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Abstract

Many efforts have been detected to investigate thermochromic (TC) glazing for improving building

energy saving, while only a few approaches for daylight performance analysis. In this study, the transition temperature;

performance of TC glazing is investigated based on multi-objective optimization for minimizing ~ daylighting;

energy demand while maximizing daylight availability. The effects of five parameters including ~ building energy performance;

transition temperature, solar transmittance in clear state, solar transmittance modulation ability, ~ Multi-objective optimization

luminous transmittance in clear state, and luminous modulation ability on the building energy . .
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consumption and useful daylighting illuminance (UDlsoo-3000) are examined. Linear Programming
Technique for Multi-dimensional Analysis of Preference (LINMAP) is used for the decision-making
of Pareto frontier. This research aims to explore the ideal thermochromic glazing by considering
the daylight and energy performance of a typical office room, taking the weather condition of
Xiamen, China as an example. Although it is impossible to achieve both optimal values of energy

© Tsinghua University Press and

consumption and UDlso-3000 Simultaneously, the proposed multi-objective optimization method Springer-Verlag GmbH Germany

could still provide low energy consumption with sufficient daylight. The non-dominated sorting of  part of Springer Nature 2021
Pareto optimal solution (POS) demonstrated that the optimum building energy consumption and
UDI300-3000 for single glazed windows are 46.64 kWh/m? and 70.92%, respectively, while the values
for double glazed windows are 44.40 kWh/m? and 71.88%, respectively. The selected hypothetical
TC windows can improve the building energy and daylighting performance simultaneously when
compared with traditional clear single and double glazed windows. The presented framework
provides a multi-objective optimization method to determine the most suitable TC glazing

technologies for designers and architects during the design and retrofit procedure.

1 Introduction (Guo et al. 2011), thermochromic (TC) (Tiéllberg et al. 2019),

photochromic (Ataalla et al. 2018), electrochromic (Garcia

Solar radiation transmitted through the transparent envelope
is a decisive contributor to the daylight availability (Baetens
et al. 2010) and the heat gain into buildings (Zheng et al.
2019), which accounts for the dominant factor of cooling
loads. With the appropriate passive design of the transparent
envelope, a building has the potential to make full use of
solar radiation to deliver combined improvements in
building energy and daylight performance. Many innovative
technologies have been developed to fulfill the radiation
control function for the transparent envelope, including
reflective film (Chen et al. 2015; Soumya et al. 2015), low-E

et al. 2013), gasochromic (Feng et al. 2016), transparent
insulation materials (Sun et al. 2018) and dynamic shadings
(Hosseini et al. 2019).

Among them, vanadium dioxide (VO,) based TC glazing
can adjust its optical properties at a switching (or transition)
temperature (7, ) reversibly (Aburas et al. 2019), and thus
varying its throughput of the solar radiation responding to
the environmental conditions in a dynamic way: blocking
the undesired solar heat gain at high temperature while
achieving high transmittance at low temperature. Many
efforts have been taken to enhance the TC performance
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List of symbols

A area (m?)

COP coefficient of performance (—)

E electricity power (kWh)

EPA electric power consumption per unit indoor
area (kWh/m?)

F(X) vector of objective function (—)

g inequality constraints

G solar irradiation (W)

h equality constraints

p number of inequality constraints

q number of equality constraints

Q energy consumption (kWh)

T transmittance

X vector of decision variables (—)
TC thermochromic (—)
T temperature (°C)
Subscripts

c cooling

c&h cooling and heating
h heating

lighting artificial lighting
lum luminous

k decision variables
solar solar

(Blackman et al. 2009; Huang et al. 2013; Li et al. 2014; Cao
et al. 2020): reducing the 7, to room temperature, enhancing
the luminous transmittance and solar energy modulation,
thus making it next-generation energy-efficiency building
material for opaque (Fabiani et al. 2019; Hu and Yu 2019a,b;
Zhang and Zhai 2019; Fabiani et al. 2020; Zhang et al. 2020)
and transparent envelope (Aburas et al. 2019) application.
Zhang et al. (2019) designed and fabricated a perovskite
TC smart window which could achieve a high solar
modulation ability of 25.5%. Some other recently developed
thermochromic coatings for smart windows have been
summarised in Cui et al. (2018).

Many studies have been conducted to investigate the
energy-saving performance of the TC glazing window
experimentally and theoretically (Long and Ye 2016). Lee
et.al conducted field test measurements to demonstrate
the energy-efficiency performance of the buildings with TC
windows in Denver (Lee et al. 2013a) and California (Lee
et al. 2013b) (USA). And they found that the ideal critical
switching temperature for TC glazings should be determined
based on zone heat balance rather than ambient air
temperature (Lee et al. 2013b). Ye et al. (2013) conducted
outdoor tests to investigate building energy performance
of the TC single glazing, double glazing (Long et al. 2015),
and the synergetic application of TC glazing and phase
change material (Long et al. 2014) in Hefei (China). They
found that the test room with the TC glazing could save up
to 21.7% (Long and Ye 2017) cumulative cooling load than
that with ordinary clear glazing using the indexes of energy
saving equivalent (ESE) and energy saving index (ESI)
(Ye et al. 2014). Saeli et al. (2010a,b) performed the energy
modeling studies to assess the energy-saving performance
of TC glazing compared with Low-E and tinted absorbing
glazing used in double-glazed window and found that the

energy savings was significant for warmer climates. The
simulation works done by Hoffmann et al. (2014) also
showed the energy saving and visual comfort benefits of a
series of double-glazed TC windows with different transition
temperatures in hot climates. Warwick et al. (2014)
investigated the effect of TC transition gradient and found
that the TC glazing with a sharp hysteresis gradient could
reduce 51% energy demand compared to a standard double
glazed system. Liang et al. (2018, 2019) analyzed the building
energy performance, daylight and visual comfort of different
types of TC glazing applied in the double-glazed window
under five climatic conditions in China. Giovannini et al.
(2019) evaluated the energy performance and daylight
availability of a ligand exchange thermochromic glazing in
an office space.

Most of the existing studies for the building application
of TC windows were carried out for the annual energy
saving analysis, while far less for visual comfort analysis
(Aburas et al. 2019). Besides, only limited types of TC film
were analyzed from a building performance perspective.
The ideal properties (i.e. transition temperature 7, , solar
transmittance in clear state T, solar energy modulation
AT, luminous transmittance in clear state Tim, and
luminous modulation ATy,) of TC materials considering
building energy-efficiency and daylight performance
simultaneously remain unclear. This research aims to explore
the multi-objective optimized performance of single and
double glazed windows applied with TC materials, which
targets the minimization of energy usage and the optimization
of daylight availability. The impacts of the properties of TC
materials on the building energy consumption and desired
annual daylight hours within the useful daylight illuminance
(UDIgo-3000) Will be analyzed, and the multi-objective trade-off
optimization will be conducted via multi-objective particle



Hong et al. / Building Simulation / Vol. 14, No. 6

1687

swarm optimization (MOPSO) approach to find out Pareto
frontier for single and double glazed windows. Finally, the
optimal properties of TC glazing obtained from the Pareto
optimal solution (POS) will be determined.

2 Methodology

2.1 Building performance simulation

In this research, Rhinoceros 3D graphics software and
Grasshopper plugin are used to generate parametric models
(Eltaweel and Su 2017). Grasshopper plugins, namely
Ladybug and honeybee (Mostapha and Sarith 2016), were
used as engines for EnergyPlus, which was a widely accepted
building simulation program for the studies of TC windows
and other advanced glazing systems (Saeli et al. 2010a;
Hoftfmann et al. 2014; Warwick et al. 2014; Liang et al. 2018),
to get the building energy and daylight performance analysis.
The location of Xiamen (24.27°N latitude, 118.06°E longitude),
in hot summer and warm winter zone, one of the five
major climatic zones of China, was selected. Xiamen has a
low latitude, which resulted in significantly different solar
altitudes and solar intensity on the south-facing fagade
during summer and winter. By running the annual simulations
in Xiamen, the various environmental impacts on the daylight
and energy performance of TC glazing could be largely
explored. The Chinese Standard Weather Data (CSWD) of
Xiamen can be downloaded from (Weather Data from
EnergyPlus) by using the Ladybug plugin.

As shown in Figure 1, a single-zone office room with
dimensions of 4.0 m x 4.0 m x 4.0 m (length x depth x height)
was chosen for the simulation. The external wall was
constructed with concrete blocks covered with cement
plaster on both sides, and the specifications are shown in
Table 1. Only the south envelope placed with a window was
exposed to outdoor conditions, while the other walls were
considered as adiabatic and expected to yield no heat transfer,
standing for a south-facing and midfloor office room within
a multi-story building in the northern hemisphere. Assuming
a moderate-area window without shading devices, the
window-to-exterior-wall-area ratio (WWR) was fixed as
0.4. In subtropical Xiamen, single glazed fenestration and
double glazed fenestration dominate the fagades of many
pre-green buildings and new buildings, respectively. Thus,
both single glazed windows and air-filled double glazed
windows were individually simulated in this study. Table 2
shows the properties of clear glazing. TC film was coated
on the external glazing of the double glazed window. A TC
film with excellent AT, of 36%, high Tium of 56%, and 7, of
50 °C was selected (Yang et al. 2017). Five illuminance sensors
were designated at the working plane with a distance of
0.8 m from the floor: one sensor is in the center of the room

4000mm

Fig. 1 Schematic of the sample office room for BES in EnergyPlus

Table 1 Specifications of the wall construction

20 mm cement 200 mm low-density

Parameters Unit plaster concrete block
Roughness — Smooth Medium rough
Thickness m 0.02 0.2
Thermal conductivity W/(m-K) 0.727 0.571
Density kg/m? 1602 609
Specific heat J/(kg-K) 840 840
Thermal absorptance — 0.9 0.9
Solar absorptance — 0.4 0.5
Visible absorptance — 0.4 0.5

Table 2 Glazing material properties

Double glazing 1.3 cm air

Single glazing Ouside
Parameters (where TC coated) (where TC coated) Inside

Thickness (mm) 6 6 6

Conductivity(W/(m-K)) 14 1.4 1.4
Solar transmittance 0.78 0.78 0.78
Solar reflectance 0.08 0.08 0.08
Visible transmittance 0.88 0.88 0.88
Visible reflectance 0.06 0.06 0.06
Infrare transmittance 0.00 0.00 0.00
Infrared hemispherical 0.84 0.84 0.84

emissivity

and the other four sensors are uniformly distributed on the
plane.

The design internal loads of the building zone and
the daily operating schedules were summarized in Table 3
and Figure 2, respectively, according to the building energy
efficiency standards in China (JGJ/T449 2018). The
schedules of the indoor heating and cooling set-point were
shown in Figure 3. The artificial lights were controlled by a
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Table 3 Design loads of the building zone

Load Unit Intensity
Occupancy m?/person 8
Lighting Wim? 15
Heat gain from equipment W/m? 15
Heat gain from occupants W/person 134
Fresh air m?/(h-person) 30
1007 —e— Equipment-Weekdays
90 4 —&— Ocupancy-Weekdays
—w— Fresh air-Weekdays
80
—O— Equipment-Other days
704 —A— Ocupancy-Other days
;\3 60 —v— Fresh air-Other days
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Fig. 2 Operating schedules of various loads
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Fig. 3 Schedules of heating and cooling set-point temperature

continuous/off lighting control system in EnergyPlus, to
meet the desired illuminance level of 500 lux at the working
plane during the occupancy hours (BSI 2011). In EnergyPlus,
the zone heat balance calculations include surface and
air components. TRAP and DOE-2 algorithms (DOE 2016)
were selected for the simulations of the inside and outside
surface convection, respectively. And the heat conduction
through the walls was calculated using Conduction Transfer
Function (CTF) solution algorithm. Ideal air load was
used to estimate the annual cooling and heating energy
consumption of the office room.

The electric power consumption for cooling and heating

is calculated by:

E.,=Q./COP. + Q,/COP, (1)

where Q. and Q are the cooling energy consumption and
the heating energy consumption, respectively; COP. and
COPy, are the coefficients of performance of standard cooling
facility and heating facility, respectively. In this paper,
COP. and COP;, were set to the recommended 2.5 and 2.2,
respectively (JGJ/T449 2018).

The total electric power consumption per unit indoor
area is defined as:

EPA = (Elighting + Ec&h >/Aindoor (2)

where Ejghing is the electric power for artificial lighting, and
Aindgoor is the indoor area of the sample office room.

The useful daylighting illuminance (UDI) metric is
calculated to assess the percentage of occupied hours in
which the indoor horizontal daylight illuminance of a specific
point falls within a specific illuminance range (Liang et al.
2018) for the illuminance sensors. This metric can describe
the spatial mean illuminance value (Abdollahzadeh et al.
2020). Three illumination evaluation levels for the indoor
area, namely “daylit”, “partially daylit” and “overlit” areas,
were used as suggested in other studies (Mahmoud and
Elghazi 2016). The area with illuminance lower than 300
lux (UDL;o0x) was defined as a “partially lit” area; The area
with illuminance greater than 3000 lux (UDLsgoux) Was
defined as “overlit”; The area archives illuminance levels
between 300 lux and 3000 lux (UDIsp0_3000) Was defined as
“daylit”. In this way, the UDI within the range of 300-3000 lux
was supposed to be useful and satisfied with the designed
illuminance.

2.2 Multi-objective optimization

Multi-objective optimization has been widely applied in
multiple criteria decision making for satisfying several
objectives simultaneously. As the objectives are often two
or more conflicting outcomes, the optimal decisions can
be made by multi-objective optimization to quantify the
trade-offs between these objectives and figuring out the
best solution for decision-makers.

A multi-objective optimization problem can be
expressed as:

min(max) F(X) = £,(X), £(X), £(X),.. £, (X)]" @)
which is subject to constraint equations as follows:

g (X)<0, i=1L..p
h;(X)=0,
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xk,min S xk S xk,rnax

where X denotes the vector of decision variables, F(X)
represents the vector of the objective function, g(X) is the
inequality constraints, p is the number of inequality con-
straints, i;(X) is the equality constraints, g is the number of
equality constraints, Ximin and Xgmax are the lower and upper
bounds of the decision variables, respectively. When p and
q are both equal to zero, the problem is an unconstrained
optimization problem.

The objectives can be maximum or minimum the objective
functions, which can be transferred to each other by:

min{ f(x) j=max{—f(x)}

Five key parameters are chosen as decision variables for
TC optimization, including transition temperature 7, solar
transmittance at low-temperature Teotar, SOlar transmittance
modulation AT, luminous transmittance at low-temperature
Tium, and luminous modulation ATjm. The vector of decision
variables is expressed as follows:

(4)

X:[Tt’T AT ’Iium’ATium ]T

solar > solar >

(5)

As about half of the solar energy over the full solar
spectrum (300-2500 nm) is emitted in the visible spectrum
(380-780 nm) (Hoffmann et al. 2014), there is a limitation
among the luminous transmittance, solar transmittance and
the transmittance in the other spectral regions (300-380 nm
& 780-2500 nm). Assuming that the value of the solar
transmittance is the arithmetical average of the luminous
transmittance and transmittance in the other spectral
regions, the following assumptions and constraints should
be satisfied.

0 S A’Tsolar S Tsolar’ 0 S A’I{urn S ’I; - ’Eum S 100%’

0 S 2( Tsolar _A’Z—;olar ) _(’I;Um _A’I—iunl ) S 100% (6)

0<2T,

um > solar
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Fig. 4 Scheme of the workflow for the research

Regarding the daylight and energy performance, the
total electric power consumption (Eq. (2)) and the UDI
within the range of 300-3000 lux (UDI500-3000) are selected
as the objective functions. The present study is focused on
minimizing the energy consumption, including cooling,
heating and artificial lighting consumptions, while maximizing
the desired annual daylight hours, by maximizing the value
of UD T500-3000-

Among various multi-objective optimization techniques,
the hypervolume-based evolutionary optimization (HypE)
algorithm is an effective algorithm (Bader and Zitzler 2011)
based on Monte Carlo simulation (Bader et al. 2010). Octopus,
which is a plugin of Grasshopper, is used to conduct the
multi-objective optimization (Pilechiha et al. 2020). The
reference point is crucial to the hypervolume indicator of
a point set. The HypE algorithm developed in Octopus
repeatedly modifies the reference point based on the objective
values at each step. As the objectives of the multi-objective
optimization problems are often in conflict, i.e. one objective
improves while another deteriorates, the outcome is a set of
optimal Pareto solutions, which are non-dominated for
there are no other solutions to improve all the objectives
simultaneously. After the Pareto solutions are identified,
decision-makers can choose from these solutions based on
the interests of different possible stakeholders. Figure 4 shows
the workflow of the optimization progress consists of the
inputs, the outputs, the connections, and the optimization
algorithm.

The Linear Programming Techniques for Multi-
dimensional Analysis of Preference (LINMAP) is a suitable
decision-making method for Pareto frontier. The process of
LINMAP is usually performed with the aid of a hypothetical
point (ideal point) with the best value of objective functions
simultaneously while not existing actually. The point in the
Pareto frontier which is nearest to the ideal point based

transition temperature, solar transmittance,
solar transmittance modulation, luminous

Decision variables of TC:
transmittance and luminous modulation

I

Multi-objective
optimization:

Solutions for
multi-criteria
decision making

Octopus

Objectives:
E minimization
UDI;0q_300p Maximization
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on geometric distance after normalization of the objective
function values is chosen as the desired solution and defined
as the Pareto-optimal solution (POS), as shown in Figure 5.

e e S S S

Objective function 2 (normalized)

0.0+ . (S —
Ideal point
T T T T T T T T T T
0.0 02 04 06 0.8 1.0
Objective function 1 (normalized)

Fig. 5 The schematic diagram of the Pareto frontier
3 Results and discussion

To evaluate the effects of the TC parameters on building
energy consumptions and UDI30_3000, the first set of the
TC is characterized using the parameters reported by
Yang et al. (2017), which shows excellent thermochromic
performance among the TC glazings in Cui et al. (2018),
with transition temperature 7, of 50 °C, solar transmittance
Tiotar Of 36.0%, solar transmittance modulation AT, of 56%
and luminous modulation ATy, of 7.2%. As the luminous
transmittance Tl Was not reported in Yang et al. (2017), the
values are assumed to be the same as Ty As the optical
properties of most current VO, based TC glazing are
switched by increasing its solar absorptivity after changing
into the metallic state, i.e. reflectance remains constant in
metallic and semiconductor state (Ye and Long 2014), the
solar reflectance is assumed to be constantly 0.1 in this
study. According to the review work on the subjects of
thermochromic coatings (Cui et al. 2018; Aburas et al. 2019),
the transmittance of the experimental TC for building
application varies between 0.288 and 0.78. And the transition
temperature varies between 20 °C and 75 °C. In order to
study a larger range of the TC coatings, the boundaries
of decision variables for multi-objective optimization are
extended and shown in Table 4. For reference, the results
of the building energy consumption and UDI34-3000 for the
reference (clear) single and double glazed windows are
given in Table 5.

3.1 Effects of decision variables on system performance

The variations of building energy consumption and UDIzgs-3000
with a transition temperature of TC for single and double

Table 4 Decision variables and their lower and upper boundaries

Decision variables Lower bound  Upper bound
Transition temperature (°C) 10 50
Solar transmittance (—) 0.1 0.9
Solar transmittance modulation (—) 0 0.9
Luminous transmittance (—) 0.1 0.9
Luminous modulation (—) 0 0.9

Table 5 Electric power consumption per unit indoor area and
UDI:00-3000 Of the reference single and double glazed windows

EPA (kWh/m?) UDI500-3000
Clear single glazed window 46.8 0.639
Clear double glazed window 46.4 0.655

glazed windows are illustrated in Figure 6. It can be observed
that the variations for single and double glazed windows
present a similar trend. With the increasing transition
temperature, the energy consumption decreases at first and
then increases, while UDIso-3000 first increases and then
decreases. The desired transition temperature of TC glazing
varies with the weather conditions, optical properties of
TC materials, building types, building orientations, etc. Under
the conditions in this study, the TC with the transition
temperature of 28 °C achieves the smallest energy con-
sumptions for both single and double glazed windows. And
the transition temperatures of 30 °C and 36 °C are more
desirable to achieve a better indoor daylight environment
for single and double glazed windows, respectively. Thus a
transition temperature slightly higher than room temperature
is desired for both daylight and energy performance, which
is similar to the previous findings that a suitable higher
transition temperature for residential applications suggested
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Fig. 6 Variations of building energy consumption and UDI300-3000
with transition temperature
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by Long et al. (2015), the desired transition temperature at
room temperature suggested by Xu et al. (2012) and a low
transition temperature (i.e., 20 °C) being not essential
suggested by Liang et al. (2018). This is because that the
TC glazing with higher transition temperature results in
more clear hours and thus more solar irradiance entering the
room, while the TC glazing with lower transition temperature
results in more tinted hours and thus less solar heat gain.
An ideal TC transition temperature is expected to achieve
tinted state in the cooling demand period while clear state in
the heating demand period, when the amount of daylight
within the space is sufficient.

To evaluate the building performance for the optical
properties of TC, the transition temperature is characterized
using the desired temperature above, i.e. 28 °C. Figures 7
and 8 depict the variation of building energy consumption
for the single and double glazed windows with solar
transmittance and solar transmittance modulation ability
of TC. When the solar transmittance in clear state of TC
varies from 0.4 to 0.9, the building energy consumption
increases from 45.37 kWh/m? to 50.26 kWh/m? (10.8%) for
the single glazed window, and from 44.56 kWh/m? to
49.70 kWh/m? (11.5%) for the double glazed window. When
the solar transmittance modulation ability varies from 0 to
0.5, the building energy consumption of the single glazed
window presents a reduction from 48.47 kWh/m? to
45.62 kWh/m?* (5.9%), while the double glazed window
decreases from 48.38 kWh/m? to 44.79 kWh/m? (7.4%).
Some studies found that solar transmittance of TC glazing
should be as low as possible in tinted state and vice-versa
in clear state (Long and Ye 2014; Ye and Long 2014).
However, low solar transmittance in both clear state and
tinted state is found to be most suitable for hot climates.
The difference between these two studies is that the studied
parameters of solar transmittance in tinted/clear state in

€ _

T 51 —a— E-DoubleGlazing
ic —e— E-SingleGlazing
<

< 50

@

o

©

5 49

s}

kel

=

= 48

c y 4

3 //"

&

g7+ e

= ’,'/ .}

2 rally

Q46 4 P |

£ «* '

2 o "

§ 45 e

o ™

3

E 44 T T T T 1
c

0 04 0.6 0.8 1.0

Solar transmittance in clear state
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the previous study, while the parameters of solar transmittance
in clear state and solar transmittance modulation ability in
the present study. The phenomenon can be explained as the
increasing solar transmittance enables more solar irradiance
entering the room, resulting in an increase in cooling load
and a decrease in heating load. Nevertheless, the cooling
energy demand is dominant in subtropical Xiamen. The
effect of increasing cooling energy consumption would
outweigh that of the decreasing heating energy consumption.
As a result, the building energy consumption exhibits an
increasing trend with the solar transmittance of TC while a
decreasing trend with solar transmittance modulation ability.
Figures 9 and 10 illustrate the variations of building
energy consumption and UDIsp-3000 With luminous
transmittance in clear state and luminous transmittance
modulation ability of TC for single and double glazed
windows. It can be found that the energy consumption
decreases with the increasing luminous transmittance in clear
state, while presents a reverse trend with the increasing
luminous transmittance modulation ability, i.e. decreasing
luminous transmittance in tinted state. With an increasing
luminous transmittance in clear state, UDIs00-3000 tends to
firstly increase and then slightly decrease. And with an
increasing luminous transmittance modulation ability,
UDIs00-3000 tends to slightly increase first and then decrease.
This phenomenon can be explained as followed: the
luminous transmittance in tinted state increases with the
decreasing luminous transmittance modulation ability. And
the increasing luminous transmittance in clear/tinted state
enables more daylight transfer into the indoor, resulting in
a decrease in energy use for artificial lighting and thus in
total building energy consumption. Besides, the increase of
luminous transmittance ensures more natural light entering
buildings and enhances the indoor illuminance level. And
thus, more percentage of working hours within the desired
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Fig. 10 Variations of building energy consumption and UDIs00-3000
with luminous transmittance modulation ability

daylighting range (UDI300-3000) could be achieved. With
the further increase of the luminous transmittance, more
accessible daylighting would over-supplying illuminance
(over 3000 lux) and increasing the risk of glare. The results
indicate that a TC glazing with a higher luminous
transmittance glazing is desirable to reduce the building
energy use and enhance the indoor daylighting performance,
which is consistent with the results by other researchers
(Lee et al. 2013b; Liang et al. 2018), and the luminous
transmittance modulation ability should not be too high.

3.2 Bi-objective optimization based on Pareto frontier
solution

To choose the optimal trade-off solution between minimizing
total energy consumption and maximizing daylight comfort,
bio-objective optimization is conducted based on the HypE

algorithm. The population size is set as 60 and the number
of max generation is set as 300. The parameters in Table 4
are selected as the decision variables, which should be
subject to constrain conditions.

Figure 11 shows the Pareto frontier solution for the TC
coated single and double glazed windows regarding energy
consumption and UDIs-3000. It can be seen that there is a
clear trade-off between building energy performance and
daylight performance. With the increasing UDI500-3000, the
building energy consumption increases moderately at first
and then rises rapidly, which means that the cost for
improvement of daylight performance will cause deterioration
of the energy performance. The best daylight performance
is 71.63% in UDI309_3000 With the worst energy performance
(47.55 kWh/m?) for the single glazed window, which exists
at point B, and 72.07% in UDIs4-3000 With the worst energy
performance (45.45 kWh/m?) for the double glazed window.
Meanwhile, the best energy performance is 46.21 kWh/m?
with the worst daylight performance (67.65% in UDI500-3000)
for single glazed window, which exists at point A, and
44.28 kWh/m? in best energy performance with worst
daylight performance (70.42% in UDIs00-3000) for the double
glazed window.

As there is no point of maximum UDI3p9_3000 and
minimum energy consumption simultaneously, the decision-
making process is performed using LINMAP to determined
the POS. As observed in Figure 11, the POS is the point C
with building energy consumption of 46.64 kWh/m? and
UDI00-3000 0of 70.92%% for single glazed window, and the
point C’ with building energy consumption of 44.40 kWh/m?
and UDIg0-3000 0f 71.88% for the double glazed window.
The optimized TC window led to building energy saving
of 0.34% and increase of the desired range illumination
UDIg0-3000 0f 10.9% when compared with traditional clear
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single glazing, and building energy saving of 4.31% and
increase of the desired range illumination UDIs40-3000 0f
9.8% when compared with traditional clear double glazing.
This indicates that the switching features of TC material
could not only reduce building energy consumption by
modulating the solar heat gains through windows, but
also regulate daylight and reduce visual discomfort caused
by excessive daylighting. The detailed optimum designed
parameters of points A-C are shown in Table 6. It can be
found that the optimum transition temperature tends to be
slightly higher than the indoor air temperature, which is
in the range of 28.7-34.8 °C for the single glazed window
and 29.2-33.3 °C for double glazed windows. The optimum
visual transmittance in clear state is located in the range
of 0.73-0.76 for single glazed window, while in the upper
boundary (0.89 to 0.90) for double glazed windows. The
optimum solar transmittance in clear state is the smallest
value that subjects to constraint conditions, indicating that
the TC windows with higher luminous transmittance and
lower solar transmittance are more desired for subtropical
climates. This is because a TC window with high visible
transmittance allows more accessible daylighting. As there
are two panels in a double glazed window that blocking
more daylighting, the optimum visible transmittances of
TC for double glazed windows are higher than that for
single glazed windows. As the solar heat gain is substantial
throughout the year for commercial buildings in subtropical
Xiamen, TC glazing with lower solar transmittance is more
desired to reduce the penetration of solar energy for building
energy efficiency. Furthermore, the optimum values of
the modulation abilities for solar transmittance and visual
transmittance varies. This indicates that the modulation
abilities are not the higher the better. The optimum values
of the modulation abilities for visual transmittance in all
points are higher than the values for solar transmittance
because of the lower and upper bounds in the constraints.

4 Conclusion
This study established a multi-objective optimization model

using Rhinoceros software to investigate the daylight and
energy performance for single and double glazed windows

with thermochromic (TC) glazing in a sample office room.
Taking the weather condition of Xiamen in China as an
example, the optimization objectives were minimizing
building energy usage while maximizing received desired
daylight. The building energy usage and daylight were
calculated using Grasshopper plugins: Ladybug and Honeybee.
The effects of five key parameters including transition
temperature, solar transmittance in clear state, solar
transmittance modulation, luminous transmittance in clear
state, and luminous modulation were examined. Meanwhile,
the trade-offs between building energy consumption and
useful daylighting illuminance metric (UDIsp0-3000) Were
analyzed by using the HypE optimization algorithm, which
is applied using a Grasshopper plugin: Octopus. The
following conclusions can be drawn:

(1) A transition temperature slightly higher than room
temperature was desired for both daylight and energy
performance in Xiamen. The transition temperature of
28 °C achieved the smallest energy consumptions for both
single and double glazed windows. And the transition
temperatures of 30°C and 36°C were desirable to obtain
the best indoor daylight performance for single and
double glazed windows, respectively.

(2) Lower solar transmittance in clear state and higher solar
transmittance modulation ability exhibit a positive effect
on the building energy performance in hot climates.

(3) TC glazing with higher luminous transmittance and
relatively lower luminous transmittance modulation
ability was desirable to reduce building energy use and
enhance indoor daylight availability.

(4) The Pareto frontier solutions for the single and double
glazed windows have been obtained. And the trade-off
optimization shows that the lowest building energy
consumption was accompanied by the worst daylight
performance in the Pareto frontier.

(5) The Pareto-optimal solution (POS) has been obtained
from the Pareto frontier set. The selected hypothetical
TC windows can improve the building energy and
daylighting performance simultaneously when compared
with traditional clear single and double glazed windows.
The POS can provide technical guidance for the practical
development of TC materials.

Table 6 Bi-objective optimization results of the TC coating for single and double glazed windows

TC for single glazed windows

TC for double glazed windows

Design parameters A/Emin B/ UDI500-3000 max C/POS A/Emin B/ UDI500-3000 max C/POS
Tt 34.8 28.7 29.8 333 29.2 29.8
Tsolar 0.38 0.38 0.38 0.45 0.45 0.45
ATsolar 0.26 0.18 0.21 0.27 0.19 0.26
Thum 0.76 0.76 0.76 0.9 0.89 0.89
ATum 0.52 0.47 0.41 0.55 0.54 0.51
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(6) Compared with the single-objective optimizations, the
Pareto optimization is more suitable for decision-makers
finding the desired solution based on their preferences
and engineering experiences.
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