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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

In Singapore, a large portion of residential electricity consumption is typically used for space cooling. The operation patterns and
respective energy consumption of residential split system air-conditioning (AC) units depend on residents‘ behavior and are not
well known. Singapore’s National Science Experiment (NSE) is a nation-wide experiment that involves students carrying a small
sensor device to collect environmental data. Over 43,000 students participated in 2015, and the experiment is still ongoing. In
this study, we use the Expectation-Maximization algorithm to fit a two component Gaussian mixture model to measured data of
temperature, humidity, and pressure to infer patterns of AC exposure. The daily probability profile of AC exposure of Singaporean
students was determined. The results can be used as a basic dataset for thermal comfort and energy consumption behavior studies.
Derived patterns of AC usage could be used in building energy simulation.
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1. Introduction

1.1. Domestic air-conditioning usage in Singapore

In Singapore, the residential sector is responsible for 18% of the electricity consumption. Non-residential buildings
are responsible for 31% of this consumption, of which 60% is exclusively used for air-conditioning (AC) [1]. Split
system AC units are common in the residential sector in tropical Singapore [2]. According to [3], the proportion of
households with air-conditioning in Singapore increased steadily from 71% in 2002 to 76% in 2012. The distribution
amongst dwelling type and household income is non-uniform. For households living in 1- and 2-room public housing
apartments AC ownership is reported to be 13.5%, while 98.8% of households in private apartments own AC [3].
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Chua and Chou [4] studied the usage of AC in close to 100 households in Singapore. The study concluded that most
households turn on their air-conditioning at night between 9pm and 11pm, and off between 6am and 8pm [4]. A link
to seasonal outdoor temperature changes has not been investigated. However, a relationship between monthly total
residential electricity consumption and average outdoor temperature can be observed, with lowest consumption and
lowest temperatures in February and March [5]. Recently, Yang and Olofsson [2] surveyed 229 residents in Singapore
in relation to the patterns of AC usage. The results showed a seasonal relationship between AC usage and outdoor
weather conditions. Only 21% of the participants used AC for more than 6 months a year [2]. 40% of the participants
were using AC throughout the night (more than 6 hours), while the remaining were sleeping 1 to 6 hours with AC [2].

According to [6], public schools in Singapore are usually not air-conditioned and are encouraged to use fans for
natural ventilation.

1.2. The National Science Experiment

The NSE was undertaken to educate students about wearable Internet of Things (IOT) sensors and the analysis of
the types of data these sensors can collect in real-world environments [7]. Through collecting and studying their own
data, the over 100,000 students who participated in the experiment since 2015 were able to form and study the link
between their activities and the empirical data they generate using a series of online and offline tools (www.nse.sg).
Besides the primary pedagogical goal of the NSE, the anonymous data has been used by a large number of researchers
and public agencies to improve their understanding of complex urban systems. For example, transportation mode
choice and after-school activity preferences have been studied in depth [8,9].

1.3. Objective

The objective of this paper is to assess, whether the sensor data collected in the NSE can be used to infer use patterns
of AC in residential buildings. For this we apply statistical methods on a large set of distributed measurements with
unknown accuracy. Section 2 presents filtering and clustering procedures applied to the data. Section 3 depicts results
and data analytics. Section 5 concludes and section 4 provides an overview of limitations and future work.

2. Method

2.1. Data collection

The portable IOT sensor device (SENSg) was developed to collect data from as many physical parameters as
possible while maintaining a useful level of fidelity and frequency across all of its measurements. There are inherent
tradeoffs in this approach due to the limited bandwidth available on the sensor. Temperature (both sensible and infra-
red), pressure, relative humidity, light level, sound pressure level, motion in 9 degrees of freedom, are all recorded at
about a 0.1 Hz interval while the sensor is awake. The sensor sleeps after a period of 120 seconds without motion
in order to enable a battery life of over 7 days. Step count and transportation mode are inferred based on raw data
which is processed locally as well as inference once geolocation has been performed based on Wi-Fi access point
signatures on the server. The sensors can store an entire experiments worth of data, but typically this data is removed
and processed each day while the students are at their schools. Temperature and RH are accurate to 0.4◦C and 3%
respectively, and pressure is accurate to better than 1m of dry air. Participating students are instructed to wear the
sensor on a lanyard around their neck, except during sports activities and for sleeping. The sensors are usually handed
out to students on the Monday of an experiment week and collected again on Friday.

2.2. Data processing

Multiple filtering criteria are used to include or exclude specific sensors from the analysis. The following filtering
criteria are applied on 24h raw datasets from 12:00 to 11:59 on the next day: (1) at least 1 data point every hour,
to keep the sample size constant over a 24 h time window; (2) a minimum step count increase of 300 steps during
the p.m. hours and on the following a.m. hours, to exclude sensors that are not actually carried by students; (3) a
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minimum of 15% difference between the highest and the lowest observed relative humidity reading in the 24 h time
period, to exclude senors that seem to report constant values; and (4) a minimum temperature lower than 40◦ in every
hour; to exclude sensors that seem to report temperature values out of a reasonable range.

We used equations from [10] to calculate the humidity ratio, w in (kgwater/kgdryair) from the sensors’ pressure, p
in (Pa), temperature, T in (◦C), and relative humidity, RH in (%), recordings. This process aims to make the two
variables of analysis (temperature and humidity ratio) independent physical quantities.

2.3. Distribution based clustering

Preliminary analysis of raw measurement data revealed that the data is heavily scattered even for sensors suppos-
edly experiencing the same conditions, i.e., students of the same school during school time (see Fig. 1). We therefore
propose a clustering approach based on the following hypotheses: (a) each sensor measures either the true state of
(non-AC) outdoor air or (AC) indoor air in Singapore at a certain hour with a measurement error due to internal
and external causes; (b) all sensors’ outdoor and indoor measurements during a certain hour are part of a Gaussian
distribution, the measurement error in outdoor air includes the variation of the state of outdoor air across Singapore
at a certain time of day, and the measurement error in indoor air includes the variation of temperature and humidity
set-points of the AC systems; and (c) because of a previously observed sensor overheating issue during WIFI data
transmission, the lowest observed temperature during a certain hour is assumed to be closest to the true state of the
environment. Therefore for hours with more than one data point (i.e., sensor not in sleep mode), the sample at the
lowest observed temperature reading is selected for the clustering exercise.

We use the iterative Expectation-Maximization (EM) algorithm [11] to fit our data to a Gaussian Mixture Model
(GMM). GMM is a probabilistic model that assumes all data points are generated from a mixture of Gaussian distri-
butions. The fitting optimization is part of the Matlab Statistics and Machine Learning Toolbox [12].

We parametrized the fitting function according to our hypotheses and assumptions: (a) The GMM consists of two
components, i.e., outdoor or indoor state; (b) the two components have a shared covariance, i.e., measurements of
each of the two states follow the same distribution; (c) the covariance is diagonal, i.e., no correlation between the two
variables; and (d) we provide an initial guess for the two cluster means according to our hypothesis, i.e., [T=31◦C,
w=23 g/kg] and [T=25◦C, w=13 g/kg]. By using a soft clustering approach with threshold values between 0.4 and
0.6 for the posterior probability of GMM component membership of each data point, points that could belong to any
of the components with similar probability are assigned to both clusters. The clustering algorithm is applied at every
hour of a 24h dataset.

Figure 1. Raw temperature and relative humidity measurements of 3 sensors of students of the same school at the same time.
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3. Results

The filtering and data selection resulted in a total of 13 24-hour data sets, see Table 1 and Table 2. Each data set
consists of 24 points per sensor, representing the 24 hours of 12:00 until 11:59 the next day. The largest 24-hour set
contains data of 8064 sensors and the smallest of 469. The two main filters leading to exclusion of sensors are the step
count increase and the humidity range filter. Our interpretation is that they mainly identify the same sensors, namely
the ones assigned to be used in the experiment at that week but never handed out to a student, therefore reporting a
constant relative humidity value of their storage room and having no step count increase.

Table 1. Results of the filtering process for the first two weeks of the NSE in 2015.

week of 28. September 2015 week of 5. October 2015
MO-TU TU-WE WE-TH TH-FR MO-TU TU-WE WE-TH TH-FR

Sensors assigned to experiment 14186 14186 14186 14186 2099 2099 2099 2099
Sensors collecting data 13248 12441 11636 10696 1846 1771 1668 1472
Filter 1: 24h of data 2206 2230 2211 2064 359 395 432 1472
Filter 2: PM and AM step increase 3469 3548 5157 6551 961 757 614 0
Filter 3: Humidity sensor range 3787 3921 5578 7075 1102 646 730 857
Filter 4: Temperature minimum 358 367 364 168 55 68 78 15
Total filtered 5915 6271 7731 8610 1377 1220 1097 1472
Remaining sensors for clustering 7333 6170 3905 2086 469 551 571 0

Table 2. Results of the filtering process for the second two weeks of the NSE in 2015.

week of 12. October 2015 week of 2. November 2015
MO-TU TU-WE WE-TH TH-FR MO-TU TU-WE WE-TH TH-FR

Sensors assigned to experiment 6159 6159 6159 6159 19615 19615 19615 19615
Sensors collecting data 5187 4792 4291 3581 18540 17746 16599 15041
Filter 1: 24h of data 1211 1401 1310 3581 2754 3136 3131 15041
Filter 2: PM and AM step increase 2954 2337 1870 0 8857 6837 6562 0
Filter 3: Humidity sensor range 3401 2843 2413 2469 9349 7334 7269 10554
Filter 4: Temperature minimum 280 145 113 34 260 370 434 184
Total filtered 4242 3651 3099 3581 11254 9682 9738 15041
Remaining sensors for clustering 945 1141 1192 0 7286 8064 6861 0

In general the chosen approach leads to reasonably justifiable clusters for all 312 (13 days x 24 hours) created
GMM, see Fig. 2 for an example of the cluster on the psychrometric chart. One cluster with higher mean temperature
and humidity, close to Singapore’s outdoor conditions, and one cluster with lower mean temperature and humidity, in
the range of typical air-conditioning temperature and humidity set points. With this method the state of AC exposure
is determined for every sensor in every hour of the day for the 13 data sets. Fig. 3 (left) shows the boxplots for the
share of AC exposure in every hour of the day. The sensors that could be part of either cluster in a specific hour were
excluded of this analysis. From 05:00 to 17:00 the share of AC exposure has low variation. Around 20% - 40% of
students are exposed to AC during that time. This coincides with the time window when AC usage is not controlled
by the students’ behavior (school hours) and is consistent with the fact that the great part of classrooms in Singapore
is not air-conditioned. In the evening and night hours, the share and variability of AC exposure increases. During that
time the students’ or their family members’ individual behavior might influence the AC usage. Besides bias error, this
factor could explain the higher variation in observations. The maximum observed share (60% at 21:00 - 22:00) can
be correlated to the AC ownership in residences. This share differs from the share of 80% reported in [3].

Fig. 3 (right) shows the probability distribution for cumulative daily AC exposure. Every sensor allocation to the
lower temperature, lower humidity cluster is counted as 1 h of exposure, every allocation to both clusters is counted
as 0.5 h of exposure. With this method the average exposure to AC for Singaporean students can be determined as 6.2
h per day with a standard deviation of 6.1 h. The lower quartile is 1 h and the upper quartile is 10 h per day.
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Figure 2. Clustering - Example, night time (left) and morning school time (right).

Figure 3. Boxplot of share of AC exposure at every hour of the day (left) and probability histogram of cumulative AC exposure time per day (right).

4. Limitations

This explorative study proposes a simple data mining method to extract desired information about one sensor in a
data set of unknown accuracy obtained under uncontrolled conditions, using measurements of all other sensors. The
method has however some notable limitations: By choosing only one data point in every hour, the duration of AC
exposure is likely to be overestimated. By fixing the number of clusters, times where none or very few sensors are
exposed to AC (i.e., one single distribution) will not be correctly identified. By using a diagonal covariance matrix, it is
assumed that the humidity and temperature measurement are independent, while in reality the relative humidity sensor
relies on an internal temperature measurement. By using a shared covariance, the two components of the GMM might
not represent the true uncertainty distributions of the measurements. Furthermore, the spatial information collected by
the sensors was not used. By using a clustering approach on sensor measurements in temporal and spatial proximity
the state identification could possibly be improved.
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5. Conclusions

This paper studied the daily exposure to air-conditioning (AC) of Singaporean students. The study used the
Expectation-Maximization algorithm with a two component Gaussian Mixture model to cluster the behavior of stu-
dents wearing portable sensors during a period of 4 weeks in September-November 2015. We found temperature and
moisture content to be suitable variables for this analysis. The average exposure to AC of Singaporean students was
6.2 hours per day. The maximum exposure to AC during hours where the students are likely to be at home was 60%.
This is 20% less than the reported AC ownership for residential units. This basic dataset can be used for studies of
human behavior regarding thermal comfort and energy consumption. Moreover, typical patterns of air-conditioning
usage, extracted from the data, could be used as an input in residential building energy simulation. The method could
be applied to the data collected in 2016 and in the future to study seasonal or yearly trends and establish a link to
outdoor weather conditions. Future measurement campaigns could include the collection of information about type
of housing and household composition of the students to correlate AC usage to residential status.
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