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thermal comfort:

How can you prevent overheating in 
a large glazed space (passively)?

focus = thermal inside comfort summer
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thermal comfort:

How can you prevent overheating in 
a large glazed space (passively)?

shading

focus = thermal inside comfort summer
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why sola rcells



shading

therm
al c

omfort production

solar cells

double profit



sustainable goal

to reduce the energy consumption 

from non-renewable resources



c o n t e n t:

 - i n t ro d u c t i o n

 - t h e r m a l c o m f o rt

 - Pa ra m e t r i c m o d e l a n d ca l c u l at i o n r e s u lt s

 - e n e rg y P ro d u c t i o n w i t h s o l a r c e l l s

 - m o r P h o lo g i ca l d e s i g n ov e rv i e w

 - d e s i g n cas e s

 - c o n c l u s i o n s
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(iso 1379:2008) dynamic calculation formula

ti inside temPerature (K)
Qi internal heat  (w)
h heat transmission  (w/K)
m thermal active mass  (Kg)

ti-1 temPerature Previous  (K)
 hour    
te outside temPerature (K)
Q

sun
 solar heat   (w)

INSIDE TEMPERATURE CALCULATION
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INSIDE TEMPERATURE CALCULATION - MAJOR PARAMETERS
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Hv, stack
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INSIDE TEMPERATURE CALCULATION - MAJOR PARAMETERS

 - mass

 - (passive) ventilation

 - solar transmittance factor
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dimentions / properties

radiation analysis
temperature calculation

solar cells’ yield

Designer: what is the magnitude of parameter changes?

Parametric model:
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input weather data

PV yield
analysis

input 
geometry

radiation analysis

legend
output
excel

PARAMETRIC MODEL - GRASSHOPPER / LADYBUG
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input weather data

PV yield
analysis

input 
geometry

radiation analysis

legend
output
excel

PARAMETRIC MODEL - GRASSHOPPER / LADYBUG



productionpara. modelcomfortintroduction design conclusions25 of 65

s u m m e r day -  z łot e ta r asy i n wa rsaw

INSOLATION ANALYSIS
radiance analysis complex shape
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INSOLATION ANALYSIS
radiance analysis complex shape

s e as o n s -  z łot e ta r asy i n wa rsaw
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mild curvature strong curvature

bubble -eindhovenbritish museum - london

złote tarasy - warsawprinsenhof - delft

INSOLATION ANALYSIS
summer day radiance on prinsenhof
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input weather data

PV yield
analysis

input 
geometry

radiation analysis

legend
output
excel

PARAMETRIC MODEL - GRASSHOPPER / LADYBUG
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INSIDE TEMPERATURE CALCULATION - SUMMER DAY

search for required settings to achieve acceptable max temp.
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INSIDE TEMPERATURE CALCULATION - SUMMER DAY
results
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 - mass

 - (passive) ventilation

 - solar transmittance factor
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TEMPERATURE

TIMENIGHT

HIGH THERMAL MASS

LOW THERMAL MASS

DAY

baseline model:
30x30 x15m

(kg/m3)

INSIDE TEMPERATURE CALCULATION - SUMMER DAY
results
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INSIDE TEMPERATURE CALCULATION - SUMMER DAY
results - mass (heavy building)
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variables:
mass (1/3 of previous)
ventilation height
STF

constant:
area roof (insolation)
ventilation area
U-value
outside temp

height (m):

23x23m

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

d
a

il
y
 m

a
x
 t

e
m

p
e

r
at

u
r

e

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27
15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

15

18

21

24

27

30

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

T 
(o C

)

STF

max temp per architype
proportional ventilation

desired

12

15

21

18

24

27

INSIDE TEMPERATURE CALCULATION - SUMMER DAY
results - mass (light building 1/3 of mass)
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INSIDE TEMPERATURE CALCULATION - YEAR  ANALYSIS
results - cummulative heat effect?
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VENTILATION  - (PASSIVE) STACK EFFECT

effective open areaventilation height

(pressure difference)

heat by ventilation

2 2 2

1 1 1

eff bottom topA A A
= +

, , 1v stack v stack iQ H T −= ⋅∆

, 2v stack d eff
i

TC A gh c
T

ρ∆
Η = ⋅ ⋅
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SOLAR TRANSMITTANCE FACTOR (STF)

baseline model:
30x30 x15m
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SOLAR TRANSMITTANCE FACTOR (STF)

for max 22oC
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 - temperature distribution in space is equal

 - selected day (21 July), is it representative?

 - should be validated by verified calculation software 

 

 

 

 

temPerature results not absolute - use for relative comParison

CALCULATION RESULTS - the value of the results

calculation temp distribution

realistic temp distribution
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input weather data

PV yield
analysis

input 
geometry

radiation analysis

legend
output
excel

ELECTRICAL YIELD VERIFICATION
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yield winter annual yield

measured yield (december to february):

214 kWh

calculated yield (december to february):

237 kWh

calculated yield (year):

3350 kWh

ELECTRICAL YIELD VERIFICATION
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yield winter annual yield

measured yield (december to february):

214 kWh

calculated yield (december to february):

237 kWh

calculated yield (year):

3350 kWh

±10% deviation

ELECTRICAL YIELD VERIFICATION
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yield winter annual yield

measured yield (december to february):

214 kWh

calculated yield (december to february):

237 kWh

calculated yield (year):

3350 kWh

±10% deviation

ELECTRICAL YIELD VERIFICATION

 - verification OK 

 - PV layout calculation only possible for PV types that are on the market

 - not possible for curved geometries

 - calculation based on ‘perfect working’ system

REFLECTION



Energy production:

Which types of PV can a designer choose from?

What is the yield?

What are the pro’s and con’s?



h au p t ba h n h o f -  b e r l i n



productionpara. modelcomfortintroduction design conclusions49 of 65

b e l g i u m pav i l i o n -  m i l a n
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b e l g i u m pav i l i o n -  m i l a n
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R-values

airext

glass

glass

glass

glass

airint

cavity

QsunQrefl

Qtrans

Rext*

Rint*

Qin

Qout

PPV
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LAYOUT SCHEMES PV

copper indium 
gallium selenide
(CI(G)S)

cadmium 
telluride (CdTe)

micro-crystalline 
silicon (μ C-Si)

Organic solar 
cell (OPV)

dye-sensitized 
solar cells 
(DSSC)

perovskite solar 
cells (PSC)

gallium arsenide 
(GaAs)

quantum dots 
solar cells 
(QDSC)

luminescent 
concentrators 
(LSC)

Belectric leaves 

powerwindow

lumiduct

glass prisms

sphelar

amorphous 
silicon (a-Si)

polycrystalline
silicon (poly 
C-Si)

monocrystalline
silicon (mono 
C-Si)

efficiency 
module 
(lab)

state of 
commercialisati
on

visual 
transparency

thickness / 
�exibility

Wpeak/m
2* technique notably

15 - 24% 
(25.6%)

15 - 24% 
(25.3%)

13 -18%
(21.3%)

5 - 10%
(14.0%)

7-12%
(22.6%)

8 - 11%
(21.1%)

1 - 10%
4.5%
(11.5%)

1 - 10%
(14.1%)

10 - 15%
(22.1%)

33%

(9.9%)

(6.5%)

~0.05%
~0.1% 
(30W/m2)

diffuse

0.1 - 2%
(5.8%)

mature, large 
scale production

mature, large 
scale production

different colours 
possible

mature, large 
scale production

early, medium 
scale production

early, medium 
scale production

fundamental 
research phase

fundamental 
research phase

early, �rst 
applications 

early, �rst 
applications 

(in)organic vulnerable to frost,
increase eff. by temp increase,

vulnerable to 
degradation, 
organic, IR

vulnerable to 
degradation,ran
ge of colours

option: 10% 
transp. visible 
spectrum, 5%ef

fundamental 
research phase

mainly space 
applications

research and 
development 
phase

research and 
development 
phase

product 
development 
phase

product 
development, 
�rst applications

product 
development, 
�rst applications

0%
50% (spacing)*
70% (spacing)*

appearance

160 - 240 μm / 
brittle

160 - 240 μm / 
brittle

0.01 - 2 μm / 
�exible** 

0.01 - 2 μm / 
�exible 

0.01 - 2 μm / 
�exible 

0.01 - 2 μm / 
�exible 

0.1 - 0.6 μm / 
�exible 

not �exible

μm / �exible 

200
100
60

160
80
48

50
40

95
48
29

95
48
29

100
50
30

55
45

50

100
60
40

0.5
1

0%
50% (spacing)*
70% (spacing)*

0%
50% (spacing)
70% (spacing)

0%
50% (spacing)
70% (spacing)

0%
50% (spacing)
70% (spacing)

0%
70% 

10%
20%

~90%
~70%

50%
70%
80%

glass-glass 
module

glass-glass 
module

on �exible 
substrate (eg. 
PET), or glass

on �exible 
substrate (eg. 
PET), or glass

on �exible 
substrate (eg. 
PET), or glass

on �exible 
substrate (eg. 
PET), or glass

on �exible 
substrate (eg. 
PET), or glass

organic dye, 
based on 
photosinthesis

on �exible 
substrate (eg. 
PET)

on �exible 
substrate (eg. 
PET)

on �exible 
substrate (eg. 
PET)

micro-spheres 
of mono C-Si, 
between glass

re�ection 
in-plane  by 
coating + CIGS

concentrator / 
GaAs cels

re�ection 
in-plane 

integrated in 
glass, OPV

A
P

P
LI

E
D

N
A

N
O

T
H

IN
 F

IL
M

C
R

Y
S

TA
LL

IN
E
 S

IL
IC

O
N

no

no

low / high

low / high

medium / low

medium / 
medium

medium / 
medium

medium / 
medium

medium / 
medium

no (tracks the 
sun)

no

low light 
performamnce/ 
angle sensitivity

Copper, zinc, 
tin, sul�de 
(CZTS)

10%
(12.6%)

abundant 
materials / 
non-toxic

effective in all 
directions

�rst results in IR 
part spectrum

non-toxic

toxic

*Wpeak/m
2 numbers are extrapolated from efficiency of the cells. The total module yield will be lower

**Flexibility highly dependent on substrate

PV CELL TYPES

various pv cell types

selection building sector/
integration glass
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PV CELL TYPES - CRYSTALLINE SILICON (mono/poly)

THIN FILM ZEBRA PATTERN

C-SI IN GLASS - 75% C-SI IN GLASS - 35% 

THIN FILM - 90% THIN FILM - 50%

ORGANIC PV / DYE-SENSITIZED

5-15% efficiency

performance
sub-optimal orientation

embodied energy
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PV CELL TYPES - ‘SPHELAR’ (mono crystalline silicon)
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PV CELL TYPES - ORGANIC PV / DYE-SENSITIZED SOLAR CELLS

THIN FILM ZEBRA PATTERN

C-SI IN GLASS - 75% C-SI IN GLASS - 35% 

THIN FILM - 90% THIN FILM - 50%

ORGANIC PV / DYE-SENSITIZED

5-15% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

20% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

10 - 14% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

20% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

CRYSTALLINE SILICON (mono/poly)

THIN FILM (a-Si, CIGS, CdTe, CZTS)

‘SPHELAR’ (mono crystalline silicon)

ORGANIC PV / DYE-SENSITIZED

THIN FILM ZEBRA PATTERN

C-SI IN GLASS - 75% C-SI IN GLASS - 35% 

THIN FILM - 90% THIN FILM - 50%

ORGANIC PV / DYE-SENSITIZED

5-15% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

20% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

10 - 14% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

20% efficiency

performance
sub-optimal orientation

embodied energy

design freedom

(potential) cost

CRYSTALLINE SILICON (mono/poly)

THIN FILM (a-Si, CIGS, CdTe, CZTS)

‘SPHELAR’ (mono crystalline silicon)

ORGANIC PV / DYE-SENSITIZED



productionpara. modelcomfortintroduction design conclusions58 of 65

PV CELL TYPES - DYE-SENSITIZED SOLAR CELLS

swisstech convention center - lausanne first building integration - 2013
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PV CELL TYPES - DYE-SENSITIZED SOLAR CELLS

potential amsterdam central station
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PV CELL TYPES - DYE-SENSITIZED SOLAR CELLS

potential amsterdam central station
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PV CELL TYPES - DYE-SENSITIZED SOLAR CELLS

potential sagrada familia, barcelona



DESIGN:

what can a designer do with this knowledge?
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MORPHOLOGICAL DESIGN OVERVIEW
 - before / together with parametric calc. model

 - overview decision options

 - consequences of choices 

Labels
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MORPHOLOGICAL DESIGN OVERVIEW
macro scale
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MORPHOLOGICAL DESIGN OVERVIEW
meso scale
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MORPHOLOGICAL DESIGN OVERVIEW
micro scale
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DESIGN OF A GLAZED SPACE WITH SOLAR CELLS

solar irradiance during day

solar heat behaviour
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1. dome, wave, thinfilm

numerical and visual feedback:

2. flat, sawtooth, c-Si

3. future vision: sun oriented,   

flush, dye sensitized

MORPHOLOGICAL DESIGN OVERVIEW
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DESIGN CASE 1

closed atrium, dome-like, wave texture, zebra layout,

integrated PV, thin film

block summer sun  - prevent overheating

allow winter sun - enhance heat gain
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DESIGN CASE 1 - WINTER

radiation analysis winter

daylight assessment winter
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DESIGN CASE 1 - SUMMER

radiation analysis summer

daylight assessment summer
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MAX TEMPERATURE AND YEARLY YIELD

20% TRANSLUCENT THINFILM (CDTE)

DESIGN CASE 1

conclusion:

 - yield low;

 - effective shading 

(-3 oC)
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DESIGN CASE 2

closed atrium, flat roof, sawtooth texture, zebra layout,

integrated PV, mono c-Si

radiation analysis result average: 635 kWh/m2
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DESIGN CASE 2

conclusion:

 - high yield;

 - effective shading 

(-5 oC)
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Redesign

 - nature museum

 - educative function

 - additional architectural value of DSSCs 

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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redesign

 - sun oriented geomerty

 - sun oriented pv layout

 - dye-sensitized solar cells

closed atrium, sun oriented roof, flush texture, sun oriented/

all over layout, integrated PV, dye-sensitized solar cells

dye-sensitized solar cells
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DESIGN OF A GLAZED SPACE WITH SOLAR CELLS

solar irradiance during day

solar heat behaviour
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DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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required STF: 0.14

sun oriented roof shape

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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internal view - roof printed with dye-sensitized solar cells

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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uitleg ontwerp - natuurmuseum

internal view - roof printed with dye-sensitized solar cells

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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 - no local shading

 - one ‘continuing’ image

 - no cables visible

 - space for maintenance

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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300

silicone seal

welded steel ‘toggle’ connection

screwed steel connection plate, spacing 400

dye-sensitized solar cell

electricity, through local gaps
rubber glass support

steel insert

bolted steel connection

PV connector

outer leaf low-iron
glass: 6-6-16-6-6

70

115

45

 - no local shading

 - one ‘continuing’ image

 - no cables visible

 - space for maintenance

DESIGN CASE 3 - NATURE MUSEUM LEEUWARDEN
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schematic design temporary design de�nite design technical design

architect

engineer

consultancy
(solar heat gain)

parametric calculation tool
designers manual



CONCLUSIONS
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 - parametric model

 - results

 - PV technology

 - design

CONCLUSIONS

RESEARCH QUESTION

In what way, can the integration of solar cells in a transparent 

roof structure be applied effectively and contribute to the 

internal climate of a large glazed space?

double profit
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ARCHITECTUREENERGY

CONCLUSIONS

balance between energy efficiency and architecture



thank you for listening!

...questions?




