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1 Abstract

In this paper we report a methodology, developethéencontext of Smart Energy Efficient Middlewaos Public Spaces
(SEEMPuUbS) European Project, aimed at exploiting hnitoring and control services to reduce energgge and CO
footprint in existing buildings. The approach does require significant construction work as itoigsed on commercial-
off-the-shelf devices and, where present, it expland integrates existing Building Management &yst(BMS) with new
sensors and actuator networks. To make this pessthe proposed approach leverages upon the foigpvmain
contributions: (a) to develop an integrated buidautomation and control system; (b) to implememniddleware for the
energy efficient buildings domain; (c) to providenaulti-dimensional Building Information ModellingB(M)-based
visualization; (d) to raise people’s awareness aboargy efficiency.

The research approach adopted in the project dtauith the selection, as case studies, of repratieattest and reference
rooms in modern and historical buildings chosenhaving different requirements and constraintsenmt of sensing and
control technologies. Then, according to the fextwf the selected rooms, the strategies to retti@cenergy consumptions
were defined, taking into account the potentiairsgs/ related to lighting, heating, ventilation, aidconditioning (HVAC)
systems and other device loads (PC, printers,. athe strategies include both the control of buidservices and devices
and the monitoring of environmental conditions anérgy consumption. In the paper the energy sawatisiated through
simulation, for both HVAC and lighting, are presauhtto highlight the potential of the designed systéfter the
implementation of the system in the demonstratmuylts will be compared to the monitored data.

2 Keywords

Interoperability, Middleware, Wireless Sensor ardduator Networks, Building Management System, Boddnformation
Modelling, Energy Awareness and Efficiency.

3 Introduction

The new era of smart Information and Communicafi@chnology(ICT), providing real-time access to monitoring
information, is bringing a new concept of energynagement. Pervasive devices also enable effectineat strategies
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allowing reduction in energy usage and d@btprint in existing public buildings without sigicant construction work. In
particular, special attention must be paid to histd buildings where damage by extensive retiiafitimust be avoided.

3.1 Theaim of SEEMPubSresearch

The goals of the SEEMPuUbS [1] project are severdlfally integrated with each other as describdde

e To develop an integrated electronic system to moordifferent buildings, building services, electimmevices and
operations in order to optimize and integrate aintenance functions.

« To implement an interoperable web-based softwdtgisn for real-time energy performance monitorargd control of
lighting and HVAC services through Wireless Senand Actuator Networks (WSAN) . This is done throuah
integrated approach based on the LinkSmart enesgyeamiddleware platform [3.3]. In this way, theject is able to
deploy the new solution in buildings by reusingealty existing structures (e.g. proprietary sensstworks or
management systems) and by integrating them iniataligent energy management system, supportea Gyaphical
User Interface (GUI).

¢ To provide multi-dimensional visualization of paraters of building operations and data sharing frechnical
systems. Real-time information is collected by sensetworks detecting environmental and maintenamigsnted
parameters of performance from lighting and HVA®veRs. The primary purpose of such a performanoeitoring
system is to provide facility managers and opesatoith the means to easily assess the current &tdribal
performance of the building as a whole, and ofsignificant energy consuming systems and componértie
performance monitoring system includes not only teeded sensors, wiring and data acquisition deyicet also
means to calculate, display and archive resultararpeters.

« To raise people’s awareness for energy efficiengyublic spaces: this is a key aspect and thedfiegt in the process of
fostering sustainable and responsible behaviour mispect to energy consumption. This includescthestruction of a
user community portal to enable communication arfidrination exchange among users. Such communéesisting
of users with different levels of knowledge of #aeergy domain, combined with ambient awarenessifest have the
ability to create a new energy consciousness izetis into public spaces.

All elements are validated through an iterative hndblogy to ensure the gradual approximation to E&bS with

simultaneous consideration of all stakeholder ne&te validation phase of the project is conduaiglizing the most

significant buildings in the Politecnico di Torit@ampus, selected as demonstrator.

3.2 Thecasestudies

The construction period of the Politecnico di Totgcampus ranges from the XVI century to the XXnhtry, thus
including buildings very different in dimension,edh construction characteristics and performaride short description
below helps to understand the reason of its reptaeeness as an example of a wide range of sifmiléddings in Europe.
The Valentino Castleon the river Po, seat of the Schools of Architeetis a historical site. Its origins date backhe t
beginning of the XVI century. A non-insulated andHly massive shell characterizes the building, #relsystems have
been realized taking into account the building’assrvation requirements.

TheMain Campuson Corso Duca degli Abruzzi, dedicated mainly tiBeering was inaugurated in November 1958. The
building envelope was built with very poor thernvadulation criteria and several retrofits are bgdtenned to increase the
building’s energy performance.

The Cittadella Politecnicarecently built next to the Main Campus in a forrmelustrial area, is the Politecnico’s research
centre. The plan, started in 1994 and at presederucompletion, includes recovery of the most idéng industrial
buildings, and new buildings. This campus was tadlpting energy efficiency-oriented constructiechiniques, according
to the ltalian Law 10/91.

Based on the description above, it is clear thah daiilding has specific energy needs and limitetiooncerning control
systems which should be installed; a major chateiog the SEEMPubS project is to deal this spedéployment's details,
providing a generic framework, which is able touaty impact on energy efficiency.

3.3 Thearchitecture of SEEMPubS Building Energy M anagement System

As described previously, one of the main goals BEBPubS is to develop a middleware for holistic IBuig Energy
Management Systems (BEMS). With regards to systesmitacture design two major requirements weretifled. First,

such middleware needs to support the integratiohedérogeneous technologies, such as WSAN, buildiagagement
systems, or smart meters. Second, the middlewarg provide unified access to these technologiesugport the
implementation of applications that use these teldyies in an interoperable way (e.g. implementatbbuilding control



strategies). A further requirement from the middiesvperspective is that the developed componeotiddibe extensible
and reusable in similar settings.

In order to cope with these requirements, the SE&EMPconsortium has decided to limit custom deveksiand instead
employ and extend an already existing and proveimidogy, namely the LinkSmart Middleware.

The LinkSmart Middleware is a generic middlewaredeveloping Ambient Intelligence (Aml) applicat®fR, 3]. It is the
result of the FP6 European Project HYDRA [4] anid iturrently employed in a large number of otherdhd international
research initiatives, e.g. [5, 6, 7]. Aml is chaesized by making use of various different techgas and devices, which
together perform ambient and intelligent computiagks. Typical examples of Aml are smart homesnabiant assisted
living projects.

LinkSmart provides a framework and software devedept tool for integrating heterogeneous networkexdaks into Ami
applications. Further, LinkSmart comes with softevaomponents that provide functionality typically Aml applications
(e.g. message encryption, event management, ocaldiscovery). The LinkSmart Middleware is appléedi extended to
develop a dedicated middleware for the energy iefficbuildings domain — under consideration of #fierementioned
requirements. In the following we describe the SERMS architecture and explain to which extent Lmk8 technology
is reused and extended with new functionality.

Figure 1 shows the layered architecture of the SEEDS system including its main components.. OrLthkSmart Proxy
Layer different kinds of technologies (WSAN, BMS smart meters) are integrated into an interoperajgtem. We
employ the Proxy approach defined by the LinkSriviiddleware. This approach allows to use the diffietechnologies in
a unified way (cf. 4.1). A LinkSmart Proxy is a cpament that acts as bridge from a specific techgyoto the LinkSmart
middleware by providing a defined service interfdoethis way, proxies allow unified access to tliéerent technologies
through LinkSmart.

On the SEEMPubS Middleware Layer reside comportbatsprocess data provided from the Integrationetand provide
further functionality to the Application Layer (e.gomponents to execute building control strategéssde on this layer)
(cf. 4.3). The Middleware Layer is conceptually aegted into two parts: the LinkSmart infrastructaoenponents and the
Context Framework. The infrastructure componentanely Network Manager and Event Manager provide dbee
communication functionality for all LinkSmart compents. The Network Manager enables network comratioit among
devices inside a LinkSmart network. It creates aarlay P2P network that implements SOAP Tunnelisgtransport
mechanism for web service calls [25], allowing direommunication among all devices inside a LinkBmatwork, no
matter if they appear behind a firewall or NAT (Wetk Address Translator). The Event Manager alla@selopers to
build event-based systems, which in the case désys dealing with sensors, is a core requiremenSEEMPuUbS, the
Event Manager is used to publish events at theyPrayer and to listen to events wherever needadnftance at Context
Framework, for further processing. The Context Feamark is an extension to LinkSmart which is speeify designed for
energy-efficiency applications aiming at achievéggnantic interoperability. While syntactic intercgdgility is achieved by
the Proxy Layer (by homogenizing the different gds and protocols of different technologies), @atic interoperability
in SEEMPubS means to abstract from the Proxy Layex layer that deals with domain objects like dinijs, rooms,
windows, appliances, sensors, etc. Such domaimnretion can then be used by the system for (i) us®i-applications,
(e.g. for visualization) and (ii) for implementinguilding management control strategies that worangessly across
heterogeneous technologies. The Context Framewat&scribed in detail in Section 4.3.2.

The Application Layer comprises end-user applicetidor different kinds of users (e.g. an integratednitoring and
control application for the building energy manageyuld be part of the Application Layer as well gplications for
building occupants) (cf. 4.3). With the help of teldleware Layer, information should be easy asit¥s by any kind of
application.
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Figure 1. Layered System Architecture

3.4 Reéated Work

Several research projects are dealing with incngasnergy efficiency in buildings. The FIEMSER [38ject aims at
developing an energy management system (BEMS)Xistileg and new residential buildings. FIEMSER drie achieve
that goal by optimizing the balance between engmgyerated locally, energy needed from externaligess and energy
demanded by the building. Technically FIEMSER ergpla combination of sensors and actuators fronitiwadl PLC-
based BEMS systems, connected via an OSGi+SOA RiE&Titecture. While the goals of FIEMSER and SEEbMPare
to some extent comparable, they both aim for défiedomains.

Another similar project but with a different domais 3e-House which deals with the integration dfaklshed ICT
technologies in social housing in order to provate innovative service for energy efficiency. Otlpgojects such as
SaveEnergy [27] focus on changing people’s behdhimugh the use ICT — real time information andoses games in the
case of SaveEnergy. A similar approach is impleetbrity the BeAware [28] project, which also aimsiratreasing
people’s energy awareness in private households.

Many other research initiatives and projects ainahgicreasing energy efficient in different kinafsbuildings exist, each
focusing on different specific topics.. SEEMPub&sdrto produce a result which can be generalizrdamely the
middleware — that can be applied in other projdetding with energy efficiency in buildings and tiferementioned issues
of interoperability. While many different projeagvelop custom middleware solutions, we will pr@vimh open software
that can be applied for energy efficiency applmasi in buildings in a general way. Using the emigtiLinkSmart
infrastructure is supposed to support this goal.

4 Methodology

SEEMPubS is committed to an iterative approaclofalhg the principles of the common standard 1ISO0F34he goal of
this procedure is focused not only on the evolutibthe applications and services, but also orr¢fiaement of scenarios,
requirements, specifications of the SEEMPubS platfand its implementation. This iterative processuges the gradual
approximation to all multidisciplinary activitieavolved in SEEMPubS with simultaneous consideratiball stakeholders
needs as described following.



4.1 Integration of devices

The strategy for smart building management androbi¢verages upon an ICT infrastructure made défogeneous
monitoring and actuation devices, such as WSAN. édeer, in order to improve backwards compatibilithe
infrastructure supports wired devices work withfeliént protocols, such as BACnet, LogWork, etc. iAnovative web
service oriented software infrastructure has beeweldped to manage heterogeneous and commerciagtede\As
introduced before, the LinkSmart middleware [2-4ktbeen adopted to provide interoperability betwleeterogeneous
devices and networks, both existing and to be geploMoreover, the proposed infrastructure alloasyeextension to
other networks, thus representing a contributiothtbopening of a market for ICT-based customiz#dti®ns integrating
numerous products from different vendors. The systeanages energy efficiently and WSANs are predaioesimplify the
integration of new sensors into the system and t@savoid overloading of cables in historical binlgs. The software
infrastructure provides the following main functaities:
< It enables the interfacing to the application laggrmeans of web services, through which the sedata is read and
can be used for visualization or to feed energyagament policies;
« It collects environmental data coming from the semmodes into the local database and this datdbeaccessed in an
asynchronous way and preserved from network falure
« It allows the remote reconfiguration of sensor npdeameters such as the sampling rates of phygicaitities which
are to be monitored,;
« It allows the remote control of actuator devices;
« It enables interoperability among heterogeneousverés, characterized by different communication tpecols,
microcontrollers and sensors.
As shown in Figure 2, the software runs in a PCe@ay (GW) and communicates directly with the hegereous
networks. The dedicated Interface represents tivedblayer of our proposed stack, and receivesrimdton coming from
various devices, regardless of the adopted comratioit protocols, hardware or the network topologgnce, each
network needs a specific software interface, whithrprets the environmental information (e.g. tenapure, humidity,
etc.) and stores them in an integrated databasg, (DBrder to make the whole infrastructure flégiland reliable with
respect to backbone network problems, since dat¢oaally stored. The web-service layer, implemeéntsing LinkSmart,
interfaces the device networks to the web, makirgremote management and control easier. Morebweports to the
application client layer, the last in our stacK, tae environmental data that was stored in the BBthis layer, the
information is available to the end-user and retwype post-processed or to be shown via computaiptets or smart
phones. Particular emphasis was given to the pbigsio reconfigure each node, changing, for ims®, some parameters
about power management. In this scenario, the eedaends the new configuration via web-servicebgdsW and stores
it in the DB. Then, the new settings will be autdicelly sent to the receiver mote, when it wakesfrgm the sleeping
period, through the specific network software Ifaee. The configurable parameters change deperafindpe hardware
and the Operating System running on the end nodeieMer, using this software infrastructure, ther s choose only
the right settings ignoring the real physical haadsrelated to the virtual device. About power ngamaent, it is worth
noting that there is no standard that indicates kowtrols and configuration settings are to be serthe mote via the
protocol packet payload. Hence, the proposed n&taoftware Interface is hardware dependent onlytiferway in which
these parameters are formatted. However, from dieraunication point of view, it is protocol standarcompliant. The
proposal and development of a standard for poweragement would be desirable but is not the subjeittis project. The
goal of this research, from ICT side, is to enaghle communication between heterogeneous and coriahdevices; this
implies a certain dependence on hardware.
Particularly in this case study, we have develafiéfdrent interfaces to manage respectively fivenozercial WSAN based
on:
e Crossbow Telos rev.B [8] open source end node toitmoair temperature, relative humidity and illurance, which
exploits IEEE 802.15.4 communication protocol;
e Our customized end node built on Texas Instrumect®530 system on chip [9] to monitor air tempemtand
illuminance leveraging the ZigBee protocaol;
e ST Microelectronics Smart Plug [10] commercial eradle to monitor power energy consumption and tacsmen/off
the lighting plants, exploiting the ZigBee protacol
¢ Plugwise Smart Plug [11] commercial end node to itborpower energy consumption and to switch onAbifé
appliances connected to the mains exploiting tlpB&e protocol;
« EnOcean protocol stack [12] commercial end nodesntmitor air temperature, relative humidity, illumance,
occupancy and to actuate heating and lighting plesyectively.



Moreover, an interface has been developed to eiableemote communication with the Siemens Desig® Bhat exploits
the BACnet protocol [13] in order to monitor anduate Desigo wired devices.

In a nutshell, the proposed web-based infrastracisira software that makes transparent to the sadihe underlying
devices, abstracting all the information about fend, communication protocol stack and embeddedatipg systems.
Furthermore, the use of web-services makes theoeability with third-party software easy.

® <
LinkSmart LinkSmart

Application client Application client

——

'E-" Gateway
1 LinkSmart E
b | web-services |
1 I3
| [ DataBase | i
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] Inlerface Interface Interface Interface | |
1 [5
\
1
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EnQOcean
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Figure 2. Software infrastructure scheme to harditerogeneous devices

4.2 BIM and Interoperability

To optimize the data exchange among architectueghisinical Electrical and Plumbing (MEP), energywations and
Facility Management (FM), at the beginning of thejpct a BIM methodology was used. For this reast®
interoperability testing described in this paradrag an important issue of SEEMPubS, both for peicey and for data
visualization [14].

The BIM approach started with the creation of 3Ddele of each case study through Autodesk applizsitas shown in
Figure 3. In particular Revit Architecture was uded architectural modelling and Revit MEP for theodelling of
heating/cooling and lighting systems [15].

To test the interoperability between architecturaddelling and lighting simulations it was necesseryealize the 3D
models of the real rooms and their external enwiremnt. The 3D models were used to run energy simakgtwhich were
validated through the monitored data and then tisesbtimate the building energy demand. In paricuRadiance [16]
was used to validate the models, comparing thelabediilluminance distribution to the illuminancelves measured in the
corresponding rooms, while Daysim [17] was usedstimate the lighting energy demand and the sawbtgEned with the
specific control strategies proposed for each saisdy, as it allows running annual simulation faite, accounting for the
specific dynamic climate conditions.

In order to run the lighting simulations, it wastnpossible to import the parametric model from Rewito
Radiance/Daysim directly. The software Ecotect #sial[18] was hence used as interface to launchiaRee/Daysim. As
a result, Revit was imported into Ecotect usindedént procedures, with the aim of finding the maygpropriate.

The first trial adopted the traditional approactsdzhon the exporting in IFC (Industry FoundatioassSks) format, but it
did not succeed because some elements, such agttewv frames, were not exported or were displaced.

The second trial was based on the exporting fromitR®y a gbXML file, but some geometrical discrepes in the
surfaces generated from the solid elements madentidel unsuitable for the lighting simulation. lacf, this type of
exporting involved some model simplifications thatned out to be incorrect for lighting simulatiomven if the model
was correctly generated and all the elements haotamaed their reciprocal positions.

The third procedure was the most appropriate, botiterning modelling in Revit Architecture enviroamh and for the
analyses with Radiance and Daysim (thanks to Et@®@ software interface), through the use of 8iMax as an
intermediate software (to convert the .fbx file expd from Revit in a .3ds file imported into Eadjewhich gave good
results in terms of geometrical consistency ofdakgorted model. Nevertheless, also with this praoed was necessary to
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check the 3D models imported in Ecotect beforeiatathe lighting simulations in Radiance and Daysio prevent some

trivial mistakes connected to an oversight or eliation by the operator (for instance the disappe®af some parametric

elements).

Once the 3D models were successfully imported Ettotect, it was possible to proceed with the ligintsimulations in

Radiance and Daysim. The numerical data obtaired the simulations were graphically processed liyguthe Ecotect

Analysis application, through the import of .datrfat (coming from Radiance) or .da (coming from &) and therefore

shown in 3D visualization.

In a similar way it was possible to work betweeahiectural (Revit Architecture) and thermic (Trasl7) models using

SketchUp as additional software. Compared to tassat method, the use of the 3D model in Trnsysefjdired attention

in some critical points (north orientation, winddvame and wall thickness). Therefore, before stgrthe simulation

phase, we fixed the critical points. In detail:

« The model was optimized after the importation iet8kUp, before drawing the Thermal Zones;

« The window area was adjusted. In fact, since initRenchitecture objects are parametric, it is pbksito calculate the
exact area of the frame and of the glass surfacedoh window; this value was put in Trnsys to ioyer the accuracy
of the simulation results;

e The problem of the wall thickness between adjadames was fixed by moving the wall surface of ofiehe two
rooms. This had as a consequence a volume incrfas@e or both rooms; but this does not have dicanit
consequences on the results due to the little itngfaair volume in the heat balance.

Valentino Castle Model Interoperability
Revit Architecture
T ~
el ;3‘ \
v ~.<§.>
~ 7 =2
/ Ecotect
j j } Daysim
Cittadella Politecnica 3dStudio Max Ecotect Radiance
B
Pl g™ |

SketchUp 7Pro

Figure 3. BIM and Interoperability as method to iofize the process

4.3 Context awareness

The Context Framework is part of the energy effitimiddleware. From a software architecture pethpedt resides
between the proxy layer (as described in 3.3) hedapplication layer. The aim of this Context Fraumek is to interpret
data provided by sensors and devices into seméntiogeroperable information that can be usedtiy $ystem for (i) end-
user applications (e.g. for visualization) and ifiiplementing building management control strategieat work seamlessly
across heterogeneous technologies. Context-awdiraipgtion is a generic and “complex” task, sintermain goal is to
adapt the building behaviour to detect and act uporery broad and extensible set of situations. thiw reason, the
SEEMPubS Context Framework must provide flexibleangeto describe generic “situations” which are ificgmt for
energy consumption monitoring, optimization and isemass.

As an example for such a situation we define tregyrwasting situation.

An energy wasting state is defined as a situatiberer energy is being spent without benefit forukers. An example of
energy wasting state might be represented, foaist, by a room where the window is open and thAEl\6 running or a
PC left idle without any use. Such information @bbk used to provide feedback to end-users and/atetenergy-saving
behaviour. Another use-case showing the advantafgesmantic interoperability is the technology-ipdedent definition
of control strategies in an integrated system.

In the following we describe how the SEEMPubS CrinEgamework supports these concepts



431 From sensor datato building infor mation

The termsemantic interoperabilityn our system characterizes the ability to acaiffierent kinds of devices, sensors,
actuators, or systems through a unified vocabulefyOntology Manager) regardless of vendor- ohtedogy-specific
implementations, data formats, APIs, etc. Figurghdws how data is transformed from the actual setusthe Context
Framework. The Proxy layer is responsible for psstgg raw sensor data and adding some basic nferaition and
forwarding it to an Event Manager. The Context Femmrk is responsible for associating the incomirgadwith a
meaning.

Component Data/Information
Context Dom o 7
inage_| | Foomtame=12

7 A
|
Event |
Manager |
A [
e
Proxy | Sensorl.value = 12 :
. k)
F========
[ 12 |

| —— —— ——
Sensor }
e |
I | 1100 |
Sense

Figure 4. Abstraction of Data

432 TheContext Framework

In this paragraph we present the implementatiorthef Context Framework that uses an Ontology-basemnvledge
repository and rule-based context recognition systhat allows defining actions that should be penfed upon
recognition. The Ontology models the abstractimmfrconcrete devices, sensor etc. to domain spemifities such as
buildings, rooms, HVAC appliances, etc.

Ontology

The Ontology provides a taxonomy for the energicigfiit buildings domain, describing a model thatsed to support the
development of energy efficiency applications. Thiedel describes the (semi-) static environmenthef building
independently from the type of implementation aatfgdrm used in development of such applicationsndidels devices,
sensors, actuators, rooms, and observable propsrtieh as temperature, humidity and so on. To muep the domain to
the implementation it also models software proxsesyices, and events.

Context Manager — Rule Engine and Entity Manager

The Context Manager consists of two major compaditan Entity Manager to manage the currentpasd context of all
entities and (ii) a Rule Engine to store and evalgantext reasoning rules.

The Rule Engine has two main roles: (i) rules afneéd to recognize a situation based on the sfadatities in the system
and (ii) rules can also be used to define an acdtian should be performed upon recognition of aasibn. We use the
Drools [19] rule engine — a well-known rule engfoebusiness applications — and modified the ratglage allowing it to
define triggers that will be used by the Contextnisiger to subscribe to specific sensor event whichitor the context of
the entities. When a sensor event comes, the Colxager will update the context of all entitibattare associated with
that event. The correlation between the sensort@rghthe entities is done with the help of Ontglogasoning. The drools
engine will then evaluate any rules that are assediwith that entity and execute the actions @efim the rules. Such
action could be the invocation of an actuator.

The Entity Manager is responsible for keeping tra€lentities and their context attributes (e.g. genmature in Room1,
humidity in Room1). An entity and its context ditrtes are monitored automatically once they areéefin a rule and
their current state is saved. This approach enaleEntity Manager to only store the current stditthe system as needed.



By moving the storage of ever-changing context davan the Ontology to a dedicated Entity Manager swsid
performance problems in the semantic store.

In the following we provide an example that expsairow the Context Framework can be used to receggiiaations and
perform actions accordingly.

As stated before, the Context Framework allowsoudetal with domain objects. This means, we camdefiles like the
following: Every time the state of Windowl or Radiatorl changfeeck if Windowl is in state open and Radiaterihi
state on. If they are, publish to any interestechponent that there is an Energy Waste situatiolR@om1, involving
Windowl and RadiatorThe domain objects we are talking about hereMirelowl, RadiatorlandRoom1.

The advantage of this approach is that for thend&fn of such rules, no knowledge about underlyiaghnologies is
needed. It doesn’t matter if the radiator is cdigtbby a BACNet or EnOcean device or what kindcoftact sensor is
attached tWindowl

This information is stored in the Ontology and vi# reasoned by the Ontology Manager. Figure 5 showa simplified
way, leaving out sub-classes) how the relevantim&tion is modelled in the Ontology.

Domain
A Sensor Context
- Attribute

Z\ /\ R
hasSensor Contact measures
Window1 Sensori State
haSEven‘

JA

Power
Consumption

topic="/event/contactSensor1/state"

Figure 5. Ontology instantiation

Besides notification of situation changes the hdsed approach also allows for implementing costrategies, such as:
Every time the presence property of Room1 changedt & false, switch off the light in that room.

Beyond this simple example it is worth observingtthresence detection, or more in general occupaei®ction [12] is a
complex process and can thus give more complesstgpeutputs rather than “true/false” presencerinfition. Therefore,
occupancy values might have been evaluated befodebs other rules or by dedicated components, ristance an
Occupancy Proxy that takes care of optimizing oacgy recognition by using multiple input sourcesd adding
probabilities to occupancy states.

As for recognition the Context Framework also hasdhe invocation of an actuator for switchingligbt. Therefore, the
Context Manager consults the Ontology to find tkspective actuator. A standardized Proxy interfdloevs executing the
correct service via the proxy that communicates wits actuator.

4.4  Controal rules, control strategies (middlewar €)

Since the project aims at controlling HVAC and tigly systems using temperature, luminance and @mypsensors, new
control rules must be designed and tested in dodproperly balance energy savings and comforeis$R0]. The thermal
inertia of buildings leads to a low responsivenasthe HVAC system, which requires an anticipatidmpossible future use
of a room in order to meet comfort requirement imith reasonable time when occupancy is detecteel t83t cases have
been modelled in Daysim (lighting simulations) ahichsys (thermal simulations) and several contréésithave been
implemented and tested. According to the inforrmatia the rooms features, achieved during the finstse of the project,
some lighting control strategies were initially posed. In particular, for spaces with high dayligiviailability and
medium/high users absence probability, a combinatibdaylight harvesting and occupancy detectiors weoposed as
lighting control strategies, while, for spaces wiblv daylight penetration, only occupancy detectieas supposed to be
used. In any case users are allowed to overridsytem with manual control. Thermal control sp&s are guided by the
maintenance or improvement of user comfort combiteedhe best energy savings. As the uncertaintpdoupancy
schedules is detrimental to savings and/or comfodifference has been made between personal offibere presence
detection is the only available information, andnooon rooms (meeting rooms or classrooms for ingfamhere users
have to book the room, which allows strategies thaseanticipation.



Another difficulty is to evaluate the time necegstr reach the set point temperature when prelgasirplanned. It
depends on the inertia of the building but alsdl@nweather conditions and the indoor temperatnerecise calculation
of this “recovery time” would lead to the best caommise in terms of energy savings and user comfagure 6 below

displays the main control rules considered for Bighiting and HVAC systems.
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HVAC - Presence detection HVAC — Presence anticipation

Figure 6. Control rules considered for lighting aR/AC systems (Tsp: setpoint temperatyge,recovery time).

5 Resaults

SEEMPubS is still under way but first simulatiorsults are already available. Simulations are piad preliminary work
that aims at optimizing energy conservation stiate¢hat are implemented in the demonstrator. #lisady planned to
compare numerical results with experimental resadtssoon as results are available. The followinggraphs presents
some simulation results of the ongoing work on gneaving in the HVAC and lighting systems.

5.1 Edimated energy savings, heating and cooling

This paragraphs aims at presenting detailed refartene of the six case studies. The test officpart of the Valentino
Castle, the historical building made of heavy walishout thermal insulation. Its energy consumptisrhigh and its

thermal responsiveness is very low.

As savings strategies are based on an optimizafigacancy periods, results heavily depend on cexcoy hypothesis used
in the simulations. Two different kind of occupatiprofiles are used in the simulation. The “thecostoccupancy” starts
at 8 AM and ends at 6 PM (ten hours a day, fivesdaweek, which means fifty hours a week) and spoeds to the time
range when occupancy probability is high. In thespnce detection algorithm, the theoretical océnipadrofile does not

provide a lot of details since it is hard to forgicthe actual occupancy, while in the presencecigation algorithm, the
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theoretical occupancy profile is detailed as muglpassible since it is used for classrooms andingeetoms where it is
easy to know in advance what the future occupaltoruld be. The “real occupancy” is directly linkedthe occupancy
detection sensor but in the simulation it is sefigsd ranges which include twill occupancydays (on Mondays and
Fridays) with a one-hour lunch break and thalf occupancydays (on Tuesdays and Wednesdays) with a five-hour
occupancy divided into three periods (8 AM — 10 ANPM — 2 PM, 4 PM — 6 PM). No occupancy at alléssidered on
Thursdays. For instance, it may represent a dayaofeminar day or a day out of office. With regatal this simulation
hypothesis, the real occupancy profile used irsthreulation represents 56% of the theoretical ocoapa

As the presence anticipation algorithm was oridgyndésigned for common rooms such as classroonmmegting rooms,
results discussed later will mainly focus on aghesence detection algorithm.

In order to optimize the restarting time of the H¥Aystem in the early morning or after a periodadancy, a study was
carried out in order to characterize the buildingrtia. The idea was to find the best correlatiebween the time\t
necessary to reach the set point temperature rgefféo agecovery timdater in the text) and the ambient conditions such
as the outdoor temperature, the indoor temperalijrand the setpoint temperatufg, . Restarting curves have been
analysed for 154 mornings of a yearly simulatiororiday mornings were analysed separately sincehtvental behaviour

of the building is different after two unheated slay

5
T OO
= , | = Mondaymornings 1
g 4 T4 Restof the week P J /&8 E/®_
= ‘m - =
= 3 g At=030ATF—
- R? = 0.7527
% 2
T _ -
+— "
<0 é S
0 2 10 12 14

AT =Tg, - Tiy(i) (°C)
Figure 7. Recovery time as a function of the temijuee differenceft = T, - Tin(i) during the heating period

The best correlations linked the recovery timentemperature difference between set point anabinttmperature at the
restarting time. As this very simple linear equatitines 1 on Figure7 and Table 1 below) is nofisight to properly
describe the building behaviour, its direct useléetb good energy savings but also leads to diaompof user comfort
(see Figure 8 below), due to the underestimatiothefrecovery time for about half of the time. Iler to optimize the
balance between energy savings and user comfatupadated correlations are used (lines 2 in Figare¥ Table 1). As it
is not sufficient to improve comfort as much aseotpd, a second set of updated correlations is (ised 3 in Figure 7
and Table 1).

Energy savings values are given in percentagewhgs compared to simulation results of the actwaitrol rules used in
the case study (reference room). The main differemdth the test room lie in the absence of preseletection and in the
use of only two set-point temperatures (one attnigd another one during working hours). As indeonperatures may be
higher in the reference room than in the test rdespecially during working hours when occupancyas “detected”),
non-negligible heat transfers occur from the refeeeroom to the test room. This leads to an oviémesion of the
reference room consumption and an under-estimatfotne test room consumption. Results can thenlditefing and
...false! In order to calculate the consumptiort thauld actually be observed if the whole buildings equipped with the
same control system, two simulations are run séglgiraone with the actual conservation strategfefence), and another
one with the proposed conservation strategy (t€stinfort analysis is based on the operative tenperaistribution in the
first hour of occupancy (8AM - 9AM) when occupanisy “detected” (figure 8).Results are very closethie present
situation in terms of comfort and this strategpat a 14.6% reduction on the overall annual endegyand (Table 1).

Table 1. Correlations used in the three test césesalculation of the HVAC restarting time andiesition of associated
energy savings
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E i %
Correlations used for estimation of recovery time 3 sa\{mgs (%) -
Overall Heating Cooling
At = 0.30 (Tsp — Tin(i)) (Monday morning)
Test case 1 22.1% 25.7 % 9.2%
At = 0.12 (Ts,, - Tin(i)) (rest of the week)
At = 0.40 (Tsp — Tin(i)) (Monday morning)
Test case 2 19.6 % 225% 9.4 %
At = 0.20 (Ts,, - Tin(i)) (rest of the week)
At = 0.50 (Tsp - in(i)) + 0.33 (Monday morning)
Test case 3 146 % 16.0 % 9.6 %
At = 0.25 (TS,, - Tin(i)) + 0.33 (rest of the week)
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Figure 8. Indoor operative temperature distributidaring heating season between 8:00 and 9:00 iroffiee of Valentino
Castle for different control strategies

These first simulation results show that the ediwnaof the recovery time can be improved in theufe. The more
accurate the estimation of recovery time is, tiss kenergy is needed in order to reach a given abtefeel (and the more
efficient are the control rules). Nevertheless beovery time heavily depends on the building ctiaréstics, but also on
the HVAC system specifications (water and air flates and temperatures of the fan coils unit) anatdifficult to know
with precision. It then requires to fit simulatioasults with monitoring results in order to findetimost likely HVAC
specifications. These control rules will therefoeguire a lot of data and studies to be extendedeto buildings with
different characteristics. That is the reason whey ave currently studying the feasibility of devetapa self-learning
system that would itself calculate an estimatiorthef recovery time, based on data collection of ghst few days or
months. It would avoid thermal inertia calculati@md associated data collection) since the systeaidicalculate it itself.
An algorithm based on presence anticipation alspires the recovery time calculation and also needse linked to a
schedules DB. Simulation on the same office showsightly better results in terms of comfort but lnég energy
consumption for presence anticipation strategis firobably due to the high inertia of the buildimghich leads to slow
temperature variation when the HVAC system is tdroff. For vacancy period shorter than a couplbaifrs, the presence
detection strategy does not call for heating olingovhile the presence anticipation strategy mestine HVAC systems in
advance, which leads to higher power consumptioesdhce anticipation strategy is then probably melevant for low
occupancy rooms in low inertia buildings. Resultswvged that it is possible to save up to 22.6 %532.0n heating and 3.9
% on cooling) in the classrooms case study.

The development of HVAC strategies will continuetwo perspectives: extending detailed analysisrefligtable energy
savings to similar spaces (offices) of other typebuildings Main CampusandCittadella Politecnicy, and analysing the
results obtained from prototypes that will be ifiethin the six test rooms

5.2 Esgimated energy savings, lighting

To assess the effectiveness of the new lightindrebsolutions the energy savings achievable wispect to the actual
reference situation (manual lighting control), wexaculated from the estimated total annual eledighting energy
consumptions. The total annual energy used fotitighrdepends on different aspects, mainly relagethé indoor daylight
availability, the building usage (occupancy profiled lighting requirements), the users’ behaviourerms of interaction
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with the lighting systems, and the lighting plahtacteristics. The simulations carried out withygdam are based on the
annual weather data for Torino, on the actual effioccupancy profile (monitored during le previphase of analysis) and
lighting requirement (target illuminance of 500 Juxn the plant power consumption including eletyi consumption
associated to the control devices, and on stochasér behaviour models implemented in Daysim tmimhow building
occupants interact with manual controls of lightplgnts or shading devices. In particular simulaiavere initially carried
out considering a “mixed users’ behaviour” that nmeeasers are partly active and partly passive wisipect to the use of
electric lighting and blindsActive useiis a user who operates the electric lighting Iatien to ambient daylight condition,
opens blinds in the morning, and partly closes themvoid visual discomfort, while @assive useis a user who keeps the
electric lighting switched on throughout the workiday and keeps the blinds lowered throughout ¢ae.y

Simulations and comparisons between energy dematidthe existing control system (manual controldahe new
proposed lighting control rules were carried out & rooms selected as case studies for the SEBMRuroject. The
calculated energy saving ranges between 5% andf@6&dfices with manually controlled blinds, whiterises up to 30%
when both electric lighting and blinds are autorslly controlled. Energy savings are calculatededative difference
between the simulated consumption of existing ezfee control solution (manual control) and the mpeaposed lighting
control rules.

Analysing the results achieved from the lightingpglations, whose goal was to verify the effectivanén terms of energy
saving, of the proposed control strategies for gaom, it was observed that, in most of the casktgined energy savings
were below the expectations. The initially proposedtrol strategies were mainly based on switchigigs on and off as a
consequence of users presence detected by theamyupensors, and on the automatic dimming ofdigista consequence
of daylight availability. To optimise the energwsay results it was decided to simulate a contut¢ which provided for
users to turn the lights on when the luminous emvitent is perceived too dark and for occupancyasrts switch them
off automatically when users absence is detectdien\éwitched on, in rooms with high daylight availity, lights are
dimmed in order to maintain the target illuminacethe working plane. Figure 9 shows the new pregantrol rules for
lighting.

START
(Lights off)

=

START

(Lights off)

Lightson

@ T

detection

YES

If Daylight
availability >
Threshold

Lights on at
adimmed
value

control is stopped for 1 hour

If light availability If light
(electric & No | availability
daylight) > (electric &

daylight) <
Threshold Threshold

Increase
light
output

After a delay |
time

If users act on the system manually, the automatic

If users act on the system manually, the automatic control is stopped for 1 hour

Lighting — Daylighting harvesting, manual Lighting — Manual on and automatic off
on and automatic off

Figure 9. Optimized control rules for lighting.

The reduction of electric lighting consumption fbe different rooms now ranges between 27% and #8%ooms with

high daylight availability and it reaches 13% fdwetopen plan office where only switching off based occupancy
detection was considered. The last hypothesiswhatchecked was based on a different user behawsut is supposed
that the SEEMPubS platform should increase peopl#/areness by means of a web-based tool to diredtyact and
communicate information to users, the last setimfukations were carried out considering an “actiser”, that is a user
who behaves consistently with the actual indoor amtioor environmental conditions [21]. The enesgyings obtained
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with the described assumptions rise to a maximurappfroximately 70%. In this last case both savitigs to optimised
control of lighting and improvement of user behaviare considered.
A summary of the calculated electric energy saviogdighting is presented in Table 2.

Table 2. Summary of the energy savings obtainediffarent control rules and user behaviour

Energy savings [%] [(Energyreference control rules — Energy roposed control rules) / Energy roposed control rules )]
Auto on/off + dimm (mixed Manual on + auto off + Manual on + auto off +
user behav.) dimm dimm
(mixed user behav.) (active user behav.)
DAUIN single office 16% 39% 71%
ADMINISTRATIVE office 6% 27% 70%
DITER office 30% 48% 64%
Auto on/off Manual on + auto off Manual on + auto off
(mixed user behav.) (mixed user behav.) (active user behav.)
DAUIN open plan office 5% 13% 14%

The technical architecture used for lighting cohttmes not differ from previous commercial solusoithe type of sensors
used in Seempubs project (photosensors and ocoupansors) are commonly used to control lightind #re sensors
layout as well does not differ from standard solusi. Control strategies instead, have been anaiypsetdter to find the
most effective solution by comparing possible alétive control logics for each room. In most exigtbuildings the same
control logics are applied in rooms with very diffiat features, in this way reducing the saving s of the automatic
control system.

This is clearly highlighted by the savings resualdained by comparing, through simulation, the tiigdp control solution
typically proposed by many commercial products addpted in many offices (auto on/off and dimmingyhwcontrol
logics, based on occupancy as well as daylightirggiability, but with a different degree of manwaid automatic control
(eg. savings rising for a single room from 16% $84}.

Furthermore, the SEEMPubS middleware, unlike commammercial systems, allows the monitoring and ndicg of
both lighting energy, environmental lighting comalits and plant status, thus allowing facility magrago check the system
operation and in case of fault or ineffective ofierato quickly intervene to recalibrate the systdnis in fact commonly
known that a system behavior not meeting userseegions is one of the main cause of automatidrebsystems
rejection.

Results obtained with the simulation carried outhis phase of SEEMPubS project are consistent inittase of active
user behaviour or grater than the savings achiitdautomatic lighting control in other similars@arch activates [22]
[23] [24].

6 Conclusion

In this study we tested how ICT makes it possiblentegrate different processes, applications gsystand technologies in
order to reduce energy consumption. First of allpltitain a smart building management and contr@rbges, we defined
an ICT infrastructure made of heterogeneous mangorand actuation devices and we developed the Srimdet
middleware to collect environmental data comingrfrthe sensor nodes in a local DB. Then we propeseatb-based
infrastructure to make transparent to the end-treemunderlying devices, abstracting all the infaiioraabout hardware,
communication protocol stack and embedded operatysgem. Moreover, we set a Context Framework tisats an
Ontology-based knowledge repository and rule-basmuext recognition system to allow the definitiohactions that
should be performed upon recognition. Finally, veediBIM and interoperability to process and vizeahll data essential
for energy simulations and for FM. Our results @mccontrol rules and test on HVAC and lightingteyss using
temperature, luminance and occupancy sensorsgar & properly balance energy savings and corgsues. Future work
should optimize the increase in people’s awarehgssweb-based tool to directly interact and comigate information to
users.
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