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Abstract
Electrochromic (EC) glazing can regulate solar heat gain, but the control signal affects the balance between cooling and heating energy use. 
This study compares the Load strategy, which uses predicted sensible load, with the fixed temperature-based T24 strategy, which uses a 
24 °C upper switching threshold. Both strategies were implemented through the EnergyPlus Energy Management System (EMS) under 
identical building, heating, ventilation, and air-conditioning (HVAC), thermostat, weather, and EC glazing conditions across 
384 worldwide EnergyPlus Weather (EPW) records. EC (Load) reduced cooling electricity across most climates but increased heating gas use, 
with larger penalties in colder regions. The resulting annual energy-use intensity (EUI) was 146.54 kWh m-2 year-1 for EC (Load) and 
145.23 kWh m-2 year-1 for EC (T24), while the carbon-equivalent response varied geographically because of the competing electricity and 
heating effects. These results indicate that the Load strategy primarily redistributes energy use between cooling and heating rather than 
providing a universal annual-energy advantage, thereby demonstrating the climate-dependent energy trade-offs associated with this 
strategy.
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1. Introduction
1.1 Smart windows and electrochromic glazing
Smart windows have attracted increasing attention as adaptive building-envelope technologies because they can dynamically 
regulate solar radiation and visible light in response to changing environmental and operating conditions[1]. Among the various smart 
window technologies, electrochromic (EC), thermochromic, photochromic, and mechanochromic systems have been extensively 
investigated for improving building energy performance[2]. EC glazing is particularly attractive because its optical properties can be 
actively adjusted, allowing solar heat gain to be modulated according to building requirements[3].

Recent advances have expanded the capabilities of EC smart windows beyond conventional visible-light modulation. Full-spectrum 
solar regulation and enhanced near-infrared modulation can improve control of both daylight and solar heat gain, while scalable and 
flexible device architectures support larger-area deployment[4-7]. Complementary building-level studies have combined 
experimentally characterized EC systems with annual energy and daylight simulations, large-scale testing, calibrated building 
models, and visual-comfort assessment across multiple climates[8-11]. Together, these studies highlight the importance of 
device-realistic inputs, experimental validation, climate, and visual comfort in building-scale EC assessment. However, the effect of 
changing only the EC switching signal on the cooling-heating balance under otherwise identical conditions and across a broad global 
climate dataset remains less clearly established.

Dynamic glazing is relevant to commercial buildings, where perimeter zones experience substantial variations in solar exposure, 
thermal loads, daylight availability, and glare throughout the day and across seasons[2,12]. Switching between clear and dark optical 
states allows EC glazing to respond to these changing conditions[3]. Conventional low-emissivity (Low-E) glazing, by comparison, has 
fixed optical properties and cannot provide the same dynamic modulation of solar heat gain[2].
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1.2 Why control logic matters
The operation of EC glazing depends on the signal used to trigger transitions between optical states. Previous studies have 
considered schedules, environmental variables, indoor conditions, and predictive approaches, with different control strategies 
producing different heating and cooling responses[13-16]. Control logic therefore affects not only when EC glazing switches, but also 
how solar gains are distributed between periods of cooling and heating demand.

Fixed temperature-based control offers a simple approach in which glazing states are selected according to predefined indoor 
temperature thresholds. The choice of threshold, however, changes the timing of dark-state operation. Earlier suppression of solar 
heat gain may reduce cooling demand while limiting solar gains that would otherwise contribute to space heating. A higher 
threshold retains those gains for longer but delays the cooling response[14,15]. The consequences of threshold selection are therefore 
closely tied to climate and the relative importance of cooling and heating.

Predicted thermal load provides an alternative control signal. Rather than waiting for zone air temperature to cross a fixed threshold, 
load-responsive control can use predicted heating and cooling requirements to determine the EC state[16]. In the present study, the 
Load strategy is a binary sign-based strategy that uses only the sign of the EnergyPlus-predicted sensible load. It does not use load 
magnitude, an optimization objective, a prediction horizon, or multi-step optimization. Predictive and model predictive control (MPC) 
approaches generally use forecasts and optimization procedures to determine the operation of EC glazing[17,18]. More recent studies 
have examined glare-predictive split-pane control[19], direct comparisons of rule-based, proportional-integral-derivative and model 
predictive control algorithms under consistent glazing representations[20], and rule-based versus model-based control of 
experimentally characterized dual-band EC glazing across multiple European climates[21]. These studies show that EC performance 
depends on the control objective, glazing representation, comfort constraints, and climate. In contrast, the Load strategy in this study 
directly uses the predicted sensible heating or cooling load as an Energy Management System (EMS) switching signal, without a 
rolling-horizon optimization procedure. It is therefore categorized as a load-responsive rule-based control strategy rather than a full 
MPC controller.

1.3 EMS implementation of the control strategies
EnergyPlus provides a built-in EMS for implementing customized control logic within whole-building simulations. In this study, EMS 
was used to compare two EC control strategies under otherwise identical building and glazing conditions.

The Load strategy uses the sign of predicted sensible heating and cooling loads to determine the EC state. Cooling demand triggers 
the dark state to reduce solar heat gain, whereas heating demand triggers the clear state to promote passive solar gain. The T24 
strategy uses zone air temperature with a 24 °C upper switching threshold. Both strategies employ the same EC clear and dark states 
and the same heating, ventilation, and air-conditioning (HVAC) thermostat schedules. Their comparison therefore isolates the 
consequences of changing the control signal from zone air temperature to predicted sensible load.

1.4 Scope and contribution
This study compares the EC (Load) and EC (T24) cases across diverse climates using a large-office reference model. Building geometry, 
internal loads, HVAC systems, operating schedules, thermostat setpoints, weather conditions, and EC properties were held constant 
between the two cases. A fixed Low-E reference was also retained to place the annual performance of EC glazing in context.

The simulations cover 384 EnergyPlus Weather (EPW) records spanning 17 detailed American Society of Heating, Refrigerating and 
Air-Conditioning Engineers (ASHRAE) Standard 169-2020 climate-zone categories. Facility electricity, cooling electricity, heating gas, 
carbon equivalent, representative-climate temporal responses, and annual energy-use intensity (EUI) were examined. Building on 
recent experimental studies, calibrated building simulations, and comfort-oriented EC-control research, this study does not seek to 
validate a new EC product or develop a multivariable optimization controller. Instead, it provides a controlled and reproducible 
comparison of the Load and T24 strategies by isolating the effect of the switching signal under otherwise identical building and 
EC-glazing conditions across 384 EPW records. This design quantifies how control-signal choice redistributes cooling and heating 
energy across 17 climate-zone categories. A supplementary threshold-sensitivity analysis examines how the fixed temperature 
benchmark changes when the upper switching threshold is varied.

2. Methodology
2.1 Overall workflow
Figure 1 summarizes the simulation framework, EMS control strategies, and performance analysis. The simulation framework 
included the fixed Low-E reference and EC glazing represented by predefined clear and dark optical states. Two EMS-based strategies 
were applied to the EC glazing: T24, based on zone air temperature, and Load, based on predicted sensible heating and cooling loads. 
The EC properties and building conditions were identical between the two strategies.

Simulation outputs were examined using global spatial maps, ASHRAE climate-zone statistics, representative-climate temporal 
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heatmaps, and annual whole-building end-use decomposition. Together, these analyses resolve how the two control signals affect 
cooling, heating, and annual building performance. Figure 2 was prepared from post-processed EnergyPlus output data. Detailed 
source data and preparation procedures are provided in Section S3.5 and Table S4.

Figure 1. Overall simulation and analysis framework. EMS: Energy Management System; ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning Engineers; 

DOE: U.S. Department of Energy.

Figure 2. Differences between EC (T24) and EC (Load), based on 384 EPW records and averaged within 17 climate-zone categories. Differences are calculated as EC (T24)−EC 

(Load). Positive values indicate lower energy use or carbon-equivalent output under EC (Load). (a) Facility electricity; (b) Cooling electricity; (c) Heating gas; (d) Carbon 

equivalent. EC: electrochromic; EPW: EnergyPlus Weather.

2.2 Building prototype and simulation settings
The simulations were conducted using the U.S. Department of Energy (DOE) Commercial Reference Building Large Office prototype, 
which complies with ASHRAE Standard 90.1-2004[22]. The reference building is a 12-story office building with a basement and a total 
floor area of 46,320 m2. The façade has a window-to-wall ratio of 38 %, with windows evenly distributed across the four cardinal 
orientations. The original DOE thermal zoning configuration was retained, including perimeter and core zones on the bottom, 
middle, and top floors.

The building was simulated in EnergyPlus version 9.1 using the default HVAC system and operating schedules specified in the DOE 
Reference Building. Detached shading devices, natural ventilation, and daylight-responsive lighting controls were excluded to isolate 
the influence of glazing control. The occupied heating and cooling setpoints were 21.0 °C and 24.0 °C, respectively, with setback 
temperatures of 15.6 °C and 26.7 °C during unoccupied periods. These thermostat schedules were identical in all cases. The 24 °C 
upper switching threshold used in T24 corresponded to the occupied cooling setpoint. However, the T24 EMS thresholds were fixed 
throughout the annual simulation and did not follow the occupied or unoccupied thermostat setbacks. Load relied on predicted 
sensible heating and cooling loads calculated relative to the same thermostat schedules. All simulations used six zone timesteps per 
hour, corresponding to a nominal 10-min zone timestep. The HVAC system timestep could be shorter when required for EnergyPlus 
convergence. The principal simulation settings are summarized in Section S3.2 and Table S1.
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2.3 Glazing systems
The fixed Low-E reference was represented in EnergyPlus using a WindowMaterial:Glazing object with optical properties adopted 
from Table S5 in the Supporting Information of Wang et al.[23]. It remained fixed throughout the simulations without EMS switching.

The EC glazing was represented using the WindowMaterial:SimpleGlazingSystem object with predefined clear and dark optical states 
based on the performance range reported by DeForest et al.[13]. Both EC states were assigned the same U-factor of 1.9 W m-2 K-1 to 
isolate the influence of dynamic solar modulation. The clear state had a solar heat gain coefficient (SHGC) of 0.65 and visible 
transmittance (Tvis) of 0.68, whereas the dark state had an SHGC of 0.08 and Tvis of 0.10. The same EC constructions were used for all 
control cases.

The different EnergyPlus objects reflected the available property data. The EC states were defined using whole-window properties, 
whereas the Low-E reference was defined using fixed glazing-layer properties. Both window systems were compared under identical 
building, HVAC, schedule, weather, and boundary conditions, with EMS-controlled switching applied only to the EC window while the 
Low-E reference remained static. The EC model assumed idealized binary switching behavior. Switching electricity consumption, 
transition delay, hysteresis, optical degradation, and intermediate tint states were not considered. The simulations therefore isolated 
the effects of control-driven optical modulation rather than practical device-level switching characteristics. Complete Low-E source 
and construction details, together with the EC inputs and comparison basis, are provided in Section S3.3 and Table S2.

2.4 EMS-based EC control strategies

2.4.1 Temperature-based control
T24 used zone mean air temperature as the EMS sensing variable. The EC glazing switched to the dark state when the zone air 
temperature exceeded 24 °C and to the clear state when the temperature fell below 21 °C. Within the 21 °C to 24 °C deadband, the 
previous glazing state was retained. These fixed EMS thresholds were applied throughout the annual simulation. The 15.6 °C and 
26.7 °C unoccupied HVAC thermostat setbacks remained active in the reference-building HVAC schedules but were not used as T24 
switching thresholds.

The T24 EMS program was executed at the BeginTimestepBeforePredictor calling point because the strategy depends on current zone 
air temperature rather than predicted thermal loads. A secondary T23 strategy, implemented as the EC (T23) sensitivity case, used a 
23 °C upper switching threshold. T23 was otherwise identical to T24, including the 21 °C lower threshold, EC states, building 
configuration, and HVAC settings. The threshold-sensitivity analysis is provided in Section S1, and the complete T24 EMS 
implementation is provided in Section S2.1.

2.4.2 Load strategy
Load used the predicted sensible cooling and heating loads of the 12 perimeter zones containing the actuated EC windows as EMS 
sensing variables. Under the sign convention used in the EMS implementation, a negative predicted cooling-load value indicates 
cooling demand, whereas a positive predicted heating-load value indicates heating demand.

The Load EMS program was executed at the AfterPredictorBeforeHVACManagers calling point, allowing predicted zone loads to be 
accessed after the predictor calculation and before the HVAC managers were executed. Cooling demand triggered the dark state to 
reduce solar heat gain, whereas heating demand triggered the clear state to promote passive solar heat gain. When neither cooling 
nor heating demand was predicted in a perimeter zone, the previous glazing state was retained. The glazing state was implemented 
by dynamically reassigning the window construction between the predefined clear and dark states. Because the predicted-load signal 
is available only after the predictor, it is calculated before the construction state newly assigned at this calling point is applied in 
subsequent simulation calculations. This creates a timing asymmetry relative to T24, which is evaluated before the predictor. This 
timing difference is acknowledged as a methodological limitation. The complete Load EMS implementation is provided in 
Section S2.2.

The Load strategy intentionally used only the sign of the predicted sensible cooling or heating load. Load magnitude was not used as 
a control input, and zone temperature, outdoor temperature, solar radiation, occupancy, and daylight availability were not directly 
included in the control logic. Although the strategy uses an EnergyPlus predicted sensible-load signal, it does not include an objective 
function, an optimization procedure, or a prediction horizon. This simplified design was selected to provide a transparent, 
low-complexity, and reproducible benchmark for comparing the Load and T24 strategies. A limitation of this approach is that it does 
not represent a comprehensive practical controller that responds to multiple environmental or operational variables. A detailed 
methodological comparison is provided in Section S3.6 and Table S5.

2.5 Global simulation matrix
We used a stratified set of 384 EPW records obtained from the Ladybug Tools EPW Map. Each record was assigned to one of the 
17 detailed climate-zone categories defined by ASHRAE Standard 169-2020. The selection ensured at least 20 EPW records in each 
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category while maintaining broad geographic coverage across the climate-zone categories. Each EPW record was simulated for the 
principal cases EC (T24) and EC (Load), while the fixed Low-E reference was retained for whole-building energy comparison. EC (T23) 
was additionally simulated for the threshold-sensitivity analysis reported in Section S1. The complete file list and record-level 
metadata are provided in Data File S1.

The primary comparison between EC (T24) and EC (Load) used identical building geometry, HVAC systems, internal loads, operating 
schedules, thermostat setpoints, weather files, and EC properties. Differences between the two cases therefore reflect the change in 
control strategy rather than changes in glazing or building characteristics. For annual and global summaries, months 1-12 were first 
summed for each EPW record. Results were then averaged arithmetically within each of the 17 climate-zone categories. The 
17 climate-zone means were subsequently averaged with equal weight.

Miami, Phoenix, Beijing, and London were selected as representative hot-humid, hot-dry, cold, and marine climates, respectively, for 
temporal analysis of the cooling-heating response.

2.6 Performance metrics
The comparison between EC (T24) and EC (Load) considered facility electricity, cooling electricity, heating gas, fan electricity, carbon 
equivalent, and annual whole-building EUI. Differences were calculated as the EC (T24) value minus the corresponding EC (Load) 
value. A positive difference therefore indicates a lower value under EC (Load), whereas a negative difference indicates a higher value 
under EC (Load). EUI was calculated from annual Electricity:Facility plus Heating:Gas, converted to kWh where necessary, and divided 
by the total floor area of 46,320 m2. All reported EUI values were calculated from unrounded source data and rounded to two decimal 
places.

Cooling electricity and heating gas were examined separately to resolve changes in the cooling-heating balance. Facility electricity 
and carbon equivalent were used to assess the broader consequences of these changes, while annual EUI provided the 
whole-building comparison. Other electricity was defined as Electricity:Facility—(Cooling:Electricity + Fans:Electricity + 
InteriorLights:Electricity + InteriorEquipment:Electricity). This residual is already included in Electricity:Facility and was not added a 
second time. The fixed Low-E reference served as an additional reference for evaluating the annual energy performance of EC glazing.

Carbon-equivalent results were taken directly from the EnergyPlus output variable Carbon Equivalent:Facility. The EnergyPlus 
calculation can be expressed as:

where Ef is the energy use of fuel f in MJ, EF is the fuel-specific emission factor in g MJ-1, and CF is the carbon-equivalent conversion 
factor in kg C per kg of pollutant. The factor 10-3 converts pollutant mass from grams to kilograms. The conversion factors used by the 
model were 0.2727 kg C kg-1 CO2, 6.2727 kg C kg-1 CH4, and 80.7272 kg C kg-1 N2O. Electricity emission factors were specific to the 
corresponding DOE climate-zone reference model and were not customized to the country or electricity grid of each EPW location, 
while natural-gas emission factors were uniform across the corresponding reference-building models. Therefore, the 
carbon-equivalent results reflect the DOE reference-model emission factors rather than the actual grid carbon intensity of each EPW 
location. The fixed Low-E reference, EC (Load), and EC (T24) cases retained the same factor definitions for each corresponding 
climate-zone model. The complete factor values are provided in Section S3.4 and Table S3.

For the climate-zone analysis in Figure 3, the EPW-record-level differences were grouped by detailed ASHRAE climate-zone category. 
The plotted symbols represent arithmetic means, and the error bars represent two-sided 95 % confidence intervals of the means. The 
calculation procedure is provided in Section S3.1.

3. Results and Discussion
3.1 Global differences between EC (T24) and EC (Load)
Figure 2 compares EC (T24) and EC (Load) by showing the mean differences for the 17 detailed climate-zone categories calculated 
from the 384 EPW records. Differences are reported as EC (T24)-EC (Load), so positive values indicate lower energy use or 
carbon-equivalent output under EC (Load).

Facility electricity was generally lower under EC (Load), although the magnitude varied geographically, as shown in Figure 2a. Cooling 
electricity exhibited the clearest response. Positive mean differences were observed for all 17 climate-zone categories in Figure 2b, 
showing that the Load strategy generally shifts EC operation toward lower cooling electricity consumption.

Heating moved in the opposite direction. Figure 2c shows predominantly negative heating gas differences, with larger penalties 
appearing in colder regions. Reduced solar heat gain is beneficial when cooling is required but can remove useful passive heat during 
heating periods. The carbon-equivalent response in Figure 2d is therefore spatially mixed, reflecting the competing effects of lower 

Smart Mater Devices. 2027;3:202657 | https://doi.org/10.70401/smd.2026.0053 Page 5 of 10

https://oss.sciexplor.com/web/files/SMD_202657_Supplementary_materials.zip
https://oss.sciexplor.com/web/files/SMD_202657_Supplementary_materials.zip
https://oss.sciexplor.com/web/files/SMD_202657_Supplementary_materials.zip
https://oss.sciexplor.com/web/files/SMD_202657_Supplementary_materials.zip
https://oss.sciexplor.com/web/files/SMD_202657_Supplementary_materials.zip
https://doi.org/10.70401/smd.2026.0053


electricity use and higher heating gas consumption.

3.2 Climate-zone cooling-heating trade-off
Figure 3 shows the EC (T24)—EC (Load) differences by detailed ASHRAE climate-zone category. Symbols represent arithmetic means of 
the EPW-record-level differences within each detailed category, with error bars indicating two-sided Student’s t-based 95 % 
confidence intervals of the means, calculated as described in Section S3.1. The category-specific sample sizes are reported in Table S4 
and Data File S1. Because the EPW records were selected using a stratified procedure rather than random independent sampling, the 
intervals are not interpreted as population-level uncertainty.

Figure 3. Climate-zone cooling-heating trade-off between EC (T24) and EC (Load). Symbols represent arithmetic means, and error bars indicate 95 % confidence intervals. 

Differences are calculated as EC (T24)−EC (Load). Positive values indicate lower energy use under EC (Load). (a) Cooling electricity difference; (b) Heating gas difference. 

EC: electrochromic.

Cooling electricity was lower under EC (Load) in all 17 detailed climate zones, as shown in Figure 3a. The largest mean differences 
occurred in 3A and 4A, while the reductions were smaller in colder zones with less annual cooling demand. The heating response 
differs markedly. In Figure 3b, heating gas differences are close to zero in warmer climates but become increasingly negative toward 
colder zones.

The two panels show that the EC (Load) case shifts the balance between cooling and heating rather than reducing both 
simultaneously. The cooling benefit remains evident across a broad range of climates, while the heating penalty grows as heating 
demand becomes more important. This divergence is reflected in the climate-dependent facility electricity and carbon-equivalent 
responses in Figure 2.

3.3 Representative-climate temporal response
Figure 4 examines the temporal structure of this trade-off in four representative climates. The heatmaps show monthly mean hourly 
differences calculated for each representative EPW location. For each month, values recorded at the same hour of day were averaged 
across all days in that month. Differences are calculated as EC (T24)—EC (Load), and the same color scale is used across the four cities 
for each metric.

Miami shows little heating response. In Figure 4a, cooling reductions occur mainly during daytime periods in winter and transitional 
months, while heating gas differences remain negligible throughout the year. Phoenix displays a more seasonal pattern in Figure 4b, 
with cooling reductions in winter, spring, and late autumn and a modest heating penalty during colder periods.

The separation between cooling and heating becomes clearer in the colder representative climates. Figure 4c shows that Beijing 
experiences cooling reductions mainly during spring and autumn daytime periods, together with pronounced heating penalties 
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during winter and transitional seasons. London, shown in Figure 4d, has moderate cooling reductions during spring and autumn and 
a less severe but more distributed heating penalty during the heating season.

The temporal results help explain why similar annual EUI values can conceal different control responses. Cooling reductions and 
heating penalties occur at different times of the year, and the latter becomes increasingly important as the climate shifts toward 
heating-dominated conditions.

3.4 Annual whole-building energy-use intensity
Figure 5 compares annual whole-building EUI and end-use composition for the fixed Low-E reference, EC (Load), and EC (T24). EC 
(Load) reduced EUI from 172.24 kWh m-2 year-1 for the Low-E reference to 146.54 kWh m-2 year-1, a reduction of 14.9 %. The changes 
were concentrated mainly in HVAC-related end uses, while lighting, equipment, and other electricity remained nearly unchanged.

Figure 4. Monthly mean hourly cooling-heating trade-off between EC (T24) and EC (Load) under representative climates. Each cell shows the EC (T24)-EC (Load) difference 

averaged across all days of the corresponding month at the indicated hour of day. Positive values indicate lower values under EC (Load). (a) Miami (hot-humid); (b) Phoenix 

(hot-dry); (c) Beijing (cold); (d) London (marine). Rows show cooling electricity and heating gas differences. EC: electrochromic.

Figure 5. Annual whole-building EUI and end-use composition for the fixed Low-E reference, EC (Load), and EC (T24). Annual values were obtained by summing months 1-12 

for each of 384 EPW records, averaging within 17 detailed climate-zone categories, and applying equal weight to the category means. EC: electrochromic; 

Low-E: low-emissivity; EUI: energy-use intensity; EPW: EnergyPlus Weather.
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The distinction between EC (Load) and EC (T24) is much smaller at the whole-building level. Annual EUI was 146.54 kWh m-2 year-1 for 
EC (Load) and 145.23 kWh m-2 year-1 for EC (T24), a difference of 1.31 kWh m-2 year-1, or approximately 0.9 %. Thus, the changes in 
cooling and heating end uses largely offset one another when aggregated over the year.

The threshold-sensitivity analysis in Figure S1 provides additional context for this comparison. Reducing the upper temperature 
threshold from 24 °C to 23 °C changes the cooling-heating balance and annual EUI across climate zones, showing that the 
performance of fixed temperature control depends on threshold selection. T24 is therefore used as a representative fixed 
temperature-based case rather than as a globally optimized threshold. The annual results should therefore be interpreted as a 
controlled simulation comparison rather than as predictions of long-term commercial EC performance. Recent experimental, 
calibrated, and in situ studies support the value of larger-scale testing and validation under realistic operating conditions[9,10,24], 
whereas practical deployment also depends on switching dynamics, sensing and control integration, optical stability, cycling 
durability, and occupant response[1,11]. These factors were outside the scope of the present study and require future field validation.

4. Conclusions
The EC (Load) and EC (T24) cases produced similar annual whole-building energy use, but they reached that outcome through 
different cooling and heating responses. EC (Load) reduced cooling electricity across most of the investigated climates, while 
increasing heating gas use. The heating penalty was small in warmer regions and became progressively larger toward colder climate 
zones.

These opposing responses largely cancel at the annual scale. EC (Load) produced an EUI of 146.54 kWh m-2 year-1, compared with 
145.23 kWh m-2 year-1 for EC (T24). The choice of control signal therefore had a much stronger effect on the distribution of cooling 
and heating energy use than on total annual EUI. EC glazing itself remained advantageous relative to the fixed Low-E reference, with 
EC (Load) reducing annual EUI from 172.24 to 146.54 kWh m-2 year-1, or 14.9 %. The T23 sensitivity case also confirmed that fixed 
temperature control is sensitive to the selected switching threshold.

Predicted sensible load is therefore useful for shifting EC operation toward lower cooling electricity consumption, but that shift 
should not be interpreted as an inherent annual energy advantage. In heating-dominated climates, the additional heating demand 
can offset the cooling reduction. Future control development should account for the magnitude of thermal demand and the 
availability of useful solar gain rather than relying only on the presence of predicted cooling or heating demand.

Supplementary materials
The supplementary material for this article is available at: Supplementary materials.
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