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Abstract —Recent studies have highlighted that a significant
part of the electrical energy consumption in residential and
business buildings is due to an improper use of the eectrical
appliances. In this context, an automated power management
system - capable of reducing energy wastes while preserving
the perceived comfort level - would be extremely appealing. To
this aim, we propose GreenBuilding, a sensor-based intelligent
sysstem that monitors the energy consumption and
automatically controls the behavior of appliances used in a
building. GreenBuilding has been implemented as a prototype
and has been experimented in a real household scenario. The
analysis of the experimental results highlights that
GreenBuilding isableto provide significant ener gy savings.

Keywords — building energy efficiency; WSNs; enemyareness,
building management system.

l. INTRODUCTION

Residential and business buildings account
consumption [1], with an increasing trend over tiride
major causes of energy consumption in buildingsspeece
heating and conditioning, water heating, lightimagd the
use of computers and other electronic devices [2].

A significant part of this energy consumption isedio

wireless sensors and actuators to achieve two gls: {)
making the user aware of economic (and environnjenta
costs caused by an improper use of electric apg=En{i)
providing automated solutions for energy efficietiayough
appropriate management of appliances. We implerdente
GreenBuilding as a prototype and deployed it ineal r
household scenario. The analysis of the resultsimdéd in
the experimentation confirms that a significant amtoof
energy is wasted due to improper use of appliandéss.
show that this energy waste can be eliminated r@stitally
reduced) by using a simple energy conservation foite
each specific appliance, or class of appliances.

The paper is organized as follows. Section Il dbssr
the related work. Section Il introduces the Greeiding
architecture, while Section IV describes its impéeration.
Section V presents the results of our experimesiiadly.
Conclusions are drawn in Section VI.

for
approximately 20% of the overall world-wide energy

Il. RELATED WORK

Wireless sensor networks (WSNs) have been widedd us
in the past for environmental monitoring applicatio
Recently, they have also been considered for nea-tind
fine-grained monitoring of electricity consumptiom
buildings. In [7] the author describes the desigmd a

an improper use of such appliances and devices Jusnplementation of ACme, a distributed monitoringtgyn -

eliminating energy wastes, without lowering the elewof
perceived comfort, would reduce the overall
consumption in buildings by approximately 30% [@he of
the main sources of energy waste is representedebtrical
appliances in standby mode which accounts
approximately 10% of the overall energy consumption
buildings [2].

According to a humber of studies, providing appiater
feedbacks to building occupants can significargilyuce the
overall energy consumption, in the order of 5-204/5].
However, only relying on people’s awareness anchtien
may not be an effective approach.

Indeed, a recertggregated measurements. The same objective is

based on a network of AC power meters - that allosers

energyto view their individual energy consumptions thrbugweb

interface. The same AC power meters are also us€€]i
where a detailed experimental study on energy

forconsumptions in computer science department isrithesic

The objective of the study in [6] is to achievel fahd
detailed visibility of energy consumption, i.e.,understand

how, where, andfor whom electricity is used. Since using a
dedicated power meter per electrical appliancenpgactical

and expensive, the authors consider several appeesto

infer the energy consumption of single appliancesnf

also

experimental study [6] has shown that more than 30%argeted in [8] and [9]. Specifically, [8] proposéwo

energy saving was achieved immediately after ilstpla

algorithms for disaggregating the circuit-level alanto

monitoring system in a residential household, bu¢ t device-level estimates, while [9] presents a systeat is

percentage reduced to less than 4% one month later.

able to provide a fine-grained recognition of segl

automated energy management system in additiorséo u appliances in real time through a single electriciensor

cooperation would be certainly a more effectivaigoh.

attached to the main electrical unit. Monitoringergy

In this paper we propose GreenBuilding, a system foconsumptions in buildings is also the goal of [Mhere the

monitoring and controlling the power consumptioneath
appliance in a building. GreenBuilding exploitsework of

authors analyze the energy consumed in varioudibgs in
a campus, and in various floors within the samdding.
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All the previous papers mainly focus on energy rtaririg,

for each single controlled electrical appliance andet of

while our work also addresses the problem of energgontrollers that coordinate the actuators. Cordrsllare

conservation through on-line power
electrical appliances.

management o€onnected to a central server, through a wired LAN

technology (i.e., Ethernet). The server generatesntands

An automated sensor-based power-management systesuch as “switch on” and “switch off’, for each sjiec

similar to ours is proposed in [11]. Here, howevtre
emphasis is mainly on architectural and desigreisstather
than on an experimental analysis. On the contrany,
implemented our proposed system and deployedatrieal

appliance in the building: commands are sent to the

corresponding actuator through the appropriaterobet.
Actually, the sensing and actuation functionalitesild

be integrated in the same device, i.e., the eldgtrsensor

household scenario so as to perform an accurateould also act as actuator for the associated apgi On

experimental study. An automated system for opfimgithe
energy consumption of the heating, ventilation aadling

the other hand, several integrated wireless seattadtor
platforms are already currently available on theket e.g.,

(HVAC) system in homes is presented in [12]. ThePlogg [14] and WiSensis [15]. Adopting an electyici

proposed solution relies on occupancy sensors &itdhes

off the HVAC system when occupants are sleepingvaay

from home. Unlike the proposal in [12], GreenBuilgli
takes a general approach, i.e., it is not taildoed specific
class of electrical appliances. [13] also proposes
distributed wireless control system for building esgy

efficiency. The emphasis there, however, is oncieffit

ways for sharing information between devices.

Ill.  SYSTEM ARCHITECTURE ANDDESIGN

sensor for each appliance is expensive and often no
necessary: a single sensor can be sufficient toitoroa
group of devices and take decisions on the behafithe
single device. Obviously, in order to control eabvice
autonomously, we need to have an actuator for davlte.
If we adopt integrated wireless sensor/actuatotfqias,
we are obliged to adopt sensors for each appliasean
alternative, we could use two different infrastures, one
for monitoring and the other for control. For exdeypX10
products can be used for control. The main adventdghis

The overall system architecture is composed of twapproach is that the X10 technology is reliable ahdap.

subsystems, namely thenonitoring and the control

subsystems. The former acquires at prefixed time intervalscontrolling electrical

An X10 controller sends commands to X10 actuators
appliances through Powerd.in

measures of the energy consumption of the analyze@ommunication (PLC).

electrical appliances and some environmental amdegb
information (e.g., temperature, light intensityegence of
persons). The latter exploits the data collected thy
monitoring system and sonemergy conservation strategy
to control the behavior of each single appliange.thHe
following, we will analyze the two subsystems inaile

A. Monitoring Subsystem

The monitoring subsystem employs a number
electricity and environmental sensors for, respebti
measuring the power consumption of each singletredat
appliance in the building, and monitoring paramgetauch
as temperature, light intensity and human preseDega
collected by both
communicated to a base station located in the dtooe
(there is at least one base station per floor) ahdnp,
conveyed to a central server. The communicatiomwée
base stations and the server typically occurs tiir@iwired
LAN. The server processes the data and provides ugth
real-time and/or periodic reports on energy condion@and
costs. It also sends alert messages to notify fipesients
(e.g. a device active when it is supposed to betive)
suggesting possible actions to save energy.

B. Control Subsystem

The control subsystem manages the behavior of each

single electrical appliance, according to energyseovation
rules specified by the user, so as to minimize tetgty
wastes in the building. The subsystem employs aheator

types of sensors are wirelessly

C. Energy Conservation Strategies

The system architecture has been designed witlaitheof
allowing a flexible and efficient management of leamgle
appliance so as to provide the potentials for imgiting
appropriate energy conservation strategies for
appliance (or class of appliances). In the follgyviwe
provide a (non exhaustive) list of such strategies.

each

of

e User awareness. If users are aware of the energy
consumption of each single appliance, they can use
electrical energy in a more efficient and convenisay.

To this aim, GreenBuilding provides the users with
detailed and real-time information on the instaatars
energy consumption and status (i.e., on/standby/offf
single appliances, even remotely. Further, it dao aend
periodic reports (e.g., by e-mail) on the use efcelcal
energy. Finally, GreenBuilding can alert the usbss
sending a message to a portable device when some
specific events occur (e.g., an appliance is actikien it

is supposed to be inactive), also suggesting plessib
actions to save energy.

Reduction of stand-by consumptions. For each specific
appliance, GreenBuilding allows the user to spgciin
appropriate  management strategy to reduce (or also
eliminate) standby wastes. Indeed, GreenBuilding ca
recognize when an appliance is in standby modetaiel
appropriate actions to execute the strategy definethe
user. For example, the system can switch off aatert



appliance after a predefined time interval hassdddrom
when it entered the standby mode.

varies during the day and typically is cheaper myithe

sensors/actuators. Instead, the power consumptibn o
environmental sensors is in the order of mW. Fipafl a
dedicate control infrastructure is used we neethke into

Scheduling of flexible tasks. The cost of electrical energy account also the power consumption of the X10 ctietr

(2.5W on average; one X10 controller per buildirg i

night. Thus, some energy consuming tasks that do n@ufficient), and actuators (about 0.2W).

require a user involvement can be scheduled forugian
when the energy cost is lower. GreenBuilding alldtes
user to specify the exact time or time intervadj (ethe slot
time when the energy costs are lower) when a cetéak

IV. PROTOTYPEIMPLEMENTATION

We implemented a prototype of the previously désati
architecture. We used two different infrastructuries

is to be executed by a specific appliance (e.g.ytashing  monitoring and control. The monitoring subsystenplays
machine). The synergy between the strategies fopyiSensys [15] sensors and base stations. WiSeesgois

appropriate scheduling of flexible tasks and reidacof

plug into a standard electrical outlet and provédstandard

standby consumption can actually minimize the energoutlet at their turn. They send to the base station

consumption of electrical appliances. For examiibe

measurements of the power absorbed by the appliance

washing machine can be switched on by the systdn onysing a proprietary wireless communication proto&hce
at the pre-programmed time. Once the task has begRere is only one base station in our testbed; éoinnected

completed the appliance enters the standby mods.igh

to the central server through a direct RS232 linka real

detected by the system and the washing machineeis t system the connection could be through an Ethdiniet

switched off

Adaptive control of eectrical appliances. A significant
fraction of energy is wasted due to electrical &pples
that are unnecessarily active, e.g., lamps switcbed
when the external light intensity is high, air ciiwhing
system providing a too low ambient temperature, smd
on. To eliminate this kind of wastes, GreenBuildieties
on environmental sensors capable of monitoring antbi
conditions (e.g., temperature, light intensity, dity,
presence of persons, etc.). Data acquired by emwieatal
sensors are conveyed to the central server, thrbagke
stations located at each floor, and used by tht&esy$o
adapt the behavior of each single appliance, basedles
specified by the user (e.g., desired light intgfsit

D. Discussion

The environmental sensor network consists of a reunolb
light intensity sensors. We built light sensors dayselves
using the Arduino platform, which is a very poputgren-
source prototyping platform based on flexible, emsyse
hardware and software [16]. Finally, the control
infrastructure is made up by a number of X10 remsivand
one X10 controller manufactured by Marmitek [17].

Figure 1 shows the software architecture of theesys
Data acquired by electricity and environmental sensre
stored in a MySQL database at the server. The gnerg
manager application, implemented in Java, commtesca
with the database and is responsible fpipfocessing data
on power consumption of appliances measured byriieég
sensors, i{) providing appropriate reports to the useii) (
processing data originated by environmental senqors
accepting configuration parameters and energy neanagt
rules from the useryv] sending appropriate commands to

The system architecture described above has a "umbéppliances — through the control network — dependin

of interesting properties. First of all, it is mdalu and
scalable, thus making it suitable also for largdédings.
Second, the system installation is non-invasivenkis to
the use of wireless sensors (and PLC devicesegfgnt, that
relies on the pre-existing electrical network). &y, the
additional energy consumed by the system is ndxdigiith
respect to the overall energy consumption of thklimg. In
large buildings the central server could be impletee by a
laptop or desktop computer, whose power consumptoe
roughly 30W and 100W, respectively. In small houes
server could be implemented through a low-powericdgyv
e.g., the home router connecting to the Interndipse
power consumption is typically less than 10W (meezp
the home router is typically active most of the dirfor
Internet connectivity). The power consumptionsleteical
sensors/actuators depend on the specific platféion.the
WiSensis platform used in our testbed,
consumption is approximately 2.5W for base statiginere

is only one base station per floor) and 0.2-0.4W fo

current environmental conditions and according seris
rules. The user can log on the system, even remaabd
access different kind of real-time and historicedhical
information, through a set of tabs. Figure 2-a shtle tab
presenting information on real-time power consuomxi
The user can immediately recognize the contributioeach
single appliance to the overall power consumpti®dhe
same tab also includes some (textual) informatmmake
the user aware of possible energy wastes (e.giaapgs in
standby mode). Figure 2-b shows another tab priesent
historical information on the energy consumptionsinfgle
appliances, i.e., the energy consumed in the l&stdys
(top-side plot) and hour-by-hour in a specific dagttom-
side plot). The former plot also highlights the ale
standby consumption. The latter plot allows ther use
better understand how energy consumptions areldistd

the  pPOWeRring the day. This is particularly important ifezgy costs

follow an hourly based tariff.
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Figure 1. Software Architecture.

GreenBuilding also provides a set of tabs for itiing
configuration parameters and defining energy cogiEm
rules on single appliances or classes of appliariigsre 3
shows how to define a rule for a certain appliar@@e.the
left side of the tab, there is the list of all catied
appliances. Once the specific appliance has belectsd,
the user can specify one or more rules fpelfminating the
standby consumptionji) scheduling flexible tasks at pre-
programmed times, orii{) performing appliance-specific
actions (e.g., for lamps, adaptive power contraeldaon
environmental light intensity) With reference to standby
waste, the following strategies are currently impdated in
GreenBuilding.

Sa: disconnect upon entering the standby mode;

Sg: disconnect after a specified time interval,

Sc: disconnect upon entering the standby mafighe
current time is greater than a specified time tho&b

Obviously, strategy Sis the most efficient one in terms

of energy conservation. However, for some kinds of

appliances it may be annoying for the user. Stgafagcan
provide a better tradeoff between energy efficieasgt user
satisfaction. Finally, strategycSmay be appropriate for
appliances that are supposed to be off during icehiaurs,
e.g., the television set during night.

] sopkaton setirgs | 9 st

ssumption (W): 142.0W.
0017 1

Sensor's

cptme: 0300 1m

[cereen

(a) (b)
Figure 2. GreenBuilding tabs presenting: the breakdof real time power

consumptions (a), energy consumptions of diffed®vices during a time
interval and in a specific day (b).

! Depending on the specific appliance, some of thatioeed strategies
could not be available.

In addition to the graphical interface describe\ad)
GreenBuilding also provides a simplified interfader
portable devices (e.g., cell phones). The simglifrgerface
still allows the user to look at real time and/astdrical
information on  electrical consumptions, change
configuration parameters, and specify/change ridegach
single appliance (or class of appliances). In paldr, the
user can check the status of each appliance aridhsitvion
and off, even remotely. Therefore, the GreenBugdin
enabled mobile device can be used as a sort ofteemo
control. In addition, the simplified interface alls the user
to receive alert messages on his/her portable egvicome
event occurs (e.g., an appliance that is supposebtet
switched off is still in active/standby mode).

i Green Building s
| (3 Monitoring | 22 Hourly tarifs | & Rules | ) Application settings | & About|
Rete:
GreenBuilding Network. Standby:
& [ Stanchy threshold (W) f =
® CXI0(cdr AD) | (0 [aeen]
£ i Notebook
I “ @ CX10 (addr AZ) Auto-cut standby wastes
Mediastation1
@ €10 (acdr A7) Disconnect load f i standby for more than 2% mn
Vorkstation —
& € i Disconnect load f i standby after (es: 21:00) | 17:00
- i Mediastation2 o
@ 10 (acdrAS) |
L% [ 152 scheduiable task? f checked, you need to spedfy an X-10 actuator below)
@ User defined intervals: | 16:00-20:00
Format example: 8:00-5:30, 19:00-20:00
1f the standby threshold is set, you can specify only the start tme. The system wil
disconnect the load once it returrs in stendby
Stheduein timesiot: | Green slot
Other rules:
Consider energy consumptons lastng more than | 80|+ min a5 anomalous
0
%10 actuator paired with this sensor:
the x-10 sdbess, ex: AL Leave bkt =
4 a 0EE
7] Does the actuator controls alamp usd for the ambient brightness control?
Favourite ambient brighiness:
=] save ‘

Figure 3. GreenBuilding tab for defining energy servation rules.

V. EXPERIMENTAL MEASUREMENTS

To test and evaluate GreenBuilding we deployed a
number of electricity and environmental sensors Ai0

actuators in a real environment (i.e., a housebkokhario)
and measured the power consumption of a set ofaauels
for a relatively long time interval (15 days). Tbigjective of
this experimental study is to investigate possiblergy
wastes and user’'s bad habits in using electricpliapes.
We also applied some energy conservation strateigies
some appliances and measured the correspondingyener
savings.

A. Testbed description

We deployed electricity sensors and actuators in a

household scenario, a small apartment lived by two
students.
electrical appliances.

Specifically, we considered the following

A room lamp consisting of three light bulbs (40V¢iea



* Alaptop considered appliances with and without the stanabgte

« A workstation composed by a PC, a router, a telepho identified by GreenBuilding. Eliminating the starydb
a printer, and a 5.1 sound system. component can provide a significant energy-consionpt

« A media station — throughput referred to as Medideduction, up to 26%, on average, in the considered
Station 1 — consisting of a CRT TV, a decoder, LyR  scenario. Obviously, these results strongly depemdhe
radio repeater device, and a game console. specific set of appliances that has been considierexir

« A second media station — throughput referred to ad@nalysis. Also, the standby waste varies signitigainom

Media Station 2 — composed by a CRT TV, and a radi®ne appliance to another (it is high for the waaken and
repeater device. media stations, while it is null for the fridge afainps).

. Afridge However, even assuming a lower percentage of syandb
waste (e.g., 10%), it clearly emerges that using an
automated tool, like GreenBuilding, for reducingratby
consumptions is convenient.

For Media Station 1, Media Station 2, and Workstatiwe
used a single electricity sensor to monitor theregate
consumption of the station, while we used one X&deiver
per device composing the station. As far as enwiemtal Energy consumption in the last 15 days
monitoring, we considered light sensors and moeitahe
light intensity in the room.

B. Monitoring of daily consumption

We measured the electrical consumptions of the @bov 5 ||| B8 . ,
mentioned appliances for 15 days. Figure 4 shoesldily ' @\e\\%\%\%\@ﬁ&@c)\oéége@\o@@%@@@@@e&@»W\\é
energy consumption of each considered appliancehfer o
entire duration of the study. The plots also shbe/impact
of standby waste, which is approximately constaet sime
and represents a significant fraction of the ovezakergy
consumption. Figure 5 shows the energy consumption
each appliance in a specific day. Even if the eperg
consumption of each appliance varies from day tg te
general trend is similar in different days. We assuhat the
user is using a hourly tariff based on two timdssloe., a |
red dot (7:30am-6:30pm) when the energy cost is more —MA—
expensive, and green dot (6:30pm-7:30am) when energy RRSEE A SIRE R :ut., HERER R TR S
is significantly cheaper. The two slots are highieg in the
plot. Data in Figure 5 show that the consumptiomads
distributed in a convenient way over the day simmest of
the energy is consumed during hours correspondiritpe 1

Consumption (Kwh)

Day

‘l Larmp M Motebook: B Mediastationl O Workstation B Mediastation2 B Fridge -8 Daily standby -qu@tel

Figure 4. Daily energy consumptions and impactafagby.

Consumption (KWh)

[® Lamp ® Notebocl: B Mediastation1 O Waorkstation B Mediastation2  Fridge |

Figure 5. Energy consumptions of different applenin a specific day.

red slot. The energy consumption during the grdehis _n = ;

mainly due to standby (flat areas in the plot). S 0 w
The information provided in Figure 4 and Figurellbva % . /_/\//\/\

the user to better understand his/her profile imse of g, \/\u : : ' -

electrical energy consumptions. Basically, theyually 5 ‘

provide two important warnings to the user. He/sheot 3, e Y Ahout BBl

taking full advantage of the hourly tariff, and $teé is , il i

wasting a considerable amount of energy due talbtan VAR LS & BRR G B W

C. Eliminating Standby Wastes Figure 6. Energy consumption with and without GEgifding.

Standby wastes can be highly reduced (if not eliad) by _ . .
specifying an appropriate management rule for eacP. Adaptive Control of Electrical Appliances

appliance. In the following we will assume to use t In this section we show how GreenBuilding can save
standby strategy sSfor all the considered appliances, i.e., energy through adaptive control of electrical ampties.
we assume that appliances are immediately switdfed Specifically, we focused on light intensity andetti to
upon entering the standby mode. The rationale bethis  maintain it at a constant value, by varying the pow
choice is estimating the maximum energy saving ¢hald  provided to the lamp, depending on the natural tligh
be achieved by completely eliminating standby waste intensity, so as to minimize the energy consumptigght
practice, however, strategiess ®r & could be more intensity was measured through a number of Ardiligtat

appealing. sensors deployed in some strategic locations inrooen.
Figure 6 shows the overall energy consumed by the



These sensors measure light intensity as a pegeentais able to provide significant energy savings, bmimating

ranging from 0% (no light) to 100% (very high inséy). In
this use case, the user sets the desired lightsityeto 50%,
which allowed him/her to work comfortably at thesk®p
or to use the workstation.

standby consumptions and/or adapting the behavfor
appliances to the real environmental conditions.

The main objection to using a tool like GreenBuifglis
that its cost may be too high compared to the emino

saving it can provide. Actually, current costs dctricity
30 == sensors and actuators are very high. However, Hrey
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Figure 7. Light intensity in the room (a) and powensumed by the lamp
(b) over time during a working session.
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Figure 7 shows the average light intensity in thenm as =
measured by light sensérand the corresponding power 2]
consumed by the lamp during a working session from
4:46pm to 6:46pm (the experiment was done in Jghuar [3]
Figure 7-a shows that the light intensity in theonmo
remained approximately constant around the desiedae
during the overall working session. Figure 7-b shdive
power consumed by the lamp during the session. As
expected, the power consumption tends to increadtie w [s]
time since the natural light intensity tends to rdase.
Specifically, it gradually increases from about 1Hthe
beginning of the test (when the sun light contslout [6]
significantly to illuminate the room) to 26W at tleed of
the experiment (after the sunset). It may be wonifemo (7
emphasize that the maximum power than can be catbum
by the lamp is 120W. The total energy consumednduttie
2-hour working session was 0.05 KWh. Without adapti
control, the user would have very likely used tamp at
full power during the entire session, resulting antotal
consumption of  0.24KWh. Therefore, the use offg
GreenBuilding allowed saving about 79% of the eperg
consumed by the lamp, without reducing the level of
comfort perceived by the user.

(4]

(8]

VI. CONCLUSIONS [10]
In this paper we have presented GreenBuildingsteay
for efficient electrical-energy management in resiihl and ~ [11]
business buildings. The goal of GreenBuilding i®fbld.
From one hand, it allows the user to better undadsthe [12]
energy consumption of each single appliance, thinging
him/her to make more intelligent choices in terrhemergy
consumptions. On the other hand, it allows an imgdo 3]

energy efficiency by means of an appropriate mamage
of each single appliance, depending on rules Spdchy
the user. We have implemented GreenBuilding as gy
prototype system and deployed it in a real houskholj;s
scenario. The experimental results show that GregtiBg  [1¢)

(17]

2in Figure 7.a we reported the average value medsyréhe various light
sensors in the room.

(18]

e expected to decrease as soon as their penetratighei
market increases. In addition, next-generation tetat
appliances will include built-in sensors and actumt
General Electric has already developed a complgte sf
smart
communication among them and/or with a centraleserv

appliances using ZigBee [18] for wireless
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