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ABSTRACT

Evaluation of the Potential Impact of Electrochromic Windows
on the Energy Performance of Commercial Buildings

Maria Corsi

Electrochromic windows appear to be the most promising emerging technology to
improve building performance as they provide greater control of solar gains; they have a
potentially significant impact on the indoor visual environment and energy requirements
of commercial buildings. The research work presented in this thesis, which is
accomplished using computer simulation, proposes to undertake an engineering
evaluation -of the performance of electrochromic glazings and to advance knowledge in
the field by developing a new model to simulate their control. First, the performance of
an experimental electrochromic coating is compared relative to conventional glazing
types. The APPLIED FILM LAMINATOR and WINDOW 4.1 computer programs are
used to evaluate the global parameters characterizing window performance (solar and
visible transmittance, U-value, and solar heat gain coefficient). A critical evaluation of
existing control strategies is performed using DOE-2.1E to study the effect of several
driving variables for switching on the cooling load of an existing large commercial
building. The present capabilities of the DOE program are expanded using the Functional
Values approach in order to study the effect of the electrochromic glazing switching time
for the building’s perimeter zones. Since electrochromic windows affect both building

energy consumption and visual quality, the optimization of the switching time is

iii



formulated as a multi-objective model with two conflicting objectives (energy and visual
quality). Pareto optimum solutions are shown for different weighting coefficients applied
to both objectives. This approach constitutes the basis of an automated optimized

electrochromic glazing switching strategy that is developed and incorporated in the DOE-

2.1E program.
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CHAPTER 1
INTRODUCTION - PERSPECTIVES ON

ELECTROCHROMICS

“It is our belief that electrochromic coatings and “smart
windows” are going fo be important subjects in the research on
materials for energy efficiency and solar applications for several

Yyears fo come.”
Svensson and Granqvist, 1985 [1]

Glazing in commercial buildings is increasingly required to meet multiple, and often
conflicting, performance objectives, namely {2,3,4]: (i) minimize solar gains to reduce
cooling energy consumption and peak electric demand, (ii) transmit daylight to reduce
lighting energy consumption and electric demand, (iii) improve occupant visual comfort by
minimizing glare and providing access to clear views of the exterior, (iv) maintain thermal
comfort by minimizing heat losses, and (v) reduce heating energy consumption by utilizing
solar gains for passive solar heating. The ideal glazing must therefore be able to respond
to a wide range of conditions in order to achieve the various energy and comfort
objectives. Conventional glazings, such as clear, reflective, and tinted, offer limited
control of the above performance criteria since their properties remain static over the
broad range of environmental conditions. Therefore, often, one performance criteria is
met at the expense of another. The level of intelligence and adaptability that is required to
achieve the performance objectives is possible through dynamic control of the glazing’s

solar-optical properties. The U.S. Department of Energy has announced that the highest



priority in research is currently in the field of dynamic envelopes, of which electrochromic

glazings are expected to play a significant role [S].

Electrochromic coatings are part of a family of chromogenic materials whose solar-optical
properties can be switched from a transmissive state to a reflective or absorptive state over
the solar spectrum thereby providing greater control of solar gains and daylight
transmittance [6]. These advanced coatings generally consist of five layers, as shown in
Figure 1-1 (although other configurations are possible): an electrochromic layer, an
electrolyte or ionic conductor and a counter-electrode are sandwiched between

transparent conductors [2].

BLEACHED STATE COLORED STATE

—— TRANSPARENT CONDUCTOR

TRANSPARENT —i- 1 — TRANSPARENT
CONDUCTOR — COUNTER-ELECTRODE CONDUCTOR
—— ELECTROLYTE / ION
CONDUCTOR
— ELECTROCHROMIC LAYER

HEAT AND
Do HaT
TRANSMITTED

OUTSIDE OUTSIDE

Figure 1-1. Typical layers of an electrochromic coating. [7]



The transmittance of the electrochromic layer can be varied between a bleached state and
a colored state by applying a small voltage across the transparent conductors. An
electrochemical reaction ensues with the simultaneous injection of ions and ciecirons:
ions are shuttled from the counter-electrode to the electrochromic layer by means of the
ionic conductor [1,8,9]. The reaction is reversible, so the coating is returned to its
original Bleached state by reversing the voltage. In this case, ions are withdrawn from the
electrochromic layer and transferred to the counter-electrode. Taking tungsten oxide
(WOs3) as an example, the reaction can be written as follows (Figure 1-2) [8,9]:

WO; (transparent)+ xH' + xe” <> H,WOs (blue)

Coloration
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Figure 1-2. Reactions in tungsten oxide during coloration and bleaching. [9]
A more general form of the reaction in electrochromic coatings can be written as [10]:
EC"+yCE™«<EC™+yCE™"®

bleached state colored state

where EC is the electrochromic layer and CE is the counter-electrode.



Two configurations are possible for electrochromic coatings [11]:

(1) the five-layer design, where the entire electrochromic coating is applied to one glass
substrate, and one surface of the coating therefore remains exposed; with this design,
the exposed transparent conductor imparts a low thermal emittance to the
electrochromic glazing.

(ii) the laminated two-layer design is considered, where half the coating (i.e., transparent
conductor and electrochromic layer) is applied to one glass substrate, while the other
half (i.e., counter electrode and transparent conductor) is applied to another glass
substrate. The two components are then laminated together using the electrolyte as
an adhesive, which is usually a polymer. In this design, the electrochromic coating
does not inherently possess low-e properties, but this can be achieved by applying a

low-e coating to one of the exposed substrate surfaces.

The electrochromic coating can be applied to the glass substrate and then incorporated
into a double-glazed insulated glass unit [12]. This advanced window technology
facilitates true building intelligence since control of the coating properties can be linked
to a building energy management system. An electrochromic window can therefore
respond to a broad range of conditions such as climate, building operation, time of day or
season. In this manner, a switching control algorithm can be implemented to minimize
heating, cooling and electric lighting loads while optimizing the quality of the visual

environment (greater access to views, glare control and provision of natural lighting).
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1.1 HISTORY OF THE DEVELOPMENT OF ELECTROCHROMIC
COATINGS

Research in the field of electrochromic coatings is primarily concentrated along two main
directions: (i) materials science, in which the main issues are: the study and development
of the various components that comprise an electrochromic coating (also known as an
electrochromic device), the development of an electrochromic device that meets
requirements for solar-optical properties, durability and cost-effectiveness, the
examination of device structure and configuration, the development of device fabrication
techniques, and the characterization of solar-optical properties; and (ii) performance
assessment within the context of their application in buildings, cars, sunglasses, and
airplanes; this area of research is concerned with assessing the energy, comfort (glare,
lighting) and economic impacts of electrochromic coatings, and also addresses issues
related to performance modeling, control of solar-optical properties, device

implementation and operation.

It is beyond the scope of this research to present an exhaustive and detailed review of the
materials science perspective. Greater emphasis will be placed on the second category,
on how these coatings could affect building performance, since this subject is more

relevant to the context of this thesis.

Electrochromism was first discovered in the early 1970°s and its application was
recognized chiefly for the development of small digital information displays.

Consequently, the main research emphasis was on studying and developing



electrochromic coatings with fast switching properties; however, these information
displays were soon abandoned in favor of liquid crystal displays (LCD) which offered
better response times. It was not until the mid 1980’s that the development of
electrochromic coatings began to flourish anew as researchers recognized their potential
to modulate natural light and solar gain in building windows and as well as for uses such

as sunglasses and automotive rear-view mirrors to control glare. [6,13]

Researchers such as Lampert [9] and Truong and Mehra [14] were among the first to
review previous research on electrochromic materials and to place it in the context of
large-area applications such as windows; they also discussed the technical challenges in
developing devices for this purpose. A new set of requirements for the development of
electrochromic devices emerged as a result of the shift in application from display device
to window: the device would need to be transmissive rather than opaque in the bleached
state, intermediate switching between the bleached and colored states was essential,
slower switching speeds became acceptable, a longer device lifetime was required, and
the temperature response also became an important issue. Chevalier and Chevalier [4]
also added that device lifetime depends on the coating’s ability to withstand
environmental factors such as exposure to ultra-violet radiation, extremes in temperature,
and humidity. Furthermore, the cycling from the bleached state to the colored state could
affect the coating’s properties and hence the long-term device performance. The
coating’s thermal and mechanical properties are also important factors, as the
electrochromic window in its colored state must be able to withstand increased

temperatures due to absorbed solar radiation, and any crack or delamination of the
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adhesive bond between each layer of the coating and between the coating and the glass
substrate would result in poor performance. The requirements of electrochromic devices
for application in windows are summarized in Table 1-1 below:

Table 1-1. Summary of requirements for electrochromic
devices applied to windows. [2]

Tsolar - Dleached 50% to >70%
Teolar - COlored <10% to 20%
Tyisible = bleached 50% to >70%
Tyisible - COlored <10% to 20%
Switching voltage 1-5 volts
Optical memory 1-24 hours
Switching time 1-60 sec.
Cyclic lifetime >10k-1M cycles
Lifetime 5-20 years
Operating temperature | -30° to 70°C if protected
or 0° to 70°C

According to Mathew et al. [12] of the Optical Coating Laboratory (California), windows
for residential applications are usually required to last 10 to 20 years, while for
commercial buildings window lifetime must be between 20 to 40 years. Therefore, they
recommended that electrochromic windows have a lifetime of 10 to 40 years, depending
on the application. Furthermore, based on surveys of end-users, it was indicated that they
would prefer a switching time of less than one minute, but a maximum of five minutes

would be acceptable. Users also prefer the window to have neutral colors.

Materials for electrochromic devices can be classified as organic, inorganic or polymeric,
and can be either liquid or solid. The most widely researched materials for the
electrochromic layer are the inorganic transition metal oxides, namely, tungsten oxide,

WO, iridium oxide, IrOx, and nickel oxide, NiO [1,6,8]. Tungsten oxide is considered to



have the greatest potential for device development and has therefore received the most

research attention.

The overall cost and effectiveness of the electrochromic device is determined by the
transparent conductors as they represent the largest cost of the electrochromic device [6].
These should possess high transparency and be very conductive. The typical material

used is indium tin oxide, In;O3:Sn, ATO) [15].

The ionic conductor or electrolyte can be in solid or liquid form. The ionic conductivity
of the material will influence the switching speed of the electrochromic device. In
general, liquid devices perform better than solid-state ones in terms of switching speed as
the ions are more mobile. The most common liquid electrolyte is based on H' protons in
water; however, this may cause some electrochromic materials to corrode. Electrolytes
such as Li*, Na*, K" in solvent are preferred. A disadvantage of liquid electrolytes is that
they incur stability problems at the interface with the counter-electrode and
electrochromic layers [9]. Furthermore, potential leakage, freezing and thermal
degradation are other problems commonly associated with liquid electrolytes [14]. Solid-
state devices are therefore preferred for window applications [9,14] as they are more
stable; however, they possess a lower ionic conductivity than liquid electrolytes and
therefore incur longer switching times. The most commonly used ions are Li*, Na*, Ag*
or H' [6,8,14]. Solid polymer electrolytes, particularly polyethylene oxide (a-PEQ), have

also been gaining much research interest due to their high ionic conductivity, temperature



performance and variety in coloration [6,8,13]. Lithium based polymers are also being

explored for window applications [6,15].

The ion storage layer, or counter-electrode, presents both technical and cost challenges in
electrochromic device development. The counter-electrode can also be an electrochromic
material provided that it complements the active electrochromic layer; in this case, if
coloration occurs by the injection of ions into the electrochromic layer, the material is
cathodic, whereas if coloration occurs by rejection of ions, the material is anodic [1,6,15].
One of the most important requirements of the ion storage material is that it must match
the charge capacity of the electrochromic material [6], and it is currently a limiting factor
on the performance of WQj3; devices [16]. The problem with many ion storage materials
is that they undergo progressive degradation which eventually hampers the bleaching and
coloration cycle [17]. Here too, polymers have gained significant research interest. The
most promising polymer electrodes are based on polyorganodisulfides which do not
deteriorate significantly; Lawrence Berkeley Laboratory has patented a group of
compounds based on this polymer material [17]. It is claimed that the charge capacity of

the polymer can be adjusted to match that of the electrochromic layer [18].

The over 1800 patents on electrochromic components [17] are evidence that research and
development in the area of electrochromics is strong and growing. Several research and
government sponsored initiatives have been established in order to facilitate and

accelerate the commercialization of electrochromic products, ranging from windows,



sunglasses, sunroofs and rear-view mirrors. Grangvist et al. [15,19] have grouped the

possible applications of electrochromic coatings into four main areas (Figure 1-3):

(i) the information display (Figure 1-3(a)), which is created by incorporating a white
pigment in the coating and can be applied to signs and labels

(i) the variable reflectance mirror (Figure 1-3(b)), which is obtained when a transparent

electrode is replaced by a mirror. This device is used in cars and trucks as anti-glare
rear-view mirrors.
(iii) the smart window, which can change from transmitting to absorbing (Figure 1-3(c))

(iv) a surface with variable thermal emittance (Figure 1-3(d)).

The Asahi Glass Co. in Japan installed close to 200 prototype tungsten oxide
electrochromic windows, with a size of 0.4 x 0.4 m, in the Seto Bridge Museum, as well
as 50 prototypes in the Daiwa House [2,8]. The transmittance range of the window is

from 70-75% in the bleached state to 10% in the colored state [20].

In Canada, researchers at the University of Moncton developed a solid-state experimental
electrochromic coating, for application in windows, under contract with the Department
of Natural Resources Canada (CANMET) [21,22]. The solar transmittance of the
tungsten oxide based coating can switch from 52% to 13%, while the visible

transmittance switches from 60% to 21% [21].
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Figure 1-3. Applications of electrochromic coatings. [19]

Researchers at INRS - Energie et Matériaux (Quebec, Canada) developed and tested three
laminated two-layer solid-state electrochromic devices, also under contract with
CANMET. During the course of their work, the researchers developed new polymer
electrochromic and electrolyte materials, as well as new coating and laminating

techniques with the aim of reducing production costs and increase long-term stability of
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the electrochromic devices. They were successful in scaling up their prototypes from a

size of 10 x 10 cm to a size of 35 x 35 cm. [23]

Researchers at the Ontario Research Foundation [24] developed a solid-state
electrochromic heat-mirror device based on crystalline tungsten oxide. The device relies

on reflectance modulation to switch in the near-infrared region of the solar spectrum.

The International Energy Agency (IEA) initiated a major research effort in January 1992
with the creation of Task 18, Advanced Glazing Materials for Solar and Building
Applications, under the agency’s Solar Heating and Cooling Program. Over 60
researchers from 15 countries were involved. The main objectives of this five year effort
were to: (i) develop advanced glazing materials in order to achieve substantial benefits in
terms of energy savings and environmental impact, (ii) perform in-depth studies of
material properties and performance, and (iii) undertake technology transfer by providing
technical information on materials, energy and environmental assessments as well as the
use of design tools. Task 18 was divided into two subtasks; Subtask A, the Modeling and
Control Strategies Project, relied on computer simulation in order to evaluate energy and
comfort benefits of advanced glazings applied to residential and commercial buildings in
different climates, examine glazing control strategies, establish performance criteria and
examine the range of application of these avanced glazing technologies. DOE-2,
WINDOW 4 and FRAME are among some of the computer tools that were used to meet
the objectives of Subtask A. The activities related to objective (ii) were grouped in

Subtask B, the Case Study Projects. The advanced glazings under study included
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chromogenic materials (electrochromic and thermochromic), aerogels, low-e coatings,
transparent insulation, evacuated glazings, light transport devices and holographic
media. [25,26,27,28] To date, Lawrence Berkeley Laboratory in the United-States is the
only organization to have published information on the performance of electrochromic

glazings within the context of IEA activities [25].

In 1995, the U.S. Department of Energy launched the “Electrochromics Initiative” which
provides a cost-sharing arrangement with industry in order to develop prototype

electrochromic windows [8,29].

Benson and Branz [30] at the National Renewable Energy Laboratory (NREL), have
developed a photovoltaic (PV) - powered electrochromic window covering produced on a
flexible polymer substrate, to be used in retrofit applications in buildings. The window
covering, which is to be applied to the inside surface of an existing window, is claimed to
provide a lower cost alternative to saving energy without the expense of replacing
existing windows. From a building owner’s perspective, the risks associated with
implementing a new technology would also be reduced since the covering could easily be
removed if it does not perform according to expectations. Recently, NREL was seeking
to negotiate license agreements with companies in the U.S. to commercialize PV-

powered electrochromic windows and sunglasses [31].

Both NREL and LBL are examining the use of electrochromic glazings for car windows

to reduce heating and cooling loads in vehicles. The reduced loads would result in



downsized equipment, as well as reductions in fuel consumption, vehicle weight and

cost. [32,33]

Rearview mirrors are presently the most commercially available electrochromic item [8];
their success stems from the smaller size and shorter life span requirements compared
with building windows. The reflectance of the rearview mirrors automatically adjusts to
reduce glare due to headlights from other cars. Electrochromic mirrors developed by
Gentex possess two sensors, one which measures the ambient light level, another which
measures glare. The dimming of the mirror’s reflectance is a function of the glare level;
the reflectance of the Gentex mirror switches from 80% to 7% [34]. Donnelly and
Gentex are the two main producers of electrochromic mirrors and their clients include
General Motors, Ford, Chrysler, Mercedes-Benz, Nissan, Toyota, Honda, Rolls Royce,

among others [35,36,37].

The successful commercialization of small-scale electrochromic products demonstrates
the significant advances that researchers have made from a materials science perspective.
However, according to Chevalier and Chevalier [4] there remain some major challenges
to be addressed before electrochromic devices can be successfully implemented in
buildings. These challenges include:

(1) optimizing the individual materials that comprise an electrochromic device

(ii) improving the electrical operation of the devices such that switching time is reduced
(iii) improving, or developing, large-scale coating deposition and production techniques

such that the switching time of the device is within acceptable limits, the expected
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solar-optical properties are achieved, and that the device is protected against
environmental degradation

(iv) ensuring satisfactory performance of the device for the given application, particularly
when the device is scaled from prototype size to actual size, and considering the
effect of switching from transmitting to absorbing on the glazing temperatures

(V) studying their impact on the thermal interactions that occur in occupied spaces.

NREL has performed accelerated life testing of several prototype electrochromic
windows developed by U.S. manufacturers. Tracy et al. [38] have identified three main
degradation mechanisms in electrochromic windows: elevated temperature, illumination,
and continuous cycling. The effect of these degradation mechanisms on the
electrochromic window include: (i) cosmetic defects such as the presence of color streaks
in the bleached state, the presence of bleached areas in the colored state, and lack of
uniform coloration, and (ii) degradation of the contrast ratio, defined as the ratio of the
transmittance in the bleached and colored states of the window at a wavelength of
550 nm. These are factors that must be addressed by product manufacturers to ensure the

stability and durability of their windows.

Selkowitz et al. [16] have also noted that while researchers have undertaken extensive
efforts to develop marketable electrochromic windows, they have often done so without
sufficiently addressing issues related to building performance. Indeed, fewer studies exist
on the energy performance aspects of electrochromic windows, than on the material

development. These studies are discussed in the following sections of this chapter.



1.2 MODELING THE SOLAR-OPTICAL PROPERTIES OF
ELECTROCHROMIC GLAZINGS

The first computer simulation studies on the use of electrochromics in buildings
compared the solar-optical properties of three types of idealized electrochromic glazings
whose properties were made to switch over different regions of the solar spectrum:
visible, infrared, and the entire solar spectrum [2,39]. The studies also addressed the
differences between reflecting and absorbing electrochromics, as well as the impact of the
position of an electrochromic glazing within a double-glazed window configuration.
Although overall building energy performance was not addressed in the evaluation, the
study from Reilly et al. [39] was the first to provide general guidelines on the
performance aspects of electrochromic windows using the shading coefficient and visible
transmittance as performance indicators. The WINDOW 3.1 program was used to
perform the analysis. It was modified to calculate the solar optical properties of the
windows, wavelength by wavelength, based on glazing spectral data; the program then
determined the weighted average, or integrated, properties over the solar spectrum. The
authors found that a reflecting electrochromic window  has a lower shading coefficient
than an absorbing electrochromic; however, the differences between the two are reduced
if the electrochromic glazing for either type is used as the outer pane of the window, since
absorbed solar radiation will mainly flow outward (thus reducing heat gain to the space).
The exception occurs when the non-electrochromic glass layer is highly absorbing, such
as green glass, in which case the electrochromic glazing should be positioned as the
inside layer of the double-glazed window. The positiora of the reflecting electrochromic

glazing had very little impact on the shading coefficient of the double-glazed window;



whereas, it was recommended that the absorbing electrochromic glazing always be placed
on the outside in order to reduce heat gain to the space and thus obtain a lower shading
coefficient for the overall window. Furthermore, the performance of an electrochromic
glazing could be improved or altered by incorporating a spectrally selective coating in the
double-glazed window, so that for example, an electrochromic glazing that switches over
the solar spectrum can be made to perform as a glazing which switches over the visible

region.

The advent of advanced glazings and complex window systems has raised several issues
concerning performance modeling and the calculation of window solar heat gain.
Window radiant solar heat gain is comprised of two components: (i) one due to the
incident solar radiation which is directly transmitted through the window into the space,
and (ii) one due to the solar radiation which is absorbed by the window, and is re-radiated
to the space [3]:
gi = Ei(tsa+ Niasa) = Ei - SHGC (1.1

where q; =total solar heat gain, W/m?

E; = solar irradiance, W/m?

Tsol = Solar transmittance of a single glazing

0501 = solar absorptance of a single glazing

N; = fraction of absorbed solar radiation that flows inward

SHGC = Solar Heat Gain Coefficient, representing the portion of incident solar

radiation that passes through the glazing and becomes heat gain.



It can be seen from equation 1.1 that the Solar Heat Gain Coefficient depends on the solar
transmittance and absorptance, both of which vary as a function of wavelength and
incidence angle of solar radiation. The SHGC therefore also depends on wavelength and
incidence angle. It is convenient at this point to define the Shading Coefficient, SC,
which is the ratio of the SHGC of a window under study to the SHGC of a reference clear
single glazing with normal incidence solar transmittance of 0.86, reflectance of 0.08, and
absorptance of 0.06 [3]:

sc - SHGC 12)
0.87

The main advantage of using the SC is that it remains constant over changes in incidence

angle and solar spectrum, provided that the glazing of interest exhibits similar angular

properties as the reference glazing. This is true of single and double glazed clear

windows and some single glazed tinted windows. Thus, the ASHRAE Shading

Coefficient method has traditionally been used to determine window solar gain using the
following relationship [3]:

qi = SCx SHGF (1.3)

where SHGF = Solar Heat Gain Factor, representing the solar heat gain through a 3 mm

reference clear single glazing. This quantity is obtained from tables in

the ASHRAE Handbook of Fundamentals [3] for various latitudes,

orientations, and time of day.

McCluney [40] used the WINDOW 4 program to determine the sensitivity of the SHGC

to changing value of incidence angle for a variety of window systems. He found that the
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SHGC, and hence the SC, remain constant for incidence angles upto 40°. However, he

also noted that:

“peak summertime solar gains occur with east- and west-facing windows
at angles of incidence ranging from about 25 to 55 degrees....for north- and
south-facing glazings, peak summertime solar gains occur at angles of
incidence greater than the range of relative SHGC constancy....Angles of
incidence important for annual energy performance calculations range
from 5 to more than 80 degrees for east- and west-facing windows and for
horizontal glazings. The range is only slightly reduced for south-facing
windows. For north-facing windows, the direct-beam solar gains are small

and their angles of incidence range from 62 to 86 degrees.”

Therefore, in the case of spectrally selective glazings, advanced coatings and complex
window systems, whose solar optical properties are heavily spectrally and angular
dependent, the SC no longer remains constant and this method produces significant
inaccuracies in calculating solar gain. As a result, McCluney [40,41] has recommended
that the Shading Coefficient method of calculating solar gain be discarded for advanced
glazings. The SHGC method has been proposed, in the ASHRAE Handbook of
Fundamentals, as a replacement to the SC method; the equation to calculate solar gain
therefore becomes [3]:

g = [Eix(tsa + Nias) dA = ]‘EixSHGdeA. (1.9
where the subscript “s” refers to the property of the window system, and A represents the
wavelength or solar spectral distribution. The SHGC must therefore be determined on a
wavelength by wavelength basis. This method is known as the “spectrally based method”

and is the procedure recommended by ASHRAE, the National Fenestration Rating
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Council and the Canadian Standards Association [3,40]. Furthermore, the WINDOW 4.1
computer program [42,43] was recommended as a tool to perform the above calculations,
given that it has the ability to perform the spectrally and angular based calculations of the
solar optical properties of window systems; moreover, it is highly used by industry in the

U.S. [40].

In calculating the angular solar optical properties of coated glazings, the WINDOW 4.1
program assumes that the glazing behaves as a 3 mm clear glass when the solar
transmittance is greater than 0.65, and behaves as a 3 mm bronze glass when the solar
transmittance is less than or equal to 0.65 [42]. Klems et al. [44] have validated the
accuracy of these assumptions by comparing measured values of SHGC of spectrally

selective windows with those calculated using WINDOW 4.1.

The solar optical properties of windows provide performance indices that allow a simple
and quick comparison of different window types. However, as a final step in evaluating
the performance of windows, ASHRAE recommends that a whole building energy
analysis be performed in order to determine the window’s annual energy performance.
The hourly energy simulation would therefore include the effects of interactions between
the building systems (e.g., envelope, lighting, HVAC), building type, orientation, and
occupancy [3]. For accuracy of the calculations, here too it is recommended that the
window solar gain be determined using the SHGC as it accounts for the dependency on
incidence angle [41]. WINDOW 4.1 facilitates the above process by providing an

interface with the DOE-2.1E energy analysis program [45], which is the most widely
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used energy analysis program in North America and has been extensively validated. An
output file containing the window’s thermal and angular dependent solar optical
properties can be exported from the WINDOW 4.1 program and be integrated within the
existing window library of the DOE-2.1E program. The interface is currently only

available with the DOE-2.1E program.

The DOE-2.1E program currently offers three methods to calculate the solar gain through
windows [45,46,47]: (i) based on the ASHRAE Shading Coefficient method, (ii) the user
can select a window from a very small library of generic coated (reflective coating only)
and uncoated single and multiple glazed windows; the library contains precalculated
angular properties, or (iii) the user can select a window from a library of 200 windows
which was created using the WINDOW-4 program and spectral data provided by glazing
manufacturers. Reilly et al. [47] have used DOE-2.1E to compare the Shading
Coefficient method (i) and the detailed method (iii) of calculating the solar gain for a
South-facing window on a clear day in June in Chicago. Considering a wind speed of
3.3 m/s, at peak conditions (i.e., noon), it was found that the SC method underpredicted
the solar gain by at most 10% for a single reflective glazing, and overpredicted the solar
gain by a maximum of 17% for a double glaéed clear window. If no wind is assumed (0
m/s), the SC method underpredicted the solar gain by up to 35% for the reflective
glazing, and by 12% for the clear window. The authors attribute the discrepancies with
the SC method to two main reasons:

() the angular transmittance of the glazings studied differs from the transmittance of the

reference glazing
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(i) the solar gain of the studied glazings was primarily due to absorption, yet the

reference glass has a low absorptance.

13 STUDIES ON THE POTENTIAL ENERGY SAVINGS OF
ELECTROCHROMIC WINDOWS IN BUILDINGS

Much of the work concemning the energy impacts of electrochromic windows in buildings
originates from the Lawrence Berkeley National Laboratory (U.S.A.). Researchers there
have primarily used the WINDOW program to determine angular dependent solar-optical
properties of electrochromic windows and the DOE-2.1E energy analysis program to
determine the whole building energy performance due to the use of these windows.
Earlier studies [2,48] regarding the energy impacts of electrochromic windows in
commercial buildings were based on idealized coating properties, generally performed for
prototypical buildings located in cooling dominated climates (e.g., California), and based
on straightforward control strategies, i.e., the electrochromic glazing was only controlled
to maintain an adequate illuminance level in the space. These studies were mainly geared
towards establishing the potential energy performance thresholds for electrochromic
windows in order to justify further development work. It is important to note that the
benefits of electrochromic windows extend beyond savings in heating and cooling energy
consumption and in peak electricity demand; these windows can be applied in
conjunction with a daylighting scheme (i.e., light dimming controls) in order to reduce
lighting electricity consumption and improve the visual environment through glare

control. Researchers have begun to broaden the scope of the window performance
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requirements to include visual and thermal comfort criteria as technically feasible and
cost-effective electrochromic windows approach commercialization. This has also led

them to explore other control strategies.

Selkowitz et al. [49] cited 60% savings in cooling and lighting energy for the perimeter
zones of a building located in a hot climate, and a 50% reduction in peak electric demand.
They further claim that savings due to downsized HVAC systems and chillers could
offset the initial cost of electrochromic windows by 10 to 20%. According to Warner et
al. [48], since electrochromic windows inherently control solar gain, operable shading
devices would potentially no longer be required resulting in additional investment cost

savings of approximately $55/m? to $108/m* (U.S.).

Lampert and Granqvist [2] compared the energy impacts of several window types for a
commercial building located in a cooling-dominated climate, including: (i) one
electrochromic window which was controlled to maintain illuminance levels to 538 lux
(T« = SC = 0.8 in the bleached state), (ii) a photochromic window whose transmittance
varied linearly as a function of total incident solar radiation (t,;,;= SC = 0.8/0.2), (jii) and
(iv) a high transmission glazing with and without shades (t,;;= 0.78, SC = 0.8), and (v) a
low transmission glazing without shades (t;, = 0.07, SC = 0.18). In terms of monthly
cooling energy consumption, the electrochromic window outperformed all other window
types and the low transmittance window was the second best performer. In terms of total

energy consumption (lighting, heating, cooling, fans and miscellaneous electrical use),
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again, the electrochromic window outperformed all other window types, followed by the
photochromic window. The results showed that the low transmittance window was the
poorest performer during winter months, while the high transmittance window without
shades resulted in the highest total energy consumption during the summer months. Of
all window types, the electrochromic window also resulted in the lowest peak electric
demand and could reduce the chiller size by 12% compared to a building with a low

transmittance window, and by 36% compared to a building with unshaded clear glass.

Warner et al. [48] compared the peak demand and energy savings potential of five
window types for a commercial building located in a hot climate (California). The
windows studied included (Table 1-2): tinted, reflective, spectrally selective, an idealized
broad-band electrochromic, where the transmittance can switch over the entire solar
spectrum, and an idealized narrow-band electrochromic, where the transmittance can
switch only in the visible region of the spectrum and is minimum in the infrared region,
resulting in a lower range of shading coefficient than the broad-band electrochromic.
Both electrochromic windows were controlled to maintain an illuminance level of 538
lux in the perimeter zones.

Table 1-2. Summary of window properties used by Warner et al. [48]

Window type Tois SC
Tinted 0.38 0.54
Reflective 0.10 0.20
Spectrally selective 0.37 0.30
Broad-band electrochromic 0.70/0.09 0.84/0.26
Narrow-band electrochromic 0.50/0.11 0.71/0.09




The researchers found that the use of the narrow-band electrochromic window resulted in

the lowest annual electricity consumption and peak demand for perimeter zones

compared with all other window types, and could reduce the chiller size (allocated to the

perimeter zones) by 20% compared with a daylit building with tinted windows. Other

conclusions that could be drawn from the results include:

In terms of annual lighting electricity consumption for the West perimeter zone, at
window-to-wall ratios (WWR) between 0.3 and 0.6, the electrochromic windows used
in conjunction with a daylighting scheme (i.e., lighting controls) resulted in 65%
energy savings compared to a non daylit building. Furthermore, at a WWR of 0.3, the
electrochromics resulted in 22% lower lighting energy consumption than tinted or
spectrally selective windows, and 55% lower relative to reflective windows. When
electrochromic windows were used, the lighting energy consumption remained stable
at WWR above 0.3. )

When the narrow-band electrochromic window was used, the annual cooling
electricity consumption remained rather constant when the WWR was above 0.2,
whereas cooling energy increased with increasing WWR for the other window types.
The same trend was observed for the total annual electricity consumption in perimeter
zones. This means that greater window sizes can potentially be used with
electrochromic windows and it would not result in a cooling energy penalty.

The use of electrochromic windows in the North perimeter zone did not produce a
significant advantage over conventional window types in terms of cooling energy
consumption.

A simple economic analysis was performed, comparing the impact of the narrow-
band electrochromic windows in a daylit building with the impact of tinted windows
in a non-daylit building, both at a WWR of 0.6. The incremental cost of the
electrochromic windows was estimated at $270/m? glass area more than conventional
glazings initially; however, the incremental cost could be reduced to $160/m? glass

area more than conventional windows with mass production (dollar amounts are in

1-25



U.S. currency). Considering mass production, the use of electrochromic windows
would result in total annual energy cost savings of $27/m? glass area and a payback of
6 years. If the cost savings due to reduced peak energy demand, chiller size

reductions and incentive programs were considered, the payback reduced to 3.2 years.

Enermodal Engineering [20] used the ENERPASS energy analysis program to assess the
energy performance of commercial buildings with electrochromic windows (SC=0.8,
7,is=0.71/0.1) relative to clear (tﬁ,=0.71) and tinted windows (t,;,=0.1) for two Canadian
climates (Toronto, Ontario and Winnipeg, Manitoba) as well as a hot climate in the
United States (Los Angeles, California). Two separate electrochromic glazing control
strategies were simulated: (i) based on room temperature, where the electrochromic
glazing was switched to the colored state when the room temperature exceeded the
cooling set-point of 24°C, and (ii) based on illuminance level. The results for Toronto
showed that the temperature controlled electrochromic window resulted in a greater
reduction of the peak cooling demand; savings of 150 W/m? glass area were reported
relative to clear windows and 40 W/m? glass area relative to tinted windows. In terms of
lighting discomfort, which was defined in terms of the percentage of the time that the
illuminance level exceeds the desired amount, the illuminance level controlled
electrochromic window did not produce any discomfort, while the temperature controlled
window produced lighting discomfort 10% of the time. For reference, clear windows

produced discomfort 80% of the time, while tinted windows 50% of the time.
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Sullivan et al. [50] used the DOE-2.1E program to study the energy performance of a
prototypical office building located in two cooling-dominated climates (Phoenix, Arizona
and Miami, Florida) and one heating-dominated climate (Madison, Wisconsin); the
impact of six double glazed electrochromic windows from three different manufacturers
was studied. Each window incorporated a real prototype electrochromic coating as the
outer pane and either a high-transmittance low-e glazing or a spectrally selective low-e
glazing as the inner pane. Switching of the electrochromic layer was controlled to
maintain an illuminance level of 538 lux in the perimeter zone. The study does not
permit an effective comparison of the performance of the electrochromic windows since
the switched-state properties of the windows were almost the same for each window
(SHGC=0.10-0.11, SC=0.12-0.13, and t,,=0.05-0.08); hence, only small differences in
lighting, cooling and fan energy performance are noted. However, there are significant
performance differences between the electrochromic windows and conventional tinted,
reflective and spectrally selective windows. Considering the total electricity consumption
of a building in Phoenix, for a West-facing window and a WWR of 0.6, the use of
electrochromic windows resulted in savings of 28 kWh/m? floor area (24%) compared to
conventional reflective windows and a savings of 90 kWh/m? floor area (53%) compared
to conventional tinted windows. Lighting electricity consumption for the electrochromic
windows was the same in Phoenix and Miami. Other conclusions that could be drawn
from the study include:

* Peak electric demand for all electrochromic window types for the building located in
Phoenix was approximately 65 W/m? at a WWR of 0.6; at this WWR, the use of
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electrochromic windows resulted in 50% savings compared to tinted windows, 30%
relative to spectrally selective windows, and 20% relative to reflective windows.

* The authors recommended that an electrochromic window with high bleached state
visible transmittance be used for small window-to-wall ratios, since the savings due to
daylighting are greater than the increase in cooling energy consumption.

* Considering a West-facing electrochromic window in Madison during the heating
season, a window that was maintained in its bleached state to maximize the solar
gains resulted in approximately 40% lower heating energy consumption compared
with a window that is controlled based on illuminance level. While the authors
recommended that the window remain in its bleached state during the heating season,

they concluded that glare control of the electrochromic window may be required.

Lee and Yoon [51] used DOE-2.1E to compare the energy performance of a three story
commercial building located in South Korea due to aluminum frame electrochromic,
bronze, heat mirror and low-e windows. However, the windows were selected from the
existing window library of the DOE-2.1E program and the switching control strategy for

the electrochromic window was not specified.

1.4 EXISTING STUDIES ON CONTROL STRATEGIES

Recent research work addresses some issues related to switching control strategies for
commercial and residential buildings [25,52,53,54,55]. Such studies compared the
energy performance of buildings resulting from the use of several existing models of

control strategies incorporated within the DOE-2.1E program.
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Sullivan et al. [25,52] studied the effect of three electrochromic glazing switching control
strategies on the cooling, lighting and total electricity consumption and peak demand of a
commercial building located in Blythe, California. The double glazed electrochromic
windows studied were prototypes under development and included both absorptive and
reflective electrochromic glazings combined with either clear or low-e glazings. An
idealized, reflective electrochromic window was also defined. Window properties are
summarized in Table 1-3.

Table 1-3. Summary of window properties used by Sullivan et al. [25,52]

Window type Tyis SC
Tinted (grey) 0.38 0.54
Reflective 0.13 0.20
Low-e (tint) 0.38 0.35

Electrochromic glazings

Clear absorptive 0.76/0.14 0.85/0.21
Clear reflective 0.73/0.14 0.73/0.20
Low-e absorptive 0.66/0.10 0.57/0.18
Low-e reflective 0.64/0.12 0.54/0.18
Idealized 0.65/0.00 0.67/0.06

Three switching control strategies were simulated: (i) based on daylight illuminance,
where the window properties were controlled to maintain an illuminance level of 538 lux,
(ii) based on incident total solar radiation, where the properties were varied linearly as a
function of the high and low solar radiation set points; the window was maintained in the
bleached state when the total incident solar radiationAwas less than 63 W/m?, while three
colored state set-points (i.e., high set-points) were studied: 189 W/m?, 315 W/m?2, and
630 W/m?, and (iii) based on the presence of a cooling load, ie., the window was

switched to the colored state if the cooling load from the previous hour was greater than
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zero (no intermediate switching occurred). No indication was provided as to how the
set-points were selected. It was found that the control strategy based on illuminance
levels offered the best annual energy performance for commercial buildings; this is
because the savings due to daylighting are substantial, compared to the increase in
cooling energy with increasing WWR. Control by space load was the worst performer
compared to the other control strategies. Although this strategy resulted in the lowest
cooling energy consumption, daylighting benefits were lowest because the window was
almost always in its fully colored state, whereas, intermediate switching occurred with the
other strategies. The authors concluded that space load control would be an effective
strategy in buildings that do not have a daylighting scheme. The performance of a control
strategy based on incident solar radiation depended on window size. For small window
sizes (i.e., WWR <0.35), the authors recommended that a larger range of set-points be
used in order to maximize the daylighting benefits. For larger window sizes, the increase
in cooling has a greater impact on energy consumption than lighting energy reductions;
therefore a small set-point range is more appropriate in order to reduce solar gains. The
peak electricity consumption was the same for all three control strategies; this is because
the electrochromic windows have similar switched state properties and are in the colored

state during peak conditions.

Sullivan et al. [25,53] studied the impact of three electrochromic glazing control
strategies on the energy performance of a single-story house for two locations, Miami,
Florida and Phoenix, Arizona. Six electrochromic window types and three low-e

conventional types were considered. Four of the electrochromic windows consisted of a
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reflective electrochromic glazing combined with either an idealized low-e or idealized

low-e and spectrally selective glazing. Window properties are summarized in Table 1-4.

Table 1-4. Summary of window properties used by Sullivan et al. [25,53,55]

Window type Tvis SC
Low-e (clear) 0.77 0.75
Low-e (clear) 0.70 0.51
Low-e (tint) 041 0.33

Electrochromic windows

Reflective, idealized low-¢ 0.65/0.16 0.67/0.27
Reflective, idealized spectrally selective low-e 0.65/0.16 0.55/0.24
Reflective, idealized low-e 0.65/0.08 0.67/0.20
Reflective, idealized spectrally selective low-e 0.65/0.08 0.55/0.18
Highly reflective, idealized low-e (future window type)| 0.65/0.06 0.67/0.15
ﬁhly reflective, idealized low-e (future window type)| 0.65/0.00 0.67/0.06

The three electrochromic switching control strategies were based on: (i) incident total
solar radiation; the window was maintained in the bleached state when the total incident
solar radiation was less than 63 W/m? while three colored state set-points (i.e., high
set-points) were studied: 189 W/m?, 315 W/m?, and 630 W/m?, (ii) the presence of a
space cooling load, where the window is either in its bleached. state or its colored state,
and (iii) outside air temperature, with a low set-poini of 25.6°C, the same as the cooling
set-point temperature, and a high set-point of 32.2°C at which the window would be in its
fully colored state. Control by space load resulted in the best performance. Performance
due to total solar radiation and outdoor temperature control depended on the range of
set-points.  For the former, a smaller set-point range resulted in lower energy
consumption. Performance of the outdoor temperature control sfrafegy depended on the

selection of the high set-point, which according to the authors, should be correlated with
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the weather conditions and is therefore location-dependent. The authors do not

recommend the use of this strategy.

Sullivan et al. [55] studied the impact of three electrochromic glazing control strategies
on the energy performance of a commercial office building located in a heating-
dominated climate, Madison, Wisconsin. This was one of the few studies that examined
the annual heating energy performance of the building. Only the six electrochromic
window types shown in Table 1-4 were considered in the study. The three
electrochromic switching control strategies were based on: (i) daylight illuminance,
where the window properties were controlled to maintain an illuminance level of 538 lux,
(ii) incident total solar radiation, where the properties were varied linearly as a function of
the high and low solar radiation set points; the window was maintained in the bleached
state when the total incident solar radiation was less than 63 W/m?, while three colored
state set-points (i.e., high set-points) were studied: 189 W/m2, 315 W/m?, and 630 W/m?,
and (iii) the presence of a cooling load. The authors concluded that heating energy
consumption was lowest when the cooling load control strategy was used. Since there is
no cooling load during the heating seascn, the electrochromic windows essentially always
remain in their bleached state, thus allowing solar gains to heat the zone, which in turn
reduces the heating energy consumption. The next best performing control strategy was
based on incident solar radiation with the broadest range of set-points (63-630 W/m?);
again, this is because it allows maximum benefit from solar heat gains during the heating
season. However, the authors acknowledge that glare problems may arise from

maintaining the window in its bleached state.
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According to Selkowitz et al. [16], maximization of energy savings for cooling, heating
and lighting would require a predictive control strategy to account for building
characteristics such as thermal mass. Lee and Selkowitz [54] have studied the feasibility
of using a complex predictive control strategy rather than one that is based on
instantaneous measurements of the driving variables for switching (example, illuminance
level). They compared the performance of an automated venetian blind system and of
narrow-band and broad-band electrochromic glazings controlled by illuminance levels to
a theoretical optimal dynamic system designed to minimize electricity consumption of the
lighting system and minimize the solar gains. They concluded that simple strategies are
suitable for the narrow-band electrochromic, while a predictive control strategy would
improve the energy performance of the broad-band electrochromic. The narrow-band
electrochromic achieved 80% to 90% of the optimum energy performance for all
orientations; therefore, predictive control strategies would not improve the performance
by much. On the other hand, it was found that predictive controls could improve the
performance of both the broad-band electrochromic and the venetian blind system by

35% to 40%.

While the main objective of the above studies has been to quantify the potential energy
savings resulting from the use of electrochromic windows, researchers have also pointed
to the necessity of exploring the impact on other performance issues such as occupant
visual and thermal comfort as these factors directly affect worker productivity [16].
According to Selkowitz et al. [16], “the problem is made more difficult in that it is not a

simple ‘engineering optimization’ problem but rather one that includes tradeoffs between
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energy savings and subjective human response.” Lee amd Selkowitz [54] also discussed
the issue of mutiple control strategies, where different strategies can be used on an
hourly, monthly or seasonal basis, and multiple performance criteria (i.e., energy savings,
visual and thermal discomfort) are considered. They claim that developing a strategy
based on multiple performance criteria is a particularly laborious process because the
conflicting nature of some criteria means that it is difficult to fully satisfy all criteria.
They acknowledge that further work is required in these areas, and add that “the
resolution of multiple performance criteria will affect the: realized energy performance of
dynamic envelope and lighting systems and should therefore be investigated with as
much care as predictive control algorithms.” Selkowitz et al. [16] have performed
preliminary assessments of the impact of electrochromic glazings on both thermal and
visual comfort. Fanger’s comfort model was used to determine the percentage of people
dissatisfied (PPD) due to transmitted direct solar radliation through electrochromic,
reflective and grey tinted glazing, while the glare index was used as a basis to evaluate
visual comfort. At present however, existing energy analysis software do not provide an
electrochromic glazing control strategy that is based on subjective performance.
Furthermore, there are currently no models which optimize glazing operation for both
energy savings and comfort and address the tradeoffs between the two. Therefore, such

models have yet to be developed.

Moek et al. [56] used the lighting visualization programm, RADIANCE, to assess the

visual quality performance of an electrochromic glazing (., = 0.88/0.08), a clear glazing
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(t;s = 0.88) and a tinted glazing (t,;, = 0.41) in an office building located in Phoenix,

Arizona. Visual quality was defined in this study in terms of:

(i) illuminance levels, where a maximum workplane illuminance of 500 lux is
recommended for offices with visual display terminal (VDT) screens,

(i) visual comfort as determined by luminance ratios, where for a VDT luminance of
85 cd/m’, the luminance of all room surfaces within peripheral view should not
exceed 850 cd/m? (i.e., a luminance ratio of 10:1). The maximum recommended
luminance ratio between paper tasks and the VDT screen is 3:1, as well as between
the task and adjacent dark surroundings.

(iii) VDT visibility near windows; while no method exists to evaluate this criteria,
contrast and visibility depend on the ratio of task luminance to background
luminance (the higher, the better), and

(iv) privacy.

The electrochromic glazing was controlled to maintain a workplane illuminance of

500 lux determined by two photosensors, one placed at the front of the office area, and

one at the rear. The performance of the glazing types with respect to the above-

mentioned criteria is summarized and compared in Table 1-5. It is noted that the
electrochromic glazing generally offers better control of the required visual parameters,
and outperforms the clear and tinted glazings. The authors comment that a visual
transmittance of 0.01 for the colored state of the electrochromic glazing would ensure the
required privacy, glare control, and constant daylight levels; however, this would increase

the energy consumption for electric lighting to compensate for the resulting significant
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decrease in daylight levels. They also mention that occupants may be dissatisfied due to
reduced access to clear views of the exterior. It is interesting to note that the authors
qualitatively discussed the trade-offs between the visual quality and energy consumption,
although they do not suggest an approach to quantify or study these trade-offs more in-

depth.

Ultimately, technical, economic and performance issues will all be contributing factors
towards the market acceptance and success of electrochromic windows. Lampert [8]
summarizes the main issues concerning researchers as being “the cost of the glazing, the
trade-offs between cost and benefit, and cost and lifetime”. While definite cost figures
are not yet available, recent estimates place the cost of electrochromic windows between
$100-1000 US$/m?, while companies have set cost limits from $100-250 US$/m? [6,8].
Coating production techniques will have a major impact on overall cost; however,
researchers at the Optical Coating Laboratory are confident that “solid-state monolithic
electrochromic coatings can be manufactured in much the same was as low-emissivity

coatings are presently produced”, thus reducing costs [12].
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1.5 CONCLUSIONS

Several observations and issues emerge from the existing body of literature on the topic

of electrochromic coatings and windows:

(D) The strong research efforts on the materials science aspect of electrochromic coatings
is noted, while few publications address their performance in buildings. This latter area
of research is still young as demonstrated by the small number of publications that

originate principally from Lawrence Berkeley Laboratory.

(i) Earlier research demonstrated the energy performance thresholds of idealized
electrochromic windows, which was useful in justifying the long-term development of
electrochromic coatings. However, in order to achieve this objective, the scope of the
research was necessarily narrow: one single performance criterion was studied, that of
energy savings, and one single electrochromic switching strategy was considered, based

on illuminance levels.

(iii) Eventually, researchers began to study the effect of other switching strategies;
however, they utilized only some of the strategies that are currently available in
DOE-2.1E. Furthermore, guidelines on the systematic applicatiori of these existing
strategies have not yet been developed, particularly regarding the selection of appropriate

set-points for a given building application and climate.
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(iv) The main area where the research has not advanced significantly is in the assessment
of the combined impact of electrochromic windows on energy savings and other factors
such as visual quality and thermal comfort. As the commercialization of electrochromic
windows began to become a reality, researchers alluded to multiple performance criteria.
However, while research in this area is recommended in several studies, there currently
exists no methodology to address the effect of combined performance criteria.
Consequently, no new tools have been developed and incorporated into existing energy

analysis software to address this issue.

(v) There exists a need to develop enhanced computer models of electrochromic glazing
switching control strategies that address the tradeoffs between subjective performance
factors and the quantitative impacts such as energy savings. Furthermore, the model
should support the creation of more complex strategies that include a combination of
driving variables for switching and enable users to optimize glazing operation. The
current scope of research can therefore be broadened to develop approaches and tools that

facilitate the assessment and implementation of combined performance criteria.

1.6 SCOPE AND OBJECTIVES OF THE THESIS

The general objectives of the present research are twofold: (i) to undertake a detailed
evaluation of the performance of electrochromic glazings, and (ii) to advance knowledge

in the field by developing new models to simulate their control.
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The objectives are achieved using computer simulation (Figure 1-4). Three public
domain computer programs, APPLIED FILM LAMINATOR [57], WINDOW 4.1, and
MICRO-DOE-2.1E, are used to evaluate the complex interactions between building
systems, thermal phenomena and the properties of the electrochromic glazings. The work
described in this thesis is based on the spectral data of an experimental electrochromic

coating developed at the University of Moncton.

APPLIED FILM LAMINATOR

SPECTRAL DATA FILE

- extrapolate spectral data for Electrochromic coating
EC coating on 6 mm clear University of Moncton
glass substrate
_( Existing models
y
WINDOW 4.1 DOE-2.1E
- determine solar-optical properties - detailed study of energy
of double glazed systems: | impacts of electrochromics
- T, SC, SHGC, U value in commercial buildings
- Angular dependent properties

Figure 1-4. Overview of the approach used to accomplish the thesis objectives.

The emphasis of the first objective is to develop an approach to model a glazing which

incorporates the experimental electrochromic coating and to study the main influencing
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factors for switching the properties of the coating from the bleached state to the colored

state. The work can be divided into the following sub-objectives:

(i) model a glazing which incorporates the experimental electrochromic coating and
determine its solar-optical properties

(ii) characterize and compare the properties of several types of double glazed windows
including one which incorporates the experimental electrochromic glazing

(iif) perform a critical evaluation of several existing models of electrochromic glazing
control strategies that are available in the DOE-2.1E energy analysis program and

provide insight on their application and selection of set-points.

The knowledge obtained during first objective is then used to develop a new model to

control the switching of the electrochromic window such that it optimizes energy savings

and visual comfort. The emphasis here is to:

(1) address the trade-offs between the two conflicting objectives

(i) couple the model with the DOE program using the program’s Functional Values
approach

(iii) apply the model to evaluate the whole building performance of an existing

commercial building resulting from the use of electrochromic windows.
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1.7 OVERVIEW OF THE THESIS

This thesis consists of six chapters. An overview of the state-of-the-art research on
electrochromic coatings was presented in this chapter, Chapter 1, with a particular
emphasis on their application in buildings. The main issues governing the modeling and

performance assessment of electrochromic windows are discussed.

In Chapter 2, the integrated solar-optical properties of the experimental electrochromic
coating are determined, and a double glazed window incorporating the coating is
modeled. The performance of this electrochromic window is then compared relative to

several conventional window types based on their properties.

An in-depth analysis of existing electrochromic glazing control strategies, that are
available in the DOE-2.1E energy analysis program, is presented in Chapter 3. An
existing large commercial building is used as a case study, and the impact of several
driving variables for switching of the electrochromic glazing on the extraction rate of
perimeter zones is studied. This chapter provides valuable conclusions on the

applicability of the existing control strategies, as well as their limitations.

A new procedure to optimize the switching operation of the electrochromic window was
developed and is presented in Chapter 4. This unique approach considers two conflicting
performance objectives: energy consumption reduction and improvement of the visual

quality. The switching strategy was formulated as a multi-objective optimization
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problem with conflicting objectives. Pareto optimum solutions are developed which
demonstrate the trade-offs between both objectives. The procedure was coupled with

DOE-2.1E using the Functional Values approach.

The feasibility of using electrochromic windows in commercial buildings is studied in
Chapter 5. The impact of the conventional and electrochromic windows on the whole-
building performance of an existing commercial building is determined and compared.
The application of electrochromic windows and the resulting whole-building performance

in two different climates is also evaluated.

The conclusions and main contributions of this work are presented in Chapter 6.

Opportunities for further work are also discussed.
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CHAPTER 2
CHARACTERIZING THE PROPERTIES OF AN
EXPERIMENTAL ELECTROCHROMIC COATING

The work described in this thesis is based on the spectral data of an experimental
electrochromic coating that was developed at the University of Moncton. A thorough
analysis of the impact of electrochromic glazings on the energy performance of buildings
begins with the determination of the coating’s total, or integrated, solar-optical properties
and the modeling of a glazing which incorporates the coating. Of particular interest is the
performance of the electrochromic glazing relative to conventional glazing types that are
currently used in commercial buildings. Corsi et al. [S8] used two public domain
computer programs to perform this evaluation. This chapter describes how the APPLIED
FILM LAMINATOR program was used to model a 6 mm thick glazing which
incorporates the experimental coating. Then, the WINDOW 4.1 program was used to
evaluate the global parameters characterizing the performance (e.g., solar and visible
transmittance, U-value, and solar heat gain coefficient) of several types of double glazed

windows, including one which incorporates the experimental electrochromic glazing.

2.1 DESCRIPTION OF THE EXPERIMENTAL COATING

Spectral reflectance and transmittance data, measured at normal incidence, were obtained
for the bleached and colored states of an experimental, monolithic solid-state

electrochromic coating developed at the University of Moncton, New Brunswick



(Canada), under contract with CANMET of the Department of Natural Resources Canada
[21,22] (Figure 2-1). The data was supplied courtesy of Dr. Vo-Van Truong, héad of the
Thin Films Research Group in the Department of Physics, University of Moncton. The
coating consists of the following sequence of layers:
1 mm clear glass substrate / ITO / Li, V,0,/ LiBO, - LiF / WO, / ITO / MgF,

where: ITO = indium tin oxide as the transparent conductors

Li, V,0, = lithium vanadate as the ion storage medium

LiBO, - LiF = lithium borate - lithium fluoride as the ionic conductor

WO, = tungsten oxide as the electrochromic layer

MgF, = magnesium fluoride as an outer layer which serves to protect the coating

from ambient humidity

Truong et al. [21] have studied the effect of temperature, humidity and exposure to
ultraviolet radiation on the performance and stability of the coating. Their tests on earlier
coating prototypes revealed that the transparent conductor is susceptible to degradation
due ‘o exposure tc humidity. This prompted the researchers to add the protective MgF,

layer.

It is important to note that the spectral data of the experimental electrochromic coating
included the presence of a 1 mm thick clear glass substrate. This 1 mm coating-substrate

is referred to as the “electrochromic coating” throughout this thesis.

In this chapter, the analysis of the performance of the electrochromic coating is based on

several performance indices (visible transmittance, shading coefficient, solar heat gain
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coefficient, U-value); these indices are described in section 2.1.2. The performance

evaluation is divided into two parts:

@

@iD)

first, it was necessary to determine the coating’s integrated solar-optical properties
and to extend the spectral data of the 1 mm coating to a common glass thickness of
6 mm. Researchers at Lawrence Berkeley Laboratory recommended the use of the
APPLIED FILM LAMINATOR program to model the 6 mm coating-substrate [59],
hereafter referred to as the “electrochromic glazing”.

second, a double glazed window which incorporates the experimental
electrochromic glazing was defined, along with several conventional window types
and two idealized electrochromic windows. The WINDOW 4.1 program was used
to determine the solar-optical and thermal properties of these windows based on
spectral data of the individual glazing layers. Window performance was then

compared based on the indices that are described in section 2.1.2.
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Figure 2-1. Spectral transmittance and reflectance data of the experimental
electrochromic coating in the (a) bleached state, and (b) colored state.
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2.1.1 Determining the solar-optical properties - background

Measurements of transmittance, reflectance and absorptance are dependent on wavelength
and incidence angle. Given a set of spectral data (R,=T,, p;, or a,) at a specific incidence
angle, the total or integrated solar-optical property (R,) is determined as the weighted

average response using the solar spectral irradiance as the weighting function [60]:

R, = bRaErdh @
fy ErdA
where: E, = solar spectral irradiance, W/m?um. This quantity can be obtained from

standard ASTM E 891-87 [60] for air mass 1.5

A= wavelength, pm.

It was discussed in Chapter 1 that ASHRAE, the National Fenestration Rating Council
(NFRC) and the Canadian Standards Association recommend that the solar-optical
properties of advanced glazings and complex window systems be calculated using the
“spectrally based method”, i.e., on a wavelength-by-wavelength basis. Both ASHRAE
and the NFRC recommend the use of the WINDOW 4.1 program to perform these
calculations; this program was therefore selected to calculate the performance indices of

the double glazed windows that are described in this thesis.

The heat transfer through a window system is determined as the area-weighted average of
the heat transfer through the centre-of-glass, edge-of-glass, and frame components of the
window. The heat transfer across the centre-of-glass is modeled in WINDOW 4.1 as a

one-dimensional process; based on the climatic data as boundary conditions, a steady-



state energy balance is performed at the centre node of each window layer to calculate the
temperature at these nodes, and subsequently at the glazing surfaces. These temperatures
are then used to calculate the conductive, convective and radiative heat fluxes leaving the
layer surfaces. Detailed equations for the centre-of-glass calculations are provided in
Arasteh et al. [43]. The absorptance and solar-optical properties of the window layers
influence the heat transfer. For window systems with multiple glazing layers,
WINDOW 4.1 considers the transmittance through each layer, the front and back
reflectance from each layer and the solar absorptance in each layer. These quantities are
calculated wavelength-by-wavelength using recursive relationships that account for the
internal reflections within the window system, and the total properties are then computed
using equation 2.1 [43]. Heat transfer through the edge-of-glass is characterized as two
dimensional, and the WINDOW 4.1 program provides generic correlations, determined
using finite element modeling techniques, which calculate the edge-of-glass U-values as a
function of other glazing properties such as centre-of-glass U-value and spacer material
[42,43]. Heat transfer through the window frame is one-dimensional; WINDOW 4.1
provides typical U-values of generic frames ihat were determined experimentally.
Alternatively, more accurate edge-of-glass and frame U-values can be determined using

the FRAME computer program, and then be imported in WINDOW 4.1 [42].
The WINDOW 4.1 program determines the solar and thermal performance indices (SC,

SHGC, rt,;, U-value) of window systems defined by the user. The program possesses

libraries of window components, including glazings, gas fills, frames and dividers. The
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glass library contains spectral data of several glazing types that are supplied by
manufacturers. An advantage of this program is that users can also add their own spectral
data files. A spectral data file is required for each glazing layer in the window system
when the spectrally based calculations are performed (“multi-band model™); otherwise,
the program calculates the performance indices using the integrated solar-optical
properties of the glazing layers (“single band model”). The latter method is less accurate,
particularly for advanced windows that are spectrally selective. WINDOW 4.1 calculates
the performance indices for the entire window system defined by the user as well as
individually for the centre-of-glass, frame and dividers. Angular calculations of the solar-
optical properties are also performed. Another advantage of the program is that it allows
users to export window thermal and solar-optical data and integrate them within the

existing window library of the DOE-2.1E energy analysis program. [42]

WINDOW 4.1 eurrently does not offer the capability to model films or coatings applied
on glass substrates. Lawrence Berkeley Laboratory offers the APPLIED FILM
LAMINATOR program for this purpose; it is currently a stand-alone program that will be
incorporated with the WINDOW 4.1 program as of the next release [61]. APPLIED
FILM LAMINATOR calculates the solar-optical properties of a combined coating-glass
substrate based on spectral data of the individual components. The main advantage of
this program is that it is compatible with WINDOW 4.1, i.e., the format of the input
spectral data files is similar to WINDOW 4.1, and the output spectral data file of the
newly defined coated glazing can be imported into the WINDOW 4.1 glass library.

According to Finlayson et al. [61], the errors between average properties calculated using
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APPLIED FILM LAMINATOR and measured values are generally not more than 0.5%;

the specified tolerances are 1% for transmittance values and 2% for reflectance values.

2.1 Window performance indices

The solar spectrum consists of three main regions: ultra-violet (0 nm to 380 nm), visible
(380 nm to 780 nm) and near-infrared (780 nm to 2500 nm). Approximately 47% of the
solar energy consists of visible light, while the remaining energy in the ultra-violet and
near-infrared regions contributes only heat to the space [3]. Ideally, therefore, glazings
for cooling-dominated buildings would be required to maintain a high transmittance in
the visible region in order to provide benefits from natural lighting, while minimizing the
transmittance in the other regions to reduce solar gains. There are several performance
indices that can be used to compare window types relative to one another and to help
designers in making initial design decisions. In this respect, it must be noted that these
indices provide a measure of “instantaneous” performance undef specific conditions and
they do not account for building performance as a whole [3]. In this chapter, the analysis
of the performance of the electrochromic coating is based on instantaneous performance
indices such as visible transmittance, shading coefficient, solar heat gain coefficient, and

U-value. These indices are described below.

Overall heat transfer coefficient. U-value (W/m?°C): The ASHRAE Handbook of

Fundamentals [3] defines the U-value as representing “the rate of thermal heat transfer
through fenestration in the absence of sunlight, air infiltration, and moisture

condensation”; i.e., it is the heat transfer rate due to conduction and convection caused by
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a temperature difference between the outdoor and indoor environments. The overall heat
transfer coefficient includes the effect of the window frame (U, center-of-glass (U,,),
and edge of glass (U,), and is calculated as the area weighted average of the U-value of
each component [3]:

_ UcgAcg + UegAeg + UtAr

U 2.2
Auwt 22)
The centre of glass U-value of a double glazed window is determined as [62]:
U= 1 2.3)
* T (1/ho)+ (1/ he) + (1/ ) '

where: h, and h; = exterior surface and interior surface heat transfer coefficients,
respectively, W/m2K
h, = combined convective and radiative heat transfer coefficient for the air gap,

W/m?K.

Solar Heat Gain Coefficient, SHGC: was previously defined in Chapter 1; this term
represents the portion of incident solar radiation that passes through the glazing and
becomes heat gain. It accounts for two components: (i) solar radiation which is directly
transmitted to the space, and (ii) solar radiation which is absorbed by the window that is
re-radiated to the space [3]:

SHGC =1, +N; a, 24
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Shading Coefficient, SC: was also described in Chapter 1 as the ratio of the SHGC of a

window under study to the SHGC of a reference clear single glazing [3].

Visible Transmittance, t;: refers to the glazing transmittance in the visible region of the

solar spectrum, from 380 nm to 780 nm. The transmittance in this region is weighted

with the photopic response of the human eye.

Luminous Efficacy Constant, Ke: is the ratio of visible transmittance (t;) to shading
coefficient (SC), and provides a measure of the heat content of transmitted daylight [63].
Given that the shading coefficient is being replaced by the solar heat gain coefficient, a
new performance index is described in the 1997 ASHRAE Handbook of
Fundamentals [3]: the light-to-solar-gain ratio (LSG), defined as the ratio of t,;, to SHGC.
A glazing which possesses a high LSG is recommended for buildings in hot climates as

well as for commercial buildings with high internal loads [3].

Energy Rating (ER): The Energy Rating is a measure of overall window performance
considering the effects of solar heat gains, conductive heat losses and heat losses due to
infiltration [64]. Canadian Standard CSA-A440 requires the calculation of this
performance rating for vertical windows in heated homes. The average Energy Rating for
all Canadian climates and all orientations is determined as [64]:

ER = 72.2 SHGCw - 21.9 Uw - 0.54 (%) (2.5)

W

where: ER = energy rating, W/m?
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SHGC,, = solar heat gain coefficient of the window, dimensionless

Uy = overall heat transfer coefficient of the window, W/ m?-°C

L5 = window air leakage rate at a pressure difference of 75 Pa, m’/hr

A,, =total area of the window, m?
The ER is calculated for standard window sizes and window types (i.e., fixed, operable)
for specific environmental conditions (Toy = -18°C and Ti, = 21°C). A positive ER value
indicates that the solar gains exceed the heat losses and therefore contributes to heating
the house. A negative ER value indicates that heat losses exceed the solar gains.
Although this performance index is intended for residential use only, it is used here
merely to provide a qualitative comparison of window thermal performance; the same
window size and environmental conditions have been used for each window type. The
effects of infiltration have been neglected in this study. For cooling-dominated buildings
(i-e., commercial buildings), it is recommended that the U-value and SHGC be used as

indicators of thermal performance [65].

2.1.3 Preparation of the spectral data files for use in APPLIED FILM
LAMINATOR and WINDOW 4.1

The wavelength range for the spectral reflectance and transmittance data of the
experimental electrochromic coating was from 300 nm and 350 nm (respectively) to
2500 nm, at one nanometer increments, for a total c;f 2150 to 2200 data points. Recall
that APPLIED FILM LAMINATOR and WINDOW 4.1 both have similar spectral data
file formats. The preparation of the spectral data files for use in both programs involved

the following three steps:
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First, it was necessary to reduce the number of spectral data points to 450 or less,
which is the maximum number that WINDOW 4.1 can accept.

The spectral data file must include a header specifying the units, glazing thickness,
glazing conductivity, thermal infrared hemispherical transmittance (t;), and thermal
infrared hemispherical emittance, for the coating or glazing front and back (ef and
ep). The last two properties must only be specified if the spectral data is supplied to
2500 nm; otherwise the programs calculate these two properties if the spectral data is

supplied to 25000 nm.

(iii) The spectral data must be reported at normal incidence according to the following

format [42]: wavelength, transmittance, front reflectance, back reflectance

Note that front and back surfaces refer to the outward surface and inward surface,
respectively, and that the coating can be on either surface depending on whether the
electrochromic glazing is placed as the outer or inner pane of a double glazed
window (Figure 2-2). The reflectance data that was supplied by the University of
Moncton was for the coating side. In the absence of other data, and given that the
thickness of the coating-substrate is only 1 mm, it was assumed that the reflectance

of the front and back surfaces were equal.
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OR
substrate coating coating substrate
front (outward) back (inward) front (outward) back (inward)
surface surface surface surface
Figure 2-2. Convention for coating or glazing front and back surfaces. [adapted
from ref. 57]

For the first step, i.e., to reduce the total number of data points to a maximum of 450, the
SPECPACK utility program that is supplied with WINDOW 4.1 was used. SPECPACK
performs a linear interpolation between data points that are on a line, thereby eliminating
the intermediate points. The user must specify an interpolation tolerance. Given that the
original spectral data file was much bigger than WINDOW 4.1 could process, it was
necessary to divide each data set for the bleached and colored states of the experimental
coating into data subsets at different wavelength ranges, containing less than 450 data
points each; otherwise SPECPACK could not be used. SPECPACK was then applied to
each subset at tolerances of 0.5%, 1% and 2% in order to determine the lowest possible
tolerance to produce an overall maximum of 450 points. The resulting subsets that had
been compressed with SPECPACK were then recombined into one spectral data file to
cover the full wavelength range from 300 nm to 2500 nm. For the bleached state, a
tolerance of 0.5% produced a total of 421 data points, while for the colored state, a

tolerance of 2% produced a total of 443 points.

The header data is summarized in Table 2-1. The emittance of the substrate side was

specified as 0.84, which corresponds to the emittance of uncoated glass, as specified in
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the WINDOW 4.1 manual [42]. The emittance of the coating side was specified as 0.08,
corresponding to the emittance of a low-e film, which is feasible for solid-state
electrochromic coatings [11]. Furthermore, the electrochromic glazings in the existing
DOE-2.1 window library also possess the same coating-side emissivity as a low-e
coating. Regarding the thermal infrared hemispherical transmittance, according to the
WINDOW 4.1 manual, “all glass products have a thermal infrared hemispherical

transmittance of 0.0” [42].

Table 2-1.  Summary of electrochromic coating properties used in
APPLIED FILM LAMINATOR analysis

Property Value
Glazing thickness [mm] 1.00
Glazing conductivity [W/m-K] 0.90
Thermal infrared hemispherical transmittance (t;,) 0.00

Thermal infrared hemispherical emittance - front (ey) 0.84
Thermal infrared hemispherical emittance - back (e;) 0.08

2.1.4 Solar-optical properties of the electrochromic coating and glazing - use of

APPLIED FII.M LAMINATOR

The APPLIED FILM LAMINATOR program was used to determine the spectral data of
a 6 mm glazing which incorporates the experimental electrochromic coating. The
program offers two choices for modeling the 6 mm thick electrochromic glazing: (i) the
1 mm electrochromic coating-substrate can be considered as a film (i.e., coating only)
which is applied onto a 5 mm clear glass substrate, or (ii) it can be considered as a 1 mm

coated substrate whose properties can be extrapolated to a 6 mm glass thickness. The
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second method is applicable to the experimental coating since the data includes the

presence of a clear glass substrate; however, both methods were examined.

The input data required by the program depends on the modeling approach that is used.
If modeling approach (i) is used, the program requires the following data as input: (1) the
normal spectral transmittance and reflectance of the clear glass substrate, and (2) the
normal spectral transmittance of the coating, and the reflectance of the exposed surface of
the coating (front) as well as the reflectance of the coating surface that comes into contact
with the substrate of the coating (back), since the front and back reflectances are
generally not equal for most films [61]. If modeling approach (ii) is used, the program
requires: (1) the normal spectral transmittance and reflectance of the clear glass substrate
which is of the desired thickness, and (2) the normal spectral transmittance and front and
back reflectance of the coated glazing whose properties are to be extrapolated to the
desired substrate thickness. The clear glass substrate was selected from the Libbey
Owens Ford database of spectral data files from the WINDOW 4.1 library. APPLIED
FILM LAMINATOR graphs the spectral data of the selected components (substrate and
film) as well as of the resulting coated glazing. ?The integrated properties of these
components are also shown on-screen and the spectral data of the resulting coated glazing

can be saved to a file which can then be imported into the WINDOW 4.1 glass library.

Using APPLIED FILM LAMINATOR, it was found that the integrated visible
transmittance of the experimental electrochromic coating switches from 0.583 (58.3%) in

the bleached state to 0.208 (20.8%) in the colored state, represenﬁng a range in
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transmittance of approximately 3:1. It has been reported that most electrochromic
coatings have a visible transmittance range between 2:1 and 4:1 and a maximum bleached
state transmittance between 50 and 80% [16]. The visible reflectance of the experimental
coating switches from 0.149 (14.9%) to 0.127 (12.7%). The solar transmittance switches
from 0.415 (41.5%) to 0.11 (11.0%), while the solar reflectance switches from AO.251
(25.1%) to 0.146 (14.6%). Two important observations can be made from these
properties and from Figure 2-1: (i) the coating can be classified as a broad-band
electrochromic since the change in transmittance and reflectance from the bleached to the
colored states occurs over the entire solar spectrum, rather than within a specific region
(i.e., visible or near-infrared); reductions in both natural lighting and solar gain can
therefore be expected when the coating is switched to the colored state, and (ii) the sum
of the integrated solar transmittance and reflectance in the colored state is approximately
0.26; i.e., the absorptance is 0.74 (compared to the bleached state absorptance of 0.67);
since the transmittance and reflectance decrease from the bleached state to the colored
state, the absorptance therefore increases indicating that the coating can be classified as
an absorbing type. According to Granqvist [19] electrochromic materials are more

commonly of the absorbing type.

The resulting spectral data of the electrochromic glazing for the bleached and colored
states are shown in Figures 2-3(a) and 2-4(a) for the case where the coating was
extrapolated to a thickness of 6 mm. It can be seen in Figures 2-3 and 2-4 (b), (c) and (d),
that there is no difference in the transmittance and film side reflectance values for both

the bleached and colored states between the two modeling approaches, while the substrate
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side reflectance for the extrapolation approach is slightly higher than the lamination

approach in the 2000-2500 nm wavelength range.

The properties of the original 1 mm electrochromic coating-substrate, the clear glass
substrate and the resulting electrochromic glazing are summarized in Table 2-2. It can be
noted that the solar and visible transmittance of the 6 mm thick electrochromic glazing
are slightly less than the values for the 1 mm thick electrochromic coating-substrate; the
visible transmittance can be switched from 57.3% to 20.5%, rather than 58.3% to 20.8%
(for the 1 mm coating), while the solar transmittance can be switched from 37.8% to

10.4% (compared to 41.5% to 11.0% for the 1 mm coating).

Table 2-2. Properties of electrochromic coating, glass substrate and
: electrochromic glazing.

Tvis Tsol
1 mm electrochromic coating-substrate| 58.3% /20.8% |41.5% /11.0%
6 mm clear glass substrate 89.0% 78.9%
6 mm electrochromic glazing 57.3%/20.5% | 37.8% / 10.4%
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The impact of the experimental electrochromic glazing on incident solar irradiance (for
air mass 1.5) is illustrated in Figure 2-5, which shows the resulting spectral transmittance

of the experimental electrochromic glazing for the bleached and colored states.

LAL.I |.__\£ﬂble ol Near-infrared

1000 + T =57.3%/20.5%
Tot =37.8%/ 104%

3

(W/m’pm)
o28888

Direct normal spectral irradiance
transmitted by electrochromic glass

300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

Waveleneth (nm)

= Solar spectral irradiance — Electrochromic glazing - bleached state
- Electrochromic glazing - colored state

Figure 2-S. Spectral transmittance of the 6 mm thick experimental electrochromic
glazing.
As a final discussion of the characteristics of the experimental electrochromic coating,
recall the requirements of electrochromic devices that were described in Chapter 1. The
electrochromic coating must meet certain performance characteristics if it is to be
considered suitable for applications in windows. The characteristics of the experimental
coating, as detailed by Truong et al. [21] or determined using APPLIED FILM
LAMINATOR, are compared in Table 2-3 with the required characteristics described by
Lampert and Granqvist [2]. Most of the characteristics of the experimental coating fall
within the required range, with the exception of the solar transmittance in the bleached

state and the time that it takes for the glazing to reach its fully colored state (i.e., the
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switching speed). While the development of a protected, monolithic solid-state
electrochromic coating was successful, the researchers acknowledge that the high cost of
fabrication and the high switching speed are two main factors which hinder immediate

commercialization of the present coating.

Table 2-3.  Characteristics of the experimental electrochromic coating compared
with the required characteristics of electrochromic coatings for
window applications.

Required Experimental
characteristics [2] coating m [21]
Tso1 - bleached 50 -70% 41.5%
Tso1 - colored 10 - 20% 11.0%
T.is - bleached 50 - 70% 58.3%
Tyis - colored 10 -20% 20.8%
Switching voltage 1 -5 volts 3 volts
Optical memory 1 - 24 hours 8 hours
Switching speed 1-60 sec. 7.5 minutes
Cyclic lifetime >10k-1M cycles 3k @
Lifetime 5 - 20 years N/A
Operating temperature | -30 to 70°C (protected) tested between room
and 0 to 70°C temperature and 60°C

Notes:
(1) Transmittance values were calculated using APPLIED FILM LAMINATOR.

Remaining characteristics were obtained from reference [21].
(2) No significant changes in coating properties were observed after 3000 cycles.

2.1.5 Idealized electrochromic coatings
In buildings where the cooling load is dominant, the ideal window should have low solar

heat gain properties (SC, SHGC), yet also possess a high visible transmittance such that a

daylighting strategy could be used to reduce electric light loads. The question arises as to
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how high or how low must the solar-optical properties of the electrochromic glazing be in
order to maximize performance and is it justifiable to pursue development of coatings
with “better” properties. The characteristics and performance of the experimental
electrochromic glazing must therefore be compared with other electrochromic glazings
whose properties are close to the limits of solar and light control performance. Two
idealized electrochromic coatings were therefore defined whose properties were allowed
to switch in the visible region only (380 nm - 770 nm wavelength range). Hence, the
transmittance of the first idealized electrochromic coating switches from 100% to 0% in
the visible range, representing the maximum limits for switching (Figure 2-6 (2)). The
visible transmittance of the second idealized coating switches from 90% to 10%,
representing a more realistic switching range (Figure 2-6 (b)). In both cases, the
transmittance of the idealized coating in the colored state was maintained constant at the
minimum visible transmittance value throughout the entire solar spectrum (300 nm -
2500 nm). APPLIED FILM LAMINATOR was then used to determine the spectral data
for 6 mm thick glazings which incorporate the idealized electrochromic coatings,

following the procedure described in the previous section.

2-22



(@) 100
90 T
80 + Bleached
70 + - -+ --Colored

60 T
50 T
40 T
30 T
20 T
10 T

0

300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
Wavelength (nm)

Transmittance (%)

®) 100
90 +
80 + Bleached
70 T -+ --Colored
60 T
50 +
40 T
30 +

20 T
10 L

0 T T T T T T T T T T T

300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
Wavelength (nm)

Transmittance (%)

Figure 2-6. Idealized electrochromic coatings. (a) represents a coating with the
maximum possible switching range, (b) represents a coating with a
more realistic switching range.

2.2 CHARACTERISTICS OF DOUBLE-GLAZED WINDOWS

The WINDOW 4.1 program was used to evaluate the global parameters characterizing the
performance of several types of double glazed windows. First, a total of 10 glazing types

were selected, including the experimental electrochromic glazing, the two idealized
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electrochromic glazings, and seven conventional glazings which are described in section
2.2.1 (ie., clear, reflective, low-e, bronze, and other tints). Second, double-glazed
windows were defined and the corresponding glazing spectral data files were used in the
WINDOW 4.1 program to determine the most important solar-optical properties for
energy calculations (e.g., visible transmittance, U-value, solar heat gain coefficient, etc.).
Third, the relative performance of the selected windows was compared based on the

indices that were described in section 2.1.2.

2.2.1 Conventional glazings

The spectral transmittance of the seven conventional glazings, available in the
WINDOW 4.1 library of spectral data, is compared in Figure 2-7 and the integrated
transmittance is summarized in Table 2-4. Clear glazing possesses the highest
transmittance in both the visible and near-infrared regions; therefore, it would result in
the greatest daylighting benefits, but also the greatest solar heat gains. Low emissivity
glazing maintains a high visible transmittance, but reduces the solar transmittance by 19%
compared to the clear glazing. Reflective glazing, on the other hand, substantially
reduces the visible transmittance (by 56%) but reduces the solar transmittance by
approximately 37%. Among the tinted glazings, bronze glass reduces both solar gains
and visible light by approximately 38%. The Bluegreen and Evergreen tinted glazings
offered by Libbey Owens Ford are relatively new tints which are designed to maximize
visible light mmssion while reducing the solar gains. Bluegreen glass transmits a
higher amount of daylight and solar gains that the Evergreen glass. The Solarban glazing

possesses the lowest transmittance of all the glazings selected; therefore, it will
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significantly reduce the solar gains, but will also result in highly reduced daylighting

benefits.

Table 2-4. Integrated transmittance of 6 mm thick glazings studied.

‘tAis Tsol
Clear 0.890 0.792
Bronze 0.547 0.496
Reflective 0.390 0.501
Low-e 0.804 0.639
Evergreen 0.658 0.328
Bluegreen 0.757 0.488
Solarban 0.173 0.098
EC-bleached 0.573 0.378
EC-colored 0.205 0.104
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Figure 2-7. Spectral transmittance of 6 mm thick conventional glazings.

2.2.2 Defining the double glazed windows in WINDOW 4.1
Three main steps were used to define the double glazed windows in the WINDOW 4.1
program. First, the spectral data files of the experimental and idealized electrochromic

glazings were imported from APPLIED FILM LAMINATOR into the existing Glass
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Library of the WINDOW 4.1 program. The Glass Library was then updated in order to
include the spectral data files of the conventional glazing types that were selected for this
study, otherwise the calculations would be performed using the “single-band” approach.
Spectral data for conventional glazings were obtained from the existing library in the

WINDOW 4.1 program, which were supplied by glazing manufacturers.

Second, the centre-of-glass component was defined in the Glazing System Library for
each of the 10 windows to be studied. The double glazed windows were defined layer by
layer, starting with the outside layer, followed by a 12.7 mm air gap, and the inside layer.
With the exception of the low-e glazing, all conventional and electrochromic glazings
were defined as the outer layer, and the inner layer was defined as a 6 mm clear glazing.
For the experimental electrochromic glazing, the effect of using the glazing as the inner
layer was also studied and is discussed in section 2.2.3. Note that the Glazing System
Library enables the user to perform calculations of the angular solar-optical properties of

the glazing system. This option was used for the present study.

Third, the program’s main screen was used to specify the remaining components of the
windows (frame, edge). The main screen of the WINDOW 4.1 program allows the user
to design and analyze a window system which includes all components such as frames,
dividers, and glazing. The user must first enter general information regarding the size,
tilt, and environmental conditions. The user must then define or select the window
components from the respective libraries including frame, glazing system (centre-of-

glass), and dividers (if any). Since the final analysis of the selected window types will be

2-27



performed in the DOE-2.1E program, window specifications such as size and frame type
were defined similar to windows in the existing DOE-2.1E window library for
consistency. These specifications for the selected windows are summarized in Table 2-5.

No dividers were specified for the windows.

Table 2-5. WINDOW 4.1 specifications of the selected window types.

“Specification |  Defined "Comments
Window type Picture Refers to fixed window type
Tilt 90° Vertical window
Size Fixed BB |Size was selected for consistency
Width 1219.20 mm [with windows in the existing
Height 1828.80 mm | DOE-2.1E window library.
Units SI -
Frame type 3 Refers to an aluminum frame. The

U-value is from the 1989 ASHRAE
Handbook of Fundamentals. [42]

Edge Correlation Iclass 1 |Existing correlations represent
edge-of-glass U-values as a function
of center-of-glass U values.

"1 class 1" refers to an aluminum
spacer material [42].

The corresponding spectral data files were used in WINDOW 4.1 to determine the most
important solar-optical properties for energy calculations, namely: shading coefficient
(SC), solar heat gain coefficient (SHGC), visible transmittance (1), and thermal

conductance (U value).

Window performance was evaluated at standard ASHRAE summer conditions for solar

heat gain calculations and NFRC/ASHRAE winter conditions for calculation of window

U value (Table 2-6).
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Table 2-6. Summary of weather conditions used in the WINDOW 4.1 analyses. [42]

Outside | Inside |Wind speed| Wind Direct solar Tsy | Esy
temp (°C){temp (°C) (m/s) direction | radiation (W/m?) | (°C)
Winter | U value| -17.8 21.1 6.7 | Windward 0.0 -17.8] 1.0
Summern Solar 31.7 239 34 Windward 783.0 31.7}) 1.0
Notes:

Ty, = effective sky temperature; the WINDOW 4.1 default value is the same as the outside

temperature and represents a cloudy sky. The WINDOW 4.1 manual recommends that the
default value be used for U-value calculations. [42]
Egy = effective sky emissivity; default value of 1.0 also represents a cloudy sky and indicates

that T, is equal to the outside temperature. [42]

2.2.3 Impact of coating placement within double-glazed window

There are two possibilities for the placement of the electrochromic glazing within the

double glazed window: (i) the electrochromic glazing can either be placed as the outer

pane, or (ii) it can be placed as the inner pane. Considering surface 1 as the outermost

surface of the glazing system, the electrochromic coating can therefore either be placed

on surface 2 or on surface 3 (Figure 2-8).

electrochromic
/ coating \

3_1

172

4

OR

1

234

Figure 2-8. Possible placement of electrochromic coating
within the double glazed window.
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The impact of coating placement on the angular calculations of SHGC are shown in
Figure 2-9 (a) and (b) for the bleached and colored states of the experimental

electrochromic double glazed window.
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Figure 2-9. Impact of coating placement on the angular and integrated
values of the solar heat gain coefficient for the (a) bleached
and (b) colored states of the experimental electrochromic
window.
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Note that when the electrochromic coating is placed on surface 3, there is no change in
the angular or integrated values of the SHGC between the bleached and colored states
(0.56 in both cases). When the coating is placed on surface number 2, the SHGC is
reduced from the bleached to the colored state (from 0.38 to 0.16, respectively). Given
that thie electrochromic glazing is of the absorbing type, the absorbed solar radiation can
be transmitted outside when the glazing is placed as the outer pane. These conclusions
are consistent with the findings of Reilly et al. [39] that were described in Chapter 1,
section 1.2. The researchers had recommended that absorbing type electrochromic

glazings be placed as the outer layer in order to reduce the solar heat gain properties.

2.2.4 Relative comparison of window properties - results and discussion
The centre-of-glass properties of the selected glazings, as calculated by WINDOW 4.1,

are presented in Table 2-7. The windows are grouped in five classes in terms of shading
coefficient values from a minimum of 0.20 to a maximum of 0.83. Note that
conventional glazings for windows of type F and J had been selected to attain similar
solar gain properties (SC and SHGC) as the experimental electrochromic window (type

G) in its bleached and colored states, respectively.
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The Energy Rating index and the Luminous Efficacy Constant, Ke, can provide a
qualitative assessment of windows in cold climates, as shown in Figure 2-10. The figure
can be divided into four quadrants. Window properties in quadrants I and I (i.e., when
Ke > 1.0 or 1, > SC) would provide daylighting benefits with reduced solar heat gains;
window properties in quadrants II and IIl (i.e. ER > 0) incur greater solar gains than
conductive heat losses and would likely be suitable for passive solar buildings or narrow
plan buildings where the envelope has a greater impact on heating energy consumption.
Windows in quadrants I and IV would be appropriate for large commercial buildings
where solar gains and internal heat gains comprise the major components of the cooling
load, and conductive heat losses do not have a significant effect on energy consumption.
Overall, the experimental electrochromic window maintains a higher Ke ratio than four
out of six of the commonly used conventional window types which were considered for
this study, thereby transmitting a greater proportion of visible gains than solar gains. The
broader switching range of the idealized electrochromics means that lower Energy Rating
indices are expected when they are in their fully colored states compared with the
experimental electrochromic; however, this can be adciressed by limiting the switching

range of the glazing during the winter season.

A comparison of window performance based on the shading coefficient and visible
transmittance is shown in Figure 2-11. The electrochromic windows as well as the
evergreen and bluegreen windows outperform the other conventional windows. These
windows would therefore yield daylighting benefits with reduced solar heat gain. The

idealized electrochromic windows in their bleached state are the bverall best performers,
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baving the highest ratio of t.is to SC compared to all other window types. They may
however incur glare problems; however, again, this may be addressed by limiting their
switching range. The remaining conventional windows would provide a greater
proportion of heat gains than daylighting benefits, with clear double glazed windows

being the greatest provider of solar gains and visible gains.

In terms of thermal performance (Figure 2-12), the low-e window is the only net energy
provider compared to all window types. Comparing the electrochromic windows, the
smaller switching range of the experimental electrochromic window limits the heat
losses, mainly because it possesses a higher SHGC in the colored state than the idealized
electrochromic windows. The electrochromic windows have the lowest U-value
compared to the conventional windows; radiative heat losses are reduced for the
electrochromic coatings (idealized and experimental) since they possess the same
emissivity as a low-e coating. The thermal performance of the experimental
electrochromic window is expected to be better than the conventional window types since
it possesses a lower U-value, thereby reducing conductive heat losses in winter, and a
lower SHGC (with the exception of window type J), thereby reducing the solar gains in

summer.
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Figure 2-10. Qualitative comparison of window performance based on luminous
efficacy and Energy Rating.
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2-35




3.5 & A:Clear/Clear
301 Heat Losses Ao B:Clear/Low-e
5] ° ° = ¢ m  C:Bronze/Clear

g 201 { A D: Bluegreen/Clear

'§ jg P x  E:Reflective/Clear

- o F:Evergreen/Clear
10 1 —%—G: EC Exp./Clear
0.5 + Heat Gains | |— - - H: EC Ideal2/Clear
0.0 : ; ; a - - @ - -I: EC Ideal/Clear

0.00 020 040 060 080 100 o IJ:Solarban/Clear
SHGC ER=0

Figure 2-12. Comparison of window types based on U-value and Solar Heat Gain
Coefficient.

2.3 CONCLUSIONS

This chapter demonstrated a detailed step-by-step procedure for modeling an
experimental electrochromic coating and window using two public domain computer
programs, APPLIED FILM LAMINATOR and WINDOW 4.1. The objective was to
determine the solar optical properties of a glazing that incorporates the experimental
coating, a double glazed window that incorporates the experimental electrochromic
glazing, and several conventional double glazed windows. Some important conclusions
regarding the experimental electrochromic coating were made as a result of this modeling
experience:

(1) the coating is classified as a broad-band electrochromic whose properties can switch

over the entire solar spectrum
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(ii) the coating is classified as absorbing, rather than reflective, when it switches to the
colored state

(iii) within a double glazed window configuration, the absorbing electrochromic coating
is best placed as the inner layer of the outer glazing pane of the window, which
ensures that the SHGC of the window is reduced when the coating is switched to

the colored state, and that absorbed solar radiation is directed outside.

The emphasis of this chapter is on the relative performance of the electrochromic window
compared to conventional window types, based on performance indices that are
independent of interactions that occur between all the systems and conditions in a
building. A complete performance assessment requires the whole building energy

performance to be studied.

These indices can facilitate an initial selection of windows, particularly conventional
windows whose properties remain static; however, in the case of electrochromic
windows, the performance depends on the switching control strategy, as well as the solar
optical properties. This chapter therefore provides an idea of the possible limits of
performance for electrochromic windows, but the dynamic operation of the
electrochromic window must be considered in a more in-depth analysis. To this end, the
next step in the evaluation is to gain an understanding of the driving variables that cause
switching to occur and their impact on building conditions and cooling loads. This

evaluation is presented in Chapter 3.
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CHAPTER 3

CRITICAL EVALUATION OF EXISTING
ELECTROCHROMIC GLAZING CONTROL
STRATEGIES

The application of an appropriate strategy to control the switching of electrochromic
glazings requires an analysis of the complex interactions between glazing properties, the
driving variables for switching, the controlled variables, as well as building
characteristics and operation. It was seen in the literature review (Chapter 1) that the
existing control strategies, which are available only in the DOE-2.1 energy analysis
program, were used in past studies to assess the potential energy savings in prototypical
office buildings. While these studies were important in that they helped establish
performance limits of ideal and actual electrochromic windows, there are practical
limitations asSociated with some of the existing switching models. Furthermore, the
studies were based on a direct application of various strategies and did not provide
guidelines on the selection of appropriate switching set-points. A more in-depth analysis

is provided in this chapter.

The main objectives of this chapter are to: (i) evaluate the effectiveness of existing
electrochromic glazing control models considering their impact on the heat extraction rate
of an existing seven-storey commercial building located in Laval, Quebec, which was
used as a case study, (ii) provide insight on the application of the existing strategies and
selection of switching set-points, and (iii) explore alternative approaches to initiate

switching of the electrochromic glazing. The chapter begins with a brief description of



the existing DOE-2.1E control strategies and of the building that was used as a case study
in the evaluation. Several energy simulations were performed in order to study the
relationships between the driving variables for switching of the glazing properties and the
heat extraction rate of the perimeter zones of the existing commercial building [58].

Conclusions are drawn as to the applicability of existing strategies.

3.1 EXISTING MODELS OF CONTROL STRATEGIES

Currently, modeling of electrochromic glazing control in the DOE-2.1E program is

possible through the selection of one of eight driving variables for switching [46]:

(i) outdoor drybulb temperature

(i) total solar radiation incident on the glazing

(iii) direct solar radiation incident on the glazing

(iv) total solar radiation transmitted through the glazing in the bleached state

(v) direct solar radiation transmitted through the glazing in the bleached state

(vi) total solar radiation incident on a horizontal plane

(vii) total space cooling load at the previous hour (estimated by the LOADS block of the
program)

(viii) illuminance level at a reference point in the zone.

The user must specify the following information in the LOADS module of the input file

in order to apply the control strategy: the driving variable, the high and low set-points

used for switching (except for driving variable viii), a switching schedule to define when

switching of the glazing is permitted throughout the day and year, and the codes of the



electrochromic window in its bleached and colored states, as available in the program’s
window library. The program interpolates between the bleached state and colored state
properties of the electrochromic glazing when the value of the driving variable is between
the specified low and high set-points. A switching factor, SWFAC, which is used in the
program’s window thermal and daylighting calculations, is defined as follows for the

partially switched state: [46]

(Value of control variable) - (Low set - point)
(High set - point) - (Low set - point)

SWFAC =

where, SWFAC = 0.0, if the electrochromic glazing is in the bleached state, and 1.0 if

the glazing is in the colored state.

Otherwise, the glazing remains in its bleached state when the driving variable is less than
the low set-point, or in the colored state when the driving variable is greater than the high
set-point, as illustrated in Figure 3-1. The glazing is in an intermediate, or partially

switched, state when the driving variable is between the high and low set-points.
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Figure 3-1. DOE-2.1E control concept for electrochromic glazing. [46]

3.2 LIMITATIONS OF EXISTING CONTROL MODELS

Except for control based on illuminance levels, driving variable (viii), selection of the set-
points is not straightforward as it requires an analysis of the dynamics between the
driving variables and their effect on the controlled variables, such as the solar gain and

the heat extraction rate.

There are some problems with the use of control variables (iv), (v) and (vii) in real

commercial buildings. If the sensor is located inside the building:
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(1) A control model based on solar radiation transmitted through the glazing in the
bleached state would make it impossible to correctly measure the driving variable once
the glazing is no longer in its bleached state. Therefore, one can expect a cyclic switching

between the bleached and colored states.

(2) A control model that uses the space cooling load as the driving variable does not
inherently account for the time lag between the occurrence of peak solar gains and the
peak cooling load. In some previous studies, the electrochromic glazing was
automatically switched from the bleached state to the colored state whenever the total
space load was greater than zero [25,52,53,55]. The underlying assumption was that the
solar gains were the largest contributors to the cooling load so all other loads were
neglected; therefore, a set-point of zero was intended to indirectl& prevent all solar gains
from being transmitted into the space. In reality ﬂowever, the cooling load is due to
several components including solar gains, as well as internal gains due to people,
equipment, and lighting. It is only the solar gains component that can be controlled using
electrochromics. With this type of strategy, the glazing will remain in a permanently
colored state, regardless of whether solar gains are-substantial or not, since the space
cooling load is usually greater than zero during summer months. It would be more
convenient to determine a base cooling load that includes the effect of lighting,
equipment, and people; then, switching could be initiated when the cooling load exceeds

the base amount as this would be attributed to the effect of solar gains.



3.3 DESCRIPTION OF THE EXISTING COMMERCIAL
BUILDING

The solar-optical properties of the experimental electrochromic window were imported
from the WINDOW 4.1 program into the existing window library of the DOE-2.1E
program, which was then used to study the effect of driving variables for switching on the
heat extraction rate of perimeter zones of the existing commercial building. The “heat
extraction rate” is evaluated within the SYSTEMS block of the program, and differs from
the “cooling load,” which is calculated within the LOADS block. The cooling load is
defined in the DOE user’s manual [45] as: “the rate at which heat must be removed from
the space to maintain space air temperature at a constant value.” The extraction rate, on
the other hand, “is the rate at which heat is removed from the conditioned space.” In
other words, the operation of the HVAC control system is taken into account. Therefore,
the heat extraction rate more accurately represents the actual building operation and is the

quantity of interest throughout this thesis.

The computer model of the building was initially developed by Pasqualetto [66], and was
modified for the purposes of the present research in order to isolate the impact of
electrochromic windows on energy and lighting electricity consumption specifically in the
perimeter zones. A brief description of relevant building details follows. The building,
located in Laval, Quebec, comprises 10 410 m? floor area and consists of seven floors of
office space and an underground garage. The ground floor consists of a restaurant, a bank
and the lobby. Each floor from one to seven was modeled as five zones: a27 mx 21.6 m

core zone (the longer dimension runs East-West) surrounded by four perimeter zones
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3.7 m deep, oriented along the four cardinal directions. The occupancy density was
estimated as 25.8 m?*/person on the first and seventh floors and 30.7 m?*person on floors

two to six. Power densities for lighting and equipment were defined as shown in

Table 3-1.

Electricity is the only source of energy in the building. Heating is provided along the
perimeter by electric baseboard heaters for the period between September 15 and May 1.
The heating set-point is 20°C. The office tower is served by a central VAV HVAC
system having a total air flow capacity of 38 200 L/s. The cooling set-point is 23°C and
the cooling system operates from 7:00 to 23:00 for the period between April 15 and

October 15. The restaurant and bank are each served by a rooftop HVAC unit.

Table 3-1. Summary of power densities defined in DOE building input file.

Power density (W/m?)
Lighting Equipment
Core | Perimeter| Core | Perimeter]
First floor 30.99 30.99 6.99 6.99
Floors 2-6 15.49 12.37 538 5.38
[Seventh floor | 23.24 23.24 5.38 5.38

The following modifications were made to the initial building model for the purposes of

the present research:

(1) The revised building model includes perimeter daylighting with continuous dimming

lighting controls for the fluorescent lamps. Workplane illuminance was to be maintained



at 538 lux, which is the recommended illuminance level for offices. The lighting
reference point for daylighting and glare calculations was located along the centerline of
each zone, at 2/3 the depth of the zone (i.e., 2.47 m), as recommended in the DOE-2.1E
Supplement [46], and at a height of 0.76 m from the floor (representing the desk height).

Glare calculations were performed for a view parallel to the window.

(@) The windows, which in the original model were sloped downwards by 10° to reduce
solar gains, were oriented in a vertical position for the present work. The window height
is 1.67 m and the width spans the entire facade. The window-to-wall ratio, WWR, is
calculated as 0.62. The windows of the office floors, restaurant, bank and lobby were
originally specified as having a shading coefficient of 0.38. These were replaced, for the
office floors only, by the experimental electrochromic window whose bleached state and

colored state properties were integrated into the existing DOE window library.

(3) The single central VAV system was replaced by two central VAV systems, one

serving the perimeter zones and another serving the core area.

3.3.1 Control by outdoor drybulb temperature

In the present study, simulations were first performed with the electrochromic window in

its bleached state in order to study the effect of the outdoor drybulb temperature and total
incident solar radiation on the extraction rate of the perimeter zones of the existing

commercial building. The typical meteorological year (TMY) for Montreal was used in



the simulation. A plot of hourly values of outdoor drybulb temperature and the extraction

rate of the South perimeter zone is shown in Figure 3-2 for the month of July.
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Figure 3-2. Relationship between the outdoor drybulb temberatnre and the total
extraction rate for the South perimeter zone for the month of July.
It can be seen that there is no correlation between the cooling load and outdoor drybulb
temperature for the commercial building studied. Plots for the East and West orientations
yield similar results and need not be shown here. Exterior temperature would primarily
affect conduction heat gains; however, the U-value of the window is not affected by the
state of the electrochromic glazing studied. Therefore, control by outdoor temperature
would not be an effective strategy for this building. Furthermore, if the U-value can be
changed when the state of the electrochromic glazing is switched, the performance of this
type of control strategy would depend on the contribution of conduction gains to the
extraction rate relative to the contribution of solar gains. For example, the conduction

gains do not contribute significantly to the extraction rate of the building studied, as



shown in Figure 3-3. Therefore, control by outdoor temperature would not be an
effective strategy for this building. Thus, one would expect lower energy savings from a
control strategy based on outdoor drybulb temperature, compared with one that is based
on solar radiation. Similar observations can be made for the East and West perimeter
zones (Figure 3-4). Moreover, since there is no clear correlation between the extraction

rate and the outdoor air temperature, the switching set-point can only be selected in an

arbitrary way.

It is also worth noting from Figures 3-3 and 3-4, the time delay between the occurrence of
maximum solar gains and the occurrence of maximum extraction rate due to the thermal
mass of the building. It was found that for the South and West orientations, the time lag
is approximately 2 to 2.5 hours, while for the East orientation, the time lag is
approximately 0.5 hour. Furthermore, the hour of occurrence of the peak solar gain and
peak extraction rate is different for each orientation. Therefore, in order to maximize the
energy savings, a switching control sequence (switching start time and stop time) should
be adapted for each perimeter zone. Note that in this &udy, it was assumed that switching

does not have a time delay.
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Figure 3-3. Comparison of solar gains, glass conduction gains, and extraction rate
for the South perimeter zone for the month of July.
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month of July.
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3.3.2 Control by solar radiation

Table 3-2 shows the ratio of solar gains to extraction rate for each perimeter zone
considering simulation results for the month of July. Note that for the North orientation,
since solar radiation is primarily diffuse a relevant comparison cannot be made with the
ratio of the other orientations. The largest component of the extraction rate for the
building studied is due to glass solar gains; therefore, a control strategy based on solar
radiation is likely to be the most effective option. As discussed at the beginning of
section 3.3, a strategy based on transmitted solar radiation would not be applicable in
practice; therefore, the focus in the present section is on the incident solar radiation.

Table 3-2. Ratio of solar gains to extraction rate for each perimeter zone for the

month of July.
Perimeter zone Ratio of solar gains
to extraction rate
South 77.4%
East _ 81.7%
West 85.2%
North Not applicable

The main issue in applying this strategy is the determination of the high and low set-
points for switching. Since the extraction rate, i.e., the controlled variable, is related to
incident solar radiation, i.e., the driving variable, it is necessary to understand the
relationship that exists between the two, as illustrated in Figure 3-5 for the South
perimeter zone. Plots for the East and West perimeter zones are similar and need not be

presented here.
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Figure 3-5. Relationship between the heat extraction rate and the total incident
solar radiation for the South perimeter zone.

The obvious trend is that the extraction rate increases during the moring hours as the

incident solar radiation increases, peaks at 14:00 and then decreases in the afternoon

hours as the solar radiation decreases. The incident solar radiation peaks at noon, and it

can be seen from the graph that there is a two hour time lag between the occurrence of

peak solar radiation and the peak extraction rate. However, an appropriate choice of set-

points is not evident simply by studying the chart as several questions can be raised:

e  what is the impact of a particular choice of set-points on the extraction rate?

e should the glazing be switched at the occurrence of peak solar radiation or before? If
so, how long before?

e  for how long should the glazing remain in the colored state, i.e., at what point is it no
longer effective, in terms of incremental energy savings, to maintain the glazing in

the colored state?



Answers to the above questions cannot be obtained directly from the chart. Therefore, it
is worthwhile exploring new indices that can provide a more direct method to determine

the set-points for switching of the electrochromic glazing.

Figures 3-3 and 3-4 show during which hours the solar gains have the greatest impact on
the cooling load. Taking the South perimeter zone as an example, it can be seen that the
solar gains exceed the extraction rate during the morning hours from approximately
9:00 a.m. to 13:30. In physical terms, it signifies that during these hours there is a high
potential for thermal storage of solar radiation. Beyond the point where the solar gains
and the extraction rate cross, at 13:30, the extraction rate exceeds the solar gains,
indicative of the thermal lag effect, where stored energy is released into the space.
Therefore, in order for a switching control strategy to be effective in reducing the peak
extraction rate, it would be more appropriate to switch the electrochromic glazing at some
point in the morning hours in order to reduce the amount of energy stored. It is therefore
the relationship between the solar gains relative to the extraction rate that can provide an
indication of the possible set-points. A plot of the ratio of solar gain to the extraction rate
(RGE) versus the incident solar radiation is shown in Figure 3-6 for the South perimeter

zone and Figure 3-7 for the East and West zones.
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Figure 3-6. Relationship between the ratio of solar gain to extraction rate (RGE)
and the total incident solar radiation for the South perimeter zone.
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Figure 3-7. Relationship between the ratio of solar gain to extraction rate (RGE)
and the total incident solar radiation for the: (a) East and (b) West
perimeter zones.

The maximum ratio RGE occurs before the occurrence of the peak solar gain. For the

South orientation, the maximum ratio occurs at 10:00-11:00 a.m. while the peak solar

gain occurs at noon; for the East orientation, it was found that the maxlmum ratio occurs

at 9:00 am., one hour before the occurrence of the peak solar gain. For the West

orientation it seems that the maximum ratio occurs when the solar gains are maximum. It
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can be concluded that the potential for thermal storage of solar radiation is greatest when
the ratio RGE has the maximum value. Therefore, in order to reduce the peak extraction
rate, switching of the electrochromic glazing can potentially start when the maximum
ratio RGE occurs. An RGE of 1.0 indicates that the solar gains are equal to the extraction
rate; beyond this point, the solar gains decrease, and the amount of energy storage also
decreases. This point can therefore potentially represent the time at which the glazing can
be returned to the bleached state. Since this index incorporates both the effect of solar
radiation and thermal lag, the feasibility of its use in a switching control algorithm merits

further study.

A preliminary assessment of the validity of the abo§e conclusions was made. The

performance due to the following five control strategies were compared, including one

based on the RGE index:

(D the electrochromic glazing was switched to the colored state at the hour of
occurrence of the peak extraction rate: 14:00 for the South orientation, 10:00 for the
East orientation, and 17:00 for the West orientation. The élazing was returned to
the bleached state when the direct incident solar radiation was zero.

(ii) the electrochromic glazing was switched to the colored state one hour before the
occurrence of the peak extraction rate.

(iii) the electrochromic glazing was switched to the colored state two hours before the
occurrence of the peak extraction rate. |

(iv) the DOE-2.1E SPACE-LOAD control was used. In order to apply this strategy, the

base cooling load was determined, that excludes the effect of solar gains. However,



™)

it was not possible to completely isolate the cooling load from the effects of solar
gain, particularly for the South and East orientations. This is because for these
orientations, solar gains are present before the cooling system is in full operation.
The set-point for switching was determined based on a plot of the cooling load
(from the LOADS block) versus total incident solar radiation for each orientation.
The following set-points were then used in the simulation: 22.4 W/m? for the South
orientation, 15.4 W/m? for the East and 18.6 W/m? for the West.

switching was based on the RGE index. The electrochromic glazing was switched
to the colored state at the hour of occurrence of the maximum RGE, which was
obtained from Figures 3-6 and 3-7. The glazing was returned to the bleached state
at the hour when RGE =1.0. Therefore, switching start and stop times for each
orientation were specified as follows: for the South 10:00 and 14:00, East 9:00 and

11:00, West 15:00 and 18:00.

DOE’s Functional Values feature was used to develop a routine that would impose the

switching start and stop time of the glazing. The routines are described in detail in

Chapter 4.

Simulations were first run with the electrochromic glazing in the bleached state, the

results of which were used to determine the percentage reduction in the extraction rate

due to switched state results for the above five cases. The resulting reductions in the

extraction rate are shown in Figures 3-8, 3-9 and 3-10 for the Scuth, East and West

perimeter zones, respectively.
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Comparing the results of the first three switching cases, it is clear that greater energy
savings occur when the glazing is switched earlier than at the hour of occurrence of the
peak extraction rate (i.e., cases (ii) and (iii)). Control by space load (iv) is the overall best
performing strategy for each orientation with over 30% reduction in the extraction rate.
Note however that the approach presented here for applying control by space load is
different than the approach used by other researchers in previous studies. In this chapter,
the set-points for switching were selected based on the relationship between solar gains
and the cooling load. Other researchers however did not isolate the solar component of
the cooling load; rather the glazing was switched whenever a cooling load was present in
the space, regardless of whether solar radiation was a significant component of the load.
The strategy based on the RGE index (v) is the second best performer for the South
orientation with savings between 25 and 28%. However, switching based on this index
did not perform as well for the East and West orientations. For the East orientation, the
RGE index for switching slightly underperforms switching that is initiated one hour
before the occurrence of the peak extraction rate (strategy (ii)). This is expected, since
both strategies cause the electrochromic layer to switch from the bleached state to the
colored state at 9:00. The difference is that for strategy (ii) the glazing is in the colored
state for a longer period of time than for strategy (v), thereby causing a greater reduction
of solar heat gains to the space. For the West orientation, the performance of strategy (V)
is similar to the performance of strategy (iii) where the glazing is switched to the colored
state two hours before the occurrence of the peak extraction rate. This can be expected
since both strategies cause the glazing to be switched to the colored state at 15:00.

Further work is necessary to improve the RGE index as a basis for switching.
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Figure 3-8. Percentage reduction in extraction rate due to various switching
strategies, South perimeter zone.
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Figure 3-9. Percentage reduction in extraction rate due to various switching
strategies, East perimeter zone.
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Figure 3-10. Percentage reduction in extraction rate due to various switching
strategies, West perimeter zone.

3-22



3.4 CONCLUSIONS

Three main issues must be addressed in order to successfully model the impact of
electrochromic glazings in large commercial buildings: (i) the selection of an appropriate
switching control strategy must be based on careful study of the relationships between the
driving variables for switching, glazing properties (e.g., solar and visible transmittance,
solar heat gain coefficient) and building characteristics (e.g., thermal mass, window-to-
wall ratio, internal loads, type of HVAC system and schedule of operation), (ii) the
determination of the set-points for switching, and (iii) the switching duration. Although
existing models of electrochromic glazing control strategies can be used to perform a
preliminary evaluation of the potential energy savings due to these advanced windows,

their application is not straightforward and can provide misleading results.

The emphasis to date has been on the energy savings potential of electrochromic
windows, but ultimately, the control strategy used will have a direct impact on the
potential energy savings resulting from control of solar gains and will also affect
occupant visual comfort. Therefore, in order to capitalize on the full benefits of
electrochromic glazings, qualitative performance parameters such as visual quality must

also be assessed. These issues are addressed in Chapter 4.
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CHAPTER 4
A PROCEDURE TO OPTIMIZE THE SWITCHING
TIME OF THE ELECTROCHROMIC GLAZING

Electrochromic windows enable the dynamic control of solar-optical properties, thereby
affecting solar heat gains as well as lighting quantity and quality. They must therefore be
assessed in terms of their impact on both energy savings and quality of the indoor
environment in order to capitalize on their full potential. Selkowitz et al. [16] indicated
that “the problem is made more difficult in that it is not a simple ‘engineering
optimization’ problem but rather one that includes tradeoffs between energy savings and
subjective human response to lighting quality.” It was seen in Chapter 3 that existing
models of switching control can only facilitate an assessment of the potential energy
savings and do not address subjective factors. Ne§v models are therefore required to
address the conflicting nature of these two objectives and provide designers with a means

to optimize the operation of these windows.

The main objective of this chapter is to advance the knowledge related to the simulation
of electrochromic glazing switching control through the development of a new
procedure [67] that: (i) introduces performance indices to evaluate energy and subjective
parameters, (ii) accounts for the necessary tradeoffs between energy and visual quality,
and (iii) optimizes the switching operation of electrochromic windows based on these

tradeoffs.
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First, the present capabilities of the DOE-2.1E program were expanded using the
Functional Values approach, which enables the user to inftroduce new algorithms
(e.g., control strategies) without recompiling the program. Two functions were developed
to provide a structure to change the state of the electrochromic glazing based on the time
of day. The effect of switching time was then studied for the perimeter zones of the
existing commercial building that was described in Chapter 3. Since electrochromic
windows will affect both building energy consumption and visual quality, the
optimization of the switching time was formulated as a multi-objective problem with two
conflicting objectives (energy and visual quality). The Pareto optimum solutions are
shown for different weighting coefficients applied to the performance objectives,
demonstrating the associated tradeoffs. Finally, the body of work presented in this
chapter was synthesized, and culminated in the development of an automated optimized

switching strategy that was coupled with the MICRO-DOE-2.1E program.

4.1 BACKGROUND

The switching times of the electrochromic glazing are defined in this work as follows:
(i) the time t; at which the glazing is switched from the bleached state to the colored state,
and (ii) the time t; at which the glazing is returned to its bleached state. The difference
between t; and t; will determine the switching duration, that is, the total number of hours
that the glazing will remain in its colored state. It will directly influence the energy
savings resulting from reduction in solar gains, as well as the amount of daylight that is

transmitted to the interior space and the corresponding visual quality. Figure 4-1
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qualitatively shows the relationship between the visual quality and the energy savings as
the switching time of the electrochromic glazing is increased. Generally, one can assume
that the longer the switching duration, the greater the energy savings could be, whereas
the visual quality is decreased since the glazing is in the colored mode for an extended
period of time. In addition, the time at which switching is initiated will also influence the
amount of energy savings. Thus, a gain in one objective (i.e., to maximize energy
savings) results in a loss in the other objective (i.e., to maximize visual quality). The
optimization of the switching times can therefore be formulated as a multi-objective
model with two conflicting objectives. The solution of such an optimization problem is
termed a Pareto optimum, and represents a set of feasible solutions to the problem, rather
than a single optimum point [68]. Many Pareto optima are possible depending on the

decision-maker’s priority on each objective.
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Figure 4-1. Variation of visual quality and reduction in extraction rate as the
switching duration of the electrochromic glazing is increased.
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4.2 DEFINITION OF OPTIMIZATION OBJECTIVES

Visual quality within the indoor environment can be characterized by several performance
indices such as Disability Glare Factor, Visual Comfort Probability, Luminance Ratios,
Color Rendition Index, and Color Preference Index. Although detailed studies of the
effect of electrochromic windows on some of the above indices could be performed using
available lighting simulation programs, such a detailed analysis is beyond the scope of the
present study. For the purposes of this research, the visual quality (VQ) is considered to
be comprised of two terms which account for access to views and provision of natural
lighting:
VQ = a- AV + B- DIF “.1)
where: AV = Access to Views, based on the assumption that occupants prefer a clear
access to views of the external environment during working hours
DIF = Daylight Iluminance Factor, based on the assumption that natural

lighting is preferred by occupants over artificial electric lighting.

Each component can take a value between 0 and 1, and a and P are the weighting factors

related to each component (o + § = 1).

Conceptually, the “clearness” of the view, during the working hours, can be expressed by
the visible transmittance of the window, relative to a clear double glazed window which

is considered to provide the clearest possible view:

AV = N1 « Tvis_bleached + N2 o Tvis_colored 4.2)
NTOT » Tvis_double_ciear



where:

N; = number of hours the electrochromic glazing is in the bleached state during

the working hours

N2 = number of hours the electrochromic glazing is in the colored state during

the working hours

Nror = Ni+Na, total working hours in the day (from 8:00 to 17:00, for a total of

nine hours)

Tvis_bleached » Tvis_colored = visible transmittance of the window, at normal
incidence, in the bleached and colored states,
respectively

Tvis_double_clear = Visible transmittance, at normal incidence, of a reference clear

double glazed window.

The Daylight Nluminance Factor (DIF) describes the extent to which a specified

illuminance level (e.g., 538 lux for offices) can be met by natural lighting rather than

electric lighting, as shown in Figure 4-2:

where:

DIF = 1—%;&, ifDI< 538 lux

4.3)

DIF =1, if DI > 538 lux

DI = Daylight Illuminance level at the reference point in the perimeter zone.
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Figure 4-2. Concept for assigning values to the Daylight Illuminance Factor.

The objective function representing the Extraction Rate Reduction (ERR) is calculated as
the reduction in the extraction rate of the perimeter zone due to switching of the glazing
(ERswitched state), relative to the extraction rate when the electrochromic window is
maintained in its bleached state (ERpieached state)

ERR = ERbleached state - ERswitched state (4.4)
ERbleached state

Since both the Extraction Rate Reduction (ERR) and Visual Quality (VQ) objectives are
dimensionless, they can be combined into a composite objective function (OBJECTIVE)
by applying weighting coefficients:

OBJECTIVE = w;-ERR + w»-VQ 4.5)
where w; and w; represent the weighting coefficients and can be varied to reflect the

importance given by the designer to each objective function; w; + wy = 1.



4.3 OPTIMIZATION METHODOLOGY

The approach used to optimize the glazing switching times is illustrated in Figure 4-3.
The enumeration approach is used as a first step towards understanding the optimization
process. First, two Functional Values routines were developed and coupled with the
window description of the building computer model in order to study the effect of
switching time on the energy savings and the visual quality. Three sets of simulations
were then performed to isolate the impact of switching the South, West and East
perimeter zone windows for the month of July. For the South zone, t; and t; were varied
from 8:00 to 16:00 (when direct solar radiation is present) in increments of one hour. For
the West zone, direct solar radiation is present on the surface from 12:00 to 20:00, yet
there are important solar gains between 17:00 and 20:00 which affect the extraction rate
of the zone. However, since the occupancy period ends at 17:00, the visual quality is not
of concern beyond this hour, and the extraction rate can be reduced by maintaining the
electrochromic glazing in the colored state from 17:00 to 20:00. Therefore, t; was varied
from 12:00 to 17:00, while t, remained fixed at 20:00. For the East zone, the opportunity
exists to reduce the extraction rate by maintaining the glazing in the colored state from
4:00 to 8:00 during which the visual quality is not of concern. Hence, t; remained fixed

at 4:00, while t; was varied from 8:00 to 12:00.
The visual quality and extraction rate reduction relative to the bleached mode of the

electrochromic window were then calculated for each simulation, and the Pareto feasible

solutions of t; and t; were determined. The weighting coefficients, w; and w, in the
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composite objective function were varied from O to 1 in increments of 0.1 in order to

study their effect on the overall value of the objective function.

DOE-2.1E simulations g -
e South perimeter zone: 1+ Functional Values routines :

- t, &t, varied from 8:00 to 16:00 | - impose t; and t, "
e West perimeter zone: ! - no switching if Iprgcr=0

- t; varied from 12:00 to 17:00 -~ T |

- t, fixed at 20:00 { DOE-2.1E window thermal 1
e East perimeter zone: ! and daylighting calculation | |

- t; fixed at 4:00 ] modules

- t, varied from 8:00 to 12:00 e :

l Pareto feasible solutions of t;and ¢t,
Calculate Visual Quality, e w;, W, are varied from O to 1
Extraction Rate Reduction in increments of 0.1
OBJ =w,;-ERR + w,"VQ

Figure 4-3. Approach used to optimize the switching times of the electrochromic
glazing.

In performing the calculations, the following points apply:

*  Equation 4.2 can be rewritten as:

17:00

O- Z SWFACQC) « Tvis_bleached + ( Z SWFAC) « Tuis_colored
AV =

9 « Tvis_double_ciear

where, the SWFAC variable, from the DOE-2.1E hourly report variable list, is used
to determine the number of hours that the glazing is in the bleached and colored

states during the working hours. Since a SWFAC value of 1 represents the glazing
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in the colored state, the sum of SWFAC values between the hours of 8:00 and 17:00
represents the number of hours that the glazing is in the colored state.

The daylight illuminance (DI) used in calculating the Daylight [lluminance Factor
(DIF) is the value of the RAYDIL hourly variable in the DOE-2.1E program.

The Access to Views objective is calculated on a daily basis. The Daylight
Mluminance Factor is calculated on an hourly basis, and an average value is then
calculated for the working day. An average value for each objective is then
calculated for the entire month of July.

For this study, o and B, i.e., the weighting coefficients for the AV and DIF terms
used in calculating the Visual Quality (equation 4.1) were selected as 0.9 and 0.1,
respectively. Based on a daylighting analysis using LUMEN-MICRO, for a cloudy
day and for different cubicle configurations, it was found that the illuminance level
due to daylight far exceeded the required level of 538 lux even when the
electrochromic glazing was in the colored state. Since the DIF term would not have
a significant impact on the overall results, for this study greater importance was
given to the AV component.

The extraction rate is taken as the monthly sum of the DOE-2.1E SYSTEMS hourly
variable QNOW.

The weather file for the year 1992 recorded at Dorval airport, Montreal, was used in

the DOE-2.1E simulations.
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4.3.1 Description of the functional values routines

The Functional Values approach, available in DOE-2.1E, enables users to introduce new
functions which alter or replace the LOADS and SYSTEMS algorithms without
recompiling the program [46]. The functions are similar to FORTRAN subroutines, and
the user must specify the variables to be calculated as well as the access point within the

LOADS and SYSTEMS calculations loops where the new function is to be introduced.

The first function that was developed affects the program’s solar gain calculations loop of
the selected window (subroutine CALWIN), while the second function affects the
corresponding daylighting calculations in the program’s DINTIL subroutine. Both
functions are called from within the window description of the building in the LOADS
module of the input file, as shown below:
ZONE-7-WI = WINDOW
GLASS-TYPE =EC-BLEACH
GLASS-TYPE-SW = EC-COLOR

SWITCH-CONTROL =NO-SWITCH
SWITCH-SCH = SW-SCHED

X=0

Y=0
HEIGHT = 5.48
WIDTH =113

FUNCTION = (*SW_STH*,*NONE¥*)
WINDOW-SPEC-FN = *STH_ILL* ..
where SW_STH is the function that affects the solar gain calculations for windows in the
South perimeter zones, and STH_ILL is the function that affects the daylighting
calculations, also for windows facing South. The SWITCH-CONTROL command is

used to specify the type of control strategy that is available in DOE-2.1E (as presented in
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section 4.1); NO-SWITCH was used since switching was determined by the functional
values routines. The structure of the FUNCTION command, shown above, eg.,
FUNCTION = (*function_name*,*NONE®¥), ensures that calculations in the SW_STH
routine are performed before the CALWIN routine is executed. The entry point of the
function in DOE’s CALWIN subroutine is shown in Figure 4-4. The
WINDOW-SPEC-FN is used strictly to affect daylighting, and its entry point in DOE’s
DINTIL subroutine is presented in Figure 4-5. A copy of both functions is included in

Appendix A.

Calculate energy flow through windows.
CALWIN 3

y
——C window loop )
P window: WINDOW-SPEC-FN with FNTYPE =3

< window library? T | THERM

UVALW3
EDGE

-«

FILM2

.. window: before FUNCTION

ENTRY POINT OF SW_STH FUNCTION
IEW@T—

A
FILM2

= window: after FUNCTION

end

Figure 4-4. Flowchart of DOE-2.1E CALWIN subroutine [46] showing entry
point for the developed function, SW_STH.
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DINTIL 3 Calculate daylight illuminance and glare index at each ref. pt. in a space.

-  space: before DAYL-ILLUM-FN

A
——-C exterior wall loop '
y
—{ window loop )

y
SUN3
|

- WINDOW-SPEC-FN with FNTYPE=4
ENTRY POINT OF STH_ILL FUNCTION

v
v
v
r—{ ref pt. loop )

Y
DGLARE

r—( exterior:vall loop )

———{ \:indow loop j
v

»————[ ref pt. foop )

v
DGLARE

Y
Y
Y
. P space: after DAYL-ILLUM-FN

Figure 4-5. Flowchart of DOE-2.1E DINTIL subroutine [46] showing entry point
for the developed function, STH_ILL.
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Two main conditions were imposed through these routines: (i) the switching start and
stop times, i.e., t; and t;, which are stored in text files labeled orientation.tim for each
orientation (e.g., south.tim), and (ii) switching was only allowed when direct solar
radiation was incident on the surface (QDIR>0.0001). Switching was permitted during
weekdays only (ISCDAY = 2 to 6) and from May to September IMO = 5 t0 9). The
routines alter the switching factor (SWFAC). In this research, SWFAC could only take
values of 0.0 or 1.0; in other words, the electrochromic glazing could either be in the

bleached state (SWFAC = 0.0) or the colored state (SWFAC = 1.0) with no intermediate

switching (Figure 4-6).
COLORED STATE
Lot SWFAC=1.0
Q
g
7
BLEACHED STATE
0.0+ —SWFAC=00 |
:
E
Switching conditions

Figure 4-6. Switching mode of the electrochromic window.
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4.4 PARETO FEASIBLE SOLUTIONS OF T; AND T,

Figure 4-7 shows the conflicting nature of the relationship between the visual quality and

the energy savings as the switching time of the electrochromic glazing is varied in the

South perimeter zone of the commercial building studied. Note how maximum energy

savings are achieved when the switching duration is longest; however, the visual quality

is minimum.

For example, when t;=8:00 and t; = 16:00, a 28% reduction in extraction

rate is achieved due to switching and the visual quality is almost 40%. However, when

t;=8:00 and t; = 9:00, the energy savings are less than 5% but the visual quality is 65%.

0.80
Fully bleached state
0.70 P I P PR TRy T P ETTEPEPDPPR
* Increase in switching duration
o~ BOHX -
2 0.60 - sr.. max.....  GFDSeS16 onchourtimestep
5 % XX
& x XA
= 050 4r-vvmeeemme e aaaa T - T ey
3 4 o
= 040 denmmenn. R a Eully colored state |
® BLEACHED STATE ¢ tl=8 \
ot1=9 Atl=10
0.30 4- -4 xt1=11 xtl=12 = feeeececincnnns L CEEEE
otl=13 +tl=14
=tl=15 & COLORED STATE
0.20 + } t t t -+
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Reduction in extraction rate due to switching
Figure 4-7. Variation of visual quality and reduction in extraction rate as the

electrochromic glazing is switched from the bleached state to the
colored state at different switching times. Values shown are for the
South perimeter zone, for the month of July.
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Examples of Pareto feasible solutions of t; and t, for the South perimeter zone are shown
in Figures 4-8 to 4-12 for several different values of the weighting coefficients. The
remaining figures, along with a table of the results, are included in Appendix B for
reference. The optimum values of t; and t; are defined here as those times which lead to
a composite objective function value within 5% of the absolute maximum, and are
represented by the area limited by thick contour lines. Since the DOE-2.1E program uses
an hourly time step for the calculations, the resulting Pareto optimum solutions are
presented using integer variables. When full priority is given to the visual quality
component of the composite objective function (i.e., w; = 0 and w, = 1, Figure 4-8),
switching from bleached to colored mode could occur at any time between 8:00 to 15:00,
and the optimum switching duration should not exceed a maximum of two hours.
Essentially, the glazing will be controlled such that it will remain in the bleached mode
for the longest possible duration in order to ensure a maximum visual quality. In
Figure 4-9, the ERR objective is assigned a weighting coefficient of 0.3, while the VQ
objective is assigned a weighting coefficient of 0.7. Comparing Figures 4-8 and 4-9, it
can be seen that the range of feasible solutions of t; and t, broadens as both weighting
coefficients move towards a value of 0.5. In Figure 4-10, the ERR and VQ objectives are
given equal weights, and most switching times are feasible except for some extremes.
The set of feasible switching times becomes more restrictive as greater priority is given to
the extraction rate reduction, as shown in Figure 4-11, where ERR has a weight of 0.7. If
full priority is given to the extraction rate reduction (Figure 4-12), the maximum
switching duration is required, which limits the set of feasible solutions to the following

three: (i) from 8:00 to 15:00, (ii) from 8:00 to 16:00, and (iii) from 9:00 to 16:00.
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Essentially, the glazing will be controlled such that it will remain in the colored mode for

the longest possible duration in order to ensure maximum energy savings.

- ———— - ——

Q*

M -------

134 --=-oo-

(1) swip aress Bupyonms

(1 S SR

Switching stop time (12)

full priority is given to the visual quality, OBJECTIVE=0-ERR+1-VQ.

Figure 4-8. Pareto feasible solutions of t; and t; for the South perimeter zone when
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Figure 4-9. Pareto feasible solutions of t; and t, for the South perimeter zone when

OBJECTIVE=0.3-ERR+0.7-VQ.
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to the extraction rate reduction (ie.,

OBJECTIVE=1-ERR+0-VQ).

is given

full priority

Figure 4-12. Pareto feasible solutions of t; and t; for the South perimeter zone when



The Pareto feasible solutions of the switching start time t; for the West perimeter zone are

shown in Figure 4-13 for the full range of weighting coefficients. Those solutions with a

value of objective function within 5% of the absolute maximum are located in the shaded

area between the thick lines. When equal priority is given to both the extraction rate

reduction and the visual quality (e.g., wi=w>=0.5), all values of t; are feasible. If the

designer decides that a higher priority should be given to the visual quality (e.g., w;=0.1,

w2=0.9), the switching start time could occur at any time between 15:00 and 16:00.

Conversely, if a higher priority is given to energy savings (e.g., w1=0.8, w»=0.2), then the

switching start time could occur between 12:00 and 13:00.

Switching start time (t;); (t: constant =20:00)

0.70 . . .

__________ Pareto optimum s:olutions : — Wi,W2

0.60 : ’ ——0.0,1.0

050 """ T e ol et A A-- A |7 01,09

; =7 / / ] | %0208

.§o4o L LWL g S B f L L] | 0307

8 —%-0.4,0.6

S 0.30 oAbt T = tt ELLLLELTELEE, —8—05,0.5

—9—0.6,0.4

; g —£-0.7,03

: : —4—(38,02

] ] : I —6—0.9,0.1

0.00 H | |[=*=1.000
12 13 14 15 16

Figure 4-13. Pareto feasible solutions of t; for the West perimeter zone for the full

range of weighting coefficients.
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The Pareto feasible solutions of the switching stop time t, for the East perimeter zone are

shown in Figure 4-14 for the full range of weighting coefficients. Those solutions with a

value of objective function within 5% of the absolute maximum are located in the shaded

area between the thick lines. All values of t; are feasible when equal priority is given to

both the extraction rate reduction and the visual quality (e.g., w;=w>=0.5). If a higher

priority is given to the visual quality (e.g., w1=0.1, w,=0.9), the switching stop time could

occur at any time between 8:00 and 9:00, thereby maintaining the electrochromic window

in the bleached state for the entire duration of the working day. Conversely, if a higher

priority is given to energy savings (e.g., wi=0.8, w,=0.2), then the switching stop time

could occur between 11:00 and 12:00.
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Figure 4-14. Pareto feasible solutions of t; for the East perimeter zone for the full
range of weighting coefficients.
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45 A PROCEDURE TO AUTOMATE THE OPTIMIZATION
PROCESS

The long-term goal of developing the functional values routines described in section 4.3.1
was to create a structure allowing for a more complex switching algorithm to be
incorporated in the MICRO-DOE-2.1E program. The process of determining the
optimum switching times of the electrochromic glazing for given weighting coefficients
was consolidated into an automated optimized switching strategy. This was achieved
through the creation of several FORTRAN programs to perform the required calculations
and a batch file which links the programs with the MICRO-DOE-2.1E energy

simulations.

The following general conditions apply to the switching strategy:

*  Switching was only permitted on a typical floor of the commercial building studied
since the main quantity of interest is the optimum switching start and stop times.
The optimum times would subsequently be applied for each floor to study the whole-
building impact of electrochromic windows, which is the subject of Chapter 5.

* Inthe previous sections, the impact of switching time was isolated for each perimeter
zone. However, for the present work, the functional values routines were applied to
all three perimeter zones for each simulation in order to account for the thermal
interactions between zones. Therefore, for any given combination of switching time,
the objective function was first calculated separately for each perimeter zone, and
then an area weighted average of the individual objective function values was taken

in order to obtain one single value of the objective function.
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*  The energy simulations were performed for the entire cooling season from May 1st
to September 30th, and the monthly results were averaged to obtain one value for the

cooling season.

An overview of the structure and data flow of the optimized strategy is presented in
Figure 4-15. The entire process is run by a batch file, called OPTIM.BAT, which loops
the switched state simulations and calculations until all combinations of switching times
are exhausted for each orientation. A description of each component of the strategy

follows the figure and a copy of the FORTRAN programs is included in Appendix C.

First, a DOE-2.1E energy simulation is run with the electrochromic window in the
bleached state. The main quantity of interest for this simulation is the total monthly
extraction rate for each perimeter zone, calculated from the hourly values. The
simulation results are saved in the BLEACHED.SIM file. CLEANCLR is a program
vritten in FORTRAN that reads the data from BLEACHED.SIM and extracts the
monthly sum values of the extraction rate for each perimeter zone. Data is then saved to

the file EXT_CLR.DAT.
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CALL DOE-2.1E
(input file = BLEACHED)

}

CALL DOE-2.1E
(input file = SWITCHED) BLEACHED.SIM

This data is initially

e o st SWITCHED.SIM 7 CALL CLEANCLR
simulation with the
SWITCHED file and
’lis subsequently
)/ Imodified by y y
: | SWTIME.
. CALL CLEANSIM ( EXT _CLR.DAT (
SOUTH.TIM
EAST.TIM
WEST.TIM

A 4
[ ) [z ]
(INITIAL.DATF—D CALL CALCUL | |«

y
/ TABLE.DAT /L——
—
v
CALL SWTIME
CALL OPTIMIZE
Yes
Are limits o
switching times (OPT—TIMEDATK
reached?
LEGEND:
No run DOE-2.1E run FORTRAN
program
output and/or Stored
input data data

Figure 4-15. Overview of the structure and data flow of the optimized switching
strategy that is run by the batch file OPTIM.BAT.
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Simulations are then performed with the electrochromic window in the colored or
switched, state, the results of which are saved to SWITCHED.SIM. The switching times,
t; and t;, of the electrochromic window are stored in three separate files, SOUTH.TIM,
EAST.TIM and WEST.TIM. Initially, these files contain the first guess of the switching
times, which in this study was simply specified as the extremes in switching. The
functional values routines were structured with an INCLUDE statement, which allows
data to be read from stored files and therefore enables the user to vary the simulation

parameters, in this case the switching times.

The CLEANSIM program reads the data that is stored in the SWITCHED.SIM file and
extracts the data that is required to calculate the visual quality and extraction rate
reduction performance criteria. The extracted data is saved to two new files:
(i) VQ.DAT, which contains the hourly values of SWFAC and the daylight illuminance
levels for the South, East and West perimeter zones, and (ii) EXT_COL.DAT, which

contains the monthly sum value of the extraction rate for each perimeter zone.

The CALCUL program calculates the performance indices for each perimeter zone that
are used to determine the optimum switching time of the electrochromic glazing, namely:
Access to Views, Daylight Illuminance Factor, Visual Quality, Extraction Rate
Reduction, and OBJECTIVE. Finally, the area weighted average of the perimeter zone
objective functions is determined in order to obtain the overall value of the objective
function for the given switching times. Results of the CALCUL program calculations for

each simulation are saved in the file TABLE.DAT. The file INITIAL.DAT contains the
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normal incidence visible transmittance of the clear double glazed window and of the
electrochromic window in the bleached and colored states, which are used to calculate
Access to Views. The file also contains the weighting coefficients used to calculate the

Visual Quality and the objective function, which are pre-defined by the user.

The SWTIME program is called after each simulation, and selects the next set of
switching times for each orientation and checks if these are within the specified limits of
switching. If they are within limits, then another iteration is performed. At present, all
combinations of switching times are explored using the enumeration approach. In other
words, all combinations of switching times for the West zone are exhausted first, while
the switching times for the South and East zones remain fixed from simulation to
simulation. When the limits of switching are reached for the West zone, the switching
time for the East zone is decreased by one hour, while the switching times for the South
zone remain fixed and simulations are then performed until the limits of switching are
again reached for the West zone. The process continues until all the limits of switching
are reached for the East zone, then the switching time for the South zone is varied by one
hour and the cycle continues. When the limits of switching are reached for the South
Zone, it means that all combinations of switching times have been exhausted and the
OPTIMIZE program is called. For this case study, a total of 900 simulations were
performed. These simulations were performed in batch mode on six Pentium machines

as each simulation required approximately 1.5 to 2.0 minutes to complete.
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The OPTIMIZE program reads the value of the average objective function for each
combination of switching time, obtained from the TABLE.DAT file, and then finds the
maximum value. The maximum value of the average objective function is retained as
well as those values within 5% is of the absolute maximum. The corresponding optimum
switching times for each perimeter zone are then stored in a separate file called

OPT_TIME.DAT.

In the future, the SWTIME algorithm will contain the optimization algorithm for the

selection of the switching times t; and t; to be evaluated in the next iteration.

4.5.1 Application of the optimized strategy
The optimized switching strategy was applied for the experimental electrochromic

window when:

OBJECTIVE =0.8-ERR +0.2:VQ
The Pareto feasible solutions that lead to a value of the objective function within 5% of
the absolute maximum, when the perimeter zones are considered individually, are shown
in Table 4-1. Taking the South perimeter zone as an example, the switching start time t;
can be either 8:00 or 9:00, while the switching stop time t; can be either 15:00 or 16:00.
The electrochromic window can therefore feasibly be in the colored state from six to eight

hours, depending on the switching times.
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Table 4-1. Pareto feasible solutions when perimeter zones are considered
individually (OBJECTIVE = 0.8-ERR + 0.2-VQ).

South _ East West
t 8:00-9:00 4:00 12:00 -13:00
t 15:00 - 16:00 11:00 - 12:00 20:00
Duration| 6 to 8 hrs 7to8 hrs_ 7 to 8 hrs

If the integrated impact of all three zones is considered, the value of the objective
function that is used to determine the final optimum switching times is based on an area
weighted average of the value of the objective function of each perimeter zone. The
range of optimum switching times generally increases by only one hour, as shown in
Table 4-2. Furthermore, a given switching time for one orientation must correspond with
specific switching times for the other two orientations if the objective function is to be
maximized, within 5%, according to the integrated effect of all three zones. For example,
an optimum switching time of 10:00 - 15:00 for the South orientation must be coupled
with a switching time of 4:00 - 12:00 for the East orientation, and a switching time of
12:00 - 20:00 or 13:00 - 20:00 for the West orientation. Alternatively, an optimum
switching time of 10:00 - 15:00 for the South orientation can also be coupled with a
switching time of 4:00 - 11:00 for the East orientation, and a switching time of 12:00 -
20:00 for the West orientation. The above switching times would produce a value of the
average objective function that is within 5% of the maximum average value. Note that
while the switching times are optimized with respect to the average value of the objective
function which accounts for the integrated effect of all zones, this may, in some cases,
result in slightly less than optimum operation of the windows in the individual zones.
However, given that the differénce in possible switching times is only one hour, the

average value of the objective function can be used as a basis to determine the optimum
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switching times of the electrochromic window, rather than considering the effect of

individual zones.

Table 4-2. Pareto feasible solutions when the integrated impact of all three zones is
considered (OBJECTIVE = 0.8-ERR + 0.2:VQ).

South East West

t; 8:00 - 10:00 04:00 12:00 -14:00

t2 14:00 - 16:00} 10:00 - 12:00 20:00

4.6 CONCLUSIONS

In this chapter, a new electrochromic glazing switching strategy was developed based on
a multi-objective model of two conflicting performance criteria, namely energy savings
and visual quality. The model inherently accounts for the tradeoffs between the two
performance criteria through the application of weighting coefficients that reflect the
importance that is assigned to both objectives. The heart of the model consists of two
functional values routines that were developed and coupled with the DOE-2.1E energy
analysis program; these routines affect the DOE program’s window thermal and

daylighting calculations.

The effect of switching time of the experimental electrochromic window was studied for
the South, East and West perimeter zones of the commercial building, and the Pareto
feasible solutions were shown for a range of weighting coefficients. It was seen that is

the visual quality is given a higher priority, the switching duration is limited to a few
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hours in order to maintain the window in the bleached state for much of the working day.
If equal priority is assigned to both the energy and visual quality objectives, most or all
switching times are feasible. The switching times become more restrictive as higher
priority is given to the energy savings in order to maintain the window in the colored

mode as long as possible.

An optimized switching strategy was also developed which automates the entire process
of determining the optimum switching times of the electrochromic glazing for given
weighting coefficients. The procedure is run by a batch file that creates the links between
several FORTRAN programs that perform the required calculations, the various input and
output data, and the DOE-2.1E energy analysis program. The automated strategy
facilitates the selection of Pareto optimum switching times and provides a structure for

future model enhancements.
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CHAPTER S
WHOLE-BUILDING ANALYSIS - COMPARISON OF

WINDOW PERFORMANCE

The main objective of this chapter is to study the feasibility of utilizing electrochromic
windows for commercial building applications. Specifically, the MICRO-DOE-2.1E
energy analysis program was used to evaluate the impact of the experimental
electrochromic window on the performance of the existing commercial building, and the
results were compared to the whole-building performance due to the conventional
windows and idealized electrochromic window that were described in Chapter 2. This
evaluation was performed relative to the performance of double glazed clear
windows [69]. In this work, building performance is characterized in terms of five main
parameters: (i) visual quality, (ii) reduction in the heat extraction rate of the perimeter
zones, (iii) reduction in total electricity consumption, and (iv, v) reduction in electricity
consumption for fans and chillers. A further comparison of whole-building performance
was made based on two different climates: Montreal, Quebec (Canada), and Phoenix,

Arizona (U.S.A.).

5.1 DESCRIPTION OF THE TWO CLIMATES

Montreal is characterized by a hot and humid summer, while Phoenix is hot and dry. The
direct normal solar irradiation, or solar intensity, provides an indication of the solar gain

patterns for both climates, as shown in Table 5-1. Only solar data is presented in



Table 5-1, because it was shown in Chapter 3 that an electrochromic switching strategy
based on incident solar radiation would be most effective for the building studied. Recall
that it was also shown that there is no correlation between the outdoor temperature and
the heat extraction rate of the building studied, while other variables for switching could
not be implemented in practice.

Table 5-1. Direct normal solar intensity for Montreal and Phoenix. [3]

Montreal Phoenix
Direct Normal Solar Intensity (W/m?)
Daily Total| Peak |Daily Total] Peak
May 11044 887 10712 903
June 11185 871 10608 884
July 10729 863 10376 878
August 10030 870 10046 894
September| 9130 893 9790 934
Latitude 45°28' N 33°26'N

Note: Solar data is based on a clear day.
From Table 5-1, it can be determined that the daily total solar intensity in Phoenix is
generally from 3% to 5% lower, from May to July, than in Montreal, while the peak solar
intensity is from 1.5% to 4.6% higher. This can be attributed to the relative position of
the sun for the two climates. The solar altitude is the angle between the line to the sun
and the horizontal; it is dependent on the local latitude, the solar declination and the
apparent solar time as expressed by the following equation [3]:
sinff = cosL -cosd-cosH+sinL - sin & ;.1
where B = solar altitude, degrees
L = local latitude, degrees North
= solar declination, i.e., the position of the sun at solar noon relative to the

equatorial plane; -23.45°< § < 23.45°
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H = hour angle = 0.25(number of minutes from local solar noon), degrees

The solar declination is expressed as:

284 + n)

365 -2)

6 =2345 - sin(360-

where n = day of year
Local time must be converted to Apparent Solar Time (AST) in order to calculate the
hour angle:
AST = LST + ET + 40LSM - LON) $.3)
where LST = local standard time
ET = equation of time (shown below), minutes
LSM = local standard time meridian, degrees

LON = local longitude, degrees West

- 81 n-81 n-81
ET = 9.87-si (4 A ) - 7.53- (2 —) - 1.5-sin| 27 - ) 5.4
sin| 47 364 3-.cos{ 27 364 S T 364 (54

Using the above equations, the solar altitude on June 21 at noon is approximately 78° at
33°N latitude in Phoenix and 68° at 44°N latitude in Montreal. Given that the sun is in a
lower position in Montreal than in Phoenix, the incidence angle between the direct beam
and the normal to the vertical surface is smaller and therefore slightly higher values of

total direct normal solar intensity can generally be expected.



5.2 APPROACH OVERVIEW

The whole-building performance due to double glazed clear windows serves as a basis for
comparison between the window types that were described in Chapter 2 (Table 2-7). The
simulation of the energy performance of the large existing office building was first
performed using the double glazed clear window (type A), and subsequently using the
experimental electrochromic window (type G), the idealized electrochromic window
(type H), and the remaining conventional window types (B to F, and J). Since one of the
objectives was to evaluate the reduction of energy consumption for cooling, the
simulation period was defined from May 1 to September 30, which corresponds to the
present operation of the chillers. Outside this period, cooling is provided through “free-
cooling”. The assessment of the impact of electrochromic windows in the commercial
building studied was evaluated only for perimeter zones, which is where windows could

have a direct influence on building performance.

In this work, building performance is characterized in terms of five main parameters:
(i) visual quality, (ii) reduction in the heat extraction rate of the perimeter zones,
(iii) reduction in total electricity consumption, (iv) reduction in electricity consumption
for fans, and (v) reduction in electricity consumption for chillers. The first two
parameters are combined into the objective function as described in section 4.2, where for
the present study OBJECTIVE = 0.8-ERR + 0.2-AV for all window types studied.
Furthermore, recall that the perimeter zones are served by a separate central VAV system

thereby allowing the impact of parameters (ii) to (v) to be isolated from the core zone.

5-4



Given that the visible transmittance at normal incidence of each conventional window
type is always a constant value, equation 4.2 for determining the Access to Views can be

rewritten as follows:

AV = __iswindow (5.1)

Tvis_double_clear
where  Tvis_window = Visible transmittance, at normal incidence, of the conventional
window.
Therefore, AV will be a constant value throughout the year for conventional windows,
while for electrochromic windows, the value of AV depends on the state of the window

and can therefore vary from day to day.

Since the building performance is determined relative to double glazed clear windows,
equation 4.4 for determining the Extraction Rate Reduction can now be considered as

follows:

ERdouble_ clear = ERwindow

ERR =
ERdoublc_ clear

(5-2)

where:  ERdouble_clear = EXtraction rate of the perimeter zone when double glazed clear
windows are used
ERwindow = Extraction rate of the perimeter zone when the either conventional

or electrochromic windows are used.
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S.2.1 Switching times of the electrochromic windows

The switching times of the electrochromic windows that were used in the energy
simulations were determined using the optimization procedure described in section 4.5. It
is interesting to note the differences in feasible solutions of the switching times between
the experimental and idealized electrochromic windows and the climate (Table 5-2). For
the case where the extraction rate reduction and the visual quality are assigned a
weighting coefficient of 0.8 and 0.2, respectively, the experimental electrochromic
window in Montreal possesses the least number of combinations of Pareto feasible
solutions. The range in switching times is therefore most restrictive for the experimental
electrochromic window in Montreal. For the idealized electrochromic window located in
Montreal, the range in both t; and t, increases by one hour for the South orientation, yet
remains the same for the East and West orientations. The experimental electrochromic
window in Phoenix has the broadest range in t; compared to the same window in
Montreal, and also has the highest number of combinations of feasible solutions.

Table 5-2. Comparison of Pareto feasible solutions when the integrated impact of

all three zones is considered, according to electrochromic window type
and climate (OBJECTIVE = 0.8-ERR + 0.2-VQ).

Climate Window type |Time South East West
Experimental EC | t; | 8:00- 10:00 4:00 12:00 -14:00

Montreal | (43 combinations) 14:00 - 16:00 | 10:00 - 12:00 20:00
Idealized EC ty | 8:00-11:00 4:00 12:00 -14:00

(65 combinations) | t2 | 13:00 - 16:00 | 10:00 - 12:00 20:00
Phoenix | Experimental EC | t; | 8:00 - 12:00 4:00 12:00 -15:00

(89 combinations)| t2 | 13:00-16:00| 10:00 - 12:00 20:00
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An explanation for the above observations may be found by examining some of the actual
values of the parameters used to calculate the value of the objective function (Table 5-3).
Comparing the experimental and idealized electrochromic windows in Montreal, it can be
seen that the values of the calculated parameters are generally higher for the idealized
electrochromic window. This can be attributed to the higher switching range in both
visible transmittance and solar heat gain coefficient of the idealized window. Since the
bleached state visible transmittance of the idealized electrochromic window is 38%
higher than the bleached state visible transmittance of the experimental window, the
access to views and daylight illuminance factors will both tend to be greater.
Furthermore, since the switched state value of the solar heat gain coefficient of the
idealized electrochromic window is 44% lower than the experimental window, greater

energy savings can be expected for the idealized window.

Table 5-3. Comparison of parameters used to calculate the value of the objective
function, according to electrochromic window type and climate.

Window Zone AV DIF VO ERR OBJ
Experimental South 0.381 0.996 0.443 0.261 0.297
Electrochromic, | _East 0.534 0.992 0.580 | 0.241 0.309
Montreal West 0.498 0.997 0.548 0.238 0.300
Idealized South 0.431 0.953 0.483 0.387 0.406
Electrochromic, | _East 0.755 0.996 0.780 0.367 0.449
Montreal West 0.678 0.998 0.710 0.359 0.429
Experimental South 0.324 1.000 0.391 0.179 0.222 |
Electrochromic, | East 0.509 1.000 0.558 0.210 0.280 |
Phoenix West 0.462 1.000 0.516 0.217 0.277
Note - t; and t, are as follows for all cases:
South: 9:00 - 16:00 East: 4:00 - 11:00 West: 13:00 - 20:00
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Comparing the performance of the experimental electrochromic window between
Montreal and Phoenix, it can be seen from Table 5-3 that results for Phoenix tend to be
lower than those for Montreal. The value of the objective function is from 9% to 31%
lower (West and South orientations, respectively) for Phoenix than Montreal. This is
largely due to the reduced energy savings (i.e., ERR) for a building located in Phoenix,
which is expected since the direct solar intensity is lower in Phoenix than in Montreal.
Two conclusions can be made based on the above obserwations: (i) the reduced energy
savings in Phoenix may indicate that an electrochromic window with lower switched state
solar properties than the experimental electrochromic winndow may be more appropriate
for this climate in order to reduce the solar gains, or (ii) other factors, such as outdoor
temperature, may be a larger contributor to the cooling load rather than solar gains,
although switching of the electrochromic window does mot affect conduction thermal
gains. A re-examination of the driving variables for switching of the electrochromic
window is required in order to account for the differences in climate and to verify the
validity of the above conclusions. Furthermore, electrochromic windows whose U-value

can be modified from the bleached state to the colored state also need to be studied.
The optimum switching times of the electrochromic wimdows that were used in the

energy simulations were selected from the set of Pareto feasible solutions and are

summarized in Table 5-4.
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Table 5-4. Optimum switching times of the experimental and idealized
electrochromic windows that were used in the simulation of whole-

building performance.
Perimeter zone Switching times
Start time (t;) |Stop time (t2)
South 9:00 16:00
[East 4:00 11:00
West 13:00 20:00
5.3 RESULTS

5.3.1 Evaluation for Montreal

The window performance, considering the Montreal climate, based on both energy and
visual quality objectives (i.e., the objective function) is compared in Figures 5-1 to 5-3 for
the South, East and West perimeter zones of the commercial building. The experimental
electrochromic window outperforms the double glazed clear window by approximately
52% to 54% on a seasonal basis. The better performance of the electrochromic window
is due: (i) to a lower shading coefficient (0.44 for the electrochromic window compared
with 0.83 for the double glazed clear window), and (ii) to the switching from bleached to
colored mode. For this particular case, each factor improves the overall performance by

approximately 26%.

The idealized electrochromic window (type H) outperforms all window types, followed
by the Solarban/clear window (type J) and by the experimental electrochromic window.
All three window types outperform the double glazed clear window by 50% to 61%. As

explained in section 5.2.1, the broader switching range of the idealized window’s solar-
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optical properties results in better energy and visual performance. Upon closer
examination of the visual quality and extraction rate reduction components, it was
determined that the Solarban/clear window results in 16% to 21% greater energy savings
than the experimental electrochromic window; however, the visual quality is from 38% to
54% lower than the electrochromic window. Since the extraction rate reduction is given
the higher priority in the objective function, with a weighting factor of 0.8, the
Solarban/clear window results in a higher value of the objective function. Furthermore,
although the Solarban/clear window possesses the same solar heat gain properties (i.e.,
SC and SHGC) as the colored state of the experimental electrochromic window, the fact
that solar-optical properties of the electrochromic window are variable, results in
comparatively lower energy savings. This is attributed to the bleached state properties of
the electrochromic window, where the values of SC and SHGC are higher than those for
the Solarban/clear window. Hence, when the electrochromic window is in the bleached
state, the solar gains are higher than those due to the Solarban/clear window and the

corresponding energy savings are lower.
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The savings in electricity consumption relative to the double glazed clear window are
shown in Figures 5-4 to 5-6. When the experimental and idealized electrochromic
windows are used, the electricity consumption for the VAV fans is reduced by 18%,
while the seasonal electricity consumption of the chillers serving the perimeter zones can
be reduced by 42%, and the total electricity consumption of the perimeter zones is
reduced by 24%. In terms of fan electricity consumption, the experimental
electrochromic window outperforms all other window types, which generally reduce the
consumption by 12% to 15%. The use of Solarban/clear windows reduces the seasonal
chiller electricity consumption by 54% thereby outperforming all other window types.
The use of electrochromic windows results in slightly lower chiller energy savings
compared with the Solarban/clear window; however, the electrochromic windows offer a

significantly better performance advantage in terms of the visual quality.

Since the Solarban/clear window possesses the same solar heat gain properties as the
experimental electrochromic window in the colored state, it is expected that the energy
performance for both windows would be similar, with the Solarban/clear window having
a slight performance advantage. However, in terms of fan electricity consumption, the
Solarban/clear window results in lower energy savings than the experimental
electrochromic window, particularly for the months of May and September (Figure 5-4).
The reason for this discrepancy can be determined by examining hourly values of the
zone temperature, extraction rate and fan air flow rate for a typical day, as shown in
Tables 5-5 and 5-6. The zone temperature set-point for cooling is 22.8°C + 1.1°C, while

the thermostat setting for heating is 20.0°C + 1.1°C. Although, the fans are scheduled to
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operate between 7:00 and 23:00, they will also operate when the zone temperature falls
below the heating set-point range or above the cooling set-point range. It can be seen
from Table 5-5 that when Solarban/clear windows are used, the zone temperature falls
below the thermostat setting for heating from 1:00 to 23:00. Since the SHGC of the
Solarban/clear window is quite low at a value of 0.17, the zone does not benefit from
sufficient solar gains that would otherwise raise the zone temperature. Therefore, the
system fans must be turned on. For the case of the experimental electrochromic window
(Table 5-6), given that the state of the window alternates between the bleached state
(SHGC= 0.38) and the colored state (SHGC=0.16) depending on the hour and incident
solar radiation, solar gains will be admitted into the zone to a greater extent than with
Solarban/clear windows. The zone temperatures are therefore within the prescribed limits
throughout the day. Fan energy consumption is therefore higher when Solarban/clear

windows are used compared with the electrochromic window.
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Table 5-5. Hourly extraction rate (South zone) and total perimeter fan electricity
consumption on May 16, when Solarban/clear windows are used.

Solarban/clear window
Date &|Zone temp.| Extraction | Air flowrate] Fan electricity
hour O rate (W) (L/s) consumption (kWh)

5161 17.5 1460.52 4241.44 39.33
5162 17.1 1306.05 4241.44 39.33
5163 16.7 1159.80 4241.44 39.33
5164 16.4 1078.61 4241.44 39.33
5165 16.1 956.39 4241.44 39.33
516 6 15.9 047.89 | 4241.44 39.33
5167 15.8 965.18 4241.44 39.33
516 8 16.1 104197 | 4241.44 39.33
5169 16.8 1158.33 4241.44 39.33
51610 17.7 1342.40 4320.24 39.33
51611 18.6 1542.88 4290.04 39.33
51612 19.6 1751.57 | 4241.44 39.33
51613 | 20.4 1959.37 4241.44 39.33
51614 21.1 2120.58 4325.44 39.33
51615 21.1 2175.10 4314.11 39.33
51616 20.9 2150.77 4487.77 39.33
51617 20.6 2084.82 5234.79 39.33
51618 204 2008.03 5534.44 39.33
51619 | 20.4 1991.61 4841.22 39.33
51620 | 203 1990.15 4447.19 39.33
51621 19.9 1945.30 | 4288.63 39.33
51622 19.4 1861.48 4241.44 39.33
51623 19.6 802.80 4241.44 39.33
51624 19.7 0.00 0.00 0.00
Total - 35802 101223 905
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Table S-6. Hourly extraction rate (South zone) and total perimeter fan electricity
consumption on May 16, when experimental electrochromic windows

are used.
Experimental electrochromic window
Date & | Zone temp. | Extraction | Air flow rate Fan electricity
hour (°C) rate (W) (L/s) consumption (kWh)

5161 204 0.00 0.00 0.00
5162 20.2 0.00 0.00 0.00
5163 20.1 0.00 0.00 0.00
516 4 19.9 0.00 0.00 0.00
5165 19.8 0.00 0.00 0.00
516 6 19.7 0.00 0.00 0.00
516 7 18.9 1785.57 4260.79 39.33
516 8 19.3 1792.89 4394.80 39.33
5169 19.8 1910.72 4967.22 39.33
51610 20.6 2060.79 5008.75 39.33
51611 212 2200.01 4737.88 39.33
51612 220 2343.63 4620.37 39.33
51613 223 3057.03 4733.63 39.33
51614 223 3686.90 5430.63 39.33
51615 22.3 3400.25 _6274.85 39.33
51616 223 283428 6781.67 39.33
51617 22.1 2393.75 6368.29 39.33
51618 21.8 233747 6435.30 39.33
51619 21.7 2297.61 5630.71 39.33
51620 21.6 2282.66 _5206.94 39.33
51621 21.2 2237.23 4466.06 39.33
51622 20.7 2148.42 4241.44 39.33
51623 214 0.00 0.00 0.00
51624 21.2 0.00 0.00 0.00
Total - 38769 83559 629
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Note that there is no significant difference in performance between the idealized and
experimental electrochromic windows in terms of energy savings (Figures 5-4 to 5-6) and
for the stated objective function (Figures 5-1 to 5-3). The main differences occur with
respect to the visual quality, where the idealized electrochromic window outperforms the
experimental window by 9% for the South perimeter zone, 34% in the East zone, and
30% in the West zone. However, these performance differences are not evident in the
overall value of the objective function since: (i) the area-weighted average performance of
all three zones is considered (as described in section 4.5), and (ji) the extraction rate
reduction is the dominant factor in the value of the objective function since the visual
quality is given a relatively lower priority (0.2). Therefore, for the particular case studied,
it can be concluded that it may not be cost-effective to improve the solar-optical
properties of the experimental window for what would amount to a small performance

improvement.

5.3.2 Evaluation for Phoenix

The seasonal performance, in Phoenix, of three window types relative to the performance
of the double glazed clear window, is presented in Figures 5-7 and 5-8 based on the
optimization objective function and the savings in electricity consumption, respectively.
The following three window types were selected for this evaluation: (i) reflective/clear
(window type E), (ii) experimental electrochromic (type G), and (iii) Solarban/clear
(type J). Considering the objective function (Figure 5-7), the experimental electrochromic
window outperforms the double glazed clear window by approximately 45% to 50% on a

seasonal basis, which is slightly less than the performance in Montreal (i.e., 52% to 54%).
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This difference in performance between the two climates is due to the reduced savings in

the extraction rate in Phoenix. Note that the experimental electrochromic window slightly

outperforms the Solarban/clear window, whereas the reverse is true for the Montreal

climate.
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Figure 5-7. Comparison of the overall energy and visual performance of the
window types studied relative to the double glazed clear window,
Phoenix climate (OBJECTIVE = 0.8-ERR + 0.2-VQ).

In terms of savings in the electricity consumption related to the perimeter zones (Figure 5-

8), the use of the experimental electrochromic window results in a 37% reduction in chiller

electricity consumption compared with the double glazed clear window and a 31%

reduction in both fan electricity consumption and total electricity consumption. There is a

very small performance difference between the electrochromic window and the

Solarban/clear window.
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Figure 5-8. Percent reduction in electricity consumption of the perimeter zones due
to three window types relative to the double glazed clear window,
Phoenix climate,

5.4 CONCLUSIONS

The impact of the experimental electrochromic windows on the performance of the
commercial building studied was assessed in this chapter. The results were compared with
the performance due to several conventional window types as well as an idealized
electrochromic window. The impact of two different climates was also studied, namely,

Montreal, Quebec (Canada), and Phoenix, Arizona (U.S.A.).

It was found that the experimental electrochromic window had the least number of Pareto
feasible solutions of the switching times for the Montreal climate, while the range in
switching times increases by 51% for the idealized electrochromic window. This

difference is due to the wider range of solar-optical properties of the idealized window;
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however, an important observation in this study is that there is no significant performance
difference between the electrochromic windows studied for the Montreal climate. This
conclusion indicates that further expensive improvements in the solar-optical properties of
the experimental electrochromic window are not required in order to increase the energy

and visual performance.

The experimental window in Phoenix resulted in the least restrictive combinations of
switching times. Savings in the extraction rate are diminished in this climate, indicating
that the properties of the experimental electrochromic window may require improvements.
Further research is required to examine the driving variables for switching in this climate

and determine the optimum properties of the window.

The results of this study show that electrochromic windows have a significant potential to
reduce energy consumption of commercial buildings in both climates. Considering the
Montreal climate, in terms of the objective function, the experimental electrochromic
window outperformed the double glazed clear window by over 50% and compares
favorably with the performance of the idealized window and the Solarban/clear window:.
The experimental window also substantially reduces the chiller electricity consumption in
the perimeter zones by 42%. While the performance of the window in the Phoenix climate
is slightly below the performance in Montreal, the performance difference compared with

the Solarban/clear window is negligible.
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The use of electrochromic windows in commercial buildings can be recommended for both
climates as they result in significant energy savings compared to the majority of
conventional window types. They bave the added important benefit of improving visual
quality. Furthermore, unlike conventional windows, the properties of the electrochromic
window can be switched to suit a variety of conditions and seasons, such that they can

always be operated to maximize energy reduction and visual quality throughout the year.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The research work presented in this thesis exposed the main factors that influence the
performance of electrochromic windows in commercial buildings. The need for new
approaches and tools to optimize the switching operation of electrochromic glazings was

identified and a new model was developed.

6.1 GENERAL CONCLUSIONS

The literature review in the field of electrochromic coatings revealed that research efforts
have historically primarily been aimed at improving the materials that compose the
electrochromic coating to ensure its long-term durability and technical performance.
While a major application of these coatings is in smart windows for buildings,
comparatively fewer studies exist on the assessment of their impact on building energy
performance. In these studies, researchers have used simplified existing models of
control strategies available in the DOE-2.1E program to establish energy performance
thresholds of electrochromic windows. However, guidelines for the selection of an
appropriate control strategy and its set-points for switching have not been developed.
Furthermore, the complex issue of evaluating the performance of electrochromic
windows based on combined multiple and conflicting performance criteria, such as
reduction of energy consumption and improvement of visual quality, has not been

addressed by researchers. Consequently, no models and tools exist to address multiple



performance criteria, demonstrate the trade-offs between these conflicting criteria, and

optimize the switching of the electrochromic glazing.

The first part of the research work presented in this thesis consisted of undertaking a
detailed evaluation of the performance of electrochromic glazings. The starting point for
this work was the spectral transmittance and reflectance data of an experimental
electrochromic coating. The APPLIED FILM LAMINATOR program was used to model
a 6 mm glazing which incorporates the electrochromic coating. By studying the
corresponding solar-optical properties of the electrochromic glazing, it was possible to
classify the coating as a broad-band electrochromic whose properties switch from the
bleached state to the colored state over the entire solar spectrum. The coating was further

classified as an absorbing electrochromic.

The WINDOW 4.1 program was then used to evaluate the indices that characterize the
performance of window systems. A total of ten double glazed windows were defined,
including one which incorporates the experimental electrochromic glazing, seven
conventional window types and two idealized electrochromic windows. A relative
comparison of the performance of these window systems was performed based on indices
that are independent of the interactions that occur between building systems. Although it
was shown that electrochromic windows generally outperform conventional windows, it
was determined that the dynamic operation of the window and the switching strategy are
important factors that influence its overall performance. A deeper basis for performance

analysis of electrochromic windows was therefore explored.
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An in-depth critical analysis of existing control strategies that are currently only available
in DOE-2.1E, was performed by studying the relationships between the driving variable
for switching, and the controlled variable, such as solar gains and the extraction rate. The
DOE program was used to evaluate the effect of several switching strategies on the
extraction rate of the perimeter zones of an existing commercial building located in
Montreal. A strategy based on outdoor drybulb temperature would not be appropriate for
the building studied as it was shown that there was no correlation between this variable
and the extraction rate. The largest component of the extraction rate is due to solar gains
and it was determined that a control strategy based on incident solar radiation would be

most appropriate for the building studied.

Two main conclusions emerged from the first part of the study: (i) the selection of an
appropriate switching control strategy must be based on careful study of the relationships
between the glazing properties (transmittance, solar heat gain coefficient), the driving
variables for switching, and the building characteristics (thermal mass, size, internal
gains, window-to-wall ratio), and (ii) the optimum switching duration of the

electrochromic glazing is an important factor that influences the overall performance.

The second objective of the research work was to develop a new model to simulate the
switching control of electrochromic glazings. The present capabilities of the DOE
program were expanded using the Functional Values approach. The use of this approach

to develop electrochromic glazing control strategies was pioneered in this research. Two
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functions were developed to control the glazing’s switching time; these functions were
coupled with the DOE-2.1E program using the Functional Values approach. Since
electrochromic windows will affect both building energy consumption and visual
comfort, the optimization of the switching time was formulated as a multi-objective
model with two conflicting objectives. The Pareto optimum solutions were shown for
different weighting coefficients applied to the energy performance and quality of view
demonstrating the trade-offs between the two objectives. An optimized switching
strategy was developed which automates the process of determining the optimum

switching times of the electrochromic glazing for given weighting coefficients.

The optimizing procedure described above was applied to evaluate the impact of the
experimental electrochromic window on the whole-building performance of the
commercial building for two climates, Montreal, Canada, and Phoenix, U.S.A. The
results were compared to the whole-building perfc;rmance due to the conventional
window types. The results showed that electrochromic windows could significantly

reduce the electricity consumption (total, chillers and fans) in the perimeter zones.
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6.2 CONTRIBUTIONS

The contributions of the research work presented in this thesis are summarized below:

Characterization of the solar-optical properties of a real electrochromic coating

A step-by-step approach to model the solar-optical properties of an experimental
electrochromic coating using the APPLIED FILM LAMINATOR program was
presented. The solar-optical properties of a glazing that incorporates the coating were

characterized and the coating was classified as a broad-band absorbing electrochromic.

Performance analysis of electrochromic and conventional window tvpes based on global
performance indices

Graphs of global performance indices (U-value, visible transmittance, shading

coefficient, solar heat gain coefficient) for ten window types were presented, comparing
the expected performance of the experimental and idealized electrochromic windows
relative to conventional window types. The graphs show how the switching range of the

solar-optical properties of the electrochromic windows can affect their performance.

Critical review of existing models of electrochromic glazing control strategies

An in-depth analysis of existing control models available in DOE-2.1E was performed,
based on a systematic study of the driving variables for switching and their impact on the
extraction rate of a the perimeter zones of an existing commercial building. The
evaluation revealed the main issues related to their applicability to the particular building,

the feasibility of their implementation and determination of set-points.
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Development of a new model to optimize the switching time of the electrochromic
glazing using the Functional Values approach

Two functions were developed to provide a structure to change the state of the
electrochromic glazing based on the time of day. The use of the Functional Values
feature of DOE-2.1E for this purpose was pioneered in this research. The optimization of
the switching time was modeled as a multi-objective problem with two conflicting
objectives: extraction rate reduction and visual quality. A performance parameter, access
to views, was defined. Curves of Pareto optimum solutions for combinations of
switching times for different weighting coefficients applied to the performance objectives
clearly demonstrate the trade-offs between the two conflicting objectives. This is the first
electrochromic switching model in DOE-2.1E that addresses multiple performance

criteria and the trade-offs between them.

A major advantage of this model is that it provides a framework for the introduction of
more elaborate switching control strategies and optimization procedures. Furthermore,
the objective function defining the overall performance of the electrochromic window can

be easily expanded to include other criteria.

Development of a procedure to automate the optimization process

The automated process includes the developed switching functions and a series of
FORTRAN programs to retrieve and process DOE results as well as perform the

optimization. A batch file links the programs with the DOE-2.1E energy simulations.



Evaluation of the feasibility of using electrochromic windows for commercial building
applications

The switching model that was developed was applied to determine the whole building
performance when the experimental electrochromic window is used. A comparison to
conventional window types was made. A further comparison of whole-building

performance was made based on two climates.

6.3 OPPORTUNITIES FOR FURTHER RESEARCH

Research on the performance of electrochromic windows is still young and there are
many opportunities to explore, particularly in the area of control strategies for switching
of the glazing properties. Some suggestions for improvements to the model presented in

this thesis and for further work are presented below.

Improvements to the switching model developed in this work

1. Examine the impact of intermediate switching. The work presented in this thesis

assumed that the electrochromic glazing was only switched between two states: bleached
and colored. Intermediate switching between these two states was not permitted.
Allowing intermediate switching would increase the level of complexity of the
optimization, as the solar-optical properties of the window become important factors in

the overall objective function.
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2. Customize the optimized switching strategy to the winter season. The model

presented in this work was developed and applied to optimize the switching operation of
the electrochromic window during the summer season (i.e., cooling season). In order to
customize the model for the winter, or heating season, the performance objectives would
be different. Namely, the objective would be to maximize the solar gains to heat the
perimeter zones (or minimize heating energy consumption). This would require that the
glazing remain in its bleached state for longer periods of time; however, minimizing glare

would be the conflicting performance objective in this case.

3. Incorporate glare as a criteria in the definition of visual quality. The area of visual
quality assessment of windows is beginning to receive research attention. Glare control is
one aspect of visual quality. A term for glare could be included in the equation for visual
quality that was developed in this work, and could be in the form of a penalty function for

when glare levels are exceeded in the space.

4. Perform a sensitivity analysis of the weighting coefficients that are used in the visual

quality objective function. In the present work, the access to views component of the
visual quality was given a weight of 0.9 and the Daylight Illuminance Factor was given a
weight of 0.1. It can be noted from Table B-1 in Appendix B that the value of the
Daylight Illuminance Factor is virtually 1.0 for all cases of switching times as well as for
the bleached and colored states of the electrochromic glazing. Both the glazing’s visible
transmittance and the window size will influence the value of DIF. Since the visible

transmittance of the experimental electrochromic window is low in the colored state, one
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would expect a lower value of DIF. However, given that the window-to-wall ratio of the
building studied is quite high at 0.62, a greater quantity of light is transmitted into the
space and daylight saturation likely occurs. The DIF was therefore assigned a weight of
0.1 in order to reduce the factor’s influence on the Visual Quality. It would be more
appropriate to perform a sensitivity analysis to assess the influence of the weighting
factors on the results. Furthermore, the daylighting performance should be correlated

with window size.

5. Improve the switching time algorithm. At present, the switching time optimization
algorithm employs the enumeration approach to select the switching time for the next
iteration. This is an inefficient process that can be improved by exploring the use of more

efficient search techniques such as genetic algorithms.

6. Replace the basis for switching in the optimization algorithm with other driving

variables. Presently, the switching of the electrochromic window is based on the time of

day in the developed algorithm. More complex conditions for switching should be
explored, as should other driving variables that can be measured in practice such as

incident solar radiation.

Other areas to explore

7. Extend the whole building performance analysis of electrochromic windows to other

building types and conditions. In this work, the feasibility of using electrochromic
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windows was studied for a large commercial building where the core has a greater impact
on overall energy consumption. Other building sizes and conditions should be examined.
For example, in narrow plan office buildings the envelope would have a greater impact
on the thermal interactions and on the heating and cooling loads. Relationships between
the building size, climate, internal load level, glazing properties, window-to-wall ratio,
and driving variables for switching can be developed such that these relationships can
provide quick, simple rules of thumbs for designers to estimate the impact of

electrochromic windows for their building type and climate.

8. Re-evaluate energy code requirements for window size. Most energy codes impose a

limit on window size; however, given that thermal impact of electrochromic windows can
be dynamically modified, larger window sizes may be acceptable without limiting the

performance. The current limits on window size should be re-evaluated.

5. Explore the use of predictive control strategies. To date, the controls aspect

(hardware, algorithms) of electrochromic windows has largely been unexplored. This is
consequently the most significant area where research opportunities can flourish.
Adaptive, learning control algorithms could be developed that can learn the
characteristics of building conditions and operation and switch the electrochromic glazing

according to the most appropriate driving variable.

10. Validate new control algorithms using an outdoor test cell or environmental

chamber. This in fact represents the logical next step in studying the implementation of
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various control algorithms and validating their performance under real conditions.
Pennisi et al. [70] are using an outdoor test cell to measure the daylight performance and
thermal conductance of an experimental electrochromic window. The authors however

do not elaborate on the switching strategy they use to control the window.

6-11



REFERENCES

1. Svensson, J. S. E. M. and Granqvist, C. G. “Electrochromic Coatings for ‘Smart
Windows’”. Solar Energy Materials. 12: 391-402, 1985.

2. Lampert, C. M. and Granqvist, C. G., “Application of Large-Area Chromogenics to
Architectural Glazings”.  Large-Area Chromogenics: Materials and Devices for
Transmittance Control. Volume IS 4, ed. C. M. Lampert and C. G. Granquist,
Bellingham, Washington: SPIE Optical Engineering Press, September 22-24, 1988,
pp. 22-45.

3. ASHRAE Handbook of Fundamentals. Atlanta, Georgia: American Society of

Heating, Refrigerating and Air-Conditioning Engineers, Inc., 1997.

4. Chevalier, B. and Chevalier, J. L. “Pour maitriser la transparence des vitrages : les
systémes électrochromes. Etat de la question et perspectives dans le batiment”. Cahiers
du CSTB, cahier 2512, Septembre 1991.

5. Kamey, R. H., U.S. Department of Energy. Keynote Speaker at the Conference

Thermal Performance of the Exterior Envelopes of Buildings VI, Clearwater Beach,

Florida, December 4-8, 1995.

6. Lampert, C. M. “Towards large-area photovoltaic nanocells: experiences learned
from smart window technology”. Solar Energy Materials and Solar Cells, 32: 307-321,
1994.

7. U.S. Department of Energy, “Advances in Glazing Materials for Windows”. Energy
Efficiency and Renewable Energy Clearinghouse, NCI Information Systems, Inc.,
November 1994,



8. Lampert, C. M. “Chromogenic Switchable Glazing: Towards the Development of
the Smart Window”. Proceedings Window Innovations Conference °95. Toronto,

Canada, June 5-6, 1995.

9. Lampert, C. M. “Electrochromic Materials and Devices for Energy Efficient
Windows”. Solar Energy Materials. 11: 1-27, 1984.

10. Rauh, R. D. “Electrochromic windows: an overview”. Electrochimica Acta, 44:
3165-3176, 1999.

11. Andersson, A. M. and Grangvist, C. G. “Towards an All-Solid-State Smart
Window: Electrochromic Coatings and Polymer Ion Conductors”. SPIE Vol. 1016,
tical Materials Technology for Energy Efficiency and Solar Energy Conversion VIIIL

Bellingham, Washington: SPIE Optical Engineering Press, 1988.

12. Mathew, J. G. H., Sapers, S. P., Cumbo, M. J,, O’Brien, N. A., Sargent, R. B,
Raksha, V. P., Lahaderne, R. B., and Hichwa, B. P. “Large area electrochromics for
architectural applications”. Journal of Non-Crystalline Solids. 218: 342-346, 1997.

13. Scrosati, B. “Ist International Meeting on Electrochromism (IME-1), Murano -

Venice, October 19-21, 1994”. Solar Energy materials and Solar Celis. 39: 111-113,
1995.

14. Truong, V. V. and Mehra, M. C. “Electrochromic Materials : A Technical Review”.
National Research Council, November 1984.

15. Grangvist, C. G., Azens, A., Isidorsson, J., Kharraz, M., Kullman, L., Lindstrém, T.,
Niklasson, G. A., Ribbing, C.-G., Ronnow, D., Stemme Mattsson, M., Veszelei, M.
“Towards the smart window: progress in electrochromics”. Journal of Non-Crystalline
Solids. 218:271-279, 1997.

7-2



16. Selkowitz, S. E., Rubin, M., Lee, E. S., and Sullivan, R. “A Review of
Electrochromic Window Performance Factors”. Presented at the SPIE International
Symposium on Optical Materials Technology for Energy Efficiency and Solar Energy
Conversion XIII, Friedrichsbau, Freiberg, Germany, 1994.

17. Kahn, J. “LBL Researchers seek patent on smart windows”. February 14, 1992.
http://floyd.Ibl.gov/electro/recent/patent92. htm

18. Lawrence Berkeley National Laboratory. “Electrochromic Optical Switching
Device”. http://www.Ibl.gov/Tech-Transfer/techs/Ibni810.html

19. Grangqvist, C. G. Handbook of Inorganic Electrochromic Materials. Amsterdam, The

Netherlands: Elsevier Science B. V., 1995.

20. Enermodal Engineering Ltd. “Performance of Electro-chromic Windows in
Commercial Buildings”. DSS contract No. 23440-09413, Efficiency and Alternative
Energy Technology Branch, CANMET, Energy, Mines and Resources Canada, Ottawa,
Ontario, March 1992.

21. Truong, V. V., Ashrit, P. V., Bader, G., and Girouard, F. E., Department of Physics,
Université de Moncton. “Fabrication and Testing of a Monolithic Solid-State
Electrochromic Device for Smart Window Application”. CANMET Contract No. 23440-
90-9539/01-SQ. Efficiency and Alternative Energy Technology Branch, CANMET,
Department of Natural Resources Canada, Ottawa, Ontario, 1994.

22. Truong, V. V., Ashrit, P. V., Bader, G., and Girouard, F. E., Department of Physics,
University of Moncton. “Electrochromic Materials and Devices for Switchable Window
Applications”. DSS Contract No. 23283-8-6052/01-SZ. Efficiency and Alternative
Energy Technology Branch, Energy, Mines and Resources Canada, Ottawa, Ontario,
1990.

7-3



23. Dao, L. H. “Laminated Two-Layer All-Solid-State Electrochromic Smart Windows”.
Prepared by the Laboratoire de recherche sur les matériaux avancés, INRS-Energie et
Matériaux, Varennes, Québec, CANMET Contract No. 23440-90-9416, Efficiency and
Alternative Energy Technology Branch, Natural Resources Canada, Ottawa, Ontario,
1994.

24. Caporaletti, O. “Feasibility of Infrared Switchable Thin Films for Energy Efficient
Windows”. Ontario Research Foundation, Report No. ES/EPD-85-24, July 3, 1985.

25. Sullivan, R., Selkowitz, S., Lyons, P., Thomas, P. C., Heimonen, I., Andresen, L.,
Aschehoug, O., Simmler, H., Eggimann, P., and Frank, T. “Energy Simulation Studies in
IEA/SHC Task 18 Advanced Glazing and Associated Materials for Solar and Building
Applications”. Proceedings Window Innovations Conference ‘95, Toronto, Ontario,
Canada, June 8-9, 1995.

26. Research Project Descriptions in Solar Energy Materials. “Operating Agent
Advanced Glazing Materials Task 18, International Energy Agency, Solar Heating &
Cooling Programme”.
http://cs3.brookes.ac.uk/schools/engineering/research/solar/research. html#Variable

27. International Energy Agency. “Task 18, Advanced Glazing Materials for Solar and
Building Applications”. http://www.iea-shc.org/task18.html

28. Hutchins, M.G. “Advanced glazing and associated materials for solar and building
applications: International Energy Agency Solar Heating and Cooling Programme Task

18”, Proceedings Optical Materials Technology for Energy Efficiency and Solar Energy
Conversion XI: Selective Materials, Concentrators and Reflectors, Transparent Insulation

and Superwindows, SPIE Volume 1727, ed. A. Hugot-Le Goff, C. G. Granqvist, and C.
M. Lampert, Toulouse-Labége, France, May 18, 1992.

7-4



29. Lawrence Berkeley National Laboratory, Building Technologies Program.
“Electrochromic Materials”. http://eande.lbl.gov/BTP/electrochromics.html

30. Benson, D. K. and Branz, H. M. “Design goals and challenges for a photovoltaic-
powered electrochromic window covering”. Solar Energy materials and Solar Cells. 39:
203-211, 199s.

31. National Renewable Energy Laboratory. “License Agreements with One or More
U.S. Companies Interested in Commercializing Stand Alone, Photovoltaic Powered
Electrochromic Windows and Rapid Color Change Electrochromic/PV Sunglasses”.
http://info.nrel.gov/lab/cbd/TT-114.html

32. Lawrence Berkeley Laboratory, “Smart Thermal Skins for Vehicles”,
http://eandle.1bl.gov/CBS/NEWSLETTER/NL4/ThermalSkins.html

33. National Renewable Energy Laboratory. “Reducing Vehicle Auxiliary Loads Cools
the Driver and Heats up Your Competitive Edge”. http://www.elecpubs.sae.org.

34. “how NVSgmirrors work™. http://www.gentex.com/automotive/nvswork.htm

35. Auto Product News. “Donnelly Corporation Wins New ELECTROCHROMIC
Mirror Business”. SAE International, 1996.

36. “Electrochromic Mirror Production Meets Stringent Quality Standards”. January 31,
1997, http://www.elecpubs.sae.org/APN/13001452.htm.

37. “Donnelly Corporation Begins North American Assembly of Electrochromic

Mirrors”. September 24, 1997,  http://www.theautochannel.com:8080/news/press/date/
19970924/ press006485.html

7-5



38. Tracy, C. E., Zhang J.-G., Benson, D. K., Czanderna, A. W,, and Deb, S. K.
“Accelerated durability testing of electrochromic windows”. Electrochimica Acta. 44:

3195-3202, 1999.

39. Reilly, S., Arasteh, D., and Selkowitz, S. “Thermal and optical analysis of
switchable window glazings”. Solar Energy Materials. 22: 1-14, 1991.

40. McCluney, R. “Sensitivity of Fenestration Solar Gain to Source Spectrum and
Angle of Incidence”. ASHRAE Transactions. 1996, Vol. 102 Part 2, pp- 112-122.

41. McCluney, R. “The death of the shading coefficient?”. ASHRAE Journal. March
1991, pp. 36-45.

42. LBL. “WINDOW 4.1, A PC Program for Analyzing Window Thermal Performance
in Accordance with Standard NFRC Procedures”. Windows and Daylighting Group,
Lawrence Berkeley Laboratory, 1994.

43. Arasteh, D. K., Reilly, M. S,, and Rubin, M. D. “A Versatile Procedure for
Calculating Heat Transfer through Windows”. ASHRAE Transactions. 1989, Vol. 95
Part 2, pp. 755-765.

44. Klems, J. H., Yazdanian, M., and Kelley, G. O. “Measured Performance of Selective

Glazings”. Conference Proceedings Thermal Performance of the Exterior Envelopes of
Buildings VI. Clearwater Beach, Florida, December 4-8, 1995, pp. 625-632.

45. Los Alamos Scientific Laboratory. DOE-2 Reference Manual, Version 2.1. Edited by
Don A. York and Eva F. Tucker, May 1980.

7-6



46. Winkelmann, F. C., Birdsall, B. E., Buhl, W. F., Ellington, K. L, Erdem, A. E., and
Hirsch, J. J. and Gates, S. DOE-2 Supplement Version 2.1E. Lawrence Berkeley
Laboratory, University of California, U.S.A, 1993.

47. Reilly, M. S., Winkelmann, F. C., Arasteh, D. K., Carroll, W. L. “Modeling
windows in DOE-2.1E”. Energy and Buildings. 22: 59-66, 1995.

48. Warner, J. L., Reilly,. S. M., Selkowitz, S. E., Arasteh, D. K., Ander, G. D. “Utility
and Economic Benefits of Electrochromic Smart Windows™. Proceedings of the 1992
ACEEE Summer Study on Energy Efficiency in Buildings, 1992, Volume 1, pp. 1.237-
1.249.

49. Selkowitz, S. E., Haberl, J.,, and Claridge, D. “Future Directions: Building

Technologies and Design Tools”. Proceedings of the 1992 ACEEE Summer Study on
Energy Efficiency in Buildings, 1992, Volume 1, pp. 269-290.

50. Sullivan, R., Rubin, M. D., and Selkowitz, S. E., “Energy Performance Analysis of
Prototype Electrochromic Windows”, ASHRAE Transactions. 1997, Vol. 103 Part 2.

51. Lee, E. J. and Yoon, J. H. “Energy Simulation of a Commercial Building with
Spectrally Controllable Solar Windows”. Proceedings International Solar Energy
Conference, ASME 1997, pp. 1-6.

52. Suilivan, R,, Lee, E. S., Papamichael, K., Rubin, M., and Selkowitz, S. “Effect of
Switching Control Strategies on the Energy Performance of Electrochromic Windows™.
Proceedings SPIE International Symposium on Optical Materials Technology for Energy

Efficiency and Solar Energy Conversion XIII, Friedrichsbau, Freiburg, Germany, April

18-22, 1994.

7-7



53. Sullivan, R., Rubin, M., and Selkowitz, S. “Reducing Residential Cooling
Requirements Through the use of Electrochromic Windows”. Conference Proceedings
Thermal Performance of the Exterior Envelopes of Buildings VI, Clearwater Beach,
Florida, December 4-8, 1995, pp. 613-624.

54. Lee, E. S., and Selkowitz, S. E. “The Design and Evaluation of Integrated Envelope
and Lighting Control Strategies for Commercial Buildings”. ASHRAE Transactions.
1995, Vol. 101 Part 1, pp. 326-341.

55. Sullivan, R., Lee, E. S., Rubin, M., and Selkowitz, S. “The Energy Performance of
Electrochromic Windows in Heating-Dominated Geographic Locations”. Proceedings

SPIE International Symposium on Optical Materials Technology for Energy Efficiency

and Solar Energy Conversion XV, Frieburg, Germany, September 16-19, 1996.

56. Moeck, M, Lee, E. S., Rubin, M., Sullivan, R., and Selkowitz, S. “Visual Quality
Assessment of Electrochromic and Conventional Glazings”. Proceedings SPIE

International Symposium on Optical Materials Technology for Energy Efficiency and

Solar Energy Conversion XV, Frieburg, Germany, September 16-19, 1996.

57. LBL. APPLIED FILM LAMINATOR vl.0a. Energy and Environment Division,
Lawrence Berkeley Laboratory, 1995.

58. Corsi, M., Zmeureanu, R., and Fazio, P. “Evaluation of the Performance of
Electrochromic Glazings for Commercial Building Applications”. Proceedings Third

Canadian Conference in Civil and Building Engin eering, Montreal, Quebec, August

1996, pp. 83-94.

59. Personal communication with Elizabeth Finlayson and John Sadlier, Lawrence

Berkeley Laboratory.



60. ASTM E891-87(1992). Standard Tables for Terrestrial Direct Normal Solar Spectral
Irradiance for Air Mass 1.5. American Society for Testing and Materials.

61. Finlayson, E., Arasteh, D., Rubin, M., Sadlier, J., Sullivan, R., Huizenga, C.,
Curcija, D., Beall, M. “Advancements in Thermal and Optical Simulations of
Fenestration Systems: The Development of WINDOW 5”. Conference Proceedings
Thermal Performance of the Exterior Envelopes of Buildings VI. Clearwater Beach,
Florida, December 4-8, 1995, pp. 549-558.

62. Athienitis, A. Building Thermal Analysis — An Electronic Mathcad Book. Centre

for Building Studies, Concordia University, Montreal, Canada, 1994.

63. Davids, B. J. “Taking the Heat Out of Sunlight - New Advances in Glazing

Technology for Commercial Buildings”. Proceedings of the 1990 ACEEE Summer Study
on Energy Efficiency in Buildings, Volume 1, pp. 1.33-1.39.

64. CSA-A440.2-93. Energy Performance Evaluation of Windows and Sliding Glass
Doors. Canadian Standards Association.

65. “Simulating Window Energy Performance”. CANMET. Cat. No. M91-7/262-
1993E.

66. Pasqualetto, L. Validation of Building Energy Simulation Programs. M.A.Sc. Thesis,
Centre for Building Studies, Concordia University, Montréal, Quebec, 1995.

67. Corsi, M., Zmeureanu, R., and Fazio, P. “Modelling of Electrochromic Glazing
Switching Control Strategies in MICRO-DOE-2.1E”. Proceedings CLIMA 2000 °97,

Brussels, Belgium, 1997.

7-9



68. Murty, K. G. Operations Research: Deterministic Optimization Models. New Jersey:

Prentice Hall, 1995.

69. Corsi, M., Zmeureanu, R., and Fazio, P. “Evaluation of the Impact of Intelligent
Windows on the Performance of Commercial Buildings”. Proceedings IB/IC Second
International Intelligent Buildings Congress — New Methods and Technologies in
Planning and Construction of Intelligent Buildings I, Tel-Aviv, Israel, March 4-6, 1997,
pp. 119-126.

70. Pennisi, A., Simone, F., Barletta, G., Di Marco, G., and Lanza, M. “Preliminary test
of a large electrochromic window”. Electrochimica Acta, 44: 323 7-3243, 1999.

7-10



APPENDIX A

FUNCTIONAL VALUES ROUTINES
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FUNCTION NAME =SW_STH ..
ASSIGN

IMO =IMO
IDAY = IDAY

IHR = [HR

ISCDAY =ISCDAY
QDIR = QDIR
SWFAC = SWFAC ..

CALCULATE ..

SWFAC=1.0

#tinclude south.tim

IF (IMO.LT.5).OR.(IMO.GT.9)) GO TO 9
IF (ISCDAY.LT.2).0R.(ISCDAY.GT.6)) GO TO 14
IF (QDIR.LE.0.0001) GO TO 12

IF ((IHR.GE.T1).AND.(IHR.LE.T2)) SWFAC = 0.0

12 CONTINUE
14 CONTINUE

9 CONTINUE

END

END-FUNCTION ..



FUNCTION NAME=STH _ILL ..

ASSIGN

FNTYPE = FNTYPE

MO =IMO

IDAY =IDAY

IHR =IHR

ISCDAY =ISCDAY

RDIR =RDIR

VTS = VIS-TRANS-SEL

VT =VIS-TRANS
MWIPRPSW = MWIPRPSW
SWFAC =SWFAC ..

CALCULATE ..

23

22

20

IF (FNTYPE.NE.4) RETURN

SWFAC=1.0
##include south.tim

IF (IMO.LT.5).0R.(IMO.GT.9)) GO TO 20
IF (ISCDAY.LT.2).0R.ASCDAY.GT.6)) GO TO 22
IF (RDIR.LE.0.0001) GO TO 23

IF ((IHR.GE.T1).AND.(IHR.LE.T2)) SWFAC = 0.0

VTSW = ACCESS(MMWIPRPSW+147)
VTS =SWFAC*VT + (1.0 - SWFAC)*VTSW

CONTINUE

CONTINUE
CONTINUE

END

END-FUNCTION ..
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APPENDIX B

PARETO FEASIBLE SOLUTIONS FOR THE SOUTH PERIMETER ZONE
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APPENDIX C

PROGRAMS FOR THE AUTOMATED OPTIMIZED SWITCHING STRATEGY
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OPTIM.BAT

rem * Maria Corsi, M.A.Sc. student, Centre for Building Studies

rem * June 20, 1997.

rem * ke okakdkofkakokokkkokkokkokkkkkkkkkkkkkokkokkkkkkkkkkkkkkkkkkk kR kkkkkkkkkkk k
rem * This batch file automates the procedure to optimize the switching *
rem * time of the electrochromic glazing. It comprises batch routines to *
rem * run DOE, as well as calls to FORTRAN programs which calculate the *
rem * required performance criteria and select the next switching time. *
rem IR f 2222232222222 2222323222233 32323223 2323223333223 3F32 2233323232332 30

@echo off

rem * * * BATCH FILE FOR DOE SIMULATION, GLAZING IN BLEACHED STATE * * *
SET FILENAME=BLEACHED

DEL INPUT2.TMP

DEL INCOPY.TMP

DEL CTRL.TMP

DEL STDFIL.TMP

DEL OUTPUT.

COPY %filename% INPUT2.TMP

COPY INPUT2.TMP INCOPY.TMP

DOEBDL

COPY OUTPUT %filename%.BDL

COPY MONT92.QC WEATHR.TMP

DOESIM

COPY OUTPUT %filename%.SIM

rem COPY %filename%.* D:\MARIAC\RESULTS
rem [END OF A RUN]

CLEANCLR

: 8

rem * * * BATCH FILE FOR DOE SIMULATIONS, GLAZING IN SWITCHED STATE * * *
SET FILENAME=SWITCHED

DEL INPUT2.TMP

DEL INCOPY.TMP

DEL CTRL.TMP

DEL STDFIL.TMP

DEL OUTPUT.

COPY %filename% INPUT2.TMP

COPY INPUT2.TMP INCOPY.TMP

DOEBDL

COPY OUTPUT %filename%.BDL

COPY MONT92.QC WEATHR.TMP

DOESIM

COPY OUTPUT %filename%.SIM

rem COPY %filename%.* D:\MARIAC\RESULTS
rem [END OF A RUN]

rem

CLEANSIM
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CALCUL

SWTIME

DEL VQ.DAT

DEL EXT_COL.DAT
if not errorlevel 1 goto 8
COPY TABLE.DAT D:\MARIAC\RESULTS
D:

cd MARTAC\RESULTS

OPTIMIZE
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*

* % A+ % * % %

CLEANCLR.FOR

PROGRAM CLEANCLR

July 3, 1997.

dekkdkdkhkdddikhkhkhkhdhkhkdhkhhkkdhkhkhkhhkhkhkdhkhkhdkhkdhhhhkhhhhdhbhkkhhkthhkhkiihhkidhihkii

This program reads data from the DOE simulation output file,
BLEACHED.SIM (where the electrochromic window is maintained in the
bleached state), and extracts the monthly SM value of the extraction
rate for the South, East and West perimeter zones. The resulting

data is saved to the file EXT_ CLR.DAT
dhkhkkhkdkhkkhkdhkkhhkhkkdkhkdhdhkihkdkhkkkihkdkdkdhkdkkdhhkdkhhkdhkdhkdhdhhkikkhkdkdhdhhidiikikitid

* ok % % % * *

CHARACTER*132 LINE

OPEN (UNIT=1,FILE='BLEACHED.SIM',STATUS='OLD")
OPEN (UNIT=2,FILE='EXT CLR.DAT',STATUS='NEW')

DO WHILE (1)

READ (1,'(A)',END=32000) LINE

IF (LINE(1:7) .EQ.'REP-HR7') THEN
CALL EXT_ SM(LINE)

ENDIF

END DO

32000 CONTINUE

* 0 % *

CLOSE (UNIT=1)
CLOSE (UNIT=2)

END

khkkkdhkdkkhkhkkkhkhkdkhkhkhkhkhkhkhkhkkhkkkdkhhkhkhkhhkhkddkhhkhhkhkkihkhhkhhkhkhkkhkdhrhhkhhkhkithihkik

This subroutine writes the monthly SM values of the extraction rate

*
*
for each perimeter zone. *
dhkkkkdkkkkkkhkkhkdkkhkhkhkhkhkhhkhkkkhrrhkhhkhhhkhkhkkkdkhdkhkhkhkhkkhhkkkhkdhhkhhkhhhkihkhkdrhd *

SUBROUTINE EXT_SM(LINE)

CHARACTER*132 LINE

DO WHILE (2)

READ (1,'(a)',END=3000) LINE

IF (LINE(2:16) .EQ.'MONTHLY SUMMARY') THEN

DO WHILE (3)
READ (1, '(A)‘',END=4000) LINE
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IF (LINE(5:6) .EQ.'SM') THEN
WRITE (2,*(A)') LINE(11:48)
ELSEIF (LINE(2:15) .EQ.'YEARLY SUMMARY') THEN

GO TO 10
ELSE
15 CONTINUE
ENDIF
END DO
ENDIF
END DO

3000 CONTINUE
4000 CONTINUE
10 CONTINUE

RETURN
END

* Ahkdkhkkhkkkkhkhkhkhkdhkhkhkhdhkhkhbhkhkhkhkkhkhkkhkhkhhhkhhhhkhdkhkddhkhkhhhkhkthkhkhkhhkhkrthhkhhhihkhkst *
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*

* Ok Rk F X * * K #

ok ok ok ok A A kR R A O * F % #

* % %+ 4 % %

CLEANSIM.FOR

PROGRAM CLEANSIM

June 27, 1997.

Thkdhhkhkdhhkhhhhihhkkkhkihkkkhkkhkkkdhkkdhhkhhkdkhkhhkhkdkdhhkbhkdhkhhkhkhhkkddkhhhkhhhhht %

This program reads data from a DOE simulation output file and *
extracts the data that will be used in calculating the visual quality*
and extraction rate reduction performance criteria. The "cleaned"™ or*
extracted date is saved to two new files: (i) VQ.DAT, which contains *
the hourly values of SWFAC and Illuminance for the South, East and *
West perimeter zones; and (ii) EXT COL.DAT, which contains the *
monthly SM value of the extraction rate for the South, East and West *
*

*

perimeter zones.
khkkkhkdhhkhkhkkkkhkdkhkhdhkhkhkdhkikikdkhkddkhkhkhdkhkhdhkhkihkhkdhkhhkkhkdhhkhkhhkhkidhkhkikhthkhkkhkii

CHARACTER*132 LINE

OPEN (UNIT=1,FILE='SWITCHED.SIM', STATUS='OLD')
OPEN (UNIT=2,FILE='VQ.DAT', STATUS='NEW')
OPEN (UNIT=3,FILE='EXT_COL.DAT',6 STATUS='NEW')

kdkdkhkhkhhhhhkkhhkkkdkkhkkkhkkhkdhhkhhhkhkdthkhdkdkhhkhkdhhhkhkhkhkhhkhhkhhhkhkhkhkhhhkhkhhkhhhh *

DESCRIPTION OF FILES AND VARIABLE *
*

SWITCHED.SIM = DOE-2.1lE simulation output file for the electrochromic*
window in the switched (colored state)

VQ.DAT = FORTRAN output file which contains hourly values of SWFAC
and daylight illuminance for the South, East and West
perimeter zones

EXT_COL.DAT = FORTRAN output file which contains the monthly sum
value of the extraction rate for the South, East and
West perimeter zones.

LINE = represents one line of data in the SWITCHED.SIM file
khkkkdhhhhkhkhkkhbkkhkhkhkhkhkhkhkkhhhhhhhhkhhkhkhkhkhkhkhhkkdhkhkhkhkkkhkhkhkhhkkhhkkdhkhhddikiid

LR B 2 2 R B BN R B N

DO WHILE (1)

READ (1,'(A)',END=32000) LINE

khkhkkdkhhkdkhkhkhkkhkhkkkhkhkhkhkhhhkhkkhkhkhhkhkhhkhbhkkhkhkhkhbhbhhkhkhhhkhkthkhhhbrhhikhkhdhdkiiii

The following loop prints out the value of SWFAC and daylight
illuminance between the hours of 9:00 and 17:00 (DOE time - i.e.
actual time is from 8:00 to 17:00. These represent the working
day.

kkkkkkhhkhkhhkhhkhkhkhkkdkdkhhhkhkhhhhkhkikhkkhkhkhkhkkhkdkhkhkdkhkhkhkdthhkkhkdhhkhkhkkhhkhrhhhhhkht

* ok 4 4 4 ¥
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IF ((LINE(1:2).GE.*' 5') .AND. (LINE(1:2).LE.' 9')) THEN
IF (LINE(1:1).EQ.'-') GO TO S
IF ((LINE(5:6) .GE.' 9') .AND. (LINE(5:6).LE.'17')) THEN
WRITE (2,'(A)') LINE
ENDIF
S CONTINUE
ENDIF

IF (LINE(1:7).EQ.'REP-HR7') THEN
CALL EXT_SM(LINE)
ENDIF
END DO
32000 CONTINUE
CLOSE (UNIT=1)

CLOSE (UNIT=2)
CLOSE (UNIT=3)

END
* ******************************************************************** *
* This subroutine writes the monthly SM values of the extraction rate
* for each perimeter zone.
* ******************************************************************** *
SUBROUTINE EXT_SM(LINE)
CHARACTER*132 LINE
DO WHILE (2)
READ (1,°*'(Aa)',END=3000) LINE
IF (LINE(2:16) .EQ.'MONTHLY SUMMARY') THEN
DO WHILE (3)
READ (1, ' (A)',END=4000) LINE
IF (LINE(5:6) .EQ.*'SM') THEN
WRITE (3,'(A)') LINE(11:48)
ELSEIF (LINE(2:15) .EQ.'YEARLY SUMMARY') THEN
GO TO 10
ELSE
15 CONTINUE
ENDIF
END DO
ENDIF
END DO

3000 CONTINUE
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4000 CONTINUE
10 CONTINUE

RETURN
END

d kdkdkhkhkkhkhkhkhkhkhkhkdkhhkhkhkhhhkhhhkhkhkkhkhkhkhhkkhhkhkhhhhhdkhhkkdhhhkikkhkhkdhkdkhkhkihhhhk *
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»

Ok % ok ok o A ok * A * * F #

* ok ok ok ok A o X k% N

CALCUL.FOR

PROGRAM CALCUL

July 4, 1997.

dhkbdkkhkhhhkhkhhhkhhdhhhhkhkhkhhhkhhhbhkhkhdthhkhhhhkbhkhkhhkhhkhkhkhhkdhkhkhhhkhhhhhhkhkthhkhd *

This program calculates the performance indices used to determine thew
optimum switching time of the electrochromic glazing. The following *
indices are calculated: (i) Access to Views (based on hourly value of*
the DOE SWFAC variable), (ii) Daylight Illuminance Factor (based on
DOE hourly values of the daylight illuminance at reference point 1)
(iii) Visual Quality (based on AV and DI), (iv) Extraction Rate
Reduction (based on monthly sum values of the extraction rate in the
South, East and West perimeter zones, (v) Objective function value
(based on VQ and ERR), and finally (vi) Average objective function
(area weighted average for the three zones).

The calculations cover the entire cooling season from May 1lst to

Sept. 30th.
kdkkhkkkdkdhkkhhkhhkhkihkkkhkkkhhhhkkhbhhhhhkhkhkhkhhbbkhhkhkbhkthhkhdhihkhhbhkhkhbthhhbhthdhdi

L2NE I BN N B BN BE B B

REAL TVISCLR, TVISCOLR, TVISDBCL,Al,A2,Wl,W2,A SOUTH,A EAST,
/A_WEST,A_TOT,AV_MO_S,AV_MO_E,AV_MO_W,DI_MO_S,DI_MO_E,DI MO W,
/T1_SOUTH, T2_SOUTH, T1_EAST, T2_EAST,T1_WEST,T2_WEST,VQ_SOUTH,
/VQ_EAST,VQ WEST,ERR_S,ERR_E,ERR_W,OBJ_FN_S,0BJ_FN_E,OBJ_FN W,
/AVG_OBJ

INTEGER TOT_ HRS, IRC

OPEN (UNIT=2,FILE='VQ.DAT',STATUS='0OLD")

OPEN (UNIT=3,FILE='INITIAL.DAT', STATUS='OLD"')

OPEN (UNIT=4,FILE='TABLE.DAT', STATUS='NEW', IOSTAT=IRC)
OPEN (UNIT=5,FILE='EXT CLR.DAT',STATUS='OLD')

OPEN (UNIT=6,FILE='EXT COL.DAT',STATUS='OLD')

OPEN (UNIT=7,FILE=‘'SOUTH.TIM', STATUS='0OLD"')

OPEN (UNIT=8,FILE='EAST.TIM', STATUS='0OLD')

OPEN (UNIT=9,FILE='WEST.TIM', STATUS='0OLD"')

dhhkhkkkhkhdhdhdhhdkkhkkhkhkhkhkdhhhkhhhhdkhdhhhhhkhhhhdkdkdhhdhhkhbkhrkhhbbhkhkhkhdrd *
DESCRIPTION OF DATA FILES:

VQ.DAT = DOE-2.1E simulation output file containing the data to be
read in this Fortran program (hourly values of SWFAC and daylight
illuminance for each orientation.)

R

INITIAL.DAT = data file containing: visible transmittance of electro-*

chromic window in clear and colored states, TVIS of clear double %*
glazed window, weighting coefficients used in calculating Visual *
Quality and Objective Function. *

*

TABLE.DAT = output file of this FORTRAN program containing summary of*
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switching time, AV, DI, VQ, and value of objective function for each *
orientation and for each combination of switching times. *

*
EXT_CLR.DAT = contains extraction rate of each perimeter zone due to *
electrochromic windows that are maintained in the clear state only. *

*

EXT_COL.DAT = contains extraction rate of each perimeter zone due to *
electrochromic windows that are switched to the colored state at *
specified T1 and T2. *
*

SOUTH.TIM, EAST.TIM and WEST.TIM = contain the current run value of +*
Tl and T2 for each orientation. *
khkkkhkkhkkhhkhhkhhkhhkhkihkkhkhkdkhhhdkhddhhkhkhkhkhkhhhkhhkhbkhhhdhhhkhkhhhhkhhbhhkhhhkhd *
*

*

DESCRIPTION OF VARIABLES USED IN THE MAIN PROGRAM AND IN SUBROUTINES
GENERAL NOTE: "_2?" = S, E, or _W, to indicate the orientation

"

A_SOUTH,A EAST,A WEST = area of the perimeter zone
A_TOT = total area of the perimeter zones, where switching occurs

TVISCLR = visible transmittance of the electrochromic glazing
in the clear (bleached) state

TVISCOLR = visible transmittance of the electrochromic glazing
in the colored state
TVISDBCL = visible transmittance of the double glazed clear window

Al = weighting coefficient for AV in the calculation of VQ
A2 = weighting coefficient for DI in the calculation of VQ
w1 weighting coefficient for ERR in the calculation of OBJ_FN
W2 = weighting coefficient for VQ in the calculation of OBJ_FN

T1l_SOUTH, T2_SOUTH .
T1 EAST,T2_ EAST = switching start and stop time for each
T1l_WEST, T2_WEST perimeter zone

TOT_HRS = total number of hours in the working day

Variables used for the calculation of Access to Views:

L B B 2R R B BT B N I N N N NN T

HRS_CLR_? = number of hours that the electrochromic glazing is in the*
clear state *
HRS_COL_? = number of hours that the electrochromic glazing is in the*

for each day and each orientation
SUM_AV_? = variable used in DO loop to sum the daily AV values
AV_MO_? = Access to Views performance factor for the month (avg.)

colored state *

*

SWFAC_? (DAY,HOUR) = hourly value of the variable SWFAC (switching *
factor from the DOE simulation output, for each *

orientation *

SWFACSM? (DAY) = the daily sum of the SWFAC variable *
AV_SOUTH (DAY) ,AV_EAST (DAY) ,AV_WEST (DAY) = Access to Views calculated *
*

*

*

*



Variables used for the calculation of Daylight Illuminance Factor

ILLUM ? (DAY,HOUR) = illuminance at ref. pt. for the (day,hour) -
value read from DOE simulation output file

DI_SOUTH (DAY, HOUR)
DI_EAST (DAY, HOUR) = hourly value of Daylight Illuminance for the
DI_WEST (DAY, HOUR) day in question

DI_SUM S(DAY) = variable used in DO loop to sum the hourly values of
DI_SOUTH,_EAST, WEST(DAY,HOUR) to obtain total for
the day

DI_AV_2? (DAY) = Average DI for the day

SUM_DI_? = variable used in DO loop to sum the average daily DI

values to be used in calculation of monthly average

DI_MO_? = Daylight Illuminance performance factor for the month(avg.)

VQ_SOUTH, EAST, WEST = Visual Quality for each orientation (avg.
for month)

LR B B N N NN B N N N N N N A

Variables used for the calculation of Extraction Rate Reduction

*

L A R R T T T T N S S S S S S T

* ER CLR ? = extraction rate of the perimeter zone when the electro-

* chromic window is in the bleached state (monthly SM value)
* ER_COL_? = extraction rate of the perimeter zone when the electro-

* chromic window is in the switched state (for given ti,t2)
* (monthly SM value)

* ERCLRT_? = total of each ER CLR ?

* ERCOLT_? = total of each ER _COL °?

* ERR_? = Extraction Rate Reduction in the perimeter zone, due to

* switching at given t1,t2

*

* OBJ_FN_? = objective function for each orientation

* AVG_OBJ = area weighted average of the objective function

* DAY = day number

* DAYCOUNT = day counter

* DAYCT_ 2 = day counter

* dhkhkhkhkhkhkhkhkkkhhkhkkhkhkhkkhkhkkdhhdhrhhkdkhdhhhhkhhkddkdhkdhkhhhhhdhkddhdthkhdkhhkhkdrhbhhhhd

IF (IRC.NE.O0) THEN
OPEN (UNIT=4,FILE='TABLE.DAT',STATUS="'0OLD',ACCESS="'APPEND')
ENDIF

READ (3,11) TVISCLR,TVISCOLR, TVISDBCL,Al,A2,W1l,W2
11 FORMAT (3(F5.3,2X),3(F4.2,2X),F4.2)

* Area of the perimeter zones of the Laval building
A SOUTH = 1212.0
A EAST = 996.0

A WEST = 996.0
A_TOT = A_SOUTH + A_EAST + A _WEST
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12

13

14

READ (7,12) T1_SOUTH,T2_SOUTH
FORMAT (11X, F5.2)

READ (8,13) T1_EAST,T2_ EAST
FORMAT (11X,FS.2)

READ (9,14) T1_WEST, T2 WEST
FORMAT (11X, F5.2)

TOT_HRS = 9

CALL VIEWS (TOT_HRS, TVISCLR, TVISCOLR, TVISDBCL,AV_MO_S,AV_MO_E,
/ AV_MO_W)

REWIND (UNIT=2)

CALL DAY_ILL (TOT_HRS,DI_MO_S,DI_MO_E,DI_MO_W)

* Calculation of Visual Quality

VQ_SOUTH = Al1*AV_MO_S + A2*DI_MO_S
VQ_EAST = A1*AV_MO_E + A2+DI_MO_E
VQ_WEST = A1*AV_MO W + A2+DI_MO W

CALL EXTRACT (ERR_S,ERR_E,ERR W)

* Calculation of Objective function for specified weighting factors

15

OBJ_FN_S = W1*ERR_S + W2*VQ SOUTH
OBJ_FN_E = W1*ERR_E + W2*VQ EAST
OBJ_FN_W = W1*ERR W + W2*VQ WEST

AVG_OBJ = (OBJ_FN _S*A_SOUTH + OBJ_FN_E*A EAST + OBJ_FN_W*A WEST)
/ /A_TOT

WRITE (4,15) T1_SOUTH,T2_SOUTH,AV_MO_S,DI _MO_S,VQ SOUTH,ERR_S,

/ OBJ_FN_S,Tl1_EAST, T2 EASTAVMOEDIMOEVQEASTERREOBJFNE
/ T1_WEST,T2_WEST,AV _MO_W,DI_MO_W,VQ _WEST,ERR W,OBJ_FN_W,AVG_OBJ

FORMAT (F5.2,1X,F5.2, 5(1X F5.3),2(1X,F5.2), 5(1X F5.3),2(1X,F5.2),
/ 6(1X,F5.3))

CLOSE (UNIT=2)
CLOSE (UNIT=3)
CLOSE (UNIT=4)
CLOSE (UNIT=5)
CLOSE (UNIT=6)
CLOSE (UNIT=7)
CLOSE (UNIT=8)
CLOSE (UNIT=9)

END

* ******************************************************************** *

SUBROUTINE VIEWS (TOT_HRS, TVISCLR, TVISCOLR, TVISDBCL, AV _MO_s,
/ AV_MO_E,AV_MO_W)

* The following routine reads the hourly SWFAC for each day, calculates
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* the Access to Views performance factor for that DAY, and then
* calculates the average AV factor for the entire cooling season.

16

17

35

REAL TVISCLR, TVISCOLR, TVISDBCL, SWFACSMS (31) , SWFACSME (31) ,
/SWFACSMW (31) , SUM_AV_S,SUM_AV_E, SUM_AV_W, SWFAC_S(31,24),
/SWFAC_E(31,24) ,SWFAC_W(31,24) ,AV_SOUTH(31) ,AV_EAST(31),
/AV_WEST (31) ,AV_MO_S,AV_MO_E,AV_MO_W

INTEGER HRSCLR_S (31) ,HRSCLR_E(31) ,HRSCLR_W(31) ,HRSCOL_S (31),
/BRSCOL:_E (31) , HRSCOL_W(31) , TOT_ERS, DAY, DAYCOUNT, HOUR

DAYCOUNT
SUM_AV_S
SUM AV _E
SUM AV _W =

"
©oOo0oo0oO0o
o 0o

DO WHILE (60)

READ (2,16,END=200) DAY
FORMAT (2X,1I2)
BACKSPACE (UNIT=2)

SWFACSMS (DAY)
SWFACSME (DAY)
SWFACSMW (DAY)

I
O OO
O 0o

DAYCOUNT = DAYCOUNT + 1
DO 35 O = 9,17
READ (2,17,END=250) DAY, HOUR, SWFAC_S (DAY, HOUR) ,
/ SWFAC_E (DAY, HOUR) , SWFAC_W (DAY, HOUR)
FORMAT (2X,I2,I2,7X,F4.2,2(18X,F4.2))

SWFACSMS (DAY) = SWFACSMS (DAY) + SWFAC_S (DAY, HOUR)

SWFACSME (DAY) = SWFACSME (DAY) + SWFAC_E (DAY, HOUR)
SWFACSMW (DAY) = SWFACSMW (DAY) + SWFAC_W (DAY, HOUR)
CONTINUE

HRSCLR_S (DAY) 9 - SWFACSMS (DAY)
HRSCOL_S (DAY) = SWFACSMS (DAY)

AV_SOUTH (DAY) = (HRSCLR_S (DAY) *TVISCLR + HRSCOL_S (DAY) *TVISCOLR) /

/ (TOT_HRS*TVISDBCL)

HRSCLR_E(DAY) = 9 - SWFACSME (DAY)
HRSCOL_E (DAY) SWFACSME (DAY)

AV_EAST(DAY) = (HRSCLR_E (DAY) *TVISCLR + HRSCOL_E (DAY) *TVISCOLR) /

/ (TOT_HRS*TVISDBCL)

HRSCLR_W (DAY) 9 - SWFACSMW (DAY)
HRSCOL_W (DAY) = SWFACSMW (DAY)

AV_WEST (DAY) = (HRSCLR W (DAY) *TVISCLR + HRSCOL_W (DAY) *TVISCOLR) /

/ (TOT_HRS*TVISDBCL)
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200
250

SUM_AV_S = SUM_AV_S + AV_SOUTH (DAY)

SUM_AV_E = SUM _AV_E + AV_EAST (DAY)
SUM AV_W = SUM_AV_W + AV_WEST (DAY)
END DO

CONTINUE

CONTINUE

AV_MO_S = SUM _AV_S / DAYCOUNT

AV MO _E = SUM_AV_E / DAYCOUNT
AV_MO W = SUM AV W / DAYCOUNT
RETURN

END

* kkkkhkkhkkbkhkhkhkkhkkhkhkkhbhhhkhhhhkhhkbkhkhkkhhkhkhkhkhkhkhkdkhhhdhkhthkbhkhkhkdbhhkbhhkhhkhkidrt *

* * % *

i8

SUBROUTINE DAY_ILL(TOT_HRS,DI_MO_S,DI_MO_E,DI_MO W)

REAL. SUM _DI_S,SUM DI_E,SUM DI_W,DI_SUM S(31),DI_SUM E(31),
/DI_SUM_W(31),ILLUM_S(31,24),ILLUM E(31,24),ILLUM W(31,24),
/DI_SOUTH(31,24) ,DI_EAST (31,24),DI_WEST(31,24),DI_AV S(31),
/DI_AV_E(31),DI_AV_W(31),DI_MO_S,DI_MO_E,DI MO W

INTEGER DAY,DAYCT 2,J,HOUR,TOT_HRS

SUM_DI_S = 0.0
SUM DI_E = 0.0
SUM DI_W = 0.0

DAYCT 2 = 0
DO WHILE (7500)

READ (2,18,END=300) DAY
FORMAT (2X,I2)
BACKSPACE (UNIT=2)

DI_SUM_S (DAY)
DI_SUM_E (DAY)
DI_SUM_W (DAY)

)
ooo
.
o oo

DAYCT 2 = DAYCT 2 + 1

DO 34 J=9,17

READ (2,19,END=350) DAY, HOUR, ILLUM_S (DAY, HOUR),

The following routine reads the hourly Daylight Illuminance for each
day, calculates the Daylight Illuminance factor for each hour,

averages it for the day and then calculates the average DI factor for
the entire cooling season.
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19

34

300
350

ILLUM_E (DAY,HOUR) , ILLUM W (DAY, HOUR)
FORMAT (2X,I2,12,3(16X,F6.1))

IF (ILLUM_S (DAY,HOUR) .LE.50.0) THEN

DI_SOUTH(DAY,HOUR) = 1.0 - ((50.0 - ILLUM_S (DAY,HOUR))
/ 50.0)
ELSEIF (ILLUM_S (DAY,HOUR) .GT.S50.0) THEN
DI_SOUTH(DAY,HOUR) = 1.0
ENDIF

IF (ILLUM_E (DAY,HOUR) .LE.50.0) THEN
DI_EAST(DAY,HOUR) = 1.0 - ((50.0 - ILLUM E (DAY, HOUR))
/ 50.0)
ELSEIF (ILLUM_ E (DAY, HOUR) .GT.50.0) THEN
DI_EAST (DAY,HOUR) = 1.0
ENDIF

IF (ILLUM _W(DAY,HOUR) .LE.50.0) THEN

DI_WEST (DAY,HOUR) = 1.0 - ((50.0 - ILLUM W(DAY,HOUR))
/ 50.0)
ELSEIF (ILLUM_W(DAY,HOUR) .GT.50.0) THEN
DI_WEST (DAY,HOUR) = 1.0
ENDIF

DI_SUM_S(DAY) = DI_SUM_S (DAY) + DI_SOUTH (DAY, HOUR)
DI_SUM_E(DAY) = DI_SUM E(DAY) + DI_EAST (DAY, HOUR)
DI_SUM W(DAY) = DI_SUM W(DAY) + DI_WEST (DAY, HOUR)

CONTINUE

DI_AV_S(DAY) = DI_SUM S(DAY) / TOT_HRS
DI_AV_E(DAY) = DI_SUM E(DAY) / TOT_HRS
DI_AV_W(DAY) = DI_SUM W(DAY) / TOT_HRS

SUM DI_S = SUM DI_S + DI_AV_S(DAY)
SUM DI _E = SUM DI_E + DI_AV_E (DAY)
SUM DI_W = SUM DI_W + DI_AV_W(DAY)

END DO

CONTINUE
CONTINUE

DI_MO_S
DI_MO_E
DI_MO_W

SUM DI_S / DAYCT 2
SUM_DI_E / DAYCT 2
SUM_DI_W / DAYCT 2

RETURN
END
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k kkdkdhkdhkdkhhkhhkhkkdkhkhkkdkhkhdhhhkhhhkdhhkdhkhkhhhkhkhkhkhhkhkhhhkdhkdhdhdrhthhhthihiik *

* The following routine calculates the Extraction Rate Reduction

SUBROUTINE EXTRACT(ERR_S,ERR_E,ERR_W)

* performance factor.

20

21

400
450

REAL ER CLR_S,ER_CLR E,ER_CLR_W,ER_COL_S,ER_COL_E,ER_COL_W,ERR S,
/ERR_E,ERR_W, ERCLRT_S,ERCLRT_E, ERCLRT_W, ERCOLT_S, ERCOLT E, ERCOLT W

ERCLRT_S
ERCLRT E

ERCLRT W =

ERCOLT_S
ERCOLT_E
ERCOLT_W

DO WHILE

READ (5,20,END=400) ER_CLR_S,ER CLR_E,ER CLR W

© OO0
O 00

.

O 0o
o 0o

(800)

FORMAT (F10.1,2(5X,F10.1))

READ (6,21,END=450) ER_COL_S,ER_COL_E,ER _COL W

FORMAT (F10.1,2(5X,F10.1))

ERCLRT_S
ERCLRT E
ERCLRT W

ERCOLT_S
ERCOLT_E
ERCOLT_W

END DO

CONTINUE
CONTINUE

ERR_S =
ERR_E
ERR_W =

RETURN
END

ERCLRT_S
ERCLRT E
ERCLRT W

ERCOLT_S
ERCOLT E
ERCOLT W

(ERCLRT S -
(ERCLRT_E -
(ERCLRT W -

+
+
+

+
<+
+

ERCOLT_S) / ERCLRT_S
ERCOLT_E) / ERCLRT E
ERCOLT_W) / ERCLRT W

ER_CLR_S
ER_CLR_E
ER_CLR W

ER_COL_S
ER_COL_E

ER_COL_W -

* ******************************************************************** *
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 h % #

* % ok % ¥ ¥

* % &k F A+ 4 * % X %

*

SWTIME.FOR

PROGRAM SWTIME

July 3, 1997.

Thkdkhkhkhhkhkhkdkhhhkrhkdkhhdhkhbdhkkkbhrhhhbhhhkkhkhhbdkhhhhkhhhhhbbhkhhhkhhkkrtrrhdid

This program selects the next T1,T2 and checks whether they are

within the specified upper/lower limits for each orientation.
dhkkhkkkkdkhkkikkhkhdkhkdhkikhkhbkkhkhkhthbhhrhkhkhbhkhkddhhkddbhhbhkhtddhbrhhkdddddkddhkdtddhdth

REAL T1_MIN_S,T1_MAX S,T2_MAX S,T1_MIN E,T2_MIN E,T2 MAX E,
/T1_MIN_W,T1_MAX_W,T2_MAX W,T1_SOUTH,T2_SOUTH, T1_EAST, T2 EAST,
/T1_WEST,T2_WEST

OPEN (UNIT=2,FILE='SOUTH.TIM', STATUS='UNKNOWN')
OPEN (UNIT=3,FILE='EAST.TIM',STATUS='UNKNOWN')
OPEN (UNIT=4,FILE='WEST.TIM', STATUS="'UNKNOWN')

Fhkkkhkhkhkhhhkkhkhkhkhddbkhkdhkdhhhhkhthhkhhhhhkhhhhhhhihhhhhhkhhkhkhihihhihdihkdhdiki

*

SOUTH.TIM, EAST.TIM, WEST.TIM: contain Tl and T2 for each orientation*

STATUS = UNKNOWN allows to read and write from and to the same file
without an error message occurring (as would be the case if STATUS

were defined as 'OLD' or 'NEW')
*********i********************************************************i*

T1_MIN S = 9.00
T1_MAX_S = 16.00
T2_MAX S = 16.00
T1_MIN E = 5.00
T2_MIN E = 9.00
T2_MAX_E = 12.00
T1_MIN W = 13.00
T1_MAX W = 17.00
T2_MAX W = 20.00

khkdkkhkkhkhkhkkhhkhkhkhkhkhkhkhkkhkhhhhhkbhhhdhhhkhdkhhkhkhbdkhkhbhhdhhhhkkdbhkhbrhkhhhhii

The above variables represent upper and lower limits of Tl and T2
for each orientation. Note that for the East orientation, T1 can
vary from 13:00 to 17:00 while T2 remains fixed at 20:00 (to benefit
from energy savings from 17:00 to 20:00 without loss in visual
quality performance). For the West orientation, Tl remains fixed at
5:00, while T2 can vary from 9:00 to 12:00. The MIN/MAX times
generally represent the hours where DIRECT solar radiation is

incident on the surface.
********************************************************************

Read the previous Tl and T2 for each orientation from the data files.

READ (2,11) T1_SOUTH, T2_SOUTH

11 FORMAT (11X,F5.2)

%*

*
*
*

* ok %k %k * A F A % #
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READ (3,12) T1_EAST,T2_EAST
12 FORMAT (11X,F5.2)

READ (4,13) T1_WEST,T2_WEST
13 FORMAT (11X,F5.2)

REWIND (UNIT=2)
REWIND (UNIT=3)
REWIND (UNIT=4)

Hierarchy: all combinations of switching time for the west orientation
are exhausted first while T1 and T2 for the south and east remain
fixed. When T1_WEST exceeds the T1_MAX W (ie. 17:00), then T2_EAST is
decreased by one hour, and the cycle begins again. When all
combinations of switching time for the east orientation are exhausted,
then T1_SOUTH is increased by 1 hour, and the cycle begins again.

This continues until T1_SOUTH reaches T1_MAX S (i.e. when all
combinations of switching time for the south orientation are
exhausted.

* F A * A+ F * ¥ #*

IF ((Tl_WEST.GE.Tl_MIN;W).AND.(Tl_WEST.LE.Tl_MAX_W)) THEN
Tl WEST = T1_WEST + 1.00
ENDIF

IF (T1_WEST.GT.T1l_MAX W) THEN
T2_EAST = T2_EAST - 1.00
T1_WEST = T1_MIN W

ENDIF

* Note above that Tl and T2_SOUTH remain the same.

IF (T2_EAST.LT.T2_MIN_E) THEN
T2_SOUTH = T2_SOUTH - 1.00
T1_WEST = T1_MIN W
T1_EAST = T1_MIN E
T2_EAST = T2_MAX E

ENDIF
* Note above that Tl_SOUTH remains the same.
IF (T2_SOUTH.LT.T1l_SOUTH) THEN

T1_SOUTH = T1_SOUTH + 1.00
T2_SOUTH = T2_MAX_S

T1_EAST = T1_MIN E
T2_EAST = T2_MAX E
T1_WEST = T1_MIN W
T2_WEST = T2_MAX W

ENDIF

IF (T1_SOUTH.GT.T1_MAX S) THEN
STOP 1

ENDIF

WRITE (2,14) T1_SOUTH
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14

15

16

17

18

19

FORMAT (6X,'Tl1 = ',6F5.2)

WRITE (2,15) T2_SOUTH

FORMAT (6X,'T2 = ',F5.2)

WRITE (3,16) T1_EAST

FORMAT (6X,'Tl1 = ',F5.2)

WRITE (3,17) T2_EAST

FORMAT (6X,'T2 = ',F5.2)

WRITE (4,18) Tl1_WEST

FORMAT (6X,'Tl = ',F5.2)

WRITE (4,19) T2_WEST

FORMAT (6X,'T2 = ',F5.2)

CLOSE (UNIT=2)
CLOSE (UNIT=3)
CLOSE (UNIT=4)

END
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OPTIMIZE.FOR

PROGRAM OPTIMIZE

* ******************************************************************** *
* June 25, 1997. *
* This program reads the value of the average objective function for *
* each combination of switching time (from the file 'TABLE.DAT') and *
* then finds the maximum value. The corresponding optimum switching *
* times for the South, East and West perimeter zones are then stored *
* in a separate file. *
* ******************************************************************** *

REAL: AVG_OBJ,MAX ORBJ,FIV_PBCT

CHARACTER*132 LINE

OPEN (UNIT=1,FILE='TABLE.DAT', STATUS='OLD')

OPEN (UNIT=2,FILE='OPT TIME.DAT',6 STATUS='NEW')
* *************************************t**t*************************** *
* DESCRIPTION OF VARIABLES AND FILES *
4 = *
* AVG_OBJ = area weighted average of the objective function value of *
* each perimeter zone *
* MAX OBJ = maximum value of AVG_OBJ *
* LINE = represents the entire line of data in the input file *
* *
* TABLE.DAT = output file from the CALCUL.FOR program which contains *
* the monthly average values of the performance indices *
* for each orientation and for each combination of switch- *
* ing time *
* OPT_TIME = contains the Pareto optimum switching times based on a 5% *
* range from MAX OBJ *
* FIV_PCT = a value of 5% away from MAX OBJ *
* ******************************************************************** *

*

The following loop sets the first value of AVG_OBJ in the file as the
* maximum objective function value. If each subsequent value of AVG_OBJ
* is greater, then it is retained as the maximum value.

READ (1,10) AVG_OBJ
10 FORMAT (126X,F5.3)

MAX OBJ = AVG_OBJ
DO WHILE (1)

READ (1,11,END=250) AVG_OBJ
11 FORMAT (126X,F5.3)
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IF (AVG_OBJ.GT.MAX OBJ) THEN
MAX OBJ = AVG_OBJ

ENDIF
END DO
250 CONTINUE
FIV_PCT = MAX OBJ - MAX OBJ*0.05
REWIND (UNIT=1)
* In the following loop, the value of AVG_OBJ is read from the file, and
* if it is equal to the value of MAX OBJ, then the entire line of data
* is read and saved to the file OPT TIME.DAT.
DO WHILE (2)

READ (1,12,END=350) AVG_OBJ
12 FORMAT (126X,F5.3)

IF ((AVG_OBJ.GE.FIV_PCT) .AND. (AVG_OBJ.LE.MAX_OBJ)) THEN
BACKSPACE (UNIT=1)
READ (1,'(A)') LINE
WRITE (2,'(A)') LINE
ENDIF
END DO
350 CONTINUE

CLOSE (UNIT=1)
CLOSE (UNIT=2)

END
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