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PERVASIVE ENERGY MEASUREMENTS FOR BUILDINGS MONITORING
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 and an optimized energy management system answering to the need for energy efficient buildings, ensuring at the same time an adequate comfort level for their occupants. In this frame, the role of human behaviours in generating efficiency is investigated through field experimentation on five pilot sites (i.e. two hotels, a primary school, an office and a public housing). The experiment consists in providing on-site (i.e. for occupants) and off-site (i.e. for energy experts) energy monitoring solutions and observing behaviour changes. This paper focuses on the principles and the architecture of the HOMES energy monitoring, giving details on the on-site and off-site versions. The adopted solutions for data retrieving and mapping with real physical measurements are briefly explained. Moreover, the energy data model and chain are presented, while the pertinence of the Building Information Modeling (BIM) as a metadata provider is discussed. Some learned lessons are pointed out and next works are announced.

INTRODUCTION

In the Fourth Assessment Report [START_REF]Mitigation of Climate Change: Working Group III report[END_REF], the Intergovernmental Panel on Climate Change (IPCC) identified the buildings in the service sector as one of the main responsible for anthropogenic emissions of Greenhouse Gases (GHG) but also as the sector with the highest potential in terms of dramatic emission reduction. One point in building energy efficiency is the building envelope, where mainly thermal insulation and air tightness (e.g. of windows and doors) can be improved. On the other side, the choices of people who have a link with the building (e.g. owner, operator, occupant) influence its energy performances. For instance, given the same envelope, an owner can proactively replace an inefficient heating system with a more efficient one, hoping that it could improve the value of the building on the market (i.e. through a higher energy efficiency rating). As an additional example, whatever the heating system and the envelope, an occupant could set a thermal point to 19°C in winter because he proactively wears adapted clothes. Among other topics, the HOMES programme [START_REF]HOMES programme website[END_REF] investigates the role of human behaviours in generating efficiency through field experimentation on five pilot sites (i.e. two hotels, a primary school, an office and a public housing). The experiment consists in providing on-site (i.e. for occupants) and off-site (i.e. for energy experts) energy monitoring solutions and observing behaviour changes. These pilot sites were previously equipped with comfort and energy sensors, whose measurements are locally stored on-site and periodically sent the HOMES server, where they are arranged in a data warehouse. In order to make this data accessible to occupants or energy experts, energy and comfort data must be able to come back to each site, after some algorithms are applied to raw data in order to let them become useful information. This article presents the principles and the architecture of the HOMES energy monitoring. Section 2 presents briefly the pilot sites, the installed energy sensors and the lessons learned from this installation, then Section 3 shows how energy data must be processed before becoming useful information for the user. Subsequently, Section 4 explores potential applications of the Building Information Modeling (BIM) in the frame of the on-site energy monitoring. Finally, Section 5 gives an overview of the on-site and off-site monitoring contents and infrastructure, while Section 6 concludes the paper.

DATA COLLECTION ON HOMES PILOTE SITES

The retained HOMES Pilot Sites include a primary school, an office building, a public housing building, a four-star hotel and a one-star hotel, located in different regions of France and aiming to represent the climate diversity in North-West Europe (e.g. Mediterranean, continental). On all these sites, sensors installation started gradually from August 2010 and one key point was finding the way for data to be easily retrieved. In this phase, the solution to the interoperability of sensor labels among the pilot sites was centred on the parameters needed to assess the energy performance of a building. Within the HOMES program, three categories were found:

• the type of energy used in the building (e.g. electricity, gas, fuel, wood)

• the type of services provided to the occupants (e.g. indoor temperature, luminosity, hygrometry) • the type of exogenous phenomena which impact the energy consumption of the building such as real occupancy and climate conditions One basic assumption of the HOMES programme is that energy and comfort control must focus on each building "zone" (i.e. a spatial subset of a generic four-wall space) in order to be effective. For instance, in an open work space, a zone control should better satisfy the compromise between comfort needs of occupants and energy conservation, whatever the real occupancy. Consequently, one key objective of the sensors instrumentation plan was to be able to retrieve data corresponding to the "zones" within the building. Finally, the application/usage (e.g. lighting, heating) is an additional class considered for each sensor. All these classes made up a vocabulary, depicted on Figure 1, which enables symbolic addressing to each sensor.

All data acquired by the various sensors are sent either by hard wires or by radio frequency networks to input/output data modules of a Remote Terminal Unit (RTU). These RTU's send their data through a GSM link to two redundant servers located one in Marne-la-Vallée and one in Grenoble, where data are analysed by the HOMES researchers and processed for creating the monitoring functions for stakeholders, as illustrated on Figure 2.

The symbolic addressing is already available at the RTU level and is based on the vocabulary already described on Figure 1. Then, the symbolic name of a measurements flow is defined by juxtaposing:

• its site name • its energy type (e.g. Water, Gas, Electricity)

• its associated usage (e.g. Lighting, Heating, Cooling)

• its zone type (e.g. Office, Kitchen, Bathroom)

• and the building specific identification (e.g. Office 1, Room 2)

As an example, the label corresponding to the energy used in the room 2 of the Windsor hotel (i.e. the four-star one) for lightning and heating are respectively:

"Windsor.Electricity.Lighting.Room.2" "Windsor.Water.Heating.Room.2"

Due to the resource limitation within the RTU, it was not possible to use the full vocabulary but a shorter version instead was used, which is still "human readable". Considering the overall action for data collection on HOMES Pilot Sites, two major practical difficulties came out:

• the distribution networks (e.g. electrical, water) usually do not match the zone and usage breakdowns in building. For instance, usually electricians separate usage but not zone (i.e. one electrical feeder for the lighting, serving a given number of zones) • some technical systems (e.g. heating/cooling multi-split), are closed systems and it was not possible to add some energy meters inside the system, without a loss of warranty.

MORE THAN ENERGY DATA

One benefit of the HOMES approach in serving energy monitoring is the integration of raw data with three more categories of high-level heterogeneous types of source:

• Metadata (e.g. a description of the building, see Section 5)

• Reference Data (e.g. thermal building simulation results)

• Process Data (e.g. activity planning)

The raw data coming from HOMES pilot sites are merged with the other data above through a Business Intelligence (BI) process, which enables to enrich the physical signification of measurements. Then, all these data are neatly arranged in a data warehouse, including measurements and extra data. Due to the growing amount of data, an On-Line Analytical Processing (OLAP) solution is adopted, making data aggregation on dimensions and data filtering highly quicker than standard data warehouse. Indeed, the monitoring applications must be able to easily navigate into data. The overall process is showed on Figure 3. But accessing easily to data could not be sufficient in order to stimulate energy-efficient behaviours in people, whatever their role (e.g. occupant, tenant). Indeed, HOMES marketing studies tend to say that "data do not generate energy efficiency, only information does". That is why one main challenge in the monitoring experimentation on HOMES pilot sites is extracting useful information from data, ideally up to suggest actions to be taken. Unfortunately, real-world constraints make it simpler to say than to implement in automatic processes. As an example, the flow of raw data coming from measurements must firstly cleaned, in order to remove out-of-bound or missed points. Moreover, as recalled in Section 2, some measurements are simply not available due to the building network (e.g. electrical) or equipment limitations. The entire process from raw data to useful information is illustrated on Figure 4. 

HOW BIM DATA CAN ENRICH ENERGY MONITORING

The Building Information Modeling (BIM) has two main features:

• enable bi-directional exchanges between the different players (e.g. architects, mechanical, electrical and plumbing engineers) and the software packages they use along the entire lifecycle of the building • store all data about a building in one single container, also known as BIM model On Figure 5, neither a BMS (Building Management System) nor a Monitoring System is represented because they are not a common usage of BIM today. Anyway, data found in BIM models could be reused in BMS and monitoring systems, for instance in order to display a spatial representation of the building. Moreover, BIM models could provide information about zones of the building (e.g. volume, orientation) and pieces of equipment of building systems (e.g. a link to manufacturer's datasheet).

Currently there is not a single and standardized way to "do" a BIM, but two distinct approaches exist:

• choosing a leading building CAD supplier (e.g. AutoDesk, Bentley, Nemetschek), then using software compatible with the main 3D CAD modeler • selecting a common design enabling to exchange building data between applications that can export / import files using that format Even if Industry Foundation Classes (IFC) is the official standard format [START_REF]buildingSMART, International home of openBim[END_REF] for the second approach, is usage as a neutral exchange format is quite rare in real projects. Indeed, the main barriers to a wider adoption are that the building market of today has dominating suppliers, who obviously want to keep their market share, and that only few legal obligations to use a standard format exist. The monitoring system described in Section 5 gets most of live building data (e.g. temperature, CO 2 concentration) from physical sensors. In the frame of the HOMES programme, these sensors and related communication infrastructure have been modelled in a BIM software package, namely Revit Mechanical, Electrical and Plumbing (MEP).

The first type of information we can extract from the BIM model is the localization of sensors, for instance the installation zone, the exact geometrical position (e.g. height), the orientation with respect to windows. An example of sensors views in the building is given on Figure 6. 

BIM model

In addition to the spatial information, BIM software packages also enable to describe precisely the type of used sensor. Typical examples are parameters showing the usage conditions and validity thresholds of measured data, as illustrated on Figure 7. Another important aspect depicted in the figure above is the "classification" data, in that case an OmniClass-based number [START_REF] Omniclass | A strategy for classifying the built environment[END_REF] that allows software package to unambiguously "know" what type of sensor it is without having to refer to wordings like "Light and Movement sensor" that depend on languages.

In the BIM world, there are interesting initiatives to address that ontology issue, that is to say what BIM objects are and how they must/should be described. The most ambitious one being the International Framework for Dictionaries (IFD) [START_REF]buildingSMART, International home of openBim[END_REF], which can be considered quite similar to IFD. As the name may suggest it, IFD does not limit itself to translation, but aims at designing "a mechanism where the concept itself is a separate thing, only connected to the words describing it through relationships" [START_REF]IFD library for buildingSmart[END_REF]. However, software packages that implement IFD are experimental today.

In the frame of the HOMES programme, information about sensors like localisation (i.e. zone), measurement unit and validity range will be exported from the BIM model using the IFC standard. Then, all this data will be available for the energy monitoring and will contribute to a context-aware analysis that is expected to give an additional benefit to the monitoring services, particularly for Energy Experts.

ENERGY MONITORING

On-site, for occupants

In the HOMES pilot sites, the information about energy monitoring is provided to the occupants through touch displays available in each room (e.g. classrooms, offices, hotel rooms), on which Human to Machine Interfaces (HMIs) are running. Generally speaking, the site data come both from the local iRio (i.e. raw data) and from the remote server (i.e. processed data), as illustrated on Figure 8 respectively with the blue and red arrows.

Indeed, local data refer to almost real-time measurements (i.e. refreshed each minute), while historical measurements are remotely stored. Moreover, the remote server is not just a data warehouse, but it also provides intelligence to the overall system, as it executes some data mining algorithms. As an example, one goal is finding the existing correlation between measured events (e.g. the light is on when nobody is in the room). Then, on the monitoring dashboard, the user can find not only the consequences of his behaviours (e.g. the system notifies that the lighting energy consumption decreases slightly later then the user turn it off), directly coming from the local base, but also some Key Performance Indicators (KPIs) on the historical use of heating/cooling system, electrical plugs and lighting. Anyway, the showed information is always limited to the activity perimeter of the focused occupant (e.g. his office), as it is assumed that global information are less effective in generating behavioural energy efficiency. A particular attention is given to avoiding information overflow for the occupant.

Figure 8: Simplified on-site energy monitoring architecture adopted in the frame of HOMES programme (i.e. occupant-oriented)

Off-site, for Energy Experts

The occupants have a major impact on the building consumption, all the more when the building is recent (i.e. thanks to better thermal isolation and partial automation). Nevertheless, the simple occupant status does not enable to take fundamental choices, like investing on more efficient pieces of equipment. That is why a different HMI should be provided for an Energy Expert, that could for instance be someone in charge of monitoring the building energy expenditure and be paid for bringing it under a given consumption threshold. This Energy Expert is often located off-site and is typically not a user of the building. For these reasons, the mean and the content of the energy monitoring are distinct with respect to these of the occupant. First of all, the HMI is available through a web-based platform, which seems to be more adapted to an on-demand professional use. Additionally, the fashion and the scope of the HMI are different from the occupant one. As the Energy Expert needs more analysis tools and does not fear big amount of data, HMI will provide more KPIs, mostly aiming at discover bad usages and/or bad habits.

One additional feature of the Energy Expert HMI is to provide practical suggestions for improving the building energy efficiency. These functionalities can not be ensured without a necessary amount of historical energy data about the site, but do not need real-time updates. That is why the monitoring HMIs only receive data from the remote HOMES server, as depicted on Figure 9.

Figure 9: Simplified off-site energy monitoring architecture adopted in the frame of HOMES programme (i.e. for energy experts)

CONCLUSIONS AND PERSPECTIVE
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 12 Figure 1: Sensor addressing vocabulary
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 3 Figure 3: the monitoring data flow, where energy data are merged with metadata, reference data and process data (i.e. on the right side)
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 4 Figure 4: The data pyramid, from raw data to useful information
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 5 Figure 5: Some common BIM facets and usages
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 6 Figure 6: Two views of four sensors.
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 7 Figure 7: Description of a type of sensor

This paper presented an overview of energy monitoring challenges within the HOMES programme, focusing on how energy data are retrieved from real pilot sites, how they are classified and what additional data (i.e. metadata, reference data and process data) can enhance the monitoring experience, namely the BIM, and what are the expected benefits of this integration. In future works, the results of the monitoring experimentation in terms of energy efficiency gain will be published.