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Abstract: Passive cooling via natural ventilation through window openings is a low-carbon strategy
to minimize cooling demand and to adapt to the rising ambient temperatures due to climate change.
However, relying on the manual control of windows by occupants is not always optimal for
maintaining indoor thermal comfort. In this study, a model-based approach using dynamic thermal
simulation program EnergyPlus is used for the optimal control of window openings to maintain
indoor thermal comfort. Based on the day-ahead weather forecast, the window opening schedule
for the next 24 h is optimized through iteration. Results indicate that the proposed optimal control
method significantly improves indoor thermal comfort than using some most commonly used
manual control and automated control based on hourly set-point and outdoor temperatures.
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1. Introduction
High indoor temperatures can induce heat-related risk to the health and safety of occupants in
the dwellings. Vulnerable group of people such as the elderly people and young children are
particularly affected by the excessive heat resulting heat-related illness or death [1]. Over 2000
additional deaths were attributed to the 2003 heat wave in the England and Wales [2]. Climate change
and deadly heat waves are of increasing concern to tackle the health challenge of hot weather.
The impact of climate on indoor thermal condition can be described into three distinct ways: (1)
heat transmission from the external environment through the building envelope according to its
insulation and thermal mass; (2) solar transmission through window opening or glazing; (3) and air
ventilation or infiltration through the windows, doors, cracks and holes [3]. Natural ventilation
through window opening plays an important role in determining indoor environment and adapting
to the impact of the climate change [4]. However, occupants lack an understanding of their ventilation
systems, resulting in inadequate ventilation in most European dwellings [5].
The control of natural ventilation is becoming more important in improving indoor air quality
and thermal comfort [6]. Conventional control of window openings is manually operated by
occupants to open or close the windows at different times of a day [7]. Sorgato et al. [8] presented
that automated ventilation control provided more hours of thermal comfort than day-time ventilation
and night-time ventilation. However, the automated control only opens windows when indoor
temperature is over set-point temperature or not less than the outdoor temperature which has not
taken account of the effect of different opening schedules on temperature changes over time. This
paper introduces a model-based approach to optimal control of window openings in next 24 h in a
UK terraced house.
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2. Methodology
2.1. Simulation Model
Simulation model has been developed to monitor the effect of window openings on indoor
thermal comfort in a typical UK natural ventilated terraced house. Figure 1a,b illustrates that the case
study room (Bed 1) is facing South in the first floor of the building in the Cardiff. The elevations of
the building are shown in Figure 1c. The windows are assumed to be closed or opened with the 50%
of the total glazed area, which considers some types of windows have different maximum openable
area, e.g., bottom and top hung windows have maximum free opening area of 20% and 80%
respectively [9]. In addition, the model is simulated using a summer day (15 July) weather as natural
ventilation is often applied for cooling in summer in the UK dwellings.

(a)

(b)

(c)

Figure 1. (a) Location of the house in the UK map; (b) Floor plans; (c) Elevations of the house.

2.2. Problem Formulation
In this research, we consider minimizing the gap between the indoor operative ( ) and thermal
comfort temperature at each hour ( ) where ∈ 1, 2, … , and
represents the optimization
horizon. The decision variables are defined as ; i.e., the window opening area at each hour . Given
a window opening schedule, the indoor operative temperature is simulated using EnergyPlus. The
cost function is formulated as:
min

(1)

where
is equal to 0% or 50% of the window area representing the status of the window: closing
or opening;
24 represents the optimization horizon; i.e., one day and
is the neutral or
comfort temperature defined in European adaptive thermal comfort standard EN15251. The neutral
temperature is the operative temperature that the average person or the largest proportion of a group
of people will report as thermally neutral or comfortable.
2.3. Optimization
A computer program has been developed to automatically modify the opening schedule in each
simulation. From the simulation, the generated hourly indoor operative temperature will then be
used to evaluate the cost function. Assume all possible window opening schedules have been
simulated and evaluated, an optimal window opening schedule will be found when comparing the
objective values. The solution framework is shown in Figure 2.
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Figure 2. Flow diagram for model-based optimal control of window openings.

Randomly opening or closing windows in each hour in a day can form a total of 2 opening
schedules. Therefore, the optimization of window openings for next 24 h can be a computationally
resource-intensive problem. As each simulation running requires 20–30 s to finish, it takes decades
to have the global optimization of 24-h opening schedule which is time consuming and impractical
in hourly control. Instead of 24-h optimization, the strategy is to use four group of with 6-h
optimization as (4 × 2 ) simulation can be completed within an hour.
3. Results & Discussions
Figure 3a presents the indoor operative temperature for different window opening scenarios.
The optimal control gives out the best result of indoor operative temperature. Compared with the
conventional opening control and automated control, they are closer to the neutral thermal comfort
temperature of 22.87 °C. The green line shows that the indoor temperature drops significantly at 11
am and 14 pm when windows are opened for cooling.
As shown in Figure 3a, most often used conventional window openings are also tested. No
ventilation and fully ventilation scenarios result in the maximum and minimum indoor operative
temperatures. It is found that indoor condition is more sensitive to night ventilation in Cardiff’s
current climate as the indoor temperature drops significantly when windows opened during the
night. Day-time ventilation strategy performs better as windows are closed during the night and no
air change would occur through the window ventilation.
Automated opening controls open windows when indoor temperature exceeds the settemperature and outdoor temperature. Compared with the optimal opening control, it
underestimates the indoor operative temperature as window openings only occurs when indoor
operative temperature overriding the comfort temperature. The reaction to outdoor weather only
considers opening or not in each hour. However, optimal control of window opening takes account
of next 6 h global optimization. The 24-h optimal opening schedule is made of four 6-h optimal
opening schedules. Therefore, the optimal control performs better than this kind of automated
controls.
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Figure 3. (a) Indoor operative temperature of each opening scenario; (b) mass flow rate of 4 different
opening scenario; (c) Hourly opening schedules (shaded-open, unshaded-close) for all scenarios.

Figure 3b illustrates the mass flow rate of each opening for the four different opening scenarios.
There is a slight difference in mass flow rate between the optimal and automated control. Figure 3c
presents the detailed opening schedules for all of the opening scenarios. As shown in Figure 3b,c,
automated control has one more opening hour and windows are opened at 9 am and 13 pm. It is
because the indoor operative temperatures are over 22.87 °C in those hours.
4. Conclusions
This paper presents a model-based approach for optimal control of window openings to
maximize indoor thermal comfort in a UK terraced house. It combines the modelling simulation and
computer programming to optimize hourly window opening schedules for next 24 h with one dayahead local weather forecast.
The proposed optimal control method provides a significant improvement in indoor thermal
comfort compared to manual control and automated control strategies. Manual control of window
openings for natural ventilation is difficult for maintaining indoor thermal comfort. Although
conventional automated control strategy can improve the indoor thermal condition, it actually
underestimates the indoor operative temperature due to no global optimization as optimal control
approach. Moreover, this approach provides significant insights on deploying actual control systems
in real buildings as it gives an optimal next-day hourly window opening schedules within an hour,
compared with conventional manual control and automated control.
Due to the limitation of time consuming iteration of simulation, this method has only considered
‘open’ and ‘close’ scenarios (50% and 0% of the total glazed area) in next 24 h. Future research should
consider more opening area of windows and use computational algorithms to improve the
optimization accuracy and speed.
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