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Abstract

The building sector is one of the largest consumers of energy, where the cooling of buildings accounts for a large portion of the total energy consumption.
Electrochromic (EC) smart windows have a great potential for increasing
indoor comfort and saving large amounts of energy for buildings. An EC
device can be viewed as a thin-film electrical battery whose charging state
is manifested in optical absorption, i.e. the optical absorption increases with
increased state-of-charge (SOC) and decreases with decreased state-of-charge.
It is the EC technology0 s unique ability to control the absorption (transmittance) of solar energy and visible light in windows with small energy effort
that can reduce buildings0 cooling needs.
Today, the EC technology is used to produce small windows and car rearview mirrors, and to reach the construction market it is crucial to be able
to produce large area EC devices with satisfactory performance. A challenge
with up-scaling is to design the EC device system with a rapid and uniform
coloration (charging) and bleaching (discharging). In addition, up-scaling the
EC technology is a large economic risk due to its expensive production equipment, thus making the choice of EC material and system extremely critical.
Although this is a well-known issue, little work has been done to address and
solve these problems.
This thesis introduces a cost-efficient methodology, validated with experimental data, capable of predicting and optimizing EC device systems0 performance in large area applications, such as EC smart windows. This methodology consists of an experimental set-up, experimental procedures and a twodimensional current distribution model. The experimental set-up, based on
camera vision, is used in performing experimental procedures to develop and
validate the model and methodology. The two-dimensional current distribution model takes secondary current distribution with charge transfer resistance, ohmic and time-dependent effects into account. Model simulations are
done by numerically solving the model0 s differential equations using a finite
element method. The methodology is validated with large area experiments.

To show the advantage of using a well-functioning current distribution model
as a design tool, some EC window size coloration and bleaching predictions
are also included. These predictions show that the transparent conductor
resistance greatly affects the performance of EC smart windows.

iv
Sammanfattning

Byggnadssektorn är en av de största energiförbrukarna, där kylningen av
byggnader står för en stor del av den totala energikonsumtionen.
Elektrokroma (EC) smarta fönster har en stor potential för att öka inomhuskomforten och spara stora mängder energi för byggnader. Ett elektrokromt
fönster kan ses som ett tunnfilmsbatteri vars laddningsnivå yttrar sig i dess optiska absorption, d.v.s. den optiska absorptionen ökar med ökad laddningsnivå
och vice versa. Det är EC-teknologins unika egenskaper att kunna kontrollera
absorptionen (transmittansen) av solenergi och synligt ljus i fönster med liten
energiinsats som kan minska byggnaders kylningsbehov.
EC-teknologin används idag till att producera små fönster och bilbackspeglar,
men för att nå byggnadsmarknaden är det nödvändigt att kunna producera
stora EC-anordningar med fullgod prestanda. En välkänd utmaning med uppskalning är att utforma EC-systemet med snabb och jämn infärgning (laddning) och urblekning (urladdning), vilket även innebär att uppskalning är en
stor ekonomisk risk på grund av den dyra produktionsutrustningen. Trots att
detta är välkända problem har lite arbete gjorts för att lösa dessa.
Denna avhandling introducerar ett kostnadseffektivt tillvägagångssätt, validerat med experimentella data, kapabelt till att förutsäga och optimera ECsystems prestanda för anordningar med stor area, såsom elektrokroma smarta
fönster. Detta tillvägagångssätt består av en experimentell uppställning, experiment och en tvådimensionell strömfördelningsmodell. Den experimentella
uppställningen, baserad på kamerateknik, används i de experimentella tillvägagångssätten så att modellen kan utvecklas och valideras. Den tvådimensionella strömfördelningsmodellen inkluderar sekundär strömfördelning med
laddningsöverföringsmotstånd, ohmska och tidsberoende effekter. Modellsimuleringarna görs genom att numeriskt lösa en modells differentialekvationer
med hjälp av en finita-element-metod. Tillvägagångssättet är validerat med
experiment gjorda på stora EC anordningar.
För att visa fördelarna med att använda en väl fungerande strömfördelningsmodell som ett designverktyg, har några prediktioner av infärgning och urblekning av EC-fönster inkluderats. Dessa prediktioner visar att den transparenta strömtilledarresistansen har stor påverkan på EC-fönsters prestanda.
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Think and grow rich.
-Napoleon Hill
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Chapter 1

Introduction
The building sector is one of the largest consumers of energy, especially in regions
with high cooling needs such as North America, the Middle East, and Southern
Europe. It is known that the cooling of buildings accounts for a large portion of
the total energy consumption. Furthermore, even relatively cold regions such as
that of Northern Europe experience rising needs for cooling of buildings, especially
commercial buildings, largely due to the increased utilization of computers.
Electrochromic (EC) materials are of great technological interest for a variety
of applications, for example in the highly interesting energy-efficient "smart windows" [1–4]. EC smart windows have the potential to increase indoor comfort and
save large amounts of energy for buildings and vehicles [5–10]. An EC device can
be viewed as a thin-film electrical battery whose charging state is manifested in
optical absorption, i.e. the optical absorption increases with increased state-ofcharge (SOC) and decreases with decreased state-of-charge [1, 2, 11]. A result of
this changeable absorption is a unique ability to control the transmittance of solar
energy and visible light in windows with a small energy effort [4], thus making the
EC technology potentially able to increase indoor comfort and save large amounts
of energy for buildings and vehicles [3,4]. Most energy savings derive from reducing
the amount of solar energy passing through the windows, i.e. reducing the building’s
cooling needs. Moreover, additional energy savings and increased indoor comfort
are also possible as utilization of facility lighting can be reduced and facades can
be redesigned. As a matter of fact, compared to an efficient low-emissivity window,
the EC window shows annual peak cooling load reductions of 19-26% when the EC
window is controlled to minimize solar heat gains, and lighting energy use savings
of 48-67% when the EC window is controlled for visual comfort [5].
Today, various companies produce small EC applications such as small windows
and car rear-view mirrors1 . To reach the construction market, it is crucial to be
able to produce large area EC devices (from 1 m2 and upwards) with satisfactory
1 ChromoGenics AB, EControl-Glas GmbH & Co., Gentex, Sage Electrochromic, inc., SaintGobain, etc.
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performance, cost and design. A challenge with up-scaling is to design the EC
system with a rapid and uniform coloration (charging) and bleaching (discharging)
[1, 3]. In addition, up-scaling the EC technology is a large economic risk due to
its expensive production equipment, thus making the choice of EC material and
system extremely critical. Although this is a well-known issue, little work has been
done to address and solve these problems [12, 13].
To successfully predict and optimize the performance of EC systems in window
applications without large investments, a cost-efficient method capable of predicting
and optimizing the performance of large area EC devices has to be developed.
To develop such a method, there has to be a well-founded understanding of the
current distribution effects in the EC electrical and electrochemical systems. A
current distribution model, validated with experimental data, is a powerful tool
for investigating and understanding current distribution effects of novel designs
such as the EC system. Furthermore, if this current distribution model can be
developed and validated with small area EC devices it would be a powerful and
cost-efficient tool for predicting and optimizing performance of EC systems in large
area applications, such as EC smart windows. A further advantage with a wellfunctioning current distribution model is that the EC electrical system design may
also be optimized for low cost and lifetime, i.e. decreasing the amount of expensive
transparent conductor material to a minimum without sacrificing too much of the
performance and lifetime.
This thesis introduces a cost-efficient methodology, validated with experimental
data, capable of predicting and optimizing performance of novel EC systems in
window applications. The methodology consists of an experimental set-up, experimental procedures, and a model simulation procedure. The experimental set-up,
based on camera vision, is able to validate EC current distribution models with
experimental data. The experimental procedures are performed to develop and
validate the current distribution model. The model is a two-dimensional current
distribution model taking secondary current distribution with charge transfer resistance, ohmic and time-dependent effects into account. Model simulations are
done by numerically solving the model0 s differential equations using a finite element method.

1.1

Electrochromism and the device

Electrochromism means to color by electricity, and this property can be found in
several organic and inorganic compounds [1, 2]. Inorganic transition metal oxides
exhibit electrochromism and can quite easily be deposited as a thin film, which is
appropriate for device manufacturing. Out of the twenty-four transition metals, five
form oxides with cathodic coloration, namely Ti, Nb, Mo, Ta and W. Seven others,
Cr, Mn, Fe, Co, Ni, Rh, and Ir form oxides with anodic coloration, and vanadium
may experience both kinds [1]. An electrochromic material is able to change its
optical performance upon insertion and extraction of ions. A material with cathodic
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coloration darkens upon insertion and an anodic material upon extraction of ions.
The actual darkening of the materials is an effect of charge balancing electrons
(balanced against the ions) changing the electron density and Fermi level of the
material, thus making the materials light-absorbing. This effect is most pronounced
at the infrared wavelengths.
In figure 1.1, a schematic picture of an electrochromic (EC) device is shown.
As can be seen, the device consists of several layers. Starting from the left in the
figure is a polyester foil (or glass substrate) coated with a transparent electronic
conductor, often In2 O3 :SnO2 (ITO). Next comes an electrochromic electrode layer,
usually an active NiO layer, able to reversibly change its optical properties upon
withdrawal and insertion of ions. In some designs, this electrode is transparent at
all times, thus acting as an ion storage. An ion conductor through which the ions
pass when they are shuttled between the electrodes comes after this active layer.
The ion conductor has to be insulating to electrons. The second electrochromic
electrode, usually WOx , darkens upon insertion of ions since NiO darkens upon
withdrawal of ions. Last comes the second transparent electronic conductor that
might be followed by another polyester foil (glass substrate).
In an electrochromic device, a power source is applied to the outer circuit, which
setup an electric field that moves ions between the electrodes, thus changing the
optical properties of the electrochromic electrodes upon insertion and extraction of
the ions. The optical performance can thereby be modulated by shuttling small
ions, such as Li+ and H+ , through the ion conductor while the charge balancing
electrons are driven through the outer circuit by the applied potential.

Figure 1.1: Schematic illustration of an electrochromic device [1].
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Aim of the project

This project is a collaboration between Applied Electrochemistry KTH and ChromoGenics AB, financed by The Swedish Research Council (Forskningsrådet in
Swedish) Formas. ChromoGenics AB is an Uppsala-based company started by
a group of researchers from Professor Granqvist0 s group at the department of Solid
State Physics, Ångström Laboratory. The company develops electrochromic applications for the transportation and building industry, such as the EC smart window.
The aim of the project was to develop a model and methodology that can be used as
a tool for optimizing the design and the control strategies for large electrochromic
windows. This includes developing a new experimental set-up combining optical
and electrical signals, that will help in the development and validation models and
methodology.

Chapter 2

Experimental
In this section the material, equipment, and software used in the thesis work are
presented. The actual model and the methodology procedures are presented in the
results section, 3.2.

2.1

Material

The EC devices used in this study are made of flexible polyester foils with sputterdeposited transparent electrical conductors (In2 O3 :SnO2 , ITO), anodic EC material (NiO) and cathodic EC material (WOx ) that are joined together with an
ion-conducting electrolyte, illustrated in figure 2.1. As shown, all EC devices are
designed with two current collectors placed on the opposite short side of each other,
i.e. one current collector is placed in contact with the ITO on the WOx side and
one is placed in contact with the ITO on the NiO side.
All EC devices have an electrolyte thickness (del ) of 30µm and an ITO thickness
(dIT O ) around 250 nm, where the ITO sheet resistance (Rs ) is measured to be 30
ohm/sq. Three different EC device sizes are used in this study, 5×5 cm, 20×5
cm and 68×5 cm, as shown in figure 1 c-e. The 5×5 cm size are used as small
area EC devices to develop, adjust and validate the EC model, and this size was
chosen as the current distribution effects should be kept to a minimum and because
most laboratory equipment can produce EC films of this size. The 20×5 cm size is
used for transmittance distribution measurements. The 68×5 cm size is used as an
EC window to experimentally validate the methodology. These 68×5 cm size EC
devices will show the same optical behavior as full size windows with 68 cm width
between the current collectors since it is the distance between the current collectors
that is the critical design parameter.
5
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Figure 2.1: a) Schematic illustration of the EC device design, b) in cross-section,
c) the 5×5cm EC device d) the 20×5 cm device, and e) the 68×5 cm device. The
current collectors are placed 0.5 cm from the active EC surface. The EC devices in
c-e) show uneven appearance due to the picture quality and not the device quality.

2.2

Experimental equipment

The equipment used in this study consists of a digital camera (Sony 10XCDV60CR),
high resolution optics (Goyo 80GMHR31614MCN) with a 532 nm laser-line bandpass filter, a cold cathode fluorescent backlight panel, a potentiostat (PAR EG&G
Model 273A), GPIB (IEEE 488.1 interface) controller for high-speed USB and a
computer with the software LabView 8.6. A schematic and an actual picture of the
experimental set-up are shown in figure 2.2.
The camera (with an optical band-pass filter mounted) and the potentiostat are
connected to the computer, with the back-light panel providing background light
for the camera. To minimize stray light disturbance, the camera and back-light
panel are placed in a closed cabinet. In addition, an opaque material, designed to
only emit light within the dimensions of the active EC surface, is placed on top
of the back-light panel during calibration and the following measurement(s). The
camera is placed about 80 cm from the back-light panel.
A LabView interface is programmed to simultaneously control the coloration
and bleaching (charge and discharge) of the device and to collect data from the EC
device samples. A potentiostat is used for collecting electrical data (current, voltage
and charge), while a digital camera is used for collecting optical data (transmittance and location). As accurate electrical charge measurement is important, the
potentiostat0 s coulometer is used for charge measurements. Using a digital camera
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Figure 2.2: Experimental set-up. a) Schematic illustration and b) actual picture.
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for optical measurements has the advantage of freely choosing quantifying points,
lines or contrast levels, without modifying the experimental set-up. Yet another
advantage is the possibility to capture pictures of the EC surface as images, which
makes it possible to capture the actual coloration/bleaching behavior and optical
deviations (such as defects) over the EC surface. This study utilizes the option
of quantifying discrete points for determining the local transmittance state, and
utilizes images for showing the actual coloration/bleaching behavior.
It is important to notice the use of an optical band-pass filter. This band-pass
filter is the key to making adequate and comparable optical light-transmittance
measurements, independently of the background light spectrum. Using an optical band-pass filter the camera only detects wavelengths of 532 nm, making the
transmittance measurement easy to define and compare with other transmittance
measurements. The specific band-pass filter wavelength, 532 nm, was chosen since
EC applications are often see-through applications and the human eye is most sensitive at around that wavelength. However, coloration and bleaching information
for other wavelengths is neglected using a band-pass filter, but since it is easy
to measure the light-transmittance spectrum at different states-of-charge (using a
spectrometer), the neglected information is possible to obtain anyway.
An Ocean Optics spectrometer was used for verifying the transmittance measurements.

2.3

Experimental set-up accuracy and precision

As the set-up should be able to measure the change of transmittance state and
its distribution over a large-area device, the set-up has to be optically calibrated
to process accurate and precise location and transmittance data from the digital
images.
The "pixel to real-world" coordinates are calibrated with a calibration grid. The
calibration results in a location measurement accuracy within ±1 mm with very
high precision. The pixel size is about 0.4 mm with the camera distance of 80 cm.
The transmittance measurement is calibrated by first measuring the light intensities at 0% and 100% transmittance state for every measurement point with 100
iterations, followed by calculating the mean linear relationship for every measurement point. Repeating with 50 iterations for every measurement point is important
for increasing the accuracy, since it minimizes influence of both the fluctuations of
light intensity and unevenness of light intensity over the back-light panel area.
However, since light scattering and reflection make the camera detect light intensities from other pixels than desired, the calculated linear relationship between the
light intensity and transmittance has to be adjusted to give an accurate transmittance. This "light scatter correction" procedure is performed by measuring the light
intensities and transmittance through a linearly stepped neutral density filter (11
transmittance states in the range 1-91%), and calculating the correction coefficients
for the linear relationship. By using the "light scatter correction" value of 0.94, the
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transmittance measurement accuracy is within ±1%-units and the precision within
±1% (i.e. ±(T532nm ×0.01)%-units) in the transmittance range 5-85%. The limiting factors of this set-up0 s accuracy and precision are the light intensity fluctuation
over time and the unevenness over the back-light panel.
The experimental set-up sample rate for time, current, potential, charge and
transmittance points is about 0.3 seconds.

Chapter 3

Results
3.1

Experimental results

Transmittance distribution measurements
The set-up is able to measure the transmittance distribution as pictures, which is
shown in figure 3.1, where a 20×5 cm EC device has been colored (charged) with
a potential of 6.0 V for about 6 seconds. The coloration is stopped after 6 seconds,
i.e. when the edge goes below 13%, to prevent damage to the EC device.

Figure 3.1: The EC surface and its transmittance measurement points for a 20×5
cm EC device with uneven transmittance distribution. The six outer measurement
points to the left and right are placed 15 mm from their nearest current collector
and all other measurement points are evenly spaced between these outer points. The
outside WOx current collector on the left side (not shown in the figure) is the origin
point for all measurement points. The darker parts at the very edges are sealant glue
and mask material.

Studying pictures like this, current distribution effects are shown as uneven
transmittance distribution, i.e. a color gradient over the surface. This color gradient is seen in figure 3.1 as more colored areas near the current collectors than in
the middle. By placing the transmittance measurement points according to figure
3.1, current distribution effects can be measured quantitatively as transmittance
distribution, shown in figure 3.2.
11
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Transmittance at 532nm
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Figure 3.2: a) Coloring (charging) a 20×5 cm EC device with 6.0 V and b) bleaching
(discharging) a 20×5 cm EC device with -6.0 V, the measurement points are placed
15 mm (2), 37 mm (+), 60mm (◦), 82 mm (∗), and 105 mm (O) from the WOx
current collector.

The quantitative data show the same results as in figure 3.1, i.e. the areas
near the current collectors are colored/bleached faster due to current distribution
effects. The transmittance is only plotted for half of the device as measurements
showed that the transmittance distribution behavior during coloration/bleaching
was symmetrical.

3.2

Modeling results

To successfully describe the performance of EC systems in window applications,
one has to setup a two-dimensional current distribution model that can describe
the ohmic loss in the transparent conductor (ITO), local kinetics of the EC materials
and optical correlation to the charge injection over time. This section describes the
model and the experimental procedures needed to develop a large area EC model
out of small area EC device experiments.

The EC Model
An EC device is best understood by separating the local kinetics and transparent
conductor layers from each other. The local kinetics give a one-dimensional current flow between the two transparent conductor layers, limited by electrochemical
processes in the EC films and electrolyte. The transparent conductor layers gives
a two-dimensional current flow over the EC surface, limited by the conductivity
of the transparent conductor. In fact, the transparent conductor conductivity be-
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comes the limiting factor when increasing the size of the EC device. Both the
local kinetics and transparent conductor layer limitations have to be described correctly to give an EC model capable of simulating and predicting the performance
of EC windows. The methodology presented here describes the EC device using a
two-dimensional current distribution model, including limitations in both the local
kinetics and the transparent conductor layers.
There are numerous local kinetic models for the coloration and bleaching behavior of EC materials, especially WOx , including effects of charge transfer, diffusion
and local ohmic effects [15–23]. However, most of these models only describe one of
the electrodes, use an equivalent circuit scheme to describe the EC properties, and
can only be used with fixed current loads and, most importantly neither of these
models includes effects of current distribution. These issues make it difficult or
even impossible to use these models in this study since most EC device systems use
two electrodes, have non-linear dependences, which easily makes equivalent circuit
solutions very complex, use variable local current load, and are greatly dependent
on the current distribution effects. The current distribution model presented in this
study is a two-dimensional time-dependent model describing the potential, current,
and charge distribution over the EC device surface. Ohm0 s law is used to describe
current flow through the transparent conductor layers (ITO layers),


di
dE
= i and d
= j gives:
−σ
d(x, y)
d(x, y)
−dIT O · σ1

d2 E1
= j and
d(x, y)2

(3.1)

d2 E2
= −j,
d(x, y)2

(3.2)

−dIT O · σ2

where E is the local potential (X1 is for WOx , X2 for NiO), i the local current
flow in the transparent conductor layers, j the local current density flow through
the EC films and electrolyte and σ and d are the conductivity and thickness of
the transparent conductor layers, respectively. The conductivity is set according
to σ1 = σ2 =σIT O = Rs ·d1IT O = 1.33·105 S/m. To describe the current flow through
the transparent conductor layers between the current collectors and the active EC
surface the local current density flow (j) is set to zero, see figure 2.1.
This model describes secondary current distribution as it includes potential
losses in the electrochemical reaction kinetics. The electrochemical reaction kinetics
is described by a Butler-Volmer-based equation,
 −α F η  )
(  αa F ηΣ 
c
Σ
RT
j = S · j0 · de e RT
−e

(3.3)

where S is the electrodes0 specific surface area, j0 the electrodes0 exchange current
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density, de the electrodes0 thickness, αa and αc the charge transfer coefficients, F
Faraday0 s constant, R the universal gas constant, T the temperature, and ηΣ the
cell overpotential,
ηΣ = E2 − E1 − EiR − Et − ∆Eeq ,

(3.4)

where the EC films and electrolyte are described as a resistance (EiR ), timedependent potential (Et ) and equilibrium potential (∆Eeq ). A single value for
the combined exchange current (S · j0 · de ) is used as the model does not include
the thickness and porous structure of the electrodes. The optical properties of the
EC films are described by the optical transmittance state (T (SOC)). The model
calculates the local state-of-charge (SOC),
SOC =

q(x, y, t)
qmax

(3.5)

by integrating the local charge,
dq(x, y)
= j,
dt

(3.6)

q(x, y, 0) = 0 (bleached (discharged) state, T=56%) and

(3.7)

q(x, y, 0) = qc (colored (charged) state, T=13-15%)

(3.8)

The initial charge is set to

for the coloration and bleaching case, respectively. The boundary conditions for
the model are
x = 0 cm, 0 ≤ y ≤ H cm and 0 ≤ t ≤ tstop is E1 = 0,

(3.9)

x = 0.5 cm, 0 ≤ y ≤ H cm and 0 ≤ t ≤ tstop is i2 = 0,

(3.10)

x = L − 0.5 cm, 0 ≤ y ≤ H cm and 0 ≤ t ≤ tstop is i1 = 0 and

x = L cm, 0 ≤ y ≤ H cm and 0 ≤ t ≤ tstop are E2 = Vapp or − σ2

(3.11)

dE2
= Aapp
dx
(3.12)
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for the potentiostatic or galvanostatic case, respectively. All other boundaries are
insulated with zero flux.
The model simulations are done by numerically solving the differential equations 3.1-3.6 with initial values 3.7-3.8 and boundary conditions 3.9-3.12 using the
software Comsol Multiphysics. Comsol Multiphysics is a software that uses the
finite element method.
All the model constants, parameters and dependencies are determined with
experimental procedures in section 3.2. The model constants and parameters are
summarized in table 3.1 and 3.2, respectively.
Table 3.1: Model Constants
Name

Value

Unit

Description

σIT O

1.33·105

S/m

Conductivity of transparent conductor layers

Rs

30

Ohm/sq

dIT O

250

nm

Thickness of transparent conductor layers

del

30

µm

Electrolyte thickness

αa

0.5

-

Anodic charge transfer coefficients

αc

0.5

-

Cathodic charge transfer coefficients

T

298

K

qmax

11.5

mC/cm2

Sheet resistance

Temperature
Maximum charge limit

Table 3.2: Model Parameters
Name

Coloration

Bleaching

Unit

Description

S·j0 ·de

1·10−2

1·10−1

A/m2

Combined exchange current

κel

1·10−3

1

S/m

Electrolyte conductivity

0

0.06·(1−SOC)
SOC

Ohm

Charge-dependent contact resistance
at the electrode interface

0.1

0.2

V

Initial potential of the time-dependent
potential

5·10−5

6·10−4

s−1

Relaxation rate of the time-dependent
potential

Ri
Et=0
Rt
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Model adjustment procedures
To setup, adjust and validate the current distribution model correctly, three types of
experimental procedures have to be performed, i.e. pulsed coloration and bleaching
to experimentally determine the equilibrium potential (∆Eeq ) and optical properties (T (SOC)), galvanostatic coloration and bleaching to interpret the combined
exchange current (S · j0 · de ) and possible time-dependent potential (Et ) effects, and
potentiostatic coloration and bleaching to interpret any ohmic properties (EiR ) and
to validate the model. All experiments in this section use small area EC devices,
5×5 cm, to keep the current distribution effects to a minimum, making it easier
to derive the local electrochemical reaction kinetics and their optical transmittance
response.
Pulsed coloration and bleaching
The pulsed coloration and bleaching procedure is done to experimentally determine
the EC system0 s equilibrium potential (∆Eeq ) and optical properties (T(SOC)).
This procedure measures the potential response and transmittance while the EC
devices are colored and bleached using current density pulses of 0.01 mA/cm2 for
50 seconds followed by one hour open circuit. The coloration is stopped if the
transmittance goes below 13% or if the potential response goes above 1.8 V, and the
bleaching is stopped if the potential response goes below -2.0 V. The experimental
data are collected at the end of each open circuit period.
The coloration and bleaching current density pulse is kept low and short to
minimize current distribution effects, give a sufficient resolution, and enable maximum transmittance/SOC range (with too high current the maximum transmittance
level can not be reached). The coloration and bleaching is stopped as described
to keep the coloration and bleaching in the reversible range and not damage the
EC devices. The results give the maximum charge limit of qmax =11.5 mC/cm2 ,
and thereby the experimental relation between the equilibrium potential, optical
transmittance response and state-of-charge (SOC), see figures 3.3.
When fitting these experimental data to polynomials the local kinetic model0 s
function for the equilibrium potential,

3

∆Eeq = f (SOC) = 0.0038 + 2.03 · −0.50 · SOC − 4.61 − 10

−6

·e

1
SOC+0.10



, (3.13)

and transmittance response,
T (SOC) = 0.56 − 0.72 · SOC + 0.28 · SOC 2 ,

(3.14)

can be derived. Figure 3.3 shows that the fitted data correlate well with their
experimental data. However, it could be observed that the experimental data for
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Figure 3.3: Experimental data for pulsed coloration and bleaching of EC device 1
(2), EC device 2 (+), EC device 3 (◦) and fitted Eeq (solid line) for a) optical transmittance response (T (SOC)) and b) equilibrium potential (∆Eeq ). The equilibrium
potentials for the coloration are the higher potential and for the bleaching the lower
potentials, looking at the same SOC.
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the equilibrium potential, figure 3.3 b, show minor hysteresis between the coloration
and bleaching equilibrium potentials. This hysteresis is probably a result of the
EC device relaxation times being greater than the experiment0 s one hour open
circuit time. Anyhow, a one hour open circuit time is considered as sufficient since
this hysteresis is manageable and even longer open circuit time would result in
unnecessarily long experiment times.
Galvanostatic coloration and bleaching
The galvanostatic coloration and bleaching is done to interpret the combined exchange current (S · j0 · de ) and possible time-dependent potential (Et ) effects. This
procedure measures the potential response and transmittance while the EC devices are colored and bleached using a constant current density of 0.01 mA/cm2 .
As for the pulsed coloration and bleaching above, the coloration is stopped if the
transmittance goes below 13% or if the potential response goes above 1.8 V, and
bleaching is stopped if the potential response goes below -2.0 V. After the coloration and bleaching are stopped, the EC device is set to open circuit to measure
the relaxation behavior of the EC system.
The coloration and bleaching current density is kept low for the same reason
as for the pulsed coloration and bleaching. Important to notice is the use of a one
hour open circuit period before the coloration and bleaching procedures are started.
This is important since the relaxation times are very long and if this open circuit
period is too short, the experiment would give misleading data, i.e. the starting
potential response will shift in the negative or positive direction for the coloration
and bleaching procedure, respectively.
This is a suitable first experiment to determine the combined exchange current and time-dependent potential. The coloration results show indications of a
relatively large combined exchange current, since there are both a weak potential
response at start and a small potential drop after the coloration is stopped, see figure 3.4 a,c. These test data also indicate that there is some kind of time-dependent
potential in the EC films and electrolyte. This can be observed since the potential response both increases linearly with coloring time and decreases exponentially
upon open circuit time compared to the equilibrium potential.
If the combined exchange current is set to 1·10−2 A/m2 , and the time-dependent
potential0 s linear build-up and exponential relaxation is described by
Et
Et
= j · 0.0055 − Rt ·
dt
0.34 − |Et |

(3.15)

with the initial time-dependent potential,
Et (x, y, 0) = Et=0 = 0.1V
and a relaxation rate (Rt ) of 5·10−5 s−1 , the model shows a similar potential response for both the coloration open circuit procedures, see figure 3.4 a,c. The
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initial time-dependent potential ( Et=0 ) is set to 0.1 V to match the initial potential response without setting the combined exchange current too small. However,
a minor mismatch can be noticed when the coloration is stopped, where the model
simulations show a potential drop that is a little too large, which indicates that the
combined exchange current could perhaps be set even larger.
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Figure 3.4: Experimental data for galvanostatic a,c) coloration and b, d) bleaching
of EC device 1 (2), EC device 2 (+) and EC device 3 (◦); and model simulated data
(solid line) with the fitted Eeq (dashed line). The coloration is stopped at 940-980
seconds and bleaching is stopped at 1000-1020 seconds for the three EC devices.

The bleaching results show similar behavior as for the coloration, i.e. a potential response that is weak at start and both decease linearly with bleaching time
and increases exponentially with open circuit time, compared to the equilibrium
potential, see figure 3.4 b,d. However, a major difference from the coloration is
that the bleaching potential response decreases rapidly when the devices approach
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their fully bleached state, i.e. state-of-charge (SOC) approach zero. If combined
exchange current is set to 1·10−2 A/m2 and time-dependent potential relation (Eq.
3.15) is changed so the initial time-dependent potential is 0.2 V and the relaxation
rate is 6·10−4 s−1 , the model simulations show similar potential response for both
the bleaching and open circuit procedures, see figure 3.4 b,d. The initial timedependent potential is set to 0.2 V to match the initial potential response, thus
making the initial potential response larger than the equilibrium voltage. Hence,
this larger initial potential response is probably due to the relaxation time being
greater then the one hour open circuit time used in this experimental procedure,
thus the same behavior as for the hysteresis seen in the pulsed coloration and
bleaching results above, see figure 3.3.
Furthermore, the model-simulated optical transmittance response matches both
the coloration and bleaching experimental data very well, see figure 3.4 a-b.
Potentiostatic coloration and bleaching
The potentiostatic coloration and bleaching is done to interpret any ohmic properties (EiR ) and to validate the model. This procedure measures the current and
transmittance while the EC devices are colored and bleached using potentials between 0.5-2 V and -1.0-0.5 V for the coloration and bleaching, respectively. The
coloration and bleaching times are set to 600 and 300 seconds, respectively, unless
the transmittance goes below 13%.
This is a good complementary experimental procedure to the galvanostatic coloration and bleaching procedure above, since it is easy to miss out on any ohmic
properties in electrochemical reaction kinetics when only using galvanostatic coloration and bleaching with relatively low currents. The potentiostatic procedure
is more suitable than using galvanostatic procedures with higher current densities,
since this not only reveals the ohmic properties in electrochemical reaction kinetics,
but also tests the model0 s adaptation to a variable current with wide range. In fact,
a variable current is much more realistic for the large area case, since the local current flow will always be variable due to the current distribution effects. Moreover,
the coloration and bleaching times (600 and 300 seconds) are set relatively long
to widen the current density range and to validate the model0 s local kinetics and
optical transmittance response over longer coloration and bleaching times.
In coloration done on fully bleached devices with potentials of 0.5-2 V, the
result does not show very prominent ohmic effects, i.e. the coloration is similar
for simulations without ohmic resistance and experimental data, see figure 3.5 a.
Nevertheless, introducing an ohmic resistance for the electrolyte,


del
,
(3.16)
EiR = j
κel
where del =30 µm is the electrolyte thickness and κel =1·10−3 S/m its conductivity,
the model adaptation improves for the first 60 seconds, i.e. the coloration goes
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slightly slower for the first 60 seconds when using this ohmic resistance. More
importantly this validates the local kinetics of the model and its transmittance
response over time, between 13-56%, for the coloration procedure.
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Figure 3.5: Experimental data of potentiostatic a) coloration with 0.5 V (top), 1.0
V, 1.5 V, and 2.0 V (bottom), and b) bleaching with -1.0 V (top), -0.5 V, 0.0 V, and
0.5 V (bottom) of EC device 1 (2), EC device 2 (+), EC device 3 (◦), and model
simulated data with (solid line) and without (dashed line) ohmic resistance for the
EC films and electrolyte (EiR ).

When bleaching fully colored devices with potentials of -1.0-0.5 V, the result
shows that the ohmic resistance in the EC films and electrolyte is different than
for the coloration, i.e. the bleaching is much faster for simulations without ohmic
resistance than for the experimental data, especially for lower bleaching potentials,
see figure 3.5 b. Introducing an extra charge-dependent contact resistance at the
electrode interface for the ohmic resistance (3.16),


del
+ Ri ,
(3.17)
EiR = j
κel
where the electrolyte conductivity (κel ) is 1 S/m and the extra charge-dependent
contact resistance at the electrode interface is
Ri =

0.06 · (1 − SOC)
SOC

(3.18)

the simulations show similar transmittance response to the experimental data, see
figure 3.5 b. The extra charge-dependent contact resistance has the ability to increase the interface resistance rapidly as the state-of-charge (SOC) approaches zero,
and if not used the bleaching would go much too fast at low bleaching potentials.
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As for the coloration experiment, these potentiostatic bleaching results validate the
local kinetics and their transmittance response over time, between 13-56%, for the
bleaching procedure.

Methodology validation
The methodology is validated by comparing model simulation with coloring and
bleaching a 68×5 cm size EC device with 1-3 V and -2-0 V for 900-1800 seconds,
respectively. The results show that by using the presented methodology, the developed current distribution model is capable of predicting the performance of the
68×5 cm EC device, see figure 3.6-3.7. Figure 3.6 shows that the model can predict
the transmittance response over time, and figure 3.7 shows the model0 s capability
to predict the transmittance distribution over the EC surface after 200 seconds of
coloration and bleaching. However, the model simulations show somewhat different
transmittance response over the EC surface for 1 V compared to the experimental
data. Although the simulations capture the coloration0 s characteristics, they are
a little too low throughout, see figure 3.6 a). Nevertheless, the galvanostatic and
potentiostatic coloration results above vary more between the tested devices than
for the 1 V coloration, see figure 3.5. Moreover, the bleaching simulations also
show somewhat different transmittance response, figure 3.6 b, d, f. The bleaching simulations show slightly larger transmittance distribution differences over the
EC surface, and the transmittance levels out slightly below the experimental data.
However, this is probably a result of the EC device quality and an uneven starting
transmittance, i.e. the experimental device is slightly darker near the edge than in
the middle at the start. The uneven starting point for the bleaching experiments
are due to the difficulty getting a totally even transmittance distribution in the
colored state. The reason why the simulated transmittance levels out little below
the experimental data is likely due to the EC material variations. The results also
show that the current responses are similar between the experiments and model
simulations for coloration and bleaching, see figure 3.8. The current response results only show coloration and bleaching for 1 V and -1 V, respectively, since the
result would be unclear otherwise.

3.3

Model simulations

A validated current distribution model may not only predict performance of EC
systems in window applications but may also be used as a design tool, thus giving valuable design feedback. For example, the transparent conductor resistance is
one very critical parameter when designing large area EC applications, such as EC
smart windows. If a regular 120 cm wide window is designed with a transparent conductor with resistance of either 10, 30 or 50 ohm/sq, the EC window performance
will be very different, see figure 3.9. The model predictions show that the lower the
transparent conductor resistance is, the faster and more even the coloration and
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Figure 3.6: Coloration of a 68×5 cm EC device with a) 1 V c) 2 V e) 3 V, and
bleaching with b) 0 V d) -1 V f) -2 V, where the experimental (markers) and model
simulation (soild lines) measurement points are placed at 10 mm (2), 94 mm (+),
178 mm (◦), 261 mm (∗) and 345 mm (O) from the WOx current collector.
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bleaching become. In fact, the coloration simulations show that compared to the
base-case of 30 ohm/sq, increasing the resistance to 50 ohm/sq duplicates the coloration time while decreasing the resistance to 10 ohm/sq decreases the coloration
time by half. These simulation results also indicate that the coloration procedure
is the critical procedure when switching an EC window, since it is much slower and
does not level out as the bleaching procedure does. This property makes it more
difficult to color an EC device fast and evenly, without damaging the EC material
at the edges near the current collectors. In addition, these difficulties becomes more
prominent with higher transparent conductor resistance.
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Figure 3.9: Model simulations when a) coloring a 120 cm wide EC window with 2.0
V and b) bleaching with -1.5 V, where it is designed with 10 ohm/sq (solid lines),
30 ohm/sq (dashed lines) and 50 ohm/sq (dashed-dot lines). For each case the gray
line represent the edge and the black line the middle.

Model simulations in Paper I also show an example of how a current distribution
model may be used to design control strategies for EC smart windows. A first
suggestion for a rapid and uniform control algorithm strategy would be to use a
gradually increasing coloration potential going from 1.5 V to perhaps 3.0 V. Hence,
by starting at a lower potential, the coloration is kept uniform, and by gradually
increasing the potential, the total coloration speed is increased.

Chapter 4

Discussion
A methodology capable of predicting and optimizing performance of EC device systems in window-size applications without large investments is extremely valuable.
This thesis presents a cost-efficient methodology, validated with experimental data,
capable of predicting and optimizing performance of novel EC device systems in
window applications. This is possible by using the presented experimental set-up,
experimental procedures, and model simulation procedure. It is shown that the experimental setup can easily measure transmittance distribution over large area EC
devices up to the size of 70×5 cm, thus making it possible to experimentally validate
EC models. In fact, even larger sizes are possible simply by using a larger back-light
panel. By using the experimental set-up and suggested experimental procedures, a
two-dimensional current distribution model can be developed and validated using
small area EC devices, thus making it possible to predict and optimize performance
of EC systems in window applications. The current distribution model describes
the potential drop in the transparent conductor, the local electrochemical kinetics
and optical behavior. The local kinetic model is based on a Butler-Volmer-based
equation, where both ohmic and time-dependent potentials are included.
Even though the accuracy and precision of the transmittance measurements
for the experimental set-up are good enough for the purpose, they could probably
be improved somewhat with a more stable back-light source. Choosing a more
stable and more even light source over surface and time, the present light intensity
unevenness and fluctuations would be smaller. These fluctuations and unevenness
are inevitable since this methodology0 s back-light panel has a single fluorescent lamp
as light source providing and distributing light for the whole back-light surface. An
example giving more even light is to use a back-light source with light-emitting
diodes (LED). Besides being stable, an LED back-light panel has the advantage
of being capable of controlling the back-light spectrum, thus making it possible
to utilize the camera0 s possibility to measure color coordinates, since with a more
standardized back-light spectrum the band-pass filter is not needed. Measuring
color coordinates and their distribution during charge and discharge could give
27
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more information on the current distribution effects. However, a disadvantage with
this type of LED back-light panel is that it is very expensive.
The experimental procedures of the methodology could perhaps be improved
by introducing several starting points for the galvanostatic and potentiostatic coloration and bleaching procedures, or even introducing impedance spectroscopy, to
validate the models more thoroughly and gain better insight in EC technology characteristics. However, one of the strengths of this methodology is that it only requires
easy and straightforward experiments using a cheap, unsophisticated and flexible
experimental set-up. A further possibility with this methodology is that it can be a
cost-efficient way of predicting performance of EC systems in window applications
at different temperatures. As a matter of fact, the only additional component for
that is to perform the experimental procedures at different temperatures.
By including model simulations this thesis also shows that an experimentally
validated current distribution model can be a powerful design tool for optimizing
the design of and the control strategies for EC windows. These simulations show
that the transparent conductor resistance of a normal size EC window greatly influences its performance. Hence, the lower the resistance, the faster and more even
the coloration and bleaching become. Moreover, as today0 s transparent conductor
(ITO) constitutes a substantial part of the EC device cost, finding cheaper and
better transparent conductor materials would greatly increase the value and performance of large area EC products, such as the EC smart window. Moreover,
using model simulations, a first suggestion for a rapid and uniform control algorithm strategy is presented. The suggestion is to start coloration at a relatively low
potential and to gradually increase the potential.
Even if the presented model matches the experimental data well, the local kinetics could be described in more detail with more reality-based components, thus
giving even more valuable design feedback to EC material developers. Interesting
components to include would be porous electrodes, correct mass-transport in EC
films and electrolyte and their temperature dependences. However, as these parameters can be difficult to measure and derive at a system level, an analytical solution
based on the critical parameters, would be preferred. However, this is out of the
scope of this thesis.
With the capability to predict performance of EC systems in window applications, using the presented experimental set-up and methodology, future work should
concentrate on developing the local kinetic model so that it may give valuable feedback when optimizing the EC window performance. This means including actual
material properties such as porosity and mass transport.

Chapter 5

Conclusions
Using a two-dimensional current distribution model, validated with small area experimental data, is crucial when developing a cost-efficient methodology that is
capable of predicting and optimizing performance of EC systems in window applications. This thesis introduces a methodology that is capable of predicting and
optimizing performance of EC systems in window applications simply by performing small area experiments with cheap, unsophisticated, and flexible experimental
equipment. The methodology0 s capability to predict performance of EC systems
in window applications is validated by comparing model simulations with windowsize experiments. The presented model can be used as a design tool for optimizing
the design and the control strategies for EC windows, which is demonstrated with
model simulations. These model simulations show that using a lower transparent conductor resistance greatly increases the performance of EC smart windows.
Future work should use this experimental set-up and methodology, but with the
focus on developing the local kinetics0 model, where the kinetics critical parameters
for coloration and bleaching are included. Such a model would be a great design
tool and give very valuable design feedback when developing the EC technology for
optimal window performance.
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