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facade system to reduce the building’s impact on the Urban Heat Island
effect in the Mediterranean climate (case study: Athens, Greece)



Research Question

“How can thermo-responsive Shape Memory Materials be integrated in an autoreactive
facade system to reduce the building’s impact on the Urban Heat Island effect in the
Mediterranean climate, with a focus on the case study of Athens, Greece?”



Background Research - Contextual Framework sty
Problem Statement — Urban Heat Island (UHI) effeet ®  greenhouse

emissions

Increased

Increased
Causes Impact | __ anthropogenic
heat and

pollutants
Inner comfort &

Energy performance

: N : : -Heat-related
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Problems strategies : Shading design for buildings & open spaces
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ST N E Changes to Materiallty
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. Environmental | Solar control of open spaces
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Background Research - Contextual Framework
Climatic context - Mediterranean climate (Athens case study)

Urban Heat Island

Globa
Climate

Change




Background Research - Contextual Framework
Dynamic adaptive fagades — Autoreactive systems

. Real-time climatic responsiveness

. dynamic anisotropy: a change in structure modulates the environmental flows according to the climatic conditions

. Able to:

* adapt physical properties in a reversible way as a response to boundary conditions at different times of the day
* manage energy flows by altering the properties of fixed devices or by controlling moving parts
®* achieve the three performance requirements: environmental impact neutralization, energy saving and occupant's satisfaction

Automated

Adaptive Facade
Functions

Intelligent
Facade

Performance

embedded

materials with

functional reaction to more

leftover energy

purpose than one input autoreactive

properties

bommm oo
SR

________________________________

characteristics ! :

Autoreactive
systems

parameters '
________________ ot st s

geometry
S e |

-element

structure radiant geometry

-type of change

—control center S potential -co-evolution in

symmetry kinetic natural systems




Autoreactive materials — Thermo-responsive Shape Memory Materials

perception —_— as —_— action

. High integration and reduced complexity of mechanical parts
Intelligent process

° “material as the machine”: combination of sensing, actuation and mechanical functions
. Passive, low-energy actuation systems
. Designed materials with properties that can be changed in a controlled way

° Able to: Smart
mar
. respond to environmental changes at the most optimum conditions materials
|

. adapt their own functions according to the changes
. revert to their original states once the stimulus is removed

features

|

/‘ 3 / ¥ 4 \ ’ » ! T
1 immediacy | i transiency , | self-actuation ' 1 selectivity i directness |



“SMM fagade integration - UHI effect” hypothesis

“whether, how and fto what extent the implementation of SMMs in an integrated passive adaptive
solar morphing system can contribute to the reduction of the building’s impact on the UHI effect
in an energy-efficient and autoreactive way”

Passive Adaptive

Facade System ... UHI effect

Hypothegi's

Thermo-responsive
SMMs



Background Research — Materials & Mechanism

Bio-inspired design approach - Nature’s response strategies and principles for climatic adaptiveness

*  Autoreactive systems:
material systems with intelligence and life features integrated in the
microstructure to reduce mass and energy with adaptive functionality
- minor complexity, low weight, high functional density, economic efficiency

* Biological systems:
design and development of natural organisms in an integrated
process: multiple component functions

- efficiency, functionality, precision, self-repair, durability, adaptability

heterogeneity multi-functionality

adaptivity

no external
energy

Autoreactive o Bio-inspired
intrinsic features
materials ; strategies

hingeless

movements

real-time climatic
responsiveness

hierarchy

anisotropy principles

building skin




Fagade Design Integration

Autoreactive System
“a system using latent energy from its surrounding environment to achieve physical change through the
use of adaptive materials undergoing dynamic change in response to an external change of conditions”

Acclimated System Autoreactive

System

“a process in an individual organism adjusting to a gradual change in its environment through its
morphological, behavioral, physical changes®

N2

Adaptronic System
"the integration of actuators, sensors and controls with a material or structural component®

Adaptronic
System

Acclimated

System

biclogical
reference




Fagade Design Integration
Goals & Concept

Design goals

Environmental performance

Ry

Tt

min max

Feasibility level

min max

Mechanical and structural parts

Complexity level

min max
Responsiveness
passive active
Performance Context
Environmetnal Integrated Solar radiation

impact +

system )
+ Ambient

Energy savings temperature

&

Thermal Comfort

Material <————————— Geometry

Actuator - Movement
Connections

e foldable
self-deployable

retractable

articulated
geometry

bi-stable

crease pattern /
pliable

e tensegrity

T modular

Possible geometry features

o3 b

Mechanism Bio-inspiration

-

-

H

highly absorbent
- deployable textiles with translucent inner layer

- increase of reflective surfaces

and ventilated surfaces

Facade performance principle 0
1



Geometry Modelling

Fagade Design Integration ,‘
Design Workflow N
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Informed design by research

Layers

Complexity 4
level

of evaluation

N
L]
b ®
e ©
° . .
R o .o Design

&' Goal
L
!
Environmental
performance

Qualitative design criteria

general design
approach for passive
self-responsiveness

indirect
impact

facade arrangement
horizontal vs diagonal

-

geometry redesign

_____

——————

geometry & arrangement redesign

outdoor MRT

’ - N e SN .7 XS h
I \ 1 . .
facade component: | facade segment . urban microclimate
I
| S a1 0 ¥ Ny b .y
| ‘-_,__’_——‘ *.‘__;__——’

; SMA Lo solar ' reflective
I
: feasibility : : reflectivity - irradiance
J I 1 %
' solar | self-shading = material
| reflectivity v 3 . reflectivity factor
l I | |
: b -

evaluation levels & feedback loops

“~<.  Minimum
performance
requirement

Complexity
_.~" level-environmental
performance ratio?
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Informed design by research
Geometry design concept

%
N

geometry initial design concept

2

component mechanism alternatives

SMA wire

SMA wire actuation movement alternatives

VaVa\

component orientation combinations

opaque
perforated
surface

facade segment

~'6—— absorbent
layer

winter
stack effect
direct solar absorption

facade function in open

example

summer
cavity ventilation
solar reflection

and closed position

translucent
surface

13



Direct & Indirect Impact
Energy & Environmental Performance goals

Energy & Environmental Energy & Environmental
Performance goals ’ Performance goals
Summer Winter
Solar heat transfer Solar heat transfer
e e e >
absorption reflection to the absorption reflection to the
atmosphere : atmosphere
Total solar radiation Total solar radiation
i >
min max min max
(Self-)shading (Self-)shading
e >
min max min max
Air cavity ventilation Air cavity ventilation
s >
closed opened closed opened
Cavity function Cavity function
-5::3- ----------------------------------------------------------------- > <-:::{-
heat heat heat heat
attenuation amplification : attenuation amplification




Direct Impact — Component & Fagade level

solar reflective
ivi irradiance

solar self-shading material
reflectivity . reflectivi

OOOOOOOOOO



Direct Impact — Component & Fagade level V}

Performance Evaluation Workflow N
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Direct Impact — Component & Fagade level
Performance Evaluation Workflow

possible refinement of the facade guidelines

less than 75% :
Shape and :
g Ray trace . Facade Ray trace Outdoor Evaluation/
( Geometry : : o o (ISR \ssaa ) goenae ) ) :
: _ : analysis : i ...p| arrangement analysis : Microclimate map : Reflection
Guidelines : Design : : ' ]
Yes A at least 75% ; ! Iesséthan 75% at least 75% ! Y Yes !
,""Is the geometry\\~ What is the percentage of o ‘ " What is the percentage of : o _ i3 .the cumuiative S
feasible in terms S Y sun rays reflecting back o L sun rays reflecting back . : imadiance heat mep 9 :
of SMA to the atmosphere during to the atmosphere during it St
mechansme” the cooling dominated the cooling dominated % cor.npared i
" operating periods? - : " operating periods? x‘\\typlcal facade?l',»
: ENo
geometry optimization in : component and/or facade level Yes Can the facade No ;
R B e s encemanes R e e e L design be P orEsisetennEiaRR o
‘ optimized ? '
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Direct Impact — Component & Fagade level
Geometry refinement

Goal: to maximize the amount of sun rays reflected back to the

atmosphere and not towards the urban environment

movement transition steps

reflected rays:
10% on June 21 10-18hrs

18



Direct Impact — Component & Fagade level
SMA feasibility evaluation study

Variables

| 45°-75°

Design guidelines

Strain ratio (limit: 3-5%)
desired rotational degree range:

start: 45° end: 75°
end angle
—==D==3)
b
start angle SMA length

! if SMA is too long, it is more likely to break
(longevity and durability cycles are compromised) !

! if rotation range is too small, then the effect is not much
different than an equivalent static fagade component !

start angle
40° 45° 50° 55°
end angle
70° X x 4.8% 3.5%
75° x 7% 6% U 48% iy
start angle
40° 45° 50° 55°
end angle
70° X 4.6% 3.7% X
75° 6.3% 5.5% DA% X
start angle
40° 45° 50° 55°
end angle
70° X X 2.6% X
75° 4.3% 3.8% {32% g X
start angle
40° 45° 50° 55°
end angle
70° X X 5.4% 4.1%
757 X 8% 6.8% 5.4%
start angle
40° 45° 50° 58°
end angle
70° X 5% 5.4% 3.1%
157 X 6% 5.1% 4.1%

19



Direct Impact — Component & Fagade level
Sun ray trace analysis studies

Top views

/\<>/\<>/\

Diagonal arrangement

“blind” angle

Horizontal arrangement

1a)
reflected rays:
60% on June 21°% 12hrs
60% on June 21% 10-18hrs

Horizontal arrangement
reflected rays:

75% on June 21% 12hrs

85% on June 21% 16hrs

1b)
reflected rays:
85% on June 21% 12hrs
90% on June 215 10-18hrs

2)
reflected rays:
75% on June 21° 12hrs
80% on June 21% 10-18hrs

Diagonal arrangement
reflected rays:

85% on June 21% 12hrs

70% on June 215 16hrs

. _

3)
reflected rays:
60% on June 21° 12hrs
85% on June 21% 10-18hrs

20



Direct Impact — Component & Fagade level

Dynamic response operation basis

Scenario:
South-facing fagade

Evaluation focus:
Facade component &
arrangement

Evaluation criteria:
SMA feasibility
Sun ray trace analysis

daily operation basis
east-to-west sun tracking

Seasonal operation with an
optimized east-to-west
reflective geometry

seasonal operation basis
south-to-north sun tracking



Geometry design optimization stages

1/0.5, 1/0.5 proportions

Top pyramid 10° rotation from z axis
Diagonal arrangement

Bottom pyramid with a folding line inwards
Reflected rays:

95% on June 21%' 12hrs

80% on June 21% 10-16hrs



Direct Impact — Urban level

e SEETEETS ) N
facade component | facade segment urban microclimate
N, | e 2 A
SMA ! B solar reflective
feasibility : reflectivity irradiance
solar i self-shading | material
reflectivity | + reflectivity factor

' i outdoor MRT



Direct Impact — Urban level

Performance Evaluation Workflow

Rhinoceros

SIN yersion 2.4

_--_k-_g__-__nu..-___-________):

- - o

-

Cumulative

Outdoor comfort

Microclimate map

~
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Direct Impact — Urban level
Performance Evaluation Workflow

Generate

cumulative sky

----»= Generate cumulative
sky matrix

Generate cumulative
sky matrix

i generate test !
points Voo type

Grid based
simulation

Run Daylight
Analysis

Read RAD Results

Direct + diffuse

Radiation

Select sky matrix
Y Analysis

radiation (kWh)

dry bulb : relative
! temperature ! wind speed humidity
Yy Vv v
Outdoor Solar MRT Outdoor Comfort
------- ) UTCI value
Temperature adjustor | Delta Calculator

Cumulative

radiation (kWh)

direct

diffuse

reflected

Honeybee plug-in

Ladybug plug-in

& components

& components




Direct Impact — Urban level

Facade type Standard facade
Microclimate heat maps Facade design
. Glazing ratio 0% 85%
Reflected radiation . ° 27
Radiation fully opaque curtain wall
values Top view grid results
KWh/m2 KWh/m2 KWh/m2

55.40< 55.84<

* South-facing opaque facade

53.86 54.26

*  Typical Athens urban canyon :Z :::
*  Analysis period: Hottest week Lunplative radiation: 1. 4924 .50
(direct, diffuse and 47.70 47.92

reflected ) ::—,: :j::

® 4% reduction of total radiation g s
® 40% reduction of the reflected 41.54 4158
<40.00 <40.00

radiation from the facade and the Total per m%: 1129 kWh/m? Total per m%: 1131 kWh/m?

kWh/m2

kWh/m2

48.96< y 49.57<
45.87 45.25
42.79 40.93
39.70 36.60
36.61 32.28
33.53 27.96
30.44 23.63
27.35 19.31
24.27 I 14.98

surrounding surfaces

Direct and diffuse
radiation (2)

<18.09 <6.34
Total per m?: 1018 kWh/m? Total per m?: 1019 kWh/m?
Reflected radiation (1)-(2) Total per m?: 113 kWh/m? Total per m?: 69 kWh/m?
&
\
N

Axo view grid results




Direct Impact — Urban level
Comparative sun ray trace analyses

June 21% 12-13hrs

June 21 12-13hrs

27



Direct Impact
Conclusions

kWh/m?

120 113

69

30

typical proposed
facade facade design

building’s direct UHI impact footptint
based on the reflective radiation to
the street level

reflected solar radiation

6% from building facade
94% o—— other sources
direct and (e.g. anthropogenic heat,
diffuse radiation low vegetation, no shading,

low albedo, urban densification)

cumulative solar radiation distribution
in the urban microclimate

28



Direct & Indirect Impact — Fagade Surface level




Direct & Indirect Impact — Facade Surface level

Solar radiation analyses

Facade
Analysis type
period

Dynamic facade

Static facade (closed)

Static facade (open)

Typical Spring
Week
(05-11/04)

(start of dynamic
facade activation)

Extremely Hot
Week
(03-09/08)

(peak of dynamic
facade movement)

Typical Winter
Week
(15-21/12)

(end of dynamic
facade movement)

Total radiation: 474 kWh

Total radiation: 452.7 kWh

Total radiation: 474 kWh

test facade segment

closed position

30






Fagade application
Inner facade’s window-to-wall ratio range

§3338%

0% 15% 25% 45% 85%
o >

opaque varying window-to-wall ratio curtain wall

32



Fagade application
Case study

Scenario:

* Athens city center urban canyon

* Retrofit intervention

® Typical south-facing office building
* 6-7 floors with a 45-85% glazing ratio
* Built between 1960-1980

Building type characteristics:

- Low building energy performance (outdated building components)
- increased cooling demands

- increased heat released from air-conditioning units

-> increased indirect UHI impact

- Construction materials: concrete (thermal mass) and glazed surfaces (reflective)
-> increased direct UHI impact

Retrofit strategy: window replacement and outer facade skin (overcladding)

Passive design based on [Geometry + Materiality + Dynamic movement]

S ( . )
direct impact direct + indirect impact

Goals: P P

- low tech

- low energy

- low cost & maintenance
- lower UHI impact
> higher energy & environmental performance

case study




ndirect Impact — Building’s interior level

S =S




Indirect Impact — Building’s energy performance studies
Performance Evaluation Workflow -

Ladybug Honeybee OpenStudio EnergyPlus
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Indirect Impact — Building’s energy performance studies
Cooling demands estimation studies - Energy Use Intensity (EUI)

Existing single facade

Adiabatic

Outdoors

Double facade

Adiabatic

b
|
|
|

“Air wall” — 5 Outdoors
R 77
Thermal Zone -~ ~ _ '

Thermal Zone £--

___________________________________________________________________________________________________________
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Indirect Impact — Building’s energy performance studies
Cooling demands estimation studies - Energy Use Intensity (EUI)

Case Test variables

# (w / w/o air excf::;:bllaeetvve:feeraCt::: caarfit? and the interior) RIgHT-SiiE YRR (tr:riiie:l::rt) il
1 0.4m? (w air exchange) - 0.93 400mm

2 1m? (w air exchange) - 0.93 400mm

3 O (slightly ventilated) (w air exchange) - 0.93 400mm

4 0 (slightly ventilated) (w air exchange) = 0.6 400mm

5 O (slightly ventilated) (w air exchange) - 0.6 150mm

6 0.4m? (w scheduled air exchange) yes 0.6 400mm

7 0.4m? (no natural ventilation) (w/o direct air exchange) - 0.6 400mm

8 w/0 air exchange, no double skin function or natural ventilation (no cavity thermal zone), exterior facade skin only as sun-shading

#7

#2 || I8 #3 |18




Indirect Impact — Building’s energy performance studies

Cooling demands estimation studies - Energy Use Intensity (EUI)

Case

Cooling loads per m? (Energy Use Intensity)

Difference in %

Existing single facade

Existing single facade 120 kWh/m?
#1 145.1 kWh/m? +21%
#2 188.7 kWh/m? +57%
#3 113.5 kWh/m? -5.4%
T T 1044 kWh/mt | 1% :
#5 109.7 kWh/m? -8.5%
C #e | 1023 kwh/m | -15% )
w71 qo44kwh/mt 43
s #8 oskwhm® 2% ‘:
~
£
E 62.0
-
o 558
£
=
% A9N
o
é 434
=]
] ma2
o |
€ 30
8
(] 248
b=
@
N 18.6
g
5 124
z
S 6.2 I
<
e L.
e May Jn Jul Ava sap act

Floor Normalized Cooling Load for Building (kWh/m2)

Floor Normalized Cooling Load for Building (kWh/m2)

31z

310

248

52.0

55.8

A9.4

Apr May Jun Ju Aug Sep D
Case#2 (w natural ventilation)

- N I

Apr May Jun Jut Aug Sep O

Case#8 (only sun-shading)
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Indirect Impact — Building’s energy performance studies

Cooling demands estimation studies - Energy Use Intensity (EUI)

Case Shading type scenario Cooling loads per m? (Energy Use Intensity)
Difference in %
# Existing single facade with no sun-shading 120 kWh/m?
1 Proposed facade skin design only as sun-shading 95 kWh/m? -21%
2 Typical exterior horizontal venetian blinds” 92 kWh/m? -23%
3 Exterior fabric roller shade/perforated metal screen” 89.5 kWh/m? -25%

“Shading is on, if the outside air temperature exceeds the Cooling Setpoint of 24°C
and if the horizontal solar radiation exceeds the SetPoint of 400 W/m?

]

Existing facade
#1

(no sun-shading)

|
.

F
o

#3

-
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Indirect Impact — Building’s energy performance studies

Convective heat transfer CFD simulations
Multiple closed-air cavities (winter situation)

single layer ETFE

slightly ventilated cavity

inner coating (painted)

steel cavity frame

r—\— cellulose fiber insulation
brick

Interior boundary —o Exterior boundary
18°C 10°C

Section

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Adiabatic

i e e e e g e s S e e g 40



Indirect Impact — Building’s energy performance studies
Convective heat transfer CFD simulations
Multiple closed-air cavities (winter situation)

Indoor temperature:
18°C

Outside temperature:
10°C

25.0
24.2

23.4

22.6
21.8

21.0
20.2

19.4
18.6
17.8

7

0‘ Al
Temperature . c : ) 17.0
i Thermal analysis

10 13 16 19 22 25 i (THERM  simulation)

e :

Simulation case #1

Temperature . °C

10 13 16 19 22 25

—

Simulation case #2

Temperature [ll  °C

10 13 16 19 22 25

e '

Simulation case #3

41



Convective heat transfer CFD simulations
Opened-air cavity (summer situation)

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

pressure outlet

Adiabatic \E
air outlet \

Case #1

o——— Outdoors

air inlets

Case #2

air inlets

pressure outlet

Case #3

______________________________________________________________________________________________________________________________________________________________________
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Indirect Impact — Building’s energy performance studies
Convective heat transfer CFD simulations
Opened-air cavity (summer situation)

B

~

R
/e

mfz T~
. ﬁ*"’fl.‘
A

!

A
:
;

Temperature [l °C Temperature [l]l  °C

35 35.6 36.2 36.8 37.4 38 35 35.6 36.2 36.8 37.4 38
Y —— b
Simulation case # 1 Simulation case #2

Zoom-in

Temperature . °C

35 35.6 36.2 36.8 37.4 38
'

Simulation case #3

43



Indirect Impact — Building’s energy performance studies
Daylight analysis studies

Case Test variables Room dimensions CHss Daylight factor (DF) DF of 80% room depth wi.thin DF UDI within
of test points BREEAM limits 100-2000 lux range

# Window-to-wall ratio | Component overall size Length: 10m Existifig single facade

Depth: 6m with no external sun-shading 7.5% 5.3% yes 56%

1 0.45 2000mm#*2000mm Interior height: 3m
2 0.45 3000mm#*3000mm #1 1.4% 2.15% <=3.5m 80%
3 0.85 3000mm+*3000mm #2 1.3% 1.85% <=3m 78%
#3 1.95% 3.2% <=3.7m 84%
Case#1 Case#2

100.00<
85.00
70.00

e
. A A o

Useful Daylight llluminance Index (UDI) 100-2000 lux 44

> i, - -~ o~ -

Daylight Factor (DF) Useful Daylight llluminance Index (UDI) 100-2000 lux Daylight Factor (DF)



Indirect Impact

Conclusions

’ & 23 ~
,*  heating dominated \\
.
4 period N
II o———~—— method:
.’ “ heat buffer
kWh/m2 :======================.:, cavityzones
120 ‘| ,'
120 A \ '
\ o—————— method:
\ 4 ::
95 92 . cooling dominated ’ exterior shading
89.5 . . ,
90 - e period o
. < > v
60 1 overall building’s annual energy

performance improvement with the
proposed dynamic facade design

30 T
0 AR o T
. .
unshaded proposed venetian fabric 27 S
. . .
existing facade facade design blinds shade s heating dominated N
A Y
0 period .
! \
building’s cooling loads per m? with different ! X
1
exterior shading systems g :
T PR R R R R R R R R R R R R R REER ]
(April-October) 1 1
building’s indirect impact mitigation method 3 i
t 9 P g ] 2 o' method:
k. cooling dominated 4 cooling loads reduction
. ’
be period o

building’s indirect UHI impact reduction
[building’s annual environmental
performance improvement]
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Final Design
Concept development

Length

top part elastic membrane surface (translucent)

crimp connecting to point A
elastic membrane surface (transparent)

reflective opaque surface

i d0: 45°

elastic textile surface (opaque)
SMA wires

bottom part

G5 SMA actuation temperatures:
As: 23°C
. Af: 35°C lamellas as bias
2 Ms: 20°C counterweight force for the
{':’ Mf: 15°C reset of the SMAs’ position
2
highly absorbent layer —
0
Mg As A Temperature

15°C  20°C 23°C 135°C

late October- end April

start April start October

Actuation characteristics

end position

indirect
impact

K 0: 45

direct
impact

side view

closed open
end position

cavity section
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Final Design

Component development — SMA

mechanism

diagrid substructure node

steel cable

ETFE single-layer

translucent membrane

Keder rail

ETFE single-layer
transparent membrane

PTFE coated
fiberglass ventilated
open mesh

thread connecting
the cavity
lamellas

bulllet terminal connector
attached to textile

SCERGIGETs!

thread fixed on the
cavity lamellas

Scotch Yoke pivot mechanism

stopper

i e—— pivot axle

SMA wire

‘9— bias spring
%
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Final Design
Component development

summer situation winter situation

ETFE single-layer | deployable ETFE
translucent membrane N\ single-layer

transpa

membra

e———— steel cable

. . Keder rail

/

ETFE clipping profile
{ &
\\\74/ L
@ e— pivot axle

Scotch Yoke rotanng—o diagrid node

mechanism top mechanism zoom-in

\ e——————— SMA wire /

v / lamellas in

/ open position
SMA wire ————e y steel—e
thread

bias spring - . lamellas

in closed
position

Diagrid node connection components
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Final Design
Component development

vertical substructure

cavity steel frame & diagrid structure & ETFE single-layer
horizontal anchoring rotating lamellas connecting components membranes

PTFE single-layer
opague membrane

PTFE coated
fiberglass ventilated
open mesh

Performance-driven material selection
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Final Design

Details
|
/ |
PTFE coated 7/ '
fiberglass ventilated V. ETFE single-layer
Keder rail  clipping profile steel cable open mesh translucent

membrane

ETFE single-layer
transparent
membrane

pivot axle
attachment rings

pivot disk & yoke
mechanism

diagrid node

SMA wire

fixing profiles

bias spring

bullet terminal
connectors

steel thread

stopper

side profile

pivot base

pivot disk

pivot axle

rotating
pin
sliding yoke
with slot

steel thread

steel thread connecting the
cavity lamellas

SMA wire

start position (summer situation)

Pivot mechanism

end position (winter situation)



Final Design
Visualizations

Summer situation

Winter situation

52



Final Design
Visualizations

Summer situation

Winter situation
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Final Design
Visualizations

A Ay

i

3503

IROASANADS

54



Overall performance evaluation

Environmental performance — Bu

impact

significant 4=

noticeable -4~

fa

stand-alone
. barely
solution

fairly

ilding’s UHI impact

ir ==

existing facade

sign

noticeable <4~

Environmental performance
Building’s UHI impact
Qualitative comparative ranking

+ positive contribution
- negative contribution

indirect

impact

ificant == existing facade

with proposed skin

fair 4=

noticeable ]

with proposed skin

facade

negative |

barely
noticeable ]

highl

negative

existing type
¥ e facade

impact

significant

noticeable —

In comparison tair

to similar
barely

interventions oticeabie 7]

existing
facade with
proposed skin

fairly

negative |

highly |

negative

- facade
existing existing facade  WP®
facade with typical

shading devices

fairly facade
negative T type
highly |
negative existing
facade
mpact i existing facade
existing 4 3
significant 1~ facade with  With typical
. shading devices
proposed skin
noticeable ==
fair 4=
barely
noticeable +
fairly = facade
negative | type
highly |
negative existing
facade

overall impact

impact
significant 4=
noticeable <4~

fair <4

barely
noticeable T~

existing facade
with proposed skin

fairly
negative |

highly |
negative

impact

significant ==

noticeable —-

fair 4=

barely
noticeable

facade
type

existing
facade

existing
facade with

proposed skin
existing facade

with typical
shading devices

fairly
negative |

highly |
negative

existing
facade

facade
type
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Overall performance evaluation

Building’s energy performance

Energy performance
Intervention’s contribution to building’s

annual performance improvement

e Sa ’v'— ~"~~ "—’ ‘~~~
L4 ~ b ~ -
’ i v’ - .
. heating dominated s P ; ; . g . ;
p N i heating dominated N 4 heating dominated
’ i » . , s
; period E Fos period . 4 period
1 \ ’ \ ’
] \ 1 \ 1
i \ ] \ [}
[} ! 1 ! [}
[m e msennonmmmnnwow- TR R T R RN R R RN N R RN E N AR R R R R R R R R R R R AN EE RN
1 ! 1 ] 1
1 ] ] 1 1
\ ! \ 1 \
1 ' A ! \
. I‘ 5 d A} ’ \
b sooling) dominate 4 R cooling dominated 4 % cooling dominated
ke period 4 = . g k "
e _ of e period o \ period
~ ’ ~ v -~
- ~ - 2z B -~ ~ - - > 2 ~ ~ - - 2
proposed facade design typical shading devices typical double skin

glazed facade



Reflection — Discussion

Feasibility assessment

Qualitative assessment map for the facade
integration potential of responsive facade systems

Overall performance Overall performance

++4+ +++

Technical & financial
feasibility

Availability Technical & financial Availability

feasibility

Physical integration Durability & Maintenance Physical integration Durability & Maintenance

Proposed facade design Double skin
facade examples

Double fagade examples in Athens
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Reflection — Discussion

Compliance to design goals — Answer to research question

“whether, how and to what extent the implementation of SMMs in an integrated passive
adaptive solar morphing system can contribute to the reduction of the building’s impact on
the UHI effect in an energy-efficient and autoreactive way”

Design goals ;
; Compliance to the design goals
Environmental performance ;
L ] Environmental performance
min max ; 144
: ++
Feasibility level 1 .
Brcrmrmsm s s —— e :
min max ;
! Passive Feasibility level
Mechanical and structural parts 1 responsiveness
S > 1 8
min max ;
Complexity level ;
min max l
i Complexity level Mechanical & structural parts
Responsiveness 1 reduction
o . % i :
. ‘ Proposed facade design
passive active ;
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Reflection — Discussion
Limitations & Challenges — Future developments — Open guestions

Graduation Process & Methodology:
° Design tool limitations: certain simplifications and assumptions during modelling - precise simulations with more known variables to be required in a more advanced design stage
* Lack of prototyping limited the evaluation of the SMA mechanism in practice, the operating system remained at a conceptual level

- material tests, trial-and-error experiments to assess the thermal and dynamic performance under targeted conditions

° Further development of the computational tool focused on the fagade energy and performance evaluation composed of simulation study clusters based on the analysis level

Cluster O

Base information: Location, climate

Set-up:
Weather Annual Data :
Urban Weather Generator

User inputs:

epw data
Urban context & conditions

Cluster 1 Cluster 2 Cluster 3
Level: Building facade Level: Urban Level: Building's interior

Analysis base: Facade surface Analysis base: Street surface Objective: Energy performance

& inner comfort

Studies: : 3 Studies: : Studies:
Sun ray trace analysis UTCI Cooling demands analysis

Sun radiation analysis Cumulative radiation analysis Energy Balance
‘ i : Daylight analysis

User input: User inputs: User inputs:
Study facade surface geometry Building envelope geometry Building geometry
Analysis period } | Material reflectance factors : Thermal zones
i Urban geometry context : Boundary conditions
Analysis period Internal loads
Air Flows

Analysis period

Computational tool cluster concept overview



Reflection — Discussion

Limitations & Challenges — Future developments — Open guestions

Computational tool development

g y t \
e il
\ Urban Heat L
\\\ Island Pt
< _ Modellng _~ 4
Cluster

\ Data :
N
~ _ Vvisualization

Envelope Heat
Flow Modelling

Cluster 3 “illiiii”

0

Daylight
Analysis

Energy Analysis

Geometry Modelling

Rhinoceros

- Athens

al \Weather Data

Urban Weather
Generator

- -
\
\

=
=
<

1 1
1 \ !
1 \ ,I
: \\ Solar Radiation ’
' 3 "3 Analysis .’
1 1 NeES -7
P [ | S e
1 . e Cluster 1
1 | - ~
1 1 i N X
A ‘
\ 1 | 4 \\
- 1 1 " S : \
[ [ —— p,
. . D o i
1 1 g BN
S £ \ ey & /I
OpenStudio R ’
THERM \\ Ray trace /'
s Analysis L
i T P
1 / -
s &
Cumulative
EnergyPlus x>
\\\\\ 5 Irradiance map
‘ MU
=N
5 >
.
<= Cluster 2

Outdoor comfort
Microclimate map
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Reflection — Discussion
Limitations & Challenges — Future developments — Open guestions

Example x

Computational tool development
Geometry Input

a
Il S
'l' ‘\
y \
] \
l' ‘\
, \
i N
; \
/
/ \
/ \
/ \
/ \
/ \
! \
! |
H : Cluster O
' ' — .
Feedback i Optimization
| :
] H
\ !
b L R Tl L L
\ !
\ /
\ L et TU SO
0y ’ . 5 S
\ . . . »
\ / . \ B 4 K
\ . ' T .
: é} : s . : Cluster 1
, . X v Y B :
“ "’ ‘- % " % .% "
. . % '.' S ','

Performance Computational
evaluation workflow toolset

. ‘.' \% .“
é . : Cluster 2
< :

B L TP ITY | s & > il =% Cluster 3
I“l H E! % \‘ HERE [ :

Final Design Output
&
Performance improvement




Open questions

Comparison to other mitigation strategies — Radiative cooling passive technologies

Visual properties — Solar reflectance factors:

PTFE =» solar reflectance 70%
Standard white paint - solar reflectance 86%
Ultra-white paint = solar reflectance 97%

Window-to-wall 14
ratio
85—+
45 —+
25—+
15 —
0

Retro-reflective materials = solar reflectance 81%, retro-reflectance 44%
Cool-colored white paint => solar reflectance VIS 85%

design proposal

radiative
cooling
strategies

mechanical system

?

Complexity level

(context & operation parameters)

Complexity 1

level

Environmental

performance
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Limitations & Challenges — Future developments — Open questions

Facade design:

° Thesis project evaluated one isolated scenario under the UHI scope

. There are potentials for SMM-based integrated facade systems to passively regulate the building’s energy and environmental performance

> Significance of feasibility evaluation in a broader context and not an isolated design application. Further research with more parameters involved:

o

© O O O O O

Influence of a different location, climatic context, orientation, application scenario

Impact of exposure to extreme weather conditions to the operation, possibility for SMM deactivation, malfunction or deterioration

Full-scale prototyping & annual performance testing in a facade application under real conditions to give feedback for the design evaluation and optimization
User’s control: fully passive practically unrealistic in non-opaque fagades

Operation schedule to be further investigated and validated in practice

Seasonal operation & frequency of dynamic changes: /s a dynamic _movement justified in_practice or is it _limited to_an operation a few times per year?

Advantages of smart materials & passive over active operation: 70 what extent and which _condjtions promote the use of passive operation with smart _materials ?

Context-related
external parameters

Facade orientation

Location

Climatic conditions

Extreme weather
conditions

New design vs retrofit

Operation-related

internal parameters

User’s control

Passive vs active

Operation frequency

Operation complications

Daily vs seasonal
operation
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