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modelling, which will be improved using long-term
monitoring results from different project sites.

ABSTRACT
Post-occupancy modelling forms a critical part in a
doctoral research project, which aims to monitor and
assess the occupancy-related energy use and indoor
environment in a sample of UK domestic buildings.
This paper attempts to investigate the extraction of
occupancy patterns using a structural modelling
approach. The data samples are collected using a
sensor-based data acquisition system that is designed
for the monitoring project site. Required future work
for the sensor-based modelling aspect of the research
is identified at the end of the paper.

INTRODUCTION
Modelling and simulation are powerful tools in
scientific research when appropriately applied.
Sociotechnical systems such as buildings are very
challenging to simulate due to sociologically
diversified human factors. Therefore, postoccupancy, i.e. occupants’ presence and activities in
buildings tend to be overlooked or simplified in
various building simulation models. Post-occupancy
behaviour in both new and existing houses can
significantly influence the actual energy use and
closely relates to the occupants’ perception of
thermal comfort. The knowledge of energy use in
existing buildings, especially from the aspect of
occupants’ behaviour, could potentially contribute to
a cost-effective way to reduce energy use and
achieve CO2 reductions. The post-occupancy
monitoring and analysis in this paper is set within
this background. It aims to extract occupancy
patterns using a sensor-based structural modelling
approach. By connecting the behavioural patterns to
the actual energy use and indoor environment of the
house, it is a preparation for the future investigation
on the energy saving potential from behavioural
changes without compromising the comfort level of
occupants.
Starting from a brief introduction of the project site
and the monitoring design, the paper presents the
data using a series of superposed graphs that are
necessary to explain the descriptive structural
modelling discussed in the paper. Future work using
unsupervised approaches and more advanced analysis
techniques is based on the current supervised

POST-OCCUPANCY MONITORING
Site description
The monitored houses are located in the Hockerton
community in rural Nottinghamshire, UK.
Constructed in 1996, the community was among the
first multi-dwelling earth sheltered, self-sufficient
ecological housing developments in the UK (HHP,
2011). In addition to the five identically built houses,
it also includes an office annex for the community
members. Since December 2010, the monitoring
equipment has been deployed in phases to the three
subject households, which have various family
profiles, i.e. single occupant, adult couple, and young
couple with two children. With no mains gas and
central heating system on site, the domestic
electricity profiles and occupancy patterns can be
recognised from the usage patterns of electrical
appliances and the respective effect on the indoor
environment in each family.
Conventional electric immersion heaters are used in
the super-insulated water tanks with thermostatic
control and various timer settings in each house. A
shell and coil heat exchanger is used within the water
tank. Flowing water from the coil is used for
cooking, washing, bathing and other daily hot water
requirement. The temperature from the hot water tap
is around 42 °C. This operational mode is applied to
achieve electricity efficiency without legionella
related concerns. The major continuously operating
electrical load is the fans of the mechanical
ventilation with heat recovery (MVHR) system.
Arrays of solar photovoltaic (PV) panels on the roof
of the five houses have an inverter unit in each home.
Although the generated electricity is shared within
the community rather than consumed locally by each
household, the separate inverter unit enables the
microgeneration monitoring at the level of individual
household to provide further insights into the
domestic electricity profile of both consumption and
generation.
Monitoring contents
The monitored variables are divided into three
categories: indoor and outdoor environments,
domestic electricity use, and residents’ presence and
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movement status. A distributed data logging system
is applied using battery operated stand-alone loggers,
with no requirement of the availability of PC-based
networks. Data are downloaded to a laptop PC during
site visits undertaken at monthly intervals. Four sets
of indoor hygrothermal loggers are deployed in
different living zones of each house, i.e. kitchen,
living room, bathroom and sunspace. The single
occupant home has a separate shower room, where an
extra logger is deployed. To examine the influence of
outdoor conditions on the indoor envrionment and
electricity use patterns, the microclimatic parameters
are monitored using a weather station. The
measurement and transmission of domestic electricity
use at ten minute intervals is enabled by using
internet peripheral equipment related to the smart
meter product and its on-line portals. Prior to the use
of the internet peripheral equipment, only bihourly
data can be recorded for both electricity use and PV
mircogeneration in each house. Although certain
occupancy activities can be indirectly inferred from
the variations of indoor temperature and humidity,
event loggers were deployed to directly meassure the
residents’ presence and movement. The monitored
events include the use of the doorway mat and the
operational status of the frequently operated doors
(the doors between the sun space and the living areas
in the Hockerton homes).
Table 1
Logging contents and installation phases
Phase
1

2
3

4
5

Logging
contents

Logging
interval

Starting
date

Indoor
hygrothermal
Electricity use
Micro generation

10 min
(adjustable)
Bihourly
Bihourly

15/12/10

Weather
conditions
Indoor
illumination
Doorway mats and
certain doors
Average electricity
load

15 or 20 min
(adjustable)
10 min
(adjustable)
Real time

11/02/11

10 min (set
by the web
portals)

All the doors
Residents’
movements

Real time
Real time

2 houses on
11/02/11, 1
house on
18/03/11
13/04/11
11/07/11

11/01/11

data set at present, is selected for the analysis in this
paper. If the modelling methods can be effectively
applied to one house, it is expected that they will be
feasible in other houses as well. In addition to the
Hockerton homes, a similar monitoring scheme is
applied in another group of conventionally built
houses with similar family profiles of retired elderly
couples. The monitoring of the two groups of case
study houses will last over a full calendar year. The
long-term monitoring data, especially the data in the
next heating season, will facilitate a cross
comparison of energy related occupancy activities in
houses of each case study group.

MONITORING RESULTS
Some monitoring results, in the aforementioned three
categories, from the single occupant home are
presented in Figure 1-8 at the end of the paper.
According to the occupational logbook provided by
the resident, the house was unoccupied for several
days before the 9th May when the occupant returned
with a guest in the evening. Therefore, the use of
electricity and the doorway mat in the two
consecutive days of the 9th and 10th of May,
representing the unoccupied and occupied conditions
of the house respectively, are presented in Figure 1.
The hygrothermal and weather data are plotted
individually in Figure 2-5 for each day to pinpoint
the occupational influence on the indoor environment.
The PV micorgeneration, although only in bihourly
resolution, closely relates to the illumination as
shown in Figure 6-7. The period from 16th March to
10th May, within which features a complete set of
data in the single occupant home, is selected in
Figure 8 to present the potential correlations of the
electricity use, out door temperature and occupational
status of the single occupant home.

MODELLING INVESTIGATION USING
THE MONITORING RESULTS

Data collection has been phased as in Table 1. A
relatively comprehensive data profile has only been
available for a few months. Data loss occurred due to
vaious reasons in the initial few months. This has
further confined the valid period for a cross
comparison of the domestic electricity profiles of the
three monitored homes. Therefore, the single
occupant home, which has a more comprehensive

Post-occupancy in building simulation
Simulation, an alternative name of modelling, is
commonly used in computational science and
engineering fields. It is applied either conceptually or
mathematically to express the behaviour of a given
system. Building simulation is an important tool for
building design, operation and performance
assessment. It emerged as a separate discipline in the
late 1970s following the advancement in information
technology, and has been increasingly developed
surrounding its kernel studies of energy and mass
flow. (Malkawi and Augenbroe, 2003). However,
post-occupancy or the occupants’ presence and
activities, is generally overlooked or artificially
simplified in the quantitative analyses of various
commercial and academic modelling tools. For
example, Malkawi and Augenbroe (2003) state at the
beginning of their book that human factors are not
included in their discussion on the advanced building
simulation. In addition, the UK’s Building Research
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Establishment’s Domestic Energy Model (BREDEM)
predicts energy use based on total floor area and
occupant numbers of the house, while taking no
account of the occupant behavioural variations (Firth,
et al., 2008).
Although occupants’ activities are closely related to
the actual energy use and indoor environment and
can thus significantly influence the actual energy use,
challenges still exist in the monitoring and modelling
partially due to the sociological diversity of human
behaviour. Modelling and simulation are not panacea
for all system related problems, especially for the
sociotechnical system such as buildings, in which
three involved aspects, i.e. human, technology and
system operation, can determine the system
performance (Harrell and Tumay, 1995). In
sociotechnical systems, modelling can only help to
evaluate the system performance rather than to
provide solutions. The modellers must select
appropriate methods to describe the system and then
to apply the output back to the system as system
control or alarm parameters (Harrell and Tumay,
1995). Along with the development in the technology
of data acquistion and the techniques of data analysis,
the research applying multidisciplinary modelling
methods to the occupancy-related management of
electricity and indoor environment in buildings, is
starting to boom, such as the stochastic Markov
Chain modelling applied by Page, J. et al (2008), the
fuzzy controller in the research of Kolokotsa, D. et al
(2005), and the time series analysis carried out by
Stuart, G. et al (2007). Most of the research as above
focuses on a single type of data, e.g. the office users’
movement capatured by the Passive Infrared (PIR)
sensors in the research of Page, J. et al (2008).
No single modelling tool is currently applicable to all
tasks. Modelling methods vary from visualisationbased tools to algorithm-based ones. Visual
examination can recognise the distribution and
interrelationships of data points through an
appropriate scale of display as in Figure 1-8.
However, scientific researchers usually do not
consider picture-drawing as a kind of analysis, except
for the initial investigation stage, even when it is
sometimes the only applicable approach for certain
cases (Fayyad, et al., 1996). This predisposition
partially results from the ambition to develop
intelligent modelling tools to assist human beings in
the identification of the inherent regularity or patterns
in the voluminous data.
Considering the wide range of data categories
involved in this study and the relatively early stage of
monitoring, this paper adopts the structural models
that aim to describe the phenomena of a studied
system (Guttorp, 1995).Forcast models that focus on
outcome predictions using various stochastic or
computational tools will be the major elements of the
next stage of research, although certain time-series
forcast will be generally disccussed for the data in
Figure 8 in this paper.

Electricity profile of the single occupant home
The electrical appliances in the single occupant home
are listed at the end of the paper in Table 2 in
different categorises of load. Continuous loads refer
to constant power consumption, i.e. the always-on
values of electricity use such as the 13W and 24W
for 9th and 10th May respectively. Standby loads are
the power required for not-in-use status of appliances
such as televisions, set-top boxes and PCs. Although
not directly available, the standby loads can be
inferred from the difference between the continuous
loads of 13W and 24W. It showed that the resident
had no stand-by appliances when leaving the house
unoccupied, except for the internet wireless router
that is required to transmit the electricity use data.
The load of the MVHR fans around 14W was added
onto the router load after the resident coming home,
and thus came the 24W continuous load on 10th May.
Cold loads come from the appliances with
consumption cycles, such as fridges and freezers. The
loads between 00:00am and 04:00am after
subtracting the continuous loads, presented the cyclic
patterns of 2W-92W and 6W-95W for 9th and 10th
May respectively in Figure 1. A cross-reference to
Table 2 shows that the individual cold load of the
three fridges/freezers ranges between 90W-95W.
Therefore, the consumption cycles of the three
fridges/freezers were consecutive to each other rather
than overlapping. Active loads refer to those being
frequently switched on and off, such as kettles, lights
and washing machines. Patterns of the active loads
vary largely for each day, especially in different
seasons. The individual appliance monitors (IAMs)
of the smart meter product will enable the monitoring
at the level of individual appliance in the future work.
For 9th and 10th May in this paper, active loads can be
roughly inferred using Figure 1 and Table 1. The
only active load before the resident came back
around 22:00pm on 9th May was the immersion
heater controlled by the tank thermostat since the
timer was broken. The shape and amplitude
similarities in Figure 1 show that the heater was
switched on around 08:20am to 09:00am on 9th May
and around 04:50am to 05:30am on 10th May.
Therefore, water heating of less than one hour every
day can meet the daily requirement of heat exchange
with the flow water in the season as May. The minor
peaks around 07:00am to 08:00am were less than
280W. Since Figure 4 and 5 show no activities
occurred in the kitchen or living room around this
period of time, the two peaks probably resulted from
activities relating to getting up, such as light switch
in the main bedroom and bathroom, television
watching and changes of cold load cycles due to the
opening and closing of the fridge door. These minor
peaks resembled closely to all the other minor peaks
around 280W in both 9th May (after 22:00pm) and
10th May. Therefore, it may be assumed that 280W
can represent the sum of the active loads, continuous
loads and standby loads when the house is occupied.
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The two major spikes reaching 1.2kW around
08:40am and 18:00pm may represent the kettle use
without full water load, if cross-referenced with the
use of the doorway mat. The period from 08:00am to
11:00am was rich in various occupancy activities,
probably the use of hob rings, microwave oven or
bread maker. It is very challenging to discern the use
pattern without the use of IAMs. However, the
plateaus around 700W between 09:30am to 10:30am
and 17:10pm to 17:50pm were probably from the use
of the hob or oven in respective level settings. The
other spike around 800W from 15:30pm to 15:40pm
were possibly due to the use of microwave oven,
since the use pattern of the doorway mat also
presented a short-term occupancy in the house. The
aforementioned load analysis, although broad-brush,
is critical towards the identification of the electricity
use profiles in both occupied and unoccupied homes.
Validated profiles can be used in demand prediction
relating to occupancy status in the future.
Indoor environmental conditions of the single
occupant home
Temperature (T) and relative humidity (RH) are two
major parameters for indoor environmental
monitoring. Especially during heating seasons,
inside-outside temperature difference and indoor
temperature distribution in different living zones are
directly related to the adaptive approach of thermal
comfort of the residents. RH levels in different living
zones can reflect the dissipation effect of humidity
arising from energy-related activities, such as
cooking and washing. Occupants’ presence and
window/door control can influence RH levels, which
can thus be used as an indicator for post-occupancy
research. Figure 2-5 show that the occupancy
activities only have a minor influence on the indoor T
and RH, except for the showering event. The MVHR
system rapidly flattened the peaks of T and RH,
although RH generally took a longer time than T to
return to the ambient values as would be expected.
The comparison between the monitoring results in
January and May shows that the average temperature
in each indoor living zone in January is 2-5 °C lower
than that in May, even in cold and windy days. The T
and RH in January, although evenly distributed in
each living zone, tend to cover a wider rage for
different living zones than that in May when T and
RH in all indoor living zones tend to converge
together. In addition, the indoor T and RH in January
were more easily infulenced by events such as
cooking or showering. After these occupancy
activities, it generally took longer for the MVHR to
flatten the larger amplitudes of the T and RH
variations than that in May. Natural ventilation
through window/door operations in May has
obviously contributed to the aforementioned
difference in January and May. Therefore, the
seasonal natural ventilation factor has to be
considered when selecting the variation of T and RH
in different seasons as criteria of occupancy

judgement. The sunspace has performed effectively
as a buffer zone between the outdoor and the indoor
living zones where a realtively stable range of T and
RH can be achieved in various seasons. Another
factor that has to be considered for the sunspace
temperature measurement is the influence of the
direct solar radiation, although meassures to shield
from it have been considered, onto the loggers. On 9th
May, the highest tempeature in the sunspace reached
32 °C in Figure 2, which might not be the real
ambient temperature but due to the effect of direct
solar radiation. The same situation is in the outdoor
weather station unit when measuring the outdoor
temperature. The sunspace T and RH are
significantly cross-correlated with the outdoor T and
RH as shown in Figure 2-5, even at points when both
of them are largely influenced by direct soloar
radiation.
Illumination is another critical factor for indoor
comfort. Figure 6-7 show that the daylight through
the sunspace played an important role in the indoor
illumination. Artifical lighting only takes a limited
proportion. The spikes of illumination around
18:00pm to 19:00pm of the unoccupied 9th May may
result from the influence of certain outside temporary
lighting under unknown situations. The PV
microgeneration is superposed in the illumination
Figure 6-7, since the radiation closely relates to
natural light. In comparison to the electricy use of
2.08kWh and 4.85kWh on 9th and 10th May
respectively, the microgeneration of 5.39kWh and
4.31kWh in these two days has entirely realised the
electricity self-sufficiency for the home.
An investigation of electricity use prediction
Although in time-series data format, the daily
electricity use as in Figure 1 is not feasible to apply
time-series models due to the challenges in
discerning the random use patterns. However, the
relatively long-term data in a macro scale as in
Figure 8, although not significantly normally
distributed (p=0.138), may facilitate the bivariate
analysis and time-series models.
Two-step quick cluster analysis in Figure 9 validates
the visual examination of Figure 8. The daily
electricity use can be calssified based on the
occupancy status of the house. Pearson bivariate
correlations with two-tailed test significance are
applied for the ‘daily electricity use versus
occupancy status’ and for the ‘daily electricity use
versus daily average outdoor temperature’
respectively. The formal correlation is significant at
the 0.01 level (p=0.000), whereas the latter one at the
0.05 level (p=0.030). This shows that the daily
electricity use in this spring has been more related to
the occupied or unoccupied status of the home rather
than the outdoor temperature. The results may be
different if the test is run for a winter season when
mobile heaters have to be used.
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Figure 9 The cluster of electricity use (16/03/1110/05/11) using occupancy as categorical variables
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Although requiring extensive training, the structural
modelling is the basis of the future unsupervised
event-based modelling, using more advanced tools
such as fuzzy logics and other computational
intelligence techniques. The only forecast modelling
applied in this paper is the ARIMA modelling for the
daily electricity use. Although the p, d, q factors may
vary for different data sets, it is an interesting
methodological trial in load prediction at the current
research stage.
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Figure 1 The profile of domestic electrical loads in an occupied and an unoccupied day respectively in the single
occupant home of Hockerton community

Figure 2 Temperature of the outdoor and five indoor zones recoded in the unoccupied day, 9 May 2011, in the
single occupant home of Hockerton community
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Figure 3 Humidity of the outdoor and five indoor zones recoded in the unoccupied day, 9 May 2011, in the
single occupant home of Hockerton community
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Figure 4 The temperature of outdoor and five indoor zones recoded in the occupied day, 10 May 2011, in the
single occupant home of Hockerton community
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Figure 5 The humidity of outdoor and five indoor zones recoded in the occupied day, 10 May 2011, in the single
occupant home of Hockerton community
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Figure 7 The light intensity in the five indoor zones recoded in the occupied day, 10 May 2011, in the single
occupant home of Hockerton community
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Figure 6 The light intensity in the five indoor zones recoded in the unoccupied day, 9 May 2011, in the single
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Figure 8 The superpose of daily electricity use, outdoor temperature and occupancy status over the period of
16 March 2011 to 10 May 2011, in the single occupant home of Hockerton community
Table 2
Appliance categories and power load in the single occupant home of Hockerton community
Category
Continuous
Standby

Cold

Appliance

In-use power(W)

MVHR fans
Internet wireless router
TV
Set-top box of TV

14 (only when occupied)
12 (for monitoring equipment)
55
25

DVD player

20

Standby
power(W)
NA
NA
To be investigated

Radio Micro HiFi

33

Laptop

50 (estimation)

Fridge freezer

90

NA

Freezer 1

70

NA

Freezer 2

95

NA

Immersion heater

650 (estimation)

NA

Kettle
Toaster
Microwave oven
Bread maker
Iron
Washing machine
Towel rail + mobile heater
Hob
Oven
Lighting – CFL
Porch
Landing space
Utility room
Sunspace
Kitchen
Dining room
Living room
Guest bedroom 1-3
Music room
Study room
Shower room
Bathroom, lavatory
Main bedroom

2200 (for full water load)
980
900
600
1650 – 1800
2100
300+700 = 1000
6000 (in total for 4 rings)
2800
7
11
9
7 (W) x 5 (Piece) = 35
20 (W) x 2 (Piece) = 40
11+7+7 = 25
7+7+20+12 = 46
20 (W) x 3 (Piece) = 60
11
15
7
7+20 = 27
20+16+20+11=67
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