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1. Introduction

In 2017, residential buildings account for 20.4% of the total energy consumption in the U.S., the portion
for commercial buildings being 18.5% [1]. Together, they make buildings the largest energy consumption
sector in the U.S. One of the most important ways of reducing building energy consumption is to employ
high-performance building envelope. The traditional way of making building envelop more efficient is to
improve its static properties, such as U-factor, solar heat gain coefficient (SHGC), and infiltration rate.
This method, called the static method, has two major limitations. Firstly, a specific envelope property
tends to be advantageous in one cooling or heating season while disadvantageous in the other [2-5].
Therefore, an optimized static envelope property is merely a compromise between the different needs of
different seasons. It can never be the true optimum unless in some extreme climates. Secondly, simply
improving the static properties of windows by brute force is usually so expensive that the savings from
the reduction of energy consumption is canceled out [6, 7].

As an alternative to the static method, the concept of adaptive building envelope (ABE) is proposed.
Different from traditional building envelope whose performance hinges on its static properties, the ABE
is the building envelope that “has the ability to repeatedly and reversibly change some of its functions,
features or behavior over time in response to changing performance requirements and boundary
conditions, and does this with the aim of improving overall building performance” [3]. The term
“adaptive” is substituted by other terms like responsive, active, dynamic, intelligent, smart, interactive,
kinetic, and switchable in other papers [3, 8-10], but they all convey the same concept. The advantage of
the ABE over traditional building envelope is that it can change its functions to make the best of different
climatic conditions and address different needs of the building. For example, an electrochromic window
can switch to the colored state when there is an excess of daylight or the building requires cooling, and
switch back to the bleached state when more daylight is favorable or the building requires heating [11-
13]. Besides, the switch between functions for ABE is realized by means of some ingenious mechanical
systems or innovative materials that have the potential of achieving lower cost than traditional high-
performance building envelope.

There are two approaches to the research of ABE, top-down and bottom-up. Studies using the top-down
approach focus on the development of general methods or toolchains that apply to the design or operation
of various ABE technologies [10, 14-18]. These studies form the infrastructure of ABE research and can
benefit a large scope of researchers. Studies using the bottom-up approach, on the other hand, discuss the
characteristics of ABE based on case studies of some specific technologies and try to extract some rules
or conclusions from it [19-26]. These conclusions, although less general, are grounded in real cases and
have more value in application.

This study adopts the bottom-up approach and movable window insulation is selected as the ABE
technology to be studied. Movable window insulation is an opaque insulation layer which can be either
attached to or removed from a window according to the need, as shown in Figure 1. When attached to a



window, movable insulation can grant the window additional thermal insulation and perfect solar shading.
The moving mechanism may be sliding, folding, or rolling.
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Figure 1 The configuration of an exterior sliding movable insulation system [27]

Movable window insulation is selected as the object of study due to the following three considerations.
Firstly, it has a large energy-saving potential. The heating and cooling loads induced by windows,
including heat transfer, solar heat gain, and infiltration due to windows, make up roughly 30% of the total
heating and cooling loads of buildings [28]. By improving windows’ thermal insulation and solar shading,
movable insulation could potentially reduce the building thermal load significantly. Secondly, movable
window insulation is able to function in multiple physical domains with relatively simple structure.
Unlike most ABE systems that can only function in one physical domain, movable insulation is able to
impact several physical domains including convection, radiation, lighting, and perhaps infiltration.
Despite its versatility, movable insulation has relatively simple structure, which signifies low cost and
easy maintenance. Thirdly, movable window insulation has not been systematically studied yet. In the
1980s, a number of application cases of movable insulation were compiled in books and guidance was
given on the design and application of movable insulation [27, 29]. A preliminary experimental study on
the performance of various types of window coverings was conducted [30]. Then, the research of
movable insulation ceased for more than 20 years. Recently, more detailed studies on the operation,
modelling, and performance of movable insulation were carried out [31-33]. One prominent feature of
these studies is the application of building energy simulation (BES) programs, which is seldom seen in
earlier ones. However, each of these studies only addresses a specific issue of movable insulation. A
panoramic view of movable insulation is missing.

Despite its advantages, movable insulation inevitably has some disadvantages [27, 29]. The first issue is
that when the insulation layer is closed, the occupants are deprived of daylight, which limits the use of
movable insulation to night and the time when the room is not occupied. The second problem is that the
insulation layer impedes the use of natural ventilation, which may increase electricity use of mechanical
ventilation. Moreover, a narrower comfort zone is probably needed since the comfort zone predicted by
the adaptive model in naturally ventilated buildings no long applies [34]. Solutions to these issues are
required before the application of movable insulation.



This paper, aiming to facilitate the research and application of movable insulation, presents a
comprehensive study on its cost-effectiveness. Specifically, this paper tries to answer the following
guestions:

e How to control movable insulation?

e How does movable insulation perform compared with static high-performance windows and

electrochromic windows?

e What climate zones is movable insulation appropriate for?

e What is the energy-saving mechanism of movable insulation?

e What is the impact of infiltration on the performance of movable insulation?

e What is the payback period of movable insulation in different climate zones?

2. Methodology

This study employs BES to evaluate the energy performance of different windows.

2.1 Model

In 2019, a majority (63.9%) of U.S. households live in detached single-family buildings [35]. Therefore,
the residential prototype building model developed by Pacific Northwest National Laboratory (PNNL) is
adopted for this study [36]. The geometry of the prototype building model is converted from a two-story
building to a one-story building with one conditioned zone and one attic, so that there is only one window
on each fagade. This change is done in OpenStudio [37], and will greatly reduce the difficulty of altering
the model in this study. Three window-to-wall ratios (WWRS) are evaluated, which are 27.2%, 22.7%,
and 18.2%. The building model after conversion has a floor area of 200 m?, as shown in Figure 2. The
construction of the building is compliant with 2012 International Energy Conservation Code (IECC)
[38]. A family of three members lives in the building. The indoor environment is controlled by a
packaged unit with electric cooling and gas heating. The original heating setpoint and cooling setpoint
adopted by the prototype building are 22.22°C and 23.88°C, respectively. To reflect the difference in
people’s thermal preferences, we adopted three thermostat settings in this study. [22.22°C, 23.88°C] is the
thermostat setting for occupants with a narrow comfort band and [21.22°C, 24.88°C] is the thermostat
setting for occupants with a medium comfort band. For occupants with a wide comfort band, the
thermostat is set as [20.22°C, 25.88°C], and if the daily outdoor air temperature is within 20°C and 26°C,
the occupants will turn off the HVAC system completely for that day. The details of occupancy schedule,
lighting schedule, electric equipment schedule, and gas equipment schedule can be found in [36].



Figure 2 The dimensions of the single-family prototype building model (taking the case with a WWR of 27.2% as an example)

2.2 Scenarios

Four representative cities were chosen, as shown in Table 1. For each city, five scenarios were studied:
double-glazed window (baseline), triple-glazed window, double-glazed window with automatically
controlled movable insulation, double-glazed window with manually controlled movable insulation, and
electrochromic window, as summarized in Table 2. Double-glazed windows are selected as the baseline
and their U-factors are in compliance with IECC. The U-factor of triple-glazed windows is 0.7 W/(m?-K),
which represents a high-end triple-glazed window product on the market. For each double-glazed window
and triple-glazed window, we are also interested in finding its optimal SHGC. The SHGC of a window
can be altered by employing shading devices, tinted glass, or coatings [39-41]. Compared to the decrease
of the U-factor, which usually relies on using more layers of glass or filling the cavity with inert gases,
the change of the SHGC is much less costly [39, 40]. For double-glazed windows, there are three
candidate SHGC levels: 0.25, 0.4, and 0.6. For triple-glazed windows, it is generally difficult to elevate
the SHGC above 0.45 due to the extra layer of glass and the application of low-e coatings [39, 42].
Hence, there are only two candidate SHGC levels: 0.25 and 0.4. For Minneapolis where the climate is
heating-dominated, the SHGC level of 0.25 is ruled out directly because of its inability to make use of
solar heating. For Phoenix where the climate is cooling-dominated, the SHGC level of 0.6 is ruled out
directly because it admits too much solar heat gain.

Table 1 Representative cities and their climates

City Minneapolis, MN  San Francisco, CA Atlanta, GA Phoenix, AZ
Climate type Heating-dominated Moderate Mixed Cooling-dominated
Climate zone 6A 3B 3A 2B

The design of the insulation layer should take durability, fire-resistance, mold-resistance, light weight,
strength, health issue, and economy into account. In this study the insulation layer is placed on the outside
of the glazing because the thermal resistance of the insulation is far higher than the glazing. If the
insulation is placed on the inside of the glazing, moisture will enter the space between the insulation and
the glazing and condense, thus causing mold problem. The insulation layer used in this study comprises
from outside to inside a layer of aluminum foil, a 4-cm-thick extruded polystyrene layer, a 1-cm-thick
gypsum board, and a layer of latex paint. The aluminum foil not only protects the insulation layer from
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weathering but also reduces the radiation heat transfer with its low emissivity and high solar reflectivity.
The data of the material properties are from ASHRAE Handbook Fundamentals [43]. The calculated total
R-value of this insulation layer is 1.40 m?-K/W. Since the sealing of a sliding insulation layer is relatively
easy (e.g. by using brush seals), its air permeability can be classified as tight according to 1SO 10077-1
[44]. Based on 1SO 10077-1, the U-factor of a window with an additional insulation layer is calculated by

’ (1)

U = — =
WE™ T 0.95%R+0.17
Uw

where Uw, is the U-factor of the window with insulation [W/(m?-K)]; Uw is the U-factor of the bare
window [W/(m?-K)]; R is the R-value of the insulation layer [m?-K/W]. In Table 2, each window with
movable insulation has two U-factors and two SHGCs. The former is the one when the insulation layer is
open, and the latter is the one when the insulation layer is closed.

For each city, the U-factor of the electrochromic window is the same as that of the double-glazed
window. The bleached-state SHGC and colored-state SHGC of the electrochromic window are 0.41 and
0.09, respectively, which are the properties of a product by SageGlass® [45]. The purpose of adding the
electrochromic window to the comparison is to investigate the energy-saving potential by only controlling
the SHGC of a window (compared to movable insulation whose SHGC and U-factor are controlled
simultaneously).

Table 2 The properties of windows considered in this study

City  Window [Vlf//'(:;‘;tf('r)] SHGC | City  Window [VL\’/'/'(:?]‘Z’F%] SHGC
Double-0.4 1.82 0.4 Double-0.25 1.99 0.25
. Double-0.6 1.82 0.6 Double-0.4 1.99 0.4
s Triple-0.4 0.7 0.4 Double-0.6 1.99 0.6
§ MI-0.4 Auto 1.82/0.489 0.4/0 _é Triple-0.25 0.7 0.25
-‘25 MI-0.6 Auto 1.82/0.489 0.6/0 § Triple-0.4 0.7 0.4
MI-+ Manual 1.82/0.489 * T MI-0.25 Auto 1.99/0.500 0.25/0
Electrochromic 1.82 0.41/0.09 § MI-0.4 Auto 1.99/0.500 0.4/0
Double-0.25 1.99 0.25 MI-0.6 Auto 1.99/0.500 0.6/0
Double-0.4 1.99 0.4 MI-x Manual 1.99/0.500 *
Double-0.6 1.99 0.6 Electrochromic 1.99 0.41/0.09
Triple-0.25 0.7 0.25 Double-0.25 2.27 0.25
% Triple-0.4 0.7 0.4 Double-0.4 2.27 0.4
E MI-0.25 Auto 1.99/0.500 0.25/0 >< Triple-0.25 0.7 0.25
MI-0.4 Auto 1.99/0.500 0.4/0 'GE) Triple-0.4 0.7 0.4
MI-0.6 Auto 1.99/0.500 0.6/0 g MI-0.25 Auto 2.27/0.516 0.25/0
MI-+ Manual 1.99/0.500 * MI-0.4 Auto 2.27/0.516 0.4/0
Electrochromic 1.99 0.41/0.09 MI-* Manual 2.27/0.517 *
Electrochromic 2.27 0.41/0.09

* The SHGC coefficient of the double-glazed window with manually controlled movable insulation is the same as optimal SHGC of the double-
glazed window with automatically controlled movable insulation.

2.3 Control

Windows on different facades are controlled independently. The diagram of the automatic control system
is shown in Figure 3. The outdoor and indoor thermometers measure the outdoor and indoor temperatures,
respectively. The pyranometer measures the incident solar radiation (both direct and diffuse) on each
window. The black bulb temperature sensor measures the mean radiant temperature of the environment
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surrounding each window. When the sun is shining, the black bulb temperature sensor should be shaded
from the sun or just simply disabled. The infrared detector detects the presence of occupants (whether
they are in the building and whether they are in bed). In this control logic, the access to daylight is given
priority over building load reduction. Thus, the movable insulation will remain open as long as the
building is occupied and the incident solar radiation on the window exceeds 20 W/m?. The user input
information, including the cooling and heating setpoints, window U-factor, window average
transmittance, window average absorptance, and window outside face emissivity, is used to calculate the
energy balance of the window. If the window average transmittance and window average absorptance are
not available, the user can simply input the SHGC and the system will estimate these values using the
method explained in [46]. The control time step is set as 15 minutes.

> I
Outdoor ) |
Thermometer )
Thermometer H
l SR
¢ Controller == ===
T Glataale e i — I
| t I 1 |
! I |
Pyranometer : T I
Black Bulb ﬂ ____________ £ : ' :
I
Temperature:Sensor Wil - - - = o e e 5 [ |
1 Infrared
Movable I Detector ))H
Insulation :
User Input

Figure 3 Diagram of the control system

The flowchart of the control algorithm is shown in Figure 4. This control algorithm is based on the energy
balance calculation of the window and returns the optimal control command of the current time step. The
energy balance calculation of the window follows the method used in EnergyPlus [46-48]. In this method,
the glazing system is regarded as an equivalent single layer, as shown in Figure 5. The portion of incident
solar radiation absorbed by the glazing system is split equally and added to surface 1 and surface 2. The
heat balance equations for surface 1 and surface 2 are

1
hrad(Trad_Tl)+ho(To_T1)+k(T2_T1)+Ea5= 0 (2)
hi(T; = To) + k(T = Tp) +5aS = 0 (3)

where hraq is the equivalent radiation heat transfer coefficient and is calculated by h.,q =
oe1(Taq + TE) (Traq + T1) [W/(M?-K)]; o is the Stefan-Boltzmann constant, 5.67x10°8 W/(m?-K%); &1 is
the emissivity of surface 1; Trq is the mean radiant temperature of the exterior environment [K]; To, Ta,
T,, and T; are the temperatures of the outdoor air, surface 1, surface 2, and indoor environment [K],
respectively; k is the equivalent thermal conductance [W/(m?-K)], and is calculated according to [46]; a is
the solar absorptance of the glazing system; S is the incident solar radiation [W/m?]; h, is the outside

surface convection heat transfer coefficient [W/(m?-K)]; hi is the inside surface heat transfer coefficient
that takes both convection and radiation into account [W/(m?-K)]. From Equations (2) and (3) we can



solve for the temperatures of surface 1 and surface 2 and then the conduction heat flux through the
window is calculated by

Qco = k(T —T3) (4)
The solar radiation transmitted through the window is calculated by
Qro =75 (5)

The transmittance of the glazing system depends on the incident angle and temperature. Here we use a
single average value. The total heat transfer rate through the window when the movable insulation is open
is

Qo = Qco + Qo (6)

When the movable insulation is closed, the transmittance of window is reduced to 0. All the absorbed
solar radiation should be added to surface 1. The heat balance equations in this case are
hrad(Trag — T1) + ho(To = T1) + Uwi(T, = T1) + 1S =0 (7)
hi(T; = T3) + Uy (Ty — T5) = 0 (8)
Where Uw is the U-factor of a window with an additional insulation layer calculated by Equation 1
[W/(m?2-K)]; «; is the absorptance of the exterior surface of the insulation layer. The conduction heat flux
through the window in this case, Q1, can be calculated by
Q1 = Uwi(T1 — T2) (9)
When Ti, > T — 0.5°C, where Ty is the cooling setpoint [°C], the control system will compare Qo and Q1
and choose the smaller one as the movable insulation state to reduce heat gain through the window. When
Tin < The + 0.5°C, where Ty is the heating setpoint [°C], the control system will choose the greater one of
Qo and Q as the movable insulation state to increase heat gain through the window. The reason for using
The + 0.5°C and T¢ — 0.5°C instead of T and Tq as thresholds is that with the heating ventilating and air
conditioning (HVAC) system working properly, the indoor temperature will fluctuate slightly around T
when heating is on and T¢ when cooling is on. The adoption of Ty + 0.5°C and T¢ — 0.5°C as thresholds
will ensure that load reduction is always effective as long as the HVAC system is on.
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Figure 5 Diagram of the heat balance calculation when the movable insulation is open

In the manual control scenario, three assumptions are made. Firstly, the occupants have access to weather
forecast of the next 4 hours and the forecast is sufficiently accurate considering such a short forecast
horizon. Secondly, the occupants will control the movable insulation based on some simple rules. Thirdly,



the occupants will perform the control action at several fixed time points. As shown in Figure 6, each day
is divided into 5 control steps and the schedule is different for the heating season and the cooling season.
The time frame of cooling season also varies for different cities. At the beginning of each control step, the
occupants will have a look at the weather forecast report and perform the control action based on the
outdoor temperature and cloud cover a few hours in the future (denoted by left arrows in Figure 6). The
movable insulation will keep the same state throughout a control step. The night step begins right before
the occupants go to bed. In the heating season, if the outdoor temperature at 3:00 is between Ty and 25°C,
the insulation layers on all fagades are opened. In the cooling season, the temperature range for opening
movable insulation is from 18°C to Tq. The two daylight steps begin right after the occupants get up and
right after the occupants get home, respectively. In these two steps, the insulation layers on all fagades are
opened for daylight. The unoccupied step begins right before the occupants go out. In the heating season,
the insulation layers on the south fagade are opened if it is sunny at 13:00. In the cooling season, the
insulation layers on the north facade are opened if the outdoor temperature at 13:00 is between 18°C and
Tea. The evening step begins after sunset. In the heating season, if the outdoor temperature at 21:00 is
between Tn and 25°C, the insulation layers on all facades are opened. In the cooling season, the
temperature range for opening movable insulation is from 18°C to Ta.

Heating Season Cooling Season
1
2
3 & =
q
5
6
7
8 Night Step
9 Daylight Step
10 Unoccupied Step
11 Evening Step
12
13 & < City Cooling Season
14 Minneapolis May 15-Sep 15
15 Atlanta April 15-Oct 10
16 San Francisco July 15-Sep 30
17 Phoenix Mar 20-Nov 15

N NN NN P2 =2
B W N O WV

Figure 6 The control steps of manual control

The control of the electrochromic window is based on a simple rule. When the indoor temperature is
lower than Ty + 0.5°C, the window is switched to the bleached state. When the indoor temperature is
higher than T¢ — 0.5°C, the window is switched to the colored state.

2.4 Simulation

The BES is conducted by EnergyPlus 8.6, which is a whole building energy modelling program
developed by the National Renewable Energy Laboratory (NREL) [47]. It has been widely validated and
verified [49]. The control of movable insulation and electrochromic windows is realized by the Energy
Management System (EMS) module of EnergyPlus [50]. The time step of simulation is 15 minutes. At
the beginning of each time step, EMS reads the sensor values of the outdoor dry-bulb temperature, sky
temperature, indoor temperature, incident solar radiation rate per area on each window surface, outside
radiation heat transfer coefficients (including to air, to sky, and to ground) of each window, and the
occupancy schedule. Then, the EMS programs containing the control algorithms are called and the
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optimal control commands are returned. Finally, the control commands are executed by an EMS actuator
called Construction State. Two Construction objects are created to represent the two states (open and
closed) of movable insulation (the same for electrochromic windows), and the control algorithm will
select the appropriate state for each time step.

3. Results

3.1 Shading effect of nearby buildings

In BES conventions, the shading of nearby buildings is seldom modelled unless in urban-scale studies.
This simplification can greatly shorten the simulation time. In this section, we test if the shading of
nearby buildings has a prominent impact on the energy need of buildings. Figure 7 is the satellite image
of a typical suburb in the U.S where most single-family buildings are located. The distance between a
single-family building and its neighbors on the left and right is around 5 m. The neighbor in front of the
building is 30 m away due to the existence of lawns and a road. Hence, we assume three buildings with
the same geometry as that of the prototype building are located on the east, west, and south of it. The
distance between them is 5 m, 5 m and 30 m, respectively. Since Minneapolis has the smallest solar
altitude angle, which means the shading effect of nearby buildings is the strongest, we select Minneapolis
as the city for this test. The WWR and comfort band for this test are 27.2% and narrow, respectively. The
annual cooling/heating energy need with or without the shading of nearby buildings is shown in Table 3.
For most windows, the difference between the annual cooling/heating energy need with or without the
shading of nearby buildings is around 1% or 2%. Therefore, we may conclude that for buildings located
in suburbs where the height and density of buildings are small, the shading effect of nearby buildings can
be neglected.

Table 3 The annual cooling/heating energy need with or without the shading of nearby buildings

Cooling Electricity Cooling Electricity Heating Gas Heating Gas with

Window without Shading with Shading without Shading Shading
(kWh/m?) (KWh/m?) (KWh/m?) (KWh/m?)
Double 6.98 6.80 110.84 111.52
Triple 7.60 7.39 79.74 80.36
MI Auto 4.20 4.05 76.14 76.92
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MI Manual 5.05 4.87 84.51 85.09
Electrochromic 3.32 3.24 111.16 111.79

3.2 The optimal SHGC

In this section, we try to identify the optimal SHGC of each type of window in different scenarios. In
order to compare the performance of windows with different SHGC, we convert both electricity and
natural gas to source energy and use it as the metric. The average source-site ratios of electricity and
natural gas in the U.S. are 2.8 and 1.05, respectively [51]. Figure 8 shows the HVAC source energy use
intensity (EUI) of different windows in different scenarios. The comfort band has little impact on the
selection of the optimal SHGC, while for different WWRs the optimal SHGC may be different. For the
readers’ convenience, the optimal SHGC of each type of window in different scenarios is summarized in
Table 4. In Minneapolis when the WWR is 22.7% or 27.2%, the optimal SHGC for static windows is 0.4,
which is in compliance with IECC, while that for windows with movable insulation is 0.6. Similar
phenomena can be observed for Atlanta and San Francisco. This is because for static windows, higher
SHGC is advantageous to the reduction of heating energy but adverse to the reduction of cooling energy.
A balance should be stricken between the decrease of heating energy and the increase of cooling energy.
Movable insulation, on the other hand, can reduce the cooling energy significantly by blocking the
sunlight during the daytime on weekdays when the building is not occupied. Therefore, windows with
movable insulation can have a higher SHGC than static windows to better utilize solar energy in the
heating season. The IECC standard may be appropriate for static windows, but it does not apply to
windows with movable insulation. Hereinafter, in the comparison between different window types only
the optimal SHGC is considered.
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Figure 8 The HVAC source energy use intensity (EUI) of different windows in different scenarios
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Table 4 — The optimal SHGC of each type of window in different scenarios

. . Optimal SHGC
City Window
18.20% 22.70% 27.20%
Double 0.6 0.4 0.4
Minneapolis Triple 0.4 0.4 0.4
MlI 0.6 0.6 0.6
Double 0.25 0.25 0.25
Phoenix Triple 0.25 0.25 0.25
MI 0.25 0.25 0.25
Double 0.25 0.25 0.25
Atlanta Triple 0.25 0.25 0.25
MlI 0.6 0.4 0.4
Double 0.25 0.25 0.25
San .
X Triple 0.25 0.25 0.25
Francisco
MI 0.6 0.6 0.4

3.3 The comparison of energy performance
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Figure 9 The monthly cooling/heating energy comparison

Cooling/Heating EUI (kWh/m?)

Figure 9 shows the monthly heating/cooling EUI for different windows when the WWR is 27.2% and the
comfort band is narrow. The EUI for other scenarios follows similar patterns. In all four cities, movable
insulation with automatic control has the best energy performance in terms of reducing both heating
energy and cooling energy. The energy performance of movable insulation with manual control is similar
to but slightly worse than that of movable insulation with automatic control. Triple-glazed windows are
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effective in reducing the heating energy but perform awfully in reducing the cooling energy. In mild
weathers, they are even outperformed by double-glazed windows in terms of reducing the cooling energy,
because they hinder the loss of internal heat to the outside at night. Electrochromic windows, on the
contrary, are effective in reducing the cooling energy but perform poorly in reducing the heating energy.
Their cooling energy is the lowest in all the cities except Phoenix. From the energy performance of triple-
glazed windows and electrochromic windows, we may conclude that cooling energy reduction is largely
the consequence of a low SHGC, while heating energy reduction mainly relies on a low U-factor.

3.4 Elucidation of the energy-saving mechanism of movable insulation

In this section, we investigate the energy-saving mechanism of movable insulation. The scenario where
the WWR is 27.2% and the comfort band is narrow is taken as an example. The same mechanism applies
to all scenarios.

3.4.1 Heating gas rate

Figure 10 shows the heating gas rate profiles of different windows on two extreme winter days in
Minneapolis. Figure 11 shows the movable insulation state of each window for the same time period. The
presence of a color bar indicates that the insulation layer in that orientation is closed. From Figure 10 we
can see that the heating gas rate profiles are roughly parallel for most of the time. The profiles reach the
bottom in the afternoon, rise gradually, and reach the peak in the early morning at 6:00. There is another
peak around 8:30 when the occupants leave the building and the internal heat gain drops. The profile of
movable insulation with manual control has some huge spikes in the daylight steps, because the insulation
layers on all windows are opened for daylight.

From Figure 11 we can see that the insulation layers on the south and east facades are opened first in the
morning, followed by those on the west and north fagades to let in daylight. Then, the insulation layers on
the west and north fagades are closed because the diffuse solar radiation transmitted through these
windows is not strong enough to compensate for the convective heat loss. In the afternoon, the insulation
layers on the east fagade are closed and those on the west facade are opened. At dusk the insulation layers
on the south facade are closed first, followed by those on the west facade.

3.4.2 Peak heating gas rate

From Table 5 we can see that the triple-glazed window and movable insulation with automatic control can
reduce the peak heating gas rate by 20.8% and 25.4% respectively compared to the double-glazed
window. A reduction in the peak heating gas rate leads to a smaller equipment size and hence reduces
initial investment.
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Table 5 The peak heating gas rate of different windows

Double Triple MI Auto MI Manual Electrochromic
Peak heating gas
rate (KW) 11.80 9.34 8.90 11.43 11.82
Percentage lower
than double- 0% 20.8% 24.5% 3.1% -0.2%

glazed windows
3.4.3 Cooling electric power

Figure 12 shows the hourly cooling electric power profiles on two extreme summer days in Phoenix.
Figure 13 shows the movable insulation state of each window for the same time period. From Figure 12
we can see that the profile of the double-glazed window is the highest, followed by those of the triple-
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glazed window and the electrochromic window. The profiles of movable insulation with automatic
control and movable insulation with manual control are the lowest for most of the time and almost
coincide. However, when the occupants return home and insulation layers are opened for daylight, the
profiles of movable insulation rise above that of the electrochromic window.

In Figure 13, all insulation layers are opened at 6:30 a.m. for daylight. After the occupants leave the
building, all insulation layers are closed to reduce the solar and convective heat gain until the residents
return home. One interesting thing to mention in Figure 13 is that the movable insulation on the southern
window is closed before that on the north window at sunset. This is because the sun actually rises and
falls in the north in the summer in the Northern Hemisphere.
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Figure 12 The cooling energy profile on two typical summer days for Phoenix
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Figure 13 The movable insulation state of each window on two typical summer days for Phoenix (The presence of the color bar
indicates that movable insulation is closed)

36 42 48

16



3.5 The impact of air infiltration on the performance of movable insulation

In this section, the impact of air permeability on the performance of movable insulation in different
weather conditions is studied with the finite difference method. The finite difference model is shown in
Figure 14. The meaning of each node is shown in Table 6. There is air exchange between nodes 1, 4 and
nodes 4, 7 due to infiltration. The air exchange rate between nodes 4, 7 is held constant at 5x10~4 m3/(s-m)

to represent a well-sealed window. Seven different air exchange rates between nodes 1, 4 are modelled,
which are 5x107%, 1.5x1073, 5x1073, 0.01, 0.02, 0.05, and 0.08 m*/(s-m), respectively, to represent
different air infiltration levels of the movable insulation. Eleven weather conditions are studied, including
-20°C, -10°C, 0°C, 10°C, 15°C for the heating scenario and 30°C with/without solar radiation, 35°C
with/without solar radiation, 40°C with/without solar radiation for the cooling scenario. The incident solar
radiation on vertical surfaces is 500 W/m?, which is a typical summer value at low latitudes. A relative
humidity of 50% and clear sky are used to calculate the sky temperature. The convective and radiative
heat transfer coefficients are consistent with those in EnergyPlus. The calculated heat transfer rates of
different scenarios, including convection and infrared radiation, are shown in Figure 15. Negative heat
transfer rate implicates the window loses heat to the environment, and vice versa. A window without
movable insulation is also modelled. Its heat gain rates for the cooling scenario with solar radiation are
not shown, because they are too large to be compared in this figure.

14 Adiabatic
Sky 10 13
9 12
8 11
Outdoor
Environment ] . . .
Infiltjation Infiltation
//’ ‘\\\,,/ \\\\

1 (23] 4 |5(6

8 11
9 12
Ground 10 13

15

Figure 14 The diagram of the finite difference model

Table 6 The meaning of each node

Node 1 2,3 4 5,6
Meaning Ambient Insulation layer Space betyveen the glazing and Glazing
temperature the insulation layer
Node 7 8-13 14 15
Meaning  Indoor temperature Wall Sky temperature Ground
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In Figure 15, the profiles with different colors represent heat transfer rates in different weather conditions.
We can see that in all scenarios except 30°C and 35°C with solar radiation, the heat transfer rate increases
with the infiltration rate. When the infiltration rate rises from 5x10*to 0.01 m?/(s-m), the heat transfer

rate increases dramatically. Above 0.01 m%/(s-m), the heat transfer rate becomes relatively stable. This is

because in all scenarios except 30°C and 35°C with solar radiation, when the infiltration rate is below
0.01 m®¥(s-m) larger infiltration rate will make the temperature of node 4 closer to the outdoor

temperature, hence increasing the convective heat transfer rate. Above 0.01 m®(s-m), the temperature of

node 4 is already very close to the outdoor temperature. Further increasing the infiltration rate will only
increase the heat transfer rate marginally.

In the scenarios where the temperature is 30°C or 35°C and there is solar radiation, higher infiltration rate
will reduce the heat transfer rate. This is because the difference between the outdoor air temperature and
the indoor cooling setpoint (23.88°C) is not so significant. With small infiltration rate, the space between
the insulation and the glazing will act like a heat trap, and the temperature of the air inside it will rise
above the outdoor temperature. Therefore, higher infiltration rate will reduce the convective heat transfer
rate.
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Figure 15 The heat transfer rate of the window (convection and infrared radiation) with different infiltration rates and in
different weather conditions

In all scenarios even when the infiltration rate is at the highest value, 0.08 m?/(s-m), the heat transfer rate

is still markedly smaller than that of the window without movable insulation. This is because the
insulation layer can block the radiative heat transfer between the window and the outdoor environment. In
cooling scenarios, the insulation layer can block the sunlight as well as the thermal radiation from the
ground. In heating scenarios, the insulation layer can block the radiative heat loss of the window to the
sky, whose temperature can get below —40°C in clear winter nights, while the temperature of the inner
surface of the insulation layer is at worst —10.9°C.
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In conclusion, it is of great importance to improve the airtightness of movable insulation for any heating
scenario. For cooling scenarios, if the location has a mild cooling season like San Francisco, it is
recommended to open the movable insulation and just use proper shading devices.

3.5 NPV analysis

A net present value (NPV) analysis was conducted for different windows in different cities. The NPV of a

window is calculated by

NPV = —Mpy, + BiL; e (10)
where Miny is the increment in the investment of the window compared to the baseline (double-glazed
window) [U.S. $]; M. is the annual energy savings of the building compared to the baseline [U.S. $]; n is
the number of years in which the NPV is evaluated; d is the discount rate. A negative NPV indicates the
investment in the window has not paid back yet. As the number of evaluated years increases, the NPV
increases as well, for more energy savings are taken into account. The number of years that it takes for the
NPV to just become positive is the payback period.

Since the prices of building components and energy are highly volatile, we adopt a range of values for
each of them in the calculation of NPV. The total energy cost includes the electricity cost of the cooling
system and the fans and the natural gas cost of the heating system. The heat content of natural gas (38.64
MJ/m3 or 1037 Btu/ft®) is the average of the U.S. national average values over the past 5 years from the
Energy Information Administration (EIA) website [52]. The range of electricity price is [$0.1199/kWh,
$0.1336/kWh], where $0.1199/kWh and $0.1336/kWh are the minimum and maximum of the U.S.
national average electricity price over the past 5 years, respectively [53]. Similarly, the range of natural
gas price is [$0.0273/kWh, $0.0612/kWh] [54].

In RSMeans Building Construction Cost Data 2016 (North America's leading construction cost database)
[55], the cost of a double-glazed window with a size of 1.83 mx1.22 m is estimated to be $725, which is
used as the reference value in the determination of the ranges of costs of different windows. A £10%
variation range is applied to the cost of double-glazed windows with $725 as the mean. Based on the cost
data from several papers [6, 7], it is reasonable to assume that the cost of triple-glazed windows is in the
range of [120%, 140%] of the reference value. In 2005 and 2006, the price of electrochromic windows
was around 10 times that of static solar controlled windows [56, 57]. Over the past decade, the price of
electrochromic windows has been dropping significantly. In 2016, most of the smart windows (not
necessarily electrochromic windows) cost between $538/m? ($50/ft?) and $1076/m? ($100/ft?) [58]. In the
news posted in 2018, electrochromic windows were said to cost 2 to 4 times as much as standard double-
paned windows [59, 60]. Therefore, we adopt a range of [150%, 250%] x $725 for the cost of
electrochromic windows. The building in question requires 24 windows in total.

The estimated cost of the insulation layer is $47.79/m? as detailed in Table 7. These values are also from
RSMeans Building Construction Cost Data 2016 [55]. Similar to double-glazed windows, a +10%
variation range is applied to the cost of the insulation layer with $47.79/m? as the mean. The total cost of
the control system is $657 as detailed in Table 8. The prices of its components are typical values offered
by multiple manufacturers on an e-commerce website frequently used by small businesses [61].
Considering the volatility of the prices of commaodities sold online, we assume a +20% variation range for
the total cost of the control system with $657 as the mean. The total cost of movable insulation with
automatic control is the sum of the costs of the insulation layers and the control system, while the total
cost of movable insulation with manual control only contains that of the insulation layers. Besides, the
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discount rate used by U.S. Department of Energy for projects related to energy conservation, renewable
energy resources, and water conservation is 3% [62]. Considering the discount rate depends on economic
conditions and government policies, we assume a variation range of [2%, 4%] for it. 5 levels are adopted
for each cost value and 3 levels are adopted for the discount rate. This is equal to the assumption of
uniform distributions for all the random variables. No actual distributions are applied as they are unknown
[63]. The levels of the random variables are summarized in Table 9. In total, 540,000 NPV cases are
investigated.

Table 7 Cost of materials used in the insulation layer

Material XPS 5.08 cm Gypsum board 1 cm Latex Aluminium foil
Cost ($/m?) 22.17 10.66 4.42 10.54

Table 8 Cost of the components of the control system

Infrared Black bulb .
Item Thermometer detector Pyranometer  Actuator  Controller ten;gﬁggtrure Wire
SIS 5 35 100 40 30 20 50
(US. 9)
Number 2 2 4 4 1 4 1
Table 9 The levels of the random variables
Unit Levels
Natural gas $/kWh 0.0273 0.0357 0.0442 0.0527 0.0612
Electricity $/kWh 0.1199 0.1233 0.1268 0.1302 0.1336
Double-glazed window  $/Unit 652.5 688.75 725 761.25 797.5
Triple-glazed window $/Unit 870 906.25 942.5 978.75 1015
Insulation layer $/m? 43.011 45.401 47.79 50.180 52.569
Control system $/Set 525.6 591.3 657 722.7 788.4
Electrochromic window  $/Unit 1087.5 1268.75 1450 1631.25 1812.5
Discount rate % 2 3 4

The payback periods of different windows in different scenarios are shown in Figure 16. Payback periods
longer than 100 years are all marked as 100 years, as they mean the same, i.e., not a good option, to the
home owner. We use box-whisker plots to show the distribution of calculated payback periods. In all four
cities, windows with automatically or manually controlled movable insulation have the shortest payback
periods. Manual control is slightly better than automatic control because of its low initial investment.
Only in some scenarios do triple-glazed windows have payback periods shorter than 100 years. For
electrochromic windows, the payback period is never shorter than 100 years, indicating that at their
current prices, electrochromic windows are not a profitable investment from pure energy point of view.
However, their ability to modulate the daylight without blocking the view to the outside may justify their
application in some cases.

Both the WWR and the comfort band have certain influence on the payback period but the influence of

the latter is greater. Wider comfort bands lead to longer payback periods. The reason is that the cost of
windows does not vary with comfort bands, while the annual HVAC energy savings decrease with wider
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comfort bands. The impact of the WWR on the payback period is more significant for movable insulation
with automatic control than that for movable insulation with manual control. This is because the cost of
the former comprises two parts, i.e., the fixed cost (the control system) and the variable cost (the
insulation layer), while the cost of the latter only comprises the variable cost. The fixed cost is constant
regardless of the window area, while the variable cost increases linearly with the window area. Hence, for
movable insulation with automatic control, a smaller window area signifies a higher cost per unit area.

In Minneapolis, the median payback period of triple-glazed windows is 33 years and, in some cases,
where the cost of triple-glazed windows is low and the cost of energy is high, the payback period is
shorter than 20 years. Considering a lifespan of 20 years for most window products [64], triple-glazed
windows may be a profitable option in Minneapolis. The variation ranges of the payback period are much
smaller for movable insulation with automatic control and movable insulation with manual control. The
median payback period is 11 years for both of them, showing their great application potential in
extremely cold climates. In Phoenix, triple-glazed windows are not recommended due to payback periods
longer than 100 years. The median payback periods for movable insulation with automatic control and
movable insulation with manual control are 16 and 12 years, respectively, which proves that movable
insulation is also a good choice in extremely hot climates. In Atlanta, installing triple-glazed windows are
not a prudent investment. The median payback periods for movable insulation with automatic control and
movable insulation with manual control are 23 and 19 years, respectively, which means that in most of
the cases installing movable insulation is profitable and manual control is preferred economically over
automatic control. In San Francisco, triple-glazed windows are not a good choice. For movable insulation,
the payback period is around 25 years when the comfort band is narrow and much longer for other
comfort bands. This is primarily due to the mild climate of the city. Since the annual energy consumption
is already small for double-glazed windows, investing in advanced windows is unnecessary.
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Figure 16 The box-whisker plot of payback periods of different windows in different scenarios

4. Discussion

This paper presents a systematic study on movable insulation, including its control, the parameters
impacting its performance, and its cost-effectiveness compared to other static and smart windows.
Nevertheless, this paper has some limitations.

Firstly, only four cities in the US were studied due to the limitation of time and resource. However, these
four cities are representative of cooling-dominated, mixed, moderate, and heating-dominated climates.
The conclusion drawn from these cities can be easily generalized to other cities in similar climates.

Secondly, the manual control of movable insulation is idealized. We assume the occupants change the
state of insulation layers five times a day at fixed time points and the decision is made based on weather
forecast. In reality, the occupants may change the state of insulation layers arbitrarily even with guidance
available. Therefore, the occupants’ behavior is hard to predict and may have a negative impact on the
performance of movable insulation. Although movable insulation with manual control is the most cost-
effective option in most cities, automatic control probably should be selected instead considering the
occupants’ reluctance to control movable insulation manually.
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Lastly, this paper studies the energy performance of movable window insulation in single-family
buildings, which represent the housing choice of 63.9% U.S. households (U.S. Census Bureau, 2020).
Compared to its application in single-family buildings, the application of movable insulation in
commercial buildings faces more challenges. Commercial buildings like office buildings usually have a
higher requirement for daylight during the day, which limits the use of insulation panels. During the night
these buildings are usually unoccupied and unconditioned, leaving not much room for load reduction.
Moreover, installing insulation panels on the exterior surface of commercial buildings may be prohibited
due to aesthetic concerns, fire safety requirement or falling risk.

5. Conclusions

Several issues that are critical to the application of movable insulation are discussed in this study. An
automatic control system is proposed for movable insulation. A manual control rule requiring only limited
control actions is also proposed, whose energy performance is comparable to that of automatic control.

By means of BES, we find that the SHGC requirement of IECC does not apply to windows with movable
insulation. In some cases, a SHGC higher than the required value may result in lower energy
consumption. Triple-glazed windows are effective in reducing the heating energy but perform awfully in
reducing the cooling energy. Electrochromic windows, on the contrary, are effective in reducing the
cooling energy but perform poorly in reducing the heating energy. We may conclude that cooling energy
reduction is largely the consequence of a low SHGC, while heating energy reduction mainly relies on a
low U-factor. Movable insulation excels in reducing both heating and cooling energy need. In
Minneapolis, triple-glazed windows and movable insulation with automatic control can both reduce the
peak heating gas rate remarkably.

The airtightness of movable insulation is of great importance to any heating scenario. For cooling
scenarios, if the location has a mild cooling season like San Francisco, it is recommended to open the
insulation layers and just use proper shading devices.

The payback periods of windows are influenced by a number of uncertain factors. From an economic
point of view, electrochromic windows are not a good option in any city. Triple-glazed windows are a
viable option only in some cases in Minneapolis. The payback period of movable insulation is smaller
than 20 years in most cases in Minneapolis, Phoenix, and Atlanta, showing its great application potential
in these cities. Due to its mild climate, advanced windows are unnecessary in San Francisco.
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