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Abstract 

Window operating behaviour has an important influence 

on ventilation and energy consumption of offices. 

However, the previous study mainly focuses on single 

offices. The window operating behaviour in the open-plan 

office, influenced by cluster and conformity psychology, 

window operating behaviour is typical, while showing 

complex, random and diverse characteristics. In this paper, 

Questionnaire and field measurements were used to 

collect the data of an open-plan office. Based on the 

mathematical probability functions which described the 

quantitative relationship between the status of the window 

and the influence factors, this paper constructs a 

multivariate polynomial linear fitting stochastic model to 

simulate the window operating behaviour in the open-plan 

office. 100-times simulations were performed to verify 

the model. The simulated results show the characteristics 

consistent with the measured results on the open rate, 

outdoor temperature/time distribution. This calculation 

model is a beneficial supplement for the energy 

consumption simulation software in the window state 

prediction module.  

Introduction 

As the grim global energy situation, energy consumption 

of office building has become a public hot topic. The 

energy consumption of office buildings constitutes almost 

1/5 of total energy use by building (Pérez-Lombard, 2008). 

Therefore, reducing office building energy consumption 

while continuing to satisfy the occupant well-being and 

keeping higher productivity is particularly important.  

Li (2014) have studied the elements influencing office 

building energy consumption. According to a study in 

IEA Annex 53, factors influencing office building energy 

performance can be classified into four categories, 

including climate, building envelope, building equipment, 

and occupant behaviour(Yoshino, 2017). Occupant 

behaviour here refers to operating and maintenance, 

occupancy, and indoor environmental conditions. 

Windows operating behaviour is an important occupant 

behaviour which can influence and adjust ventilation 

system and energy consumption directly and thus has 

attracted global concern (Hong, 2016; Hong, 2017; 

D’OCa, 2018).  

There is a lot of previous research that relates adaptive 

thermal comfort to study opening windows. These 

research focus more on people's comfortable feelings and 

feedback. Different from thermal comfort research, the 

research in this paper focus on the directly mathematical 

relationship between the influence factors and window 

open/closed status.   

Gunay (2013) has summarized and classified the studies 

on occupant behaviour in offices in the past 20 years. He 

sorted these research achievements into three categories 

in accordance with different methodology and gradual 

depth of research: observational studies, modelling 

studies, simulation studies. Based on larger sample survey, 

Ekbatan (2015), Herkel (2008), D 'Oca (2014), Rijal 

(2007), et al. found that the indoor and outdoor 

temperature, the daily work schedule of occupants and the 

initial status of window are the main factors affecting the 

window operating behaviour. Researchers generally 

adopt two methods to quantitatively describe the observed 

law: state-based statistical regression analysis and action-

based statistical regression analysis. The state-based 

analysis method mainly focuses on the direct 

mathematical relationship between the window status and 

the influencing factors at a certain moment, while the 

action-based analysis emphasizes the influence of 

environmental stimuli on the switching moments of the 

window. Rijal (2007) put forward the regression 

correlation between the physical parameters of window 

opening rate, daily work schedule of occupant, indoor and 

outdoor temperature, CO2 concentration and so on by a 

variety of ways such as linear fitting, polynomial analysis 

and logistic regression. And then some researchers used 

the Monte Carlo method to hourly simulate the window 

status (Chen, 2017; D'Oca, 2015; Feng, 2015; Zhang, 

2012). 

Researches before mainly focused on the window 

operating behaviour in single offices or residential 

buildings. Open-plan offices are widely-used space type. 

Distinguishing from the single office, the open-plan 

offices accommodate more people at the same time and 

have the features like flexibility and openness. Therefore, 

the window operating behaviour in open-plan offices is 

more complicated and needs further research. 

The main aims of this study are as follows: 

1. To figure out the mathematical relationships between 

the window operating behaviour and the influencing 

elements in open-plan offices;  

2. To construct the stochastic model of window operating 

behaviour in open-plan offices; 

Proceedings of BSO 2018: 
4th Building Simulation and Optimization Conference, Cambridge, UK: 11-12 September 2018

672



3. To verify the accuracy and effectiveness of the 

proposed model in this study. 

Methodology 

Technical approach 

Figure 1 is an integrated flowchart of this study. The 

research content is divided into three parts: 1) determining 

the influencing factor; 2) fitting the mathematical function; 

3) constructing the stochastic model. Firstly, an open-plan 

office was taken as a study case. Questionnaire and field 

measurements were conducted to collect all-round data 

for a whole summer (During 2017.08.27-2017.09.30). 

Correlation analysis, distribution characteristics analysis 

and coupling analysis were conducted to figure out the 

influencing elements of window operating behaviour in 

 

Figure 1: Research logical flowchart.

the open-plan office. Secondly, statistical analysis was 

used to determine the function relationship between 

influencing factors and window status. Multivariate 

polynomial linear fitting was applied to gain the 

mathematical expression. And then a stochastic model 
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was construct to simulate the windows operating 

behaviour in the open-plan office. Verification was 

conducted to test the stability, accuracy and computation 

speed of the model. 

Case study & Influencing factors 

An open-plan office located in Nanjing, Jiangsu Province 

was studied here. The open-plan office is located on the 

western first floor of the building. As this study focuses 

on window operating behaviour, and the surrounding 

small offices have little impact on the activity of the 

central area, we only studied the area indicated in shadow 

in Figure 2. The survey area is approximately 110 m2. The 

north and south walls have three groups of push-pull 

windows, which are double glazed and covered with 

sunshades. The open-plan office receives mixed 

ventilation, and the air conditioners (ACs) are placed in 

the four corners. There are 25 office staffs who perform 

various jobs, including graduate students, heating 

ventilation air conditioning (HVAC) engineers, electrical 

engineers, and architects. 

 
Figure 2: Plan of the open-plan office. 

A total of 20 questionnaires were issued, and the valid 

returned rate was 70% (14 of 20 returned). The 

influencing factors in the questionnaire were divided into 

two groups: environmental and non-environmental 

factors. The environmental factors included indoor and 

outdoor temperatures humidity, air quality (PM2.5 

concentration and CO2 concentration). Non-

environmental factors included personal occupancy 

schedule, age, gender, other equipment, and behaviour. 

The influence of bad weather conditions was also 

included in the questionnaire. In addition, to identify 

typical window operating behaviour, the frequency of 

each person’s window operating behaviour was also 

recorded. 

According to the initial analysis of questionnaires data, 

outdoor/indoor temperature, outdoor/indoor humidity, 

occupied/unoccupied, window open/closed status and 

ACs on/off status were recorded during August 27, 2017 

to September 30, 2017. To record these basic 

environmental data and operating behaviour, five test 

points were established in the open-plan office, as shown 

in Figure 2 (Position 1-5). Test points 1, 2, and 3 were 

placed within the room, and test points 4 and 5 were set 

to record the status of the south and north windows (each 

orientation one group typical window), respectively. All 

the measured data were recorded at 5 min intervals by 

self-recording devices. Furthermore, to record 

environmental parameters within the occupants’ activity 

area, test equipment was set at a height of approximately 

0.75 m above the ground. 

Based on questionnaires and field measurements data, the 

window-state change actions were investigated and 

analysed. It is found that the factors influencing window 

operating behaviour can be divided into two categories: 

environmental and occupancy factors. Outdoor 

temperature, the daily work schedule of occupants and the 

status of ACs are three decisive factors that affect window 

operating behaviour. The following model was 

constructed based on these three influencing factors. 

Fitting the mathematical function 

It is crucial to determine the appropriate mathematical 

expression to quantitatively describe the relationship 

between the influencing parameters and the probability of 

window status. Considering the correlation of the 

influencing factors and window status, multivariate 

polynomial linear fitting method was chosen to figure out 

the probability function using MATLAB. 

Constructing the stochastic model 

Based on the probability function, a stochastic model was 

developed which simulates the window status hourly. The 

simulation process was divided to several discrete time 

steps.  

Figure 3 shows the inherent calculation logic for one-time 

step. Occupancy schedule, outdoor temperature and ACs’ 

status were considered as input parameters for each time 

step, and the randomness of occupant schedule was avoid 

in the model. After one step simulation, the model output 

the window status of this moment.  

When the simulation began, a certain on/off window-state 

was needed as input to initialize the model. Next moment 

used the window status of last moment as input. 

Depending on the inputs, if the open-plan office is 

unoccupied, the window keeps the same status with the 

last moment. Otherwise, the model goes on. As shown in 

the flowchart, there are two core probability functions 

which determine the window status: PAC and PT-t.  

A uniform random number in each stochastic process is 

generated and compared with the probability calculated 

through PAC and PT-t to decide the window status. If the 

random number is lower than the probability or equal, the 

window is set to open. Otherwise, the window is closed. 

These two functions are independent of each other.  

The window status prefers to keep an unchanged status in 

a period of time according to the measured data. Thus, an 

anti-dithering program has been added to the model to 

prevent frequent window changes. According to the 

measured data, the window would not be changed within 

half an hour. Thus the anti-dithering program was design 

to keep windows from changing for at least 30 minutes. 

When the output status of each step is not as same as last 

moment, this part come into play. All the program realised 

in MATLAB. 
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Results and analysis 

Function fitting results 

The coupling probability function in related with the 

outdoor temperature and time 

Previous case study found three typical window operating 

patterns classified under the influence of outdoor 

temperature: ventilation at night (around 35 ℃), 

ventilation in the morning (above 37℃), keep the window 

open all day (approximately 25°C) (Zhou,2018). However, 

with the multi-factor analysis of outdoor temperature and 

occupant schedule. It is found that these two factors affect 

the window operating behaviour in a coupling way.  

In data processing, the probability of window-open status 

at a certain outdoor temperature and time is equal to the 

number of window-open points divided by the total  

 
Figure 3 Logical flowchart of modelling procedure. 

number of occupied time points. Taking full account of 

the coupling influence of outdoor temperature and time of 

the day, the mathematical expression conforms to the 

polynomial distribution with a goodness of fit (R2) of 0.64. 

Figure 4 is the result of the binary function. The effective 

range is 22℃ ~ 41℃. The fitting function was: 

P
T-t

=-51.75+4.65·T+1.257·t-0.1373·T
2
-0.05586·T·t-

0.02951·t
2
+0.001308·T

3
+0.0008125·T

2
·t+0.0002639·T·t

2

+0.0004092·t
3    

                                                            (1) 

Where PT-t is the probability of the window-open status, T 

is the outdoor temperature, t is the time of day. 
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Figure 4 Fitting relationship between frequency of 

window open-status and outdoor temperature and time 

of day. 

The probability function in related with the status of 

ACs 

Through the comparison with the moments of switching 

windows, it is found that the switching moments of 

windows and ACs were matched. 

Table 1 shows the frequency of the window status at 

different ACs status. It was found that the piecewise 

function is more suitable to describe the relationship. The 

function was: 

                  (2) 

Where PAC is the probability of the window-open status. 

Table 1 Frequency of the window status at different ACs 

status. 

 Counts Frequency 

Occupied & ACs turn off 1779  

Occupied & ACs turn off & window open 1592 0.895 

Occupied & ACs turn off & window closed 187 0.105 

Occupied & ACs turn on 1759  

Occupied & ACs turn on & window open 174 0.099 

Occupied & ACs turn on & window closed 1585 0.901 

Simulation results and verification 

Field data was used as the source of the inputs here. To be 

consistent with the field data, the simulation time step was 

set to 5 minutes.  

During 100 times simulation, the model shows good 

computational speed. It only spent 10 minutes to complete 

the 100 times’ calculation.  

Figure 5 shows the open rate of measured and simulation 

results. The open rate here equals to the amount of 

window keeping-open time points divided by the total 

amount of occupied time points. Dotted line of 0.42 in 

Figure 5(a) is the measured open rate, and it is within the 

scope of the simulation results. As can be seen, the 

simulated results are quite concentrated, which only 

fluctuates between 0.3 and 0.5. Figure 5(b) illustrates the 

dispersion of 100 simulation results. In the figure 5(b), 

most simulation results concentrate between 0.39 and 

0.44. And the average of simulation results is 0.41. 

 
(a) Distribution of simulated results. 

 
(b)  Scatter of simulated results. 

Figure 5 Turn-on rate of measured and simulated 

results. 

The average frequency distribution of outdoor 

temperature and time were compared with the measured 

results here. As shown in Figure 6(a), the left light grey 

bar presents the total amount of occupied time points at 

each outdoor temperature. The middle dark grey bar is the 

total number of measured window-open points while the 

room was occupied. And the right grey bar is the 

simulated window-open points while the room was 

occupied, which is the average result of the 100-times 

simulation. The general trend of temperature distribution 

of the simulation results is consistent with the measured 

results. The Figure 6(b) reveals the discreteness of 100-

times simulated frequency under different outdoor 

temperatures. The red line with circle shows the rule of 

measured frequency of window-open state, and the black 

line with square is the average frequency of window-open 

states from 100-times simulated results. It can be seen that 

all the measured data are within the scope of simulation 

results. Each small box-plot shows the scatter of 

simulation results. The simulated results in Figure 6(b) 

scatter slightly under 22℃  and 23 ℃， because the 

measured data have very few occupied time points under 

these temperature, as shown in Figure 6(a). However, 

from Figure 6(b), it can be seen that the simulation results 

are relatively concentrated under other outdoor 

temperature, and the simulated general trend fits well with 

the measured data. 

PAC= 

0.099 （AC on） 

 

0.895 （AC off） 
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(a) Frequency comparison between measured results 

and average simulated results. 

 
(b)  Scatter of 100 times simulated results. 

Figure 6 Distribution of outdoor temperature. 

Figure 7 shows the time distribution of measured and 

simulated data. In Figure 7(a), the left light grey bar 

presents the total amount of occupied time points at each 

hour of the day. The middle dark grey bar is the total 

number of measured window-open points while the room 

was occupied. The right grey bar is the total number of 

simulated window-open points while the room was 

occupied, which was gain from the average result of 100-

times simulation. It proves that the overall trend of 

simulated frequency is almost same as the measured 

results. Similarly, Figure 7(b) shows scatter of the 

probability of the 100 times simulated results according 

to time distribution. The measured data line is within the 

scope of simulation results and the 100 times simulated 

results are concentrated except the data during 00:00 to 

01:00. Since there are only two measured occupied time 

points, the simulation results from 00:00 to 01:00 will 

appear to be scattered. The trend of simulated results also 

fit well with the measured data. 

 
(a) Frequency comparison between measured results 

and average simulated results. 

`

 
(b) Discreteness of 100 times simulated results. 

Figure 7 Distribution of time. 

Conclusion 
In this paper, an open-plan office was taken as a case 

study to figure out the window operating behaviour. 

Through the comprehensive analysis of questionnaires 

and field measurements data, it can be concluded that 

outdoor temperature, the time of the day, and the on-off 

state of ACs are the three main factors affecting the final 

window operating behaviour. And with further 

exploration, the mathematic expression describing the 

relationship between window state and influencing 

factors were found. Based on these probability function, a 

stochastic model was construct to predict the window 

operating behaviour in the open-plan office. The detailed 

conclusions are as followed: 

1. The mathematic expression of probability function 

in related in outdoor temperature, the time of the day, 

and the on-off state of ACs was determined 

The mathematic relationship between window operating 

behaviour in the open-plan office was studied in this study. 

Based on the data analysis and calculation, the probability 

functions between the window status and the influence 

factors are as followed: 

The coupling probability function in related with the 

outdoor temperature and time: PT-t 
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P
T-t

=-51.75+4.65· T+1.257· t-0.1373·T
2
-0.05586·T·t-

0.02951·t
2
+0.001308·T

3
+0.0008125·T

2
·t+0.0002639·T·t

2

+0.0004092·t
3    

                                                            (1) 

The probability function in related with the status of ACs：
PAC 

 (2) 

2. A technical flowchart was come up to describe the 

window operating behaviour in the open-plan office. 

PAC and PT-t were taken as two key calculation cores of the 

model. A uniform random number in each stochastic 

process is generated and compared with the probability 

calculated through PAC and PT-t to decide the window 

status. With a series of logical judgment sequence, the 

window status of each time moment was determined. The 

computational efficiency and coupling effects between 

influencing factors were considered in this model. 

Meanwhile, considering the windows tend to keep 

unchanged within 30 minutes, an anti-dithering program 

was added in each time step.  

3. Propose three criterions to verify the model. 

Whether the model can describe the window operating 

behaviour in the open-plan office precisely is an 

important aspect for verification. In this study, open-rate 

and outdoor temperature distribution and time distribution 

are proposed as three inspection standards to verify the 

accuracy and stability of the model. The model shows 

good calculation speed and stability. Through the 

comparison with the measured results, the simulated 

results also performance a good level of dispersion and 

accuracy in open-rate and outdoor temperature 

distribution and time distribution. 
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