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Abstract 

Glazing façade in commercial buildings contributes to 

significant thermal loads for HVAC. Smart window 

proposes efficient solar control, but it demands insulated 

glass units (IGU), which could not be appropriate for 

warm climates. Simulations were carried out for a small 

office room in Sao Paulo/Brazil with laminated, IGU, and 

electrochromic (EC) glazing. Results showed almost no 

difference in consumption between laminated and IGU in 

cooling energy and a 5% decrease for EC glazing. 

Performance increases with building infiltration; when 

coupled with hybrid ventilation, energy consumption 

reduces 64.7%. EC window is suitable for the warm 

climate since combined with proper ventilation design. 

Key Innovations 

• EC window is adequate for heating prevention 

but also prevents building heat removal; 

• Infiltration may be an effective heat removal and 

energy-saving; 

• The high internal loads’ analysis may be as 

relevant as building envelope in warm climates; 

Practical Implications 

To export data from Window to EnergyPlus, open IDF as 

Text Editor instead of IDF Editor. Also, the EMS Program 

has a delay in the actuator. Actions may take one timestep 

to take effect. 

Introduction 

In commercial buildings, external windows allow 

daylight to enter the spaces and connect indoor to outdoor 

environments, bringing a positive effect to occupants. 

However, in terms of energy performance, glazing is the 

weaker component of the building envelope. For this 

reason, there is a demand for technologies to improve the 

overall performance of windows (Dussault; Gosselin; 

Galstian, 2012). 

In the building construction sector, float glass is the most 

common glass for windows applications and can be 

processed and combined with other materials, resulting in 

high-performance solar control glazing (NBR 7199, 

2016). As solar geometry and radiation intensity vary 

throughout the year, static glazing may fail to give a 

satisfactory thermal performance. In this way, dynamic 

glazing (or smart window) attends for spectrally selective 

surface requirements. (Granqvist, 2014). 

Smart windows modify surface properties, e.g., solar 

factor and solar spectrum radiation transmittance, in 

response to an electric current or a sensor reading that 

detects variation on environmental conditions, 

anticipating occupants need, reducing discomfort effects 

by radiant temperature and glare (Baetens; Jelle and 

Gustavsen, 2010; Van Den Wymelenberg, 2012).  

For example, electrochromic (EC) glass provides a 

reversible change in its optical properties from external 

parameters variation, associated with an ionization 

process. The most used EC coating material is tungsten 

oxide. Its surface changes from clear to blue through 

electron particle aggregation.  

Lee, Claybaugh, and Lafrance (2012) attended an 

experiment in Washington D.C. and have found that an 

electrochromic window might save up to 39% to 48% of 

energy in office buildings, considering a fully clear or 

fully tinted mode on-off control. Dussault and Gosselin 

(2017) conducted a sensitivity analysis in office buildings 

with EC glazed façade in different cities from Canada and 

the U.S. This study identified a great energy reduction for 

warmer climates. Smart windows combined with proper 

automation have provided considerable energy saving for 

the cooling mode in air-conditioning systems.  

In this context, EC windows could fit to block direct solar 

radiation and contribute to envelope insulation in tropical 

and subtropical climates. However, the EC window 

cannot be made up of single-pane glass and must be 

insulated, double or triple glazing with a sealed air space, 

a design limitation for the referred climates.  

Pinto and Westphal (2019) have run energy simulations 

in nine Brazilian cities and compared insulated glass unit 

and laminated single-pane glass unit performances. For 

the Sao Paulo region, both window types performance 

was equivalent. Besides, it might increase energy 

consumption for Heating, Ventilation, and Air-

Conditioning (HVAC) system in the winter, even in 

cooling mode.   

Characteristics of Brazilian climates are high 

temperatures, especially in the North and Northeast 

regions. The country has a vast territory, and 

consequently, there are many active climates, varying 

from tropical rainforest (Af) to temperate with warm 

summer (Cbw). In Sao Paulo, featured by humid 

subtropical climate (Cfa) in Köppen-Geiger 

classification, there is a high demand for shade in 

windows’ commercial buildings most of the time. Internal 
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Venetian blinds and shutters provide only partial solar 

control, as these solutions do not avoid heat waves 

transmission into the indoor environment. 

Given elevated costs and difficulties for technical support, 

Brazil does not commercialize EC window panes, and 

today, this type of glass is installed in luxury buildings in 

the U.S., Canada, and Europe, requiring customized 

designs for tinting automation. According to the 

manufacturer, there is an intelligent system that uses a 

model-based predictive algorithm. Real-time external 

sensors read environmental parameters and an automated 

controller operates the dynamic glazing. System inputs 

include occupancy, time of day, façade sensors, sky 

conditions, and sun angle. 

This study aims to evaluate thermal performance, 

comparing energy consumption from HVAC for different 

window compositions, to analyze whether insulated glass 

unit and EC windows are adequate for commercial 

buildings in a subtropical climate, regarding thermal 

comfort and HVAC energy consumption.  

ASHRAE 55 (2013) and ISO 7730 (2005) thermal 

comfort standards contain guidelines for thermal 

environments design and evaluation of, establishing limits 

for the four main environmental variables involved in 

PMV (predicted mean vote) calculation prescribed for 

Fanger: dry bulb temperature, mean radiant temperature, 

air velocity, and relative humidity.  

ASHRAE Standard 55 (2013) contains a relatively recent 

discussion on adaptive comfort since 2004 edition, which 

alters thermal acceptability for natural ventilation, 

applying to mixed-mode ventilation too (also called 

hybrid ventilation) in accordance to recent researches 

(Sanchez-García, 2019; Rupp, de Dear, and Ghisi, 2018).  

Electrochromic glass, one type of the chromogenic 

glazing family, will be evaluated in this context, from an 

economic aspect and within the possibilities of thermal 

comfort, combining façade radiation control and the 

building occupants’ ability to acclimate. 

Methods 

The study was conducted in a 44-meter square area 

commercial room, representing a small to medium office 

with low-density occupation (20 m2/person) in Sao Paulo, 

latitude 23°32’56” south, where summers are usually 

warm and humid, and winters have mild temperatures. 

The model contained two external windows in adjacent 

façades, representing a typical construction type in Sao 

Paulo, usually used for service and commercial activities 

(Neves; Melo and Rodrigues, 2019). HVAC device in this 

space includes a compact air-conditioner, as a split 

system, in which occupants control room air temperature. 

Windows are openable and manually operated. Frames 

have horizontal sliders or awning opening.  

The model represented an isolated commercial room on 

the 7th floor with two thermal zones: (1) an office room 

with 4,85 m x 8,20 m x 2,47 m and (2) a space between 

the ceiling and the roof, like a plenum. Two people 

attended the place from 8 am to 7 pm on weekdays and 

stays unoccupied on the weekends and holidays. On 

weekdays, the room occupancy was 100% from 8 am to 

12 am and from 2 pm from 7 pm, and the room occupancy 

was 50% from 12 am to 2 pm. The occupants presented a 

metabolic rate of 1.2 met (1 metabolic unit = 1 met = 58.2 

W/m2), working at typical office light sedentary activity 

(ISO 7730, 2005). Clothing insulation varied according to 

the season: 0.57 clo in the summer and spring, and 0.96 

clo in the winter and autumn (1 clo unit = 1 clo = 0.155 

m2.K/W)(ISO 7730, 2005). 

Simulations ran on the same model and in the same 

conditions for three windows type: 

• LAM – Laminated glazing with solar control coating, 

a typical configuration in commercial buildings in Sao 

Paulo, according to glazing distributors; 

• IGU – Insulating glass unit with double pane and 

sealed air spacing; 

• IGU EC – double glazing insulated glass unit with a 

2.2 mm EC coating in the inner layer;  

We tested the previous envelopes in the following 

scenarios: 

1. Zone space with air conditioning, regular workday 

schedule, and full internal thermal load. 

2. Zone space with air conditioning without internal 

thermal loads, as if they were empty, to evaluate 

envelope thermal performance. 

3. Zone space with full internal thermal loads and 

mixed-mode ventilation. 

EnergyPlus objects 

In this study, EnergyPlus objects included Ideal air loads 

HVAC template, thermostat control with dual set point 

(20°C for heating and 24.5°C for cooling), Airflow 

Network (AFN) for natural ventilation and window 

opening schedule based on temperature, and Energy 

Management System (EMS) for electrochromic window 

operation and hybrid ventilation control.  

Internal thermal loads and construction inputs 

Internal thermal loads set were in agreement with 

Brazilian technical standards (ABNT NBR 16401-1, 

2008) and ASHRAE Standard 90.1 (2019), as regular 

schedules. These include a 5.4 W/m2
 electric equipment 

power density and 12 W/m2 of lighting power density. 

The opaque envelope model was masonry with 190 mm 

concrete blocks, 150 mm concrete slab, and 25 mm 

gypsum lining. External walls were facing north and west 

(thermal transmittance U-factor = 2.81 W/m2.K), while 

internal walls were facing south and east (U-factor = 2.22 

W/m2.K). Internal and external walls were composed of 

the same concrete blocks but different finishes. 

Construction elements as floor, roof, and interior walls, 

were set as adiabatic surfaces.  

The windows were a rectangular shape, centralized in the 

external wall, with horizontal sliding type facing north 

and west, in adjacent position for cross-ventilation, and 

with a gross window-wall ratio (WWR) of 18.93%. The 

ventilation area corresponded to a 50% total glass area 

opening. 
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Building orientations and construction materials were 

selected according to Neves, Melo, and Rodrigues (2019) 

data survey, even though north and west façades are 

critical for thermal performance at the referred location. 

The design flow rate for zone infiltration set was initially 

zero, and the air exchange of outdoor air would be served 

only by mechanical ventilation. As observed during 

simulations, some ventilation would be useful to meet 

ventilation criteria. Thus, it was considered an infiltration 

of 0.000378 m3/s.m2 flow per area, according to Brazilian 

technical standards (ABNT NBR 10821-2, 2017) 

requirements for window frame air permeability.   

Software interfaces and modeling 

Rhinoceros 6 set the room model and Grasshopper 

development platform established initial configuration 

with Ladybug v0.0.67 and Honeybee v0.0.64 plugins 

objects. Ladybug supports simulation weather file input 

and analyzes the climate database. Honeybee connects 

Grasshopper to OpenStudio, EnergyPlus, and Radiance 

simulation engines, exporting files in Input Data File 

(IDF) formats to compatible EnergyPlus version. 

 

Figure 1 – Commercial room modeled in Rhinoceros 

Laminated, insulated glass unit (IGU) and electrochromic 

glazing (IGU EC) were modeled in Window v7.7, which 

is supported by Windows and Envelope Group at 

Lawrence Berkeley National Laboratory (LBNL). 

Window program calculates total thermal performance 

indices of windows, based on the heat transfer analysis 

method, consistent with the National Fenestration Rating 

Council (NFRC) and ISO 15099 standard (2003).  

This research has assigned glazing from SAGE Glass and 

CEBRACE commercial types to windows modeling due 

to performance database availability from glazing panes 

and CEBRACE strong presence in the Brazilian market. 

Window modeling 

Table 1 demonstrates thermal properties data for the north 

window after the EnergyPlus simulation run, based on 

Window v7.7. The west window registered similar 

results. 

Solar Heat Gain Coefficient (SHGC) is the solar heat gain 

through a fenestration system relative to incident solar 

radiation, expressed as a dimensionless number from 0.0 

to 1.0. Visible transmittance (VT) represents the light that 

passes through a glazing material and ranges from above 

0.9 for clear monolithic glass to less than 0.1 for highly 

reflective coatings (National Fenestration Rating Council, 

2016). 

Table 1 –North window thermal properties data 

Type of 

window 

Thickness 

(mm) 

U-factor 

(W/m2.K) 

SHGC VT 

LAM 8 5.69 0.337 0.214 

IGU 24 2.70 0.279 0.135 

IGU EC 24,99 1.58 

 

0.274 

0.085 

0.231 

0.003 

All compositions have selective solar control layers, 

presenting relatively low visible transmittance and low 

SHGC. Figure 2 shows the windows compositions 

scheme described in Table 1: "2" is the inner layer and 

"1", the outer layer. 

 

(a) 

 

(b) 

 

(c) 

Figure 2 – Design of windows (a) LAM, (b) IGU, and 

(c) IGU EC, extracted from Window 7.7 

Laminated type (Figure 2a) is composed of two 4 mm 

glass layers Cool-Lite ST 120 model with 0.38 mm PVB 

film. Insulated Glass Unit (Figure 2b) consists of 6 mm 

clear glass (layer 2), 12 mm air space, and 6 mm Cool-

Lite ST 136 (layer 1). Insulated Glass Unit with EC 

coating (Figure 2c) comprises of 6 mm clear glass (layer 

2), 12 mm air space with 90% Argon fill, and 7 mm clear 

SageGlass SR 2.0 (layer 1). 

EC coatings properties of the SageGlass layer are detailed 

in Table 2, describing five states from fully clear (lighter) 

to fully tinted (darker), extracted from Window v7.7 

database. 

Table 2 – EC coatings properties 

EC coating 

state 

Visible 

Transmittance 

Solar 

transmittance 

Lighter 0.677 0.409 

Light1 0.199 0.083 

Intermediate 0.145 0.059 

Dark 1 0.064 0.026 

Darker 0.011 0.004 

Lighter coating performs a 67.7% visible transmittance 

and 40.9% solar transmittance, in contrast to the darker 

state, presenting 1.1% and 0.4%, respectively.  

Switching time takes 15 to 20 minutes to change from 

clear to tinted, or the contrary, as reported by the 

manufacturer. The speed switch depends on many factors, 

such as air temperature and panes size. To switching 

time’s match, simulation timesteps per hour were 

configured to six, i.e., simulation ran every 10 minutes.  

EC dynamic glazing with multiple states has advanced 

logic controls that could not be set out by the Window 

Shading Control object.  

Advanced setup – EMS  

Energy Management System (EMS) allows writing 

custom programs with Erl (EnergyPlus runtime language) 

and override routines of EnergyPlus modeling (U.S 

Department of Energy, 2020) to meet specific conditions. 

For this reason, a couple of EMS programs were created 

to operate electrochromic insulated glass units. The first 

one bases on occupancy and surface outside face incident 
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solar radiation rate per area (W/m2). In this program, the 

outside layer construction index could change according 

to the radiation level. At night and on the weekends, 

windows remained in the lighter state. At the beginning 

of the working day, EMS sensors started reading the solar 

radiation rate, and the actuator changed the EC layer if 

values were higher than 200 W/m2. The following states 

activated at every 100 W/m2 increments.  

The second EC control is based on occupancy and glazing 

outside face surface temperature and operates similarly to 

the first one. A first simulation run indicated a surface 

temperature range of about 5°C to 70°C. For this, we 

divided a 24°C to 70°C range surface temperature into 

equal operational interval so, until 24°C, the glazing 

stayed at the default lighter state, and switching occurs at 

every 11.5°C increments. Table 3 sets out the proposed 

EC controls operation range.  

Table 3 – EMS parameters range for proposed EC 

controllers’ routine 

EC window 

index 

Solar radiation range 

(W/m2) 

Surface 

temperature 

range (°C) 

1 Rad < 200  Ts ≤ 24 

2 200 ≤ Rad < 300 24 < Ts ≤ 35.5 

3 300 ≤ Rad < 400 35.5 < Ts ≤ 47 

4 400 ≤ Rad < 500 47 < Ts ≤ 58.5 

5  Rad ≥ 500 Ts > 58.5 

‘Rad’ is surface outside face incident solar radiation rate 

per area (W/m2). 

‘Ts’ is surface window front face temperature layer 1 

(°C). 

For both proposed controllers, north and west windows 

exhibited different construction index along the day to 

meet EMS program conditions for each surface. 

Mixed-mode ventilation was also operated in EMS 

Program, coordinating Airflow Network and Ideal Air 

Loads HVAC for change-over mode ventilation. An IF-

THEN sequence was set to compare indoor and outdoor 

dry bulb temperature and activate window opening 

schedule whenever free cooling and free heating were 

possible, respecting thermal comfort limits from 

ASHRAE 55 (2013) and ISO 7730 (2005) standards. 

For example, in autumn to winter’s day, when the outdoor 

air temperature is lower than indoors in the mornings, it 

seems favorable to open the window, contributing to heat 

removal from the space. When space starts to heat, and 

the indoor temperature goes beyond cooling setpoint 

temperature, the window closes, and thermostat activates 

the HVAC schedule, and so on. This decision control 

occurs every timestep, and the routine takes action on the 

next timestep.  

Logic control for hybrid ventilation includes people 

occupation, dry bulb temperature, and outdoor air 

maximum and minimum levels to limit overheating or 

overcooling. EMS controls Airflow Network and HVAC 

activating and deactivating availability schedules in 

accordance to IF conditions.   

Results and Discussion 

The analysis was carried out for annual simulation to 

compare the energy and thermal performance of the 

solutions. 

Scenario 1 

Table 4 exhibits energy consumption from the cooling 

HVAC system. Demand for cooling exists even on winter 

design day due to relatively high internal thermal loads. 

IGU EC (1) corresponds to electrochromic glazing 

radiation control and IGU EC (2) to electrochromic 

glazing surface temperature control. 

Table 4 – Energy consumption for cooling HVAC (kWh) 

for scenario 1 

Type of 

window 

Cooling 

intensity 

(kWh/m2) 

Summer 

Design 

Day 

(kWh) 

Winter 

Design 

Day 

(kWh) 

Laminated 72.65 17.2 11.6 

IGU 74.03 17.3 12.1 

IGU EC (1) 70.31 16.8 10.4 

IGU EC (2) 69.30 16.4 10.4 

On summer design day (02/21), outdoor air dry bulb 

temperature varies from 20.9°C to 30.9°C, while on 

winter design day (07/21), it varies from 11.9°C to 

23.9°C.  

Concerning annual simulation energy results in Table 4, 

there is a slight difference between the three types of 

window composition. The room with an IGU window has 

consumed more cooling energy than the room with a 

laminated window, even having a lower U-factor.  

When adding EC coating to simulation with solar 

radiation control, IGU EC (1) window showed a 

consumption 5% lower than IGU, indicating a relatively 

low potential device for energy saving. Changing the EC 

control parameter to surface temperature in IGU EC (2) 

showed an insignificant difference in energy 

consumption. Solar radiation incidence may be directly 

related to glazing outside surface temperature, explaining 

the negligible difference between results. The following 

scenarios’ simulation considered solar radiation control 

for electrochromic glazing. 

Figure 3 and Figure 4 display the north window 

transmitted solar radiation energy, in Watts (W), during 

occupied hours, for IGU EC (1) design days simulation. 

Grey bars indicate the IGU EC construction index from 1 

to 5, in which one is the lighter state, and five the darker. 

In this case, switching occurred every 10 minutes and 

would take a longer time – 50 minutes – to change from a 

fully clear to a fully tinted state. 

On summer design day (Figure 3), electrochromic status 

changed from state 1 to state 3. Transmitted energy from 

the IGU EC window (blue line) decreased considerably at 

10 am when the incident solar radiation rate per area 

increases in the north face and construction index changed 

to 2 (Light1 EC coating state). In contrast, LAM (green 

line) and IGU (yellow line) showed higher transmitted 

energy values.  
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Figure 3 – North window transmitted solar radiation 

energy (W) in summer design day for IGU EC(1) 

On winter design day (Figure 4), EC status changed from 

1 to 5, as incident solar radiation rate is relatively high in 

the north face all over the year, and so transmitted energy 

also reached high levels. EC window has blocked most of 

the radiation from approximately 9 am to 4 pm, and 

nevertheless, energy consumption decreased from 12.1 to 

10.4 kWh (a reduction of only 14%), suggesting internal 

thermal loads contribute to relatively high heat addition.  

 

Figure 4 – North window transmitted solar radiation 

energy (W) in winter design day for IGU EC(1) 

Scenario 2 

In this simulation round, we removed internal loads 

related to people, electric equipment, and lights from the 

thermal zone to evaluate heat balance and thermal 

performance envelope in overall energy consumption.  

Table 5 shows the annual simulation cooling intensity 

(energy consumption per floor area). It was considered 

two simulations: Case A with no zone infiltration and 

Case B with a constant design flow rate infiltration of 

0,000378 m3/s.m2 per floor area (approximately 0.5 air 

change per hour - ach). Brazilian standards (ABNT NBR 

10820-2, 2017) establish window frame air permeability 

maximum flow of 6.65 m3/h.m2 per opening area, for an 

air permeability superior class. Higher flows are allowed 

for intermediate (62.44 m3/h.m2) and minimum (163.52 

m3/h.m2) standard classes.  

The zone infiltration input flow was obtained multiplying 

6.65 m3/h.m2 value from the total window area and 

divided by the zone floor area. 

Table 5 – Energy consumption for cooling HVAC (kWh) 

for scenario 2 

Window type Cooling intensity 

– Case A 

(kWh/m2)   

Cooling intensity 

– Case B 

(kWh/m2) 

Laminated 19.85 18.17 

IGU 19.54 17.28 

IGU EC (1) 16.07 13.96 

Comparing cooling intensity results from Table 5, Case B 

displayed lower values than Case A, in kWh/m2. It 

indicates that the infiltration rate promotes a decrease in 

energy consumption, especially for IGU EC (1), where 

energy saving achieves up to 13%, reducing from 16.07 

to 13.96 kWh/m2. 

EnergyPlus Reports offer a summary of annual building 

sensible heat gain component; some are fixed in annual 

simulation throughout the scenarios, while others vary 

according to window configuration. Figure 5 to Figure 7 

presents heat addition and removal for the referred 

simulations for relevant components.  

In Case A and B, there is almost no difference between 

window heat addition values. Although total heat balance 

is higher in Case B, energy consumption from cooling is 

lower because of heat removal from the infiltration rate. 

To illustrate this collocation, Figure 5 reveals the most 

significant sources of heating to the thermal zone. Data 

suggest that the window is the most relevant source in 

sensible heat addition, especially in the LAM case, 

contributing to 2200.6 kWh.  

 

Figure 5 – Sensible heat addition (kWh) – Case B 

Figure 6 and Figure 7 demonstrate heat removal for Case 

A and Case B, respectively. In Case A (Figure 6), heat 

removal is lower for infiltration and higher for the other 

devices (cooling HVAC, window, and opaque surfaces), 

while in Case B (Figure 7), with increased infiltration rate, 

other sources decreased, including cooling load.  

 

Figure 6 – Sensible heat removal (kWh) – Case A 
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Figure 7 – Sensible heat removal (kWh) – Case B 

In cold climates, it is desirable to have air tightened 

buildings because of too low outdoor temperatures. In hot 

climates, temperatures are mild throughout the year, and 

daily temperature amplitude favors energy balance, 

benefiting thermal comfort maintenance with low energy 

consumption. Instead of consuming more energy from 

HVAC, infiltration reduces the cooling load.  

Scenario 3 

As infiltration appears to be a powerful heat removal 

mechanism, in scenario 3, the simulations assumed 

mixed-mode ventilation to evaluate energy consumption 

from cooling, adding internal thermal load again. Table 6 

put forward simulation results related to annual cooling 

intensity, energy consumption for cooling HVAC in 

summer design day, and sensible heat removal from 

infiltration. 

Table 6 – Energy consumption for cooling HVAC (kWh) 

for scenario 3 

Window 

type 

Cooling 

intensity 

(kWh/m2) 

Summer 

Design Day 

Cooling energy 

(kWh) 

Infiltration 

heat 

removal 

(kWh) 

Laminated 25.18 15.00 2552.11 

IGU 25.08 14.99 2563.92 

IGU EC 

(1) 
24.83 14.48 2427.68 

When accounting for mixed-mode ventilation, energy 

consumption results from cooling HVAC are almost equal 

for the three windows type. Comparing scenario 1 with 

scenario 3, the energy reduction in Cooling intensity is 

64.4% for laminated, 66.1% for IGU and 64.7% for IGU 

EC. 

Figure 8 presents the temperature profile in winter design 

day, when natural ventilation occurs all the workday, 

indicating outdoor air temperature and zone operative 

temperature from the three window types.  

 

Figure 8 – Temperature in winter design day for mixed-

mode ventilation 

Grey bars indicate mean values of the opening factor; the 

three simulations demonstrated a similar opening factor to 

each other. The windows remained open from 9:20 am to 

7 pm, with an opening factor of 1 (100%) in most of the 

working time. 

Orange lines in Figure 8 indicate adaptive comfort limits, 

calculated according to ASHRAE 55 standard (2013). In 

the referred day, limits of adaptive comfort were between 

18.8°C and 25.8°C. At the beginning of the working day, 

the operative temperature was slightly above the upper 

limit, as hybrid ventilation had activated the natural 

ventilation schedule, but the outdoor temperature was too 

low, and the window did not open. From 9:30 am, the 

indoor air temperature started to drop, meeting outdoor 

temperature. 

Temperature oscillation is much higher in mixed-mode 

ventilation, and there must be a thermal comfort 

evaluation to check adaptive comfort and local 

discomfort.  

Adaptive comfort analysis considered results from 

scenario 3, based on ‘Sao Paulo – Congonhas’ weather 

file, so it was possible to find prevailing mean outdoor air 

temperature based on exponentially weighted running 

mean daily outdoor temperature of past seven days 

(ASHRAE 55 Standard, 2013).  Table 7 describes 

acceptable operative temperature ranges calculated for 

Sao Paulo. 

Table 7 – Adaptive comfort temperature limits for Sao 

Paulo 

Operative 

temperature 

range 

Lower 80% 

acceptability 

limit (°C) 

Upper 80% 

acceptability 

limit (°C) 

Minimum 17.7 24.7 

Maximum 20.9 27.9 

Mean 19.3 26.3 

In this way, the three case simulations presented most of 

their operative temperature data within the adaptive 

comfort limits. LAM and IGU attended to 87.9% and 

87.6% of the time, respectively. IGU EC performed 

better, attaining 91.2% of the time within adaptive 

comfort limits. Data outside of the adaptive comfort range 

were mostly higher than the upper limit, indicating high 

operative temperatures in 8.8% to 12.3% of the time.  

Another aspect that deserves attention is window surface 

temperature (Figure 9 and Figure 10). The North EC 

window exhibited a higher outside face temperature but a 

lower inside face temperature, explained by 

compositions’ heat capacity and high insulation in the 

inner layer. Analyzing surface window back face 

temperature inner layer from the three windows type, IGU 

EC displayed the lower difference between surface 

temperature and indoor air temperature, while LAM 

registered the higher temperature difference values. The 

laminated glazing surface windows back and front face 

temperatures are very close due to laminated thickness. In 

this way, as long as there is a direct incidence of solar 

radiation at the glass surface, the window front face will 

heat and immediately will the back face, transmitting 

energy inside the zone. 
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On the other hand, in the annual simulation, the 

electrochromic glazing presented higher window front 

face temperatures and higher differences between the 

front and back faces. IGU EC inside face temperature 

tends to stay closer to indoor air temperature than the 

other glazing compositions.  

Walls warmer or cooler than air may cause radiant 

temperature asymmetry and, consequently, local thermal 

discomfort (ASHRAE Standard 55, 2013).  

 

Figure 9 – Surface temperatures in summer design day 

for north window (°C) 

 

Figure 10 – Surface temperatures in winter design day 

for north window (°C) 

Although there is a high solar radiation incidence in 

winter design day, the temperature did not exceed the 

maximum recommended values of ASHRAE 55 

standards (2013), being the difference of 23°C for warm 

walls and 10°C for a cool wall. But certainly, when 

designing with laminated glass, the chances are higher to 

cause local thermal discomfort than the EC window.  

Conclusion 

Smart windows allow properties change, e.g., solar factor 

and solar spectrum radiation transmittance in response to 

an electric current or a sensor reading that detects 

environmental conditions variation.  

Buildings with EC windows in warmer climates expects 

to have great energy savings. Nevertheless, chromogenic 

technology calls for an insulated glass unit, which can be 

unappropriated to humid subtropical climate.  

Annual simulations were conducted in a commercial 

room in Sao Paulo, considering the same room with 

different window compositions: laminated, IGU, and IGU 

with EC coating. Results have shown that EC windows 

presented only 5% of energy-saving for radiation control 

in annual simulation, indicating other aspects than façade 

solar control influence on energy consumption from 

HVAC, as internal thermal load, for example.  

The second simulation round performed two-cases 

scenarios without internal thermal loads. Analysis of 

sensible heat gain components revealed that although the 

window's thermal performance is significant for space 

heat balance, the infiltration has a considerable influence 

on cooling energy consumption, especially for EC 

windows.  

The hybrid ventilation scenario exhibited lower energy 

consumption, with 64.7% energy savings for the EC 

window. When considering adaptive analysis for winter 

design day, the operative temperature was above the 

upper-temperature limit in the first hours, but as soon the 

windows opened, it stayed within adaptive comfort limits 

for the three cases.  

Also, operative temperature outputs were compared to the 

acceptable limit range. All three cases showed a close 

approximation to 80% acceptability limits of adaptive 

comfort, and the EC window produced the best results.  

Comparing window internal surface temperatures, EC 

window indicated better performance, as presented a 

lower difference between surface temperature and indoor 

air temperature. Laminated window may cause local 

thermal discomfort by radiant temperature asymmetry 

and possibly by vertical air temperature difference. 

The EC window may be suitable for an office room with 

air-conditioning in the humid subtropical climate for 

thermal comfort since it considers higher infiltration rates 

provided by window cracks or by forced ventilation and 

for the lower probability to cause local discomfort. 

Assuming hybrid ventilation on spaces may improve 

indoor environmental quality and increase energy savings 

though the EC cost-benefit may be lower.  

It is necessary to mention that these results are conclusive 

for small to medium offices with low occupation density 

and other previous inputs. Further studies may be 

conducted for different EC windows controllers, such as 

seasonal schedules, and considering illuminance sensors. 
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