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Buildings have in recent years been the target of a number of energy efficiency improvement strate-
gies given that they are a major energy end-use sector in most countries. Whilst new buildings due to
legislations, increasingly address sustainability and improved energy efficiency considerations, the refur-
bishment process of older buildings still presents a number of challenges. Advancement in Information
and Communication Technology, particularly the application of low-cost Wireless Sensors and Actuators
Network does however provide the opportunity to harness yet unrealized energy reduction in existing
buildings. This paper presents results from an experimental study evaluating the performance and energy
saving potentials of such off-the-shelve, low-cost wireless sensors and actuators network in an existing
office building for occupancy detection and occupancy-driven lighting control. The study demonstrates
that in addition to improved occupancy information obtainable from Wireless Sensors and Actuators
Network, worthwhile savings in the energy consumption of the lighting systems can as well be achieved.
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1. Introduction
1.1. Building energy consumption

Buildings, due to the key role they play in the society, represent
the largest energy consuming sector in the economy, consuming
over one-third of all final energy and half of global electricity [1,2].
In addition, buildings contribute as much as one third of greenhouse
gas emissions during their operational phase in both developed
and developing countries [3,4]. By 2050, the International Energy
Agency(IEA) [2] projects an increase of up to 50% in the energy
demand of buildings if steps are not taken to improve energy effi-
ciency. This increase is attributable to rapid growth in the number
of households, residential and service floor area, higher owner-
ship rates for existing electricity-consuming devices and increasing
demand for new products.

The existing building stock accounts for a significant part of the
energy demand in the built environment. In developed economies,
at least half of the buildings that will be in use in 2050 have already
been built. According to a survey by the U.S. Energy Information
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Agency, 72 percent of floor stock in the U.S., belongs to buildings
over twe nty years old [5]. And in the EU, about 35% of the build-
ings are over 50 years old [6]. These older buildings most of which
are constrained by old equipment, aging infrastructure, and inade-
quate operational resources, use a great deal of energy. Retrofitting
of these older buildings does however represent a great opportu-
nity to achieve worthwhile improvement in energy efficiency and
conservation in the built environment [7,8].

Even though renovation represents an opportunity to upgrade
the energy efficiency of buildings, the refurbishment rate of exist-
ing buildings is still largely low. As noted by the authors in [9,10],
the replacement rate of existing buildings with new builds is typ-
ically between 1.0-3.0% per annum. This low refurbishment rate
is in part largely due to the fact that buildings and its various sys-
tems have a rather long-lifespan and retrofitting (i.e., retrofits that
include replacing mechanical systems, windows, insulation, light-
ing systems and other features) requires significant investment
[11,12]. This often leads to a situation whereby refurbishments are
timed with major renovations or capital-intensive building system
replacement.

In recent years, innovation and improvement in information
and communication, technology (ICT) as well as in solid-state
technology has advanced the application of a number of tech-
nologies [13,14], such as wireless sensors and actuators network
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Fig. 1. Test-bed office building.

(WSAN). Wireless sensors and actuators network, which hith-
erto was considered expensive and underdeveloped for practical
large-scale commercial applications is now gaining widespread
use in a wide range of applications [15,16]. They have in partic-
ular gained widespread use in sectors such as agriculture [16],
healthcare [17], smart-grid operation [18] and building operation
[19,20]. In building operation in particular, WSAN introduces sig-
nificant improvement in building operation and management by
reducing the complexity of harnessing wired transmission in diffi-
cult to reach places [14,21]. In addition, as most building systems
are usually in place before occupants’ move in, WSAN introduces
additional flexibility as it relates to sensor placement [22,23].
This enables obtainability of fine-grained occupancy and indoor
environmental parameter information that facilitates improved
comfort and energy efficiency.

1.2. Wireless sensors and actuators application in building
automation

Buildings today rely on a combination of end-point connections
using wired and wireless communication platforms for intercon-
nection of various building systems and processes. Though wired
solutions are preferred in majority of cases, wireless devices are
becoming more prevalent due to improvement in communication
link speed, security, and battery technology [24,25]. Wireless sen-
sors can now boast of batteries having average life spans of up
to six years. Wireless sensors as a result nowadays replace, or in
some cases augment, traditional hard-wired solutions, resulting in
flexible, cost-effective sensing and control solutions in buildings
[26,21].

Diverse wireless devices using a variety of communication pro-
tocols such as [13,27] Wi-Fi, ZigBee, Z-wave, and Bluetooth as
depicted in Table 1, are now commercially available and easily
accessible for use in building automation. In addition to modularity
and flexibility offered by wireless devices, today’s wireless devices
are self-organizing, easier to install and maintain [15,28]. Self-
organization and modularity of these devices in particular, makes
them advantageous in achieving fast, cost effective, less-disruptive
and unobtrusive retrofit in existing buildings.

2. Similar studies

2.1. Wireless sensor and actuator application in residential
buildings

The residential building sector has in recent years witnessed
increased use of WSAN for various applications ranging from
occupancy-based control of home appliances and systems [29-31]
to more advanced smart home applications [21,32,33]. In [30], the
authors demonstrated through experimental data obtained from
a seven room, 2100 square foot single-storey ranch-style house
built in 1971, that multi-wireless sensor based control strategies
for air-conditioning can reduce energy consumption and room-
to-room disparities in temperature and humidity compared to
a single-sensor temperature threshold thermostat. The authors
concluded [30] that the application of comfort based multi-WSN
sensors can provide up to 79% normalized energy savings, 32%
reduction in room-to-room temperature range, 13% reduction in
mean discomfort, and 22% reduction in mean maximum room-to-
room difference in discomfort. In a similar study, using wireless
sensors for occupancy detection in combination with a smart ther-
mostat, the authors in [29] demonstrated that at very low initial
cost per home, energy savings of up to 28% of residential HVAC
energy consumption on average can be achieved without sacrificing
comfort. In both of these studies however, very little detail relating
to the cost effectiveness in relation to the recorded saved energy
was provided.

2.2. Wireless sensor and actuator application in commercial
office buildings

Whilst the application of WSAN has in recent years being more
pronounced in residential buildings [27,34], its application in com-
mercial buildings is beginning to gain momentum. In [35,36], the
authors evaluated the competitiveness of wireless sensors in a
range of typical building applications and demonstrated that for
two different retrofitting applications with WSAN. Though the
wireless based systems were reported to be moderately more
cost-effective than their wired alternative, the wired sensors did
however provide higher data transmission rates.

Modularity and flexibility of wireless devices make it much eas-
ier to place sensors at locations in buildings were hitherto sensors
could not be placed due to cabling cost or power limitations [37].
This facilitates increased sensing density, as well as increased vari-
ety of sensor types that can be applied in a space to make imminent
improvements in energy efficiency and building occupants well-
being [38]. By using a network of wireless sensors, the authors
in [39] showed that the air supply to a large office space can be
optimized to improve temperature homogeneity and the opera-
tion of the air conditioning system in the space. The authors in
[40] on the other hand demonstrated through the use of 27 sensor
devices that an accurate analysis of indoor conditions, recognition
of inhabitant comfort level, and recommendations on optimal bal-
ance between environmental quality and power demands could
be achieved in the test-bed building. Wireless sensors also facili-
tate access to detailed information relating to energy consumption
within buildings, as well as the prevailing context under which
such consumption occurs. This way, a sophisticated approach to
energy control and feedback can be enabled as demonstrated by
the authors in [28,40].

The application of WSAN systems has also been shown to
enhance the performance of occupancy-driven control applica-
tions through the provision of fine-grained occupancy information
[41,42]. Building occupancy is a challenging parameter to deter-
mine particularly in large commercial buildings where occupants
enter and exit buildings, move through spaces and floors in a
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Fig. 2. Monthly energy consumption in kWh for period March 2015[1]-Feb-2016[12].

Table 1

Key Characteristics of common wireless communication protocols used in building automation.

Protocol Number of nodes Power consumption Range(m) Network topology MaxDate rate
Zig-bee 65,000 Low 10-100 Star/Mesh 256 kb/s
Z-wave 232 Low 30-300 Star/Mesh 200Kkb/s
Bluetooth 8 High 10 P2P 1Mb/s
6LOWPAN 264 Low 10-100 Star/Mesh 256 kb/s
EnOcean 232 Low 30-300 Mesh 125kb/s
WI-FI 255 Very High 100 star 54Mb/s
BLE 8 Low 50 P2P/Star 1Mb/s

stochastic manner [43]. By deploying a wireless sensor network

for monitoring occupancy on a floor in an office building, the

authors in [44] demonstrated that energy savings of up to 15% in

HVAC electricity use and 12% reduction in HVAC thermal energy 38%

use can be achieved. In another study, the authors in [45] by

utilizing a network of wireless sensors were able to obtain compre- S Uigtng

hensive fine-grained occupancy information in an office building
for occupancy-driven control of key energy consuming building
systems. Similarly, the authors in [46] demonstrated that the appli-
cation of wireless sensors in alarge university building could unlock
additional energy savings with a payback of less than a year.

In addition, given that the lighting systems in the open-plan
spaces of majority of commercial office buildings are often centrally
controlled, the application of WSAN as proposed by the authors
in [47] and [48] facilitates the use of dynamic personalized opti-
mal lighting. This dynamic system is capable of tuning the light in
the open-plan spaces to occupant’s preference and needs in the
most energy-efficient manner. As demonstrated by the authors
in [49,50], by leveraging the individual addressability of the net-
worked lighting systems, individual luminaires can be coordinated
to deliver workstation-specific task-lighting to occupants while
ensuring unoccupied spaces remain unlit or at a prescribed back-
ground level.

2.3. Contribution of this paper

Existing office buildings as mentioned earlier are usually con-
strained by old equipment and sub-optimal processes leading to

HVAC
|:| Plugloads

35%

Fig. 3. Fraction of annual electricity consumption for the three main end uses light-
ing, HVAC and plug-loads.

relatively higher-energy consumption. Improvement in the energy
efficiency of existing buildings thus represents a high-volume, low-
cost approach for achieving reduction in building energy use and
greenhouse gas emissions. Given that low-cost WSAN as deduced
from the fore going have the potential to unlock this potential, the
subsequent sections of this paper provide details of an experimen-
tal study evaluating the performance, energy saving potentials and
practical implications of the application of WSAN in a medium-
sized office building. The contribution of this article is noteworthy
because though a number of articles highlight the key advantages of
WSAN application as it relates to improvement in energy and com-
fort performance of buildings [18,36,47], very few studies provide
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Fig. 4. Test-bed seat arrangement and luminaires position (luminaires numbered 21-51).

details of the practical implications of its implementation in prac-
tice. The remaining sections of this paper are organised as follows:
Section 3 provides details of the test-bed office building and the
wireless devices installed for the experiment. In section 4, results
from the experiment as well as limitations of the study are dis-
cussed while in section 5, the study’s conclusions, limitations and
further study are discussed.

3. Methodology
3.1. Testbed description

A 2-storey office building depicted in Fig. 1, of approximately
1500 m? total floor area located in the Netherlands was selected
as test-bed for this experiment. The building was commissioned
in 1992 and refurbished in 2009. The building is composed of 4
large open-plan spaces, a large conference room, a lunch room
and several singular and double cell office spaces. The building
has a maximum occupancy of 59, but average daily occupancy is
approximately 30. The building operation is managed via a build-
ing management system, which operates the Heating Ventilation
and Air-conditioning (HVAC) system on a schedule.

The building uses a Constant Air Volume (CAV) [51] system for
ventilation. Artificial lighting is achieved through a combination of
luminaires. These different luminaire types contain tubular fluo-
rescent lamps of 3*15W, 20W, 58 W and 2*36 W rated power. The
lighting system is being utilized for space lighting, walkways and
emergency exits. The lighting in all spaces, with the exception of
essential luminaires is switched off manually at the end of the day
when the last occupant exits the building. The luminaires in most
of the spaces are connected in a two-grid manner: an inner and an
outer grid. Each grid is controlled via a wall switch located at the
entrance to the space. There are no occupancy sensors in the space.

The main electricity consuming building systems as depicted
in Figs. 2 and 3 are the lighting and HVAC systems representing
about 38 and 35% respectively for the period between March 2015
— February 2016 (represented with 1 through 12 in Fig. 2). The aver-
age consumption for this period was 6204 kWh; with march 2015
[1] having the highest consumption of 8567 kWh for the period
under investigation. The increased consumption recorded during

this period was as deduced from Fig. 2 is from the plug-loads and
due to the use of heavy electrical tools.

In addition, as can be deduced from Fig. 3, the lighting energy
use is slightly more than the energy utilized for space thermal
conditioning HVAC. This might not be unrelated to the climatic
conditions in the geographical location of the test bed building (the
Netherlands) which influences the building mass design and type of
building installations in the test-bed. Moreover, in well insulated
buildings energy demand is usually not dominated by heating or
cooling. Lighting becomes a significant factor even when high effi-
cient lighting armatures are used. Up to 30-35% of the yearly energy
is used for lighting in highly insulated buildings [52]. Therefore, it is
of great importance to look for new methods to reduce the energy
demand of lighting in existing buildings.

In view of fact that the electricity consumption of the lighting
systems in the test-bed is quite substantial, we focus on reduc-
ing its consumption through the application of occupancy based
lighting control using of wireless sensors and actuators network.
Moreover, considering that the test-bed office building, and other
similar buildings constructed in the same period often make use
of a constant air volume ventilation system due to the climatic
conditions in the location, the application of demand-controlled
ventilation is hampered.

3.2. Experimental set-up

The open-plan space having the highest number of occupants
was selected for the experiment. The space as depicted in Fig. 4 has
12 workspaces. Occupants in the space engaged mostly in desk-
top related tasks such as computer work, writing and reading. The
space has 31 luminaries each equipped with 2 TL fluorescent lamps
with combined nominal output power of 72 W. Each luminaire is
connected to the mains electricity supply via a 2-pin plug.

3.2.1. Instrumentation

To achieve controllability of each luminaire, off-the-shelve
plug-in switching nodes depicted in Fig. 5 using the Z-wave
communication protocol was installed. The Z-Wave protocol is
an interoperable, wireless, RF-based communications technology
designed specifically for control, monitoring and status reading
applications in residential and light commercial environments
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Fig. 5. Z-wave sensors and gateway.

[27,53]. Sensors with the Z-wave protocol were chosen mainly
because of interoperability. In addition to the power switching
nodes, wireless sensor nodes also depicted in Fig. 6 for occupancy
detection were installed.

The wireless nodes installed for occupancy detection were made
up of Passive Infrared (PIR) motion sensors and chair sensors.
The chair sensor was designed using a mechanical contact switch
embedded in the chair’s fabric and connected to a wireless trans-
mitter using the Z-wave wireless communication protocol [54]. 55
Z-wave devices comprising switching nodes, motion sensors and
the chair sensors were all connected to a gateway installed in the
test-bed. The wireless nodes have an average range of 30 m, a max-
imum range of 100 m when within line of sight of the gateway and
between 150 and 300 m when connected as a mesh-network.

The motion sensors were installed as depicted in Fig. 6 directly
above occupant’s workspaces. Placement of the sensor directly
above the workspace ensures the sensed occupant remains in
direct-line of sight of the sensors. This is because motion sensors
are highly susceptible to false negative effect [55];- a term used in
describing a situation where the sensor records occupant absence
due to occupants remaining still for an extended period or due to
motion occurring outside the line of sight of the sensor. The fact
that the utilized sensors are wireless does however provide some
respite considering that the sensors can be very easily positioned
in direct line of sight of the sensed occupant. This attribute thus
further reiterates the benefit of the application of wireless sensors
in occupancy detection. In addition, as both sensors have individ-
ual drawbacks [54,55], the fusion of information obtained from
both occupancy sensors facilitates the availability of fine-grained
occupancy information, which is instrumental in improving the
performance of demand driven control applications.

3.3. Control strategy and evaluation

The motion and chair sensors on the network were config-
ured to transmit data to the gateway only when a change in state
was recorded. This meant the sensors only transmitted occupancy
information to the gateway only when presence or absence was
detected. This way, the life span of the batteries is preserved. Data
from the sensors was stored in a database from where it was
accessed, processed and control instructions sent via the gateway

Fig. 6. sensor placement.

to the switch node connected to each luminaires. For occupancy
detection, the algorithm depicted in Fig. 7 was designed using the
EVE multi-agent platform [56]. Each user was assigned an agent,
which processed data from the occupancy sensors positioned at
the occupant’s workstation. With this algorithm, the agent is able to
minimize false-negatives and false-positives often caused by occu-
pants walking-by, across and occupants seating still for extended
period.

The experiment was conducted for a period of three weeks.
Occupancy in the space and the corresponding lighting energy use
were recorded for the 3-week duration of the study. During the
first week of the experiment with the occupancy controlled lighting
system, the interval between an occupant’s absence and luminaire
switching was set at 2 min and later increased to 5 min the follow-
ing week. Considering that luminaires in the test-bed office space
were not aligned directly above each occupant’s workplace, which
is often the case in most office buildings, horizontal illuminance
values were measured at every workstation for different artificial
lighting situations in the absence of daylight, i.e. luminaires in the
proximity were set to different levels. These measurements were
used to determine the luminaires to be switched on to provide a
minimum of 500 Ix on each of the desks. The chosen illuminance
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level corresponds to the recommended maintained illuminance for
office workspaces according to the standard EN 12464-1 [57].

4. Discussion
4.1. Energy savings

The total daily energy-use of the lighting system in the test-bed
open-plan office space for the three-weeks duration of the exper-
iment lasted is depicted in Fig. 8. During the first week, which
was without occupancy based lighting control, the weekly elec-
trical energy consumption for lighting was 113.15 kWh. During
the second and third weeks with occupancy-based control, the
weekly electrical energy consumption for lighting in the space was
80.93 kWh and 90.54 kWh respectively. This represents a reduction
of approximately 28% and 20% in electrical power consumption
and an average reduction of 24% over the two-week duration of
the study. The reduced savings recorded in the second week of the
experiment can be attributed in part to changes made to the inter-
val between luminaire switching and occupant departure from the
workspace as well as varying occupancy pattern of the room.

4.2. Wireless system reliability

Wireless systems are highly susceptible to interference from
other wireless sources present within a building thus seriously
affecting the systems reliability. In order to improve the com-
munication link reliability, a two-way acknowledgment algorithm
depicted in Fig. 9 below was implemented in the control suite. The

algorithm checks to ensure there is an active communication link
between the gateway and the luminaire controller before a con-
trol instruction is sent. In addition, it also confirms that the sent
command is implemented before the line is terminated. Although
this approach uses additional network resource and could induce
latency in the system, it does however significantly improve the
reliability of the communication link. In addition, network reliabil-
ity decreases with increasing number of nodes on the gateway even
though theoretically the gateway can connect up to 232 devices.
For this experiment, only 55 devices were connected to the gate-
way. For much larger applications that require more devices, the
use of multiple gateways, though incurring additional cost reduces
diminishing network reliability.

4.3. User comfort

Given that the primary role of buildings and building systems
is the provision of a comfortable working environment. In order to
evaluate user comfort questionnaires and diaries were made avail-
able to each participant. Occupants were asked to note down each
time they sensed distraction from any Indoor Environmental Qual-
ity (IEQ) parameters in their diary using a 7-point Likert scale. In
addition, participants were asked to rate their level of satisfaction
with the lighting conditions in the space. As depicted in Fig. 10, arti-
ficial lighting was a key source of distraction during the first week
the occupancy based control mechanism was implemented. Occu-
pants were less satisfied with the level of light uniformity in the
space as depicted in Fig. 11. The level of distraction experienced and
satisfaction with light uniformity in the space did however improve
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the following week. This improvement can be attributed to user
adaptation and changes made to the interval between luminaire
switching and occupant’s departure from the workplace.

4.4, Limitation and implementation challenges

The installation of the system in the test-bed did not require any
expert knowledge or specialized personnel and was concluded in
half a day. Other than a few network glitches due to the local net-
work firewall, the systems performed as intended. However, there
were a few times connection with the remote server could not be
established thus requiring the system to be manually restarted to

reestablish connection. This did not however diminish the system’s
performance as the gateway was configured to transmit and uti-
lize data from the local database rather than from the cloud-based
database.

In terms of cost, the total cost of the system was approximately
€ 2575, which in essence translates to approximately € 215 per
workspace. An average of 24% reduction in lighting energy use
obtained during the 2-week period with occupancy-based control
was within comparable range of other studies [58,59]; this pro-
vided the basis for estimation of the return on investment using
the cost of electricity per kWh in the Netherlands [60]. The cost
of electricity per kWh in 2014 for commercial office buildings of
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this size was €0.033 [60]. Assuming that for the test-bed space, the
weekly lighting electricity demand all year round remains constant
as the recorded energy demand for the first week of the experiment
(113.15kWh), the total lighting electricity consumption for the
space would be approximately 5884 kWh. Based on these assump-
tions, savings in terms of cost would be approximately €47. From
this estimation, the meager return on investment in terms of energy
cost is clearly not enough motivation for installing this particular
WSAN. The use of cheaper WSAN or the use of just one occupancy
sensor could however be a viable alternative. In addition, consider-
ing that the occupancy data used in this estimation was from data
collected over a period of two weeks and given consideration to
the fact that building occupancy varies over time [61], estimated
savings might be considerably understated.

Another noteworthy practical implementation challenge of this
system is the fact that cycling fluorescent lamps off and on will
reduce lamp life; however, turning a lamp off when it is not needed
will reduce its operating hours and increase its useful life. Consid-
ering that occupants’ presence and movement within and around
the workspace is stochastic in nature, the use of an appropriate
time delay between occupants’ exit and switching-off can provide

an optimal balance between useful life of the fluorescent lamps
and the achieved energy and associated cost savings [62]. Though
investigation of the appropriate time delay is outside the scope of
this study, its implication is currently being investigated in another
study.

5. Conclusion

The refurbishment of existing buildings is a low-cost high
volume approach to reducing building energy consumption and
achievement of worthwhile reduction in emissions from the built
environment. Higher initial cost, coupled with the long-life span
of buildings as well as lack of awareness of technologies and
their potential, can thus be considered as key contributory fac-
tors responsible for the rather slow pace of building refurbishment.
Currently, there are a number of low-cost technologies available
commercially which can be applied in both existing and new build-
ings to unlock additional energy efficiency improvements of which
wireless sensors and actuators network is one.

In this paper, the potentials of wireless sensors and actuators
network was evaluated in a medium- sized commercial office build-
ing. Wireless sensors and actuators were installed in an open-plan
space of the test-bed office building for occupancy detection and
occupancy based lighting control. During the first-week of the
experiment with occupancy-based control, energy saving of 28%
in lighting electrical energy use was achieved and 20% reduction
the following week when the time interval between switching and
occupant departure from the workstation was slightly increased
from 2 min to 5 min. Although, the obtained energy savings and cor-
responding energy cost savings are clearly not compelling enough
motivation for the application of wireless sensors in building opera-
tion, the ease of installation, improved environmental sensing and
improved reliability of WSAN does however demonstrate it as a
viable retrofit solution for the achievement of improvement build-
ing performance.
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