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Abstract

Non-domestic buildings account for 12% of UK greenhouse emissions (CIBSE, 2017).
There is acceptance that the energy performance of buildings must improve. Presently
building energy data is only available in terms of total annual fossil or electrical energy
totals. These are blunt instruments for energy managers. There is a need for a method
of managing the energy of individual building services components through all project
phases.

This study aims to examine present methods for building energy use estimation and
to develop a strategy whereby building energy use can be managed from feasibility
through to building operation. The research methods centred around six case study
buildings. Five of the case study buildings selected are existing, were built at different
times, under different statutory energy regimes and therefore different design
philosophies. The sixth case study building is under construction. Investigating the
energy performance of buildings involved applying the most up to date system of
energy estimating techniques and comparing results with benchmarks and actual
energy use. Surveys and record data for one of the buildings was investigated in order
appreciate the implications of design margins and the effectiveness of control
arrangements for circulating pumps. The results of these case studies and
investigations provided the basis for the development of an energy management

strategy.

Although building energy models have streamlined the design process, outputs have
been found to be optimistic. This study has found that it has not been possible to
reconcile energy use predictions, benchmarks or utility bills with actual energy use for
individual building services components. Additionally, monitored performance data is
not utilised to quantify the effects of plant over-sizing. This thesis proposes an energy
management strategy which enables the energy use of individual components of a
building services project to be managed through all project phases. It is proposed that
this methodology should also be developed into a facilities management programme
for buildings.
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Chapter 1:

| nt roducti on

1.1 Background
Non-domestic buildings account for 12% (CIBSE, 2017) of UK greenhouse emissions.

Despite the growing awareness within the construction industry of the need to control
energy use in buildings, there is little reliable data on the performance of individual
building services systems. Energy and carbon emission monitoring initiatives have
recently been developed and, although this is a welcome development, they do not
itemise energy in greater detail than annual electrical and heating totals. Utility bills

also provide annual energy use in this form.

Although building energy models have streamlined the design process, outputs have
been found to be optimistic. This study has found that it has not been possible to
reconcile energy use predictions, benchmarks or utility bills with actual energy use for
individual building services components. Additionally, monitored performance data is
not utilised to quantify the effects of plant over-sizing. Part of the reason for this is the
design of building management systems which do not obtain appropriate data for
system efficiency analysis, and in some cases, poor metering. Building services
engineering systems are interrelated with design, management, occupation and
operation of buildings and therefore, prediction and analysis of their energy
performance requires, not only a knowledge of building science but must also include
occupant behavioural factors. Similarly, contractual and practical facilities

management issues must be considered.



Priorities for facilities managers have meant that ensuring safe and satisfactory
building conditions for clients takes precedence over investigation into systems
performance. This can be a particular problem in existing buildings where facilities
managers must deal with inherited legacy problems caused be obsolete design

practices.

Although the need to improve building services design accuracy has created a
considerable level of research, this strategy tends to apply to buildings at, and around
handover stage. Long-term carbon reduction of building created by energy use
requires resolution of the gap between actual and optimum operational performance
as well as the gap between actual and design stage predictions.

There is no single cause for the sub-optimal energy performance of buildings.

Consequently there is no single solution. A symptom and evidence of this

phenomenon is the concept of the fdfperforman

performance gap can have several definitions. It is normally considered to describe
the difference between the actual energy used by buildings and the levels of energy

use which were predicted at design stage. De Wilde (2014) states three definitions i

A The difference between first principles predictions and measurement
A The difference between machine learning and measurement
A The difference between predictions and display certificates

All three definitions refer to a completed building where energy can be measured. They
also infer new buildings where design, predictive data is available for comparison. For
many existing buildings much of the information used at design stage has been
discarded. Furthermore many existing buildings have changed use, have undergone
refurbishments and do not have strategically located energy meters.

The type of building energy gap is dependent on the reference value to which energy
use is compared. Borgstein et al (2016) have identified a range of methods for
analysing, classifying, benchmarking, rating and evaluating energy performance in

nonnrdomestic buildings. Borgstienbds work recoc
can affect how a building uses energy, not least being occupant behaviour. Though

this range of methods exists, they have not led to wide sources of catalogued
reference data being availabl e. The thrust
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methods of diagnosis rather than solution. Also, much of the research in this area

deals with total fossil or electrical fuel use over a prescribed period, usually a year.
Kampelis et al (2017) have invegttirgated! dh &g
and their evaluation examines the situation in a little more detail, in that some data has

been obtained from Building Management Systems (BMS). However, this is still not

as specific as it could be and only considers some renewable-type equipment.

Kampelis et al do, however, recognise some of the imperfections in the location of
sensors reporting the BMS. BMS probl ems are
Energy Performance Report (Palmer, Terry and Armitage 2016) which has found

thatd

A BMS systems are often not set up for data collection

A BMS systems typically only record a maximum of 1000 points.

1.2 Hypothesis
This study considers that sub optimal building energy performance results from
incomplete methodologies for the management of building services equipment and

systems.

1.3 Aim and objectives
The purpose of this thesis is summarized in the Aims and Obijectives as follows:

Aim: This research sets out to consider factors which contribute to sub-optimal energy
performance of building services engineering systems. From an appreciation of these
factors, the study aims to develop a strategy so that poor performance of individual

plant items is recognised and can therefore be improved.
Objectives:

To review how the managerial and contractual implications for building services
procurement affect the accuracy of design, installation and commissioning of building

services systems and consequent effect on building energy use.

To explore the characteristics of the performance gap concept in order that its role in
contributing to improved energy performance for building services can be

contextualised.



To examine the relationship between design-stage ratings of building services

equipment and actual operational loadings.

To examine building services equipment in order to determine how energy

management can be developed to monitor specific plant items.

To develop a strategy for managing the energy used by building services systems,

particularly for the operational phase of a building life-cycle.

1.4 Research novelty
The imperfections involved in the processes for procuring, designing and installing

building services systems require to be recognised and, therefore a realistic strategy
for managing building energy use must include, not only better pre-handover
techniques, but these must also co-ordinate with long-term operational management
systems. This study sets out to identify causes for poor operational performance and

proposes how these problems can be overcome.

1.5 Overview of this thesis
Chapter 1 introduces the topic and briefly describes why there is need for a dedicated

accounting system for the energy used by individual building engineering systems.

Chapter 2 describes the context within which building services systems are designed,
installed and maintained. It also underlines importance of this group of technologies in
both resource and financial terms. The chapter identifies the problem of the
performance gap and provide some detail on the challenges involved in delivering
systems. The challenges tend to be technical in nature but part of their solution lies in
improved management and co-ordination of systems. Technical problems are related
to how engineering practice and theory are applied in practical, commercial situations,
whereas procedural problems involve co-ordinating expertise and design
responsibility within the different phases of a project. Short-term solutions such over-

sizing equipment can have long term implications for efficiency and energy use.

Chapter 3 sets out the method and strategy for carrying out the study. The research
methods centred around six case study buildings. Five of the case study buildings
selected are existing, were built at different times, under different statutory energy
regimes and therefore different design philosophies. The sixth case study building is
under construction. Investigating the energy performance of buildings involved

applying the most up to date system of energy estimating techniques and comparing
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results with benchmarks and actual energy use. Surveys and record data for one of
the buildings was investigated in order appreciate the implications of design margins
and the effectiveness of control arrangements for circulating pumps. The results of
these case studies and investigations provided the basis for the development of an

energy management strategy.

Chapter 4 describes the application, results and comparisons of the energy estimates
with benchmarks and actual energy use. The estimating technique applied was based
on the CIBSE TM54 process which has been developed as part of the solution to the
performance gap. This technique consists of dynamic simulation modelling combined
with straightforward spreadsheet calculations. The philosophy behind this approach is
that dynamic simulation is effective for dynamic loads such as heating and cooling of
buildings. The spreadsheet calculations are more applicable for energy use which is
more related to building occupant behaviour. Results from these estimations were
compared with benchmarks and actual energy use. Both of these parameters were
obtained from the UK Government Display energy Certificate web site. Although,
energy use and benchmark data in the form of total fossil or electrical energy is useful
for comparing total energy values, it is of limited value for comparison with energy use

by individual building services components.

Chapter 5 explores the relationship between design parameters and actual operating
conditions, including the implications for the levels of energy improvement offered by
variable speed pump control. Additionally, in this chapter the DSM estimates for the
size and operational of major plant (boilers and chillers) are examined and compared
with actual ratings in order to assess if load diversity plays any part in the specification
process. This chapter also sets out methods for the early-stage determination of pump
and fan energy, so that these values can be incorporated into a TM54 estimation
process. By comparing specification parameters with commissioning and
maintenance data, the ratio of design margins and their effect on pump and fan
efficiency are calculated. All circulating pumps in the case study buildings have a
variable speed facility and the control and performance of two sets of pumps in one of
the case study buildings have been examined in detail. The result of this evaluation is
that actual control of these pumps does not comply with the project specification and
therefore an energy saving opportunity has not been fully exploited. More importantly,

the BMS has not informed facilities managers of this situation.
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Chapter 6 sets a proposed strategy for improving the energy performance of building
services engineering systems. Chapters 2, 4 and 5 demonstrate the frailties in the
procedures involved in transferring design ideas into practical operational schemes.
These chapters also identify areas where potential improvements are available.
Chapter 6 sets out a strategy for improving how the energy used by buildings
managed. For greatest effect this strategy should be applied sequentially at all stages
of a project. For existing buildings, this may not be possible though the strategy still
applies. The design of a strategy for a particular application should take into account
the resource available to facilities managers. Therefore the outputs from this energy
strategy should be framed in terms which are meaningful to facilities managers from
a range of backgrounds. The system should also include a capability for continuous
commissioning. This will require permanently installed instrumentation, which will
provide additional data so that a complete assessment of operational conditions is
available. This data should be sufficiently detailed and logged so that when facilities
mangers are required to replace or retro-fit equipment, legacy problems such as
oversized plant can be resolved.

Chapter 7 concludes the thesis and summarises the major outcomes of this study. The
chapter also identifies the limitations of this research and suggests where areas of this
topic should be further investigated.



Chapter 2:

Li terature Revi ew

This chapter sets out a comprehensive literature review of the issues that influence
and affect how building services engineering systems use energy. This includes a
range of inter-related factors, which contribute to the effective design, management

and operation of building engineering systems.

2.1. Building services: a key construction discipline
The need for improved performance within the construction industry has instigated

much research into how building projects are managed. Seminal reports by Latham
(1994) and Egan (1998) are widely respected for how they have transformed
construction management thinking. Much of this ground-breaking research has
considered an overall examination of the industry in which there has been recognition
of the sometimes fragmented nature of an industry in which a single project can involve
a range of disciplines, main and sub-contractors, and a range of different professional

consultants.

Building services engineering is one of the key construction disciplines. The relevance
and importance of building services may be viewed from a financial or an energy
standpoint. Building services installations typically account for 20-30% of the total
value of a project-and sometimes a great deal more (Rawlinson & Dedman, 2010)
Unlike other building components buildings services are active energy users so the
operational costs are frequently more important than the capital costs. Operational
energy for a building refers to the energy required for heating, cooling, lifts, domestic
hot water, and the other ancillary systems, which enable a building to function. Many
of these system will comprise sub-systems such as pumps, fans and controls which

will operate for years. Additionally, energy will be used for the maintenance, upgrading



and replacement of the facilities as they become less efficient or functionally obsolete.
Churcher (2013) has found that the process of extracting raw materials and

construction uses around 10-2 0 % o f a projectodos |ife

operational costs (energy) . BWwaekislthatduildng |

services will use a considerable amount of energy during their operational lifetime.

2.2 Building services: management and energy performance

2.2.1 Building Services Coordination

Achieving an efficient, low-carbon building installation would be a more straightforward
process if it was simply an engineering task. Although high quality engineering skills
and equipment are vital components in a project, building services systems are not
installed in laboratory conditions. The nature of the industry creates additional factors

which can affect how installed systems eventually perform.

A building services installation can involve several disciplines, each of which can be
the responsibility of a different sub-contractor. A successful installation will require the
co-ordination and bringing together all of these dynamic systems. This is further
complicated because this linking and interfacing of different systems must normally be
achieved within the programming and co-ordination requirements of a complete
construction project. The quote below (Clements-Croome & Johnstone, 2014)

illustrates the characteristics for building services projects.

ABuil ding services frequent | ystinctosobpsysiersse

and their design and construction requires the involvement of numerous disciplines
and trades. Designers and contractors working on the same project are frequently
employed by different companies. Materials and equipment is supplied by a diverse

range of manufacturerso.

Clements-Cr oomed6s observations identify the

related, but also somewhat disconnected disciplines to ensure that they interface and
function to provide environments and systems that will enable building occupants to
perform successfully, safely, efficiently and with an appropriate level of thermal,

acoustic and visual comfort.

2.2.2 The performance gap
In an RIBA press-release for a UK Green Building Council research project (2016) ,

the performance gap iIis defined as the
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promi ses and what <clients actually geto. I n
(Head of Business Group, British Land) (2013) states that new buildings, when

operational, consume between 50% and 150% more energy than original
expectations. Other reports insinuate an even greater difference between how much

energy buildings are designed to use and how much they actually use. In one of
CIlBSE6s Carbon Bite el ect0I2nstates tpad midindset s , N
typically consume 2-5 times more than predicted at design stage. In a report by

Innovate UK (2016) non-domestic buildings were found to consume 3.5 times more

energy than was expected. In this study the energy performance gap relates to the

difference between the design and operational values for the electrical and fossil

energy used in the case study buildings.

In order to determine a performance gap, it is necessary to quantify the energy used

by a building. Graham (2015)wr i t es fhi st ori cal |l y,datehows beer
buildings perform in real terms, and to compare that with the expectation that may

exi st at design stageo.

Grahamdés comments refer to Energy Perfor man:
which when compared to actual energy use present a considerable gap. However,

though this phenomenon did create some initial concern, it is now recognised that an

EPC is a compliance tool. This is explained by Lewry (2015) who describes role of an

EPC as fia themerti odl thesass et under standa
typical of that type of building in that | oc
on a Display Energy Certificate (DEC), which is similar in appearance. In a study of

163 buildings, de Wilde (2014) f ou n d that even though a c¢omj
DEC6s is not l' i ke for 1ike, there could be
general public. A DEC shows the energy performance of a building based on annually

recorded energy consumption, whereas an EPC calculates a carbon emissions based

on information relating to building design, energy equipment and system specifications

and is therefore a certificate of compliance rather than an accurate record of building

energy use. Asset Ratings appear on Energy Performance Certificates and are found

by calculation, while the Operational Ratings used by Display Energy Certificates are

based on metered data



One way of comparing performance with some standard is to use benchmarks. The
Chartered Institute of Building Services Engineers publish benchmarks in two
documents: CIBSE TM46 (Bordass, et al.,, 2008) and CIBSE Guide F (Cheshire,
2012). TM46 provides the benchmark data used in Display Energy Certificates
(DEC6s). Both of these documents can b
thermal fuel energy use. The indices used in these documents list annual
energy/carbon use in terms of either kWh/m? or kg CO2/m?. These benchmarks can
be used to quantify typical energy usage for various building types by applying an

appropriate floor area.

2.2.3 Carbon Buzz
One of the responses to the problem of the performance gap has been the

development of Carbon Buzz. Judit Kimpian (2014), one of the project managers for
this initiative, has identified that an important factor in the challenge to resolve this gap
is feedback from actual projects. Kimpian also recognises that this feedback should
disclose both predicted energy use as well energy used during building use.

Carbon Buzz is a software platform which has been created as a collaborative project
between CIBSE and RIBA. This platform has been set up in order to develop a
database of predicted and actual energy values for building projects. The data for this
database is compiled from submissions of project energy data by participating
practices. Organisations who submit data electronically may do so anonymously and
this is guaranteed, although submittdi

There may be a reticence amongst construction professionals to submit complete
details because of a fear of litigation. Robertson and Mumovic (2014) researched into
the relationship between designed and actual performance and found that liability was
a major reason preventing industry actors from collecting data. Robertson and
Mumovic also cited costs, inability to access buildings, loss of money and reputational

damage as barriers to collecting and using energy feedback.

Data submitted from a variety of sources and representing different phases of a project
can be analysed so that design and actual energy-use values can be determined and
compared. In this way it is planned that increased feedback and knowledge can
identify and, therefore, eliminate the causes of the performance gap. Carbon Buzz is

in fact, another source of energy benchmarks. Edwards (2013) comments that
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because Carbon Buzz crosses professional boundaries and covers most building
types, the data helps build inter-professional understanding in the design and

management of the building stock.

2.2.4 System Design and Installation
Building services design encompasses a wide range of technologies. These include:

Heating

Ventilation and air conditioning

Controls and building management systems
Domestic water systems (hot and cold), and drainage

Sprinklers, drenchers

= =4 4 4 A -

Electrical distribution, lighting, information technology infrastructures, fire and
security, smoke control, lighting protection

1 Lifts and escalators

9 Utility supplies i electrical power, gas, water, telephones
All of these technologies can be part of a single project which, not only demands
capability in a range of disciplines, but they must also interface and co-ordinate, and
must be designed, installed and commissioned within the scope set by a construction
project programme. Additionally, the building services engineer is only one of a team

of project stakeholders, each of which will have varying roles and priorities.

The design involvement for building services consultants will vary according to the
type of commission, the nature of the project and procurement method adopted.
Ideally building services designers will have input from feasibility to project handover
and use. Typically these stages will include (RIBA, 2013) pre-design, briefing, concept
design, concept design, develop design, technical design, construction, handover and

systems operation.

The brief will vary depending on the nature of the client but should enable the
designers to prepare practical, buildable and maintainable systems which will fulfil the
clientdés needs to a | evel which has be
resources available. Whatever the resources available practicality, buildability and
maintainability should always be achieved, and of course, safety is non 1 negotiable.

Portman (2014) considers that the briefing process develops from a broad statement
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of intent to a point prior to detailed design, when the consolidated brief should be
agreed and frozen between the client and all the contributors to the project. Frozen
and agreed scheme briefs are the ideal situation for managing projects but changes

are often inevitable and almost guaranteed with some clients.

Sourani and Manewa (2015) recommend that the project brief should state clearly the
multidimensional nature of sustainability so that it cannot be ignored at any stage of
the project delivery. Clearly this is a laudable aim but in any project sustainability will
compete against many other factors, not least of these being finance. The practicalities
that emerge from this process may un-earth factors of which the team were previously
unaware. This may require further feasibility studies or financial re-assessment and
may affect the development and setting of project objectives and desired project

outcomes.

The concept design stage is where building services engineers begin to translate client
requirements into preliminary practical schemes. Proposals begin to be developed so
that the volume, space, weight and building attendance requirements of building
services systems become apparent. All of these factors have consequences for the
rest of the team who can begin to be able to consider how their proposals are affected.
Churcher and Sands (2014) consider at this stage building engineers will produce
layouts indicating locations and routes of services, plus block diagrams which
demonstrate the size and location of plant areas. The desired level of precision for this
stage is plus or minus 25%. (Churcher & Sands, 2014). Although this tolerance level
is stated in terms of a numerical percentage, it has been set as a guide to spatial and
volumetric accuracies, which can enable designers to refine proposals as the project
develops and it would be impractical for tolerances to be absolutely precise at concept

stage.

If the ideas demonstrated at concept stage meet client approval and do not initiate a

need for redesign, at developed design stage building services engineers firm up

equipment sizes and | ocati on. They al so provi de

det

requirements. This stage is often referred

precision for this stage is plus or minus 15% (Churcher & Sands, 2014).This work

cannot be carried out in isolation and all parties should consider the physical co-
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ordination between building features. According to M¢Partland (Clash Detection in
BIM, 2016) unless this is done, clashes may not be picked up until installation stage
with Apotentially huge costs and ddé&Wwaay s o. M ¢
and Low (2012) who consider that this type of problem can have a significant effect
on fAproject c o sdnan &mbaraswamy (2€12)durtheromment that

poor space-conflict resolutionis a cr i ti cal shoanBgemmemi ngo i n p

At the technical design stage building services engineers should complete detailed

design calculations, provide detailed spatial co-ordination and prepare co-ordinated

working drawings. The desired level of precision for this stage is plus or minus 5%
(Churcher & Sands, 2014). Wi t hin the industry this stage
designo and is often the stage at which des:s

Brewer (2005) quotes a relevant legal judgement:

fin conclusion, Lord Drummond Young held that the expression 'fully co-ordinated'
referred to the first stage of co-ordination, not the second. The expression
‘approved for construction' simply meant that the drawings in question must have
attained final release status, where no further revisions would be required except
in the case of minor amendment. The qualification of the subcontract therefore
meant no more than that the tender drawings relied upon by Emcor in fixing its
price were of a sufficient quality to comply with the first stage of the design co-
ordination process. Emcor retained the obligation to develop those drawings into
installation drawings to fulfil the second stage of co-ordination.

In effect, fully co-ordinated meant only partly co-ordinated; Emcor was not entitled
to assume that the tender drawings would generally have reached the stage of
development where installation drawings could immediately be issued to its
operatives on sitebo.

This legal dispute occurred during a building services contract at the Edinburgh Royal

Infirmary in 2005. The project electrical specialist contractor (Emcor Drake and Scull)
considered that their bid price was -based
oodi natedo which meant t hat tender dr awi ngs
completeness which meant that electrical services could be installed with no further

need for design changes. In fact, further design work was required from the electrical

specialist contractor in order that the electrical installation could be installed in the
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designated locations and link in with other inter-dependent services. Consequently

Emcor Drake and Scull claimed £5m against the main contractor (Balfour Beatty Ltd.).

Somecont ext for Lord Youn g Rawlingon and Beamean 2010)s gi v e
who point out that, under typical consultant agreements, the task of detailed design is

Aoften | imited. It i's common for contractor:
spati al coordination of the services instal
contractors. A strategy statement (2017), for a large national contractor, explains that

it is common practice to employ consultants up to detailed design stage. After which

the contractor takes on co-ordination role in order to produce a practical scheme which

reflects design intent.

Differen t project contributors can have varying
where this creates construction clashes, this can lead to re-design, re-work and delay,
which can be expensive and adversely affect project progress. The BIM process has
recognised these risks and consequently a specification for best practice in for the
management of construction information has been developed and is known as
publically available specification (PAS) 1192 (BSI , 2013). A crucial element of this
specification is the recognition that construction information and design responsibility
evolves and changes during project progress.
data environmento which is devel otpsentbdeli nt o a
design responsibility and ownership is transferred to appropriate designers and
suppliers. Of course, to apply this specification successfully all parties within a project

are required to embrace these concepts.

At the construction stage, depending on the type of contract, much of design
responsibility can pass to the installation contractor (Oughton & Wilson, 2015) to
progress design intent. In any case contractors are responsible for the production of
working drawings. This involves input from suppliers and specialist sub-contractors.
The concept of fAdesign intentod may b ®&uld omewh

type contracts.

Towards the end of site operations, building services designers (both consultants and

contractors) become involved in commissioning the building services installation. The
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Carbon Trust (2011) advise that competent commissioning can significantly reduce a

buil dingbs running costs, eliminate faults

designs. However, Oughton and Wison (2015) consider that, although commissioning
and handover are key to the successful operation and occupation of a building,

historically the importance of these stages has not been fully recognised. Potts and

i

Wall (2002) descri be commi ssi oni actyity &amghe éonstrietiorlCi nder «

cycl eo.

Commissioning should co-ordinate with handover to the client. In the past there has
been a disconnection, at practical completion, between the team responsible design,
installing and commissioning buildings services systems and the team responsible for

t heir operation and mai n(Berdassn20¥.) is t8 cegatia s s 0 s

buil dings as custom products more |ike
Bordassos wor ktrunferstad in the demelopmant of the Soft Landings
initiative. The Soft-Landings initiative is aimed at improving the operational
performance and usability of the building by tackling the shortcomings involved in a
cliff-edge handover approach. Building Services Research Information Association
(BSRIA, 2016) defines the softl andi ngs process as fa

which enables designers and constructors to focus more on operational performance
out c ome s 0 .-LanflihgeidesShag recognised that the fragmentation between
construction disciplines combined with a need for greater understanding amongst
clients and building users has affected post operational building performance. By
maintaining a stronger relationship between designers, installers and facilities
managers, Soft-Landing offers greater opportunities for fine-tuning of systems,

improved resolution of defects and better operational feedback.
2.2.5. Design Margins: Over-Sized Building Services

Over-design, over-engineering or over-sizing are all terms that are used to describe
building services systems or components which are larger than they need to be.
Where this occurs, it can often be caused by the addition of excessive margins to plant
and equipment sizes (Cheshire, 2012). Although every project must be assessed
individually, the potential for this problem to occur should be recognised. CIBSE

guidance on energy efficiency cites over-sizing as a risk to plant performance in
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chapters covering the design (2012) process, energy strategy, controls, ventilation and

air conditioning, refrigeration, plant sizing, and electric motors.

Not only can over-sizing increase the capital cost of plant and equipment but this can
also create energy and operating cost penalties. As regards co-ordination, plant space
is often a negotiation between the various members of the design team, each of which
will have priorities within their own disciplines. This type of co-ordination exercise may
require some compromise. For example, an oversized ventilation duct which may run
through a ceiling void may require an architect to increase ceiling void depth. This in
turn may require an increase in building height, increasing the need for materials and
putting additional pressure on foundations. All of these factors would be of interest to

the quantity surveyor.

Apart from the problems caused by having to find room for larger plant, operation of
oversized plant can increase energy use and running costs in several ways. Some if

the effects of over-sized plant are (Cheshire, 2014) -

Low part load efficiencies for boiler plant
Pumps and fan using excess energy and therefore not operating at optimum
efficiency
1 Electric motors operating at power levels below design can negatively affect
power factor
1 Emitter outputs affected by different fluid heat transfer situations caused by flow
regimes outside of design parameters
1 Instability in control systems i for example hunting
Race (1998)def i nes margins as fAan amount al
all owance for contingencieso. A mor(2017)
At he extent ameter valud exdeedsawhat & meeds to meet its functional

requirements regardless of the motivati

In their study on over-sizing of HVAC systems, Djunaedy et al (2011) identify
increased costs in terms of an immediate penalty associated with the first cost of
equipment and an ongoing penalty due to maintenance and use implications. The

costs associated with oversized building services are also recognized by Dvorak

| owe d

ecent

(2016), wh o points out that design practices whi

operations and diversityo will have negative
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costs. Dvorak cites the following factors which increase running costs: short-cycling,
under-performance and early equipment failure. Jones et al (2018) in a study on
margins for boiler plant in NHS buildings, concluded that over-sizing is apparent
across the whole life-cycle of an installation and this has consequences for both capital
and operating costs. In this study oversizing has been considered for pumps and fans
because, although they are relatively smaller energy-using plant items, they operate

for many hours duringabuil di ngds operati onal i fe.

Design and procurement within a building services context is an iterative process
involving several stakeholders, many of whom have an interest in ensuring that plant
will always meet the imposed loads. Therefore, at each stage of design and
procurement a safety-first approach may lead to generous sizing decisions. If several
stakeholders take this approach, the effect will be cumulative. The motivations behind
this strategy may include fear of litigation, low levels of skill and experience, lower fees
leading to hurried designs, lack of feedback from previous projects, and access to
simple benchmark figures.

Some studies in the USA have examined the practice of over-sizing HVAC plant. Sun

et al investigated the effects of sizing HVAC plant under conditions of uncertainty. Sun
etal(2014)use the term fidefensive sizingo and de:
factor. Sunds paper infers that safety facto
which suggest over-sizing of air conditioning plant by 25% and more. Sun recognises

that the purpose of safety factors is to ensure that the operational system will be

sufficiently robust to cope with unspecified loads, but also refers to professional risk

as possible motivating factor. In examining causes, Sun et al (2014) comments that

although there have been great advances in dynamic simulation modelling when
compared to HVAC techniques, Al oad calcul ati
ASHRAE Handbook of Fundament aThis study though eisefal die reoto

report on any feedback from actual projects.

Another USA study, however did investigate practical situations. Denchai et al (2014)
investigated the relationship between energy use and system over-sizing for HVAC
plant serving a range of retail outlets. The plant provided both heating and cooling as
appropriate. This work reported that a definite relationship existed between oversized

plant and excess energy use. In these cases, the additional energy expenditure was
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caused by more frequent control cycling of plant. Huang et al (2014) recognise the
value of quantifying uncertainty but consider that further understanding of uncertainties
Afon the performance of the desi gno-sizig
occurs because designers apply a worst case design scenario, or add a safety-factor.

With regard to fans, various researchers have concluded that fan energy for buildings
is considerable. Trane (2014) , in their corporate newsletter, state that fans consume
30%-40% of commercial HVAC energy. This figure of 40% is confirmed by Brelih
(Brelih, 2012). The energy used by fans is also recognised in the UK Building
Regulations (Gov.UK, 2016).

2.3 Building Service Systems

This section considers how fans and pumps use energy. Fans and pumps have in the
past, been regarded as ancillary equipment which supports major plant items.
However, despite their comparatively lower energy demand, fans and pumps run for
long periods during building operations with a consequence that their energy use is
significant.

2.3.1 Fans and Pumps

In the centralized ventilation and air conditioning systems used in non-domestic
buildings, there are statutory limits on the energy that fans require. It is important that
designers and facilities managers are aware of the factors that affect how a fan
performs (Warren, 2016). These include:

1 The types of fan used in commercial/industrial applications including their
performance characteristics
1 The design process for the selection of fan and ductwork systems recognising
the frailties within the design, installation and commissioning process
1 The implications of EU electric motor efficiency standards for the energy use of
fans
1 The limitations on fan energy use set by the UK Building Regulations
The energy required to drive a fan is related to the pressure required to overcome the
frictional resistance of the ductwork system through which the air is delivered. Methods
for fluid flow design in HVAC systems are, in most cases based on the Bernoulli
theorem (Krieder, et al., 2016), which states that the total energy possessed by the

particles of a moving fluid is constant. The total energy for a moving fluid is composed
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of its potential energy, pressure energy and the kinetic energy. If the energy is

expressed in terms of a mass flow rate of 1 kg, it can be described by the formula -

Yé O'@ea'Qi "m0 OWE VG — —
Where
QU OOOQa QD OBEQE &V QP W 0 Q& oM [ BWd Q
" Qo 0CE | Qi ® U Q¢ &'@H O WE dj i

G TR HE VOO 6k

Where this theorem is applied to air flow in ductwork, the potential energy is small and

is generally ignored and the Bernoulli equation is simplified to 1

"YE OFRAIGQT (D1 QO 0 OHIQBI (1 RQ £ RPIYAILI B Q
Jones (1985) e x pl ains this simplification: ASi
force and the distance over which it is acting, and since pressure is the intensity of the
force, total pressure may be taken as the equivalent energy per unit volume of air

flowing. The potential energy of the air stream is its static pressure. The velocity

pressure may be regarded as kinetic energy per unitvol u me 0 .

There are numerous types of fans used in building services applications. CIBSE
publication TM42 (2006) lists most of the types of fan used in building services

applications.

2.3.1.1 Typical Fans used in commercial systems
The major types of fans specified for commercial projects are centrifugal and axial

(Cowell et.al, 2006). An axial fan consists of a cylindrical casing which contains
propeller type fan blades. As the name suggests, this type of fan directs air in an axial
direction. The aerofoil cross section of fan blades creates forces which give motion to
the air and develops pressure. Manufacturing specifications such as tip clearance and
blade design will affect fan efficiency. Excess tip clearance will allow air leakage and
blades should have a slight twist in their length to cope with the variation in air speed
between the tip and base of the blade. The action of the blades will tend to impart a
rotary component to the air flow. Some fans will have downstream guide vanes to
correct this effect. The cylindrical external form of the fan means that it can

conveniently co-ordinate into duct systems. There are several types of axial flow fans
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available, but for general HVAC applications, tube- axial and vane axial arrangements
tend to be most common. According to the American Society of Heating, Refrigeration
and Air-Conditioning Engineers (2015), AVane axi al fans (Figure
tube axial fans with guide vanes and reduced running blade tip clearance, which give

improved pressure, efficiency and noise characteristics.

Figure 2.1 Vane Axial Fan (TM42 2006 CIBSE)

Unlike centrifugal fans, the movement of air through an axial flow fan does not involve
achangeofdi rection and thereforel ianéali hadsccwaaor
compactness of shape and volume for axial fans means that they can be installed

within tighter locations than their centrifugal equivalents. Though the air is propelled

axially through the fan, it can be disturbed by the rotational effects of the fan blades.

This swirl-effect can be offset by downstream guide vanes, or in some cases by the

addition of contra-rotating fan blades. Axial flow fans are often specified for extract

systems, which can have a lower pressure requirement that their associated supply

systems, which normally include filtration and heating/cooling coils. Axial flow fans are

also specified for pulse ventilation of car parks and tunnels.

A centrifugal fan operates on a different principle to the way in which axial fans work
(Cowell et.al, 2006). The main moving part of a centrifugal fan is the impeller, which is
a rotor on which blades are mounted. The rotation of the impeller enables the blades
to throw air outwards and this creates an area of low pressure at the eye of the
impeller. The process of drawing air into the eye of the impellor which is then
discharged from the blades means that the air supplied to the system has completely
changed direction. For most centrifugal fans the impeller spins within a volute casing
which, because its shape has an expanding cross section, enables some of the high

velocity pressure at the blade tips to be converted into static pressure. The speed of
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the flow leaving the impeller is dependent on the centrifugal and rotational components
of velocity imparted to the air, which is related to the shape and angle of the blades.
The major types of fan impeller used in HVAC systems are those with blades which
are inclined forward and those with backward curved blades. The performance of a
fan is normally analysed by means of its characteristic, which can be graphically
appreciated if this shown as a curve relating supply volumes, pressure developed and
efficiency. Typical characteristics for axial flow, forward curved and backward curved
fans are shown in figures 2.2, 2.3 and 2.4, which have been developed from generic
fan curves (Chadderton, 2014). The characteristic fan curves demonstrate that fan
efficiency is not constant and therefore demonstrates how over, or under-sizing fans

can negatively affect fan energy use.

Backward curved impeller
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Figure 2.2 Backward curved centrifugal fan characteristic (Chadderton, 2014)
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Figure 2.3 Axial flow centrifugal fan characteristic (Chadderton, 2014)
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Figure 2.4 Axial flow centrifugal fan characteristic (Chadderton, 2014)

Forward curved (Figure 2.5) centrifugal fans tend to have a scooping effect on the air
which results in the air having higher velocities when leaving the impeller (Cowell et.al,
2006). This provides the opportunity for lower speeds, reduced noise generation and
a relatively smaller diameter impellor. The smaller impeller leads to reasonably
compact air handling equipment. The smaller space requirement can make air
handling units with forward curved fans attractive to specifiers for low pressure HVAC
applications. However, an examination of the characteristics demonstrates a rising
power curve which can create a situation in which excessive energy may be used

against smaller than predicted system resistances. In a worst case condition the fan
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may overload. Itis also important to note that the peak efficiency for a forward curved

fan does not coincide with the peak pressure developed.

Figure 2.5 Forward Curved Centrifugal Fan (CIBSE TM42 2006 )

Backward curved centrifugal fans (Figure 2.6) have impellor blades with an increased
depth compared to forward curved (Cowell et.al, 2006). Backward curved fans have
higher efficiencies, particularly if the blades have an aerofoil section. The angle and
shape of the blades improves the air flow form by reducing eddies and shock losses.
The impeller diameter is greater than that required for a forward curved fan delivering
an equivalent flow rate. Reference to the performance curves show that, provided the
motor is capable of meeting the peak load, backward curved fans have non-
overloading characteristic. This type of fan is therefore forgiving where system
resistance values may vary. Backward curved fans are specified for HVAC application

where efficiency gains justify additional cost.

Figure 2.6 Backward Curved Centrifugal Fan (TM 42, 2006 )

Plug fans (Figure 2.7) which are sometimes referred to as plenum fans, are centrifugal
fans which are not located within a scroll casing (Dwyer, 2014). These types of fan are
popular for use in air handling plant. In this application, they are located within the
casing of an air handling unit. The fan compartment allows the fan to supply air directly

into the space which becomes a pressurised plenum. The appeal of this type of air
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handling plant is its reduced overall size. Manufacturers claim high efficiencies but
these may be related to direct drive arrangements and low-loss duct connections to
the plenum. The performance curves for plug fans will be similar to the centrifugal fan
characteristics (Fig.2.2 and Fig.2.4), though specific characteristics will depend on

manufacturer.

Ny
5
5
&
4

Figure 2.7 Plug Fan (CIBSE TM42, 2006)
(Note: Figures 2.1, 2.5, 2.6 & 2.7 reproduced with permission of CIBSE)

The mechanical or aerodynamic efficiency of a fan may be determined from the
formula (Chadderton, 2014)
WA EDDEQaEONT Qi i 61 Q

VOV QVQUUD VR,
(e U BIQB QWEO QE [ 6 O

(2.1)

All centrifugal fans experience some energy losses (Dwyer, 2014). Causes of these
losses are partly because of design quality and others are caused by the nature of the
air movement process. Volumetric losses occur within the volute casing due to friction,
mixing of different velocities as air leaves impellers, and the orientation of the blade

angles and fluid flow. There are, of course frictional losses in bearings.

Axial flow fans are also influenced by the design quality issues mentioned in the
section (2.3.1.1). Efficiency can be affected by blade design. Aerofoil blades should
create suitable ratios of lift and drag forces and an appropriate angle of attack.
2.3.1.2 Centrifugal Pumps in HVAC applications

Pumps have a major role in heating and air conditioning systems (Oughton & Wilson,
2015). Circulating hot or chilled water around a building is an efficient method of

delivering heating or cooling energy. Similarly to fans pumps use an impellor which
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draws fluid into its centre. The spinning motion of the impellor thrusts the fluid in radial
direction thereby creating a region of negative pressure at the impeller eye. The pump
impellor spins inside a casing or volute which is shaped so that much of the velocity

given to the fluid is converted into pressure energy (Figure 2.8 (Evans, n.d.))

The image originally presented here cannot be made freely available via LIMU E-
Theses Collection because of copyright.
to centrifugal hitu/knpvspompedEdd.aomeumpirdtro.pdf

Figure 2.8 Centrifugal Pump Operation (Evans, n.d.)

Pump flow rate is related to the resistance of the pipe circuit, through which the fluid
is delivered (Oughton & Wilson, 2015). As the resistance of the circuit increases, the
flow rate will reduce. Figure 2.9 illustrates this relationship. The point at which the two

curves intersect identifies the pump operating point.
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Figure 2.9 Pump and system characteristic (CIBSE, 2015)

2.3.1.3 Typical pumps used in commercial HVAC applications
There are a variety of pump types available on the market (Oughton & Wilson, 2015),

but for heating and chilled water systems common applications for commercial
buildings are (Figure 2.10) i

1 Single stage (one impeller) close coupled end suction

1 Inline centrifugal pumps.

The image originally presented here cannot be made freely available via LJMU E-Theses
Collection because of  copyright. The image  was  sourced at
https://uk.grundfos.com/products/find-product/nb-nbg-nbe-nbge.html

Figure 2.10 Close coupled end suction and in-line circulating pumps. (Source:
Grundfoss Ltd.)

2.3.1.4 Duct and Pipe System Resistances
To select a fan or pump that will supply air through a ductwork or pipe work system,

designers must determine the fluid volumes that must be delivered and the resistance
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against which the fan or pump must operate. The pressure loss in a straight duct can
be found from t hochZ&Eprengey, 200 uat i on

U‘ p p w
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Values for fluid densities are related to temperature and can be calculated or obtained
from tables. Fluid velocities can be determined from the relationship between volume

flow rate and pipe/duct cross sectional area. For the determination of friction factor,
CIBSE recommend the use of the Haaland equation (Koch & Sprenger, 2007).

8
moelile
(2.3)
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The total resistance which a pump/fan must overcome is not only pressure drop due
to the frictional loss in straight duct, it must also account for the additional pressure
losses created by pipe/duct fittings. Where the fluid flow encounters shape changes
or obstacles, the effect will be to change velocity and create vortices. The technique
used to determine the pressure loss dues to fittings involves applying pressure loss
factors to the velocity pressure which is present at the particular fitting. The pressure
|l oss factors (6) have been developed from c

equation for pressure loss in a duct fitting is (Koch & Sprenger, 2007) 1
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(2.4)
Wher e 6 = proressure | oss fact

The mathematical formulae for determining duct size and pressure drop is suitable for
use by software. CIBSE have developed excel spread sheets which incorporate the
formulae (Koch & Sprenger, 2007). This offers a simpler and, provided appropriate
data is submitted, a more straightforward method of determining pipe/duct sizes and
pressure drops. Prior to this approach, the determination of duct/pipe sizes was more
cumbersome. However, spreadsheet and software techniques still require designers
to exercise judgement in the selection of parameters. Libraries of pressure loss factors
are published by CIBSE and ASHRAE for various pipe/duct expansions, contraction
and other configurations. Much of the pressure drop created in a pipe/duct scheme is
caused by the manufactured equipment which is incorporated into the system. For
example, duct systems include air handling units include coils, filters, bird mesh,
dampers and other equipment. Pipe systems include boilers and heat other heat
exchangers. The pressure drop for air flow through this type of equipment should be
guoted by the manufacturer. Fluid pressure equations are probably more appropriate
for laboratory situations. Table 2.1 (Koch & Sprenger, 2007) indicates the levels of
accuracy which should be factored into duct and pipe pressure loss calculations.
Designers need to be aware of the limitations of the manufacturing and installation
processes, particularly since consultant designs completed to tender (technical
design) stage are then effectively re-designed to become co-or di nat ed

working drawings.

Determination of system pressure drops is an essential component of the pump/fan
duty calculation (Chadderton, 2014). The product of the fluid flow rate and resistance
(equation 2.5) determines the motive energy given to the water/air. The electrical
power supplied to the pump/fan will be a greater value because of the efficiencies of
the pump/fan and the electric motor (equation 2.6). The energy used by electric motors
has been recognised in European Regulations. Table 2.2 indicates European directive
6004/2009 which sets outs four classifications for electric motors rated between 0.75
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kW and 375 kW (EC Commission, 2011). The timeline for conformance is set out in
Table 2.3.

Table 2.1 Guidance for pressure loss factor selection (CIBSE Guide C, 2007)

* Data from Idelchik must now be viewed with circumspection

* In the region 2000 < Re 3000 < the flow may be laminar or turbulent.....it would
be prudent to base calculations on turbulent flow in this region

*  Where spirally would duct is additionally swaged for stiffness, a further pressure
drop can be expected but no data are available

* The concept of wusing hydraulic diameter (for non-circular ductwork) is
fundamentally flawed. The flow in circular ductwork is symmetrical about the axis,
giving identical fluid velocities close to all parts of the duct surface; this does not
exist within non-circular ducts.

* CIBSE is more confident about the data for circular ductwork than for rectangular
ductwork

* Thereisa strong possibility that the valueslisted may be on the low side (30° degree
tees with enlargement taper for combined flow converging)

* Idelchik’'s information is derived from many other sources, so some discrepancies
may be expected {Elbow 907 rounded inner corner)

WOOJRIHE O | i 6B Qi DEBE DA & W B i
(2.5)
NG € 0 Qi
A€ 0 HIQQMTOH HDOQQN QVQE W
(2.6)

Table 2.2 Electric motor efficiencies (6004/209) (Government UK, 2013)

IE1 Standard efficiency

IE2 High efficiency

IE3 Premium efficiency

IE4 Super premium efficiency

Table 2.3 Timeline for compliance with 6004/2009 (Government UK, 2013)

16% June 2011 1% January 2015 1% January 2017
Minimum efficiency Minimum efficiency Minimum efficiency
IE2 IE3 IE3
0.73 kW — 375 kW 7.5 kW — 373 kW 0.75 kW — 375 kW

OR OR

IE2 with speed control | IE2 with speed control

Besides the range of motor sizes covered, the efficiency classes for this standard also
include 2, 4 and 6 pole motors. The percentage efficiencies at various grades and
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motor sizes are included in appendix CH2-1. In order to limit the energy used by fans,
the Building Regulations specify maximum specific powers that fan can use. Table 2.4
identifies the maximum specific fan power (SFP) allowable for various types of
ventilation system (Government UK, 2013). The regulation allows additional losses for

certain components. These allowances are listed in Table 2.5 (Government UK, 2013).

Table 2.4 Maximum specific fan power in air distribution systems for new and existing
buildings (Government UK, 2013)

Maximum specific fan powerin air distribution systems is new and existing buildings
SFP (W/(l/s)
System Type MNew Existing
buildings buildings
Central balanced mechanical ventilation systems with heatingand 1.6 2.2
cooling
Central balanced mechanical ventilation systems with heating only 1.5 1.8
All other central balanced mechanical ventilation systems 1.1 1.6
Zonalsystemswhere fanis remote, such as ceiling void or roof- 1.1 1.4
mounted units
Zonalextractwhere fanis remote from zone 0.5 0.5
Zonal supply and extract ventilation units such as ceiling void or roof 1.9 1.9
units serving single room or zone with heating and heat recovery
Local balanced supply and extract systems ventilation systems such as 1.6 1.6
wall/roof units serving single area with heat recovery
Local supply or extract units such as window/wall/roof unit serving 0.3 0.4
single area (eg toiletextract)
Other local ventilation supply or extract units 0.5 0.5
Fan assisted terminal VAV 1.1 1.1
Fan coils unit (ratingweighted average) 0.5 0.5
Kitchen extract fan remote from zone with grease filter 1 1

Table 2.5 Extending specific fan power for additional components in new and existing
buildings (Government UK, 2013)

Extending specifucfan power for additional components in new and existing buildings
Component SFP(W/(l/s))
Additional return filter for heat recovery +0.1
HEPA filter +1
Heat recovery-thermalwheel system +0.3
Heat recovery —othersystems +0.3
Humidifier/dehumidifier (air conditioning systems) +0.1
Specific fan power i s def i n-evdisafthe system fafiss um o f

that supply air and exhaust it back outdoors, including losses through switchgear such

as inverters (i.e. the total circuit-watts for the supply and extract fans ) , divided by the
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design air flow rate t hr edongektic dolnpiance gwds,t e mo  (
2013)

The Building Regulations also recognise the energy used by circulating pumps and
specify that, from 2013 circulating pumps should have an EEI (Energy Efficiency
Index) no greater than 2.3 (H M Government, 2013). The energy efficiency index
specifies how much power a pump may use when compared to a pre-defined load
profile which sets a reference power for a standard circulator. Whereas the specific
fan power requirement requires the building services designer to size and route
ductwork so that the SFP limit is met, the onus for meeting the EEI regulation for

pumps lies with the manufacturer.

2.3.2 Two Port Control Valves and Variable Speed Pumps
Two port valves control fluid flow by the process of throttling (Oughton, 2015). As they

close less fluid is delivered to the load. If the pump output remains constant, then the
system pressure will increase. However, if the pump has a variable speed facility, this
potential increase in pressure can be offset by changing the pump impellor speed. The

relationship for a two port control valve is demonstrated in figure 2.11.

The image originally presented here cannot be made freely available via LJMU E-Theses
Collection because of copyright. The image was sourcedat Faber and Kel |l 6s

Air Conditioning of Buildings, 10" edition, Routledge

Figure 2.11 Two port valve control (Oughton, 2015)

This strategy offers an opportunity to save pumping energy if variable speed pumps
are specified. Because pumps speed and fluid flow rate are proportional to pressure
delivered, the pump energy requirement will vary as pump speed changes. The energy
saving from speed change can be significant as indicated by the pump affinity laws
which demonstrate that power changes are proportional to the ratio of the velocities

cubed.
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2.4 Defects, post occupancy evaluations (POE) and services

Atkinson (Atkinson, 1999) def i nes a def ect as fAa shortf a
mani fests itself once the building iIis opera
defects can affect building operational performance and it is a logical deduction that
defective building engineering services will be less efficient than was the design intent.

Ideally, operational defects will be recognised and resolved (Lowe et.al, 2014).
However, it is not always clear which is a defect and which is the result of poor
maintenance. Eitherwaydefe ct s can give facilities manage

some cases, the solution will be out of their hands.

The practicality of handing over defect-free complicated multi-disciplinary building
projects is accepted by the construction industry (Lowe et.al, 2014). This is reflected
in standard contractual procedures which set out conditions for the remedying of
defects after pract i (2043) detindionpot practicabaompleth ap el | &
i's fAwhen rme appadnteand when such minor items as are left to be
completed can be completed without any inconvenience to the employer using the
building as intendeda Of course the definition of inconvenience to an employer may
not include reduced plant efficiency, which may not be a high priority for many

organisations whose business needs trump energy considerations.

Defects also have cost implications. Boothman and Higham (2013) suggest that
defects add 2% to the cost of a project and that this is normally borne by the contractor.
There are other less quantifiable costs which can affect contractor-client relationships.
Rhodes and Smallwood (2002)consider that where defects are not managed properly

Ageneric customer dissatisfaction may occuro

A series of case studies, known as PROBE (Post Occupancy Review of Building

Engineering) was carried out between 1995 and 2002 (Bordass, 2011). The work was
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sponsored by the Partners in Innovation scheme. These studies tended to find that
buildings were likely to use more energy than expected, and this was partly because
of building services problems. Though energy performance figured largely in PROBE
reports, this was also related to the building performance in terms of occupant

satisfaction and productivity.

The fact that not all Post Occupancy Evaluations are completed by building services
engineers has meant that that factors considered included parameters such as
occupant motivations, aesthetics and logistics (Bordass, 2011). In work on POE for
higher education facilities Riley et al (2002)investigated a range of POE techniques,
all of which are described as having
profitability and staff morale. Whilst a case could be made that these indices are linked
to the performance of the building services installations which control internal
environments, these observed parameters indices tend to reflect more immediate
business management priorities.

Clients, building occupants and owners do not procure buildings as a technical
exercise so that building professionals can use them for obtaining data or for testing
ideas (Bordass, 2011). Buildings are built and used to fulfil some business or human
need. How well this need has been met may be the focus of an evaluation. However,
where POE exercises are completed by a particular discipline it is possible that the
priorities applied in the evaluation reflect that particular discipline. For example, a
guantity surveyor may, consciously or not, apply a great weighting to costs, whereas

an architect may show a greater interest in the artistic merit.

Edwards (2013) comment i ng on POE can pefordamae $s oftein a t

poorly understood compared to building

n o

~

i ht

perfo

by Aintangi bl eso such as fidensity of occupat

However, Edwards does recognise the effect of technical design decisions, particularly
where controls and sensors can assist in performance evaluations. Edwards does,
however also criticise the design of controls and sensors in that they are sometimes
over-complex and difficult for building users to understand. Post operational evaluation

work by Lawrence and Keime (2016) at Sheffield University also highlight the

i mportance of contr ol in terms of ther mal

more detailed understanding of the variability of perceptions of comfort in different
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spaces, and the i mpact of environment al C O
compares passive and active environmental solutions and have identified the potential

for control systtenpsr ewdhointi hn afinatulgymepnassi ve desi |

Clements-Croome and Johnstone (2014) link POE to the need for feedback to improve

the planning design and operation of intelligent buildings. This work more directly links

POE with the building services, the quality ¢
environmental wvariableso. | -Groomén and Jotnstome pub | i
contrast a POE exercise with an architectur:
asthe examination of the effectiveness of the
whereas fian architectur al critique focuses
systems or materials performanceo.

The theme of linking POE and building services performance is developed somewhat
further in an RIBA publication: APost Occupa
Evaluation (RIBA, 2016) pr i mer 0 t hi s document recommends
strategic brief , ncetahdehowthei peojedt heets eli@np lBusiness

needs. The document also includes examination of the technical performance of the

building and how the technical performance co-ordinates with client needs. The

process is not simply a comparison of design and operational technical parameters,

but investigates these parameters in the context of client operational experience.
Assessment methods include a mixture of questionnaires, interviews, analysis of

building services systems, measurement or calculation of energy use and carbon

emissions.

2.5 Barriers to optimal building performance
2.5.1 Overview

The underlying technical theories supporting building services engineering are the
same mechanical and electrical principles which support other branches of

engineering. Training and educational programmes for building services engineers
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have much in common with the training and education of other engineering disciplines.
These principles of fluid mechanics, heat transfer and electrical principles provide
engineers with transferable skills and form a fundamental basis for modern engineers.
Therefore these skills, properly applied should deliver professionally completed
building services installations. However, despite the fact the building services
packages are based on sound principles, the results have not always been

satisfactory. Some of this dissatisfaction is related to the performance gap.

2.5.2 Design Management and Contractor Input

The term building services covers a range of technical disciplines which are often
required to interface and interact. Building services engineers must manage these
links as part of the project information flow. Sosa et al (2007) discuss how this kind of
problem can lead to increased costs and programme slippage on complex engineering

projects. Sosab6 recommends developing a comr

mi ssed interfaces before they occuro. Mi
they are dealt with at the appropriate time, can require expensive solutions if they are

mi ssed. Ramasesh (20du sBer otwme ngésm fAunknown
describe this kind of problem, whilst Whyte (2015) defines systeminte gr at i on as
process of making a system coherent by managing interactions across system

el ement so.

In their research into causes of the performance gap Fedoruk et al (2015) concluded
that the barriers to improved performance were neither technical nor economic but
more related to managerial issues such as how various project phases were specified,
contracted and implemented. The implications for project management effects are
strengthened in a report by Zapater-Lancaster and Tweed (2016) in which they

nor

examined five project case studies. Zapater-Lancaster and Tweed obse

the context of design team work, design is considered a process of negotiation where

defined goals are rarely fixed at the beginning of problem-s ol vi ng acti vi ti

Part of the building services design process will involve input from specialist
contractors and manufacturer. McPartland (2016) also sees value in inter-mixing of
consultant and contractor design input. A report by E C Harris (2013), identifies some

benefits from this strategy in design management, but also sees contractual
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i mplications. E C Har rcking suppliek antributiansiadeishogrs o n  u
below:
1 Under-design and variations were seen as major blockers to project
performance, causing disruption to the progress of the work, reducing
efficiency, increasing site management workload and causing
uncertainty with respect to payment
1 Incomplete design, design changes and late variations lead to significant
waste
1 Lead-in times available to check designs are being eroded by re-bidding
of packages
1 Reduced levels of professional fees have reduced available design
resource, which may in turn have affected the quality and reliability of
initial designs. Some aspects of design particularly building services
continue to suffer from content and coordination issues
1 Subcontractor engagement in detailed design supports improved project
performance. However, opportunities are limited as a result of
competition in supplier selection
1 Wider user of highly competitive selection is reducing the incentive for
subcontractors to assist main contractors in solution development
1 Effective client decision-making and change management, including
management of novated design consultants improves project
performance
1 Evidence that barriers to the implementation of change are hot high
enough to discourage high levels of change orders
In a report on early contractor involvement (ECI) in the procurement of public sector
facilities, Love et al (2014) describe the benefits of ECIT A A contractor 6s i n
the pre-construction process can significantly improve project design, specification
and potentially stimulate innovationo. Howe\

this approach, not least being the requirement to remunerate contractors for their

participation.
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2.6 Facilities Management
Eventually the responsibility for managing the operational phase of a building services

installation is transferred to the facilities managers who will then be accountable for
operational energy management. Ideally, handover and soft-landings should present
the building services at optimum condition, though this is not always the case. Part of
the impetus behind the soft-landings philosophy has been the recognition that a
sudden shift in responsibility from installer to client at project handover can create
long-term problems. Whilst soft-landings has been aimed at resolving hand-over
problems, the procedure recommends that it is incorporated from inception and for a
limited period after handover. During this period there should be an appropriate level
of client involvement with the aim that contractor involvement can diminish and, after
a period of extended after care (1-3 years) end. This study identifies the need for a
much longer term systems which is specifically aimed at building services systems
and components.Given that facilities managers can manage building energy
throughout a buildingds operational [
performance. Zaw et al (2016) consider that pro-active facilities management applied
not only for regular operational purposes, but also including for ongoing
commissioning and retrofits can significantly reduce building energy use. In order to
successfully resolve over/under sized or poorly performing plant problems at
replacement stage, facilities managers must have access to operation performance
data, which obviously means that a valid energy monitoring regime must exist. Advice
from Facilities.net (Facilities.Net, 2016) c 0 mme n t stimé rRomitoring takes things
a step further, allowing facility managers and operators to begin a shift from a long
reactive cycle to a much shorter reactive cycle toward being proactive. Jensen (2016)

recommends facilities managers should also be directly involved at design stage.

2.7 Discussion and Research Gap
Based on the discussions above, this section identifies some research gaps. Despite

the application of tried and trusted engineering technologies and theories, building
services engineering systems still do not perform as well as designers and clients
intend. This performance gap has been recognised within the industry. The importance
of this issue underlined by the levels of finance and energy resources involved.
Statutory legislation and a greater awareness of sustainability issues have improved
the situation. However, although the more obvious and hence more easily resolved
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issues have been dealt with, there still remains a need to go further in managing the
energy performance of building engineering systems. This chapter recognises that
inefficiencies can be created at all stages of building services development. A realistic
appreciation of the frailties and limitations involved in applying theoretical concepts is
discussed, with particular relevance to fans and pumps. Also, despite strides in project
management techniques, it must be also recognised that building services engineering
systems are the only construction discipline that is dynamic and actively uses energy
throughout a building operational lifecycle. Furthermore, building services engineering
is the only construction discipline where design responsibility effectively shifts between
consultants, contractors, specialist sub-contractors and suppliers. The linking theme
between each of these participants being design-intent. Depending on the nature of
the procurement method, the priorities and recompense of and for each participant,
design intent can be interpreted differently by different parties. This difference in in
interpretation can also be compounded by the inevitable ambiguities, which creep into
specifications and contract documentation. Perfecting procurement techniques is an
on-going challenge, but, in the meantime, the group who can have the greatest
influence on the energy used by building services systems are the facilities managers
who will manage these systems throughout the operational life of the project. For
effective and successful lifecycle energy management, facilities managers need to be
able to measure and monitor building energy use. By this means, discrepancies and
short-coming between design and operation of building engineering systems can be
resolved. This can involve, not only managing systems, but retro-fitting accurately
rated plant where necessary. Presently, the systems for achieving this do not provide
facilities managers with an energy accounting system which is sufficiently detailed to

achieve these aims.
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Chapter 3:
Research Met hodol ogy

3.1. Research Concepts

How data and phenomena are gathered and analysed in research is important
because the strategy employed should be devised to obtain conclusions, or solutions
which are valid and reliable. Though engineering research naturally involves practical
and applied techniques, they are in many cases underpinned by classical research
philosophies (Fellows & Liu, 2015). To achieve worthwhile outputs, the research
methods should appropriate to the needs of the study. This chapter considers various
research styles, the research strategies adopted for this study and the practical

interpretation of those strategies.
3.1.1 Epistemology

Construction professionals tend to be familiar with techniques based on previously
derived data which is often tabulated or otherwise prepared to facilitate simplicity of
use (Fellows & Liu, 2015). In professional and commercial circumstances there is
generally little time available to investigate the concepts and theorems from which data
is derived. It could be argued that for professionals, the basis for much of their applied
knowledge is faith. Faith in these circumstances is supported by trust in the respected
organisations which have compiled this data. However, for technical researchers it is

important to consider the basis from which knowledge has been developed. This is
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important because it creates an awareness of the fragility of knowledge as well as its

validity and appropriateness for the particular research which is being undertaken.

Epistemology is the term which describes the philosophical context of knowledge. In

phil osophi cal terms knowledge may be descril

Turnbull, 2007). How knowledge is justified can lead to some profound assessments.
Thermodynamics may be considered to be the theoretical basis for engineering,
however, any in depth study of thermodynamics will lead rational thinkers to be aware
of the limits of practicality. For example, the concept of entropy, though useful in day-
to-day engineering mathematical formulae, concerns intangible factors relating to the
finite nature of the universe. Practising engineers may use the concept of entropy for

heat engine calculations but probably avoid its implications regarding energy disorder.

The model of knowledge may observed differently by engineers, sociologists,
historians or theologians (Knight & Turnbull, 2007). There are various classifications

within epistemology which help to justify how knowledge can be applied in research.

Classical epistemology tends to relate to concepts which have been developed since,
and from early Greek philosophers (Plato, Aristotle, Socrates) and concern matters
such as the legitimisation of ethics, politics and the true nature of humanity (Knight &
Turnbull, 2007). Perhaps this could be described as a search for truth unhindered by
factors which limit clear thinking. Alternatively, modern epistemology can relate to
natural sciences such as physics, chemistry and biology, etc. A rationalist or positivist
approach considers that knowledge derives from logic. That positivism aims to obtain
objective facts would indicate that this style of research appeals to researchers with

technical, quantitative aims.

Empiricism has a similarity in that knowledge must be verifiable through sensing or
measuring (Wennings, 2009). iThe empi ri cal approach
reason constrained by physical evidence. For example, reason in conjunction with

observation helps scientists know that

Despite Wenningds mo dfdhe earth it i®important torememberh a p e

that there has been a time in history when the available evidence indicated that the

earth was flat.

The research methodology selected is influenced by epistemological considerations.
The choices between a positivist and an interpretive approach are discussed by
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Amaratunga and Baldry (2001). In their work on performance measurement in facilities
management, they concluded that a combination of positivism and an interpretive
approach was appropriate. The reasoningbe hi nd t hi s styl e was t ha
should not gather facts or simply measure how often certain patterns occur, but rather
appreciate the different constructions and meanings people place upon their own

experiences and the reasons for these difference s 0 .

Epistemological considerations for this study indicate that the work is largely positivist
in character (Amaratunga and Baldry, 2001). However, it must be recognised that
knowledge is not static but changes as access to knowledge increases. This is
demonstrated by the famous quote by Isaac Newton which illustrates effectively how
knowl edge devel ops: Al f I have seen farthe

gi ant so.

The justification of knowledge for this particular research can be defined by stating
that it is Newtonian (Rayner, 1997). In other words, it is based on the thermodynamic
principles and rules developed by Isaac Newton. Although further developments in
science, such as quantum mechanics are superseding these principles, much of the
modern world stildl operates on Newtondés | a
engineers within the construction industry. It is necessary to be aware that, although
these principles are a step in the development of physics they remain legitimate.

However, their potential limitations contextualize the data and theorems applied.
3.1.2 Case Studies

Dul and Hak (2008) define a case study as fia
study) or a small number of cases (comparative case study) in their real life context

are selected, and (b) scores obtained from these cases are analysed in a qualitative

manner 0. Yin (2003) defines a case study as
contemporary phenomenon within its real life context, especially when the boundaries

bet ween phenomenon and context are not <cl ear

't i s noted tddefihitioD(R008) efarsito dljadlitatide approach to case
studies. However, for engineering and technical questions, some quantitative
elements are necessary. Korzilius (2018) recognises that qualitative methods are
commonly wused in case study research -and bu
anal ytical scientific approacho a quantitat
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supports this strategy by stating that, for some areas of research only a quantitative
approach can explain certain phenomena. Kor z

is demonstrated in Table 3.1.

Table 3.1 Qualitative and quantitative methods (Korzilius, 2018).

Research: Researchers aim to | Qualitative
Social science | understand and interpret
behaviour in the context
organizational change and
feelings of stress

Research: Researchers gain Quantitative
Technical knowledge through sensory
topics perception and systematic

observation resulting in

scientific theories

Selecting case study research as a suitable strategy infers that a real-life context for
the study is necessary (Yin, 2009). Unlike surveys, this may mean that the number of
cases will be small (in some situations a single case). However, if the implications for
the effects of real life situations create conditions which vary from the theoretical or
laboratory situation, then this must be part of the investigation. The situations
considered in this study are affected by contractual, managerial and technical factors
which only occur in actual conditions. In fact, the performance gap could be defined
as the difference between a Al aboratoryo per
cases the same engineering theory is applied but, for too many cases, the practical

situation results do not comply with expected theoretical outputs.

The smaller number of cases involved requires that care is necessary if general
conclusions are to be drawn from the study. Mark (2011) describes generalization as
At he process of drawing gener al conclusions
Korziius( 2018) points out that for case studies
generalization but analytical generalization, to be able to generalize results to a
broader theoryo. On the matter of case stud

considers t hat Anf or mal generalization I S over v
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devel opment , whereas the force of exampl e i
cases considered are projects with long time-scales. Though the work identifies where
solutions exist, the application of those solutions is an iterative process and will require

patient monitoring.

Dooley (2002), who comments that case studies methodologies are essential for
applied disciplines, provides a further perspective on the appropriateness of case
study research for a technical investigation. Case studies, in this document involve the
analysis of real-life factors and situations. This means that the effects created by the
variables involved must be accepted and observed rather than controlled. In this
context, Teegavarapu et al (2008) liken case studies to experimental research in which

replicated experiments may support generalized theories.

Meredith (1998), writing on the subject of building operations management, is an
advocate of the case study approach. Meredit
research is more appropriate than the more traditional rationalist theories. Whilst

pointing out that valid empirical generalizations depend on rigorous sampling

procedures, Meredith cites work by Aldag and Stearns (1988) who examined research

met hodol ogy issues and concluded that n87 %
included samples based on the investigatords
elements, which affect the selection of a particular research method, are validity and

reliability. Achieving these aims must be related to the techniques which are described

in research theory. These techniques or systems must be applied practically in order

to enable some analysis and understanding to
requires a context. It should be noted that Hudson and Ozanne (1988) consider
understanding to be a never-ending process. The context for case study research lies

in the need to carry out an in-depth study rather that a wide statistical survey. Unlike

statistical analysis, a case study is characterized as an application of analytical

analysis. Statistical analysis leads to generalization based on a population sample.

Moriceau (2011)considers that a pre-condition for this approach is that the sample is

large. Yin (2013) comment s that MAincreasing the numbe
mean sacrificing the in-depth and contextual nature of the insights inherent in using

the case study method in the first placebo.
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Yin (2009) sets out three criteria by which a case may be an appropriate research

strategy 1

A Type of research questions posed

A The extent of the control the researcher has over actual behaviour
A The degree of focus on contemporary issues

In this study, it has been necessary to determine how and why the problems exists.

Soybébs guidance for case study research c¢omme
answers one or more questions which begin with "how" or "why." The questions are

targeted to a limited number of events or conditions and theirinter-r el at i onshi pso
2006).

The extent of researcher control in this study is nil. This also indicates the
appropriateness of a case study approach and
to undertake investigation into the phenomenon in its context is a strength of case
studi eso. I n fact, for the researcher to be
situation which could become a controlled replication which could nullify some of the

relevant influences.

As regards the focus on contemporary issues, this study involves technical data, which

is influenced by innovation as well as statutory and non-statutory issues.
3.1.3 Action Research

The purpose and methods applied in research are varied and changing. Some of this
change can be related to the different types and aspirations of students; for example,
industry professionals who wish to carry out research which is not classically
academic. This change is illustrated in a paper by Wildey etal. (2015) il n t he past
doctorate was a higher research degree sought by those wishing to pursue an
academic career. Candidates pursued a largely solitary journey as full time students,
often with scholarships guided by a supervisor in the field of research. The successful
doctoral thesis was a passport to the academy. However, in the past two years the
ground has been shifting. For a range of reasons universities are offering doctoral

degrees that relate more closely to the field of practice and candidates in full time
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employment are seeking to expand their knowledge and skill as of professional

practiceo.

The impetus for change outlined by Wildey et al (2015) was also recognised by
Pearson (19999 wh o comments fAMany of the changes aff
its massification are part of longer-term shifts in the role of higher education world-
wide: the drive to pursue economic growth through investment in technology and

innovation and the demand for a highly skil!/

In the context of applied practical study, action researchers are considered to adopt a
problem-solving approach. This strategy has a natural appeal to professionals whose
working life often revolves around finding solutions to problems. As a bona fide
research strategy, Azhar etal (2010) consi der that action resea
applied and basic research by contributing toward solution of practical problems and
creation of new theoretical knowledge at the same time. Action research reviews the
existing situation (problem domain), identifies the problems, gets involved in
introducing some changes to improve the situation, and evaluates the effect of those

changeso.

There are similarities between case study research and action research. In both cases
resear cher s-deptlyunderstandimg ofi particular phenomena in real-world
settings and many action researchers adopt the specific guidelines for doing research
which the proponent s of case st u dThis siratdge iso ( BI i ¢
demonstrated in work by McManners (2015) who adopted an action research-case
study approach in investigating sustainability in aviation. In this work McManners
argues that a combination of the prescriptive discipline of case study methods and a
Afl exi ble action oriented approacho of act

structurefor achi eving the desired objectiveso.

Although action research is often associated with social science type research,
Mc Mannersd6 work illustrates an application i
Another technical example of the application of action research is demonstrated by
Farooq and O6Brien (2015) in their study of
O6Brien (2015) offer a |ink between action r
Asometi mes action r esear chional cage study krdtentinhe f or

retrospect, where the written case is used a
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For this study the major difference between a case study approach and action

research is that there is no participation by the researcher. Another way of describing

this difference can be to

Awhyo, whereas action research is consi
study approach is applied in this study, an element of solution is included. However,
the results from this solution are long-term and therefore feedback is effectively

outside of the scope of this work. The application of action research methods in this

study are demonstrated in Table 3.2.

state that

Table 3.2 Action research method (Wildey et al., 2015).

Action Research Methodology

Relevance to study

Diagnosing Gathering of data from a range ( K
available sources. Organising da
to identify discrepancies

Action Evaluation of data in order t(K

Planning determine particular solutions

Determination of practical
methods for the application o
solutions

Action Taking

Application of solutions to actug
situations

Feedback from applied strategies

Limited relevance

The applications of the research concept for this thesis are demonstrated in figure 3.1.
The major strategies applied include case studies, which have been selected in order

to simulate a real-life situation because this is an important factor in actual building

operations.
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Literature Critical examination of factors

review affecting and contributing to
sub-optimum building energy
performance

ldentification of Establishment of
| problem and its necessity for study

characteristics

1l

Development of research .
strategy é studies

1l

Application of data
collection procedure | <e———

1l

Analysis of data and
development of partial
resolution

Figure 3.1 Research concept flowchart
3.2. Research Methodology

The methods applied in this thesis have been structured to gain a greater awareness
of the current levels of effectiveness for building energy accounting. The methods have
been applied in a logical order. Firstly, design stage estimates have been determined
for five existing university buildings, enabling comparisons with recognised
benchmarks and actual building energy use. The design stage estimates have been
prepared using an approach based on the latest system recommended by CIBSE,
involving a combination of computer simulation modelling and non-dynamic
calculations. The second section of the study considers the five case study buildings
from an operational perspective. This examination includes record drawings,
maintenance information and monitoring of specific plant items using the LIJMU
building management system (BMS). For two areas of plant performance which are

not measured by the BMS, portable instruments have been used. The third part of the
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study involves an examination of consultant ventilation equipment design data and its

equivalent contractor interpretation for a large hospital project.

The buildings examined in this study are existing as operational buildings or as a
building under construction. The case study approach is therefore appropriate and
be descr irebxepde rai snkimusaallsa, 2015). This approach offers
opportunity

may

t he to develop a concept

(Sato,2016). Figure 3.2 sets out the logic and structure behind this investigation.

Introduction/recognition of knowledge gap

¥

*  Formulation of research gquestions
*  Aim and objectives

¥

*  Framework and context

*  [Exploration of implications and
parameters

Design issues < Case studies

) 4

Operational
issues

¥

Operational energy use:
individual items

U

Duty ratio: installed
against specified

L 2R 2

Operational
ENEFgy Use
estimation

methods

Validation energy
estimation method:

fans and pumps

predicted against

benchmarks and Development and Expleration:

actual energy use validation: energy effectiveness BMS
‘ estimation method- monitoring

Recognition of
performance gaps
factors

B

Development of ensrgy management strategy

¥

| Conclusions ‘

Figure 3.2 Research strategies (red broken line)
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3.3. Case study buildings in Liverpool
The six buildings selected as case studies are all public buildings located within the

Liverpool city centre, each of which has been built under different regulations. Five of
the six buildings selected as case studies are LIMU university buildings located within
the campus at LJMU. The sixth building is a large general hospital located in Liverpool.
The LIMU building case studies involve energy estimates and HVAC equipment
performance assessments. The hospital project has been confined to a study of
ventilation fan performance, construction and architectural features have not been

considered.

3.3.1 Architectural features and construction characteristics (LJMU buildings)

The energy used by building services reflects the loads imposed because of
architectural design characteristics. Table 3.3 outlines the architectural features of
each building.

Table 3.3 Architectural Features of five case study buildings

Building Architectural Features

Peter Jost The building is four-storey steel-framed structure with a stainless
steel external facade. Windows are double-glazed. Metallic
insulated roof extends beyond exterior walls. The building is set on
a sloping site with the ground floor plant room effectively occupying
a basement location. Services routes are in structural risers and
within demountable ceilings

Tom Reilly Four storey concrete frame construction. The external facade is a
curtain wall system comprising solid and glazed components. The
glazed sections allow natural light into the interior. The exterior
facade has openable double glazed colour treated windows.
Concrete insulated roof. Interior finishes include exposed concrete
structure. Services routes are in structural risers and within
demountable ceilings

Cherie Booth The Cherie Booth Building is a three storey steel frame building with
an aluminium cladding external facade and a concrete insulated
roof. Clear glazing on East —facing facade except for third floor
which also has treated windows on West face. Services routes are
in structural risers and within demountable ceilings.

Henry Cotton The Henry Cotton Building is a concrete framed three storey
structure with blockwork facades. The pitched roof is finished in
slate. Double glazing is used throughout. Internal spaces divided by
demountable partitions and lightweight block walls Services routes
are in structural risers and within demountable ceilings

Engineering The engineering workshops are an industrial style building and with
Waorkshops large open spaces within the workshops. Single storey apart from
new two storey extension. Recent over-cladding of workshop zones.
Services within false ceilings but exposed in some areas
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Apart from the engineering workshop, all of the buildings are multi-storey. These
buildings include steel and concrete frames, curtain wall cladding and block-work
facades. Overall building dimensions reflect the area of site available and are factors
which will affect building thermal performance. The Peter Jost, Tom Reilly and Cherie
Booth buildings are all effectively narrow plan. The Henry Cotton building is a deep
plan building. The Engineering Workshops are mainly a single storey portal frame

construction apart from the newly constructed two-storey office/research area.

Table 3.4 Statutory (Part L) U values for case study buildings

Building and| Engineering| Henry Cotton Peter Jost Cherie Booth | Tom Reilly
construction | workshops | 1989 1994 2005 2009
year 1966
Fabric U-value (W/m K)
Walls 1.7 0.6/0.7* 0.45 0.35 0.35
Floors 0.6/0.7* 0.45 0.25 0.25
Pitched roof 1.4 0.6/0.7* 0.45 0.25 0.25
Flat roof 0.6/0.7* 0.45 0.16 0.16
Windows 5.7 5.7 2.2 2.2
metal
Windows all 5.7 5.7 2 2.2
other
Window 35%/15% 35%/15% 25%
area
Pedestrian 2.2/2 2.2
doors
Vehicle 0.7 15
doors
Entrance 6
doors
Air 10
permeability (m?/(h.m?)
@50Pa)
1. First value for shops, offices and places of assembly. Second value for industrial ang
buildings

2. Window area allowance 35% for places of assembly, offices and shops. 15% for ind
and storage buildings

3. Air permeability values (f(h.m?) @50Pa)

4. Blank cells indicate no requirement under Part L of Building Regulations

(Molloy, 2018)
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Table 3.5 U values for case study buildings simulation

Building and| Engineering| Henry Cotton Peter Jost Cherie Booth Tom Reilly

construction | workshops | 1989 1994 2005 2009

year 1966

Fabric U-value (W/m K)

Walls 1.7 0.7 0.45 0.35 0.35

Floors 0.91 0.7 0.45 0.25 0.25

Pitched roof 1.4 0.7 0.45 0.25 0.25

Windows 3.27 3.27 3.27 2 2.2

Pedestrian 1.8 1.8 1.8 2.2 2.2

doors

Vehicle 0.7

doors

Air 13 13 13 13 10

permeability (m?¥(h.m?)
@50Pa)

1. Table 3.21 CIBSE Guide A
2. Table 3.27 CIBSE Guide A

3. Airpermeability values (i(h.m?) @50Pa) . Air change rate for 2609 (CIBSE Guide A
Table 4.10)
Blank cells indicate that the construction element does not apply for that building

Table 3.4 lists the statutory requirements (Building Regulations: Part L) for fabric
insulation values which were appropriate at the time of construction. It can be seen
that the building regulations have become progressively more rigorous. For example,
the 1966 regulations only specified insulation limits for floors and walls. The values
are relevant for energy estimations. Where no Part L values are specified they have
been determined from building surveys. Table 3.5 lists the U values that have been

used in the energy simulations for case study buildings.
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3.3.2 Building Service Systems (LJMU buildings)

As well as offsetting the energy loads imposed by the dynamic characteristics of the
interaction between the structure and the climate, the nature of energy used by
building services is also related to the types of mechanical and electrical equipment
which is specified for a building.

Table 3.6 Mechanical and electrical services for the case study buildings

Peter | Tom | Cherie | Henry | Engineering
Jost Reilly | Booth | Cotton | Workshops
Fossil (Gas)
Radiators v v v v v
Warm Air v
DHWS v v
Electricity
All air v v v
cooling
Fan coils v
Chilled v
Beams
split Vv
Systems
Lifts v v v v v
Lighting v v v v v
Small Power | o v ) v v
Server v v v v v
Laboratory v v v
eguipment
DHWS v v

Table 3.6 outlines the mechanical and electrical services which have been installed in
the case study buildings. The terms mechanical and electrical services are sometimes
considered to be synonymous with fossil and electrical energy use. In fact, there can
be a considerable electrical energy requirement for mechanical services. Although gas
is the fuel used for heating the case study buildings, pumps and fans which move hot

water or warm air use significant amounts of electrical energy. Refrigeration
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equipment, which is the basis for the air conditioning systems used in the case study

buildings, is powered by electricity.

The energy use characteristics of the heating, ventilating or air conditioning systems
(HVAC) vary considerably depending on the systems which are specified. Table 3.7
lists the HVAC systems, which have been installed in the case study buildings. The
major role of HYAC equipment is to transfer heating or cooling energy from where it is
generated to where it is required. The media used to effect this movement of thermal
energy is either water or air. Delivering heating or cooling energy by pumping hot or
chilled water is much less energy intensive than by delivering an equal amount of
energy using ducted air systems (Dwyer, 2014).

Although only partially air-conditioned, the Peter Jost, Cherie Booth and Henry Cotton
buildings use constant volume all-air systems and therefore are more energy intensive
than the fan coil and chilled beam systems used in the Tom Reilly building. Fan coil
and chilled beams transfer heat energy using both smaller air- flow volumes and much
of the heating/cooling energy is delivered by piped water systems. However, the all-
air systems are simpler to design and easier to maintain and control. Although design
factors are important, the ability to maintain plant at optimum conditions can have a
significant effect on energy use (CIBSE, 2014).
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Table 3.7 HVAC systems in five case study LIMU buildings

Building Peter Jost Tom Reilly Cherie Booth Henry Cotton Engineering Workshap
Location L3 3AF L3 5AF L3 3AF L3 2ET L3 3AF
University Department | Technology and Sport and Exercise Technology and Health and Applied Technology and

Environment

Sciences, Natural

Environment

Social Science

Environment

SciencesPsychology
Floor Aregm?) 2554 6626 1039 7743 1700
Year Built 1994 2009 2005 1989 1966
Operational hours (M) | 12 12 12 12 12
HVAC Gasfired LPHW Gasfired LPHW Gasfired LPHW Gasfired LPHW LPHW heatingnit

heatingradiators.
Modular boilers.
Constant volume air
conditioning. Toilet
extract. DHEWS
supplied from central
plant

heatingradiators.
Dual boilers (66%
load/boiler). Chilled

beam airconditioning.

Fan coil air
conditioning. Gadired
DHWS. Toilet extract

heatingradiators. Dual
boilers (66%
load/boiler). Constant
volume air
conditioning. Split
system aif
conditioning. Toilet
extract.

heatingradiators.
Modular boilers.
Constant volume air
conditioning.Split
system aif
conditioning. Gadired
DHWS. Toilet extract

heaters and radiators.
No onsite heat
generators. Split
system aif
conditioning. Toilet
extract

Notes

DHWS heating energy
is not metered at point

of supply

Gas supply is not
metered at point of
use

Both primary heating
and electrical supplies
are derived from
central system. Neithe
service is metered at
point of use.
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3.3.3 Building Use and Occupancy (LJMU buildings)

Other variables which affect building energy use are building use and occupancy.
Table 3.8 identifies the functions which occur in each of the case study buildings.
Whilst some of these activities are regulated by time-tabling, others are less

predictable and are rarely monitored.

Table 3.8 Functions of five case study buildings

Peter | Tom | Cherie | Henry | Engineering
Jost Reilly | Booth | Cotton | Workshops
Lectures v v v v v
Administration | ¥
Enterprise v v
Academic v v v v v
offices
Laboratories v v v

Occupant behaviour relates to energy use for lighting and equipment, which can be
considerable. At design stage occupancy patterns are often set as a standard pattern,
which is convenient but unrealistic. Also, function descriptions are somewhat fluid. For
example, all staff are involved in administration to some level, but the term
Table 3.7

brief sets out clearly how and when buildings will be occupied and used, designers

admini stration in refers to

may have difficulty in selecting appropriate load diversity factors.

3.4. CIBSE TM54: Evaluating Operational Energy

3.4.1. Introduction: CIBSE TM54

In response to the recognition that a gap between design and actual energy often
exists for new buildings, CIBSE have developed an improved technique for design
stage estimations of building operational energy. This system is TM54 ( (Cheshire &
Menezes, 2013)and i s Cl BSEOGs

one of techni cal
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1. Establish floor areas 2. Establish operating hours and
occupancy factors

Calculations outside DSM f Inputs to DSM Calculations within

DSM
3. Lighting 4 Lifts 10. Intermal heat | 11. Space heating
gains and cooling loads
5. Small power 6. Catering 12. Pump, fans
7. Servers 8. Other and control loads
equipment
9. Domestic hot water

13. Run scenarios 14 Compare with .benr:hmarks 15. Compare with actual
] energy use

16. Present results

Figure 3.3 Energy estimation method TM54 (Cheshire & Menezes, 2013)

Figure 3.3 sets out the steps involved in the TM54 process, which have been applied
to the case study buildings. The logic behind this procedure is to apply the most
appropriate (dynamic or non-dynamic) calculation method for each area of building

energy use.

3.4.2. Operational scenarios for LJMU case study buildings

CIBSE TM54 method ( (Cheshire & Menezes, 2013)has been applied to each of the
case study buildings. Although this technique has been prepared for use during design
stage, its application to existing buildings has enabled estimates to be compared with

actual energy use.

In both new and existing buildings, precise operational details are rarely available.
Therefore, several likely operational scenarios for the case study buildings have been
created on the basis of surveys (walk-around) and interviews with occupants and
facilities managers (see Table 3.9). Selecting appropriate parameters for the various

scenarios involved an examination of the LIMU academic calendar and a review of
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staff operational hours. Additionally, discussions with facilities managers assisted in
obtaining plant operational hours. Information from building occupants, in some cases

tended to rely on memory rather than recorded data.

Table 3.9 Design and operational scenarios for energy estimates

Heter Jost Bullding
seenarios | Uecupancy | Liftuse amall DHW 3 RH Liphting

[hours) [starts/day] | power [L/personfday)

[hours)

1 14 J00 [ [ 0% Manual
] 12 200 o 15 Bl Auto
k] 14 J00 I 7 5% Manual
4 12 200 o 1= 0% Auto
Tom RileyBullding
1 14 o0 I 15 5% manual
Z 12 00 [ 1= 0% Manual
¥ 14 Fol i 7 Bl Auto
4 12 350U o 7 0% Auto
L-nerie Booth Bullding
1 1 ol [ 1= Bl manual
] 12 K10y o [ U5 manual
3 12 LY 4 i 0% manual
Henry Cofion Bmiang
soenarios | Uecupancy | Lift use amall DHW S RH Equip | Lightng

[hours) [startsiday] | power | [L/personfday) [hours)

[hours)

1 12 J00 [ 1= 0% | 300 manual
Z 12 J00 o [ 0% | 150 auto
k] 14 JUU I 15 BU% | 300 manual
4 14 J00 o 7 0% | 150 auto
Engineenng ¥ orks hop
1 1 30 i 1o 0% | 10 manual
2 12 el i f 0% | o manual
k] 12 30 L 15 0% | B manual
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There is a range of causes for building energy use. Weather is a major factor which
influences the energy used for heating and cooling buildings. However, energy used
in (and by) buildings is also related to occupancy effects. Occupant behaviour can
affect energy use, not only directly from use of equipment but also, indirectly where
occupants create system loads related to the need to provide internal conditions,
which are comfortable, safe and appropriate. The category and number of people
within a space will affect the selection of design conditions. Occupants also contribute
to cooling loads, ventilation needs and heating requirements. Most buildings cannot
rely on daylight as their only means of illumination. Persons within buildings become
involved in processes and activities, which invariably use energy. Additionally, the
times spent by staff or residents of building is the basis of plant operational schedules.
Anticipating and predicting building energy use requires that accurate as possible
building use scenarios are considered. For this study, weather effects were largely
reliant on the weather data contained within the dynamic simulation software.
Weather-related building energy use is also affected by decisions on internal
conditions, hours of operation, building orientation and construction. Some of this
information is comparatively straightforward to compile but envisaging scenarios for
occupant behaviour and equipment use can be more challenging. The TM54 process,
used in this study, recommends that estimates of energy used for heating, cooling,
humidification and ventilation should be determined by dynamic simulation methods,
and that occupancy-related energy use should be investigated through appropriate
scenarios. For the case i study buildings, there is no recorded data for use of lifts,
domestic hot water, lighting or small power. Cooling coil dew-points stated in
mai ntenance manual s i ndicat e athrewed,théughghist r oo m
depends on actual control settings. Room percentage saturation is not monitored by
the building management system. Because occupancy and associated equipment use
in the case study buildings is not monitored it has been necessary, in some cases to
apply statistical/benchmark techniques. Although this is industry practice, it does
impose limitations and it also requires estimator judgement in selecting factors. Table

3.10 demonstrates the factors upon which scenarios have been developed.
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Table 3.10 Scenario development logic

Parameter

Occupancy (hours)

9 Academic calendar

1 Estate manager advice

1 Interviews with building occupants.
Student attendance is monitored for some time-tabled
sessions but not for self-study hours

Lift use

1 Interviews with building occupants.

1 The disposition of lifts / staircases
1 Lift speed

1 CIBSE Guide D

Lift Starts/day 1 BSIDO/DIS 25745-1
Duty

Low O 100 | Residential care, goods, library,
entertainment centre, stadia
(intermittent).

Medium | 300 Office car parks, general car parks,
residential, university, hotel, low-rise

hospital, shopping centre.

High 750 Office, airport, high-rise hospital

Intensive | 1000 Headquarters office

Small power

=

Site survey
Interviews with building occupants.

Occupancy hours

Domestic hot water

Site survey
Interviews with building occupants.

CIBSE Guide G

Lighting

Site survey
Interviews with building occupants.

BS EN 15193:2007 section 4

Relative humidity
(sensible and latent

cooling)

Site survey

Maintenance manuals/record drawings

= =4 A 4 4 A4 a8 -4 A a8 -2

estate manager advice
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3.5. Building Energy Modelling and Calculation (LJMU Buildings)

3.5.1. Dynamic simulations: IES VE

Energy modelling for buildings involves the application of complex equations which
can only be realistically resolved by numerical simulation methods. The value and
convenience of using software for these applications has led to the development of a
range of commercial dynamic simulation packages. The package used in this study is
IES VE (IES VE, 2016). Al t hough al | model s are fna simp
(Williams, et al., 2015), a reliable level of accuracy is required. IES is validated for
space heating, cooling and building envelope and fabric loads by the American Society
of Heating Refrigeration and Air Conditioning Engineers (ASHRAE, 2016). The
ASHRAE tests include comparisons of IES software with other leading commercial
packages. The test reveals that, although outputs are similar, there are differences
between systems. IES is also approved for UK compliance calculations (UK
Government, 2008).

L —

1)

e

Figure 3.4 IES model (Cherie Booth Building)

There are various analysis modules within the IES package. The modules used for the

case study buildings in this study are:

Modelit
Suncast

1
1
1 Apache thermal
1

Vista.
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Although the climate and location for each building is the same, they each have a
different geometry. This is entered into the software by the process of building the 3D
model. An example of a model of one of the case study buildings (Cherie Booth) is
shown in Figure 3.4. Inputting the internal environmental design data into the model is
completed by means of templates. The inputting parameters included for the five case
study buildings are identified in table 3.11. None of the LJIMU case study buildings has
a humidifying facility. All of the LIMU case study buildings have some form of air
conditioning, which have a de-humidification function. The energy used for de-
humidification is incorporated within the cooling loads which account for both sensible

and latent cooling.

Table 3.11 tabulates the design data which has been inputted into the dynamic

simulation packages. For the IES thermal simulation model one of the methods in

which engineers can interface with the software is to create templates. IES

incorporates several templates by which data for floor areas, construction, window

performance, lighting and internal conditions can be entered into the package. The
information in Table 3.9 has been entcered in
has not been installed in one the study buil
applicable). This is an engineer-friendly method of interfacing practical design

parameters into the simulation package. However, accurate data input to templates

relies on access to a complete and comprehensive client brief. This is not always

availabl e. Al sof rbiye nddelsyiog ntienngp |flautsee ri nput sys:
designers may limit the level of detail for submitted data. The software package has

the capability of determining loads in terms of kW and annual heating and cooling

loads in terms of kWh. The annual energy values used in this study have been

determined in (KWh).
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Table 3.11 Parameter settings for applied in IES simulation for LJMU case study buildings.

Peter Jgst Tom Reilly Cherie Booth Henry Cotton Engworkshops
W S W S W =] W 5] W 5
Hoom Offices 19°C 23°C 19°C 23°C 19°C 23°C 19°C 23°C 19°C 23°C
conditions Class rooms 19°C 23°C 19°C | 23°C 19°C [ 23°C 19°C 23°C WA
Lecture theatres 19°C 23°C 19°C 23°C 19°C 23°C 19°C 23°C MIA
Laboratories 19°C 23°C 19°C 23°C 19°C 23°C 19°C 23°C 19°C |
Toilets 16°C 16°C 16°C 16°C 16°C
Circulation 18°C 18°C 18°C 18°C 18°C
System Offices Heating Air Con 70% Heating Heating Air Con 70%
Class rooms Heating MNIA Heating MNIA
Lecture theatres AirCon  70% AirCon  70% AirCon  70% MIA,
Laboratories MIA MIA AirCon  70% Heat
Toilets Heat\/ent Heat/\/ent Heat\/ent Heat ent Heat/\/ent
Circulation Heating | Heating Heating Heating Heating
IT Suite NIA MIA Air Con 70% MNIA MIA
Internal gains | Offices Lighting, pc's, Lighting, pc's, Lighting, pc's, Lighting, pc's, MNIA
Class rooms printers, people printers, people printers, people printers, people MIA
Lecture theatres Lighting, people MNIA Lighting, people Lighting, people MNIA
Laboratories MIA Lighting, pc's. MIA Lighting, pc's, Lighting, pc’s,
printers, people, printers, people, printers, people,
equipment equipment equipment
Toilets MIA MIA MIA MNIA MIA
Circulation NIA MIA NIA MNIA MIA
Alr ACR Lis ACR Lfs ACR Lis Ls ACR Lis
Exchanges Offices 1 MNIA 0.25 BL/person | 0.25 MNIA 1 MNIA 1 MIA
Class rooms 2 MNIA 0.25 Bl/person | 0.25 MNA 2 MNIA MIA MIA
Lecture theatres 1 Bl/person | 0.25 B8l/person | 0.25 BL/person | 1 BL/person | NiA MIA
Laboratories MIA MNIA 0.25 BL/person | 0.25 MIA 1 MIA 1 MIA
Toilets® 1&6 0.25&56 0254056 1&6 1&6
Circulation 1 [TA 025 | NIA 025 | NA 1 [ TA 1 [ TA

*Mote toilets air exchange include infiltration and mechanical extrac
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3.5.2 Non-Dynamic Energy Calculation (LJMU Buildings)

Except for the dynamic simulation above, this study also includes non-dynamic

methods to calculate building equipment energy use. The TM54 process (Figure 3.3)

recommendsthatenergyuse from items | isted under dAcalc

are determined from methods other than dynamic simulation. These energy using
items are more closely related to occupant behaviour than the dynamic performance
of a building. In fact Menezes et al (Menezes, etal.,, 2012) consi der t hat
behaviour is fisignificantly more compl ex

techniques.

A total of eight steps of non-dynamic energy calculation were implemented for each

case study building as follows:

Step 1. Establish Floor areas

The treated floor area for each building describes those area of the building which are
serviced by the building engineering plant. For the case study buildings, the treated
floor areas are taken from the relevant Display Energy Certificates (Department for

Communities and Local Government, n.d.).

Step 2. Operating hours and occupancy factors

The plant operational times have been obtained from facilities managers for LIMU.

Occupancies within that period have been determined from surveys and interviews.

Step 3. Lighting

Electrical energy used for illumination has been determined from (Raynham, et al.,

2012). The equation of annual energy use for lighting is:

W W W
(3.1)
w t+ 0z0z 62020 020 fpnimm
(3.2)
t W
(3.3)
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Where
® N Ol OIYeNERE | 0 & NBWQE &
0 0¢ 0@ 0 GABOOH N0 @i £ £44id € £ Q
'O 6& & i JQUM®D G QA XIBEND E D Q
0 QOO®ROUODL QWi 6NVERD i i
O 0000 0OGOE TOEGOUE |
"0 00w&OQN Q& TOEXGE |
0 UEEQUOW@WRQUOR ONQWi 6NEE'D | |
Step 4. Lifts

Annual energy use by lifts has been determined from (Barney, et al., 2010)

0O 0O

(3.4)
Where
0 0¢ Qi FQEMALI Q& MWD ¢ ®Q ONGQ
Y £ 040N OB RO QNI
0 1 00 0D W "D £Q®
0 0NODUNGHE d N &'QEAMIENN QQQI Db DT 61 |
(0] [ 0ME VLI CRATANI V& QODD ¢ QO

Step 5. Small power

For the case study buildings the major energy using item for small power is office
machinery. Determining energy use is effectively a case of multiplying equipment

Wattage by hours of operation small power.

@ GHVO 01 QK @O  2& 66 GEID 1 Qi 0 o (Neriedes, et
al., 2014)

(3.5)
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Where
W OE & I GDE i 6 an 6 ERD O "GEGR L &KWh)

CA

OL QI PONQOQG VORI "©NQI OENDE ¢

0 i a QENAE 0 Qa4 O£

Q. B OETONQI ©OQE ¢

Note: small power for the case study buildings also includes vending machines,

microwaves, toasters and tea points.

Step 6. Catering

This part has been included in Step 5.

Step 7. Domestic Hot water

The calculation of domestic hot water is based on the formula (Cheshire & A.C.,
2013)

& ¢t OQTNQIGAE | 66 NAIQE £a23020 ToQmm
(3.6)
Where
4 GO0 QE & 6MA@NONQ
30 0'Q4 N Q1 WODIQQIODD O @ BR £H0 Qa Dwn QD dd & w
6 I N QoWHID N O & VLD P P P .

Step 8. Other equipment

Other equipment in the case study buildings comprises kit used for supporting
experimentation and workshop practices. Annual energy use is determined from the
product of equipment Wattage and hours of operation. Equipment ratings were found
by survey. Hours of usage is not recorded and therefore has been estimated from

occupant interviews.
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3.6. Building and System Monitoring for LIMU Buildings
This study has examined operational performances of installed building services by

obtaining data from LIMU BMS system.

3.6.1 Introduction: BMS

Building Management Systems (BMS) (Figure 3.5) can now communicate control
intelligence and system data electronically. This combination of improved
communication and distributed intelligence has developed alongside control and data
innovations for building equipment and services. This enables energy to be controlled,

monitored and logged continuously.

Sensors Actuators Actuators Sensors

OO OO OOOO

outstation outstation

Figure 3.5 Building management systems (source: Spirax Sarco Ltd.)
3.6.2 Building Management System

The building management system used in monitoring equipment in this study is
manufactured by Trend Ltd. and is deployed throughout the LJIMU university campus.
The BMS was used to monitor the performance of air to air heat recovery equipment
and cooling coils. This section of the study examines the effectiveness of BMS

monitoring and control for building services equipment in the Tom Reilly Building.
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3.6.2.1 Air to air heat recovery (Tom Reilly Building)

Figure 3.6 is an example of parameters of air to air heat recovery which are monitored
by the LJIMU BMS in graphical form. It illustrates the parameters which are measured
and reported by the BMS. The heat recovery s
modulate between 0% and 100% open so that supply air can be pre-heated by energy
recovered from extract air, thereby reducing the load on the re-heater. In addition,
Figure 3.7 illustrates how the BMS logs the position of the air to air bypass control.
This information should be designed to enable the effectiveness of the heat recovery
equipment to be assessed. However, it is noted that the supply and extract volume
flow rates identified in Figure 3.6 are clearly incorrect. The supply volume is indicated
to be 18260 m3/s and extract volume is 520 m3/s. For an air velocity of 6m/s (CIBSE
Guide C, 2007) this would require duct cross sectional areas of 3043m? and 86.6m?>.

Common Extract
Temperature

G 23.7 DegC

Extract
0 %
r&on < o
o\: q; ;/)ﬂ< Extract Volume
7 7 520 m3s

r&en FQ-T')" Frost Temp
| @ 20.5 DegC

Pl B B
v.:::

Frost Coil

0 %

AHU 3 Supply
Temperature

21.3 DegC

&

- Supply Volume
Cooling Reheat 18260 m3s
0% %

Figure 3.6 BMS monitoring of air to air heat recovery bypass control (Source: LIMU
Trend BMS)

Heat recovery effectiveness is found from the formula (3.7).
R ¢ R ¢ R
OQ Mo weE WIMOM w o Qu-ée-e—éel i
(3.7)

Where

0 £€00id@Q@ANQI wdoi Q
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Selected trace :AHU 3 Face-Bypass Output (15 minute) IP192. 168,26, 53L 101335 (%) -

Time: Value

22-5ep-2013 11:00:00 0.00 -
22-5ep-2013 11:15:00 0.00 B
22-5ep-2013 11:30:00 0.00

22-5ep-2013 11:45:00 0.00

22-5ep-2013 12:00:00 0.00

22-5ep-2013 12:15:00 0.00

22-Sep-2013 12:30:00 0.00

22-5ep-2013 12:45:00 0.00

22-Sep-2013 13:00:00 0.00

22-5ep-2013 13:15:00 0.00 =
22-5ep-2013 13:30:00 0.00

22-5ep-2013 13:45:00 0.00

22-5ep-2013 14:00:00 0.00

22-Sep-2013 14:15:00 0.00

22-5ep-2013 14:30:00 0.00

22-5ep-2013 14:45:00 0.00

22-5ep-2013 15:00:00 0.00

22-5ep-2013 15:15:00 0.00

22-5ep-2013 15:30:00 0.00 b
22-5ep-2013 15:45:00 0.00

22-Sep-2013 16:00:00 0.00

22-5ep-2013 16:15:00 0.00

22-5ep-2013 16:30:00 0.00

22-5ep-2013 16:45:00 0.00

22-5ep-2013 17:00:00 0.00

22-5ep-2013 17:15:00 0.00

22-5ep-2013 17:30:00 0.00

22-5ep-2013 17:45:00 0.00

22-5ep-2013 18:00:00 0.00

22-5ep-2013 18:15:00 0.00

22-5ep-2013 18:30:00 0.00

22-5ep-2013 18:45:00 0.00

22-Sep-2013 19:00:00 0.00

22-5ep-2013 19:15:00 0.00

22-5ep-2013 19:30:00 0.00

22-5ep-2013 19:45:00 0.00

22-Sep-2013 20:00:00 0.00

22-5ep-2013 20:15:00 0.00

22-5ep-2013 20:30:00 0.00

22-Sep-2013 20:45:00 0.00

22-5ep-2013 21:00:00 0.00

22-5ep-2013 21:15:00 0.00 ke

Figure 3.7 Air to air heat recovery bypass control (source: LJIMU Trend BMS)

3.6.2.2. Cooling coil (Tom Reilly Building)
Monitored data from the BMS was used to assess capacity control of a cooling coil.

Figure 3.8 demonstrates how the output from the cooling coils in the air handling
equipment at the Tom Reilly Building are controlled by two port valves. The diagram
(Figure 3.8) is a schematic representation which demonstrates the chilled water supply

to the cooling coils i n AHU-§w®stcdatrolavalves afe.

located downstream of a strainer (symbol ST). The flow rate of chilled water is
measured by the orifice plate (symbol OP) mounted on the return pipe work. The orifice
plate flow measuring equipment has been installed for commissioning purposes and

the output signals are not monitored by the BMS.

Figure 3.9 is an example of the BMS logging record of the control signal percentage
for the two port valve serving the cooling coil in AHU 3. Although the BMS does not
monitor fluid flow rates to the coil via the orifice plate, the percentage of electrical
power to the control valve is monitored and this is analogous, though indirectly.
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Relating the valve signal strength to the fluid flow rate requires that the control valve

characteristic is factored into the calculation.

e AHUCS
COOLING

Figure 3.8 Two-port control valves for AHU cooling coils.

28-1ul-2014 09:00:00 24.02
28-Jul-2014 09:15:00 29,56
28-Jul-2014 09:30:00 36,33
28-Jul-2014 09:45:00 40.03
28-Jul-2014 10:00:00 42,49
28-Jul-2014 10:15:00 46,19
28-Jul-2014 10:30:00 49,88
28-Jul-2014 10:45:00 49,27
28-Jul-2014 11:00:00 49,88
28-Jul-2014 11:15:00 53.58
28-Jul-2014 11:30:00 54.81
28-Jul-2014 11:45:00 56.04
28-Jul-2014 12:00:00 57.27
28-Jul-2014 12:15:00 59,12
28-Jul-2014 12:30:00 60,97
28-Jul-2014 12:45:00 54.19
28-Jul-2014 13:00:00 49,27
28-Jul-2014 13:15:00 47.42
28-Jul-2014 13:30:00 43,72
28-Jul-2014 13:45:00 41,26
28-1ul-2014 14:00:00 43,65
28-Jul-2014 14:15:00 56.66
28-Jul-2014 14:30:00 57.27
28-Jul-2014 14:45:00 56.04
28-Jul-2014 15:00:00 52.96
~ 28-Jul-2014 15:15:00 52.34

Figure 3.9 Percentage control signal for AHU 3 cooling coil control valve. (Source:
LIMU Trend BMS)

3.6.3 Portable sensing / monitoring

In this study, there were situations where the data available from BMS is incomplete
for the case study buildings. For two locations (Tom Reilly and Cherie Booth buildings),
therefore, portable temperature measuring sensors (Figure 3.10) have been
temporarily installed to obtain information which would not be available. The sensors

were used in the indoor and outdoor units of active chilled beam secondary air grilles

69



(Tom Reilly Building) and split system air conditioning units (Cherie Booth Building).

The specification parameters for the portable sensors are identified in Table 3.12.

The image originally presented here cannot be made freely available via LIMU E-
Theses Collection because of copyright. The image was sourced at
https://www.lascarelectronics.com/data-loggers/temperature-humidity/

Figure 3.10 Stand-alone temperature and humidity sensor/logger (source: Lascar
Electronics Ltd.)

Table 3.12 Specification for temperature and humidity sensor/logger

ELUSB2-LCD Temperature, Humidity and Dew Point Data
Logger¢ Specification
Temperature Measurement range owé¢ Yo
Internal resolution ™ O
Accuracy (overall error ™ O
Repeatability ™ 0
Long term stability 8T O
Relative humidity | Measurement range m pnmnpO
Internal resolution ™ PY'O
Accuracy (overall error ¢ BY'O
Repeatability P PY'O
Long termstability T8 L b
Dew point P PY'O
Logging rate User selectable between 10 seconds and 12 hour
Operating range owé Yo
Battery life 2 years (at 2% and 1 minute logging rate, LCD on

3.6.3.1. Chilled Beam Air Conditioning (Tom Reilly Building)
The active chilled beams which are used to control room conditions at the Tom Reilly

building are supplied with dehumidified primary air which meets ventilation
requirements and offsets space latent gains. The room sensible gains which are not
met by the primary air should be offset by a secondary air supply. Figure 3.11
demonstrates how the secondary coil is designed cool the secondary (induced room
air) supply. Figure 3.12 demonstrates this method on a psychrometric chart where the
secondary coil sensible cooling is illustrated by process line T1 to T2, and primary

cooling is illustrated by the process line linking outside condition to primary air ADP
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(apparatus dew-point). The level of secondary cooling energy is related to the
difference in temperature between T1l and T2. These temperatures have been
measured and logged hourly over an extended period (21-09-2018 to 31-10-2018).
Analysis of measured temperatures is demonstrated in Table 3.13 which indicates that
the amount of secondary cooling during that period is negligible. This infers that all
space cooling loads are met by primary cooling alone, which indicates that the chilled

beams are over-sized.

| @pmwaw N

2 .

Secondary cooling coil

4 - W

Secondary air

Figure 3.11 Primary and secondary air supplies from an active chilled beam (Source:
Dadanco Ltd.).

o fopmpmmmes
\ b ' 4 * ' 4
s Gt
g Outside air condition
ra F -
a@& ; ‘
\a 3 E
& b m
&
Q\? - 3 1
‘Q ) ) d
~$ 10 Primary air ADP $
¢ -
- T %‘

Figure 3.12 Sensible and latent cooling for chilled beams
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t Test

Paired Differences
Std. | Std. Error Interval of the Sig. (2-
Mean Deviation Mean Lower Upper t df tailed)
Pair 1 T1-T2 0.25157 0.47790 0.01026( 0.23145 0.27169 24521 2169 0.000
Mean difference between two temperatures is 0.25 (T1 > T2) p<0.05 m

Figure 3.13 Statistical analysis of secondary cooling effect on temperature T1 and T2

3.6.3.2. Split System Air Conditioning (Cherie Booth Building)
Figure 3.14 demonstrates the location of portable temperature sensors which were

mounted on the split system air conditioning unit serving the IT suite room at the Cherie
Booth building. Sensor T1 was located within the indoor ceiling mounted cassette unit
in order to measure the off-coil supply temperature. Sensor T2 was mounted on the
outdoor unit which is installed on the rear exterior wall of this building. Neither of these

temperatures is recorded, or logged by the BMS.

Outdoor ‘ i ‘ Indoor

unit

unit

@ |- Y

. | P T : S
Figure 3.14 Temperature sensor locations for the split system air conditioning at
Cherie Booth Building.

If these temperatures are measured/recorded, the coefficient performance for the air

conditioning systems can be assessed by the formula (3.8) (Beggs,2009):

6 ¢ 'QQQRGHIMNOVE 'MEEH BHQQ

N Y

Where Y Q@i ¢ 0 ®EQQI OQDIOY £1 @0 £ i

YO0l £ ORI QI Oad it QI Qi (3.8)

(COP calculation included at appendix Ch3-2)
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3.6.4 Other sources

To complement the data determined through prediction and monitoring, other sources
which indicate energy consumption and building services equipment performance
have also been adopted in this study. These sources include energy benchmarks,
actual energy use, record drawing and maintenance information for the five case study

buildings.

3.6.4.1 Energy Benchmarks and Actual Energy Use
In order to assess the accuracy of the design stage energy evaluations for the case

study buildings (described in section 3.4), the estimates were compared with both
benchmarks and actual energy use. Energy benchmarks and actual energy use were
obtained from the display energy certificates (DEC) for each of the case study
buildings. All of the case study buildings have a floor area greater than 1000 m? and
therefore DEC6s have a one year validity. An
2014-2015 DEC for the Cherie Booth Building. The red marked section states the
value for benchmarks and actual heating and electrical energy use in kWh/m?2. The
document also states the fAusefulo floor area

actual energy use gives the total annual energy figure.
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Display Energy Certificate L rnment

How efficiently is this building being used?

Liverpool John Moores University Certificate Reference Number:
CHERIE BOOTH BUILDING 0746-0114-1348-0698-4006

Liverpool John Moores University
Byrom Street
LIVERFOOL

L3 3AF

Thic certificate indicates how much energy is bsing ussd to operate Mis buiding. The eperational rating is based on metsr readings of al the
ensrgy actually used in the building. It is compared to a benchmark that represents performancs indicative of all buildings of this type. Thers
is more advice on how fo interpret this infermation on the Govemment's websits www_communitiss gov.ukispbd.

Energy Performance Operational Rating Total CO; Emissions

This telle you how efficiently energy has been used in the building. The numbers do This telle you how much carkon diexide the
riot reprecent aotual unitc of energy soncumed; they reprecent comparative energy building emits. It chows tonnes per year of
effioiznoy. 100 would be typisal for thic kind of building. Cila.

More energy efficient

S
Elnctricity
27 W Haading
Renewables

|

7@ 02014
Previous Operational Ratings

Thic tellc you how efficiently energy hac
been uced in thic building over the lact thre=
acoounting pericde.

o 092094
G0V9’15U S e e

Less energy efficient

Technical Information Administrative Information

Thiis tells you technioal information about how energy i Thizs iz a Display Energy Certifioate az defined in 51 2007981 as amended.
wzed in this building. Conzumption data baz=d on actual A Sob rm DCLE, ORCE, v362
meder readngs. B v Rk . 2841610005
Main heating fucl:  NaLral Gas Anzecsar :“’“‘: E{EL—T;;LEZ
- . m Ll “1 =1
E::ng er:wrmn::t;?:gﬂfg Natural vVentlation I Stening A o LI
- EmployenTrading Mame: Clouds Envirormental Consuitancy
™ TR, N P T "
i EmployernTrading Address: Urit 2.1 Ceniral Point, Kirpal Road, Porismaouth,
' |_testng _ Eecinety | wiome
Hesling  Blociricity [ I, S 03-10-2014
I Anrual Energy Use [kWhimyear) 836 114 1 Morminated Date: 08052014
I Typical Energy Use kWhimy=ar) 254 o g Valid Untik 07-05:2M5
I E b Fo—— T % e 1 I Related Party Dicolocure: Comacior 10 the occupiar for EPBD senicas only.
| Regommendations for impeoving the energy effisienoy of the building are contamed in
|
I the accompanying Advisory Report.

o o o e e -

Figure 3.15 Display Energy Certificate for Cherie Booth Building 2015-2015.
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3.6.4.2 Record Drawings and Maintenance Information
Record drawings and maintenance information also enable a comparison between

actual and designed performances of building services and equipment. For this study,
maintenance documentation has been considered in order to assess the performance

and applied design margins for circulating Pumps at the Tom Reilly Building.

4.058) 40

Figure 3.16 Design data for chilled water pump CP6 and CP7 (Tom Reilly Building)

Figures 3.16 and 3.17 are extracted from the maintenance information for circulating
pumps at Tom Reilly. Figure 3.16 is a part copy of the schematic record drawing for
chilled water pumps at Tom Reilly which indicates the commissioned values for chilled
water pump C7. Figure 3.17 indicates the desi gn consul tantds spec.i
heating and chilled water pumps. The designed and commissioned data enable a

Abef ore and after installationodo comparison.
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Pump Motor
: Des Flow | Speed Rating Speed
Ref E::;:z: Type Medel No L/S Rpm Kw Rpm
Head F.L.C. Elec. Supply
Kpa Amps
CHW
Close NB40-125/127 77250 [ As Moter [ 3.00 2900
CPO3 Coupled End
Second Floor Sucti 150 6.30 400V/3Ph/50hz
uction
Plantroom
CHW
Close NB40-125/127 [ 11.600 | As Motor | 3.00 2900
CPo4 Coupled End ) - -
Second Floor oo 150 4.30 400V/3Ph/50hz
uction
Plantroom
CHW Close
NB40-125/127 11.600 | As Motor | 3.00 2900
CP06 Coupled End
Second Floor oo 150 4.30 400V/3Ph/50hz
uction
Plantroom
Crw Close
NB40-125/127 11.600 | As Motor | 3.00 2900
CPO7 Coupled End
Second Floor o 150 6.30 400V/3Ph/50hz
uction
Plantroom
LTHW
Close NB40-160/177 | 7.900 [ As Motor [ 11.00 | 2950
HPO1 Coupled End ) - s oter :
Second Floor Suction 75 19.40 400V/3Ph/50hz
Plantroom

Figure 3.17Designconsul t ant 6s speci ficati onRdlypr

Building.
3.7 Building Service System: Fans (Liverpool General Hospital)

3.7.1 Brief review of current practical methods

Fans deliver power to the air supply in order to provide it with the energy it needs to
overcome the frictional resistance of a duct system. The energy input to the system to
provide this power is greater than that given to the air because of the inefficiencies in

the fan and pump.

The process of selecting the appropriate fan is interrelated with the fluid mechanical
principle involved in duct design. Technical and managerial aspects are discussed in
chapter 2, however, like most services design techniques, the design of fan and duct
systems is an iterative procedure which must be carried out in tandem and co-
operation with all the project design disciplines and in compliance with client and

statutory requirements.

Clearly this is not an exact technique. Earlier comment in the literature review
discussed the imperfections and tolerances that are part of practical fan and duct
design. Although designers should aim to achieve optimum operational performance,
it is necessary, when predicting energy use by fans to factor the fan and motor
inefficiencies into the calculation. It is also necessary to appreciate the level of

accuracy that should be expected.
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Ideally the specified fan for a project will operate at its highest efficiency. However, the
actual operating point for a fan is dependent on the system pressure drop or
characteristic. The previously discussed limitations and tolerances often mean that the
operating point is moved along the efficiency curve. This shift from optimum can be
compounded because designers, in response to contractual risks can be tempted to
add unnecessary margins. A strategy of defensive sizing can lead to over-sized
systems, wasted capital costs and systems which operate far away from optimum
efficiency. This effect is shown in Figure 3.18.The best efficiency point (BEP) is point

1 but if the fan is over-sized the actual operating efficiency will be at point 2.

Fan operating at Best Efficiency Point

loss in
efficiency

Pressure (Pa)

Incorrectlv sized fan

Volume (L/s)

Figure 3.18 The relationship between operating point and fan efficiency

3.7.2 Case Study: Hospital Project

Technology has an important role in the operation of modern hospitals. Parts of that
technology are the building services engineering systems which control environments
and ensure safe and hygienic conditions. The air T handling requirement for a large
project, currently under construction include, comprises more than 85 air i handling

units. Each of these unit contains one or more fans.

3.7.2.1 Annual Fan Energy Use
It is comparatively recently that it has been recognised that the energy used to power

fans represents a significant fraction building total energy. The concept of specific
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power is explained in chapter 2. For the equipment specified for the hospital, specific

power, compliance will mean units must comply with specific power values ranging

from2.2 W/L to 3 WI/L . | f these parameters are applie
schedule of air handling equipment, the annual energy use by fans will be between

16.5 and 22.5 MWh (Table 3.13). These are significant levels of energy use.

The total annual energy used by the fans in the hospital project will depend on the
accuracy of the designers. Fan and motor efficiencies are not fixed and vary as the
fan operating point varies. Theoretically precise operating points are rarely specified
and would be unlikely to be achieved in installation. Chapter 2 discusses the frailties

and tolerances between design and installation.

Table 3.13. Hospital Project: Annual Energy Use Fans.

Fan Energy
Total fan energy power at design SFP 860 kW
Total fan energy power at maximum SFP 1163
Annual fan energy use at design SFP 16470 kWh
Annual fan energy use at maximum 5FP 22537

3.7.2.2 Fan Energy Prediction at Early Design Stage
A system of energy accounting or monitoring should begin at the preliminary design

stage of a project. However, this is the phase when detail design has not begun and
precise project details have not been finalized. Nevertheless, in a similar way to the
CIBSE TM54 method of estimation for other equipment, it is necessary to be able to
approximate the energy that fan systems will use. Not only will this contribute to an
overall building energy estimate, but also it will initiate an energy management plan

for fan energy use.

The definitisangnofstfaegaerol yff ode t hi s esti mati on

three parameters will be available to designers 1

Allowable specific fan power
Approximate route/length of duct run

1
1
1 Approximate air flow rates
1

Sketch designs for building layout, orientation and plant space locations.
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Where the designation of zone activities is decided, appropriate specific powers can
be determined based on fan efficiencies (Table 3.14). Similarly, preliminary duct routes
between plant space and conditioned (or ventilated) zones can be identified and,
hence duct lengths measured.

Table 3.14 Typical practical fan efficiencies (EC Commission, 2011)

Fan Efficiencies
B C Centrifugal 07 065 06
F C Centrifugal 07 065 06
Axial 08 07 0.65

The proportion of fan duty necessary to overcome the internal components within air
handling units is significant. Typical values for these pressure drops are included in
appendix CH3-1. These typical values have been compared with internal pressure
losses for the hospital case study project. Table 3.15 lists internal component pressure
loss ratios. Good practice refers to an air speed of 1.5 m/s. Standard practice refers

to air speeds above 1.5 m/s.

Table 3.15 Internal Component Pressure Loss Ratios. (Schild & Mysen, 2009)

Internal component pressure loss
ratio

Typical 05
Good practice 0.45

3.8. Summary
This chapter has set out the methods by which the effectiveness of building energy

management is examined. Because building energy management is a process that
should occur at all stages of a project, this study considers case studies at design,
specification, installation and operational phases. Six buildings have been applied as
case studies (Table 3.16). Five of these buildings are within a university campus. The

sixth building project has provided data on fan systems in ventilation systems.
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The design phase has been considered by applying a CIBSE recommended energy
estimation technique to five existing buildings within the LJMU campus. The accuracy
of the technique is assessed by comparing a range of estimates, based on varying
scenarios, with benchmarks and actual energy consumption data. The case study
buildings are existing, and were constructed in different eras of statutory regulation for
energy use. Additionally, the energy performance characteristics of the case study
buildings are affected by their occupancy, function and servicing strategy, and these
were factored into the estimation. The estimation technique recommended by CIBSE
recognises both the frailties and value of dynamic simulation modelling (DSM).
Therefore the estimation technique applied DSM methods to dynamic building energy
loads and included non-dynamic calculation methods where building services and

equipment energy use correlates more closely with occupant behaviour.

Operational building energy use is considered through the use of the LIMU university
building management system. This part of the study also assessed the
comprehensiveness of building management system inputs and outputs. This can
highlight shortcomings where monitored data can be incomplete. For some systems it
was necessary to install temporary portable temperature measuring sensors to enable
energy performance assessment. Analysis of the effects of lacking BMS data points
indicated that the major operational penalty would be plant efficiency.

A comparison of design for air conditioning plant was obtained from an examination of

consultant design parameters, record drawings, maintenance handbooks,

manuf acturerds parameters revealed how mar gi
(The mar gi ns spec.i bterga scheduletade €7.5% fonssipply dané nt 6
extract systems, +10% for supply volumes and +16% for extract volumes) The fan

systems for the hospital project were assessed in order to study the implications on

design margins and to provide data for the development of an early stage fan energy

prediction technique.
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Table 3.16 Research methods applied to case study buildinas
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