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Executive Summary 

Deliverable 1.1 reviews current best practice in Energy Performance Auditing and the State of the 
Art relevant for TOPAs. It analyses the capability of existing energy auditing methods at the 
building and the district level against the technical approaches approached by TOPAs. In addition, 
the state of the art of each technical approach is specifically discussed to identify gaps that can be 
addressed in TOPAs. D1.1 will serve as base for the definition of the architecture and the 
measurement and validation methodology presented by D1.3 and D1.4. 
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1 Introduction 

Over 40% of energy use in Europe is accounted for in buildings and a central goal of EU energy 
policy is to target and deliver energy efficiency gains in the buildings sector. The 2010 Energy 
Performance of Buildings Directive (EPBD) requires, inter alia, the setting of minimum energy 
performance standards for new and retrofit buildings and the provision of energy performance 
certificates based on objective assessment frameworks and models. The current energy 
assessment framework prescribed by the EPBD is primarily based on theoretical performance, 
and to the extent that these models are used as prediction or assessment tools, either at building 
or aggregated level, inaccuracies in these frameworks and models can lead to over ambitious 
prediction and inaccurate reporting of energy performance [NMB09, RySa12, Wi14]. This 
difference is particularly obvious when we move beyond the performance of single buildings to a 
block of interacting buildings or district. There is extensive evidence to suggest that buildings 
usually do not perform as well as predicted due to a range of factors including overly ambitious 
design calculations, inadequate consideration of occupant behaviour and sub-optimal installation 
and commissioning of energy technologies [Men12, Hsu14]. For example, a study in the UK on 28 
Ȱ,Ï× #ÁÒÂÏÎ "ÕÉÌÄÉÎÇÓȱ ÆÏÕÎÄ ÔÈÁÔ ÁÃÔÕÁÌ ÅÎÅÒÇÙ ÕÓÅ ×ÁÓ ÕÐ ÔÏ υ ÔÉÍÅÓ ÈÉÇÈÅÒ ÔÈÁÎ ÐÒÅÄÉÃÔÅÄ ÕÓÅȢ 
Even when detailed modelling and analysis was carried out the average gap was 16% [CTG12]. 

The delivery of energy efficiency projects through energy performance contracts (EPCs) and 
ESCOs is widely seen as a way of addressing sub-optimal post installation performance of energy 
efficiency technologies through energy service providers taking a financial stake in actual energy 
performance. While this model is very attractive from many perspectives, and is identified as a 
central route to delivery of energy efficiency gains is the EPBD, methods and models for the 
accurate measurement and verification of energy savings are essential to the growth of the ESCO 
market. It is critical to have the appropriate tools and methodologies to accurately capture the 
real complexities of the energy performance post occupancy while buildings are in use, and to 
understand the impact and the dynamics that influence the discrepancy between predicted and 
actual performance to form the basis for future energy saving strategies. Traditionally, building 
models are used to design buildings and create specifications, contractors build or retrofit and 
commission the buildings and the buildings are handed over to the occupants for use with 
inadequate connection between the design, construction and operational phases of the building. 

The energy audit process is generally used to analyse the building performance over a period of 
time after the fabric and systems have stabilised and the occupants are settled in the 
environment, however it is done for a fixed duration at a specific point in time. A key outcome of 
such an audit is the identification and root cause analysis of energy inefficiencies both at the level 
of building and blocks of buildings, and as a result a plan is put in place to minimise these 
inefficiencies. This can be very effective at reducing energy consumption in a building, however 
from an implementation perspective it can be difficult to identify all issues (in some cases 
conflicting system level goals) and the persistence of savings can be poor and as a consequence 
the inefficiencies re-appear. Continuous energy auditing takes this one-off process and makes it a 
constant rolling cycle where a detailed overview of energy use is consistently available making it 
possible to refine the energy management plan. This approach is aligned to and facilitates the 
continuous checking and review requirements of ISO50001 aligned energy management systems. 

TOPAs addresses this issue and aims to develop a measurement-based continuous energy audit 
methodology that allows predicting building energy consumption with high precision. To reach 
this goal, TOPAs is building on top of the state of the art and existing work of the partners. This 
deliverable acts as a refresher for the state of the art presented at proposal stage and analyses the 
state of the art in the general area of energy auditing in Section 2. Section 3 will specifically 
address the technical challenges that TOPAs faces with its approach. Both sections will provide 
the technical base for the further development of TOPAs and the definition of the architecture in 
D1.3. 
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2 Standards and Methods for Energy Audit 

2.1 TOPAs Energy Audit definition 

One of the key TOPAs objectives in WP1 is the definition of a methodology for the continuous 
auditing procedure to be encapsulated by the TOPAs solution applicable at building and district 
level (Objective: WP1.O1). 

The TOPAs energy audit methodology aims at delivering a detailed and continuous energy 
performance assessment of buildings and blocks of buildings. The focus of the TOPAs energy 
audit is on the operation phase of buildings, once commissioning has been achieved and the 
building is occupied. Before setting-up the TOPAs continuous energy audit, a prior energy audit 
relying on standard auditing procedures may have been conducted. TOPAs shall also integrate 
single technologies developed by different Consortium partners in order to deliver a whole 
continuous energy auditing concept. 

These specific technologies are: 
¶ Energy Auditing Expertise (EAE), 
¶ Design Support for Energy Efficient Systems (DES), 
¶ Open Building Management System integration (OBMS), 
¶ Model-based Performance Prediction (MBPP), 
¶ Distributed Model Predictive Control (DMPC), 
¶ Automated Fault Detection and Diagnostics (AFDD), 
¶ Occupancy and Behaviour Modelling (OBM), 
¶ Ontology-based Semantic Modelling (OSM), 
¶ Air Quality Monitoring (AQM). 

They all rely on the availability and affordability of detailed measurement data and static building 
information from a component/system level to the district level. A holistic energy audit method 
combining a bottom-up and a top-down approach is thus required. 

To recap, a TOPAs energy audit is: 
¶ Holistic: the scope reach from design to commissioning and operation and from indoor air 

quality analysis in single rooms to district level control strategies, 
¶ Continuous: monitored systems are continuously supervised and analysed, 
¶ Detailed: the TOPAs audit relies on an extensive and high resolution data set analysis, 
¶ Compliant: the TOPAs audit complies with recognized standards and methods and will 

improve continuous energy performance assessment for ISO50001 energy management 
systems. 

In this report, the TOPAs consortium conducted a review of current energy auditing standards 
and methods and identified best practices and key interesting features that TOPAs will consider to 
develop its own continuous energy auditing methodology. The results of this synthesis will be 
delivered in the report D1.4: TOPAs Architectural Specification. 

2.2 Definition, scope and objectives 

!ÃÃÏÒÄÉÎÇÌÙ ÔÏ ɍ:023πωɎȟ ÁÎ ÅÎÅÒÇÙ ÁÕÄÉÔ ÉÓ ÁÎ ȰÉÎÓÐection, survey and analysis of energy flows for 
energy conservation in a building, process or system to reduce the amount of energy input into 
ÔÈÅ ÓÙÓÔÅÍ ×ÉÔÈÏÕÔ ÎÅÇÁÔÉÖÅÌÙ ÁÆÆÅÃÔÉÎÇ ÔÈÅ ÏÕÔÐÕÔÓȱȢ )Î ÔÈÅ ÃÁÓÅ ÏÆ ÏÃÃÕÐÉÅÄ ÂÕÉÌÄÉÎÇÓȟ ÔÈÅ 
objective of the energy audit is to reduce the energy consumption while maintaining or improving 
the human thermal, visual, olfactory and acoustic comfort. 

ISO 50002 [ISO50002] describes that an energy audit relies on a number of principles that help 
making it an effective and reliable tool in support of management decisions and controls, by 
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providing information on which an organization can act in order to improve its energy 
performance. Adherence to these principles provides a consistent approach to an effective energy 
audit that enables the reproducibility of the results. 

ISO 50002 defines the principles of an energy audit as follow: 
¶ the audit is consistent with the agreed energy audit scope, boundary and audit 

objective(s); 
¶ the measurements and observations are appropriate to the energy uses and consumption; 
¶ the collected energy performance data are representative of the activities, processes, 

equipment and systems; 
¶ the used data for quantifying energy performance and identifying improvement 

opportunities are consistent and unique; 
¶ the process of collecting, validating and analysing data is traceable; 
¶ the energy audit report provides energy performance improvement opportunities based 

on appropriate technical and economic analysis. 

Several research projects like CASCADE and EnergyInTime have already conducted reviews of 
energy auditing methods that deliver an exhaustive and comprehensive overview on the different 
standards, guidelines and recommendations. 

The objective of this chapter is to leverage these works by describing succinctly the most relevant 
existing standards and methods used in the building industry for energy audits and to extend with 
new and emerging energy audit procedures. Each reference is described succinctly and structured 
accordingly to its scope, objectives, methodology and outputs. We do not want to represent the 
whole state of the art but will focus on standards that are relevant for TOP!Óȭ ÃÏÎÔÉÎÕÏÕÓ ÅÎÅÒÇÙ 
performance auditing of the build environment. 

Most of the references cited here describe procedures based on consultation that are executed 
during a limited time range and repeated at frequencies of up to several years. The return on 
investment related to identified weaknesses and flaws of the system audited can range from short 
to long term ranging from low-cost measures with short paybacks to higher cost projects with a 
return on invest of several years. Most of the methods cited here propose stepwise procedures 
with different levels of thoroughness, sometimes complemented by measurements and/or model-
based methods for saving estimation. Some new references discussed at the end will advocate the 
use of continuous monitoring of the energy performance of the buildings. 

Based on this review, the objective is to capture best practices and techniques of interest from the 
different auditing method that could be integrated in the TOPAs continuous auditing 
methodology. To this end, interesting auditing techniques of each reviewed reference are 
connected to the TOPAs technologies that will be developed and integrated. The resulting 
matrices will then be used to specify the detailed requirements (Task 1.4) of the TOPAs platform 
in terms of continuous auditing techniques to be developed, implemented and tested during the 
project as well as for replication after the full solution validation. 

2.3 Overview of existing Standards and Methods for Energy Audit 

2.3.1 Standards and guidelines 

2.3.1.1 EN 16247 ς Energy audits 

The European Norm EN 16247 defines the requirements for high quality energy audits with the 
objective at improving energy efficiency and reducing consumption [EN16247-1, EN16247-2]. 
The requirements of the EN 16247 correspond approximatively to those of the ISO 50001, which 
additionally requires the implementation of continuous optimization measures. It offers thus an 
interesting alternative to the ISO 50001 for small and mid-size companies. 
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The norm comprises five parts: 
¶ EN 16247 - Part 1: General requirements 
¶ EN 16247 - Part 2: Buildings 
¶ EN 16247 - Part 3: Processes 
¶ EN 16247 - Part 4: Transport 
¶ EN 16247 - Part 5: Competence of energy auditors 

As this report focuses on buildings, only the second part of the norm is described here. It defines 
the requirements, methodology and results to carry out an energy audit in buildings or block-of-
buildings. The energy audit methodology is applied by considering the agreement on scope, goals 
and thoroughness between the auditor and the client. Thus, the scope can be limited to a specific 
system or to the whole facility, the thoroughness can reach from a rough screening to a detailed 
analysis of potentials and the goals can be defined as general or as specific energy savings (for the 
whole facility or respectively a targeted system). 

- Scope: 
¶ Single buildings and blocks of buildings, not applicable for single residential buildings 

 
- Objectives: 
¶ Energy consumption and cost reduction 
¶ Environmental impact reduction 
¶ Improvement of indoor air conditions 
¶ Compliance with legislation or completion assessment of voluntary commitments 

 
- Methodology: 
¶ The whole energy audit process includes 7 distinct steps, whereas step 5.5 Analysis and 

step 5.4 On-site visit can iterate many times with step 5.3 Data collection until 
completion. 
o 1. Introductory contact 
o 2. Kick-off meeting 
o 3. Data collection 
o 4. On-site visit with detailed check-list 
o 5. Analysis including adapted models and EnPIs 
o 6. Report 
o 7. Final meeting 

 
- Outputs: 
¶ Energy consumption analysis including assumptions and accuracy of the energy savings 

calculation 
¶ Ranking of energy conservation opportunities accordingly to impact potential and 

economic analysis 
¶ Suggestion of implementation program for energy loss diminution, energy recovery, 

optimized control strategies, optimized maintenance, behavioural changes, energy 
management optimization, etc. 

¶ Information on possible incentives and funds 
¶ Measurement and verification method for the validation of the energy savings after 

implementation of energy conservation measures. 

2.3.1.2 ISO 50002:2014 Energy audits -- Requirements with guidance for use 

The ISO 50002:2014 specifies the process requirements for carrying out an energy audit in 
relation to energy performance. It is applicable to all types of establishments and organizations, 
and all forms of energy and energy use. The norm specifies the principles of carrying out energy 



 

D1.1: Best Practices in BEMS Performance Auditing 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement No 676760. 

http://www.topas-eeb.eu 8 

 

audits, requirements for the common processes during energy audits, and deliverables for energy 
audits. It follows the process flow as in Figure 1. 

 

Figure 1 Energy audit process flow diagram of ISO 50002 [ISO50002]. 

)3/ υπππρ ȰÒÅÑÕÉÒÅÓ ÔÈÁÔ ÁÎ ÅÎÅÒÇÙ ÒÅÖÉÅ× ÂÅ ÃÏÎÄÕÃÔÅÄ ÁÎÄ ÅÎÅÒÇÙ ÐÅÒÆÏÒÍÁÎÃÅ be improved 
over time [ISO50001]. An energy review carried out in accordance with ISO 50001 shall consist of 
analysis of past and present energy use and consumption based on measurement and other data, 
identify areas of significant energy use, identify, prioritize and record opportunities for improving 
energy performance, and estimate future energy use and consumption. 

The use of an energy audit is not a requirement for ISO 50001 and other procedures may be 
utilized to complete the energy review or demonstrate energy performance improvement. 
However, an organization may wish to conduct an energy audit to provide information for an ISO 
50001 energy review or demonstrate energy performance improvement at particular points in 
ÔÉÍÅȟ ÆÏÒ ÔÈÅ ÁÕÄÉÔÅÄ ÏÂÊÅÃÔÓȢȱ 

The ISO 50002 delivers three indicative types of energy audit with different levels of detail 
according to the application types and the business need addressed by the audit. 

- Scope: 
¶ all types of establishments and organizations, and all forms of energy and energy use 

 
- Objectives: 
¶ identification of opportunities for the improvement of energy performance 

 
- Methodology: 
¶ The whole energy audit process includes 8 distinct steps, with, step 5 Measurement plan, 

step 6 site visit step 7 Analysis possibly requiring several iterations. 
o 1. Energy audit planning 
o 2. Opening meeting 
o 3. Data collection 
o 4. Measurement plan 
o 5. Conducting the site visit 
o 6. Analysis 
o 7. Energy audit reporting 
o 8. Closing meeting 

 
- Outputs: 
¶ Level 1: 

o Identification and basic evaluation of low cost opportunities that can be easily 
implemented. 

o Understanding of energy consumption at a site, system, process or fleet level. 
o Improved awareness of relative contribution from each site energy source, average 

unit costs for each source and the potential benefits of managing energy. 
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o Determination of the extent of more capital intensive opportunities. 
¶ Level 2: 

o Detailed understanding of energy consumption and use. 
o Understanding of relative contribution from each ÓÉÔÅȭÓ energy source, average and 

marginal unit costs for each source. 
o Identification and basic evaluation of low cost opportunities that can be easily 

implemented. 
o Determination and analysis, including comprehensive savings calculation and 
o Preliminary investment cost, for capital measures. 
o Compilations of data for energy review/monitoring purposes. 
o Operational profile and detailed energy balance 

¶ Level 3: 
o Detailed understanding of energy consumption and use. 
o Identification and analysis of energy saving opportunities, including no cost, low-cost 

and capital investment measures to include energy and non-energy benefits, 
preliminary equipment design or process improvement and detailed cost 
requirements. 

o Data for energy review purposes. 
o Examination of metering systems and recommendations to address data gaps. 

2.3.1.3 VDI 3922 

4ÈÅ 6$) σωςς Ȱ%ÎÅÒÇÙ #ÏÎÓÕÌÔÉÎÇ ÆÏÒ )ÎÄÕÓÔÒÙ ÁÎÄ "ÕÓÉÎÅÓÓȱ ÇÉÖÅÓ ÃÏÍÐÁÎÉÅÓ ÁÎÄ ÃÏÎÓÕÌÔÁÎÔÓ Á 
guiding framework for the procedure and content of an energy consultation with reference of the 
relevant guidelines and regulations [EN15240]. The guideline is of general purpose and is either 
focused on industrial processes but can be applied to buildings services. The process for 
calculation economic efficiency mentioned in this guideline refers to the VDI guideline 2067 
[VDI2067]. 

- Scope: 
¶ Industrial process and building services 

 
- Objectives: 
¶ Identify potentials for and means of employing energy more efficiently and with lower 

impact on the environment 
¶ Consider methods of efficient energy use, such as combined generation of power and 

heat, the exploitation of waste heat, as well as the changeover to other energy sources 
¶ Deliver a comparison of the different methods in terms of energy input, emissions and 

return on invest 
 

- Methodology: 
¶ Consultation procedure in 9 steps from the first contact until the implementation of 

energy conservation measures and the efficiency review (see details in Figure 2) 
 

- Outputs: 
¶ Drawing up of the energy inventories 
¶ Highlighting of weak points and flaws 
¶ Comparison with the average in the industry and for the process 
¶ Identification of areas capable of improvement 
¶ Reducing the specific energy consumption 
¶ Optimizing energy efficiency and the utilization ratio 
¶ Examining the potentials for energy recovery and for the use of regenerative energy 

sources 
¶ Combination of individual measures to form various technical concepts 



 

D1.1: Best Practices in BEMS Performance Auditing 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement No 676760. 

http://www.topas-eeb.eu 10 

 

¶ Comparison of the proposed alternatives 

 

Figure 2 Steps of the energy consultation procedure as described in VDI 3922 guideline [VDI3922] 

2.3.1.4 ASHRAE Procedures for Commercial Building Energy Audits 

¶ The ASHRAE Ȱ0ÒÏÃÅÄÕÒÅÓ for Commercial Building Energy !ÕÄÉÔÓȱ defines best practices 
for energy survey and analysis for purchasers and providers of energy audit services 
[ASR]. It provides guidance and tools for energy consulting engineers, LEED® 
professionals, real estate professionals, building owners and building managers. 

The procedure defines three different levels of energy audit with increasing detailed levels from 
Level I to Level III. Each procedure is preceded by a Preliminary Energy-use Analysis (PEA). 

- Scope 
¶ Commercial buildings 

 
- Objectives: 
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¶ The objectives are dependent on the selected energy audit levels (see below). They range 
from a rapid estimation of potential energy conservation measures to a system specific 
detailed analysis and the delivery of a general concept supported by model-based 
analysis 
 

- Methodology: 
¶ Preliminary level 

o Calculation of high level Performance Indicators 
o Simple benchmark at the upper level 

¶ Level 1 - Simple walk-through: 
o Rapid assessment of building energy systems 
o Building energy benchmark 

¶ Level 2 - Energy Survey & Analysis: 
o Detailed building survey of systems and operations (electricity, heating and air 

conditioning, telephone, water supply, drainage, gas) 
o Study of past energy bills 
o Breakdown of energy source and end use 
o Identification of Energy Efficiency Measures (EEMs) for each energy system 

¶ Level 3 ɀ Detailed Analysis of Capital-Intensive Modifications 
o Longer term data collection and analysis with use of data logging systems 

(temperature, humidity, hours of operation of main systems 
o Granular analysis of energy inputs and outputs 
o Building envelope examination 
o Whole-building computer simulation calibrated with field data 
o Accurate modelling of EEMs and power/energy response 
o Investment-grade, decision-making support 

 
- Outputs: 
¶ Level 1: 

o High-level definition of energy system optimisation opportunities 
o Outline applicable incentive programs 

¶ Level 2: 
o Range of savings and costs for the EEMs 
o Spotlight on Operational Discrepancies 
o Identification of EEMs requiring more thorough data collection and analysis 
o Outline low- to no-cost measures that can be implemented to reduce 

¶ Level 3: 
o Identification of Energy Conversation Measures (ECMs) and assessment of interactive 

effects of ECMs with model-based approach 
o Bid-level construction cost estimating 

2.3.1.5 EN 15240 Ventilation for buildings - Energy performance of buildings - Guidelines for 
inspection of air-conditioning systems 

This European Standard describes the common methodology for inspection of air conditioning 
systems in buildings for space cooling and/or heating from an energy consumption standpoint 
[EN15240]. The EN 15240 does not intend to deliver a full audit of the air conditioning system, 
but a correct assessment of its functioning and main impacts on energy consumption 

- Scope: 
¶ Air-conditioning systems 

 
- Objectives: 
¶ Correct system sizing assessment 
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¶ Energy performance assessment 
¶ System conformity to the original and subsequent design modifications, actual 

requirements and the present state of the building. 
¶ Correct system functioning assessment 
¶ Function and settings of various controls. 
¶ Function and fitting of the various components. 
¶ Power input and the resulting energy output. 
¶ Determine recommendations on improvement of the system or use of alternative 

solutions. 
 

- Methodology: 
¶ Pre-inspection and document collection: 

o Design criteria, system characteristics and operational regimes 
o Building and system survey: all available original documentation, documentation of 

modifications 
¶ Inspection: 

o Refrigeration equipment incl. heat exchange effectiveness 
o Outdoor heat rejection effectiveness 
o HVAC systems incl. treated spaces, Air Handling Units, outdoor air inlets and ducts 
o Control parameters and Building Automation Systems (BAS) / Building Management 

Systems (BMS) 
o Energy meters 

 
- Outputs: 
¶ Details about the inspected facility and the auditor 
¶ Details about the inspected systems 
¶ Details of the results of the inspection: measurements or calculations 
¶ Comments on efficiency and possible improvements 
¶ Comments on identified faults and suggested actions 
¶ Comments on the adequacy of equipment maintenance and recommendations for 

improvements 
¶ Comments on the size of the installed systems 
¶ Recommendations on significant energy conservation opportunities 

 

The audit frequency is defined at national levels; the default frequency is every 3 years. 

2.3.1.6 EN 15378: Heating systems in buildings τ Inspection of boilers and heating systems. 

This Standard contains a defined basic procedure for boilers and heating systems inspections and 
calculation methods [EN15378]. It defines a common frame for inspection in order to give advice 
to the Member States to fulfil the EPBD requirements. This standard does not provide a full energy 
audit of the heating system, but the methodology helps to collect the required information to 
support an energy audit. 

- Scope: 
¶ Boilers for heating, domestic hot water or both 
¶ Gas, liquid or solid fuel fired boilers. 

 
- Objectives: 
¶ Support identification of areas of possible improvements 
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¶ Define criteria to produce reliable advice on possible improvements of the energy 
performance of boilers and heating systems through replacement of components or other 
measures 

 
- Methodology: 
¶ Measurement of the heat generator 

o Exhaust loss at full load operation 
o Surface loss at full load operation 
o Ventilation loss (heat loss through the exhaust system 30 seconds after the burner 

circuit) 
¶ Visual inspection and assessment of the heating system 

o Heat generation: oversizing, condensing technology, boiler temperature control 
o Heat distribution: hydraulic balancing, heating pump, insulation of pipes and fittings 
o Heat transfer: room temperature control 

 
- Outputs: 
¶ Sample reports 
¶ Advices for improvements 

2.3.2 Audit Methodologies developed by research projects 

2.3.2.1 AuditAC: Field benchmarking and market Development for Audit Methods in Air 
Conditioning 

The core aims of this European project (2005-2007) was to provide tools and information that 
would enable air-conditioning system inspectors, auditors and owners across Europe to 
confidently identify energy saving opportunities that will save them money and reduce energy 
consumption within their air-conditioning systems. The EPBD makes inspection schemes for air-
conditioning systems with a cooling power over 12 kW mandatory. The project delivered three 
steps methodology to identify inefficiencies in air-conditioning systems. 

- Scope: 
¶ air-conditioning systems over 12 kW cooling capacity 

 
- Objectives: 
¶ Comprehension of plant design, functions and operational state 
¶ Identification of major problem areas and simple energy saving opportunities 
¶ Prioritize energy efficiency projects 
¶ Determine needs for a more detailed audit 

 
- Methodology: 
¶ Step1: Preliminary data collection and evaluation 

o Review of facility energy bills (at least 2 years) 
o Review of operation data (submetering data) 
o Establish building profile 
o Analysis of past energy audits or studies 
o Cooling loads analysis 
o Error detection in AC systems through data analysis, visual inspections and additional 

measurements 
o Energy benchmark (Cooling Energy Index CEI on 12 months duration) with weather 

correction 
o Determine baseline 
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o Sketch with relative location of the buildings and outline of each building (orientation, 
name, year of construction/retrofit, dimensions, location and identification of utility 
meters, central plant, etc.) 

¶ Step 2: Site visit 
o Walkthrough of the facility 
o Inspect systems and answer specific questions from Step 1 
o Interview of operating staff 

¶ Step 3: Analysis and reporting 
o Evaluate the information gathered during the site visit 
o Identify Energy Conservation Opportunities (ECO) 

 
- Outputs: 
¶ Significant energy users identification and analysis 
¶ Baselining 
¶ Cooling load analysis 
¶ Energy benchmark of targeted AC systems 
¶ Recommendations 

2.3.2.2 HarmonAC 

HarmonAC (HarmonAC, 2009), was a project supported by the Intelligent Energy Europe 
Initiative. Its main target was to structure a methodology for a regular inspection of air-
conditioning systems over 12 kW cooling capacity to respond to the EPBD requirements. 

- Scope: 
¶ Air-conditioning systems over 12 kW cooling capacity 

 
- Objectives: 
¶ Determine the energy efficiency of the AC system in the context of the overall building 

and of its specific components, the structure and equipment. 
¶ Generate energy improvement options for the AC system inspected 
¶ Estimate the costs of energy improvements 
¶ Propose the likely Energy Savings from the %#/ȭÓ identified 

 
- Methodology: 
¶ Step 1: pre-inspection phase 

o Interview of building operator, owner, occupants on energy and comfort issues 
o Data collection and analysis of building and systems (plans, systems, equipment, etc.) 
o Identified HVAC system, usage and building use 
o Historical energy data and energy price analysis (gas, oil, electricity, district heating, 

etc.), benchmark with similar buildings (kWh/m².a, etc.) 
o Detailed list of maintenance, cleaning, adjustment and repairs procedures undertaken 

to this point. 
¶ Step 2: in-depth physical inspection / field survey 

o Walkthrough inspection 
o Spot test measurements 
o Check-out operations, maintenance, malfunctions, comfort and problems 
o Check and record equipment specification plates and model numbers 
o Conduct in-depth interviews with HVAC system manager 
o Review maintenance, scheduling, performance, comfort and problems of building, 

equipment and systems 
o Record actual systems hours of operation and hours of occupancy 
o Determine actual existing seasonal and peak energy consumption. Compare with 

design and existing capacities. 
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o Perform measurement of actual flows, temperatures, pressures etc. in the HVAC 
equipment 

 
- Outputs: 
¶ List all problems with building systems and equipment 
¶ Identification of faults and ECOs 
¶ Calculation of potential energy savings in% of total consumption in typical season 
¶ Estimate costs of retrofitting, payback time and return of investment 

2.3.2.3 IEA ECBCS Annex 46 Energy Process Assessment Protocol 

4ÈÅ Ȱ%ÎÅÒÇÙ 0ÒÏÃÅÓÓ !ÓÓÅÓÓÍÅÎÔ 0ÒÏÔÏÃÏÌȱ ÏÆ ÔÈÅ )%! %#"#3 !ÎÎÅØ τφ ÄÅÌÉÖÅÒÓ ÁÎ ÅÎÅÒÇÙ 
assessment methodology and procedure suitable for different type of sites, including a variety of 
different buildings. The main emphasis is on efficient assessment project management and not on 
building- or process-specific technical details. The protocol provides checklists for energy 
efficiencies and waste and a consolidated list of ECMs. 

Identically to the ASHRAE Procedures for Commercial Building Energy Audits (see Sec.  2.3.1.4), 
the depth of the assessment may vary and can be classified into a pre-screening phase and 
subsequent three levels. The three levels differ in their objectives, scope, methodology, 
procedures, required instrumentation and approximate duration. 

- Scope: 
¶ Individual system or building, building portfolio, building stock 

 
- Objectives: 
¶ Analysis of energy streams in the targeted object 
¶ Evaluation of existing saving potentials 
¶ Development of recommendations on an effective utilization of energy 

 

- Methodology: 
¶ Level 0: Pre-assessment phase 

o Selection of objects for energy audits 
¶ Level 1: Screening = preliminary energy and process optimization assessment, qualitative 

analysis 
o Walk-through audit 
o Analysis of consumption figures and documents 
o List of possible energy conservation measures 

¶ Level 2: In-depth quantitative analysis to verify Level 1 results 
o Full energy audit 
o Measurements 
o List of measures for funding and implementation 

¶ Level 3: Detailed engineering analysis 
o Implementation 
o Performance measurement and verification 
o Ongoing continuous commissioning 

 
- Outputs: 
¶ Results of energy and process assessment with list of No-cost/Low-cost, medium cost and 

high-cost measures 
¶ Saving potential in heating, electricity and water consumption and costs 
¶ Investment needed and payback time 
¶ Summary data for monitoring of large sites 
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2.4 TOPAs energy audit methodology 

2.4.1 Energy audit comparative matrix and feature selection for TOPAs 

A comparison of the proposed TOPAs continuous auditing methodology and existing approaches 
is presented using matrices to show the connections (relationship) between an objective, a 
methodological step or an output of an auditing method and the TOPAs technologies for 
continuous auditing that can cover this feature. Some connections are redundant as the different 
standards cover the same topic and sometimes with strong similarities. The results of this survey 
are used for the development of the TOPAs auditing methodology as synthetized in D1.4. 
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Figure 3: Matrix EN 16247 process and outputs and connection with TOPAs technologies. 

 

 

 

Figure 4: Matrix ISO 50002 process and outputs and connection with TOPAs technologies. 

 

Standard 9b мснпт ς 9ƴŜǊƎȅ ŀǳŘƛǘǎ 

Scope Single buildings and blocks of buildings, not applicable for single residential buildings

Steps/Levels 7 steps: Introductory contact, Kick-off meeting, Data collection, On-site visit with detailed check-list, Analysis including adapted 

models and EnPIs, Report, Final meeting

Objectives Energy consumption and cost reduction

Environmental impact reduction

Improvement of indoor air conditions

Compliance with legislation or completion assessment of voluntary commitments

Acquisition energy consumption in subhourly interval x x x

Acquisition of set-values and occupant behaviour x x x x x x x

!Ŏǉǳƛǎƛǘƛƻƴ ƻŦ ŀŘƧǳǎǘƳŜƴǘ ŦŀŎǘƻǊǎ όǿŜŀǘƘŜǊ ŎƻǊǊŜŎǘƛƻƴΣ ƻŎŎǳǇŀƴŎȅ ǇŀǘǘŜǊƴǎΣΧύx x x

Energy balance and energy consumption breakdown x

KPIs calculation x

Analysis of indoor air conditions (temperature, humidity, illuminance factor,..) x x x x

System performance estimation incl. storage, distribution and delivery x x x

Outputs Energy consumption analysis including assumptions and accuracy of the energy savings calculation x

Ranking of energy conservation opportunities accordingly to impact potential and economic analysis x

Suggestion of implementation program for energy loss diminution, energy recovery, optimized control strategies, optimized 

maintenance, behavioural changes, energy management optimization, etc. x x x x

Information on possible incentives and funds x

Measurement and verification method for the validation of the energy savings after implementation of energy conservation 

measures. x x

Data collection and 

calculations
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Standard ISO 50002:2014 Energy audits -- Requirements with guidance for use

Scope All types of establishments and organizations, and all forms of energy and energy use

Steps/Levels 8 steps: Energy audit planning, Opening meeting, Data collection, Measurement plan, Conducting the site visit, Analysis, Energy 

audit reporting, Closing meeting
Objectives Identification of opportunities for the improvement of energy performance
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List of energy consuming systems, processes and equipment x x x x x x

Historical and current energy performance data x x

Monitoring equipment, configuration and analysis information x x x x x x x

List of relevant measurement points and their associated processes and measuring equipment x x x x x x x

Accuracy and repeatability required for the measurements and their associated measurement uncertainty x x x x x

Acquisition frequency for each measurement x x x x

Relevant variables provided by the organization, eg operating parameters and production data x x x

Breakdown of the energy consumption by use and source x x

Energy uses accounting for substantial energy consumption x x

Comparison with reference values of similar processes x x

Historical pattern of energy performance x

Relationships between energy performance and relevant variables x x

Expected improvements for energy performance x x x

Evaluation of the existing energy performance indicators x x

Proposals for new energy performance indicators x

Evaluation of the design and configuration options to address the system needs x

Operating lifetime, condition, operation and level of maintenance of the audited objects x

Technology of existing energy uses in comparison to the most efficient on the market x

Best practices, including operational controls and behaviours x x

Evaluation of the impact of each opportunity on the current energy performance including energy and financial savings, 

necessary investments x x

 Non-energy gains (such as productivity or maintenance) x x x

Ranking of energy performance opportunities x

Connection with TOPAs energy auditing technologies
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Figure 5: Matrix VDI 3922 process and outputs and connection with TOPAs technologies. 

 

 

 

Figure 6: Matrix VDI 3922 process and outputs and connection with TOPAs technologies. 

 

Standard VDI 3922 Energy Consulting for Industry and Business

Scope Industrial process and building services

Steps/Levels 9 steps: Establishing contact, quotation and contract, ascertaining the current situation, presenting and assessing the current 

situation, proposals for efficient energy use, development of overall concepts, assessment and selection measures, 

presentation and consultation report, implementation and efficiency review

Objectives Identify potentials for and means of employing energy more efficiently and with lower impact on the environment

Consider methods of efficient energy use, such as combined generation of power and heat, the exploitation of waste heat, as 

well as the changeover to other energy sources

Delivers a comparison of the different methods in terms of energy input, emissions and return on invest
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Problem outlining x x x x x x x

Collection of energy supply contracts x x x

Technical data of the energy infrastructure (generation, conversion, distribution, storage) x x x x

Flow diagrams of materials and energy x

List of existing measuring devices x x x x

Measurement data acquisition x x x x x x x x

Regulations related to installations x

Type and quantity of emissions x

Parameters of energy consumers (max. power, consumptions, min/max. limits, operation mode and times, load curve and 

capacity utilization, production output, control equipment) x x x x x

Drawing up of the energy inventories x x x

Highlighting of weak points and flaws x x x

Comparison with the average in the industry and for the process x

Identification of areas capable of improvement x x x x

Reducing the specific energy consumption x x x x x

Optimizing energy efficiency and the utilization ratio x x x x

Examining the potentials for energy recovery and for the use of regenerative energy sources x

Combination of individual measures to form various technical concepts x x x x x x x x x

Comparison of the proposed alternatives including economic efficiency examination x x

Connection with TOPAs energy auditing technologies
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Standard VDI 3922 Energy Consulting for Industry and Business

Scope Industrial process and building services

Steps/Levels 9 steps: Establishing contact, quotation and contract, ascertaining the current situation, presenting and assessing the current 

situation, proposals for efficient energy use, development of overall concepts, assessment and selection measures, 

presentation and consultation report, implementation and efficiency review

Objectives Identify potentials for and means of employing energy more efficiently and with lower impact on the environment

Consider methods of efficient energy use, such as combined generation of power and heat, the exploitation of waste heat, as 

well as the changeover to other energy sources

Delivers a comparison of the different methods in terms of energy input, emissions and return on invest
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Problem outlining x x x x x x x

Collection of energy supply contracts x x x

Technical data of the energy infrastructure (generation, conversion, distribution, storage) x x x x

Flow diagrams of materials and energy x

List of existing measuring devices x x x x

Measurement data acquisition x x x x x x x x

Regulations related to installations x

Type and quantity of emissions x

Parameters of energy consumers (max. power, consumptions, min/max. limits, operation mode and times, load curve and 

capacity utilization, production output, control equipment) x x x x x

Drawing up of the energy inventories x x x

Highlighting of weak points and flaws x x x

Comparison with the average in the industry and for the process x

Identification of areas capable of improvement x x x x

Reducing the specific energy consumption x x x x x

Optimizing energy efficiency and the utilization ratio x x x x

Examining the potentials for energy recovery and for the use of regenerative energy sources x

Combination of individual measures to form various technical concepts x x x x x x x x x

Comparison of the proposed alternatives including economic efficiency examination x x

Connection with TOPAs energy auditing technologies
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Figure 7: Matrix ASHRAE process and outputs and connection with TOPAs technologies. 

 

 

Figure 8: Matrix EN 15240 process and outputs and connection with TOPAs technologies.  

 

 

Standard ASHRAE Procedures for Commercial Building Energy Audits

Scope Commercial buildings

Steps/Levels п ƭŜǾŜƭǎΥ ǇǊŜƭƛƳƛƴŀǊȅ ƭŜǾŜƭΣ [ŜǾŜƭ м π {ƛƳǇƭŜ ǿŀƭƪπǘƘǊƻǳƎƘΣ [ŜǾŜƭ н π 9ƴŜǊƎȅ {ǳǊǾŜȅ ϧ !ƴŀƭȅǎƛǎΣ [ŜǾŜƭ о ς 5ŜǘŀƛƭŜŘ !ƴŀƭȅǎƛǎ ƻŦ 

Capital-Intensive Modifications

Objectives Dependent on the selected energy audit levels and ranging from a rapid estimation of potential energy conservation measures 

to a system specific detailed analysis and the delivery of a general concept supported by model-based analysis EA
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Calculation of high level Performance Indicators x x x

Simple benchmark at the upper level x x

Rapid assessment of building energy systems x x x x

Building energy benchmark x x

Detailed building survey of systems and operations (electricity, heating and air conditioning, telephone, water supply,

drainage, gas) x x x x

Study of past energy bills x

Breakdown of energy source and end use x

Identification of EEMs for each energy system x x x x

Longer term data collection and analysis with use of data logging systems (temperature, humidity, hours of operation of

main systems x x x x x x x

Granular analysis of energy inputs and outputs x x

Building envelope examination x

Whole-building computer simulation calibrated with field data x x x

Accurate modelling of EEMs and power/energy response x x

Investment-grade, decision-making support x x x x

High-level definition of energy system optimisation opportunities x

Outline applicable incentive programs x

Range of savings and costs for the EEMs x x x

Spotlight on Operational Discrepancies x x x x

Identification of EEMs requiring more thorough data collection and analysis x x x

Outline low- to no-cost measures that can be implemented to reduce x x x x

Identification of ECMs and assessment of interactive effects of ECMs with model-based approach x x

Bid-level construction cost estimating x

Connection with TOPAs energy auditing technologies
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Standard EN 15240 Ventilation for buildings - Energy performance of buildings - Guidelines for inspection of air-conditioning systems 

Scope Air-Conditioning systems

Steps/Levels 2 Steps: pre-inspection and inspection

Objectives Correct system sizing assessment

Energy performance assessment

System conformity to the original and subsequent design modifications, actual requirements and the present state of the building. 

Correct system functioning. 

Function and settings of various controls. 

Function and fitting of the various components. 

Power input and the resulting energy output.

Determine recommendations on improvement of the system or use of alternative solutions.  

Pre-inspection and document collection:

Design criteria, system characteristics and operational regimes x x x x x x x

Building and system survey: all available original documentation, documentation of modifications x x x x x x

Inspection:

Refrigeration equipment incl. heat exchange effectiveness x

Outdoor heat rejection effectiveness x

HVAC systems incl. treated spaces, ahu´s, outdoor air inlets and ducts x x

Control parameters and BAS/BMS x x x x x

Energy meters x x x

Outputs Details about the inspected facility and the auditor x

Details about the inspected systems x x

Details of the results of the inspection: measurements or calculations x

Comments on efficiency and possible improvements x x x x

Comments on identified faults and suggested actions x x x

Comments on the adequacy of equipment maintenance and recommendations for improvements x

Comments on the size of the installed systems x x

Recommendations on significant energy conservation opportunities x x x
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Figure 9: Matrix EN 15378 process and outputs and connection with TOPAs technologies. 

 

 

 

 

 

 

 

Figure 10: Matrix AuditAC process and outputs and connection with TOPAs technologies. 

 

  

Standard 9b мротуΥ IŜŀǘƛƴƎ ǎȅǎǘŜƳǎ ƛƴ ōǳƛƭŘƛƴƎǎ τ LƴǎǇŜŎǘƛƻƴ ƻŦ ōƻƛƭŜǊǎ ŀƴŘ ƘŜŀǘƛƴƎ ǎȅǎǘŜƳǎΦ

Scope Boilers for heating, domestic hot water or both

Gas, liquid or solid fuel fired boilers.

Steps/Levels Measurement heat generator and analysis

Visual inspection and assessment of heating system

Objectives Support identification of areas of possible improvements

Define criteria to produce reliable advice on possible improvements of the energy performance of boilers and heating systems 

through replacement of components or other measures EA
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Measurement of the heat generator 

Exhaust loss at full load operation x

Surface loss at full load operation x

Ventilation loss (heat loss through the exhaust system 30 seconds after the burner circuit)

Visual inspection and assessment of the heating system x

Heat generation: oversizing, condensing technology, boiler temperature control x x

Heat distribution: hydraulic balancing, heating pump, insulation of pipes and fittings x x

Heat transfer: room temperature control x x x

Outputs Sample reports x

Advices for improvements x

Connection with TOPAs energy auditing technologies
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Standard AuditAC: Field benchmarking and market Development for Audit Methods in Air Conditioning

Scope Air-conditioning systems over 12 kW cooling capacity

Steps/Levels 3 steps: preliminary data collection and evaluation, site visit, analysis and reporting 

Objectives Comprehension of plant design, functions and operational state

Identification of major problem areas and simple energy saving opportunities

Prioritize energy efficiency projects

Determine needs for a more detailed audit
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Review of facility energy bills (at least 2 years) x

Review of operation data (submetering data) x x x x

Establish building profile x x

Analysis of past energy audits or studies x

Cooling loads analysis x x x x x

Error detection in AC systems through data analysis, visual inspections and additional measurements x x x x

Energy benchmark (Cooling Energy Index CEI on 12 months duration) with weather correction x x

Determine baseline x x x x

Sketch with relative location of the buildings and outline of each building (orientation, name, year of construction/retrofit,

dimensions, location and identification of utility meters, central plant,… x x

Inspect systems and answer specific questions from Step 1 x

Interview of operating staff x

Evaluate the information gathered during the site visit x

Identify ECOs x x x

Significant energy users identification and analysis x x x x x

Baselining x x x x

Cooling load analysis x x x x

Energy benchmark of targeted AC systems x x x x

Recommendations x x x x

Connection with TOPAs energy auditing technologies
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Figure 11: Matrix HarmonAC process and outputs and connection with TOPAs technologies. 

 

 

 

 

 

Figure 12: Matrix IEA ECBCS Annex 46 process and outputs and connection with TOPAs technologies. 

  

Standard HarmonAC

Scope Air-conditioning systems over 12 kW cooling capacity

Steps/Levels 2 steps:pre-inspection phase, in-depth physical inspection

Objectives Determine the energy efficiency of the AC system in the context of the overall building and of its specific components, the 

structure and equipment.

Generate energy improvement options for the AC system inspected

Estimate the costs of energy improvements
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Interview of building operator, owner, occupants on energy and comfort issues x

5ŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ŀƴŘ ŀƴŀƭȅǎƛǎ ƻŦ ōǳƛƭŘƛƴƎ ŀƴŘ ǎȅǎǘŜƳǎ όǇƭŀƴǎΣ ǎȅǎǘŜƳǎΣ ŜǉǳƛǇƳŜƴǘΣ Χύx x x x x x

Identified HVAC system, usage and building use x x x x x x x

Historical energy data and energy price analysis (gas, oil, electricity,dh,..), benchmark with similar buildings (kWh/m².a,…) x

Detailed list of maintenance, cleaning, adjustment and repairs procedures undertaken to this point. x

Walkthrough inspection x

Spot test measurements x

Check-out operations, maintenance, malfunctions, comfort and problems x x x x x x x

Check and record equipment specification plates and model numbers x x

Conduct in-depth interviews with HVAC system manager x

Review maintenance, scheduling, performance, comfort and problems of building, equipment and systems x x x x x x x

Record actual systems hours of operation and hours of occupancy x x x

Determine actual existing seasonal and peak energy consumption. Compare with design and existing capacities. x x x x

Perform measurement of actual flows, temperatures, pressures etc in the HVAC equipment x x

Outputs List all problems with building systems and equipment x x x x x x x

Identification of faults and ECOs x x x x x x

Calculation of potential energy savings in% of total consumption in typical season x x x x x x

Estimate costs of retrofitting, payback time and return of investment x

Connection with TOPAs energy auditing technologies
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Standard IEA ECBCS Annex 46 Energy Process Assessment Protocol

Scope Individual system or building, building portfolio, building stock

Steps/Levels 4 levels: Pre-assessment phase, Screening, In-depth quantitative analysis, Detailed engineering analysis

Objectives Analysis of energy streams in the targeted object

Evaluation of existing saving potentials

Development of recommendations on an effective utilization of energy
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Selection of objects for energy audits x

Walk-through audit x

Analysis of consumption figures and documents x x x x x

List of possible energy conservation measures x x x x x x

Full energy audit x x x x x x x x x

Measurements x x x x x

List of measures for funding and implementation x

Implementation x

Performance measurement and verification x x x x x x x

Ongoing continuous commissioning x x x x x x x x

Outputs Results of energy and process assessment with list of No-cost/Low-cost, medium cost and high-cost measures x x x x x x x x

Saving potential in heating, electricity and water consumption and costs x x x x x x x x

Investment needed and payback time x x

Summary data for monitoring of large sites x

Connection with TOPAs energy auditing technologies
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2.5 Energy Regulations at demonstration sites 

TOPAs supports two demonstrators in Ireland and one in France. The national legislation drives 
the required auditing type and auditing frequency. Therefore, we revise the Irish and French 
regulations in the following sections. 

2.5.1 Energy regulation Ireland 

2.5.1.1 Overview 

Policy and legislation in Ireland closely follows European policy and legislation and the principal 
legislative drivers for the promotion and adoption of energy efficiency in buildings are the Energy 
Efficiency Directive and the Energy Performance of Buildings Directive. 

The Energy Performance of Buildings Directive (2010/31/EU) requires, inter alia, that all public 
buildings have Display Energy Certificate in a prominent location and that, following the leading 
example of the public sector, to set minimum performance standards for refurbished public 
buildings and to stimulate the transformation of buildings that are refurbished into nearly zero-
energy buildings. This is transposed into Irish legislation through S.I. 243 of 2012 (European 
Union (Energy Performance of Buildings) Regulations 2012) and S.I. No. 666 of 2006 (EC Energy 
Performance of Buildings Regulation 2006). 

Ireland has set a target to be 20% more energy efficient by 2020 with a 33% target for the public 
sector recognizing its exemplary role in promoting and implementing energy efficiency. To 
support this target Ireland produces regular National Energy Efficiency Action Plans (NEEAP) as 
required by the Energy Efficiency Directive detailing measures taken to promote energy efficiency 
and also to report on the savings achieved. 

2.5.1.2 Building Performance 

Key practical measures under the EPBD include the development of an energy performance 
certification system for all buildings offered for sale or rent and for all public buildings. Modelling 
tools and procedures have been developed by the implementing body, the Sustainable Energy 
Authority of Ireland (SEAI), to assess the energy performance of buildings based on the design 
and construction of the buildings. The procedures and called the Non-domestic Energy 
Assessment Procedure (NEAP) and the Domestic Energy Assessment Procedure (DEAP) for the 
non-residential and residential sectors respectively. A modelling tool, SBEM has been made 
available for the assessment of non-domestic buildings. 

Building Regulations provide for minimum performance standards for new or substantially 
altered buildings and the requirements for new buildings are being progressively strengthened 
over time. The Building Regulations specify certain minimum criteria (e.g. u-values, boiler 
efficiencies) as well as overall energy performance criteria which are framed as a minimum 
performance requirement in kWh/m2/yr as calculated by the prescribed methodology and 
software. 

As required by the Energy Performance of Buildings Directive, there is a strategy for moving 
towards a requirement for nearly zero energy buildings through progressive regulation. There is 
not, however, a clear plan in this regard in place. A number of local authorities have taken the 
initiative by requiring a higher level of energy performance than is required by national 
regulations, usually based around the passive house standard. 

2.5.1.3 Operational Efficiency 

The primary drive towards improving operational efficiency of organisations has been through 
the promotion of a structured approach to energy management. The development of the IS393 
Energy Management Systems standards in 2005 prior to the development of EN 16001 and ISO 
50001 was key to the promotion of formal energy management systems. With this prior 
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experience of energy management systems, organisations in Ireland have been quick to 
implement ISO50001. There are strong supports for organisations, and particularly public sector 
organisations, wishing to develop energy management systems and progress towards ISO 50001 
certification. 

Under SI426 of 2014 (European Union (Energy Efficiency) Regulations) all public bodies and non-
SMEs must have an energy audit carried out by December 2015 and every four years 
subsequently. SEAI manages and creates a list of registered energy auditors for the purposes of 
compliant energy auditors. There is no requirement for organisations to act on the 
recommendations in an energy audit, however, the requirement for recurring audits does enforce 
an element of continuous monitoring. Organisations that have, or are in the process of obtaining, 
ISO50001 certification are exempt from the requirement for an energy audit. 

In addition to full energy management certification, there are supports for smaller organisations 
in improving energy efficiency. These include online resources to support energy management 
and develop an energy management programme, training and an advice and mentoring service 
whereby smaller organisations have access to an energy consultant at no cost. There are also 
networking forums for businesses to engage in and share experiences of energy management (e.g. 
the Large Industry Energy Network (LIEN)). 

2.5.1.4 Provisions for Public Buildings 

The Energy Efficiency Directive (2012/27/EU), which superseded the Energy Services Directive), 
emphasises the exemplary role of the public sector and further requires that 3% of public 
buildings are refurbished to the minimum standard each year. The Energy Services Directive was 
transposed into Irish legislation as S.I. 542 of 2009 which provides for specific energy reporting 
obligations for public sector organizations. SEAI is the nominated authority to collect this data. 
Since 2011, public bodies have been obliged to: 
¶ Include an energy efficiency statement in their ÏÒÇÁÎÉÚÁÔÉÏÎȭÓ Annual Reports, in a format 

specified by SEAI, and 
¶ Report their energy consumption and related data annually to SEAI 

Public bodies are also legally obliged to achieve a 33% saving in energy efficiency by 2020 and 
each year SEAI publishes a report listing all public bodies and their status with respect to energy 
efficiency improvement. 

2.5.1.5 Supplier Obligation 

All energy suppliers in Ireland are obliged to deliver and report specified energy efficiency gains 
each year. This is a market based measure to finance and support energy efficient investment. The 
Energy Supplier targets are allocated to energy suppliers according to their proportion of energy 
market sales in Ireland. Energy suppliers can choose to achieve their energy savings 
independently or through partnerships with service providers in the market. The legislation sets a 
ȬÂÕÙ-ÏÕÔȭ ÁÎÄ ÐÅÎÁÌÔÙ ÒÁÔÅ ÆÏÒ ÅÎÅÒÇÙ ÃÒÅÄÉÔÓ ×ÈÅÒÅ Á ÓÕÐÐÌÉÅÒ ÆÁÌÌÓ ÓÈÏÒÔ ÏÆ ÔÈÅÉÒ ÏÂÌÉÇÁÔÉÏÎ ÔÁÒÇÅÔȢ 
These set an upper price on the value of energy credits. 

The imposition of the supplier obligation has in effect created an additional revenue stream in the 
business case for energy efficient investment and helps to deliver projects that would not 
otherwise have bene delivered. 

2.5.1.6 Promoting ESCOs 

The second National Energy Efficiency Action Plan (NEEAP), launched in February 2013, 
ÒÅÁÆÆÉÒÍÅÄ )ÒÅÌÁÎÄȭÓ ÃÏÍÍÉÔÍÅÎÔ ÔÏ Á ςπϷ ÅÎÅÒÇÙ ÓÁÖÉÎÇÓ ÔÁÒÇÅÔ ÉÎ ςπςπ ÁÎÄ ÔÏ ÁÃÈÉÅÖÉÎÇ Á σσϷ 
ÒÅÄÕÃÔÉÏÎ ÉÎ ÐÕÂÌÉÃ ÓÅÃÔÏÒ ÅÎÅÒÇÙ ÕÓÅȢ /ÎÅ ÏÆ ÔÈÅ ÔÏÐ ÆÉÖÅ ËÅÙ ÁÃÔÉÏÎÓ ÉÎ ÔÈÅ .%%!0 ÉÓ ȬÔÏ ÅÓÔÁÂÌÉÓÈ 
a national Energy Performance Contracting process to deliver innovative models of retrofitting 
ÁÎÄ ÆÉÎÁÎÃÉÎÇ ÅÎÅÒÇÙ ÅÆÆÉÃÉÅÎÃÙ ÍÅÁÓÕÒÅÓ ÉÎ ÔÈÅ ÃÏÍÍÅÒÃÉÁÌ ÁÎÄ ÐÕÂÌÉÃ ÓÅÃÔÏÒÓȭȢ 
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The framework sets out the roadmap through which energy efficiency projects and specifically 
how an Energy Performance Contracting process is undertaken. It provides guidance on routes to 
project development, together with sources of finance and supports available from the SEAI to 
help develop projects in the public and commercial sectors. 

In parallel, the National Energy Efficiency Fund was established in 2014 to provide financing to 
energy efficiency projects delivered through Energy Performance Contracts (EPCs) with ESCOs. 
The fund can lend to ESCOs or directly to the client organisation implementing the projects. 

2.5.2 Energy Regulations France 

2.5.2.1 General legislation and regulation schemes 

Following the Energy Performance Buildings Directive (EPBD), issued in 2002 and recast in 2010, 
France has set up new regulations called RT2012. In new buildings, this performance-oriented 
standard leads to a 50% to 75% decrease of the energy consumption used for heating, cooling, 
ventilation, lighting, fans and pumps, as compared to the former standard RT2005. Regarding 
existing buildings, some of the measures voted in 2007 and 2008 go beyond the requirements of 
the EPBD and place France in the leading countries to fight against global warming. A new 
regulation is currently under preparation to strengthen the objectives on existing buildings, in 
line with the RT2012 that became compulsory for all new buildings since January 2013. 

)Î ςππωȟ ÔÈÅ ÌÁ× Ȱ'ÒÅÎÅÌÌÅ ρȱȟ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÉÍÐÌÅÍÅÎÔÁÔÉÏÎ ÏÆ ÔÈÅ Ȱ'ÒÅÎÅÌÌÅ ÄÅ Ìȭ%ÎÖÉÒÏÎÎÅÍÅÎÔȱȟ 
has defined complementary requirements for the building stock, with the objective to reduce the 
energy consumption of at least 38% by 2020. In practical terms, it means that 400 000 dwellings 
are to be renewed each year from 2013. 

The energy performance certification (named DPE ɀ Diagnosis of Energy Performance), which 
stands for the French implementation of the EPBD, is mandatory for all new buildings and existing 
buildings in case of sale or renting. Moreover, since 2008, building managers should display the 
energy performance certificate of their building so that it is clearly visible to the public. 

The performance rating concerns both the yearly primary energy consumption and the yearly 
GHG emission. The scale goes from A to G, as shown in Table 1. 

Table 1: Building Energy Classes in France 
ɉ3ÏÕÒÃÅȡ -ÉÎÉÓÔîÒÅ ÄÅ ,ȭïÃÏÌÏÇÉÅȟ  

ÄÕ $ïÖÅÌÏÐÐÅÍÅÎÔ $ÕÒÁÂÌÅ ÅÔ ÄÅ ,ȭïÎÅÒÇÉÅɊ 

Rate Primary energy consumption GHG emission 

A Ѕ υπ Ë7ÈȾÍ2 year Ѕ υ ËÇ #/2/m2 year 

B between 51 and 90 kWh/m2 year between 6 and 10 kg CO2/m2 year 

ȣ ȣ ȣ 

G > 450 kWh/m2 year > 80 kg CO2/m2 year 

 

Some of the national EPBD implementations, as a complement to the certification procedure, 
provide a regulatory scheme for audits, at least for some types of existing buildings. Thus in 
France all public buildings were obliged to carry out an energy audit by 2010, with the 
commitment to engage retrofitting works by 2012. Some guidelines are available to help building 
owners in the implementation of the procedure. Calculation methods and tools are not imposed, 
but it is stipulated that conventional methods used for regulatory checking are not appropriate for 
energy auditing. 

Even when these services acquire information on the actual use of the buildings, they do it in a 
very superficial way (i.e. through questionnaires). Most of the focus has been on energy managers 
and on presenting lists of technical measures of audits. The focus of policy in facilitating energy 
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management should shift to a higher level, focusing on getting management to be aware of the 
potential for energy savings and to establish systems to capture the savings opportunities in order 
to improve the company financial performance. Over recent years, several projects addressed this 
issue to enhance standard CAD designs with building energy features to target a wide ranging 
energy efficiency prediction and recommendation for buildings. 

2.5.2.2 Focus on RT2012 

4ÈÅ ÅÎÅÒÇÙ ÒÅÇÕÌÁÔÉÏÎÓ ÆÏÒ ÂÕÉÌÄÉÎÇÓ ×ÅÒÅ ÄÉÓÃÕÓÓÅÄ ÄÕÒÉÎÇ ÔÈÅ Ȱ'ÒÅÎÅÌÌÅ ÄÅ ÌȭÅÎÖÉÒÏÎÎÅÍÅÎÔȱȟ ÁÎ 
environment round table set up by French President in 2006. The discussions led to the definition 
of new objectives, that were voted by the Parliament in 2009 and entered into law on January 1st 
ςπρσȟ ÕÎÄÅÒ ÔÈÅ ÎÁÍÅ ÏÆ Ȱ2ïÇÕÌÁÔÉÏÎ 4ÈÅÒÍÉÑÕÅ ÄÅÓ ÂÝÔÉÍÅÎÔÓ ςπρςȱ ɉ4ÈÅÒÍÉÃ 2ÅÇÕÌÁÔÉÏÎ ÏÆ 
ÂÕÉÌÄÉÎÇÓ ςπρςɊ ÏÒ ÓÉÍÐÌÙ Ȱ24ςπρςȱ 

The RT2012 includes 3 main global performance requirements: 
¶ A requirement on the passive behaviour of the building envelope (Bbio). 
¶ A requirement on the overall primary energy consumption of the building (Cep) 
¶ A requirement on summer indoor comfort (Tic) 

2.5.2.2.1 Building envelope requirement 

The goal of the Bbio requirement is to incentivise the proper design of the building fabric. It 
replaces old requirements dealing with the insulation level such as U values of building elements 
or mean U values. It includes the impact of thermal losses through the fabric and ventilation, solar 
and internal gains, and impact of natural lighting. This requirement can be calculated at an early 
stage of the design when no detail is available on the HVAC and lighting systems. 

2.5.2.2.2 Energy consumption requirement 

The Cep requirement is the main requirement. It consists of limiting the primary energy 
consumption to 50 kWh/m², for the 5 following uses: 
¶ heating 
¶ cooling 
¶ lighting 
¶ domestic hot water 
¶ auxiliaries (pumps, fans) 

It is important to note that the consumption from any usage that is not listed here (including 
household appliances, IT equipment, etc.) is not taken into account in RT2012. 

Furthermore, the calculation of the Cep consumption is made with primary energy values, rather 
than final energy values. For that purpose, in order to simplify the evaluation of primary energy, it 
has been decided that: 
¶ primary energy = 2.58 * final energy  for electricity 
¶ primary energy = 1    * final energy  for other energies 

Finally, in order to account for some inherent parameters that influence the energy consumption 
(altitude, climate, building type), the target value of 50 kWh/m² is adjusted as follows:   

Cep < Cepmax  

with  

 

where 

Mctype: coefficient which depends on the building types in the range [1 to 2,8] 
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Mcgéo: coefficient which varies with the climatic zone in the range [0,8 to 1,3] 

Mcalt: coefficient which varies with altitude in the range [0 to 0,3] 

Mcsurf: coefficient which varies with the surface of dwellings 

McGES: coefficient which facilitates the use of wood and district heating based using 
renewables in the range [0 to 0,3]  

2.5.2.2.3 Summer indoor requirement 

The requirement on summer comfort ensures that the inside temperature, during a reference 
summer period of five days, does not surpass a fixed value (Ticmax). 

2.5.2.2.4 The future of the regulation 

RT2012 has changed considerably the way buildings are designed and built. The simplicity of the 
requirement on energy consumption makes it very popular. Much training was carried out in 
order to meet the demand from professionals that wanted to be more informed of the new rules. 
The website rt-batiment.fr is also regularly updated as users need real-time information about 
how to improve their design practices. 

The next challenges will be: 
¶ to check the performance of building during operations 
¶ to upgrade the requirements for existing buildings under renovation 
¶ to define the future steps toward RT2020 (zero energy building) 
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3 State of the Art in the Topics addressed by TOPAs 

3.1 Open Building Management System Integration (OBMS) 

3.1.1 BEMS Protocols 

There is a large number of building automation protocols that are currently being used across the 
BMS market that poses a significant challenge in terms of integration. Even when standard 
protocols are utilized, many of the BMS vendors implement their own proprietary version on top 
of their existing solutions. This results in vendor lock-in and limits openness and ease of 
integration with other building systems. The following sections provide an overview the most 
commonly used building automation protocols, these need to be considered to enable future 
OBMS as to be cost effective, it requires seamless integration with existing legacy systems. 

3.1.1.1 BACnet 

"!#ÎÅÔ΅ȟ ÓÈÏÒÔ ÆÏÒ Ȱ"ÕÉÌÄÉÎÇ !ÕÔÏÍÁÔÉÏÎ #ÏÎÔÒÏÌ .ÅÔ×ÏÒËȱȟ ÉÓ Á ÄÁÔÁ ÃÏÍÍÕÎÉÃÁÔÉÏÎ ÐÒÏÔÏÃÏÌ ÆÏÒ 
building automation and control networks. BACnet is both an international and ANSI standard for 
interoperability between cooperating building automation devices originally developed in 1987 
under the auspices of the American Society of Heating Refrigerating and Air conditioning 
Engineers (ASHRAE). BACnet has been an ANSI standard since 1995 (ANSI/ASHRAE Standard 
135) and an ISO standard since 2003 (ISO 16484-5). BACnet is a registered trademark of ASHRAE. 

BACnet offers a flexible range of networking options including the use of Ethernet or IP-centric 
infrastructure and a simple, low cost twisted pair communication called MS/TP that is based on 
EIA- 485. A sophisticated routing capability allows scaling of BACnet internetworks into large and 
efficient systems, all within the same unified standard. 

BACnet uses an object-oriented model for abstracting and representing information, and gives a 
set of services for object access, alarm and event management, scheduling, trending, files, and 
device and network management. BACnet also has made a specific effort to define and standardize 
a suite of Web Services that provide enterprise applications with well-defined access to building 
automation information. BACnet also includes provisions for a very strong network security layer 
that address the needs of different applications. 

The BACnet standard defines seven network types which serve as the transport for BACnet 
messages: BACnet/IP, BACnet MS/TP (Master-Slave/Token Passing), BACnet ISO 8802-3 
(Ethernet), BACnet over ARCNET, BACnet Point-to-Point (EIA-232 and Telephone), BACnet over 
LonTalk Foreign Frames, and BACnet over ZigBee. A BACnet router may be used to join multiple 
network types [BNI14, BN15, BNI15]. 

3.1.1.2 KNX 

KNX Association is the creator and owner of the KNX technology ɀ a worldwide standard for home 
and building control. KNX is an European Standard (CENELEC EN 50090 and CEN EN 13321-1), 
International Standard (ISO/IEC 14543-3), Chinese Standard (GB/T 20965), and US Standard 
(ANSI/ASHRAE 135). KNX was based upon its predecessors, EIB (European Installation Bus or 
Instabus), EHS (European Home Systems) and BatiBUS. 

For members of the KNX Association the system is royalty-free and can be implemented on any 
processor platform. All products bearing the KNX logo are certified in order to guarantee system 
compatibility, interworking and interoperability. Interworking is the major asset of the KNX 
ÔÅÃÈÎÏÌÏÇÙȟ ÁÎÄ ÉÓ ÄÅÆÉÎÅÄ ÁÓȡ Ȱ4ÈÅ ÓÉÔÕÁÔÉÏÎ ×ÈÅÒÅ ÐÒÏÄÕÃÔÓ ÓÅÎÄÉÎÇ ÁÎÄ ÒÅÃÅÉÖÉÎÇ messages can 
ÐÒÏÐÅÒÌÙ ÕÎÄÅÒÓÔÁÎÄ ÓÉÇÎÁÌÓ ÁÎÄ ÒÅÁÃÔ ÏÎ ÔÈÅÍ ×ÉÔÈÏÕÔ ÁÄÄÉÔÉÏÎÁÌ ÅÑÕÉÐÍÅÎÔȱȢ 0ÒÏÄÕÃÔÓ ÍÁÙ 
come from different manufacturers ("multi-vendor interworking") and application fields ("cross-
discipline interworking"). 
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The PC software tool ETS allows the design, engineering and configuration of installations based 
on KNX certified products. The tool is manufacturer independent: the system integrator is able to 
combine products of different manufacturers into one installation. For a whole set of functions 
(e.g. switching, dimming, integer and float values, date/time, HVAC modes, scene control, and 
more), KNX has standardised a complete set of Data Types. 

KNX supports different communication mediums: KNX TP (Twisted Pair) TP-1 taken over from 
EIB, KNX PL (Powerline) PL110 also taken over from EIB, KNX RF (Radio Frequency) in the 868 
MHz band, and KNX IP (Ethernet or Wi-Fi) as specified by KNXnet/IP. 

The coupling of KNX to other automation systems is also internationally standardized: both the US 
ANSI/ASHRAE standard 135 as well as the ISO 16484-5 include mappings between KNX and 
BACnet [KNX13, KNX14, KNX15]. 

3.1.1.3 LonWorks 

Echelon Corporation invented the LONWORKS platform and the ISO/IEC 14908-1 Control 
Network Protocol (CNP). Echelon began the development of the LONWORKS platform and the 
CNP in 1988. The initial vision was to first create a standard, cost effective method to allow 
inexpensive control devices to communicate with each other effortlessly, and then using this 
standard method to allow devices from multiple vendors to easily interoperate on the same 
network. 

In order to achieve economical and standardized deployment, Echelon designed the Neuron® 
core. The Neuron core is available as a standalone component called the Neuron Chip. To further 
reduce device costs, Echelon also provides Neuron cores combined with communication 
transceivers, which are called Smart Transceivers. The Neuron core provides layers 2 through 6 of 
the ISO/IEC 14908-1 protocol, and the Smart Transceiver adds layer 1. The device manufacturer 
only supplies the application layer programming, and the network integrator provides the 
configuration for a given network installation. 

At the time of manufacture, each Neuron core is given a permanent unique-in-all-the-world 48-bit 
code, called the Neuron ID. Transparent support for multiple media is a capability of the 
LONWORKS platform, allowing developers and network integrators to choose the media and 
communication methods best suited for their needs. Multiple media support is made possible by 
Routers. Echelon offers Routers that connect different types of twisted pair channels, as well as 
IP-852 Routers for routing between twisted pair channels and IP networks such as the Internet, 
an intranet, or a virtual private network (VPN). 

A Smart Server is a programmable device that combines a controller with a Web Server for local 
or remote access, LONWORKS network interface, CNP network manager, legacy-device interface, 
and optional IP-ψυς 2ÏÕÔÅÒȢ %ÃÈÅÌÏÎȭÓ ÌÏ×-cost Smart Server is called the i.LON SmartServer and 
connects LONWORKS, Modbus, and M-Bus devices to corporate IP networks or the Internet. It 
features a built-in Web Server that allows Web access to all the data managed and controlled by 
the SmartServer, as well as built-in applications for alarming, scheduling, data logging, and data 
translation. It also includes a Web binder application for bridging multiple LONWORKS domains, 
as well as bridging from Modbus and M-Bus devices to LONWORKS domains. The SmartServer 
provides a SOAP/XML Web Services interface for use by custom Web pages and for integration 
with enterprise applications [Ech09, Ech15]. 

3.1.1.4 DALI 

DALI stands for Digital Addressable Lighting Interface and is a protocol set out in the technical 
standard IEC 62386. DALI is described as a protocol for communications and control of lighting 
equipment. This includes Control Gear (e.g. ballasts, LED drivers, switching devices, emergency 
inverters, and colour control) and Control Devices (e.g. buttons, rotaries and sliders, presence 
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detectors, and light sensors) as well as the requirements for bus power supplies, which may be 
standalone devices or integrated with Control Gear or Control Devices. 

DALI is a step on from the DSI protocol, which is used by HF fluorescent ballasts. One of the main 
advantages that DALI has over earlier systems is that each device on a segment of data cable can 
be separately addressed, while DSI and 1-10V devices can only be controlled as a group. The net 
result is that to achieve similar control functionally, DALI requires less complex (and therefore 
less expensive) wiring topology than DSI or 1-10V devices. 

There can be up to 64 DALI devices on a single DALI network. Sites requiring more than 64 
devices are implemented by having multiple separate DALI networks, each with up to 64 devices. 
These separate networks are then linked together with DALI gateways. DALI requires 2 wires to 
devices, in addition to mains cables if required. A DALI network requires a 24V DC 250 mA power 
supply to operate. This voltage appears on the data cables and can be used to supply power to 
peripherals that require it, such as motion detectors. A separate power supply can be used and 
some manufacturers have DALI gateways with an integral power supply. 

4Ï ÓÕÐÐÏÒÔ ÔÈÅ ȬÏÐÅÎ ÐÒÏÔÏÃÏÌȭ ÐÈÉÌÏÓÏÐÈÙ ÔÈÅ ÏÆÆÉÃÉÁÌ $!,) ÔÅÓÔ ÓÙÓÔÅÍ ÈÅÌÐÓ ÍÁÎÕÆÁÃÔÕÒÅÒÓ 
ensure their DALI compliant products will have the highest levels of interoperability with other 
compliant products. Testing can be done either by an approved test house or by DALI members 
themselves using DALI standardized testing software. 

The DALI standard includes interfaces to other protocols such as TCP/ IP, BACnet and KNX. 
Gateways are used to connect DALI to other protocols such as the LOYTEC L-DALI Gateway 
enabling DALI via BACnet (BACnet/IP or BACnet MS/TP), and the Schneider Electric KNX DALI-
Gateway [SE15, LT15, Phil15, DALI15]. 

3.1.1.5 Modbus 

Modbus is an application-layer messaging protocol positioned at level 7 of the OSI model. Modbus 
is a de facto industrial serial standard since 1979 and continues to enable millions of automation 
devices to communicate. The protocol defines function codes and the encoding scheme for 
transferring data as either single points (1-bit, coils) or as 16-bit data registers. This basic data 
packet is then encapsulated according to the protocol specifications for Modbus ASCII, RTU, or 
TCP. 

The Modbus protocol follows a client/server (master/slave) architecture where a client will 
request data from the server. The client can also ask the server to perform some action. The client 
initiates a process by sending a function code that represents the type of transaction to perform. 
The protocol defines the process a controller uses to request access to another device, how it will 
respond to requests from other devices, how errors will be detected and reported, and a common 
format for the layout and contents of message fields. 

Modbus RTU is a serial (RS-232 or RS-485) protocol widely used within Building Management 
Systems (BMS) and Industrial Automation Systems (IAS). Modbus TCP is a variant intended for 
ÓÕÐÅÒÖÉÓÉÏÎ ÁÎÄ ÃÏÎÔÒÏÌ ÏÆ ÁÕÔÏÍÁÔÉÏÎ ÅÑÕÉÐÍÅÎÔ ÏÖÅÒ ÁÎ Ȭ)ÎÔÒÁÎÅÔȭ ÏÒ Ȭ)ÎÔÅÒÎÅÔȭ ÎÅÔ×ÏÒË ÕÓÉÎÇ 
TCP/IP protocols and Ethernet. 

The Modbus Organization is a group of independent users and suppliers of automation devices 
that seek to drive the adoption of the Modbus communication protocol suite and the evolution to 
address architectures for distributed automation systems across multiple market segments. The 
Modbus Organization will also provide the infrastructure to obtain and share information about 
the protocols, their application and certification to simplify implementation by users resulting in 
reduced costs. 

The Modbus protocol may interact with other protocols through the use of gateways. For example, 
Modbus-to-BACnet and Modbus-to-KNX gateways/converters are currently available (e.g. 
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#ÏÎÔÅÍÐÏÒÁÒÙ #ÏÎÔÒÏÌÓȭ "!3ÇÁÔÅ×ÁÙ,8 ÁÎÄ !$&×ÅÂȭÓ -ÏÄÂÕÓ Ⱦ +.8 - Converter) [NI09, LX09, 
MB15, RTU15, TCP15, ADF15]. 

3.1.1.6 M-Bus 

The M-Bus (Meter Bus) standard (EN 13757) was developed to fill the need for a system for the 
networking and remote reading of utility meters - for example to measure the consumption of gas 
or water in the home. This bus fulfils the special requirements of remotely powered or battery 
driven systems, including consumer utility meters. When interrogated, the meters deliver the data 
they have collected to a common master, which can, for example, be a hand-held computer, 
connected at periodic intervals to read all utility meters of a building. An alternative method of 
collecting data centrally is to transmit meter readings via a modem. Other possible applications in 
home electronic systems for the M-Bus are alarm systems, flexible illumination installations and 
heating controlling. 

The M-Bus is a hierarchical system, with communication controlled by a master (Central 
Allocation Logic). The M-Bus consists of the master, a number of slaves (meters) and a two-wire 
connecting cable. In order to realize an extensive bus network with low cost for the transmission 
medium, the two-wire cable is used together with serial data transfer. 

An M-Bus system can consist of several so-called zones, each having its own group address, and 
interconnected via zone controllers and higher level networks. Each zone consists of segments, 
which in turn are connected by remote repeaters. Normally however, an M-Bus system consists of 
only a single segment, which is connected via a local repeater to a Personal Computer (PC) acting 
as master. Such local repeaters convert the M-Bus signals into signals for the RS232 interface. 

The Wireless M-Bus standard (EN13757-4:2005 and 2012) specifies the RF communication link 
between water, gas, heat, and electric meters and the data collecting devices, and is becoming 
widely accepted in Europe for smart metering or Advanced Metering Infrastructure (AMI) 
applications. Wireless M-Bus was originally targeted to operate only in the 868 MHz band, which 
gives a good trade-off between RF range and antenna size. Recently two new bands (169MHz and 
433MHz) have been added to the wM-Bus specification as well, introducing narrow-band 
solutions with much higher link budget and thus providing longer range solutions than at 
868MHz. 

The M-Bus protocol may interact with other protocols through the use of gateways. For example, 
M-Bus-to-Modbus, M-Bus-to-BACnet and M-Bus-to-KNX gateways/converters are currently 
ÁÖÁÉÌÁÂÌÅ ɉÅȢÇȢ !ÎÙÂÕÓȭ --Bus to Modbus-4#0 ÇÁÔÅ×ÁÙȟ !$& ×ÅÂȭs BACnet / M-Bus ɀ Converter, 
ÁÎÄ !$& ×ÅÂȭÓ --Bus / KNX - Converter) [MBus15a, MBus15b, TI15, AB15, ADF15]. 

3.1.1.7 OPC 

OPC is the interoperability standard for the secure and reliable exchange of data in the industrial 
automation space and other industries. It is platform independent and ensures the seamless flow 
of information among devices from multiple vendors. The OPC standard is a series of 
specifications developed by industry vendors, end-users and software developers. These 
specifications define the interface between Clients and Servers, as well as Servers and Servers, 
including access to real-time data, monitoring of alarms and events, access to historical data and 
other applications. 

When the standard was first released in 1996, its purpose was to abstract PLC specific protocols 
(such as Modbus, Profibus, etc.) into a standardized interface allowing HMI/SCADA systems to 
ÉÎÔÅÒÆÁÃÅ ×ÉÔÈ Á ȰÍÉÄÄÌÅ-ÍÁÎȱ ×ÈÏ ×ÏÕÌÄ ÃÏÎÖÅÒÔ ÇÅÎÅÒÉÃ-OPC read/write requests into device-
specific requests and vice-versa. Initially, the OPC standard was restricted to the Windows 
operating system. As such, the acronym OPC was borne from Microsoft OLE (Object Linking and 
Embedding) for Process Control. These specifications, which are now known as OPC Classic, have 
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enjoyed widespread adoption across multiple industries, including manufacturing, building 
automation, oil and gas, renewable energy and utilities, among others. 

With the introduction of service-oriented architectures in manufacturing systems, some new 
challenges in security and data modeling arrived. The OPC Foundation developed the OPC UA 
specifications (IEC 62541) to address these needs. The OPC Unified Architecture (UA), released in 
2008, is a platform independent service-oriented architecture that integrates all the functionality 
from OPC Classic into one extensible framework adding features such as platform independence 
(hardware and software/OS), security, information modeling, server discovery, a hierarchical 
address space, subscriptions to report-by-exception, and more. 

The OPC Foundation manages a global organization in which users, vendors and consortia 
collaborate to create data transfer standards for multi-vendor, multi-platform, secure and reliable 
interoperability in industrial automation. The OPC Foundation creates and maintains OPC 
specifications, ensures compliance with OPC specifications via certification testing, and 
collaborates with industry-leading standards organizations. 

OPC defines numerous protocols as possible transports providing options such as OPC-binary and 
SOAP-HTTPS, for example. Access from OPC to specific protocols such as BACnet and KNX is 
enabled through protocol-ÄÒÉÖÅÒÓ ÒÕÎÎÉÎÇ ÉÎ ÔÈÅ /0# 3ÅÒÖÅÒ ɉÅȢÇȢ -ÁÔÒÉËÏÎȭÓ "!#ÎÅÔ /0# 3ÅÒÖÅÒ 
for BACnet Devices and KNX OPC Server) [OPC15, MOPC15]. 

3.1.1.8 oBIX 

oBIX is an industry-wide initiative to define XML and Web Services-based mechanisms for 
building control systems. The purpose of oBIX is to define a standard Web Services protocol to 
enable communications between building mechanical and electrical systems, and enterprise 
applications. The task of the oBIX TC (Technical Committee) is to develop a publicly available Web 
Services interface specification that can be used to obtain data in a simple and secure manner 
from HVAC, access control, utilities, and other building automation systems, and to provide data 
exchange between facility systems and enterprise applications. 

The core of the standard is founded in common types and services applicable to horizontal issues 
including discovery, points, historical trends, and alarming. Additional libraries may be defined 
upon this foundation for vertical domains (e.g. HVAC, lighting, security, and more) and 
heterogeneous protocols (e.g. BACnet, LonWorks, Mobus, and more). oBIX also provides security 
and related-technology guidelines. 

In 2014 oBIX TC released five standards: oBIX v1.1 (core information model and interactions; 
default XML encoding), Encodings for oBIX: Common Encodings v1.0 (XML, CoAP, EXI, and JSON 
encodings), Bindings for oBIX: REST Bindings v1.0 (REST protocol bindings), Bindings for oBIX: 
SOAP Bindings v1.0 (SOAP protocol bindings), and Bindings for oBIX: WebSocket Bindings v1.0 
(WebSocket protocol bindings). 

oBIX is currently a Technical Committee of OASIS. OASIS (Organization for the Advancement of 
Structured Information Standards) is a not-for-profit, international consortium that drives the 
development, convergence, and adoption of e-business standards. 

While many debate the strengths and weaknesses of LonWorks and BACnet, it is clear that neither 
one was designed for the Internet. Both appeared on the scene in the early to mid 90's when the 
significance of the Internet to buildings was not as profound as it is today. oBIX has worked with 
both LonWorks and BACnet groups to enable oBIX to be the vehicle that can take their systems to 
the TCP/IP layer in a consistent manner, a vehicle that can also be integrated with 
legacy/proprietary systems as well as future "native" TCP/IP control systems [OBIX15, OAS15, 
WEBAX15]. 
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3.1.2 Heterogeneous Technology Integration & Coordination 

Non-residential buildings are equipped with Building Automation Systems (BASs) (e.g. HVAC, 
lighting, access control) usually incorporating different technologies that are installed 
independently [KNSN05]. This heterogeneity renders it difficult to access building automation 
data in an efficient manner. 

Some works argue that traditional programming methods based on objects and services will not 
hold the complexity of these Systems-of-Systems [Lee08]. Coordination languages [PaAr98], 
starting with the pioneering work in Linda [Gele85] [OmVi11], offer a different programming 
model that help capture the dynamic, heterogeneous and distributed aspects of SoS. In Linda, 
components exchange and synchronize through tuples addition and removal in a shared tuple-
space. This approach allows the decoupling of processes both in space and time. Based on Linda, 
several evolutions have been proposed [MPR01, MaZa09, BDLG12, VCMZ11]. Following these 
research grounds, the lightweight LINC middleware [LoPa14] aims to bridge the gap between 
coordination theory and real world problems. LINC provides a solid base to implement the next 
generation of coordinated Systems of Systems. LINC has already proved itself capable of 
coordinating entities across several local area network, e.g. to optimize energy consumption of 
multi-source lift [Betal15]. Preliminary results have demonstrated the ability of generated LINC 
from a formal modelling language in order to ensure the consistency of the system [SLP15]. 

LINC makes the integration of different BAS technologies, e.g. LON, KNX, ModBus [DGLPT12] a 
reality. Wireless solutions are also supported (ZigBee, Z-Wave, 6LowWPAN, EnOcean, etc.). Due to 
its self-organisation features, messages as web-services can be easily integrated and published 
toward backend system [PDTM13]. LINC middleware through its rule-based language offers a key 
enabler for program logic such as control/command or data processing for soft sensors. LINC has 
demonstrated how reconfiguration in BMS can be achieved with or without an intermediate layer 
[Detal15]. LINC was demonstrated as best in class in EU and French research projects relating to 
various application domains (e.g. building [SCUBA], lift energy management [ARROW], on-the-fly 
context-dependant reconfiguration of embedded speech recognition system for hear impaired 
people [RAPS] , energy management of residential electronics equipment [ECON], smart car park 
management [IRT]). LINC applicability in these domains with their particular constraints implies 
that LINC offers significantly more flexibility and potential for the TOPAs OBMS approach over 
traditional BMS technologies (e.g. LON, ICONICS Building Automation solutions [ICONICS], HYDRA 
[SBKL07]). 

In TOPAs, LINC will be integrated into, and hosted by, the Motorola RTU SCADA system. The RTU 
is a programmable and extensible Remote Terminal Unit based on Linux OS.  The RTU supports 
different communications media including wired (e.g. Ethernet, RS-232, and RS-485) and wireless 
(e.g. Trunked Radio Systems, Conventional Radio, and Cellular) technologies which are currently 
used to monitor and manage critical infrastructure (e.g. Electrical Sub-Stations, Water Reservoirs, 
Public Warning Systems, and more) across the globe. In TOPAs, the RTU (extended with LINC) will 
be brought into the building and block-of-buildings domains. 

In TOPAs, LINC will be integrated into, and hosted by, the Motorola RTU SCADA system. The RTU 
is a programmable and extensible Remote Terminal Unit based on Linux OS.  The RTU supports 
different communications media including wired (e.g. Ethernet, RS-232, and RS-485) and wireless 
(e.g. Trunked Radio Systems, Conventional Radio, and Cellular) technologies which are currently 
used to monitor and manage critical infrastructure (e.g. Electrical Sub-Stations, Water Reservoirs, 
Public Warning Systems, and more) across the globe. In TOPAs, the RTU (extended with LINC) will 
be brought into the building and block-of-buildings domains. 

3.1.3 Adaptive Stream Processing 

The increasing number of sensors and actuators available in buildings create large amounts of 
data. In particular for blocks of buildings, new architectures are required to efficiently process the 
big data quantities. Classical data mining and data warehouses approaches for buildings are based 
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on batch-processing historical data [APMC10]. Stream processing architectures provide better 
scalability for large amounts of data. IBM has shown that in data intensive applications such as 
traffic management, stream processing architectures are able to process in real-time 250,000 GPS 
samples per second on only four x86 server blades using IBM InfoSphere Streams [BBFR10]. 
Some initial attempts to apply these methodologies to building data include [KCSA11, Ort13]. 
However, stream processing architectures need to be configured for each sensor individually. Due 
to the large amount of sensors in buildings and the trend to wireless and mobile sensors, this 
results in a labour intensive configuration and maintenance effort. IBM has demonstrated that 
reasoning can be used to adapt analytic models from semantic models [PSL14] which opens new 
possibilities in relation to the scalability offered by stream analytics. 

3.2 Design Support for Energy Efficient Systems (DES) 

It has been shown that building automation can reduce building energy consumption by up to 
30% [Sim11, EN15232, WUKS14, ABP14] with quite low cost in comparison to structural changes. 
(Ï×ÅÖÅÒ ÔÈÅÓÅ ÂÅÎÅÆÉÔÓ ÈÁÖÅ ÎÏÔ ÁÌ×ÁÙÓ ÔÒÁÎÓÐÉÒÅÄ ÆÕÌÌÙ ÉÎÔÏ ÐÒÁÃÔÉÃÅȢ 4ÈÅ ÐÌÁÎÎÅÒÓȭ ÃÈÁÌÌÅÎÇÅ 
starts with selecting adequate devices and planning their control behaviour. It is hindered by 
insufficient interoperability between devices of different technologies and manufacturers. 
Common tools such as LonMaker or NL-220 for LON or ETC for KNX provide support to configure 
the system, but do not help in finding adequate, interoperable devices. AUTERASsuite provides a 
tool chain for an automated design of room automation systems that address these issues. It was 
developed as part of several national (AUTEG, AUDRAGA) and European (SCUBA, HESMOS) 
research projects. The tool suite supports architects and planners via an easy to use graphical 
user interface (GUI) to specify their requirements and generates functional designs that define the 
required functionality and can be used for VDI3813-conform (submitted as ISO16484-4) call-for-
tenders [RyDi09]. The tool further supports system integrators by automatically selecting 
adequate and interoperable devices using an optimization approach [OeKa13, LehMa14, PloLe14] 
from a device repository [DiKa08, DiKa10, PloHe12]. The resulting detailed designs contain the 
required devices, a specification of their communication connections and can be automatically 
commissioned to systems such as LON. 

 

Figure 13: Systematic Design Process 

Figure 13 ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÓÔÅÐ×ÉÓÅ ÄÅÓÉÇÎ ÐÒÏÃÅÓÓ ÆÒÏÍ ÔÈÅ ÕÓÅÒÓȭ ÒÅÑÕÉÒÅÍÅÎÔÓ ÏÖÅÒ ÔÈÅ ÆÕÎÃÔÉÏÎÁÌ 
designs (room automation schemes) up to vendor- and platform-specific detailed designs. 

The selection of appropriate devices depends highly on the considered non-functional 
requirements which are the criteria in the design optimization process. In [MaLe13] a 
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classification of such criteria is described and also how to handle combinations of different 
criteria. This consideration can help in reducing the complexity of the optimization process. The 
design process can also be used for retrofit or repair scenarios. In a scenario where a device fails, 
the remaining system can be repaired by selecting an equivalent replacement for the broken 
device. This is supported by a systematic analysis of the various system changes that are possible 
as well as a workflow to manage such situations, further details are described in [MaLe15]. 

3.3 Ontology-based Semantic Modeling (OSM) 

For an efficient data exchange between different software components, a common data model 
should be used. This model should provide data in a common format and be easily accessible (e.g. 
web services) for other tools. Some dedicated classification or information models are already 
available to describe component-based systems. The most commonly models used in the field of 
BAS include IFC [ISO13], ETIM [ETI11] and eCl@ss [CRD11]. All of the solutions available only 
describe BAS on a syntactical level, but to not include the underlying semantical functionalities. To 
describe also this semantical level, a new model approach is required, which combines both the 
syntactics and the semantics of BAS. Ontology-based approaches are well suited for this as they 
can describe facts in different views and allow for the retrieval of information across different 
viewpoints. Such a component was developed within the FP7 SCUBA project and was evaluated 
against different use cases of BAS at building-level. The data model of this tool is based on the 
German standard VDI3813 which proposes also a district-level. So it is possible to enrich the data 
model with the district components. Current mechanisms for integrating existing BAS on building-
level most be adapted and extended for future BAS that span and interact across blocks of 
buildings (district level). 

3.4 Occupancy and Behaviour Modelling (OBM) 

3.4.1 Occupancy Modelling 

Several simulation [Cla06, PfHe07, Ande07] and practical studies [Sond78, EmKi06, MaGr10] have 
confirmed the significant influence of human behaviour on building energy consumption and 
identified it as one of the key drivers of the gap between predicted and actual energy usage. 
Therefore, more than 70 references on the standards, regulations and research papers have been 
reviewed within the FP7 Tribute project deliverable D2.1 to analyse common measurements and 
models for detecting and modelling occupancy and their behaviour [FFPM14]. 
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  a) Sector covered b) Validation provided 

 

  c) Systems d) Approaches covered 

Figure 14 Statistics of the approaches 

Figure 14 a) shows the classification of the 68 references analysed. The residential and non-
residential are equally covered with 41 and 39 references, respectively. The non-residential 
sector splits up further into 11 commercial, 36 office, 12 service and 3 public buildings. Figure 14 
b) shows that only 36 of the works validated their results, which is slightly more than half. From 
the works that validated their results, 17 used one use case, 7 used multiple use case, while 4 used 
public data sets. Figure 14 c) shows the systems modelled by the individual references. Most 
works focus on modelling occupancy. HVAC consumption, lighting, windows are also quite 
popular. Figure 14 d) visualises the systems that were modelled by the approaches. The majority 
of the references analysed deal with occupancy. HVAC, lighting and windows are also quite 
popular. The most common approaches used are Markov chain models. They are followed by 
Schedules, Binomial processes and logistic regression models. 

Figure 15 provides a comparison of the approaches used to model which systems. Figure 15 a) 
presents the number of references per approach and system. The papers analysed are only 
subsets of the available work in the state of the art. To consider this, we compare the weighted 
cited impact (sum of individual impacts) of the approaches in Figure 15 b) using the Google 
scholar cite count. We excluded in this case standards as they are often cited, but, less specific in 
their approach. Figure 15 illustrates that not all approaches are similarly common for all systems. 
Figure 15 highlights that Markov models are very common to model human activity, windows and 
occupancy. For the latter, also binomial processes are commonly used, particularly, if presence 
(one or more people in a zone) and not occupancy (number of people in zone) are modelled. 
Logistic regression models are comparably commonly used to model windows, HVAC and lighting 
systems. It is notable, that these approaches are all statistical models. Data mining approaches 
such as clustering are less common. Schedules are notably often used to model electricity 
consumption. 

Service

Public

Offices

Commercial

Non-Residential

Residential

0
(0.0%)

10
(14.7%)

20
(29.4%)

30
(44.1%)

40
(58.8%)

Frequency

S
u

b
s
e

c
to

r

Public Data

Multiple Examples

Single Example

No Validation

0
(0.0%)

10
(14.7%)

20
(29.4%)

30
(44.1%)

Frequency

V
a

li
d

a
ti
o

n

Windows

Water

Occupancy

Lighting

HVAC

Electicity

Comfort

CO2

Blinds

Appliances

Activities

0
(0.0%)

10
(14.7%)

20
(29.4%)

30
(44.1%)

Frequency

S
y
s
te

m

Schedules

Regulation

Monte Carlo

Markov Chain

Logistic Regr.

Linear Regr.

Equation

Cluster

Bionomial Process

Averages

Agent

0
(0.0%)

5
(7.4%)

10
(14.7%)

15
(22.1%)

20
(29.4%)

Frequency

A
p

p
ro

a
c
h



 

D1.1: Best Practices in BEMS Performance Auditing 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement No 676760. 

http://www.topas-eeb.eu 36 

 

  

  a) Count of references b) Weighted by cite count 

Figure 15 Comparison of approaches by system 

The modelling approach is strongly related with the signal type of the modelled variable. Binary 
variables such as presence, windows, or sun blinds are commonly modelled by binomial 
processes or logistic regression models. Markov chain models are rather common to model 
discrete signals or state processes such as the occupancy or human activity, respectively. 
Continuous variables such as the aggregated energy or water are modelled with linear regression 
models or clustering. However, in this case often simplistic models are used such as schedules. 

3.4.2 Occupancy detection and estimation 

Occupancy estimation is a major subject of interest for most of context-aware services and 
especially the energy consuming ones. [PPDP14] discussed in particular the state of the art on 
occupancy detection. The approaches were divided in three different classes: 
¶ Soft sensing, also called implicit sensing or opportunistic sensing is the use of existing 

infrastructure and available data to provide non-intrusive and costless sensing. Common 
approaches use IP leases, electricity meters, or messenger activity on computers and 
calendar schedules. While these sources of data may be easily made available without a 
high cost, they require dedicated training of the estimation models. 

¶ Sensor data fusion is one of the most commonly used methods to detect/estimate 
occupancy at the room/zone level. In most cases, passive infra-red (PIR) sensors are 
used. Sound sensors and CO2 level sensors are quite common as well. The main 
advantage of the PIR sensors is that they are very cheap and easily deployed. However, 
they are limited in the kind of information they can provide and can sometimes be error 
prone due to noisy measures. 

¶ People counting is another common way of estimating the level of occupancy of zones. It 
uses techniques that measure the flow of people between zones. There are many different 
methods to count people, some use microphones to estimate the number of people 
present in a room by counting the number of detected voices, others use various types of 
sensors to count passing people at entrances of buildings or rooms. Another way is to use 
cameras. While the performance of systems using cameras is good, cameras can be 
expensive, require huge computing capabilities and give rise to privacy issues. 

Following a review of related work, we can see that there are a significant number of possible 
approaches that could be adopted. All the combinations of time, space and occupants resolutions 
are found in the literature. However, most approaches tend to provide head counts at the room 
level. Time resolution is not always specified and even though the time granularity of certain 
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systems appears to be real-time, their implementation as real-time systems may be questionable 
at large scale due to high computational requirements [PPDP14]. 

The occupancy and behaviour modelling requires non-intrusive, privacy preserving solutions to 
estimate the occupancy of a building zone. Common solutions as PIR sensors provide no 
information about the number of people [SMPK12]. Video surveillance does not preserve privacy. 
CIT has developed a non-intrusive occupancy monitoring solution MapUme that utilizes wireless 
ÌÏÃÁÌÉÚÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅÓȢ $ÅÖÉÃÅÓ ×ÉÔÈ Á 7É&ÉΆ ÃÏÎnection (e.g. smartphones, laptops) regularly 
ÌÏÏË ÆÏÒ 7É&ÉΆ ÃÈÁÎÎÅÌÓȢ -ÁÐ5ÍÅ ÄÅÔÅÃÔÓ ÔÈÅÓÅ ÅÖÅÎÔÓ ÁÎÄ ÄÅÒÉÖÅÓ ÅÓÔÉÍÁÔÅÓ ÏÆ ÔÈÅ ÚÏÎÅ 
occupancy [PPDP14]. 

3.4.3 Models for behaviour modelling 

The state of the art section highlighted that human activity in buildings covers a wide range of 
aspects and many different approaches exist to model it. No one single modelling approach could 
be identified that covers all aspects. Authors instead generally select approaches specific for the 
signal properties of the modelled variable. A modelling framework should, therefore, support 
adequate modelling approaches for the different aspects of human behaviour. 

Unfortunately, a good occupancy behaviour framework cannot be created by simply combining all 
approaches into one framework. This would require a highly instrumented building that provides 
sensors for all aspects from occupancy sensors, water, energy, meters to window and sunblind 
contacts. But, in many cases is the optimal sensor set not available. 

Recently, there has been research focusing on developing virtual sensor approaches that estimate 
occupancy from environmental sensors. Mamidi et al. [Mami12] studied of different sensor signals 
such as video cameras, sound, ambient light, temperature, humidity, carbon dioxide, 
door/window state to estimate the number of occupants in a zone. Mamidi applied different data 
mining models to compare the quality of the occupancy estimation. Another strategy to detect 
household occupancy consists of using sensors carried by the residents, such as RFID tags, 
dedicated wireless transmitters or GPS modules embedded in mobiles phones [KrBr11], [Scot11]. 
These approaches require multi-variable models to estimate occupancy from external variables. 
The comparison by Kleimenger et al [KleiMa12] of different occupancy prediction algorithms 
based on historical sensor data reveals a best accuracy for the model by Krumm and Brush 
[KrBr11], built on real time GPS sensor data, followed by the algorithm by Scott and Brush 
[Scot11], which is based on calculating the Hamming distance between occupancy vectors of given 
days and past occupancy vectors. These models were tested versus a naive predictor and the 
model by Lu et al. [LuSo10]. Other work investigates HVAC preconditioning and device 
automation via mined location and device interaction patterns and the energy savings potential is 
estimated through a relatively simple consumption model [Roy07]. 

To incorporate these different data sources, a semantic model was developed in Tribute that 
models the various relationships of sensors and that thus can express the integration of sensors. 

Extracting human activities from these sensor readings is even more complex. Dong et al. 
[DoAn09] used sound, CO2, lighting, motion sensors and temperature and CO2 sensors to extract 
event episodes. They used these episodes to train hidden semi-Markov models to detect daily 
living behavioural patterns. Youngblood et al. [YoCo07] introduced a new method of automatically 
constructing hierarchical hidden Markov models using the output of a sequential data mining 
algorithm to control a smart environment. The author of [BDV10] used a Semi-Markov-Model 
(SMM) to model the human movement based on occupancy sensors placed in each room of the 
apartment. Other approaches use machine learning classification algorithms such as Naive Bayes 
Classifier [TMIL04], Artificial Neural Networks (ANN), and Support Vector Machines (SVM) 
[FMN10]. However, concurrent activities are common and cannot be well identified by these 
approaches [Pal10], [EHC10]. 
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This characterises, that the modelling of human occupancy and behaviour in buildings is a multi-
faceted problem. Although models for individual aspects exist, they require a highly instrumented 
environment. Extracting similar information from alternative variables requires not only more 
sophisticated data analysis models; it also has to evaluate how well a sensor can contribute to the 
virtual measurement. This will render the transfer of models investigated in TOPAs challenging. 

3.4.4 Conclusion 

It can be summarized, that standards and regulation only give rough default daily profiles for 
occupancy, which are too generic for good predictions. Previous research concentrated on 
individual aspects of human behaviour (e.g. occupancy, plug load, light, windows), but, require 
many dedicated sensors, which are not available in many buildings and are rarely identical for 
ÄÉÆÆÅÒÅÎÔ ÂÕÉÌÄÉÎÇÓ ÉÎ ÏÎÅ ÂÌÏÃËȢ 4ÒÉÂÕÔÅȭÓ ÆÒÁÍÅ×ÏÒË ÐÒÏÖÉÄÅÓ Á ÍÅÃÈÁÎÉÓÍ ÔÏ ÍÏÄÅÌ and detect 
human behaviour from different sensors, which works for one building. However, to improve 
energy predictions in building blocks it is eminent to understand under which conditions 
occupancy and behaviour models are similar between buildings and how they can be transferred. 

3.5 Model-based Performance Prediction (MBPP) 

The role of Building Performance Simulation (BPS) programs is often limited to decision support 
for sizing of components and energy directive compliance at the planning stage. During the 
operation phase, BPS is less commonly used whereas they could support the energy operation of 
buildings. A new generation of computational tools based on the open source Modelica language 
enables a model-based design of complex integration as well as the use of models for operational 
support and optimization, for fault detection and diagnostics and for urban planning to develop 
design and operation strategies to grid integrated buildings. Traditional approaches to designing 
buildings and HVAC-systems consider steady-state methods and worst case scenarios. With the 
rising complexity of buildings, this approach is not sufficient for a detailed investigation [Mac02]. 
Partial load operations and the influence of stochastic variables such as weather or occupancy are 
in most of the cases not considered. It often leads to inconsistencies between the real and the 
predicted building performance and to over- or under sizing of components leading to 
inefficiencies. The consideration of these uncertainties as well as manifold interactions between 
the outdoor environment, users, equipment and the building can improve this situation [Cla01]. 
Uncertainties in their results are hardly ever quantified because of a lack of practicable 
methodologies and tools allowing the consideration of these uncertainties [Burh13]. A sensitivity 
analysis (SA) that is coupled with an uncertainty analysis (UA) can answer this question by 
identifying the parameters that have the greatest influence on the BPS result. SA can also be 
applied as a first step to model reduction and optimization problems [Eise12]. By developing 
practicable methods and tools to perform uncertainty analysis, the impact of uncertainties can be 
examined and the quality and the robustness of BPS increased for decision support tasks during 
the operation phase of buildings. 

For the analysis of a block of buildings with the purpose to study the interaction of medium-scale 
sub-systems, complex and detailed simulations are not appropriate anymoreɀ due to their cost-
intensive modelling and computational efforts. Therefore, simplified modelling approaches with 
an acceptable accuracy level are required. Urban energy modelling frameworks, like CitySim 
consolidate different models in a single simulation tool [RobHa09]. Others follow a modular 
modelling approach [FuchLa12], [HuNyGe11]. There are many research questions, which require 
large-scale simulation approaches. One particular example with high energy savings potential is 
the refurbishment and operation of block-of-buildings. Conflicts may arise between energy 
conservation measures in buildings supplied by district heating systems and the operation these 
systems as district heating systems are more efficient with higher load densities [IEA08]. Hence, 
efficiency measures in blocks-of-buildings could have major implications on the load density 
[Rosa11]. Therefore, it is important to develop methodologies and models that simulate properly 
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large-scale energy systems and their evolution in face of a modification of energy demand profiles 
due to energy conservation measures. Furthermore, the use of these models as robust decision 
support tools during the operation of block-of-buildings, taking into account uncertainties and 
stochastic effects needs to be investigated and demonstrated under real world conditions. 

3.6 Automated Fault Detection and Diagnostics (AFDD) 

Large amounts of energy up to 30%, are currently wasted in commercial buildings due to 
insufficient maintenance, faulty equipment or deficient controls. A significant part of this energy 
could be saved by implementing automated Fault Detection and Diagnosis (FDD) to support a 
condition-based maintenance [Kat05]. Although big research efforts have been carried out in the 
two last decades, there are only very few commercially available FDD tools for HVAC systems on 
the market. Furthermore, the application of these FDD-methods is still constraining and time-
intensive. The weak market penetration of FDD systems is caused by a range of general and 
technical barriers which have been identified in former studies like [Neum10]. These barriers are, 
for example, a lack of awareness of the operation staff, lacks of information/data/sensors/meters, 
insufficient budget, organizational issues, restrained access to proprietary communication 
protocols, etc. In the FP7 project CASCADE, a rule-based Fault Detection and Diagnostics 
framework has been developed and tested on large HVAC-systems in two European airports and 
enabled the identification of significant energy savings. Rule-based FDD systems are quite easy to 
program but reach their limits with the growing complexity of the systems as they require 
intensive expert knowledge and tuning efforts. Model-based approaches using the physical or 
hybrid description of the systems or data driven models like artificial neural networks or 
qualitative models could outperform commonly used rule-based systems but need to be further 
developed for a large scale replication. 

3.7 Distributed Model Predictive Control (DMPC) 

Model Predictive Controller (MPC) uses a model of the process to predict the future evolution of 
the system [MRRS00]. An optimisation problem is solved to identify the best control action that 
minimises a cost function related to the process predictions. The ability to handle constraints and 
binary values has enabled predictive control to be used in several varied applications. In MPC, the 
control input is calculated by solving an optimal control problem (minimization of a cost function) 
over a given horizon. Only the first element of the open-loop command sequence is applied to the 
system. At the next instant, a new optimization is performed based on current measurements. The 
predictive control has been successfully used in many and varied applications [ML99], [CaBo04]. 
In particular, for heating and cooling systems, different formulations of objective functions and 
constraints could be analysed to minimize the energy consumption or to guarantee a desired 
comfort level [FOM08]. In the case of multiple heating sources, the anticipative effect of the 
predictive control can be efficiently used when the future reference profile is known. Most of the 
rooms/offices have an intermittent use (composed of occupation and inoccupation periods), 
which in most cases can be well known in advance. Defining the thermal comfort as optimization 
constraints implies that they will have a dynamical evolution due to the fact that the comfort 
should be defined only during the occupation periods. When dealing with relatively slow 
dynamics, as thermal systems, the anticipative effect of the MPC can be a main advantage over the 
common controllers, because knowing the occupation periods in advance allows for the heating 
system to be turn on at the optimal moment (which can vary between some minutes and several 
hours before the start of the occupation period) in order to accomplish the comfort constraints 
from the beginning of the occupation period. A fully centralized MPC for large-scale systems 
(buildings with many rooms/zones) is often undesirable and difficult to implement. The 
dimension of the optimization problem grows with the number of subsystems composing the 
global process and for a large number of subsystems (rooms), the computational demand 
explodes. Another drawback of the centralized strategies is their poor flexibility and reliability. 
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Alternatively, large-scale control problems can be solved by several controllers which take care of 
the local control/model parameters. In order to improve their control performances, the local 
controllers communicate over so-called negotiation iterations, leading to a distributed control 
strategy. To overcome these challenges Distributed Model Predictive Control (DMPC) which 
controls each subsystem by a separate subsystem-based MPC, has been more and more popular in 
the control of multi-zone building temperature regulation systems [MBDB10, Sca09, LZND10]. 
Since it not only inherits MPC's advantages of explicitly accommodating constraints and good 
dynamic performance, but also has the virtue of distributed framework. To improve the global 
performance of entire closed-loop system, several DMPC coordination strategies appear in the 
literature. The earliest and most adopted one is that each subsystem-based MPC uses the inputs 
sequence of its neighbours to estimate the interactions among subsystems [CJKT02]. Since each 
subsystem-based MPC minimizes its own subsystem's cost in this method, some article call it as 
non-cooperative DMPC or local cost optimization based DMPC (LCO-DMPC). If iteration is used in 
this strategy, the Nash Optimality can be obtained [BSAV10, RYNC11b]. 

Another very practically coordination strategy is that each subsystem-based MPC takes not only 
its own performance but also that of the subsystems it directly impacts on into account in its 
optimization index [ZLL11]. Experiments and numeric results improve that these strategies could 
significantly improve the performance of entire system. The third commonly used strategy is that 
each subsystem-based MPC optimizes the objective function over the entire system [BSAV10, 
ZLQ13]. In Global Cost Optimization using DMPC, (GCO-DMPC), each subsystem-based MPC 
requires the information of the whole system and the full connections are required. It can be seen 
from above that, in the existing methods, with the increasing of the coordination degree, the 
performance of entire system becomes better and better, the network connectivity become more 
and more complicity, and consequently the error tolerance and high flexibility become weaker 
and weaker. To find a method which could improve the global performance or coordination 
degree without any increasing of network connectivity is still remain to be solved. The proposed 
method used within the context of the TOPAs project is to control the multi-zone large-scale 
buildings is a DMPC approach based on Nash game theory in which multiple control agents (the 
subsystem plus its local controller unit), each determine actions for their own parts of the system. 
Figure 3 presents a graphical representation of this structure. 

 

 

Figure 16: General Scheme of the DMPC proposed 
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6ÉÁ ÃÏÍÍÕÎÉÃÁÔÉÏÎȟ ÔÈÅ ÁÇÅÎÔÓ ÃÁÎ ÉÎ Á ÃÏÏÐÅÒÁÔÉÖÅ ×ÁÙ ÔÁËÅ ÏÎÅ ÁÎÏÔÈÅÒȭÓ ÁÃÔÉÏÎÓ ÉÎÔÏ ÁÃÃÏÕÎÔ 
[RYNC11, RYNC13]. In game theory, a strategy is one of the given possible actions of a player. In 
our case each control agent is considered as a player. In an extensive game, a strategy is a 
complete plan of choices, one for each decision point of the player. Nash equilibrium recommends 
a strategy to each player that the player cannot improve upon unilaterally, that is, given that the 
other players follow the recommendation. Since the other players are also rational, it is 
reasonable for each player to expect its opponents to follow the recommendation as well. The 
Nash-based DMPC algorithm proceeds by allowing each subsystem (zone) to optimise its 
ÏÂÊÅÃÔÉÖÅ ÆÕÎÃÔÉÏÎ ÕÓÉÎÇ ÉÔÓ Ï×Î ÃÏÎÔÒÏÌ ÄÅÃÉÓÉÏÎ ÁÓÓÕÍÉÎÇ ÔÈÁÔ ÏÔÈÅÒ ÓÕÂÓÙÓÔÅÍȭÓ ɉÔÈÅ 
neighbouring zones) solutions are known. At sampling time t , in the first iteration n, each agent 
makes initial estimation of the input variables and announces it to the other agents. Then, each 
agent solves its optimisation problem simultaneously and gets its optimal solution at n+1. Next, all 
the agents compare the new solution with that obtained in the previous iteration and check the 
convergence condition. If the Nash optimal solution is achieved, then, each subsystem does not 
change its decision, because it has achieved an equilibrium point of the coupling decision process; 
otherwise, the local cost function will degrade [RYNC14]. 

In summary, the domain of heating and cooling systems, various cost functions and constraints 
have been analysed to minimise consumption or to ensure a desired level of comfort [FOM08]. 
While centralised MPC suffers from high computational complexity, Distributed MPC (DMPC) uses 
many local controllers (agents) to control the overall process to achieve general goals over the 
whole energy building performance. Each agent is responsible for the performance of a single 
zone, significantly reducing the complexity. The global optimal solution [DKND09] or the Nash 
equilibrium point [CJKT02, LZZ05] is achieved by the exchange of future behaviour (predictions) 
between local MPCs over sensor networks, allowing for automatic negotiation between them. 
Centralised MPC has been applied to heating, ventilation and air conditioning (HVAC) systems 
[MBHC12, MKDB12, OPJM10, BKBT12], achieving a reduction in peak power consumption and 
reduction in overall energy usage. Recently DMPC has become a solution to buildings with many 
zones [MAB11, KoBo13, MBDB10]. 

TOPAs will build on significant expertise and develop a distributed MPC architecture, based on 
Nash game theory, controlling zone temperature with several local heating sources in a multi-
zone building and also building blocks. In the distributed MPC strategy future occupation profile 
of the zones will be considered to obtain a certain degree of thermal comfort while the room is 
occupied. Moreover to compute the temperature of each zone, in the distributed model the 
thermal coupling between zones will be considered. 

3.8 Air Quality Monitoring (AQM) 

For people performing their daily activities in buildings, energy savings should not endanger their 
health and decrease their welfare [AL04, CIN13], thus leading to contradictory objectives at 
control level [WFF14]. For a building habitant, Indoor Environmental Quality (IEQ) is related to 
thermal aspects, indoor air quality (IAQ), acoustic and visual (lighting) comforts [SS13]. IEQ/IAQ 
is a highly active research topic with a significant number of research publications every year. 
These research works have been applied to various scientific communities, ranging from clinical 
and medical aspects to control but also energy, building construction and retrofit, communication, 
electronics, etc. These works are often related to building energy efficiency and HVAC control. 
From an industrial viewpoint, IAQ/IEQ is a huge business segment particularly as IAQ regulations 
are reinforced (e.g. French statutory-orders n°2011-1728 (air quality in public buildings) and 
n°2011-1727 (benzene, formaldehyde and CO2 levels)) and building energy efficiency is 
encouraged via directives such as [EU10]. This also advocates for a stronger cooperation between 
companies dedicated to air quality monitoring on the one side and to 
heating/cooling/ventilation/energy systems on the other side. 
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Predicted Mean Vote (PMV) [F70] is widely used as a thermal comfort index [CIN13] with possibly 
Predicted Percent Dissatisfied (PPD) index being taken into account also [SS13]. Humidity level 
also influences the user comfort feeling. For IAQ, CO2 concentration is always measured [CIN13, 
WKS12, WW12] and it can also be used for space occupancy estimation [DXD12]. CO, Total 
Volatile Organic Carbon (TVOC) [PCKS13], bacteria, Fungi, PM10 and PM2.5 (Particulate Matter) 
can also be measured [C13]. Formaldehyde, Benzene, NO, NO2, NOX [KKKY08] also influence IAQ, 
as well as external conditions, e.g. weather and outdoor air quality. Therefore, IAQ estimation is a 
ÍÕÌÔÉÖÁÒÉÁÂÌÅ ÐÒÏÂÌÅÍȟ ×ÉÔÈ ÓÏÍÅ ÖÁÒÉÁÂÌÅÓ ÎÏÔ ÅØÃÅÅÄÉÎÇ ÇÉÖÅÎ ÔÈÒÅÓÈÏÌÄÓ ÔÏ ÅÎÓÕÒÅ ȰÇÏÏÄȱ )!1 
from a health and/or regulation (e.g. [F11]) and/or comfort viewpoint. These thresholds depend 
on the building type and the people hosted within the buildings. The regulations also define how 
measurements must be performed, as well as their periodicity. In fact, continuous monitoring of 
the majority of these compounds is not implemented (e.g. in office or public buildings), mainly 
because sample analysis is currently performed off-line (batch analysis) or the sensors are too 
costly and/or fragile to be permanently deployed on-site, or the continuous monitoring is just not 
mandatory (by law-enforcement). [CLJSB14, AT14] also shows a strong relationship between 
productivity and IAQ and thermal comfort, with large drop in productivity (5 to 10% in [O05]) for 
ȰÐÏÏÒȱ environments. Thus, IAQ and thermal monitoring should be performed on a continuous 
basis. 

#ÏÎÔÒÏÌ ×ÉÔÈÉÎ "ÕÉÌÄÉÎÇ !ÕÔÏÍÁÔÉÏÎ ÓÙÓÔÅÍÓ ÔÁËÉÎÇ ÏÃÃÕÐÁÎÔÓȭ ÐÒÅÓÅÎÃÅ ÁÎÄ ÁÃÔÉÖÉÔÙ into account 
is paramount in an energy performance context under comfort and IAQ constraints. Presence and 
activity estimation can be improved by taking into account several sensor modalities and their 
correlation, e.g. infrared detectors, noise, CO2 emissions, WiFiΆ use, etc. [DoAn09]. The occupancy 
estimation and modelling should help define quality services in terms of comfort and quality of 
life within the building. Therefore, building energy management must take into account these 
aspects to optimize their production costs (air conditioning / heating / fresh air intake). 

Sick Building Syndrome (SBS) and Building-Related Illness (BRI) are reported in many papers. 
SBS and BRI causes are related to poor IAQ [RN13] because of exposure to VoC (included 
formaldehyde), CO, NO, etc. Exposure to bioaerosols also leads to detrimental health effects, e.g. 
respiratory distress and hypersensitivity, which is compounded by poor ventilation1. Limiting 
contamination to bioaerosols is needed for disease control and prevention. Actually, studies2 
show that elevated concentrations of indoor airborne bacteria can be linked directly to human 
occupancy with inhalation exposure to microbes discarded by current or past occupants being 
prevalent in shared communal environments. Ventilation is key consideration in delivering non-
compromised IAQ to protect occupants against airborne microbes. However, HVAC systems are 
energy hungry and expensive. To reduce cost, energy demands and enhance air quality, TOPAs 
will use the occupancy models at building and district levels together with air quality 
measurements to deliver adequate ventilation while being energy and cost prudent. The 
experiences from previous pilot studies in acute environments3 can be leveraged in developing 
the criteria for the adequate ventilation of single and multi-occupancy spaces. Ventilation duct 
cleaning is promoted as providing enhanced indoor air quality, health benefits, cost benefits and 
improved HVAC system performance. The literature has shown that under typical operating 
conditions HVAC ducts are contaminated with dust and act as reservoirs for microbial 
proliferation. 

 

                                                             

1 http://www.ncbi.nlm.nih.gov/pubmed/22130096 

2 http://www.ncbi.nlm.nih.gov/pubmed/22529946 

3 http://www.ncbi.nlm.nih.gov/pubmed/22081235 
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4 Conclusion 

From the analysis of the state of the art we identified numerous conclusions relevant for the 
further work in TOPAs. 

Section 2 reviews the common approaches for energy audits and the specific national regulations. 
The main conclusions are as follow: 

¶ Conclusion 1: TOPAs conducted an extensive review of energy auditing methods and 
identified methodological steps as well as auditing techniques used in a classical energy 
auditing procedure that can be covered by the TOPAs consortium ÍÅÍÂÅÒȭÓ technologies. 
The result of this investigation has been delivered in form of matrixes for each standard. 
The TOPAs Consortium will leverage on this basis to specify the TOPAs audit methodology 
features within Task 1.3. The results of the TOPAs energy audit specification will be 
reported in D1.4. 

¶ Conclusion 2: the Irish and French national legislation frameworks for the auditing of the 
TOPAs demonstration site have been revised. In the development of its continuous 
auditing methodology, the TOPAs consortium will consider the legal requirements as well 
as well as specific programs in both countries and integrate them in the methodology to be 
developed.  

Section 3 discusses specifically the state of the art for TOPAs technical challenges. It reviews for 
each technical contribution the state of the art. The main conclusions are as follows: 

¶ Open Building Management System integration (OBMS): Multiple building 
communication technologies exist. The integration of these technologies and the provision 
of simple APIs is a key element of an open BMS system. Various gateway and middleware 
technologies exist for individual technologies, but, no generic open solution is available. 
TOPAs will utilize #%!ȭÓ LINC, -3),ȭÓ RTU, as well as )"-ȭÓ cloud platform Bluemix to 
create an easy installable and open Building Management System infrastructure. 

¶ Design Support for Energy Efficient Systems (DES): Designing the sensor and meter 
infrastructure for energy efficient buildings is challenging in multiple aspects. It starts 
with selecting interoperable devices that provide the required energy efficiency classes. 
TOPAs will develop a holistic toolchain for designing energy efficient buildings by 
extending 45$ȭÓ AUTERAS tool with the energy efficiency requirements defined by 
EN15232. #)4ȭÓ WiSuite design tool will support designers in planning reliable wireless 
systems that consider the error prone indoor radio frequency propagation. #%!ȭÓ 
Coordination Scheme Editor to easily define Control Logic for devices. 

¶ Ontology-based Semantic Modeling (OSM): Information loss is a common issue in 
operating buildings as most buildings are lacking a common data repositories that 
manages information about the systems and sensors installed. To enable an efficient data 
exchange between different software components, e.g. simulation models, FDD algorithms, 
and during the whole building life-cycle, TOPAs will extend 45$ȭÓ multi-layer ontology 
based system model named AUTERASstore to include other types of data necessary for 
design, commissioning and operation. 

¶ Occupancy and Behaviour Modeling (OBM): Occupants can strongly influence building 
energy consumption and are one of the main sources for derivations in energy predictions. 
Approaches for estimating occupant counts in buildings exist, but, are often requiring 
large amounts of dedicated sensors. TOPAs will investigate into non-intrusive occupancy 
monitoring and modelling approaches that build on top of previous work of IBM, TUD and 
CIT. 

¶ Model-based Performance Prediction (MBPP): Improving the precision of energy 
audits is a key challenge in energy performance contracting. TOPAs will leverage the 
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results of &()3%ȭÓ work in IEA Annex 60 and )"-ȭÓ data-driven models to develop 
improved prediction models with a higher precision. 

¶ Automated Fault Detection and Diagnostics (AFDD): Large amounts of energy up to 
30% are currently wasted in commercial buildings due to insufficient maintenance, faulty 
equipment or deficient controls. Through further development of model-based 
approaches for FDD TOPAs will achieve a higher robustness and replicability at the 
district and building levels. 

¶ Distributed Model Predictive Control (DMPC): It is well known that MPC can improve 
building operation, but, is often hard to correctly define realistic objective functions. The 
novelty of TOPAs in the application of DMPC in buildings and block of buildings is the 
added adaptation mechanism to create realistic objective functions for each agent in the 
distributed scheme and a set of parameters for the sub-models. Self-learning capabilities 
can be given to each sub-model to obtain accurate predictions of each subsystem in order 
to implement Model Predictive Control. 

¶ Air Quality Monitoring (AQM): Monitoring and controlling ÂÕÉÌÄÉÎÇÓȭ air quality is 
becoming of increasing importance. Specialized sensor technologies are available, but, 
often expensive. TOPAs will investigate into fusion techniques to evaluate continuously 
Indoor Air Quality. TOPAs will also develop IAQ prediction techniques, taking into account 
external information, e.g. weather data, outdoor air quality, calendars, etc. A user Comfort 
Index based on IAQ, temperature, humidity, and noise measurements will be defined per 
monitored zone. IAQ index will feed in the TOPAs Model Predictive Control approaches, 
under IAQ constraints and user feedback on his/her comfort level. 

These challenges and contributions will be addressed specifically in the architecture specification 
in D1.3. 
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