
Rhino Geometry to Grasshopper

MEASUREMENTS
Modified Daylight Metrics

DATA OUTPUT:
Grasshopper to Excel

the most effective system. vers, louver length and angle, number of testing, a developing building design was

fins, fin length and angle, horizontal and  chosen to serve as the reference building. More

OPTIMIZATION
Galapagos and
Multiple Objectives

RE-INSTANTIATION:

Increasing design iterations and alternatives
can provide a higher likelihood of finding effec-
tively performing designs.? Parametric modeling
incorporates defined characteristics of a design
into a variable, allowing changes to be made
to specific portions of a model quickly and in a
controlled environment. The parameterization
of a conceptual design can lead to a generative
exploration of design alternatives. Once design
intentions have been digitized via parame-
ters, the parametric model can be continually
adjusted to produce alternative designs that
follow the constraints of the project, as well as
the direction and intents of the designer.

Rhinoceros 4.0 SR9 with the Grasshopper
0.9.0014 plug-in were used as the main software
platforms for this study. Two external and one
internal plug-ins for Grasshopper were used
as the simulating engine, optimization solver,
and data exporter. DIVA 2.0.1.0 with compo-
nent version 2.0.0.6 functioned as the simula-
tion engine, calling upon Daysim and Radiance
to perform the climate-based illuminance and
radiation calculations. Galapagos was used as
the single-objective optimization solver, using
its built-in genetic algorithm. Lunchbox 0.35, a
multi-functional plug-in developed by Nathan
Miller, enables Grasshopper to collect and export
data into Excel sheets as well as read back Excel
data for re-instantiation.

vertical offset)

° Measurements: daylight performance mea-
surements (solar radiation, uniform day-
light illuminance (UDI), simplified daylight
glare probability (DGP))

e  Optimization:  evolutionary solver and
metric weighting factors

e  Data: collecting, sorting and exporting
completed simulation data

e  Re-instantiation: visualizing and displaying
simulation results

The results of the process definition are a
compiled data set of shading system configura-
tions, the corresponding performance measure-
ments, and a visual representation of each
system setup.

Ten scenarios were tested using the process
definition - comparing different typologies,
timeframes, orientations and weighting factors.
Each comparison was done to examine how the
optimum shading system parameters would
change as the simulation conditions changed.
The sensitivity of each parameter would corre-
spondingly change as the conditions for the
simulations were altered, highlighting how each
parameter reacts to particular changes.

The user inputs for the definition consist of
selecting the rooms that are to be analyzed, the
surrounding context buildings, and appropriate
climate data. Localized axes are derived from

importantly, a project with a high amount of
surface area exposed to the sun and different
programmatic spaces housed inside the building
was especially desirable (e.g., a skyscraper). A
70 story tower oriented towards the southwest
and featuring a tapering and curving southern
facade was chosen as the reference building.
A three story podium houses hotel amenities
and retail spaces, while the lower portion of
the tower consists of both creative (open plan)
and standard office layouts (closed offices). The
upper two thirds of the building used for hotel
rooms with the top including a sky lobby, restau-
rant, and pool area.

Three rooms were modeled from the reference
building’s typical plans: a hotel room on the
35th floor, an open plan office, and standard
enclosed office on the 15th floor. The hotel was
modeled as a 14-4" by 28-6" room with 9-8”
ceilings and a small notch in the back, indicating
the enclosed bathroom area. The open office
was modeled as a large 30’ by 30’ unobstructed
space with 10’ ceilings. The office area extends
all the way to the service core of the building, 30’
away from the glass facade. An additional open
office was modeled on the eastern facade for the
multiple orientation comparison scenarios. The
closed office was modeled around the perimeter
of the glass facade as a small 10-3” by 15’ room
with 10’ ceilings. All rooms were located in the
middle of the facade they were oriented towards.

PARAMETRERIZATION:
Parameterizing the
Shades in Grasshopper

Each room is broken down into components,
based on their respective materials - ceilings,
floors, walls, and glass. In addition to the
individual room components, the surrounding
context buildings in a three block radius are
accounted for, along with the ground surface.
Each of these components must be assigned
a material that carefully matches the actual
reflectivity of the material.

In addition to the material selection of the
geometrical components, each room needed to
include a set of three vectors that indicate direc-
tionality within the space. Three lines are drawn
to represent each direction, or in the context
of the analyzed space, horizontal, vertical and
towards interior directions. These vectors are
unique to each room and need to be drawn
up for each space. With these vectors in place,
Grasshopper will be able to know which direc-
tion is up and down, where to place daylight and
irradiation sensors, and how to manipulate the
shading system parameters.

Nine parameters were developed to control
the shading system configuration. The param-
eters were designed to include a large range of
variation and be as flexible as possible to avoid
minimizing the exploration space of the optimi-
zation routine. The parameters focus on glazing
properties, the number and physical properties
of louvers and fins, and the position of the entire
system from the building face.

There are two phases in which the simula-
tions are conducted: a preliminary run that
simulates and stores data for the optimization
equation performed later, and the main run,
which runs continuously and records all data
for exporting. The preliminary set attempts to
build a maximum scenario based on the given
inputs and parameters. For example, intro-
ducing the maximum amount of radiation,
highest percentage of UDI, and highest DGPs.
To achieve the maximum scenario, the shading
system is turned off allowing light and radia-
tion to enter the space and hit the sensors

Excel Read Back to
Grasshopper/Rhino

FIGURE 1

Grasshopper routine indicating the
six separate pieces that make-up the
process.



without any obstructions. The preliminary run
is only done once at the beginning of each
simulation sequence. The main run includes all
scene geometry with materials applied, contex-
tual surrounding geometry, and shading device
geometry. The main simulation is connected to
Galapagos, which continuously runs simulations
as it attempts to find an optimum solution.

Within the preliminary and main phase run,
two different types of simulations are run;
one measuring solar radiation, and the other
measuring illuminance (with a horizontal sensor
atthe work plane and a vertical sensor eye-level).
Each simulation component requires four things:
(1) geometrical components of the room to
be measured with the proper DIVA materials
applied, (2) the location of each analysis node,
(3) the vector direction of each analysis node,
(4) a switch that enables or disables the simula-
tion from running. The switch is used to control
the different phases of simulations, as well as
disabling simulations from running as changes
are made to the geometry, parameters, analysis
nodes, etc.

Once the preliminary simulation and an initial
main simulation have been completed success-
fully, the process is calibrated and ready to begin
optimizing different configurations. Galapagos
functions as the solving component. All parame-
ters are plugged into the Galapagos to be flexed
during the solving process. One of Galapagos’
limitations is its ability to only solve one
objective at a time. This objective is achieved
by minimizing or maximizing a single fitness
number. While native Galapagos is limited to
single objective optimizations, multiple objec-
tives can be solved for, but require a separate
precursor process — an equation to condense
multiple objectives into a singular fitness
number.

The condensed fitness objective can be defined
as a function of the sum of the each objective

(measurement). Each metric is either positive
or negative based on if the goal is to minimize
or maximize that particular metric. In this
case, a combination of minimizing solar radia-
tion (negative), maximizing UDI (positive), and
minimizing glare (negative) is applied to the
new pseudo multi-objective fitness equation.
Additionally, to ensure each metric is equally
measured against each other, the measurements
going into the equation are normalized to a O to
1 scale. The maximum conditions measured and
stored from the preliminary run are fed into the
normalizing process.

With the greatest solar exposure at the south-
west, it was deemed to be the main area of focus
for the simulations. All testing was conducted
with the room facing south, unless otherwise
noted. All simulations were conducted over the
course of a year (January 1st to December 31st),
concentrating on testing the effectiveness of the
static shading system year round rather than on
any particular dates or timeframes. Furthermore,
all performance metrics were valued as equal by
default, with the ability to change the signifi-
cance of each metric as needed.

The preliminary/baseline scenario analyzed the
open office space, facing south and throughout
an entire year. The hotel and closed office
was analyzed under the same conditions to
compare the typologies against each other. The
comparison of the three spaces examines how
the shading system configures to adapt to the
different sizes and occupied times of each room.
The baseline scenario was then compared
against two different timeframes - one month
during the winter (December 21st to January
21st) and one month during the summer (June
21st toJuly 21st). Narrowing the simulation time
examines how the shading system configuration
might be optimized for those particular times of
the year in contrast to an annual simulation.

To examine the effect orientation has on the
shading system and its corresponding param-
eters, an east facing office was simulated. An
identical size and sensor layout open plan office
was used to simulate the eastern facing office.
Both scenarios were conducted over the entire
year.

Lastly, the baseline was compared against two
sets of scenarios with varying performance
valuing (weighting) during the optimization
evaluation sequence. The baseline simula-
tion equally valued each performance metric
(solar radiation, UDI, DGPs). A set of simulations,
changing the significance of UDI by a factor of
2 and 3, respectively, were conducted to inves-
tigate the shading system configuration and
parameter response by altering which perfor-
mance metrics were deemed more important.
The second comparison altered the value of the
modified DGPs metric by factors of 2 and 3 also.
Each part of the process definition can be
changed or disabled by the user. The entire
process was kept open source to allow for
customization of any inputs, parameters,
equations or weighting factors.

During the course of the optimization process,
all data is continuously recorded before being
exported to Excel for analysis and graphical
representation. Each parameter setting, all three
daylight metrics, and the overall fitness number
is recorded. Once the optimization process has
completed an appropriate number of genera-
tions or relative convergence is reached, the
solver ends and the data stops being recorded.

The data is then exported to a pre-formatted
Excel template. The template has color coding
for the fitness values to indicate the more desir-
able shading system configurations. Addition-
ally, the Excel template includes a LINEST
function that performs linear regression on the
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5 9 8 14 -30 7 8 -24 6 12 231.7531 0.816639
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Run: 711 Run: 1131
Glass Type: 9 Mean Iradiation (kWh/m?2): 211.851852 Glass Type: 9 Mean Irradiation (kWh/m»2): 212.666667
N of Louvers: 8 Useful Daylight lluminances: 0.79803 N of Louvers: 7 Useful Daylight lluminances: 0.828681
LowerLength: 14 Simplified Daylight Glare Probabllty: 0.25995 LowerLength: 12 Simplified Daylight Glare Probabilly: 0.425032
Louver Angle: 30 Fitness N: 0.160463 Lowver Angle:-33  Fitness N: 0.116264
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FIGURE 2
Top two performing configurations of the
baseline open office.
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FIGURE 3

Shading system configurations and
parameter/measurement information for
simulations #711 and #1131.
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FIGURE 4

Significant parameters for the baseline
open office.
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FIGURE 5

Number of louvers and louver
parameters examined for the baseline
open office.

parameters versus the fitness value to indicate
which parameters are considered statistically
significant. Another sheet in the template has
eight scatter plots prepared to display each of
the parameters plotted against the fitness value.

FINDINGS

As outlined in the methodology, 10 unique
scenarios were simulated, optimized and
recorded for review.

. Typologies: hotel, open office and closed
office

. Orientations: south and east

. Timeframes: annual, winter and summer

. Weighting: 1x, 2x, 3x weighting of UDI and
1x, 2x, 3x weighting of DGPs

These scenarios resulted in over 10,000
simulations being conducted, testing different
shading system configurations’ effectiveness
against measured amounts of solar radiation,

daylighting and glare probability. Due to the
sheer number of parameters and scenarios
analyzed, only two of the nine parameters are
covered, and only the baseline open office space
(facing south was simulated over the course of
an entire year). The open office simulation was
conducted with all performance metrics equal
in value to each other during the optimization
sequence.

After completing 1217 simulations, approxi-
mately 23 generations through Galapagos, a
good range of configurations were documented.
All the data is recorded and streamed into an
Excel document template which is used to
review each configuration as raw numerical
data and graphically through scatter plots. All
nine parameters are recorded along with the
mean irradiance values, useful daylight illumi-
nances, simplified daylight glare probability,
derived fitness value, and the simulation run
number. Simulations #711 and #1131 rank
as the top two most effective shading system
configuration based on the combined perfor-
mance fitness evaluation formula. Minor differ-
ences exist between #711 and #1131, but most
parameters are within the same end of each
parameter range. Both configurations include
a high number of louvers with medium depth
and a strong negative angle. They have a middle
amount of fins with a short depth and also a
strong negative angle. Both systems are offset
in both directions a few inches off the face of
the building.

The Number of Louvers parameter follows a
fairly steep convex trend line. A convex trend
line indicates that somewhere in the middle of
the parameter range is the best configuration,
and in this case the curve reaches its peak at
eight louvers. Before and after eight louvers the
trend line slopes downwards, signifying a loss
of fitness and a less optimal parameter choice.

The Louver Length parameter has a larger
convex trend line, further demonstrating how

the fitness values react as the length of the
louver is changed. A short louver depth has a
poor fitness value, but too deep a louver is also
undesired. A range between 12 to 16 inches for
the louver length achieves the highest fitness
values.

Both parameters exhibit trends that highlight
the usefulness of this process. Given the
range for these parameters, too low or too
high produces a suboptimal fitness value, but a
number somewhere in the middle - in which the
process helps to narrow down and locate - is the
most effective configuration.

CONCLUSION

A design process that can help guide designers
to make informed and effective decisions
regarding shading systems can improve energy
efficiency and occupant comfort. This research
focused on a design process which constructed
a parametric shading system and optimized
the system based on three solar-based metrics.
The entire process is open source and allows
the user to manipulate many pieces of the
workflow, including which metrics are possibly
more important to the design than others, and
skew the optimization towards catering to that
measurement.

The process produces two sets of information:
a list of optimized shading system configura-
tions based on user inputs, design constraints,
and metric weighting, and graphical represen-
tations of how each parameter influenced the
overall performance of the system. The results
highlight the impact of each parameter and
potentially which variables of the parametric
shading system should be focused on for design
alternatives. This workflow can be used as a tool
for designers to narrow down and focus their
designs, guiding their designs with informed
decisions.
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