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Qutline

O Higher level energy considerations of buildings envelope &
windows
O Vision: The zero net energy building
o Role of fagades, windows, & glass
O Evolution of modern windows:
o Low-e glass
o Solar control coatings
o Switchable windows
O The window as a switchable device: approaches and materials
o Liquid crystal and suspended particle devices
o Gasochromic
o Electrochromic (absorbing versus reflecting)
O Challenges:
o The intelligent facade
o The window as multifunctional device — “window of the future”
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US Window-Related Energy Consumption

(Quads)
Residential Commercial
Heating 1.65 0.96
Cooling 1.02 0.52
Total 2.67 1.48

Daylight: +1 Q

O Total Building Energy Use: ~ 40 Quads
O Window-Related: 4.1 Quads*

*Quad: 1 quadrillion BTU =1 EJ = 1% of annual US Energy Consumption
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Fenestration Impacts on
Residential End Use Energy Consumption

Buildings consume 39% of total U.S. energy
71% of electricity and 54% of natural gas

"B Computers 1%

I Cooking 5%

B Electronics 5%

I Wash 5%

91% Residential —| ENNNE Refrigeration 9%

I Cooling 10% —
I Lights 12%
I Water Heat 13%
I Heating 32%
[ Other 4%

- I Cooking 2%

B Computers 3%

W Refrigeration 4%

18% Commercial | I Office Equipment 7%

I Ventilation 7%

I Water Heat 7%

N Cooling 13%
N Heating 16% «mum—
N Lights 28%
I Other 10%
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Zero Net Energy (ZNE) Buildings
“Grand Challenge”

O Focus on Life Cycle of the Building

o Design = Construction - Operations with BIM (building
information model) - a CAD model with details of the building
including energy info

O Focus on Integrated Smart Building Systems
o Materials - Devices - Integrated Systems - Buildings

O Focus on Intersection of Technology and Policy
o Innovative, disruptive technologies
o Occupant behavior, life style, satisfaction, comfort
o Investment and Decision making

O Focus on Measurable, Documented Energy Impacts

o Make buildings performance measurable, visible and
understandable

measssssssssssssss L AWRENCE BERKELEY NATIONAL LABORATORY B
Stephen Selkowitz and André Anders, Windows Group (EETD), 2008



U.S. End-Use Energy/Carbon Split

Building Energy Use:

BUILDINGS 39% total U.S. energy

40% of carbon

emissions
TRANSPORTATION o
— S 71% electricity

~y 54% of natural gas
/" INDUSTRY

8
|

—— Fastest growth rate!

Million Metric Tons of Carbon
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Two Contrasting Views of
Energy Efficiency

1976 Perspective: 2008 Perspective:
Code Official’s View of the Architect’s View of the
Ideal Wlndows ldeal Windows

HHHHHHHARHEHEH In

T

Wiis il
B T

+
|- o .‘.‘




National Energy Savings

What if all windows in commercial buildings were replaced (Cost
with...?
$20B
Current Stock —J—‘
2 Today's Typical Product ]
g3
— = Low-e _
2 Dynamic ]
> D Saves
2 2  Highly Insulating Dynamic $15B L] B Heat
L -5 m Cool
= " with Integrated Facades | NN\ Lighting Potential
\ \
13 10 -07 -03 00 03 07 10 13
Annual Primary Energy Consumption, Quads
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Progress in U.S. Residential Window
Markets

0 1973: Typical Window:

o clear, single glazed,
o double or storm window in north,
o Uaverage = 0.85 BTU/hr-F-sq.ft.

0 2006: Typical Window:
95% double glazed

60% have a low-E coating
30-65% energy savings vs. 1973
Uaverage = 0.45 BTU/hr-F-sq.ft.

O
O
O
O

0 2020: Zero Energy Building “ZEB” Window:

o Zero net energy use (typical)

goals 5 Net winter gain; 80% cooling savings
o Uaverage = 0.10 BTU/hr-F-sq.ft.
o Dynamic solar control
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Insulated Glass Unit - IGU

outside inside

transparent
low-emissivity
coating

glass panes g

—— heat flow:

air or gas-filled —— radiation

(warm adge) spacer S F]a'c e

Thermally improved

. heat flow:
conduction

——— heat flow:
convection

| 1

no.1 | no.3 Conventions
No. 2 no. 4

H. J. Glaser, Large Area Glass Coating, Von Ardenne, Dresden, 2000



Low Emissivity (Low-E)
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Spectral
Selectivity

Sheet resistance

determines reflection in
IR

high sheet resistance -
high SHG

low sheet resistance =
low SHG and coloration
In visible

spectral reflectance (%)
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Zero Net Energy Window Objectives

Nearer term objective: U-value < 0.8 W/m2-K
Long term target: U-value < 0.5 W/m2-K “Super-Window”

Approaches:
O Low-E coatings
O Low conductance gas fills

O “Warm edge” low
conductance spacers

O Insulated frame systems

O Recently: investigate use of a
very thin, third pane in the
center
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Advanced Window Technologies
for Zero Net Energy Buildings

O Five main approaches:
1. Highly Insulating Windows
2. Glazings that reduce Solar Heat Gain but admit
daylight
3. Dynamic Glazings ( variable transmittance)
2. Daylight/sunlight redirecting systems

5. Future: Lighting + HVAC (heating, ventilation, air
conditioning) are integrated and optimized via
Intelligent, integrated facades.
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The Ideal Energy-Saving Window:
low-U plus low-E plus switchable SHG

spectral transmittance resp.

reflectance (%)

Goal: make curve step switchable for optimized SHG!
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H. J. Glaser, Large Area Glass Coating, Von Ardenne, Dresden, 2000



Switchable, Dynamic Windows

o Mechanical shades (manual - automated)
a Suspended Particle Devices (SPDs)
a Liquid Crystal Devices
o Thermochromic
a Gasochromic
a Electrochromic
o Absorbing (a.k.a. first generation)

o Reflecting (a.k.a next generation)
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Exterior Shading Systems

Static 3-zone blind with bent slats
e

Automated exterior blind

Manual exterior blind

LAWRENCE BERKELEY NATIONAL LABORATORY
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Suspended Particle Devices - SPDs

Suspended particles align in response to an electric field between
transparent thin films

Transmission can be switched faster than with other chromic
techniques (seconds)

Can be integrated in smart window solutions
Energy efficiency and lifetime not (yet) proven

Raytheon Aircraft
Company Offering

Electronic Dimmable
Window Shades for
King Airs (video clip)

z

ttp://www.spdcontrolsystems.com/

h



Liquid Crystal Window

Interlayer Conductive
Film Liquid Crystal Coating

Layer

Liquid Crystal

i « Intriguing mostly

' ‘ ] because this could
! lead to a

multifunctional device

* Not (yet) established
as an energy savings
device

* Not (yet) proven to
have wide-angle, low
glare properties

®@ ©

e e T RIELEY N hitp://[www.consumerenergycenter.org/
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Thermochromic Windows

O Thermochromic materials respond automatically and reversibly to heat:
1. Organic materials: patented polymers
2. Inorganic materials: VO, doped with Mo or W

Example 1: “Cloud Gel,” a water-soluble polymer that is transparent when
cool and that turns white when warmed; has durability issue with UV.

Example 2: VO, and VO,:Mo,W or V, ,M,O,: the temperature at which the

1-x"Vx

optical property changes can be freely set from the room temperature to
68°C by adjusting the dopant dosage.
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Thermochromic Windows

Winter{<30°C) Summer (= 30000 TC layer
Laver I1 ‘ lliwer 2

Glass
A
il olar Functions possihle:
— Automatic solar conirol
ighly heat insulatio
Heat N Highly heat ins ) "
Totally UV stopping
P N Ik Pho ioc atalytic
(self-cleaning, eic)

» Current sizeable, government-backed research activities in Europe
and Japan, not in the US.

» Disadvantage: since transition is automatic, no controlled integration
into a larger, “smart” system possible

http://www.aist.go.jp/aist_e/latest_research/2005/20050614 2/20050614 2.html
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Gasochromic Windows

O Very simply layer structure: WO,
with Pd/Pt

O Gas between panes is switched,
e.g. Ar & Ar+H,

- O Pioneered by Interpane, and FHG,
Germany, within the SWIFT
program of the European Union

O Prototypes max. 1.5 mx 1.8 m
used in experimental fagcades

O Integrated gas cycling system

Photo: Interpane
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* fransmission 5(5%"- 13%
* Blue in transmission (WO;-based)
« Minimal reflectance control

« Complex multilayer design
id « Still expensive

.“ . "’
b I ,)Man‘om with Flachglass windows




Conventional Electrochromic Windows

v' Metal oxide active layer
and ion storage layer

v' Limited storage capacity

v' Many coatings, thick gﬁg

Iayers fill

outer/ \nner

GU  ——/717 \ \ \~ """~~~ IGU

pane Low-E pane
ITO ITO

ion storage layer

active layer
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Switchable Mirrors

 “Switchable Mirrors” were invented based on Rare Earth
Hydrides in 1995 by Prof. Griessen's group, Amsterdam

e Since then, other classes of materials have been invented,
including transition metal hydrides (LBNL)

(Video clip)
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Gasochromic Reflective Windows

MggsMngNi; alloy film
Inner glass

Outer glass Pd pane

pane catalyst

1

Dilute H, / dry air R&D100 in 2005
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Reflectance or Transmittance (%)

Reflective Electrochromics
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o
o
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Various Switchable Mirror Concepts (LBNL)

Metal Hydrides Copper Oxides Lithium Pnictides

-8

Semiconductor

Sb SbLi,
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Goals of Research at Berkeley Lab

0 Develop 2" generation, reflective electrochromic
windows that have:

o greater potential of energy savings than conventional, absorbing
EC windows

o Lower manufacturing cost than conventional device designs

O In recent couple of years: develop a reflective metal-
hydride electrochromic insulating glass unit employing a
novel gas reservoir design
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Electrochromic Window Concept
with H, (3%) gas reservoir

Absorbing lon Storage Gas Reservoir
switchable mirror

ITO
Layer thicknesses
about proportional to
Counter deposition times
Electrode

<——Electrolyte

ITO
WO, \

Mg Alloy

Pd

i

ITO ITO

Glass
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Gas-reservoir Electrochromic Mirror

GAS RESERVOIR BETWEEN GLASS PANES
Pd catalyst #3

Gold bus bar / ITO electrode
Pd catalyst #2
ZrO, ionic conductor

Pd catalyst #1
base contact Zr | ZrO5 barrier

ﬁ i z MnNiMg alloy

- |TO electrode

top contact

|

glass

Challenge:
from proof-of-principle of switching to durable working prototypes and beyond

LAWRENCE BERKELEY NATII A AnderS, et al., Thln SO“d FI|mS, Online 6/23/08
Stephen Selkowitz and André Anders, Windows Group (EETD), 2008



Sputtering:
A preferred technology, proven for large areas

Co-Sputtering to Fabricate the Dual-Magnetron Sputtering to
Metal Alloy Films Fabricate ZrO, Electrolyte Film
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Very Large Area Pulsed Sputtering

 Magnetrons serving alternatingly as cathode and anode
 Medium frequency sputtering (up to 350 kHz)

Gl e g s s

* high throughput for on-line coaters, up to 3.5 m wide
Photo courtesy of

ON ARDENNE =



Glass Coating
by 19th Century Pulsed Sputtering

..has already many elements of modern pulsed processing: latest is “high
power impulse magnetron sputtering”

\
Q00 0

i

Energy storage === Pylse transformer == \acuum chamber
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Metal Hydride Switchable Mirror

Small Window Prototype: Video
longcut highres.mpg
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Transmittance, (%)

Improvements by Barrier Layers and
Catalyst Alloving

Note: # 647 has improved barrier and Ag,,Pdg, catalyst

:

IIIIIIIII
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Window;



Best device so far: > 100 full cycles
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> 103 full cycles needed for prototype
> 10° cycles needed for commercial windows

————— | AWRENCE BERKELEY NAaTit A Anders, etal, Thin Solid Films, online 6/23/08
Stephen Selkowitz and André Anders, Windows Group (EETD), 2008



Switchable Mirror Research in Japan
Advance Industrial Science and Technology (AIST) press release of Dec. 21, 2006:

A research group at the Lawrence Berkeley National Laboratory of the U.S.A.
developed a thin-film switchable mirror made of a magnesium-nickel alloy. This
has a dark brown color, even in its transparent state...”....(not true! — close to
neutral, absorption by Pd)

*“By using magnesium-titanium alloy, we reduced the degree of tinting
considerably, and we developed a thin film that is almost color-neutral in its
transparent state.”

Impressive size: 60 cm x 70 cm

“Scientists at the AIST are currently
working on maximizing the durability of
the switchable glass, and overcoming the
deterioration that arises due to repeated
switching.”

http://www.aist.go.jp/aist_e/latest_research/2007/20070129/20070129.html

http://www.engadget.com/2007/02/01/aist-turns-transparent-glass-into-mirrors-to-conserve-energy/#comments



Window Integration and
Windows as Multifunctional
Devices

LAWRENCE BERKELEY NATIONAL LABORATORY
Anders, Windows Group (EETD), 2008



Near-Term Dynamic
Window Concept
Addressing Energy

\@5 and Comfort

Features

O Automated shade within
glazing system

Built-in sensors

pleated blind O Automated or manual control

custom head rail — |

lifting cord

O

O Links to home energy
management system
low-e gas filled
insulated glazing Functions

unit (IG)

sihgleglass panel - Homeowners will employ
shading systems for privacy,
aesthetics

st sy O Automate shading for peak
demand control
O Permits solar heat gain during
EXTERIOR INTERIOR

winter season

— L AWRENC B g ) e et al., Energy and Buildings 36, pp. 503-513, 2004 ——

Stephen Selkowitz and André Anders, Windows Group (EETC



Integration of Dynamic Windows with Daylighting
Technologies and Systems

O Potential: 100% increase in potential
perimeter savings

O Improve visual comfort in perimeter zone -> greater acceptance
O Improve uniformity of daylight in perimeter zone
O Extend the impact of daylight from 5m deep to 10-15m

Existing solutions need improvement:

e.g. Using 19th century reflective and
refractive optics







Future:
Integration of all Adjustable / Switchable Functions

O Intelligent Fagades take into account numerous conditions
o Automatic, software-controlled
o But also adjustable by occupant, the user, for comfort
o Dynamic, based on continuous input from sensors
Temperature (outside / room)
lllumination (outside / room)
Current occupancy

Load on grid (energy demand, instantaneous cost-
based)

O Integrated, intelligent facades include (dynamic) glazing,
shades, lighting functions, HVAC, ...

O Power-grid independent

LAWRENCE BERKELEY NATIONAL LABORATORY I
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Window as Large Area Light Emitter

O Large area, low intensity emitter of white or
colored light

O Possible approaches:
o OLED with transparent electronics
o ZnO transparent electronics

O ...

O Many issues, incl.
o Durability
o “haze” by electronic components
o Cost
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Much anticipated: Window as
Switchable Transparent Display

O Issues:

o Preserving the
window function! Advanced
A

TFT- s
o Durability
o Cost

wise

e =

Addressable pixels need
to be transparent
(without haze) and meet
energy performance
requirement and ...

http://electronics.howstuffworks.com/enlarge-image.htm?terms=oleds&page=5



Summary:
The Window of the Future needs ...

1. ...to stay a Window: i.e., a means for outside
view and comfort.

2. ...tobecome a part of the net zero energy building
by addressing

v" Thermal insulation
v Daylighting
v Spectrally selective energy control.

3. ... to achieve the necessary performance: it needs to
be switchable, adjusting for season and time of day.

4. ...to be durable and affordable.
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Summary:
The Window of the Future should...

1. ...address energy and comfort by separately switching the
visible and IR

2. ...be grid independent

3. ...be multifunctional
o Source of artificial daylighting
o Display / Picture
o Include shutter (mechanical/ absorbing / reflecting) for complete

privacy
o Energy source, at least to become self-serving and grid independent
4. ...be part of an integrated, smart fagcade, equipped with
o Sensors

Communication channels
Receptors for response.
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...towards intelligent facades, incl.
dynamic windows with integrated
daylighting systems!




LINKS FOR FURTHER INFORMATION

http://windows.lbl.gov
http://windows.lbl.gov/software

Commercial Windows Website:
http://www.commercialwindows.org

Advanced Facades Project Website
http://lowenergyfacades.lbl.gov

New York Times project
http://windows.Ibl.gov/comm perf/newyorktimes.htm
Electrochromics project
http://windows.lbl.gov/comm perf/electrochromic

OO0 00000004
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http://windows.lbl.gov/software
http://www.commercialwindows.org/
http://lowenergyfacades.lbl.gov/
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http://windows.lbl.gov/comm_perf/electrochromic
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