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Research question

“How can a genetic algorithm based workflow be effectively employed in the multi-objective optimization of a
shading system to improve the energy efficiency of an existing building envelope?”
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Goals

To be able to evaluate the energy performance of existing buildings.
To provide instant interdisciplinary feedback in a design team.

To improve an existing envelope’s energy performance by reducing its cooling
demands (with an optimized design).
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Research question

“How can a genetic algorithm based workflow be effectively employed in the multi-objective optimization of a
shading system to improve the energy efficiency of an existing building envelope?”

A
l v l
|. What are the primary typologies of facades II. What is resilience and how can it be quantified? Ill. How to formulate a genetic
and how can they be classified based on their algorithm-based multi-objective
materials, connection details and functions? optimization workflow?

IV. How can a digital design tool be implemented in a preliminary design phase of

a shading system to enhance the thermal resilience of an existing curtain wall <
system and provide interdiciplinary feedback to a design team?
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Environment, T.Klein (2013). Integral Facade Construction: Towards a new product architecture for curtain walls. TU Delft.

Main function Primary functions

Create adurable
construction

Secondary functions

Bear structural loads

Supporting functions

Detailed supporting functions

Deviate loads wind loads

}_4 Create stiffness perpendicular to surface

Deviate impact loads

%_{ Fix to primary structure of building

Carry self weight

ﬂ Integrate joints to allow movement

Handle loads from structural and thermal
expansion

# Allow damage free movement

L

Allow vapour tight connection of parts

=l

Increase vapour barrier properties from

Enable water and vapour Secure a air and vapour tight construction
management in construction Secure a rain- and water tightness

inside to outside

Prevent material deterioration

| Incorporate water sealing system

working condition

Keep materials and components in

Allow exchange of materials and components

4 Create internal drainage system

Create reasonable production
methods

Refer to design and management
processes

Allow maintenance and cleaning

[ Allow surface treatment

Consider responsibilities of design team

4{ Allow constructive protection

Consider responsibilities of building team

4 Separate materials when needed

Create interfaces between different crafts

[ Allow disconnection

Allow
building methods

Provide a comfortable
interior climate

Separate and filter
between nature
and interior
spaces

Responsible han
terms of sustai

Support use of the
building

Define level of standardization

_{ Make facade accessible

_{ Allow transport

}—{ Create sections to limit weight/seize

4 Allow connection of cleaning machinery

Create reasonable assembly
methods

Createa

Allow tolerances during assembly

[ N I

Define level of prefabrication

Block radiation

4{ Control daylight radiation

Let radiation pass

—{ Control air exchange rate

Ventilate excessive heat

—{ Prevent unwanted energy losses

Maintain air tightness

4{ Prevent surface temperature differences

Provide thermal insulation

Create a comfortable humidity
level

Control air exchange rate

—| Adapt facade to changing climate

_{ Keep climate within a given range

}__{ Adapt facade to changing climate

Block unwanted noise

4{ Add mechanical building services,

4{ Acoustic insulation of facade plane

_{ Acoustic insulation of facade plane

_{ Insulation of connection to dividing walls

L Insulation of floor connection

= =

4{ Provide a comfortable daylight level

Create transparent facade areas

L Create visual comfort

|——| Provide glare protection

Redirect daylight

L Allow visual contact

Provide sun shading

*{ Adapt to changing climatic conditions

_{ Prevent energy losses

Minimized energy for production,
transport assembly

Minimized energy consumption Al
# b_*{ jow natural lighting of interior
during use ghting

4{ Provide sun protection

4| Adapt according to orientation of building

4| Reduced material quantities

Minimized embodied energy
_| Choose materials with low impact

_{ Minimize spatial distances in the supply chain

4{ Allow production with low use of energy

Allow ion of ¢
4{

Provide a safe environment

Store energy

Enable reuse and recycling
%—}—_{ Choose recyclable materials

Generate energy

[1 Include thermal mass

Include components for artificial thermal mass

Protect against fire

Prevent structural damage

Protect against attacks from the

Protect against toxic loads

Protect against falling out of the window

Provide good handling for the end user
Enable faultless use of the building
Allow for facility management

] Maintain comfortable climate

}—| Monitor facade performance

Ensure Low running costs

4 Maintain fagade/building value

Guarantee energetic performance

Service and cleaning of components

Induce ar

Induce shape

Bridge gap between stakeholder

4 Enable architectural possibilities

Allow architectural variety

Induce proportion

Respond to urban context

Support architectural design intentions
throughout process

[ Induce scale

{ Apply texture

Represent functional intention of
building

Create appropriate interior
perception

Choose appropriate materials and
technologies (meaning)

Apply colour

Arrange components spatially

Apply material

Design visual, acoustic, haptic perception

Induce rhythm
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Environment, T.Klein (2013). Integral Facade Construction: Towards a new product architecture for curtain walls. TU Delft.

Main function

Separate and filter
between nature
and interior
spaces

Primary functions

Create adurable
construction

Secondary functions Supporting functions

Detailed supporting functions

Deviate loads wind loads

}_ Create stiffness perpendicular to surface

Deviate impact loads

},_ Fix to primary structure of building

Bear structural loads

Carry self weight

Handle loads from structural and thermal
expansion

| HR{ Allow damage free movernent

Allow vapour tight connection of parts

Increase vapour barrier properties from

Enable water and vapour Secure a air and vapour tight construction
| In construction Secure a rain- and water tightness

inside to outside

Prevent material deterioration

| Incorporate water sealing system

Keep materials and components in

working condition Allow exchange of materials and components

Allow maintenance and cleaning

[ Allow surface treatment

Consider responsibilities of design team

4{ Allow constructive protection

Refer to design and management
processes

Consider responsibilities of building team

Create interfaces between different crafts

[ Allow disconnection

Create reasonable production
methods

Allow
building methods

Provide a comfortable
interior climate

Responsible han
terms of sustai

Support use of the
building

Define level of standardization

_{ Make facade accessible

_{ Allow transport

}—{ Create sections to limit weight/seize

|
|
|
I Separate materials when needed |
|
|
|

4 Allow connection of cleaning machinery

Allow tolerances during assembly

Create reasonable assembly

methods

Define level of prefabrication

}_
}_
}_4 Create internal drainage system
}_
|

|

|

|

|

|
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Block radiation

4{ Control daylight radiation

Let radiation pass

—{ Control air exchange rate

—{ Prevent unwanted energy losses

Maintain air tightness

4{ Prevent surface temperature differences

Provide thermal insulation |

Create a comfortable humidity

level Control air exchange rate

—| Adapt fagade to changing climate

_{ Keep climate within a given range }__{ Adapt facade to changing climate

4{ Add mechanical building services,

4{ Acoustic insulation of facade plane

_{ Acoustic insulation of facade plane

Block unwanted noise

_{ Insulation of connection to dividing walls

L Insulation of floor connection

4{ Provide a comfortable daylight level

Create transparent facade areas |

L Create visual comfort |——| Provide glare protection

Redirect daylight |

L Allow visual contact

Provide sun shading ‘

*{ Adapt to changing climatic conditions

_{ Prevent energy losses

Minimized energy consumption Al
# b_*{ jow natural lighting of interior
during use ghting

4{ Provide sun protection

4| Adapt according to orientation of building

4| Reduced material quantities

Minimized embodied energy
_| Choose materials with low impact

_{ Minimize spatial distances in the supply chain

4{ Allow production with low use of energy

Minimized energy for production,
transport assembly
] Allow ion of ¢

Enable reuse and recycling
%—}—_{ Choose recyclable materials

Generate energy

Include thermal mass
Store energy
Include components for artificial thermal mass

Protect against fire

Prevent structural damage

Protect against attacks from the

Provide a safe environment

Protect against toxic loads

Protect against falling out of the window

Provide good handling for the end user
Enable faultless use of the building
Allow for facility management

] Maintain comfortable climate }_| Monitor facade performance

Ensure Low running costs

4 Maintain fagade/building value Guarantee energetic performance

Service and cleaning of components

Induce ar

Induce shape

Bridge gap between stakeholder

4 Enable architectural possibilities Allow architectural variety

Induce proportion

Support architectural design intentions

Respond to urban context throughout process

[ Induce scale

Choose appropriate materials and
technologies (meaning)

Represent functional intention of
building

Apply colour

Arrange components spatially

Create appropriate interior

Apply material

perception Design visual, acoustic, haptic perception

|
|
|
|
[ Apply texture |
|
|
|

Induce rhythm
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Facade Builder
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Project related Project
operation

(performance)

Anticipation
(unknown)

Main function

Separate and filter
between nature
and interior
spaces

Primary functions

Create adurable
construction

Secondary functions Supporting functions

Detailed supporting functions

Deviate loads wind loads

}_ Create stiffness perpendicular to surface

Deviate impact loads

},_ Fix to primary structure of

Bear structural loads

Carry self weight

Handle loads from structural and thermal
expansion

| HR{ Allow damage free movernent

Allow vapour tight connection of parts

Increase vapour barrier properties from

Enable water and vapour Secure a air and vapour tight construction
| In construction Secure a rain- and water tightness

inside to outside

Prevent material deterioration

| Incorporate water sealing system

Keep materials and components in
working condition

Allow exchange of materials and components

Allow maintenance and cleaning

[ Allow surface treatment

Consider responsibilities of design team

4{ Allow constructive protection

Refer to design and management
processes

Consider responsibilities of building team

Create reasonable production Create interfaces between different crafts
methods

[ Allow disconnection

Allow
building methods

Provide a comfortable
interior climate

Responsible han
terms of sustai

Support use of the
building

Define level of standardization

_{ Make facade accessible

|
|
|
4 Separate materials when needed |
|
|
|

_{ Allow transport

}—{ Create sections to limit weight/seize

4 Allow connection of cleaning machinery

Allow tolerances during assembly

Create reasonable assembly

methods

Define level of prefabrication

}_
}_
}_4 Create internal drainage system
}_
|

|

|

|

|

|

\

Block radiation

4{ Control daylight radiation

Let radiation pass

—{ Control air exchange rate

4{ Prevent unwanted energy losses

Maintain air tightness

4{ Prevent surface temperature differences

Provide thermal insulation |

Create a comfortable humidity

level Control air exchange rate

—| Adapt fagade to changing climate

_{ Keep climate within a given range }__{ Adapt facade to changing climate

4{ Add mechanical building services,

4{ Acoustic insulation of facade plane

4{ Acoustic insulation of facade plane

Block unwanted noise

_{ Insulation of connection to dividing walls

L Insulation of floor connection

4{ Provide a comfortable daylight level

Create transparent facade areas |

L Create visual comfort |——| Provide glare protection

Redirect daylight |

L Allow visual contact

Provide sun shading ‘

4{ Adapt to changing climatic conditions

_{ Prevent energy losses

Minimized energy consumption Al
# b_g{ jow natural lighting of interior
during use ghting

4{ Provide sun protection

4| Adapt according to orientation of building

4| Reduced material quantities

Minimized embodied energy
_| Choose materials with low impact

_{ Minimize spatial distances in the supply chain

4{ Allow production with low use of energy

Minimized energy for production,
transport assembly
] Allow ion of ¢

Enable reuse and recycling
%—}—_{ Choose recyclable materials

Generate energy

Include thermal mass
Store energy
Include components for artificial thermal mass

Protect against fire

Prevent structural damage

Protect against attacks from the

Provide a safe environment

Protect against toxic loads

Protect against falling out of the window

Provide good handling for the end user
Enable faultless use of the building
Allow for facility management

] Maintain comfortable climate }_| Monitor facade performance

Ensure Low running costs

L[ Weaintain fagade /building value Guarantes energetic performance

Service and cleaning of components

Induce ar

Induce shape

Bridge gap between stakeholder

4 Enable architectural possibilities Allow architectural variety

Induce proportion

Support architectural design intentions

Respond to urban context throughout process

[ Induce scale

Choose appropriate materials and

Represent functional intention of technologles (meaning)

Apply colour

building

Arrange components spatially

Create appropriate interior

Apply material

perception Design visual, acoustic, haptic perception

|
|
|
|
{ Apply texture ‘
|
|
Induce thythm ‘
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Project related Project
operation
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Anticipation
(unknown)

A shading system preliminary design

Environment, T.Klein (2013). Integral Facade Construction: Towards a new product architecture for curtain walls. TU Delft.

Main function

Separate and filter
between nature
and interior
spaces

Primary functions

Create adurable
construction

Secondary functions Supporting functions

Detailed supporting functions

Deviate loads wind loads

}_ Create stiffness perpendicular to surface

Deviate impact loads

},_ Fix to primary structure of

Bear structural loads

Carry self weight

Handle loads from structural and thermal
expansion

| HR{ Allow damage free movernent

Allow vapour tight connection of parts

Increase vapour barrier properties from

Enable water and vapour Secure a air and vapour tight construction
| In construction Secure a rain- and water tightness

inside to outside

Prevent material deterioration

| Incorporate water sealing system

Keep materials and components in
working condition

Allow exchange of materials and components

Allow maintenance and cleaning

[ Allow surface treatment

Consider responsibilities of design team

4{ Allow constructive protection

Refer to design and management
processes

Consider responsibilities of building team

Create reasonable production Create interfaces between different crafts
methods

[ Allow disconnection

Allow
building methods

Provide a comfortable
interior climate

Responsible han
terms of sustai

Support use of the
building

Define level of standardization

_{ Make facade accessible

|
|
|
4 Separate materials when needed |
|
|
|

_{ Allow transport

}—{ Create sections to limit weight/seize

4 Allow connection of cleaning machinery

Allow tolerances during assembly

Create reasonable assembly

methods

Define level of prefabrication

}_
}_
}_4 Create internal drainage system
}_
|

|

|

|

|

|

\

Block radiation

4{ Control daylight radiation

Let radiation pass

—{ Control air exchange rate

4{ Prevent unwanted energy losses

Maintain air tightness

4{ Prevent surface temperature differences

Provide thermal insulation |

Create a comfortable humidity

level Control air exchange rate

—| Adapt fagade to changing climate

_{ Keep climate within a given range }__{ Adapt facade to changing climate

4{ Add mechanical building services,

4{ Acoustic insulation of facade plane

4{ Acoustic insulation of facade plane

Block unwanted noise

_{ Insulation of connection to dividing walls

L Insulation of floor connection

4{ Provide a comfortable daylight level

Create transparent facade areas |

L Create visual comfort |——| Provide glare protection

Redirect daylight |

L Allow visual contact

Provide sun shading ‘

4{ Adapt to changing climatic conditions

_{ Prevent energy losses

Minimized energy consumption Al
# b_g{ jow natural lighting of interior
during use ghting

4{ Provide sun protection

4| Adapt according to orientation of building

4| Reduced material quantities

Minimized embodied energy
_| Choose materials with low impact

_{ Minimize spatial distances in the supply chain

4{ Allow production with low use of energy

Minimized energy for production,
transport assembly
] Allow ion of ¢

Enable reuse and recycling
%—}—_{ Choose recyclable materials

Generate energy

Include thermal mass
Store energy
Include components for artificial thermal mass

Protect against fire

Prevent structural damage

Protect against attacks from the

Provide a safe environment

Protect against toxic loads

Protect against falling out of the window

Provide good handling for the end user
Enable faultless use of the building
Allow for facility management

] Maintain comfortable climate }_| Monitor facade performance

Ensure Low running costs

L[ Weaintain fagade /building value Guarantes energetic performance

Service and cleaning of components

Induce ar

Induce shape

Bridge gap between stakeholder

4 Enable architectural possibilities Allow architectural variety

Induce proportion

Support architectural design intentions

Respond to urban context throughout process

[ Induce scale

Choose appropriate materials and

Represent functional intention of technologles (meaning)

Apply colour

building

Arrange components spatially

Create appropriate interior

Apply material

perception Design visual, acoustic, haptic perception

|
|
|
|
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|
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Literature review
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Literature review

Resilience is a time dependent measurable assessment of a system against a balance disturbance.

Thermal resilience is the ability of the building to maintain its indoor thermal comfort in case of
extreme hot weather conditions.

t1 A
Q (t) R = j [1 00— Q(t)]dt Phase I Phase 11 Phase II1
t0
1 00 Pre-disturgtz r:;:e resilient Disturbance progress Restorative state Post-restoration state
Resilience
Loss R =
Resilience Trapezoid
Rod
' >
Lo tl time t, too teo t, T

Time

ETFE systems Resilience Multi-criteria decision making
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Literature review

ETFE systems

Multi-Criteria Decision-
Making (MCDM)

<

Machine

/\

Multi-Attribute Decision-Making

(MADM)
Compensatory Non-compensatory
methods methods

. COPRAS

Choquet
Integral

Resilience

Learning

Multi-Objective Decision-Making

(MODM)

il

Gradient-based
optimization
(not used)

Gradient-free
optimization

\\

Direct search

Evolutionary

T

Swarm

Multi-criteria decision making

18



Literature review

Multi-Attribute decision making (MADM) Multi-Objective decision making (MODM)

- closer to data-driven models - closer to forward models

- creation of hierarchies of facade de- - based on optimization algorithms
sign alternatives either by reducing the - numerical simulations for the defintion
complexity of a problem or with the of a larger amount of design options
comparison of solution ratings. and their evaluation

ETFE systems Resilience Multi-criteria decision making
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Literature review

Multi-Objective decision making (MODM)

« closer to forward models

» based on optimization algorithms

- numerical simulations for the defintion
of a larger amount of design options
and their evaluation

NSGA Il algorithm - niching approach

Walacei

ETFE systems Resilience Multi-criteria decision making
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Workflow

Climate.OneBuilding.Org

Weather data EPW |

&

Ladybug tool |

Tower Rhino geometry

R &

Layers
RVT
BIM model Rhino inside Revit -
- NSGA-Il Genetic

N

Algorithm
Tower grasshopper Honeybee Energy |
analysis geometry simulation workflow “| Sy Balance 3‘ ARDEl enesgyeost | ‘J
_ Wallacei X
_>| Cooling demands | 3|  multi-objective  |____sf Optimized solutions
| optimization
| Daylight analysis )_)| Average daylight per floor }7
Karamba 3D
parametric engineering
Karamba 3D static |
analysis | Total structure mass }7
N
[ Maximum deflection li
I
I Material properties |
3| Cross section
Bearing structure Grid scale |¢
N
Shading size
pafahn?lgirr‘igb?:i;gtry N Sgadihﬂg elemerlﬂs I Shading distribution I(
ushion panels
| Parameters to be optimized |
Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Workflow

| Parameters to be optimized |

® Revit-Grasshopper integration

Climate.OneBuilding.Org

Weather data EPW

Ladybug tool

Honeybee Energy
simulation workflow

S

Karamba 3D

parametric engineering

,I Energy balance |__>| Annual energy cost |

2

NSGA-Il Genetic
Algorithm

h

_>| Cooling demands I

Karamba 3D static
analysis

_>| Daylight analysis ’_)I Average daylight per floor li

o

v

Shading system

Bearing structure

;I Total structure mass li

I Maximum deflection li

7

= Material properties |

3| Cross section

.| Shading elements

parametric geometry

Energy simulation workflow

Cushion panels

h 4

Wallacei X
multi-objective
optimization

3| Optimized solutions

4

N
s| Shading size

I Shading distribution I(

@ Shading system definition @ Static analysis

@ Multi-objective optimization
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Workflow

| Parameters to be optimized |

v

Climate.OneBuilding.Org

Weather data EPW

Honeybee Energy

simulation workflow

Shading system
parametric geometry

I

Karamba 3D

parametric engineering

Karamba 3D static
analysis

,I Energy balance |__>| Annual energy cost |

2

NSGA-Il Genetic
Algorithm

h

_>| Cooling demands I

_>| Daylight analysis }_)I Average daylight per floor li

o

Bearing structure

;I Total structure mass li

I Maximum deflection li

,I Material properties |

3| Cross section

@ Revit-Grasshopper integration

Energy simulation workflow

Shading elements
Cushion panels

h 4

Wallacei X
multi-objective
optimization

3| Optimized solutions

4

N
s| Shading size

@ Shading system definition

I Shading distribution |¢&

|\

@ Static analysis

@ Multi-objective optimization
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Workflow

Climate.OneBuilding.Org

Weather data EPW

\

Honeybee Energy
simulation workflow

I

Karamba 3D

parametric engineering

;I Energy balance l__)l Annual energy cost |

_>| Cooling demands I

2

NSGA-Il Genetic
Algorithm

4
Wallacei X
multi-objective 3| Optimized solutions

h 4

Karamba 3D static
analysis

_>| Daylight analysis }_)I Average daylight per floor li

Total structure mass li

Maximum deflection li

optimization

® Revit-Grasshopper integration

Energy simulation workflow

@ Shading system definition ® Static analysis

@ Multi-objective optimization
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Workflow

Climate.OneBuilding.Org

Weather data EPW |

2

NSGA-Il Genetic
Algorithm

\

Honeybee Energy |
. : 5] E bal
s [ Energy balance l__)l Annual energy cost | "w
Wallacei X
T _>| Cooling demands | 3|  multiobjective  |___5f QOptimized soluticns
| optimization

_>| Daylight analysis }_)I Average daylight per floor li

® Revit-Grasshopper integration Energy simulation workflow @ Shading system definition @® Static analysis @ Multi-objective optimization
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Workflow

Climate.OneBuilding.Org

Weather data EPW |

e

d
Ladybug tool |

\

Honeybee Energy

simulation workflow

I

;I Energy balance l_

_>| Annual energy cost |

_>| Cooling demands l_

_>| Daylight analysis }_)I Average daylight per floor li

® Revit-Grasshopper integration

Energy simulation workflow @ Shading system definition

@ Static analysis

@ Multi-objective optimization
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WEATHER DATA WEATHER DATA MANIPULATION

Actual
Workflow

Time G based Anlsls

® Revit-Grasshopper integration Energy simulation workflow Shading system definition ® Static analysis Multi-objective optimization
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BIM model - Piraeus Tower
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BIM model - Rooms definition
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BIM model - Bearing structure

Revit-Grasshopper integration
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Exsiting facade system

AN

Revit-Grasshopper integration
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Exsiting facade system

accolymodate -50mgf slab

Uyfit deqd load bracket type A
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Revit-Grasshopper integration

Energy model geometry
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Energy model assembly

Weather data

Airwalls

Revit-Grasshopper integration

Energy simulation workflow

Energy model
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Energy model materiality

{ GL-11_PTOWER ])—( _name_ (B3 (0) 10703
) cus_triple 0 name
00060 D= _thickness 0| iazing Tower | taer
08500 ])—( _transmittance_ 1 GL-11_PTOWER 2 layer 2
00075 | }-{ _reflectance_ 2 GL-11_PTOWER gapl P 3 layer 3 D
) . I mat D1 3 GL-11_PTOWER 4|layer 4
_tinfrared_ \
D2 —___ 4 GL-11_PTOWER_gap? 5 layer S
¢ _emiss_front_ D3 q cus_triple glazing Tower Sl attr names 5 GL-11_PTOWER
_emiss_back_ D _materials constr _mat
q iss_back R D ial .
. ‘ D4 r_val_si {0}
q _conductivity_ frame_ ) {0}
d o6
d'GL—]_l_PTOWER_gapl D C _hame_
(ahicknessy 00002 P _thickness_
J mat
( _gas types_ -

. {0}
_gas_ratios_ ¢ m
0 Untrimmed Surface ( s g

- )
1.7.1 1 Untrimmed Surface

{0}
S0 34 P
2 Iintrimmed Surface 1
ok
o o.9 D ™~

10.1
( {
(IGL—ll_PTOWER_gapz D A= 0
( _thickness_ .
_ Qo020 D [ mat D 1 window2 |
( _gas_types_ - 2 window3
( _gas_ratios_ 3 window4
4 window5

. o { _name_
d openings_modifier

 _trans \!1(.( modifier

( _refract_
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Energy model program

people
lighting
electric_equip
gas_equip
Lt % hot_water
infiltration
ventilation
setpoint

Revit-Grasshopper integration

Energy simulation workflow

Total number of ro... |

_L,&LP—(H m"F

{0}
Lighting: 2019::LargeOffice::IT Room_ Lighting [8.0 W/m2]
[schedule: Officelarge BLDG_LIGHT SCH_2013]

Q

{0}

ElectricEquipment: 2019::Large0ffice::IT Room Electric
[16.8 W/m2] [schedule: Officelarge BLDG_EQUIP SCH]

{0}
Infiltration: 2015::LargeOffice::IT_Room Infiltration

i [0.000227 m3/s-m2] [=chedule: Officharge INFIL SCH PNNL]
{0}
Ventilation: 2019::LargeDffice::IT Room Ventilation
[0.0024 m3/s-perscon] [0.000305 m3/s-m2] [0.0 ACH]
(0}

0

Setpoint: 2019::Large0ffice::IT Room 3stpoint [heating:
21.0¢] [cooling: 24.0¢)
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Energy model assembly

Weather data

Airwalls

Revit-Grasshopper integration

Energy simulation workflow

Energy model
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Simulation results - Annual analysis period

kWh

7149.49
6551.43
5953.37

5355.32
4757.26

4159.20

00000

3561.14
2963.08

2365.03
1766.97

1168.91

% of the year

100.00

90.00

For the typical levels under investigation:

80.00

. 70.00
Total cooling demands: 159264 KWh/y 5
Average Daylight autonomy for all spaces: jzzz
41 %/y 30.00

20.00

10.00

0.00
Revit-Grasshopper integration Energy simulation workflow

38



Simulation results - Annual Utility cost estimation

cooling
heating
lighting
electric_equip
gas_equip
process
d sa s hot_water b
fan_electric D
pump_electric D
people_gain D
solar_gain D
infiltration_load )

mech_vent_load )

nat_vent_load D
1.7.1

( _data

B8 header

A2 oies

Coaling KWh/m*2

Cooling KWh
(0}
0 159264.308176

Heating KWh

( _data

B8 header

< (0}
0 55276.137744

Lighting KWh/m~2

[ Lighting kwh |

A2 ojyes

14 header D
( _data R:g
% values

(IS0

Revit-Grasshopper integration

Energy simulation workflow

! (0}
0 32823.120939

| Electric equipment KWh/m~2 |

q Rih/m"2 b

. )\
{1

— o ¥ 0 0004
0
0

0 0004
4]

0 0.04

Cost of Heating Fuel (EUR/kWh)

f
1 0.04

Cost of Electricity (FUR/KWh) R

|
1 0.14

Electric_Equip KWh |

! 0y
0 91590.31754

_L]’ ﬂo 004

—
(s © o

=,

[ Annual Utility Cost (EUR/m2) |
T

R H (03
0 0.36
Pr

Annual Utility Cost (EUR/m2) |
' 0y

0 0.36
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Shading system design

First attempt of connecting diagrid with vertical and horizontal brackets.

Revit-Grasshopper integration Energy simulation workflow Shading system definition
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Shading system design

Another approach making the shading system completely in-
dependent from the building.

Revit-Grasshopper integration Energy simulation workflow Shading system definition
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Shading system proposed design




Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

‘

3

Y ’:5-1‘”-_ b
|3
*.-: ‘

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

LY VTP

|

m“ ’uﬁ'ﬁqﬁ”lahﬁg

!ﬂ!ﬁ"!@i’lﬁ' |

Shading system definition

Energy simulation workflow

Revit-Grasshopper integration
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Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design

N AN

Revit-Grasshopper integration Energy simulation workflow

Shading system definition

o

52



Shading system proposed design

Revit-Grasshopper integration Energy simulation workflow

Shading system definition
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Shading system proposed design




Static analysis loads

Revit-Grasshopper integration

Energy simulation workflow

Shading system definition

Static analysis
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Static analysis cross section

max

- ...... 3250 =/ 7 RP-—( {0}

0 0.4¢428¢
Rule of thumk for ~
steel hollow sections min

x [x/28 R’:._( ' 0

0 0.116071

4 Truss beam

—_———

- diameter cm
(giametermmy|  o17780 : A
AN {0}
q 10 B
(thicknessmm | 01250 - [ i
= ross seciion.
c[ 10

For a multi story building with a given height x and 2m<x<4m we have:

. X X . .
min =— max =— for the diameter for the steel hollow section
28 7
Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis
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Static analysis loads

13.27
11.96

10.64
9.33

8.01

6.70

5.38

4.06
2.75
1.43
0.12

P

. — m
wind 16-10 where: V' is the air speed measured in A and Lvina is the air pressure measured in
N
Pa o Ve

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis



Static analysis

Revit-Grasshopper integration

Energy simulation workflow

Shading system definition

Static analysis

o
el
9.p8 0.11
L™
-8.00
~0.11 011
8.15 N\
3.140%0 -11.59
311
16.59
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Static analysis results

—— total mass
maximum
displacement

Static analysis

N

Bending moments calculation

V=

Shading system definition

NI

Energy simulation workflow

Axial forces calculation

V=

Revit-Grasshopper integration
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Static analysis for whole structure

3988
4857

46191

53031

5627
687165
65485
4888
838 31

-85.14

49,95

49.80

49,50 336
2861 53.80

Axial forces calculation Supports and reactions

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis



Multi-objective optimization parameters

«mﬂﬂm
- L
Y | il |

l

"““““‘*ﬁiiiiii\&\l'l ﬁﬁiimn

parameter 2: width to height ratio

T i
I o i

parameter 3: diagrid offset parameter 4: amount of shading

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization objectives

objective 1: Total mass [kg] ],

objective 3: Cooling energy demands [KWh] <, objective 4: Average Daylight autonomy [%] /N

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization workflow

Multi objective optimization

Flider combinations per individual{soo:ll;t;izr; ll
( Genes WGenomes D y P 1__ h ; 1; p
— { Objectives itness Values 3 0.9
' (1€ > Data a ;ata ’ b e ] 1052605
( { Phenotype WPhenotypes 0)2
‘ =1
l {0;0;0) | e I T
0 0.074474 Lo Lo
total cooling demands KW
q oy §
e~ P1: Diagrid pattern scale parameter | Gene
: ' P2: Width-height ratio parameter | Gene
fverage Doy ptonomy P3: Diagrid offset(Shading offset) parameter | Gene
BEE o P4: Shading Coverage (%) parameter | Gene
0 x @ Avr DA [
d AvrDA
I 01: Total mass [kg] - minimize objective
M 02: Maximum displacement [cm]- minimize objective
03: Cooling energy demands [KWh] - minimize objective
04: Average Daylight autonomy [%] - maximize objective
Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization solution space

Control Panel

Population
Generation Size 20
Generation Count 15

Population Size: 300

Algorithm Parameters

Crossover Probability 0.9
Mutation Probability 1/n
Crossover Distribution Index 20
Mutation Distribution Index 20
Random Seed 1
Simulation Parameters F 0 ‘I FO4

No. of Genes (Sliders) 4
No. of Values (Slider Values) 48
No. of Fitness Objectives 4 z
Size of Search Space 9.5e3 g

W

RunTime @ MNumber of nulls: 0

—— b
Current Solution / Generation 19/14 g
Number of Pareto Front Solutions 20 ]
Eval. Time Per Solution 0:6:31
Estimated Time Remaining 0:0:0 g
Simulation Runtime 30:17:4 z ‘
namic Graphs Preferences 2

]
Dynamic Parallel Coordinate Plot
Dynamic Standard Deviation Graph
Dynamic Objective Space
Dynamic Pareto Front Solutions ]
Autosave [] o
Minimize Rhino On Start o
Snap Start Stop 3 Reset

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization objective values trends

Standard Deviation (5D) Fitness Values Mean Value Trendline

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization results clustering in Wallacei

Wallacei Settings  Wallacei Analytics [ Wallacei Selection ‘Wallacei Forum Wallacei F

Control

Panel

[ Draw Parallel Coordinate Plot

[ Parallel Coordinate Plot (PCP) Settings

Analysis Method

ance Between Fitness Ranks

Fitness Objective

Select Ranking

Analysis Results
Fitness Criteria:
Fitness Value:

Number of Repititions:

1

Fitness Criteria 1

[ Run PCP Analysis

Unsupervised Machine Learning

rarchical (complete linkage) ~

Generation to Cluster |14
Number of Clusters 5
Pareto Front Gen.[ ] All []

C1:4| C22| C34 | C45| 55|

( Run ] (

Show on PCP

["] Pareto Front Solutions
No. of Solutions: 20

All

( Show Pareto Front on PCP

[] Generations

Generation

14

( Show Generation on PCP

["] Null Pool

Number of Null Selutions:

Snap Add

Clear

Export

]

Clustering
c11614]i14
C1]G14]i19
C11G14]i12
C1|G14]i9
c21G14]i8
C2|G14]i15
Cc31G14]i4
C3|G14]i2
C31G14]i18
C3|G14]i3
c41G614]i1
Ca|G14]i17
C41G14]i13
C4|G14]i16
C4|G14]i6
c51G14]i11
C5|G14]i5
C5|G14]i0
C5|G14]i7
C51G14]i10

31610

5|G4li0

5|614]i7

5[G14]iM

5|G14]is

c4|614]i6

c41614]i16

cajcia]in

c4|614[i1T

c41G14]i1

3]614]i3

3]G 4[i8

3|64is

3|61|i2

2|G14]i1s

2|614i8

1G4

11614]i12

116 14[i19

116149
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Shading system definition

Static analysis
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Multi-objective optimization results export

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Multi-objective optimization results export

T (I e N S [ TR G DY S s I R L L Pk A % TR AT 3 | | | | 1 |

VERIESY R YT ERF YR FIENDEYFTOERY
O T PO T T WY G LY A 7 P NP ) " Y O VA W T T S

0 P00 7wl O A S (B W A | _ VAN | T . T S _ | 7S S S VS N N | | 174 | | | | | |
Gen: 5| Ind: 0 Gen: 12| Ind: 3 Gen: 13| Ind: 1 Gen: 14| Ind: 0
FV. 1:183346.060207 ' ' ' FV.11199551.6279 ' ' ' FV.1:170801.572151 | ' ' FV. 1:109479.124478
FV. 2 :0.186567 FV. 2 :10.158983 FV.2:0.21645 FV.2:1.818182
FV.3:61266.096198 ' FV. 3 :48447.522537 ' FV. 3 :46748.74075 FV. 3:109520.012101
FV. 4 :0.010519 FV.4:0.101092 FV. 4 :0.08328 FV.4:0.13785
Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Simulation results for original facade - Extreme hot week analysis period

kWh

599.83
561.04
522.25

483.46
444 .67
405.88
367.09
328.30
289.51

250.71

211.92

Total Energy Demands per room/zone

so| 16449.86 KWh

For the typical levels under investigation:

Total cooling demands: 16449.86 KWh/ehw

e.h.w= extreme hot week
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Multi-objective optimization results

Selected Solution Information Selected Solution Information
tion; . 5] In tion .0]In
FO1: mass FO1: mass
Fitness Value: 1827104295 . . o A~ SN w \ — @~ Fitness Value: 5442269
Fitness Rank: /299 Fitness Ranl /299
FO2: Displacement FO2: Displacement
Fitness Value: 0462963 Fitness Value: 0.230415
nnnnnnnn k: 282 /299 Fitness Rank: 0/299
FO3: Cooling energy F03: Cooling energy
Fitness Value: 51658.484224 Fitness Valua: 124957.54433
Fitness Ran k: 23 /299 Fitness Rank: 2737299
FO4: Avr DA FO4: Avr DA
Fitness Value: 0.066738 Fitness Value: 0.041827
Fitness Rank: 1347299 Fitness Rank: 68 /299
FO 1 FO 1
I I
FO4—— = 2 " ._'.'FOZ
FO3 FO3
Selected Solution Information Selected Solution Information
Solution: Gen. 11 Ind. 2 Solution: Gen. 14| 3
mass 01: mass
llllllllllll 6539.230098 Fitness Value: 6529,
nnnnnnnnn 6 / 29 Fitness Rank: 25729
splacement FO2: Displacement
Fitness Value: 0413223 Fitness Value:
Fitness Ran k: 254 /299 Fitness Rank: 253 /299
FFFFFFFF g energy FO3: Cooling energy
Fitness Value: 701.27 Fitness Value: 90260.269616
nnnnnnnn k: /299 ess Rank: 200/ 299
04: Avr DA FO4:
Fitness Value: .09221 Fitness Value:
nnnnnnnn 78/ 2 ess Ranl £299

FO 1
I

FO 1
I

BeF0 2

™ S \ £ .
FO3 o3

[best for minimizing ooIing demands 0bj3]

Revit-Grasshopper integration Energy simulation workflow Shading system definition Static analysis Multi-objective optimization
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Simulation results for extreme solutions - Extreme hot week analysis period
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Simulation results for extreme solutions - Extreme hot week analysis period

Selected Solution Information

Solution: Gen. 0| Ind. 9

kWh

FO1: mass

Fitness Value: 10544226935

Fitness Rank: 280 /299 71 5 30
FO2: Displacement

Fitness Value: 0230415

Fitness Rank: 0/299 66504
FO3: Cooling energy

Fitness Value: 12495754433 61 4 . 78

Fitness Rank: 273 /299
FO4: Avr DA 56452

Fitness Value: 0.041827

Fitness Ranl: 68/ 299

514.25

463.99
413.73
363.47

- -~ “fo32

Fo.;_‘_.

313.21

e 4
= o 262.95
o & 212.69

Total Energy Demands per room/zone
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Simulation results for extreme solutions - Extreme hot week analysis period

Selected Solution Information

Solution: Gen: 11 Ind. 2 kWh
FO1: mass
Fitness Value: 16539.230098
Fitness Rank: 26/ 299

628.06

FO2: Displacement
Fitness Value: 0413223
Fitness Rank: 254 /299

586.43

R o 49701277263 se i
Fitness Rank: 0/299

FO4: Avr DA 503 1 5
Fitness Value: 0.092217
Fitness Ranl: 178 /299

461.51

ro1 419.88

378.24

336.60

294 .97

_ 253.33

o 211.69

Total Energy Demands per room/zone

16271.06 KWh — _

Best solution for minimizing cooling demands -
(Obj3)

For the typical levels under investigation:
Total cooling demands: 16271.06 KWh/ehw

e.h.w= extreme hot week



Simulation results for extreme solutions - Extreme hot week analysis period

Selected Solution Information

Solution: Gen. 14 | Ind. 3 kWh

Fitness Value: 16529.550363
Fitness Rank: 25/ 299 634 80
FO2: Displacement A
Fitness Value: 0411523 £ b
Fitness Rank: 253 /299 16} o ' T(_’,' 3 59247
FO3: Cooling energy . 2 s ,
Fitness Value: 90260.269616 - & 550 1 4
Fitness Rank: 200/ 293 w
rridor
FO4: Avr DA ] 50782
Fitness Value: 0.02209 _
Fitness Rank: 0/299
465.49
423.17
380.84
338.52
296.19
253.87
FO3
211.54

Total Energy Demands per room/zone

16529.57 KWh — -

Best solution for maximizing daylight oo
autonomy (Obj4)

For the typical levels under investigation:
Total cooling demands: 16529.57 KWh/ehw

e.h.w= extreme hot week



Simulation results for extreme solutions - Extreme hot week analysis period

Selected Solution Information

Solution: Gen. 9| Ind. 15 kWh
FO1: mass
Fitness Value: 17473.360814
Fitness Rank: 1017299

661.80

FO2: Displacement
Fitness Value: 0330033
Fitness Rank: 184 /299

616.88

o c?;::\i:sgs b 50082.176279 TR
Fitness Rank: 51/299

FO4: Avr DA 52702
Fitness Value: 0.036398
Fitness Ranl: 39/299

482.09

437.16

392.23

347.31

302.38

257.45

212.52

Total Energy Demands per room/zone

.| 1747332 Kwh

Not the best solution for all criteria

For the typical levels under investigation:
Total cooling demands: 17473.32 KWh/ehw

e.h.w= extreme hot week



Thermal Resilience enhanced?
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Room/Zone

Room/Zone

:16271.06 KWh/ehw

Total cooling demands

: 16449.86 KWh/ehw

Total cooling demands

e.h.w= extreme hot week
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Workflow conclusions

The cross section selected allowed minimal range for displacement values making it an objective with relatively
small influence on the solutions generated.
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Workflow conclusions

The cross section selected allowed minimal range for displacement values making it an objective with relatively
small influence on the solutions generated.

Filtering solutions and identifying their position in the design space is not possible in the current workflow.
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Workflow conclusions

The cross section selected allowed minimal range for displacement values making it an objective with relatively
small influence on the solutions generated.

Filtering solutions and identifying their position in the design space is not possible in the current workflow.

The optimization, although it works efficiently, it needs 16-30h for a good estimation and optimized results which
IS impractical.
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Workflow conclusions

The cross section selected allowed minimal range for displacement values making it an objective with relatively
small influence on the solutions generated.

Filtering solutions and identifying their position in the design space is not possible in the current workflow.

The optimization, although it works efficiently, it needs 16-30h for a good estimation and optimized results which
IS impractical.

Materiality of the shading elements, HVAC system used for mechanical ventilation, future weather data estima-

tion, sensitivity analysis between the energy demand types, cost and the mass of the structure, cross section

parametrization, solution filtering, criteria decision trees..... are only some of the possible branches of this work-

flow.
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Design conclusions

Best solution?...
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Design conclusions

There is no best solution, a perfect
solution is always relative to a criterion.
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Goals

To be able to evaluate the energy performance of existing buildings. v
To provide instant interdisciplinary feedback in a design team. v

To improve an existing envelope’s energy performance by reducing its cooling

demands (with an optimized design). v x
Find the best solution. x

8 3



Thank you for your attention!

8 4



Load transfer

® Wind loads
® Self loads
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Connections

Precasl, prestressed concrele

Precast, prestressed concrete
outer frame
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