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Abstract

Following several years of research and development around the subject of BIM,
its impact on the design and handover of buildings is now becoming visible across the
construction industry. Changes in design procedures and information management methods
indicate the potential for greater utilisation of a Common Data Environment in areas
other than design. To identify how these changes are influencing the engineering design
process, and adapt this process to the needs and requirements of building performance
management requires consideration of multiple factors, relating mainly to the stakeholders
and processes employed in these procedures.

This thesis is the culmination of a four year Engineering Doctorate exploring how
BIM could be used to support non-domestic building energy performance management. It
begins with an introduction to the research aim and objectives, then presents a thorough
review of the subject area and the methodologies employed for the research. Research
is split between eight sequential tasks using literature review, interviews, data analysis
and case-study application from which findings, conclusions and key recommendations are
made.

Findings demonstrate disparity between different information environments and provide
insight into the necessary steps to enable connection between BIM and monitored building
energy performance information. They highlight the following factors essential to providing
an information environment suitable for BIM applied performance management:

— Skills in handling information and the interface between various environments;

— Technology capable of producing structured and accurate information, supporting
efficient access for interconnection with other environments; and

— Processes that define the standards to which information is classified, stored and
modified, with responsibility for its creation and modification made clear throughout
the building life-cycle.

A prototype method for the linking of BIM and monitored building energy performance
data is demonstrated for a case-study building, encountering many of the technical barriers
preventing replication on other projects. Methodological challenges are identified using
review of existing building design and operation procedures.

In conclusion the research found that BIM is still in its infancy, and while efforts are
being made to apply it in novel ways to support efficient operation, several challenges
remain. Opportunities for building energy performance improvement may be visualised
using the modelling environment BIM provides, and the ability to interface with descriptive
performance data suggests the future potential for BIM utilisation post-handover.
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Preface

The research presented within this thesis was conducted to fulfil the requirements of an
Engineering Doctorate (EngD) at the Centre for Innovative and Collaborative Construction
Engineering (CICE), Loughborough University. The EngD programme is described as a,
‘radical alternative to the traditional PhD, better suited to the needs of the industry™
the main essence being ‘to produce doctoral graduates who can drive innovation in the
construction engineering industry with the highest level of technical, managerial and
business competence’.

The EngD is examined on the basis of a Thesis containing at least three (but not more
than five) research publications and/or technical reports. Presented within this thesis are
journal papers and conference papers authored by the candidate. Each paper is referenced
by the section (Appendix A — Appendix E) where it can be located.

*Extract from CICE website (www.lboro.ac.uk/research/cice/).
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Executive summary

Background

Adoption of Building Information Modelling (BIM) as a method for the management
of building design information is becoming standard practice across the Architecture,
Engineering and Construction (AEC) industry. Application of this method to areas
outside design development, and use of BIM data for building performance optimisation is
gaining traction as its impact is being felt throughout the building life-cycle. Optimisation
of building energy performance can be a complex activity, given the number of factors
contributing towards holistic building performance. In the context of this research,
exploration of these is undertaken, with the primary objective being to understand how
BIM could be applied to operational building energy performance management.

Research aim and objectives

The aim of this research was to investigate how BIM could be used for evaluation of
a building’s energy performance, and its effectiveness as a tool or platform in which to
support performance management. The objectives listed for the development and delivery
of this are detailed in Section 1.5 and can be summarised as:

— Review energy performance modelling and monitoring tools/processes in a BIM
context;

— Devise a method to capture and manage operational building performance data, in
a BIM environment;

— Develop and implement a pilot study using the input from the previous objectives
to demonstrate the use of BIM for managing building energy performance data; and

— Synthesise the work to make recommendations for effective use of BIM for interpre-
tation by Facilities Management (FM), and its application to managing building
energy performance.

Methodology

Research was split between sequential tasks, each contributing towards a thorough
understanding of the subject matter. To define further objectives and tailor research
to benefit the industry sponsor, an investigation of the organisations BIM capabilities,
implementation strategy and Knowledge Management (KM) methods was completed,
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detailed in Section 4.2 and Appendix A (Gerrish et al., 2014). This suggested the need for
a method of sharing information between building design stakeholders more effectively,
instigated by those both provide and requiring that information, particularly for information
concerning building performance design. Modifying existing design frameworks to suit this
need is explored in Section 4.3 and published in Appendix B (Gerrish et al., 2016¢).

An existing building was used as a case-study for research development and application.
Existing models described this building as it was during the industry sponsor’s involvement
in its design; however, due to changes in design after this involvement inaccuracy resulted in
the need for recreation of the as-built building. Details of the processes used to create these
models is given in Section 4.4. Exploration of the potential storage of building performance
information during operation indicated the steps required to link BIM and building energy
performance data. Specific methods and description of this is presented in Appendix C
(Gerrish et al., 2015). These findings prompted the exploration of alternative methods
of attributing building performance data to existing BIM models, outside the existing
formats currently available (Section 4.5). During investigation of the case-study building’s
performance, several issues were identified including errors in Building Management System
(BMS) implementation and recording accuracy issues requiring resolution. These problems
were partially addressed in Section 4.6 with the development of Python-based error
handling and analysis routines, contributing to a novel performance behaviour comparison
method, described in Appendix D (Gerrish et al., 2016b).

Connecting monitored and predicted building energy performance data from the BIM
and BMS using Python into a series of visualisation and analysis tools demonstrated the
potential for BIM application to building performance management, while identifying the
current challenges in achieving this connection. The processes undertaken are detailed in
Section 4.7, with evaluation of the human and process-based challenges explored using
in-depth interviews with building design and operation stakeholders in Section 4.8. These
were compiled in Appendix E (Gerrish et al., 2017b).

Summary of results

Major findings from the research undertaken are discussed in Chapter 5, and include:

— The effectiveness of BIM as a technology relies on the capability of the tools handling
building information. The effectiveness of BIM as a process is determined by
the methods used, and the abilities of those working with technology to utilise it
effectively;

— Standards for information management outside design development do not yet
support the application of BIM, resulting in the need for case-specific methodologies;

— Procedural changes in the development, handover and utilisation of performance
information are required to define who is responsible for the maintenance of that
information;

— Use of BIM in building energy performance management relies on too many factors
for effective widespread application. Until holistic life-cycle building performance is
considered an integral part of a modelled environment, challenges in implementation
reduce potential for its use in that way; and

— The engineer and building operator’s archetypal skill-set must change to account for

xii



the changing model of building information development and utilisation. Data is
becoming the new medium of exchange, and without skills in handling this effectively,
the capacity to provide value through its use is reduced.

Conclusion

The research demonstrated that it is possible to use BIM as a platform for linking
design and monitored building performance information, interfacing these to visualise the
performance of an in-use building. The framework demonstrated between BIM and a
predictive building energy performance model provides a contemporary framework for
information generation and sharing between engineers and Energy Performance Modelling
specialists. Demonstration of efficient performance data handling, error removal and
pattern finding using basic building performance metrics identifies opportunities for
performance improvement and potential starting points of further investigation.

The number of factors to be considered in implementing BIM for performance man-
agement currently are significant, reducing the potential for its widespread adoption.
Incremental changes to current processes to support implementation in this way will
develop during its wider adoption, with the findings presented here proposing the necessary
steps required to achieve BIM application to building energy performance management.
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1 Introduction

This chapter sets out the context of the research undertaken and introduces the
subject, describing the justification for research, aim and objectives, and organisational
implementation of this work.

1.1 Background

The definition of Building Information Modelling (BIM)* adopted here is as a systematic
process of the management and dissemination of holistic information generated throughout
building design development and operation. Several definitions of what it means are
available for BIM in various contexts (Azhar, 2011), but fundamentally it describes the
exchange, interpretation and utilisation of meta-data surrounding a Computer Aided Design
(CAD) model, supporting multiple functions for various stakeholders in a construction
and operations process; otherwise described as a Common Data Environment (CDE). In
the context of this research, building information is the key element being investigated,
and that which is explored in depth. The information being looked at specifically is that
which describes how a building performs in terms of its energy consumption during use,
and impact on the occupants comfort for modelling and simulation, and throughout its
lifetime. The means by which that information can be made accessible is the primary
underlying theme of this work, feeding into a wider body of knowledge facilitating effective
design and use of more efficient buildings.

Distinction must be made at this point, to separate the various definitions of BIM
and clarify the scope of research included. Firstly, BIM is an all encompassing acronym,
representing all information generated within Architecture, Engineering and Construction
(AEC) projects and their ongoing operations; however, it is not a definitive description
that can be applied to a specific situation (not least because it particularly refers to
buildings, in a subject where infrastructure and the setting in which the building is located
play a large part in the information describing a building). In conjunction with BIM,
an increasing list of acronyms, related topics and sub-topics have been related to BIM
describing particular aspects of information relevant to built projects. Even the acronym
BIM has been modified to refer to these (for example, Asset Information Modelling (AIM)
and Project Information Model (PIM) describing various portions of information modelled
at different stages of a project life-cycle). Secondly, until recently, focus has been kept on
the benefits use of a CDE for building information has on design and the challenges in

*To avoid redundancy of the word ‘model’ when following Building Information Modelling, the acronym
BIM may be interpreted contextually as either Building Information Modelling or Building Information
Model.
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implementation of such environments. The benefits it has on the long-term operation of a
building post-completion are now being realised. Starting from the effective communication
of design intent to facility operators and occupants, to the day-to-day maintenance and
upkeep of that facility, the widespread adoption of BIM throughout the AEC industry has
prompted specification of handover documentation in the form of models with meta-data
to enable more effective Facilities Management (FM).

Performance management of a building spans both design and operation of its life-cycle.
Initially, its form can be optimised to reduce demand for lighting, heating and cooling, then
later its performance simulated using Energy Performance Modelling (EPM) to explore
design options in detail, and determine effective operating strategies. During use, the
performance of that building is then monitored using a Building Management System
(BMS) and can be further optimised through continual Building Energy Management
(BEM) to account for changes in use, climate and equipment. This entire process is one
that is becoming more commonplace for new buildings, with the advent of accessible EPM
tools and intelligent monitoring systems, yet there is still need for expert input into design
and optimisation. This is exemplified through schemes such as Soft Landings (where
handover of a building to its occupants is made with its effective operation a forefront
concern) and Post-Occupancy Evaluation (POE) which investigates in-use buildings to
explore potential for improvement and occupant satisfaction.

Figure 1.1: Major themes relevant to the research undertaken

Given the breadth of topics mentioned, the themes explored here (each of which is
in some way impacted by BIM) are indicated in Fig. 1.1. In places these share common
aspects (for example, BEM and FM both relate to the operational management of a
building, while the introduction of available data into this relationship through BIM
means it forms part of the loop joining BIM to the incremental improvements in ongoing
BEM and operational efficiency improvements. The addition of extensive descriptive and
prognostic databases to this process suggests BIM will augment the entire design and use
stages of a building’s life-cycle, providing a comprehensive database to support building
designers and users in better managing the energy performance of their facilities.
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1.2 The industrial sponsor

This research was part funded by BuroHappold Engineering, a multi-disciplinary
engineering consultancy, offering a wide range of services in design, planning, project
management and consulting under the broad areas of buildings, infrastructure and environ-
ment. Founded in 1976 by eight partners, the company has grown to over 1800 employees
in 30 offices around the world. BuroHappold does not have a mission statement, but its
founding principle of collaboration across disciplines as defined by its founder Professor
Sir Edmund (Ted) Happold is outlined in this quote from Addis and Walker (1998):

‘What I know about engineering is that it has to be a group activity. The best
work is done by the most diverse group of talents that can live together. .. Clearly
good projects are all stories of personal relationships — people work with you
and you with them — because you both think you will perform better by putting
your skills together and because you think it will be fun.’

BuroHappold’s involvement in construction engineering can range from the earliest
stage of a project’s development, advising clients on project management, to being brought
in post-completion to assess performance and optimise operations (Fig. 1.2). This scope
collects a wide range of specialisms applied across a building’s life-cycle; however, the
implementation of BIM remains a challenge to successfully implement due to its far
reaching implications. The role BuroHappold takes differs between projects, meaning
involvement in a building design process may start or finish at various stages of the
project’s development. Ensuring effective use of BIM, while adhering to different projects
standards and replicating success across projects, is where understanding of how best to
implement BIM tools and processes is essential.

.

0 1 2 3 4 5 6 7

Strategic Preparation Concept Developed Technical Handover

Definition and Brief Design Design Design Construction and Close Out In-Use
——

Structural
Engineering

Building Services
Engineering

Building
Physics

Figure 1.2: BuroHappold involvement in the construction engineering design process

At its broadest, the scope BuroHappold envisages for BIM is that all information
generated across contributing engineering disciplines be made available between all design
platforms through a common means (under development within the organisation as the
BuroHappold Object Model (BHoM) but known widely as a CDE). Methods of integrating
building energy performance information into this model are currently being developed,
but there is no means for data collected from building post-handover to feed into this and
be used to inform design decisions in later projects. The research presented here shows an
incremental step in reaching that goal; being able to link the design model to an as-built
building’s BMS, and portray its historical performance in context with our input to that
performance. In doing this we can close the loop between design and operation in current
projects, and use a lessons-learned approach to make improvements in subsequent projects.
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The expertise contained within BuroHappold is only effective when utilised to benefit
clients, the stakeholders they represent and the wider environment; and where possible,
contribute to the reduction of energy consumption in the AEC sector (Nguyen and Aiello,
2013). Taking steps to reduce this consumption, and make the building’s we design better
for their occupants is a focus not just of BuroHappold, but of the construction industry as
a whole.

1.3 Need for the research

Effective management of a building’s in-use performance requires an understanding of
the physical processes taking place within and about that building. In particular, how
building services provide occupant comfort, the fabric maintaining this comfort, and the
equipment and space utilisation that contribute to the demand for energy. The balance
between energy required for conditioning, and the factors contributing towards this demand
determine the performance of a building, where more efficient buildings demand less due
to careful form, function and operation planning.

In efficient buildings, the potential for misuse both implicit and explicit is compounded
due to the often narrow band in which operational efficiency is maximised (Day and
Gunderson, 2015; Mumovic and Santamouris, 2009). Balance between systems and
occupant interactions are designed such that the building is symbiotic to its occupant’s
needs and demands, and performs efficiently when this symbiosis is respected and all
processes operate within their expected means. While highly efficient buildings are great
examples of misuse and changes to this relationship reducing overall efficiency, the majority
of building stock also succumbs to improper operation contributing to excess energy
consumption and reduced occupant comfort. The phenomenon known as the ‘performance
gap’ has been explored in depth (Fowler and Rauch, 2008; Turner and Frankel, 2008;
Torcellini et al., 2004), with reasons for its existence now well established (Menezes et al.,
2012). This subject is examined in Section 2.2.

Efforts to reduce this gap, of which this work is partially contributing, are now being
implemented in traditional (or non high-performance) building projects, wherein it is
expected that upon handover of the building the designers provide the owners, occupiers
or operators the means with which to effectively manage their new building. Soft Landings
were originally suggested in the UK by Way and Bordass (2005) and further developed
into a scheme now adopted by UK government (Way et al., 2009) to address the need
for better handover and familiarisation with buildings upon completion (Cabinet Office,
2013). Part of these state benefits of more effective handover as reduction in time needed
to reach as-designed performance, reduced running costs and generation of feedback to
those responsible for the building’s design. Closing the loop from completion back to
design could potentially mean the next building designed does not have the same faults as
the previous, and continual learning by designers would lead to better, more efficient and
lower energy demanding buildings (Mathew et al., 2015; Torcellini et al., 2004).

The opportunity to improve future projects by learning from the past is not the only
benefit a better understanding of existing buildings could give. The tools used to create
these buildings are now generating vast amounts of data describing it at various stages
of its development. During design this data is used by multiple stakeholders to further
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their input. For example, an EPM may be created to simulate performance to identify the
heating and cooling needs of the building. Until now, these predictions have been useful,
but often inaccurate following changes in design at a later stage or changes in use during
operation (Bordass et al., 2001). Ryan and Sanquist (2012) suggest that while the methods
of simulating discrete yet dynamic performance have been improving, predicting occupant
behaviour remains difficult due to the time and cost required to collect and make sense of
detailed logs of these behaviours and their impact is prohibitive (Ham and Golparvar-Fard,
2013). Here, interoperability between existing data frameworks about which data could be
attributed and visualised could potentially reduce the time and subsequent cost needed to
explore such data; of which BMS and BIM provide that data and framework respectively.

The problems currently facing those attempting this link between data of various forms,
all describing how buildings operate, and reinforcing the need for this research include:

— Inadequate interoperability between design tools limiting effective transfer of infor-
mation for design;

— A skills gap between those who can and cannot effectively use BIM supporting tools
and processes;

— Few links between BIM and BEM tools that can be implemented without extensive
time, cost and effort;

— Inability for the building end-user to clearly see how and where their behaviour
impacts on the performance of their building; and

— Lack of data integrity from BMS, leading to inaccurate performance representation.

An extensive literature review presented in Chapter 2 further demonstrates the need
for this research, which in summary shows that:

— Research into BIM use for energy performance improvements is primarily focused on
design stage improvements for sustainability accreditation, and early design form
optimisation;

— The few efforts to integrate BIM into the operations stage of a building’s life-
cycle, focus on asset management and the handover of comprehensive asset models
describing objects within that building for FM;

— Examples where BIM has successfully been linked to the energy performance of
buildings are few, with those available only demonstrated on small control studies;
and

— Insufficient guidance is available for building designers and occupants to utilise the
data made available to them through BIM to understand how their building is and
should be performing.

The findings presented here are relevant to the wider AEC industry, as what may
be applicable to projects undertaken by BuroHappold is also applicable to operators of
buildings who will soon be able to access comprehensive models of their buildings (HM
Government, 2013; Cabinet Office, 2011) in conjunction with monitoring systems designed
to manage, but not optimise performance. The research here provides organisations and
individuals considering a more effective means of BEM, a greater understanding of the
information required and challenges they may face in implementing such schemes.
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1.3.1 Mandated use of BIM

BIM to the standard of Level 2 (defined by the Cabinet Office (2011) and the Bew-
Richards Maturity model (BIM Task Group, 2011)) within the UK has recently been
mandated for all centrally procured government projects. This requirement, stemming
from wider aims to reduce the capital cost of built environment projects also targets a
reduction in carbon emissions by 20% by 2020 (DECC, 2011). As outlined in industry-
wide assessment by Latham (1994) and Egan et al. (1998), the construction industry’s
capabilities and adaptability to new processes and technologies to support more effective
design and operation requires impetus to promote change, which these mandates provide.

The gradual widespread adoption of BIM as a standard design development process
means the availability of information will increase, and the potential for its implementation
in multiple domains must be understood in order to facilitate its effective use.

1.4 Research scope

The scope initially defined by the industry sponsor was refined during investigation of
the relevant subject areas to cover aspects of both design and operation of a non-domestic
building, and the development and implementation of a tool demonstrating potential links
to be made between these areas. This sequential scope utilised outputs from separate
work-streams to feed into realisation of the potential for BIM use in understanding building
energy performance data. Key points throughout the design and operations processes
examined here are identified in Fig. 1.3.

Performance
optioneering Data As-built
creation Metadata Model Data
I attribution interpretation Data Performance
generation utilisation BIM for optimisation

BEM application i

i

In-Use

Conceptual Technical Handover &
Design Design Close-out

Figure 1.3: Research scope in context with a building life-cycle (showing the proportion of
information generated during each stage)

From the initial scope of this research project objectives were proposed and adjusted
according to changing needs of BuroHappold, and given the time and resources available
were tailored to evaluate the performance of a particular building around which this research
was applied. Making sense of the performance of this building designed structurally using
BIM processes is the main application of the research described here, with lessons learned
from investigation of various aspects of this process feeding into the findings and outcomes.

A non-domestic building was the primary focus for this research, due primarily to
information available and context of that building in the ongoing development and imple-
mentation of BIM by the research sponsor. Non-domestic buildings are designed, built and
operated with much more variety in composition (due to their differences in purpose) and
inclusion of post-occupancy monitoring systems than domestic buildings; making them
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more suitable for exploration of interconnection between as-designed information in a BIM
environment, and operational information describing energy performance. As a result, the
scope of this research is mainly applicable to non-domestic buildings where design infor-
mation is developed using BIM technologies and processes and is where implementation of
findings is likely to have the greatest impact.

Research scope covers the core subject of BIM and related areas currently being
investigated in industry and academia, for their utilisation of BIM to support new and
innovative methods of using data in the BIM environment. The subjects therein included:

— Building Information Modelling (BIM) as the CDE for attribution of building
performance data;

— Data transfer between design tools facilitating effective design supported by BIM;

— Facilities Management (FM) use of design information and BIM for managing
building performance;

— Energy Performance Modelling (EPM) and BIM for optimisation of performance
during design;

— Building Energy Management (BEM) for optimisation of performance during opera-
tion (including Continuous Commissioning (CC));

— Post-Occupancy Evaluation (POE) of building energy performance and occupant
comfort; and

— Knowledge Management (KM) for the understanding and actioning of improvements
from understanding of building energy performance.

Each of these components are explored in context with the current state of BIM in
the AEC industry in non-domestic buildings, to portray this subject area holistically and
outline the requirements for further development in this area.

1.5 Aim and objectives

The aim of this research was to explore the use of BIM as a tool to support the man-
agement of information describing a building’s in-use performance during its occupation,
utilising monitored and design data. The objectives described here were split into tasks,
the details of which are explained further in Section 1.6. The four main objectives were:

1.5.1 Objective 1

The first objective constituted the exploratory phase of research, topic familiarisation
through a literature review and further research subject definition. This exploratory phase
established the scope of research undertaken and identification of the current benefits and
barriers to implementing BIM as an energy performance management tool at different
stages of a building’s life-cycle. The sub-tasks for this objective were:

— Review of current state of BIM in design and in the operational performance of
buildings;

— Review the BIM capabilities and adoption strategy of key disciplines within Buro-
Happold;
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— Identify the building performance information development process, creating a
process for information generation and exchange; and

— Using findings from Objective 1, re-evaluate initial objectives to benefit BuroHap-
pold’s requirements.

1.5.2 Objective 2

This identified the data available for the building around which this research was
focussed, and constituted the creation of building energy performance data attributable to
a BIM environment.

This research was carried out between March 2013 and January 2016 to allow for
seasonal commissioning to take place, and data collection over at least a full year (accounting
for initial commissioning, seasonal commissioning and fault rectification in the first year of
a building’s life-cycle). The sub-tasks for this objective comprised the:

— Development of a representative BIM of the subject building;

— Testing of parametric data attribution to modelled objects, including object meta-
data and time-series performance data;

— Analysis of a building’s recorded in-use energy performance data and creation of a
representative EPM; and

— Extensible parameter attribution to the as-built model, representing the in-use
building in a BIM environment.

1.5.3 Objective 3

Objective 3 focused on developing a method for linking BIM with monitored operational
data from a BMS to support exploration, understanding and optimisation of building
performance. This constituted the implementation of findings from the previous objectives
to achieve the output required of this objective. The sub-tasks for this objective were:

— Investigate the performance issues encountered in the building to which this research
is being applied;

— Assess the representative EPM against recorded BMS data;

— Develop a method of linking the BIM to the recorded BMS building energy perfor-
mance data; and

— Implement and test the effectiveness of BIM for energy performance management of
a building.

1.5.4 Objective 4

The final objective collected findings from all tasks carried out and applied these
to the development of a BIM-based tool that could assist with the management of a
building’s energy performance. The evaluation of this tool indicated its application for
understanding and making changes to a building’s operation to reduce energy consumption,
and assessed potential for application to other buildings. The implications this has
for the industry sponsor and wider AEC industry in utilising BIM for further use in
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building energy performance management is considered and evaluated. Finally, procedural
recommendations were made for recreating this in future projects, with recommendations
proposed for areas of future research. The sub-tasks for this objective were:

— Develop and apply BIM/BMS performance data management tool;

— Summarise the tool development process and identify the critical factors necessary
for replication;

— Quantify the impact of the tool to the industry sponsor and building end-user; and

— Make recommendations for the ongoing application and development of BIM during
design and operation.

1.6 Structure of thesis

The objectives and their sub-objectives were approached using an ontology engineering
approach described by de Nicola et al. (2009), dividing the subject matter into distinct
domains to examine the relationship between the concepts therein, and later rebuilding
these into a method utilising outputs from each to achieve the goal set out in the original
research proposal (described in Section 1.3).

[ Exploration

Obijective 1

.

[ Conception

Objective 2
Paper 3
] —1

Objective3 ° —
Application |
] ' Paper 5

Task 8
))

EngD Thesis

Objective 4

Figure 1.4: Research objective relationships

The tasks follow a primarily sequential path, developing upon the outputs of the
previous distinct bodies of work to form a coherent proposal for the use of BIM to
support management of building energy performance information. A broad review of
literature and the current capabilities of BuroHappold (Objective 1) were followed by the
investigation of information generation and sharing during building performance design
(Objective 1). The monitoring of a building’s performance and creation of representative
BIM and EPM models (Objective 2) was undertaken to provide a set of data about
which to experiment with data by means of BIM model. This led to further research
into the capacity of BIM for the storage of time-series building performance information




Exploring the Effectiveness of BIM for Energy Performance Management of Non-Domestic Buildings

(Objective 2). This provided the necessary understanding required to develop a BIM and
building performance data management tool (Objective 3) and identify where deficiencies
in building performance could be identified using such a tool (Objective 3), culminating
in the application, evaluation and synthesis of this knowledge (Objective 4). The tasks
carried out and their individual outputs are shown in Fig. 1.4.

Summaries of each task within these objectives are given in Chapter 4.

1.7 Publications

Several peer-reviewed papers were written as part of research progress documentation
and to disseminate findings, summarised in Table 1.1 with full references and links to
these in full.

Table 1.1: List of publications

Paper

Title

Reference

[Conference]
Paper 1
(Appendix A)

[Journal]
Paper 2
(Appendix B)

[Conference]
Paper 3
(Appendix C)

[Journal]
Paper 4
(Appendix D)

[Journal]
Paper 5
(Appendix E)
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edge transfer for con-
current BIM adoption
in an engineering organ-
isation

Using BIM capabili-
ties to improve existing
building energy mod-
elling practices

Attributing in-use
building performance
data to an as-built
building information
model for life-cycle
building performance
management

Analysis of basic build-
ing performance data
for identification of per-
formance issues

BIM application to
building energy per-
formance visualisation
and management:
Challenges and poten-
tial
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1.8 Structure of thesis

Chapter 2 discusses the current state of BIM in the AEC industry in context with the
energy performance design and management of non-domestic buildings, and presents
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Chapter 1 Introduction

a detailed review of the subjects therein and their relationship with BIM.

Chapter 3 sets out the methodologies applied during research, and their justification in
relation to the work carried out. Consideration of alternative methodologies is given
here, with predication of the most suitable made.

Chapter 4 provides a detailed account of the research through which the work undertaken
is summarised, describing the individual tasks as defined in Sections 3.5.1 to 3.5.4
and working through the decisions made, justification of those and the outcomes
from each individual research task.

Chapter 5 discusses the main findings of the research. It includes a critical evaluation of
the research presented and the impact of BIM implementation for building energy
performance optimisation on the industry sponsor and the industry as a whole.
Conclusions are presented with a number of recommendations for future research
suggested.

Appendices A to E contain 5 peer-reviewed papers published during this work, to which
references are made throughout this document.

1.9 Summary

This chapter introduced the research and highlighted its reasons for investigation,
outlined the aim and objectives, their justification and the outputs of these. An extensive
literature review of the subject area is now given in Chapter 2.
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2 Review of related literature

This chapter presents the current state of Building Information Modelling (BIM) use
in the Architecture, Engineering and Construction (AEC) industry, in context with its
utilisation in the reduction of energy consumption of buildings. Due to the all encompassing
nature of BIM as a subject, a brief introduction to it is made, then aligned with the
wider body of knowledge surrounding building performance design, management and
optimisation. This is then split into the relationships between BIM building energy
performance during design, handover, operation and the subjects therein.

2.1 Building Information Modelling

Identification of the need to more effectively integrate different design disciplines and
stakeholders in the AEC industry was noted by Latham (1994) and Egan et al. (1998). The
method with which this integration is being applied is through BIM. BIM is the process
of capturing meta-data throughout the planning, design and construction stages of a
building’s life-cycle, in a Common Data Environment (CDE). Eastman et al. (2011) define
BIM as one or more virtual models of a building, supporting its design through progressive
stages to better enable the analysis and control of design, construction, fabrication, and
in-use activities. Part of this process is the facilitative access to information relevant to all
stakeholders for the purposes of making design decisions (Jung and Joo, 2011). Examples of
the type of parametric data stored within a BIM environment could be the building’s form,
fabric, systems and definition of their maintenance and usage. The meta-data attached to
those examples further describe the form of the projects, composition of materials in the
fabric, distinct components making up a system, how these are maintained during their
life-cycle, and instructions for their use (Long et al., 2011).

2.1.1 State of the industry

Adoption of BIM as a means of building design has been implemented across the
AEC industry since the concept of virtual design and construction was first suggested
(Quirk, 2012), though not necessarily called BIM. In recent years, that application has
grown extensively, with Hartmann and Fischer (2008) demonstrating its benefits of higher
productivity and greater stakeholder engagement across contributors. Additional benefits
have also been identified as enhanced coordination and collaboration between design
disciplines (Singh et al., 2011); clash detection for building geometry and systems (Bryde
et al., 2012); schedule and cost optimisation (Lee et al., 2014; Kim et al., 2013); reduced
drafting time (Matthews et al., 2015); and improved information accessibility (Jung and




Exploring the Effectiveness of BIM for Energy Performance Management of Non-Domestic Buildings

Joo, 2011).

Research by McGraw Hill Construction (2010b) shows the perceived benefit of BIM,
using industry surveys to understand how BIM adopters and users are experiencing
changes in working methods without quantifiable measurement in output. This survey
showed adoption rates growing throughout all areas of construction and building design.
Collaboration between designers for effective delivery of a building has been identified by
Azhar (2011) and Gu and London (2010) for savings of cost and time throughout design.
Each observes the need for adoption to be considered by all those affected (Arayici et al.,
2011), as with all adoptions of new methods of working and implementation of supporting
technologies (Gongalves and Gongalves, 2012).

UK construction strategy

In context with the wider UK governments industrial strategy for construction (HM
Government, 2013), BIM plays a role in the potential for greater productivity and reductions
in costs, through improved information flow and greater collaboration. The primary aim
tied into a commitment to reduce costs of public sector construction by 15-20% by 2015;
however, proof of this achievement is unavailable. The implementation of BIM has been
mandated to the standard of Level 2 (according to the Bew-Richards Maturity model
(BIM Task Group, 2011)) for all centrally procured government projects as defined by the
Cabinet Office (2011).

HM Government (2013) also aims to progress BIM implementation to Level 3, a
currently undefined standard of information modelling, development and exchange through
the ‘Digital Built Britain’ strategy (HM Government, 2015). This sets out the potential
next steps in creating open data standards for sharing of information, establishment of
contractual frameworks to support BIM implementation and encourage collaboration,
and drive growth in this area by training and developing a collaborative culture. A key
element of these ambitious targets is the focus on infrastructure (moving from buildings,
through to transportation, water power and people), looking beyond buildings toward
their setting and place amidst the wider built environment, an area to which BIM is yet
to fully be applied (Bradley et al., 2016). Delivery phases for Level 3 BIM are defined
within the Digital Built Britain document sequentially as; “enabling improvements in the
Level 2 model”, “enabling new technologies and systems”, “enabling the development of
new business models” and “capitalising on world leadership”.

2.1.2 Technology and processes

The technology supporting the implementation of these new capabilities in construction
project delivery is an integral part of BIM, and often misunderstood to be what BIM
represents (Hamil, 2011). However, the technology enables the collaboration and utilisation
of information generated during a building’s design and lifetime, and is put forward by
Eastman et al. (2009) as integral to modern building design in the AEC industry. Use of
BIM as an information-aggregating tool uses distinct models for various purposes during
building design, federated in a CDE describing multiple aspects of a building’s composition.
However, its use as a repository for information during building use is still relatively
unexplored (Gerrish et al., 2015). The exchange of information between these composite
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environments prior to their amalgamation, to support the development of a ‘single source
of truth’ representing the actual finished building requires interoperability and exchange
capabilities between model creation tools (Choi and Kim, 2011).

Several modelling environments have been created which use the de-facto standard
Industry Foundation Class (IFC) as an exchange format with which BIM data can
be recorded, shared and interpreted by other modelling tools (BuildingSMART, 2013).
This platform-neutral open format supports interoperability between these tools, with
implementation now widespread. IFC was developed as an extensible exchange format
moving from closed and proprietary formats employed in the 1970s (Laakso and Kiviniemi,
2012) to a generic framework for information storage in the Standard for the Exchange of
Product Model Data (STEP) format. More recent endeavours have aimed to move IFC
towards existence as a “useful minimum” (Hietanen and Lehtinen, 2006), reducing the
scope of content to that necessary for effective implementation. Expansion of this scope is
now therefore transferred to Model View Definitions (MVDs), which contain discipline
specific information supplementary to the core elements of information within the IFC
schema. Laakso and Kiviniemi (2012) discuss the limitations of the IFC standard as it
was implemented in 2012, though it is still prescient in the current AEC industry given
the slow adoption of it a common information exchange method. Those identified included
ambiguity within the open standard through its use of STEP and reliance on software
capability to interface correctly with this format and its part in the paradoxical loop
preceding the need for market demand for the open standard, and following industry’s
need to identify measurable benefits of integrated BIM.

The limitations of this format for accurate reproduction between platforms include
restrictions on the ability to transfer modelling tool-specific functionalities, reliance on
multiple modelling tools to record and interpret the information correctly, and the amount
of information stored in this way (Gerrish et al., 2015). Additional functionalities have
been developed using the IFC format, of which those relating specifically to building
performance target the capacity to support simulation of the building, using Energy
Performance Modelling (EPM) from models generated in BIM environments (Hitchcock
and Wong, 2011; Dong et al., 2007). In this way, the BIM could be re-used to create building
energy performance simulation models, of which more detail is given in Section 2.2.1.

In addition to information transfer, the use of BIM has been proven by Giel and Issa
(2013), Forgues et al. (2012), and Neelamkavil and Ahamed (2012) to reduce the number of
clashes experienced on construction projects and therefore the amount of cost attribution
to error correction during building design and construction. Research by Gallaher et al.
(2004) shows that these areas of interoperability are a large contributor to undue cost
in the construction industry. This lack of interoperability between systems, elements of
design and various forms of information is a contributing factor to the ‘performance gap’
(de Wilde, 2014; Menezes et al., 2012; Turner and Frankel, 2008; Bordass et al., 2001);
with Menezes et al. (2012) noting that “ management decisions ... were observed to have
a significant impact on the tenant consumption”. This is an area closely related to the
implementation of BIM both during design and operation, where BIM is predicted by Volk
et al. (2014) to have its biggest impact.
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2.2 Building energy performance

The performance of a building regarding the energy it consumes, and the impact
various methods of its operation have on the comfort and well-being of occupants is of vital
importance not just to those occupants or building operators, but on a global scale in terms
of the impact those buildings have on the wider environment. The Energy Performance
of Buildings Directive (EPBD) created by the European Parliament and Council of the
European Union (2002) aimed to align European Union (EU) laws to a common goal
of reducing the energy consumed by buildings, and has since been implemented across
many EU countries (Maldonado, 2015). Within the UK, these directives have been used
to develop national guidance and regulation to reduce building energy consumption (using
certification to expose building energy consumption (Zero Carbon Hub, 2013)), and BIM
has been suggested by Tuohy and Murphy (2015), Azhar et al. (2009), and Krygiel and
Nies (2008) as a means to better manage this.

According to the DECC (2015), the average annual electricity and gas use intensities
for non-domestic buildings in the UK are 116kWh/m? and 193kWh/m? respectively. Using
recent figures from the DECC (2016), these result in an average annual cost per square metre
of £12.06 for electricity and £5.31 for gas across all non-domestic buildings. Equating the
energy consumed by a building throughout its lifetime to the energy expended in building
it, the opportunity for in-use improvements through better management of a building
is large (Sartori and Hestnes, 2007), where 90-95% of that buildings life-cycle energy is
accounted for during operation. In addition to the cost to power, heat and cool a facility,
there are also ongoing maintenance costs (Hughes et al., 2004), which can be reduced
through greater understanding of the changes in the levels of performance experienced
(Cao and Pietildinen, 2013; Ulickey et al., 2010). Monitoring of conditioning equipment to
mitigate against inefficient operation would both reduce cost of conditioning, and focus
improvement on the longest term of the building’s life-cycle and energy consumption.

Reviewing Building Energy Management (BEM) through a BIM lens, the following
section explores the application of BIM to support reduction in energy consumption, and
the continual improvement of a building’s overall performance at the design development,
handover and operational phases of a building’s life-cycle. Its application at various stages
of this process is indicated in Fig. 2.1.

EPM
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Figure 2.1: Data describing a building’s performance throughout design, handover and
building operation currently in relation to BIM
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2.2.1 During building design

Building performance information generated during design consists of information
describing building composition, and the performance of equipment providing some function
in the heating, cooling, ventilation of the spaces making up that building. Dynamic
information is also generated, describing how these systems and components interact
throughout a representative year (defined from standard weather files for the location
in which the building is situated), which is used to approximate sizes of that equipment
and adjust the building’s composition to suit its requirements (Clarke, 2001). Pauwels
et al. (2012) describe these sources of information in the context of an already functioning
building (Fig. 2.2), with the same information types used for EPM during design (Yoshino,
2010).

Building
specification model

l

Spatial geometry Operation & Operational
model > maintenance logs ? performance data

T T

Operations & 3 Sensor ¢ Occupancy
maintenance logs information information

Figure 2.2: Energy Performance Modelling data sources (based on Pauwels et al. (2012))

Effective use of this information can support the design of a building’s energy per-
formance (Kneifel, 2010; Bakens et al., 2005; Torcellini et al., 2004; von Paumgartten,
2003; Stern, 1997), with scope for improvement in this process recognised by several
previous industry wide studies (DECC, 2012; Carbon Trust, 2011; Zero Carbon Hub,
2010; Turner and Frankel, 2008). During design, use of BIM to support this may be
used as a means through which design information could be shared to effectively support
communication of design intent, and reach an efficient design by collaboration between the
multiple stakeholders involved in that process (Gerrish et al., 2016¢; Shafiq et al., 2013).

Building performance design

During design, the performance of a building is determined based on the requirements
of the design brief, and physical and legislative restrictions imposed by its location, form,
composition and end-use (Hensen and Lamberts, 2011; Clarke, 2001). The prediction of
the most efficient outcome based on these factors is achieved using EPM for simulation of
proposed designs and quantification of the building’s performance for use in later design,
assessing operational strategies and form finding. Widespread use of BIM to support
this is yet to happen (Gerrish et al., 2015), potentially due to those perceived costs of
creating intelligent, sustainable buildings (DECC, 2012; McGraw Hill Construction, 2010a).
Identification of this slow uptake was made by Nam and Tatum (1988), who recognised
the complexity of integrating a wide range of composite processes with potential for future
improvement; yet more recent work by Dowsett and Harty (2013) demonstrates that
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current capabilities still do not meet that potential. The majority of development in this
area has taken place in the use of BIM for analysis of a building’s holistic sustainability
through accreditation (Beach et al., 2015), an area where quantifiable metrics from existing
models can be analysed for compliance with certification schemes such as Building Research
Establishment Environmental Assessment Method (BREEAM) (Ilhan and Yaman, 2015),
Leadership in Energy and Environmental Design (LEED) (Jalaei and Jrade, 2015) and
Green Star (Gandhi and Jupp, 2014). As such, practical energy performance benefits
demonstrated from implementation of BIM have been overlooked in favour of more
immediately quantifiable performance indicators (Gerrish et al., 2016a).

Building performance prediction

Accurate prediction of a building’s as-built performance using EPM relies on an
accurate depiction of that building, though during design many assumptions must be
made, particularly regarding occupant activities and behaviour (Menezes et al., 2012;
Wang et al., 2012). Wholly accurate modelling of complex and unpredictable operations
requires multi-domain approaches, using all available data sources (Wallis et al., 2009),
and even then there is some uncertainty of the accuracy of the predictions made (de Wit,
1995). Accessibility of the most accurate information is one area in which BIM is assisting
simulation, providing an environment from which the most recent design data is used to
produce an energy model (Gerrish et al., 2016¢). However, the BIM environment does not
just disappear upon completion and handover, with scope for information attribution in
conjunction with parallel simulation of a building’s performance to provide an ongoing
performance prediction (Bazjanac, 2008).

BIM integration with building energy performance design

Attempts to embed EPM within BIM environments have been made, most notably as
add-ons to their existing functionality. For example, the popular BIM authoring tool Revit
(Autodesk, 2015¢) can send geometry and building performance defining criteria such as
location, space function and Heating, Ventilation and Air-Conditioning (HVAC) system
configuration to its cloud-based Green Building Studio (Autodesk, 2015b) for energy
analysis. At an early stage of design, this can help the designer make informed design
decisions based on energy efficiency of the whole building, making energy performance
simulation accessible to designers without sustainable design expertise (Zanni et al., 2014);
however, Stumpf et al. (2011) and Che et al. (2010) suggest that care must be taken to
ensure interpretation of the output from this is made correctly. Basic analysis using such
tools are useful, yet this functionality is only viable as an analysis tool during conceptual
modelling due to the simplifications made to the building model (Motawa and Carter,
2013; Tse et al., 2005) to account for the wide range of possible configurations of that
modelled building prior to simulation. There are also problems encountered when the data
sources to populate these interfaces are not comprehensive enough to give an accurate
depiction of the building (Gékge and Gokge, 2014). In EPM software, the user has control
over all aspects of this configuration; for example, the number of occupants in each space
and their pattern of occupancy can be configured for each individual simulated space,
allowing for much more accurate simulation.

Non-integrated methods of sharing models and building meta-data between BIM and
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EPM tools have been created, making use of the IFC format as well as the more building
energy performance related Green Building Extensible Mark-up Language (gbXML) format.
Both have the capacity to store geometry, construction materials and basic heating, cooling
and ventilation values providing input to a predictive model, but each is limited by the
capability of the tools utilising them in recording that information in the appropriate way
for extraction and interpretation later on (Korhonen and Laine, 2008).

Prior to widespread adoption of BIM, Bazjanac and Maile (2004) demonstrated a
method of importing building geometry and HVAC systems from building and system
modelling tools into EnergyPlus (an EPM software package). This was further developed
by Kim et al. (2012) who addressed the complexity of interoperability between BIM tools,
developing a converter between the IFC and an Input Data File (IDF) (used by the
EnergyPlus EPM software) to maintain data integrity in this transfer. However, as these
functionalities have been developed, there remains a barrier to full interoperability between
BIM for building design and EPM for performance simulation for the reason given by
Maile et al. (2007), that modelling tools each have their own purpose, and where modelling
for one purpose does not make that model suitable for another (Choi and Kim, 2011). For
example, an architectural model used for visualisation of a proposed development would
not be suitable for EPM due to the need for high tolerances and zoning to provide an
appropriate simulation environment. These differences mean that interoperability between
the two modelling systems requires iterative attempts (Miller, 2010; Korhonen and Laine,
2008), and interim tools such as those created by Kim et al. (2012) and Bazjanac and
Maile (2004) must be used in addition to manual error correction before interpretation in
the receiving environment.

2.2.2 During building handover

The handover of a building upon completion begins the longest stage in its life-cycle,
fulfilling its purpose in providing a suitable environment for the purpose of its construction
(Fallon et al., 2007). Utilisation of BIM to enhance this handover process by using it as an
information repository is seen by Gnanarednam and Jayasena (2013), BIFM (2012), and
Clayton et al. (2009) to have massive potential for more effective Facilities Management
(FM), through greater access to materials relevant to the operation of the building.

Design intent vs. implementation

According to Neumann and Jacob (2010), building operators often make decisions
regarding the operation and maintenance of the building they are responsible for, based
on intuition and experience. A consequence of this may be that these decisions may not
be suitable for the building being managed (Bennett et al., 2012; Pathirage et al., 2008;
Amaratunga and Baldry, 2002). The availability of quantifiable performance metrics and
HVAC systems data enables informed decision-making, reducing inefficiency and improving
overall building performance (Pérez-Lombard et al., 2008). However, as suggested by Jylha
and Suvanto (2015), the amount of information is less important than accessibility to
the right information, to support better decision making for building energy performance
optimisation.

Utilisation of BIM as a ‘single source of truth’ in which design intent can be stored
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could add justification to why a building should be operated in a particular way, not just
specifying how it should be operated. To support this, building handover is beginning to
be managed as a transitional process (Demanuele et al., 2010), with initiatives such as
Soft Landings (Cabinet Office, 2012) facilitating this. The soft-landings initiative (BSRIA
and Usable Buildings Trust, 2008) recently adopted by UK government involves clients
in the initial and ongoing Continuous Commissioning (CC) processes for the building
th