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a  b  s  t  r  a  c  t

Using  a  visualization  engine  to  display  the analyze  results  of  power  consumption  data  in a  building
can  provide  immediate  and informative  feedback  for  energy  conservation  research.  Previous  research
has demonstrated  that  change  of  residents’  behavior  can  facilitate  achieving  the  net-zero  energy  goal
for a building.  This  research  proposed  a system  called  iARTS  (interactive  Augmented  Reality  system  for
Temporal  and  Spatial  analysis  of  power  consumption  data  integrated  with  building  information  models)
that  was  designed  to: (1) integrate  building  information  model  data  into  power  consumption  data  sets
in  order  to  visualize  the  analysis  results  in  Unity,  which  is a  visualization  engine  originally  designed  for
game  development;  (2) perform  a spatiotemporal  analysis  mechanism  to help  residents  realize  an  energy-
saving  tip,  by  identifying  the  appliances  to be  turned  off;  (3)  perform  another  spatiotemporal  analysis
mechanism  to identify  the  appliances  that  can  be  used  jointly  in order  to consume  all  the  solar  PV-
generated  electricity  at a maximum;  (4)  provide  residents  with  query  forms,  scenes  retrieval  functions,
and  animations  to educate  residents  as to where  and  when  to  implement  the  aforementioned  energy-
saving  tips.  With  the  use  of iARTS,  the  temporal  relationships  between  power  sockets  and  appliances  can
be  accurately  described  along  with timestamped  power  consumption  data.  Residents  are  expected  to be
able  to identify  the  electricity  usage  patterns  that are  wasteful,  as  well  as  to see  any potential  adjustment
plan  for  using  as much  generated  electricity  as  possible.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

A recent survey showed that buildings account for 40% of the
total energy usage in the European Union and constitute the largest
sector followed by transportation (EC, 2015). While buildings share
more electricity usage, previous research has also indicated that
currently prevalent solar photovoltaic (PV) systems in Germany
may  equip buildings for generating a significant amount of elec-
tricity, to be consumed by various appliances in the buildings or
to be fed into the grid (Wirth, 2015). Similar results can be found
in reports for other regions of the world (Torcellini et al., 2006;
NSTC, 2008; Peng et al., 2011). Indeed, if the total power consump-
tion of a building is equal to the amount of the power generation
its renewable energy systems can produce, such a building can be
called a net-zero energy building, because it does not require the
electricity to be supplied by any external source. Hence, realizing
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the net-zero energy goal for a building or for a facility will create a
new opportunity for overall energy conservation and is presently
an active research area.

Since human activities are the primary contributor to power
consumption in buildings, previous research has been devoted
to altering human behavior in order to reduce electricity usage
(Laskey and Kavazovic, 2010). Similar studies on behavioral change
and demand-side management (DSM) have been conducted in
order to use all the electricity generated by renewable energy
devices for achieving the net-zero energy goal (Torcellini et al.,
2006; NSTC, 2008). Therefore, comprehensive collection and analy-
sis of the power consumption data in a building must be performed,
so as to identify the circumstances in which residents should
change their habits.

However, currently, such power consumption data sets col-
lected are often fragmentary and contain only recorded time
and appliance or power meter-related data such as voltage and
wattage values and appliance or sensor identifications (IDs). Nei-
ther the position nor the service area of each appliance in use
are properly stored and managed, although they are very helpful

http://dx.doi.org/10.1016/j.resconrec.2016.03.008
0921-3449/© 2016 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.resconrec.2016.03.008
dx.doi.org/10.1016/j.resconrec.2016.03.008
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
mailto:ccchou@ncu.edu.tw
dx.doi.org/10.1016/j.resconrec.2016.03.008


Please cite this article in press as: Chou, C.-C., et al., Spatiotemporal analysis and visualization of power consumption data integrated
with building information models for energy savings. Resour Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.03.008

ARTICLE IN PRESSG Model
RECYCL-3226; No. of Pages 11

2 C.-C. Chou et al. / Resources, Conservation and Recycling xxx (2016) xxx–xxx

for power consumption data analysis. In other words, a data
fusion process that can be used to combine power consump-
tion data with each appliance’s spatial data might be needed for
potential change of residents’ behavior, in order to reduce their
overall power consumption as well as to use all the solar PV-
generated electricity. Although collection of such spatial data is
time-consuming and error-prone, with the use of a modern tech-
nology from the construction industry called building information
modeling (BIM), fusion of detailed spatial data fields of stationary
appliances in a BIM file is straightforward and can be seamlessly
performed by developing a customized tool. In fact, BIM has been
regarded as a significant technological advance that is capable of
providing the most comprehensive geometry and attribute data
of a building. Moreover, BIM can be used to play a central role
in the management of a building’s assorted information during
its entire lifecycle and has been successfully applied to many
information-intensive activities performed during the design and
construction phases of a building, such as clash detection and con-
structability analysis (Becerik-Gerber et al., 2012). Therefore, in
this study, residents are supposed to provide a BIM file repre-
senting their real-world building, which will be used to create a
virtual world, so that residents can easily indicate the position of
each appliance as well as its service area in a more intuitive and
interactive way.

In addition to the aforementioned data fusion work for power
consumption and BIM data, new mechanisms capable of analyzing
the fused spatiotemporal data sets might be needed. Nevertheless,
previous researchers have not investigated the use of tempo-
ral databases or spatiotemporal query engines to process such
power consumption data. Finally, if a BIM file representing a
real-world building can be successfully transformed into a vir-
tual one, many energy-saving suggestions can be implemented
inside the interactive environment, so that residents can better
understand how to realize them in their daily activities, to name
a few.

To this end, this study is aimed at development of a data fusion
process that can be used to integrate BIM data into power consump-
tion data sets collected. The fused data sets can be managed and
analyzed using a spatiotemporal database, i.e., a spatial database
with customized temporal data processing functionality, in order
to identify the circumstances in which residents should change
their behavior. An interactive game-like environment was created
to replay the analysis results to encourage change of residents’
behavior in the hope of achieving the net-zero energy goal dis-
cussed above. The manuscript is structured as follows. Section 2
presents related literature, while Section 3 describes the overall
data fusion process for power consumption and BIM data, which are
in the Revit format and include spatial and materials-related data
fields, with discussion on the major components of the proposed
iARTS (interactive Augmented Reality system for Temporal and
Spatial analysis of power consumption data integrated with build-
ing information models) for this study. Sections 4 and 5 present
how to use iARTS to help residents realize two demonstrative
energy-saving tips, i.e., one for reducing power consumption and
the other for changing electricity usage periods from nighttime to
daytime periods. Section 4 highlights the first proposed spatiotem-
poral data analysis mechanism that can be used to identify the
circumstances for possible behavioral change for reducing power
consumption. Section 5 then presents another mechanism that
can be used to identify the circumstances for potential use of all
the solar PV-generated electricity, and discusses the customized
Unity platform that can be used to render a given building and to
replay the power consumption events. Finally, Section 6 summa-
rizes the conclusions derived from this study, highlights important
functionality of iARTS, and discusses future work arising from this
research.

2. Related work

The need to investigate power consumption data has been advo-
cated in the fields of smart home and ubiquitous computing for
years (Edwards and Grinter, 2001; Harper, 2003; Chetty et al.,
2008). Some studies have argued that consumption of assorted
resources be monitored, collected and managed in order to make a
home smarter (Fogarty et al., 2006; Patel et al., 2008), while other
research has concentrated on how to display real-time energy con-
sumption information for each appliance monitored (Wood and
Newborough, 2003; Ueno et al., 2006). Recently, a greater number
of researchers have examined the strategy regarding installation of
one sensor for one appliance to obtain its real-time power con-
sumption data (Hoque and Stankovic, 2012; Chen et al., 2013;
Alhamoud et al., 2015). Furthermore, the ultimate goal of this strat-
egy was often about recognizing human activities to save energy
(Darby, 2006; Crossley, 2007; Martinez-Gil et al., 2013), and various
researchers have claimed that with proper design of its feedback
system to encourage change of residents’ behavior, a 5–10% reduc-
tion of power consumption could be expected (Cho et al., 2010).
Indeed, the psychological interventional approach has been proved
to be effective in reducing other resource consumption (Ohtomo
and Ohnuma, 2014).

In fact, there are several types of methods that can be used to
obtain power consumption data for an appliance. Mustafa et al.
(2014) employed a questionnaire-based survey to collect such
information. As numerous types of sensors have been increasingly
designed and deployed inside a building, physical quantities such
as room temperature, humidity, carbon dioxide concentration, and
electricity usage or generation can be accurately measured by the
sensor technology (Sinopoli, 2009). Due to recent remarkable tech-
nological advances, especially IoT (Internet of Things), the sensed
data can now be seamlessly processed and transmitted to a central
information system to perform further data fusion work, as well as
being adequately persisted and managed by a data warehouse sys-
tem for a long period of time. Hence, nowadays, facility managers
or building residents can rely on the sensed data to define the best
strategy for facility maintenance, to support energy-related deci-
sions for facility operations, and to help them better protect and
supervise the facility’s surrounding environment (Teicholz, 2013).
It should be noted that another technique called NILM (nonintru-
sive load monitoring) can be utilized to estimate appliance-level
power consumption data as well, which requires installation of a
specialized sensor on the main circuit panel of a household to dis-
aggregate its total power consumption data so as to determine how
much electricity each connected appliance has consumed (Carlson
et al., 2013; Stephen et al., 2014). Nevertheless, none of the data col-
lection methods discussed in the literature incorporates the BIM
data into their power consumption data sets. Spatial data fields
such as appliance positions and service areas cannot be directly
obtained, or they can be estimated in an approximate manner (Cho
et al., 2010), which might cause a problem if exact or flexible loca-
tion information is critical in the analysis.

In addition to the aforementioned collection work of power
consumption data sets, since the amount of electricity consumed
by one appliance should be evaluated and recorded in a database
very frequently, it can be expected that such data sets will grow
very rapidly, with a large portion pertaining to temporal data. The-
oretically, temporal data should be best handled and managed
by a temporal database to provide users with the sophisticated
query and temporal data processing functionality (Date, 2014).
Nevertheless, previous researchers have not investigated the use
of temporal databases or spatiotemporal query engines to process
power consumption data. There are several useful algorithms cur-
rently implemented in temporal databases that may benefit power
consumption data analysis. For example, the temporal coalescing
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