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Abstract

A substantial reduction in the amountaairbon dioxideemissions resulting from human activities

is required to curb global warmiramndthis has led to the development of numerous measures to
ensure that cleaner and ma@a#icient energy sources are utilised in all facetpad op | eds dai

lives.

Globally, buildings account for almost half of the energy use in both developed and developing
nations. Commercial buildings account for a sizeable proportion of this buildiaggyen
consumption andhis trendwill probably continue to increase. Therefore, concerted sffod
currentlybeing directed athe development and application of effective building strategies and

measureto improve energy efficiency in buildings.

This study evaluates the impact of various energy efficiency measures and technologies on the
thermal and energy performance of UK hotel buildings using a whole budygiragnic simulation
software (application to Hilton hotelgjth afocuson the knockon effects that these technologies

will have on the overall energy performance and efficiency of UK hotgtker installed
individually or in various combinations. The study employs a quantitative research approach
underpinned by the thermal analysis simulatid various case study hotel buildings to address

the supposition that dynamic climatic conditions, building energy consumption estimates, building
energy efficiency improvement strategies and building thermal behaviour can be appropriately
simulated to ehance the energy efficiency of commercial buildings and abate the unfavourable

effects of global climate change.

The outcome of the research presents a practical approach of estimating the energy consumption

of operational hotel buildings with relativecacacy aimed at testing the suitability of various



energy improvement measures. The research also demonstrates that holistic consideration, design
and retrofitting of different types of building facade energy improvement measures such as
enhanced glazingna window properties and appropriate ventilation of doskle-fagades can

improve the thermal and energy performance of existing hotel buildings. Additionally, the research
results established that retrofit Combined Heat and Power (CHP) in relatigdyhlatels, either

sized maximally or with reduced capacity of more than half of the maximum size, can provide
sizeable environmental and economic bendftswvever, results of the evaluation of the current
decarbonisation of the UK power grid indicate tkia¢ environmental benefits of fossil fuel
powered CHRecomedess pronounced for the future grid projectiodereover, optimum CHP

size design can be obtained via evaluation of the relationship between the core building

performance parameters and thariation with CHP sizes.
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Chapter 1: General Introduction

1.1 Background

The complex an@ide-ranging effect®f climate changean includearise in sea levs| flooding,
droughtandincreased temperature (WMO, 201Bhe certainty of the adverse impact of climate
change and the possibility that the increasing cause of global warming pollutants (greenhouse
gases)is human activities is now widely acknowledged (Tayéiral, 2010; UKCR 2010;
AmoakoAttah, 2015. A substantial reduction in the amounta&rbon dioxide €O,) emissions
resulting from human activities is required to curb global warmimlgich has led tothe
development ohumerous measures to ensure that cleaner and more efficient energy sources are
utilised in all facets op e o plives.d'lse historic legally binding universal aggment to curb
climate changéhat wagecently reached in the United Nats Framework Convention on Climate
Change (UNFCCC) Conference of Parties (COP) f@ther shows the increased global
commitment to limit anthropogenic climate change (UNFCCC, 201Ibg¢ agreement aims to
ensure the global temperature rise in this centsygnificantly below 2 degrees Celsius and to

limit the temperature increase even further to 1.5 degreesu€eabove préndustrial levels

(UNFCCG 2015)

The United Kingdom (UK) is amongst the leading countries taking significant measures to
generallyimprove energy efficiency. This helps the UK accomplish two main strategic aims in its
energy policy of reducingO, emissionsto agreed standards and to ensure shstainable
provision of affordable energy to meet increasing demaxddqakcAttah, 2015. Therefore, a
law was put in placéo ensure @&0% reduction inCO, emissions by 205Gollowing the Royal
Commission on Environmental Polluti@réRCEP) report in 2000 (RCER000) This target has

since increased to 80% (Clima@hangeAct, 2008).Jusifiably, considerable focus is put on
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reducing the C@emissions from buildings (residential and commercial) since studies/analysis
have shownthath ey account for a substant {CabonPustpoportii
2013). The UK building $ock is one of the oldest in Europe, with over a third of dwellings
constructed before 1945 and one quarter of the ofdeomestic building stock constructed before

1940 (National Energy Efficiency Action PlaifSIEEAPS), 2017)Thereforeto achieve the CO

emissions reduction, it is important to significantly reduce emissions from existing buildings which

makes up the bulk of buildings

Among existing buildingsa considerable number of studiesviedbeen conducted on improving

the thermal performance and efficiency of dwellings primarily because they account for most of

the existing buildings and consume more energy than the commercial and public administration
(Department of Energy & Climat€hange 2015) However , to attain the U
reducing CQ emissions by 80%, it is equally imperative that the thermal performance and
efficiency of nondomestic buildings be effectively studied (BRE, 2000). Possible explanations

for the high emissias in hotels can be attributed to the fact that hotels generally prioritise comfort

of guests and the guest miadt is centred on experiencing luxury without the added pressure of
behaving in an energy efficient manner that they might encounter else(i®adrerts, 2008).

Moreover, hotels operate on a 24/7, 365 days a year bassinique occupancy behaviour makes

reducing emissions a further challengéne Carbon Trust (2013) highlighted that although
emissions from dwellings are more than that of tbenmercial buildings, emissions from
commercial buildings, offices, factories, hot
CO; emissions with an annual energy consumption of 300TWh (Carbon Trust, 2013). This

consumption value is equivalent®owi t zer | andoés princi pal energy



Additionally, energy efficiency measures are more cost effective in commercial buildings because

they are typically larger than dwellings.

It is important to make informed strategic decisions and investments in relation to energy
performance improvements which incorporate cost effective and sustainable environmental
considerations. These decisions and solutions should be knowledge basedtamatde. An

important initiative that startedgainst the backdrop of the historic Paris Conference of Parties
(COP) 21Agreement by over 100 leading corporates t he-basedehaeget sd (Ca
2016a). According to the Carbon Trust (201Ga)kciencébased target is definemk a carbon

emission reduction target that is in line with the measure of reductions needed to achieve the global
temperature 1increase -ibdastrial temp2rat@eas desonbedriretdie t o p
assessment regerof thelntergovenmental Panel on Climate Change (IPCThe initiative

entails making revolutionary commitments to set carbon emissions targets that are underpinned
with the best available science; over 170 companies have made commitments, withhedphpxi

2 major businessgmerweek signing up (Carbon Trust, 2016bhis new corporate commitment

shown by leading companies will only encourage other companies in all sectors, including the
hospitality industry, to align their decarbonisation and energy efficiency strategies with the
sciencebased targetSome of the meares that can be employed to achieve reducéd

emissions, particularly in commercial buildings, includglementing energy efficiency and
managementetro-fitting new technologies (relating twth the building fabric, lighting, Heating
Ventilation ar Air Conditioning (HVAC) and the activities within) and exploring onbitdding-

integrated thermal and electrical generasach as, Combined Heat and Power (CHP) and solar

hot water generatiofdenkinset al, 2009)



To evaluate the effectiveness of the various options, computer aided dynamic simulation software
packages are normally use@ollins (2012) argues thathe need to estimate annual energy
consumption in existing buildings and the built environment at large is becoming ever more
important, as greater attention is now being placed on effectively controlling utility costs, total
energy consumptioand CQ emissions. Estimated energy use can be utilised for various purposes
such as justification for proposed refurbishment works, developing budgets for utility costs,
demonstrang compliancewith certain regulation targets efthe European Union(BU O Ener gy
Performance of Building Directived (EPBD), wh
higher energy efficient buildingsplaces emphasis on the necessity to develop certain
methodologies for energy performance estimation and the issoérae energy performance
certificate (Gucyeter & Gunaydin, 2012). The directive specifically makes it compulsory for all
member states to develop national calculation methodologies that are in conformity with the
structure of the di2003.dn thevl&,bvgo miain systeame gres used EoP B D
domestic and nedomestic buildings to demonstrate compliance with the EPBD directive. The
Standard Assessment Procedure (SAP) for the energy rating of a dwelling is used for domestic
buildings whereas th®implified Building Energy Model (SBEM) which accommodates a broader
variety of building types is used for nalomestic buildings (BRE, 2006). P a r Gonsérvation

of Fuel afrthe Buiding/ Regudations governs the eqeefficiency of new buildigs

(of all types) in England and Wales with extensions sudt?2Asfor new norndomestic buildings

and L2B for work in existing nedomestic buildingdBRE, 2006). Although there has been
significant progress made in the area of tools (software packagegeltto estimate the energy

performance of buildings, they still have some limitations in their capability to accurately predict



the energy performance of an actual building with real occupancy behaviour and activities

(Menezeset al, 20129.

Therefae, from the issues highlighted aboarda review of the relevant body of knowledgfais
research aims to address the impacthef use of various energy improvement technologies or
measuresn the thermal performance aadergyefficiency of UK hotel buildhngs withthe aid of

a computationatlynamic simulation software (ith application toHilton hotels). The energy
improvemenmmeasures that asensidered are the efficient technologies which are been marketed
by numerous suppliers; the impact of these teldgies onthe overall building energy
performance i€xamined when installed individualandin different combinationsA review of
pastresearchindicates thastudies investigatinthe effect of interventions and technologies on the
thermal performance and efficiency of hotels in the lh#emostly beendoneon thedesign of

new buildings.Moreover, vhen these technologies are examinedexisting buildings the
interdependency ankhock-on effects that theyhave on the overall energy performance of the
building arenot analysed. This research &ito contribute to thigap in knowledge by analysing

the interdependency and impact that these various technologies have on $iihdielgyhelping
building professionals and hotel management in making relatively quick and informed decisions
in the application of variousnergy improvemenhterventions/technologies towards improving

the thermal performance and energy efficiency of hotels

1.2 Aim

Themainfocusof this research is to evaludtee impact of various technologies on the thermal
performance an@nergyefficiency of hotel buildingsising holistic whole building simulation
models. The holistic models are developed with thermdlysisasimulationsoftware to enable

testing of the impact of variolenergy improvemertechnologiesand measuresn the thermal
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performance and effiency of hotel buildings. The simulations give resultéoimats that allow

for the drilling down of indvidual systems or plant items and also en#i¥study of the effect of
improvements/irgrventions made to buildings, thgitconsidering the adverse or kneck effecs
thatthese improvements might have on each other. For example, the introductiéb ¢dirhps
meant to reducthe lighting energy consumption can have an impact oovbeall cooling load
(i.e. by reducing the amourdf heat emitted as compared to conventional halogen lights)
consequentlyncreasng the heating requirement and how thifegts the efficacy of solar film

installation in win@ws or an existing shading system.

1.3 Identified knowledge gap

This research makes a scholarly contribution with an approach employing the practical application
of whole building thermal analysis simulati software to examine the energy and thermal
performance of existing buildings. In particular, this whole building simulation approach considers
the knockon effects of the different installed energy improvement measures on the energy
performance of builitgs. This work also identififsom the literature some areas requiring further

research.

1. Reduction of the performance gap between estimated building energy consumption using
dynamic simulation models and the actual site consumption, especiaditeirbuildings.

2. Impact of building facade particularlythe cuble-skin facade (DSF) and its cavity space
ventilation on the thermal performance and the overall energy performance of existing
hotel buildings.

3. Impact of glazing and glazing energy improwent retrofit on the energy performance of

existing commercial buildings, especially hotels.



4. Impact of Combined Heat and Power (CHP) systems on the energy performance of existing

UK hotel buildings and optimum size selection in CHP retrofitting.

1.4 Objectives

The objectives presented below are employed to achieve the aim of this research:

1. Estimation and validation of energy consumption in existiig hotel building using

dynamic simulation software

Tasks to achieve aim:

a.

Collection of all necessary data suckh @AD plans, building fabric makeup,
plants/system information and operating energy consumption and site survey to
verify the collected data.

Creation ofa hotel model on the dynamic simulatisoftware using the collected
data

Estimation of annual energgonsumption of the hotel using the Building
Regulation Part L model.

Estimation of annual energy consumption of the hotel uaibgspoke energy
model. This is done through the systems modelling component of the dynamic
simulation software.

Improveanent ofthe system modelling result by estimating and accounting for
(unregulated energy use) catering energy use.

Validation of the mod@ sresults and comparison against actual building

operational energy consumption.



2. Evaluation of thempact of extraction fans the cavity of the east and west dousken
facade on the overall energy consumpto thermal performana# existing UK hotel
buildings.

Tasks to achieve aim:

a. Collection of all necessary data suclaahitectural plans, building fabric makeup,
plants/system information and operating energy consumpfiogite surveywas
also undertaken to verithe collected data.

b. Development othehotel model in the dynamic simulation software using the data
obtained.

c. Estimation of the annual overall energy aomgtion of the hotel vidhe system
modellingcomponenbdf the dynamic simulation software.

d. Improvement of the system modelling result by including estimation of unregulated
energy use (catering energy yssjbsequently, validation dhe modeb sesults
and comparison against actual building operational energy consumption.

e. Incorporation of extraction fans in the DSF cavity of the hotel building model and
comparison of the energy and thermal performance to the hotel model without the
extraction fans.

3. Evaluaion of theimpact of window films on the overall energy consumption of existing
UK hotel buildings.

Tasks to achieve aim:



a. Collection of all necessary data suclahitectural plans, building fabric makeup,
plants/system information and operatieigergy consumptiorA site surveyand
visitationwerealso undertaken to verify collected data.

b. Development of hotel model on the dynamic simulation software usingdtite
obtained

c. Estimation of the annual overall energy consumption of the hoteheigystem
modellingcomponenbdf the dynamic simulation software.

d. Improvement of the system modelling result by including estimation of unregulated
energy use (catering energy yssjbsequently, validation dhe modeb sesults
and comparison against aat building operational energy consumption.

e. Incorporation of window films into thieotel building model and comparison of the
energy performanc® the hotel model without the window films.

4. Evaluation of thempact of CHP systems on the energy perforraari@xisting UK hotel
buildings and optimum size selection in CHP retrofitting.
Tasks to achieve aim:

a. Collection of all required data includingrchaitectual plans, building fabric
properties plants/system informatignbuilding occupancy informatiorand
operating energy consumpticasite survey and visitation were also undertaken to
verify the collected data.

b. Creation of a hotel model on the dynamic simulation software using the collected
data.

c. Estimation of the annual total energy consumption of Hwel through

plant/system modelling on the dynamic simulation softwasbsequently,



verification ofthemodeb results via comparison of the model result against actual
building operational energy consumption.

Incorporation of the CHP into the hotelilobing model to evaluate the possible
maxi mum CHP si ze based on theprierityrioarteet | 6 s
Domestic Hot Water (DHW) demandvhich is substantial and consistent
throughout the yearhence ensuring that all the heat produced thg CHP is
utilised.

. Reduction of the estimated maximum size by 10%, 20%, 30%, 40%, 50%, 60% and
70%. Subsequently, critical analysis of the CHP performance oigeratige is

employed as a basis of selection of the optimum CHP size.

1.5 Motivation and research questions

The man motivating factors that are drivintpis researchare the potential it has towards
contributing to existing knowledge and contribution to business. The need to reduce carbon
emissiors due to the adverse impact of global warming has prompted responses especially in the
UK building regulation which favours building fabrics and technologies that increase the
airtightness of buildings. This has increased the risk of overheating in lgsildspeciallyin

regard toincreasing warmer future weather predictions, which means more energy might be
expended in the future for cooling especially in hotels which prioritise customer satisfaction. This
research will therefore contribute to ongoingeagh trends that focus on providing sustainable
solutions to this intricate balancing challenge in providing efficient buildings. The contribution to
business for this researchfrom its potential to highlight possible energy improvement measures
to hotl decision makers and provitteemwith an idea of where they can invest their money and

prioritisation of investment.
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Additionally, the potential of this research to answer the research questianother motivating

factor. Theseresearch questions are

1 What methodology can be adopttl usethermal analysis software as a simple and
practical approach in the estimation and validation of energy consumption in existing UK
hotel buildings?

1 What are the effects of various improvement interventions and technologies on the
efficiency of hotels irthe presentlimatic conditions?

1 Which of the various technologies dhe most appropriate in improving the efficiency of
hotels based on their intl¥pendency with each other?

1 Which of the considered technologies/interventions theemost appropriate for new

buildings and whiclarebest suited as retrofits for existing buildings?

1.6 Thesis outline and chapter layout
Chapter 1: General introduction

The introduction chapter presents a general background of the study area highlighting the
relevance of the research topic to the Unit
consumption in buildings. It also lays out the research aim and objectives arifleslehe

knowledge gap, the motivation behind the research and the research questions.
Chapter 2: Literature review

The literature review chapter presents a critical evaluation of key issues underpinning the aim and
objectives of this research. Theselunie the existing body of knowledge on energy efficiency,
building carbon emissions reduction, building modelling and simulation, building energy

improvement measures, building facades and glazing and Combined Heat and Power (CHP).
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Chapter 3: Methodology

This chapter lays out the research method employed for the study. It highlights the research
philosophy, research design, ethical concerns and the general modelling and simulation process

used in the study.

Chapter 4: Estimation and validation of energyconsumption in existing hotel buildings in

the UK using dynamic simulation software

This chapter presents an approach of estimating and validating the energy consumption of an
existing hotel building. The approach helps to reduce the expected perforgagniocetween the

operational energy estimate and actual building energy use.

Chapter 5: Impact of extraction fans in the cavity of the east and west doublskin fagade

(DSF) on the overall energy consumption oén existing UK hotel building

This chapter gesents a case study exploring the impact of installed extraction fans in the DSF
cavity of an existing hotel building on the thermal and energy performance of the building. it
considers the prevailing thermal condition of the DSF cavity space and cambggramines its
influence on the thermal behaviour of the adjoining large central atrium and its impact on the total

energy performance of the building.

Chapter 6: Impact of window films on the overall energy consumption oéxisting UK hotel

buildings

This chapter investigates the holistic energy performance improvement potentials of solar window

film retrofitting in existing UK hotel buildings via thermal simulation of two different types of

12



case study hotel buildings. It interrogates the holisticetsotb evaluate the impact of the solar

window films on the various components of the

Chapter 7: Optimum size selection ofCombined Heat and Power (CHP)retrofitting in

existing UK hotel buildings

This chapter evaluates thrapact of CHP systems on the energy performance of existing UK hotel
buildings with the aid of whole building simulation software, including an approach of optimum

size selection in CHP retrofitting.

Chapter 8: Conclusions and Recommendations

This final chapter presents the main conclusions deduced from the previous chapters including a
summary of the conclusions of the studies undertaken in the thesis. This chapter also highlights
the practical application of the outcome of the thesis, the study liom$aits modest contributions

to knowledge and recommendations of logical areas of continuation for future studies.
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Chapter 2: Literature Review

2.1 CO:EmissionReductionand Energy Consumption

Considerable scientific pod of the manifestation of climate change, its rmaade origin and
possible overwhelming impacts continue to accrue (I 3). King et al (2015) highlighted
that owing to the increased manade emissions ajreenhouse gase&lG), there have been
higherglobal temperature and sea level siserecent times compared to the preceding decade.
Consequently, in order to mitigate teevereenvironmental costs for billions of people, it is
imperative to keep the global rise in tempergtutgch is already 0%, above the préndustrial
level to 2°C below this level (Kinget al, 2015). The environmental consequences include more
extreme drought, gadeheat waves and flooding that can result in loss of livelifoodillions,

increased global migration, t&ons and the risk of war.

The adverse impact of GHG emissions gl@bal consequencasdthus tackling climate change
involves coordinated action by nations around the world. Therefore, the UNFCCC was established
in 1992 asthe foremost body for interribnal action on climate changd&his international
convention has been subscribed to by195 countries and negotiations aesl totdsur major

areas (Committee on Climate Chang@l17):
1 Abating greenhouse gas emissions
1 Adapting to climate change
1 Reporting of national emissions

1 Financing of climate action in developing countries
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According to theJNFCCC (201), Article 2 of the UNFCCC 1992 convention states that the main
aim of the convention is to accomplish the stabilization of GHG concentratitims atmosphere

at a level that would mitigate harmful anthropogenic interference tivitlglobal climate. This

level should be attained in a timely manner to enable natural adaptation of ecosystems to climate
change, to guarantee that food productiomosendangered and to allow economic development

to proceed in a sustainable fashion. However, the recent@®entration in the atmosphere has
increased to 400 ppm (parts per million) from 270 ppm in thenghestrial period and continues

to increasen excess of 2 ppm annually (United States Environmental Protection AGa1S).

This current relentless increase in the levels of atmospherdu@i®@er highlights the seriousness

of the situationAccording to thdEA (20139) in orderto help guard gainst the adverse impacts

of climate changeheglobal international consensisghat maintaining the concentration of GHG

at below 450 ppm of C£&quivalent is in agreement with a near 50% chance of achieving the 2°C
target below the prandustrial level. Moreover, some expersguethatthe perils earlier thought

to be correlated with a global temperature increase of about 4°C are presently associated with an
increment of just over 2°CSimilarly, the dangers formerly linked with 2°C are now belieteed

arise with just a 1°C temperature increase (Setith., 2009).

To improve the chances of adequately curbing the impact of climate change, it is imperative that
the GHG emissionespecially CQfrom global energy consumptiois significantly reducedas

it is the primary source of GHG emissiorBnergy is central to all economand social
development andnenhanced quality dife. Energy is defined as the ability to do work and it is
available in different forms, for example, mechanical, eletyrichermal, chemical, nuclear,
radiant, gravitational and sound (Bilge2014). The main sources of energy can be fdgsis

(such as coal, natural gas, shale oil, petroleatm); renewables (such as hydro, biomass, wind,

16



solar, geothermal) and fissimaterialderived from atoms like uranium, plutoniyetc (Bilgen

2014).

According to the IEA World Energy Outlook (IER016), the energy sectavasresponsible for

over twathirds of the overall global GHG emissions in 2010 with around 90% of thrgyene
associated GHG emissions being from>G0Ad about 9%rom methane (Chk) and its effect is
normally analysed in terms of carbdioxide equivalent (C&eq). Nonetheless, the global energy
consumption remains on the increasainly driven by fossil fuelsvhich account for more than

80% of global energy consumption, a proportion of which has steadily been on the increase since

the mid1990s (IEA 2013).

Additionally, the fast growth witnessed in the use of coal in recerdstihas basically abated
primarily due to increased environmental concefiiz\, 2016). Therefore,there was a 0.1%
marginal but encouraging reduction in £@missions from combustion of fossil fuel, cement
production and other processes globally in 2@bvier et al, 2016).However, thigeduction in
global emissionswhich can be better described as a stall in €E@issionswas not accidental
especiallyif the uncertainty in the trend from the data sourcesaken into accounRather the
reduction wasdue to structural changes in the global econdhsimprovement in global energy
efficiency and in the energy mix of major world players (Oligeal., 2016).Furthermore, for the

first time in at least four decades, the stalling or reductiommiiss@ons is not wholly or partly
associated with an economic downtufliiEA, 2015). Especially since emissions across the
Organization for Economic Cooperation and Developn@BCD) continued to dissociate from
economic growth, similarly, emission records from China indicated initial signs of a diminishing
correlation between economic expansion and emission growth, even though it is not yet completely

detachedlEA, 2015) A joint report by the Netherlands Environmental Agency and the European
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Commission on the trend in global €@missions (Oliviert al, 2016) provided the key data

behind the stall in global G@&missiors observed in 2015 as follswv

1 Two major global playersChina and the United Stajedecreased their GO
emissions by 0.7% and 2.6% respectively compared to 2014. One key factor
responsible for the Chinese reduction in @&missions was the change in their
energy mix andthe economy. The energy mix in Chinaitmessed a 1.5%
reduction in coal and 1% increase in the proportion of renewable fuel in primary
energy consumption. The increase in4fiossil fueswas attained du®growth
in nuclear energy by 29%, hydropower by 5% and others such as wind and solar
erergy by 21%. Similarly, the United States significantly reduced theis CO
majorly due toa 136 reduction in coal consumptiprmvhich is the largest
comparative reduction in any fossil fuel consumption in over half a century, with

most of the electricity pauced by gas fired plants.

1 There was also a 3.4% and 2.2% reduction in emissions by the Russian Federation
and Japan respectivelgithoughthis was negated by 5.1% and 1.3% increases in
emissions by India and the European Union respectively. Moretwzewere
increased emissions from a substantial group of the smallest countries. The 1.3%
increase irthe European Uniod €0, emissions was preceded by four years of
reductions in annual emissions on a 3.1% average rate. This stagnation and
subsequent increase wasgelycaused by a 4.6% increase in the consumption of
natural gas for space heating and generation of electaodya 4% increase in
diesel consumption in the transport sector. Conversely, there was a 1.3% in

electricity generation in 2015 with a less than 1% associated emissions reduction
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mainly due to a considerable 29% larger share offassil fuel electricityfrom
wind, solar and hydropower. The incredishare of renewable electricity resulted
in a 1.8% reduction in coal consumptievhich was mainly used in the power

generation sector.

The slowdown in energlinked CQ emissions, as highlighted above, wasrnanily due to a 1.8%
improvement in the energy intensity of the global economy, a shift strengthened by the
improvement in energy efficiency along with the global expansion in the use of cleaner and mostly
renewable energy sourc@gA, 2016). Therefore,tiis important that further global efforts aimed

at improving energy sector efficiency are needed, as the current trend demonstrates the potential
of low-carbon energy consequently giving credibility to meaningful action on global climate
change. This isarticularly the case as it is widely acknowledged that transformative change in
the energy sector, which accounts for at leastttwrals of global GHG emissions, is crucial to

attain the goals of the COP21 Paris Agreement on climate cki&rge2016).

Most countries that are party to the Paris Agreement are on track to attain, and in some cases,
surpass several of the targets set in their Paris Agreement commitments. Although this is adequate
to slow the predicted rise in global enetked emissionsit is not sufficient to limit the global
warming to less than % (IEA, 2016;Committee on Climate Chang®)17). Moreover, the new

US Administration has declared that it will quit the Agreement. However, several other countries,
organisations, and submatal governments have reaffirmed their commitment in response to this
announcementQommittee on Climate Chandg&)17. These countries include major stakeholders

such as China, India, the EU, Canada, Mexico and Australia; also, within the US, therg$ th
Climate Alliance of states (accounting for around a fifth of US emissions anfiftfaof US

Gross Domestic Product) and the US Climate Mayors (comprising over 200 cities). Hence these
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commitments and advancement in establishing global natievehlpolicies denote that the global

shift towards a lowcarbon economy is well in motio@@mmittee on Climate Chang#)17).

2.2 Energy Efficiency and CO; EmissionReduction in Buildings

The effect of greenhouse gases like2@©m human activities resultinign global warming and
climate change is generally recognised and proof of its impacts on buildings needs little
justification (UKCR 2010; AmoakeAttah, 2015).It is also widely acknowledged that average
temperatures will ppbably continue to increase, indicating that peak summer temperatures in the
UK will increase by up to 7 degrees Celsius over the coming century (CIBSE,K&tdick et

al., 2012. CIBSE (2005), This expected temperature increase will have considefiaulis on

the indoor thermal condition of UK buildings, with major concerns such as overheating, the
implementation of various passive cooling and comfort cooling strategies and the possible impact

of these strategies on energy use.

Any approach implemeed to achieve a comfortable internal building environment in the light of
increasing temperatures must be energy efficient as presently, researclomtirkssources of
emissions show that buildings account for bulk of the emissiotise UK, studies &ve revealed

that the direct C®emissions from buildings account for at least 19% of the UK GHG emissions
(Committee on Climate Chang2017. Moreover, the UK emissions decreased by 6% in 2016,
although this improvement was unbalanced as the reduction was almost solely attributed to power
generation, where there was a swift fall in coal power generation and a resultant 24% reduction in

emissiors (Committee on Climate Chang2017).

According toUrge-Vorsatzet al, (2015) buildings and their associated activities represent a

sizeable share of global environmental challenges. These environmental concerns, mainly
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influenced by the amount angiality of the energy consumption in the building, are internal and
external air pollution, associated health hazards, energy dependence and security. Moreover,
building energy consumption also poses significant enkmggd challenges to sustainable
devdopment, which includes mortality linked to indoor cooking, insufficient energy resources to
facilitate economic growth and development, inequality in the accessibility to modern energy
services and global climate chan@#geVorsatzet al, 2015) Many cevelopedanddeveloping
countries have established regulations aimeéteateduction of building energy consumption by
significantly improving the energy efficiency of buildings (Sorgetal.,2016). Therefore, itis

clear that an adequate focus is rezbtb mitigate against emissions from buildingsisican be
achieved by considerably improving the energy efficiency of buildings thus reducing energy

consumption and C£emissions.

CIBSE (2012) describes an energy efficient building as a buildingctmetumes the minimum
amount of energy to provide the required internal environment and services in a cost efficient and
environmentally viable way; that is, energy efficiency does not compromise on comfort. Energy
efficiency is important in both new andisttng buildings as new buildings designed for {ow
carbon systems can forestall expensive future retrofit and reduce energy utilit¢ @oshiftee

on Climate Change€2017. Furthermore, improvement in the energy efficiency of the existing
building stock an reduce emissions and energy utility costs, enhance competitiveness and asset
values for business, improve the internal building environment, help to reduce fuel poverty and
improve the suitability of the building for the incorporation of foarbon heang in the future

(Committee on Climate Chang2017).

Primarily in UK buildingsabout half of the energy demand is utilised for space heaspgcially

in the service sector (offices, retail, education hotels and catering), with health and hotejs havi
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the highest consumption of energy by unit floor because of longer periods of occupancy and high
hot water derand (BRE, 2000 The possible positive impact of an already warming and even
warmer predicted future climate on energy consumption is the reduictheating energy use. A
report by the Intergovernmental Panel on Climate Change (IPCC) advocates that an 18% reduction
in CO2 emissions(14.5 MICQO,) is attainable for commercial and pubkdector buildings by
implementation of no/low cost energy ef@incy strategies (IPCC, 2007). In addition, the potential

for a further reduction of 23% (18 KIO;) is possible through the incorporation of micro
generation technologies. The Low Carbon Innovation Coordination Group LCICG report (2012)
suggests thattheres s ubstanti al potenti al for energy
refurbished buildings. LCICG (2012), highlighted that energy savings of up to@8Jy 2020

are achievable by application of innovative energy saving measures donaestiduildings and

a further 86MtCO, by 2050, depending on the implementation rate of the energy saving measures.

The potential cost savings from these abatement measures can be up to £13 billion by 2050.

The energy saving prospects highlighted by trees similarreports have been among the key
drivers indicating that improving energy efficiency can assist to mitigate the dangerous effect of
anthropogenic climate changeélolmesandHacker(2007)opined recentmpetusseens to have
shifted from the desre to reduce costs and conserve limitedources towards curtailirthe
production ofCOp, which in terms of urgencis of much greater importance.oiever it is
economic consideratiorthat will always dominateGenerally, the approach of global deaisi
makers and governments towards improving energy efficiency in buildings is aimed at developing
policies and measures that are designed to reduce energy consufAptiohi et al, 2015)

CIBSE (2012) and Allouhet al, (2015) argued that these policies, though diverse, can be largely

divided into three categories:
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1 Regulatory measures (such as buildiagulations)

1 Soft instruments (tbseconsist mainlyof voluntary standards, for example, certifications
that go beyondegulatoryrequirements)

1 Economic incentives (such as tax exemptions/reductions and capital subsidies which can

encourageéhe owner to undertake energy saving measures/refurbishments)

2.3 Building Modelling and Simulation

Due to the increasing need to ensenergy efficiency and reduction @O, emissions, building
performance modelling has become an integral component of building designetSpit2012;

CIBSE, 2015). Building simulations or models are powerful computational tools which are
generally utised in the aspect of building design to assess regulatory compliance, evaluate
changing weather or climate data on overheating analysis and estimate energy performance, which
helps in curbing C®emissions, thermal mass evaluation, etc. (Ame&kah andB-Jahromi,

2013). Hence, building energy simulation is a powerful tool that allows a building to be modelled

as a complete system, thus accounting for the

external and internal environments (Hygfd., 2012).

According toSpitz et al (2012, energy simulation isisuallyemployed to estimate the energy
performance of a hiding andenhance occupar@tthermal comfort; it is also used to lessen the
buil di ngbs environment al f o o tapdrreaduce thet dost ofu g h o u
construction and operatiolbue to the recent advancement in building thermal regulations
introduced by numerous couies, the energy performance of buildings is rapidly increasing and
consequently, an efficient modern building requires almost no energy for heating, compared to a

decade ago wheteeatingenergy consumptiowas around 200 kWh/(#hannually (Spitzt al,
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2012).The accuracy of thenergysimulation is generally as good as the gyabf input data
available used for the thermal model (Calleja Rodrigeeal, 2013;Babaeiet al, 2015).
Therefore, simulation accuracy depends on various dynamic inpumgi@s such as occupancy
characteristics and weather data, both of which are difficult to replicate in modelling to match that

of the real building, especially at the design stage.

The choice of weather data used for the simulation has a considerablé onpte result.
According to Holmes and Hecker (2007), building service engineers can only use the weather data
of a year to run building simulations, while the World Meteorological Organisation defines climate
as a 36year period so as to reduce the efffef natural intelannual differences in the weather
data. This poses a question of which year s
data employed in building simulation models contain hourly records of the core weather variables
(like tenperature, solar radiation, relative humidity and wind speed) at a location in close
proximity to the modelled buildinEames2016) Usually, two distinct types of weather files are
used to perform building simulation in the UK; these are the Retrence Year (TRY) and
Design Summer years (DSY) (CIBSED17) The weather file of a year that is representative of
the weather over a certain number of years is referred to as the TRY, which differs as different
countries employ different methods inodsing their TRY (CIBSE, 2009)The weather file
compriseghe average months chosen franbaseline of historical data (Virk & EameZ016).

The updated CIBSE TRY files are developed using a baseline period of 1984 ta0pposed

to the previous TRYsIing a baseline of 1984 to 2006, therefore, they account for the effect of
climate change (Mylona2017). Virk and Eames (2016)highlighted thatin the UK, he
International Organization for Standardization (ISO) methodology is employed to selecesuitabl

TRY months and it selects representative months using air temperature, relative humidity, cloud

24



cover (as a substitute for global irradiation) and wind speed (as a secondary parameter). The
primary variables are used to obtain the three months witlwest ranking. From these months,

the month with the most average wind speed is subsequently selected as the representative month
for that location (Virk & Eame=2016). Since TRY is developed to be representative of weather
over certain years, it does remntain extreme scenarios, therefore it is better suited for measuring
energy performance and not appropriate for estimating building performance under worst case
scenarios like overheating (Holmes and Hecker, 2007; CIBSE, Z0@9)pdatedCIBSE TRY

files are developed usirtige baseline period of 1982013 as opposed to the previous T&dng

the baseline of 1982006; therefore, they account for #féct of climate change (Mylona, 2017)

CIBSE introduced the concept of DSY in 2002 to make up fasttbeicoming of the TRY weather

data and to provide designers with weather data that can be used to evaluate the risk of overheating
(CIBSE, 2002). CIBSE (2009), described the DSY is a whole year in which the average
temperature of the summer period, ApoilSeptember (instead of June to August), is at the centre

of upper quartile of rankings obtained from 20 individual years. That is, inya&0period the

DSY will be the third warmest year according to the average April to September temperature.
However observations by researchers and professionals over the years show that the DSY
produced using the original selection criteria has some underlying shortcqEamyes2016) A

summary of the main problems associated with the original DSY weather fildertbe following

(Eames2016)

1 The severity issue: this arises as the severity of the DSY differs across all locations.
1 The temperature issue: this is evident as the tails of the TRY temperature distribution can

be more extreme compared to that of DSY.
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1 The overheating issue: this arises as using TRY for the simulation of some building types
in some locations can result in higher overheating compared to using DSY for the same

locations.

These concerns have resulted in the review of the simplistic original DSY selection ni¢thod.

latest weather data in the UK for London presented in CIBSE TM49 is underpinnie by
morphingof historical weather with the latest UKCPQ9 climate changeeptigjis which are
probabilistic in nature (CIBSE2014) Probabilistic Design Summer Years for London (PDSYS)

is provided in CIBSE TM49, which will be extended across the other CIBSE weather locations.

The PDSY are selected based on a new matricof summer mt h r ef erred t o as €
Degree Hoursodé6 (WCDH), which is associated wit
2014). CIBSE (2014) describes WCDHthe cumulativesquared houyl difference between the
externaldry bulb temperatte, T, aml the adaptive thermal comfort temperature, WiseneveiT

is greater thaiic. This methodology has been developed to replace the original DSY with a set of
years that gives better representation of overheating events along with their relative severity and
anticipated frequencyEames 2016) Moreover, the PDSY developed for London also
incorporates the effect of the Urban Heat Island (UHI) observed in London and it is therefore an

i mprovement on ClIBSEOGs previous cUdevebopedinand f

2009, which is underpinned by the UKCPO02 (CIBSE, 2014).

The main disadvantages of building simulations include the large amount of input data required,
the high technical knowledge and the considerable time needed even for experienced users
(Mustafarajet al, 2014; Babaeket al, 2015). According to CIBSE (20&h generally, design
software for building energy performance is split into two types: compliance evaluation or

assessment tools and design tools. Though both categories of softeradgnamic thermal
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simulation models, they rarely give similar performance results as they are developed to address
two rather distinct but inseparable requirements. Factors such as the difference in modelling
procedures between getting energy performaegairements satisfying regulation standards and

a buildingbs real performance under bespoke ¢
responsible for the discrepancy in performance results obtained from the two model types (CIBSE,
2015). That is, @mpliance evaluation models usually employ simulation software based on a
standardised climate and operational data to satisfy the building regulations, while building design
models use a dynamic simulation to estimate building performance under a véhetypoke

dynamic conditions (CIBSE, 2015).

2.3.1 Building energy performance modelling for compliance and actual

energy consumption estimation

Building regulatiors provide the minimum standard for new and existing buildings in the UK.
Thesegovernmentet regulations differ marginally for Scotland and Northern Ireland as they are
separately overseen. InWalesandEnglend r t L A CoFused r vaantdi dPro wefr 06 o0 Vv e
efficiency of new buildingwith extensions such as L2A for new ndomestic buding and L2B

for work in existing nordomestic buildings (BRE, 2006). New buildings in the UK must be
assessed dhe design stage with the standardised calculation method known dhldtienal

Calculation Methodology(NCM) which is the calculation appach required by the EPBD for
demonstration of compliance with energy performance standards (Collins, 2012; CIBS&, 2013

DCLG, 2015).

To show compliancevith building regulationsNCM takes into consideration the architectural

design, regulated energy ugsuch as lighting, heating, cooling and domestic hot water
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requiremerd) of the modelled building and offers a comparison between the carbon emissions of
the model and a comparable notional building. Both calculations are done using standard sets of
datafor different activities and call on same service construction databases. The standard NCM
templates define the operational inputs (such as operational hours, occupancy density, set
temperature points for space conditioning, domestic hot water demanitgti@mntate etc.) that

are used for both the modelled and notional buildings. The NCM enables compliance calculations
to be done by endorsed dynamic simulation software (such as Environmental Design Solution LTD
EDSL TAS) for large complex buildings oBEM for less complicated nedomestic buildings.
Dynamic thermal simulation software is preferred for complex buikloegause it give hourly

output which is needed to givemore accurate evaluation compared to SBE&Mich providesa

monthly calculatioroutput. As highlighted earlier, the calculation procedure for both alternative
dynamic simulation software and SBEM is defined in NOMhi ch i s i ssued by
government Department for Communities & Local Government (DCLG). Therefore, they use
specifc weather data and standardised set of activities and construction databases but some
unregulated energy use (such as plug loads, catering, lifts, s&teeysare not accounted for in

the calculation. This makes the building regulation part L enesgjtsenot representative of real

site energy consumption (CIBSE, 2015). Even though the NCM guidance clearly advises that part
L resuls are not equivalenttab ui | di ngds a cthay aréfrequently sisedmgthe i o n
starting point for computing aactual consumption model and possibly budget planning for

utilities use.

On the other hand, bespoke energy models using Dynamic Simulation Models (DSM) can estimate
energy consumption thad more representative of actual energy consumption. This is lBecaus

bespoke analysis enables greater flexibility as usage sdtatnnternal conditions can be defined
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along with systems that are more representative of actual b&liHHBSE, 2015). It should
therefore be noted that within building energy modellihgré are two main evaluation categories
that should not be confused, namely modelling for compliandebespoke modelling. Figure 2.1

shows the major distinction betwea®SM compliance energy model aathespoke model.

Central model information
N and calculation engine .

\ Common building geometry ,
and construction materials
data

Bespoke building Bespoke building
operational parameters energy/carbon performance

Figure2.1: Use of common central model for multiple applications (CIBEHD5)

However, despite the closer representatibactual site energy consumption that bespoke models
offer, there is still existence afperformance gap as the models have limitatidhg. imitations

are associated with the fact that models are alwaysimplified view of the real world
Additionally, occupanté behaviouy which is complexcannot be perfectly assumaddweather
data usedin modelling is usually an average climatic data which will not necessarily be

representative of a specific real year etc.
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2.3.2 Studies o performance gap and estimation of building energy

performance

Studes of availablestateof-the-art show that theres significant literature on the discrepancy
betweenthe energy model design arttie measured energy consumption of operational non
domestic buildingsespecially offices. Some dfis research igresented in this secti@ong with

some studies on the enenggrformance of hotel buildings

In the field of building performance gap and estimation of building energy performance, some
studies, for instance, those of Meneeeal.,2012; CIBSE, 2013&ucyeter and Gunaydin 2012,
investigated the reduction of performance gap and development of improved energy simulation
model in commercial office buildings. Menezssal., (2012), used Post Occupancy Evaluation
(POE) information of the case study builgito investigate the observed performance gap between
predicted and actual energy performance. In a similar study, CIBSE, (2013a) TM54 presented with
the aid of a case study high density office building, the apparent mismatch between predicted
energy peidrmance of a building at the design stage against operational energy. While, Gucyeter
and Gunaydin (2012) employed a calibrated simulation model based on an energy performance
audit and monitoring of the case study building, which is evaluated on perfmenerels and
potential for improvement with simple Energy Conservation Measures (ECM). Gucyeter and
Gunaydin (2012) demonstrated that after 13 runs of repeating the calibration process, a calibrated
basecase model with an average root mean square drt@.46% for heating and cooling energy
consumption compared against monitored data was attainable which was finally used to evaluate
three retrofit strategies along with several proposed ECMs. On the other hand, the findings of the
works of Menezest al, (2012) and CIBSE, (2013a) both demonstrated the existence and causes

of performance gap between models and operational buildings along with methods that can be
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employed by building professionals to bridge the performance gap. Meaezds (2012),
indicated that the major underlining causes are the unrealistic input assumptions of occupancy
pattern and facilities management in building energy models. The study also showed that POE can
help to significantly reduce this performance gap by employing dte abtained to develop a

more representative model of the actual building, which incorporates better parameters with
regards to occupancy pattern and unregulated energy use especially small power and catering
equipment in high density office buildings. Maover, the result of CIBSE, (2013a) TM54 showed

that energy models that account energy uses, such as such lifts, catering facilities, servers, small
power office equipment etc., which are not accounted for in energy compliance models can provide
very signficant correlation between energy consumption estimates compared to actual operational

energy consumption.

Figure 2.2 shows a comparison of the case study result for Part L model and the TM54 estimates

against actual measurements from the report.
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Part L model versus TM54 versus Actual
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Figure2.2: Case study result for Part L model and the TM54 estimates against actual measurement

(CIBSE, 2013a)

Furthermore, some studies such as those of Knight, Strvoravdis and Lasvaux 2008; Collins 2012
and Xinget al 2015 evalated comparison of energy simulation models to actual building
performance and also highlighted the importance of accurate estimation of building energy
consumption in commercial buildings. Knight, Strvoravdis and Lasvaux (2008) compared site
measured emgy consumption data to predicted values from detailed surveys and modelling for a
case study for a mixedse UK educational building. While Xingt al (2015) evaluated the
efficacy of Energy Retrofit Measures (ERMs) in reducing the energy demand obuidihgs

using an existing hotel building in China. Their study was undertaken with a calibrated model on

a building simulation software and the enesgying potential of an articulated retrofit scheme

32



was evaluated. On the other hand, the work of @®II2012) highlighted the increasing
importance of accurately estimating annual energy consumption within the construction sector
while also identifying that the challenges of using available software are associated with their
methodologies that are sonmmeés complex, time consuming and onerous to interrogate and do not
automatically produce predictions that are accurate enough. Thus, Collins (2012) presented the use
of Heating Degree Days (HDD) computed from simulation weather data as means of monitoring
actual performance against predicted heating energy consumption. The result of Knight,
Strvoravdis and Lasvaux (2008) provided an understanding as to how close the predictions from
available software are to actual energy consumption. Though the papeghtegtine inherent
challenges associated with the use of software modelling for evaluating building energy
performance, the result of predicted energy from the survey data as well as that obtained using a
UK SBEM asset type compliance model compared faatayrwith the site monitored actual
energy consumption profile for the case study building. However, the paper pointed out that further
case studies need to be analysed to have any assurance in its findings. Whereas, the results of Xing
et al (2015), indcated performance gap between uncalibrated energy model and actual energy
consumption, and revealed that internal | oad
coefficient of performance (COP) have significant effects on the accuracy of tle¢ foohotel
buildings. Furthermore, pegnplementation monitoring indicated strong correlations between the
prediction of the calibrated model and the actual outcomes of the building energy efficiency
retrofit, thus validating the accuracy of calibrageergy models. Moreover, the different findings

of these studies presented further highlight the difficulties and challenges of developing accurate

building energy models that compares favourably with actual building energy performance.
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The work of Deng ad Burnett (2000), Priyadarsiet al. (2009) and Wang (2012) examined the
performance of hotel buildings in different cities located in a cooling dominant climate. Deng and
Burnett (2000) used data based on utility billing, augmented by actual site ereasts and
operational information, to study the energy performance of 16 different hotel buildings in Hong
Kong. Their result estimated the Energy Use Intensity (EUI) per unit floor area for all the hotels
and examined the correlation between obtained Bld several factors such as year of
construction, occupancy, hotel class and weather. The analysis showed no clear correlation
between EUI and the examined factors. Likewise, Priyadaetinal. (2009) used energy
consumption data and other relevant information collected from 28lasp hotels via a national
survey in Singapore. The study evaluated the EUI of the hotels and investigated the correlation
between electricity consumption and thewquancy of several rooms of the individual hotels. The
result showed a weak correlation, which highlights the importance for improved energy
management in hotels during low occupancy periods. Additionally, their EUI Pearson correlations
with other possibleexplanatory indicators show that density of workers and years after the
previous significant energy retrofit were also observed to be immensely connected to the energy
use intensity of the hotels. Wang (2012) conducted a comparable study in Taiwaratesiingm

a bigger sample of 200 hotels comprising 45 international tourist hotels, 19 standard tourist hotels,
116 hotel enterprises, and 20 bed and breakfast properties. Pearson correlations between EUI and
possible explanatory indicators showed thataserbuilding conditions, operations, and other
factors are significant. Moreover, these studies all highlighted the increasing difficulty of
adequately evaluating the energy consumption of hotel buildings due to several reasons. These

reasons include theadt that most hotels house several varied facilities such as kitchens,
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restaurants, function spaces, retail outlets, swimming pools, etc., along with their significantly

varying levels of occupancy even though they normally operate for 24 hours all thineugdar.

From the review of literature, it is evident that a considerable number of studies have been
conducted on improving energy performance prediction especially in the design phase. However,
most studies focus on natomestic office buildings. Furénmore, it can be noted that there is a

research gap associated with the evaluation of unregulated energy use estimates.

Table 21 Summary table of previous studies on performance gap and estimation of building

energy perfanance

Source Area of study/ concern address Location
Menezest al.,(2012) Reduction in performance gap| UK
CIBSE, (2013a) and development of improved | UK
Gucyeter and Gunaydin | energy simulation model for | Turkey
(2012) commercial office buildings.

Knight, Strvoravdis and Energy simulation models UK

Priyadarsiniet al. (2009)

Wang (2012)

Lasvaux (2008) compared to actual building an

Collins (2012) the importance of accurate UK

Xing et al (2015) estimation of building energy | China
consumption in commercial
buildings.

Deng andBurnett (2000) Energy performance evaluatiof Hong Kong

in hotel buildings and associate

Singapore

challenges.

Taiwan
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2.4 Measures ofl mproving Building Energy Performance

It has become apparent from eneogynsumption data and the literature review, that one of the
most feasible and sustainable ways of reducing energy costs areh@3ions is by improving

the energy efficiency of new and existing buildiigsanet al, 2010 Kneifel, 2010. According

to Juan et al. (2010, globally, there are various organisations that have made considerable
contributions to encouraging sustainability in buildings. Some of such organisations include
Leadership in Energy and Environmental Design (LEED) established by th@&rgé&nh Building
Council (USGBC) and BRE Environmental Assessment Method (BREEAM) in the UK, which is
an environmental assessment tool to evaluate the sustainability of new and existing buildings.
These organisations provide a means of evaluating theoemwntal burden of buildings,
consequently giving insightful information to stakeholders in the built environment on various

measures that can be employed to improve energy efficiency in buildumy®e( al, 2010.

Numerous measures, technologies gmgr@aches have been proposed cumulating from various
researches, practical and scientific points of view that can aid the enhancement of building energy
efficiency and reducing greenhouse gas emissions. Generally, most of these measures can be

grouped asdllows (Barlow & Fiala, 2007; Kneifel, 2010; CIBSE, 20Fucquieret al, 2013)

1 Raising awareness amongst occupants about the need to reduce building energy
consumption and its impact on the environment. Modest behavioural changes such as
unplugging unused devices, configuring idle computers to hibernate, space heating
behaviour, reducing domestic hot water wastes, etc. can considerably reduce building
energy consumption.

1 Introduction of energy efficient improvements and technologies which are aboyaply

with building regulations in new building design or in the refurbishment of existing ones.
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Choice of energy efficient improvements are sometimes not obvious and must be
undertaken holistically with caution to avoid the risk of producing revertctef
However, improvements such as changing to energy efficient lighting, exterior insulation
and replacement of single glazing windows with double or triple glazing based on room
exposure are normally favoured.

1 Ensuring the use of the most energy edinti and optimized plants. Integration of
renewable and onsite generated energy sources such as solar energy, CHP cogeneration or
tri-generation systems can be quite efficient.

1 The use of effective system controls and monitoring that ensures energye#iaecost
effective operation of the systems though permitting individual occupants to change their

peculiar comfort | evels but preventing sys

Some literature on the energy efficient measure investigated in this repomrtsisniad in

subsequent sections.

2.5 Building Facade andWindow Glazing

The building envelope, fagade and especially the window have significant impacts on the thermal
performance of a buildin(Heeet al, 2015) It has become very crucial that an enegicient

facade is used in order to reduce the,@@issions throughout the operational life cycle of a
building (lharaet al, 2015) According to IEA (2013b), the facade of a building dictates the
proportion of energy required for heating and coolingudding and hence, a more efficient
building envelope is crucial to reducing building energy consumption. For instance, in a cold
climate, a building with a higperformance envelope needs just between 20% to 30% of the

heating energy requirement of ther@nt average building in the OECD countries while, in hot
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climates, a possible energy saving of between 10% and 40% is estimated from reduced energy

requirements for cooling (IEA, 2013b).

Windows are the most common fenestration style and serve aywvafrignportant functions in

buildings which include: providing occupants with a connection to the external environment,
providing thermal comfort, optimum illumination levels, air ventilation, passive solar gain and
possible avenue to exit the buildingeixtreme scenariosilanget al, 2014; Cuce & Riffat, 2015).

They are a popular architectural form and the open scenery through windows in cities with high

rise buildings is a very desirable featutduéng et al, 2014). However, windows have a
considerabe effect on a buildingds ener gyvale® nsump
compared to other components in the building envelope (Cuce & Riffat, 2015). Therefore, the

thermal performance of glazing materials is an important issue within theuionment.

Bahaj et al., (2008) and Huang et al., (2014), highlighted that facade and glazing material
characteristics associated with energy performance are thermal quantities such as thermal
transmittance (kvalue) and solar heat gain quantities sash Solar Heat Gain Coefficient
(SHGC). According to BRE (1998), the-lue of a material is the measure of heat transmitted

by the material either into or out of the building envelope. The SHGC or #aué gives a
measure of how muy Htting the glazea surface risétransnatiede through it
(Ander, 2014). Recent technological advancements have resulted in the availability of high
performance, energy efficient window and facade glazing systems that significantly improve the
thermal perfamance of glazing. These advancements produce glazing with lower heat loss, less
air leakage and warmer window surfaces, which enhance comfort and reduce condensation (Ander,
2014). Generally, high performance window and facade glazing have double oglaipley,

specialised transparent coatings, with insulating gas inserted between panes and improved frames
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(BRE, 1998; Ander, 2014). Ander (2014), opined that during design, the choice of windows and
facade glazing systems must be weighed holistically ehtbice depending on various factors
which include building type, local climatic condition, and building orientation. Additionally,
retrofitting of window or glass films can also be applied to existing buildings as-aftedive

way of altering thermgberformance as they can help to reduce solar gains and glare.

Currently, the use of highly glazed facades is widespread inrtsgland commercial buildings

due to the short application time and because they are easy to maintain, lightweight, have an
aeshetic value and are dural{l@etiner & Ozkan2005) However, an extensive glass curtain wall

can result in significant energy consumption due to high solar thermal gains or considerable night
heat loss in a cold climatéGhaffarianhoseiniet al., 2016) Cetiner and Ozkan (2005 and
Ghaffarianhoseinet al. (2016, argued that to tackle these challenges various intelligent facade
systems/technologies, such as the doskie facade (DSF) have been proposed as an effective
solution to improve the thermal ffermance of a glazed fagcade. AccordingetinerandOzkan

(2005, a DSF system consists of two glasses of one or multilevel skins or facades with a large
cavity in between. This intermediate airgap acts as a thermal buffer zone and is normally
charactesed by controllable shading and ventilation systems. Application of DSF systems have
become gradually popular in Europe since the-b8il0Os(Chouet al, 2009) and some of the

advantages of DSF systems include:

1 The achitectural benefit as a momoaterial that provides an open and transparent
facade (Hgseggeret al, 2008)

 Cetiner & Ozkan (2005andGhaffarianhoseingt al, (2016) highlighted that the
ability to reduce heating requirements and to serve as protection against the

external environment. The airgap in DSF acts as a buffer zone and preheater for
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ventilation air, thereby improving thermal comfort during cold winterbasiner
skin remains warmer. Additionally, the inner skin casement can allow for natural
ventilation in highrise buildings that are exposed to extreme wind or buildings
where this will normally not be possible due to high external noise levels

1 Further alvantage can be derived from the applicability of effectiveshading
devices that are protected from adverse outdoor weather within the DSF cavity

(Hoseggeret al, 2008.

However, some of the disadvantages associated with DSF need to be thorougiugredno
ensure the possible merits of reducing energy consumption are not nelgeteggeret al.(2008
andGhaffarianhoseinet al. (2016) discussed that the demerits of DSF include: the considerably
high investment cost compared to a conventiomals facade, excessive heat gain owing to its
high U-value, overheating risk on sunny hot days or warmer climate, which can lead to a higher
cooling load and associated thermal discomfort due to asymmetric thermal radiation. However,
the overheating riskan be reduced with properly dimensioned openings and the provision of an

optimum cavity space between the facade and properly positioned shading device.

2.5.1 Studies on the impact of window glazing and glazing energy

improvement measures

Studies of availabletateof-the-art shows that there is a significant amount of literature on the
impact of window glazing and glazing energy improvement measures on the energy and thermal

performance of building envelopes. Some of these studies are presented below.

In the aea of window glazing energy improvement, some studies such as, tHogssalltet al.
(2012); Cheret al (2012) and Cuce and Riffat (2014) evaluated and reviewed different window
energy improvement measuréaissaultet al.(2012) and Cheat al (2012) both investigated the
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use of different energy improvement technologies to improve the energy consumption of buildings
due to the negative effect of windows with Dussatlal. (2012) examining the energy savings
potential of incorporating smart wdow technologies in a double glazed window pane of a typical
low thermal mass office building in Quebec, Canada. While @Ghexh (2012) investigated the
effectiveness of different external window shading types on reducing the cooling energy
consumption bvaried types of commercial buildings in five different climate zones in China with
the aid of a building simulation model of a calibrated prototype model. One of the key findings of
Chenet al (2012) indicated that for both economical and energy sagaspns, flexible (opaque)
shading is recommended in high rise office and hotel buildings across the varied climate zones.
On the other hand, Cuce and Riffat (2014) conducted a comprehensive review of the latest
advancements in glazing technologies whilgingy an insight into possible future glazing
innovations. Their review noted the significant £€nission reduction opportunities available
through the improvement of thermal performances of glazing components of the building
envelope, since the reseandlgaveindicated that about 60% of thermal loss through a building
envelope is through the window. Additionally, the key findings of the study show that currently
available highperformance double and triple multilayer products are popular due to tls¢ir co
effectiveness, although vacuum and aerogel glazing could become more acceptable due to their
superior energy performance along with other-edf&ctive novel windows such as vacuum tube

and solar pond windows. Similarly, the work of Dussailal. (2012) highlighted that Smart
windows have controllable absorbing layers, which enable the optical properties of window panes
to be altered based on optimal requirements for light and heat flux penetrating the building.

Moreover, their study result showed tth@ptimizing the solar heat penetration based on the
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required heating, cooling and lighting demands helps to considerably reduce the annual building

energy consumption and maximum cooling loads.

Furthermore, in consonant with studies on enhancing theyeperfprmance of windowlazing,

the research of Liet al (2015), Yousif (2012) and Yin, Xu and Shen (2012) investigated the
potential of solar window films to reduce the energy consumption of varied types of commercial
buildings in three different climas. The work of Let al (2015) employed a methodology which
involves an experimental chamber where actual measurements are taken and are subsequently
validated with a computer simulation to examine the impact of different types solar window films
on theenergy consumption of various function rooms in commercial buildings under the relatively
warm Hong Kong climate. Their result indicated that the application of window films to functional
rooms of commercial buildings produces good energy saving restiftshei best performance
found in office buildings. Additionally, the results showed that window films application on clear
glazing performs better than on tinted glazing. In contrast, Yin Xu and Shen (2012) used two case
study nordomestic buildings in adt summer cold winter climate to investigate the possible
energy savings accruing from the application of window films software building simulation of the
whole building with and without solar films. Their outcome indicated that the performance of
windowfilms in glazed curtain wall windows varies and it is mainly influenced by the position of
the installed film, window sizes and arrangement. Their result also showed that window films can
reduce the shading coefficient and solar heat gain by up to 4422&nd applied on the outside

and inside of existing windows. On the other hand, Yousif (2012) used a spectrophotometer to
measure key parameters for glazing performance for two case study rooms in a relatively hot all
year round climate. The case studgnms included one with and the other without a window film

to calcul ate the effect of wi ndow films on ¢
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that window films reduced the summer cooling load but also resulted in an increased winter heating

load; however, the magnitude of the increased heating load was lower.

Similarly, the works of Carrieet al. (1999), Huanget al. (2014), Yanget al (2015) and
Vanhoutteghenet al. (2015) worked on improving the energy performance of windows and
widow glazingby investigaing the effectiveness of different glazing and window design systems
under different climates with the aid of building simulation softws/éh Huanget al. (2014)
examining the efficacy of different energy efficient building windiegigns in cooling dominant
climates. The result of their study indicated that low emissivity glazing produces the best
performance amongst the investigated design options; conversely, -tiydrlglazing gives the

worst performance. They also found tBaergyefficient designs on east and west orientations are
the most economical in relatively hot climates. Caeteal.(1999) studied the efficacy of window
glazing in reducing a bui |l-kkdowmDGER sobware.@®One oh e at
thar main findings indicated that cooling energy reduces with the number of glazings and therefore
the overall energy demand of the building is reduced. However, the effect of important parameters
such as walto-window ratios or shading coefficients on gadteeat gain in the building was not
investigated in that researdWhereas Yangt al (2015) investigated the optimal windewvall

ratio and the adequate glazing type in variegtairditioning system operation modes of domestic
buildings for individual aentation in a hot summold winter climate. Their result indicated that
overall energy consumption increased with an increasing wirvdalratio, especially for east

or westoriented windows. Additionally, they claimed that l@missivity panes havestier energy
efficiency performance compared to hollow glass. Moreover, Vanhouttegteah (2015)
investigated the link between size, orientation and glazing characteristics of windows for different

sidel it rooms i-eanar @y arikiggs m e hetingadominant climate. One
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of their key findings indicated that the best energy saving potential and solar heat gain utilization
was observed in souttriented rooms. Additionally, their result suggested that to achieve a
reduction in theadom heating load in nortfand soutkoriented rooms with a large window area,

low U-values are required.

Some studies on evaluation of the impact of windows on building energy perforraaokegs

those of Sorgatet al. (2016); Wang and Greenberg (20Hs)d lharaet al. (2015)focused and
worked on the effect of window properties and ventilation operatioth@anergy and thermal
performance of buildings using dynamic building simulation software. The work of Wang and
Greenberg (2015) evaluated the effef window operation on occupancy thermal comfort and
building energy consumption using a simulated reference office building in three different climate
zones of the United States. The result of the study, which investigated the relationship between
Variable Air Volume (VAV) systems and different ventilation control measures, highlighted that
optimal window operation can produce HVAC energy savings of up-&v % with mixed mode
ventilation during summer for various climates. On the other hand, Satgatq2016) focused

on the impact of occupant behaviour regarding window operation on the HVAC energy
consumption of dwellings in Brazil. Their results highlighted that medium thermal capacity
buildings with proper ventilation control have more potemdigdrovide occupant thermal comfort.
Moreover, adequate building ventilation accomplished via automated ventilation control coupled
with medium thermal inertia produced a decrease in HVAC energy consumption. In contrast, Ihara
et al. (2015) worked on improng building energy efficiency by implementing a different fagade

in a coolingdominant climate. The study investigated the impact of four important facade
properties associated with its enesgiiciency. This was undertaken to evaluate the effect gkthe

properties in reducing the cooling and heating energy loads of a case study office building. The
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key findings of the study indicated that a reduction in the SHGC and winelaiuds along with
an increase in solar reflectance of the opaque part amstipbolutions for reducing the energy
demand. These studies provide an understanding of how different window properties and

ventilation operation can impact building energy performance and efficiency.

Table 22: Summary tablef previous studies on the impact of window glazing and glazing energy

improvement measures

Source Area of study/ concern address Location/Climate

Cuce and Riffat (2014) Evaluation of different glazing | EU [Sub-tropical

energy improvement climate]

Dussaulet al.(2012) technologies. Qubec, Canada [Humid
continental climaté

heatingdominant]

Chenet al (2012) China [across the 5
different climatic zones
of China, namely, sever
cold region, hot
summescold winter
region, hot summer

warm winter region and

mild region]
Li et al (2015) Potential of solar window films| Hong Kong [warm
to reduce the energy climate]
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Yousif (2012)

Yin, Xu and Shen (2012)

consumption of commercial

Irag [Hot climate]

buildings in different climates

China [Hot summer
cold winter region of

China]

Iharaet al (2015)

Sorgatcet al.(2016)

Wang and Greenberg (201

Effect of different window
properties and ventilation
operation on building thermal

performance and energy

Japan [Humid
subtropical climate with
hot summer mild

winter]

efficiency

Brazil [Tropical climate]

USA [Temperate
climatic region of the

USA]

Carrieret al.(1999)

Huanget al.(2014)

Yanget al (2015)

Effectiveness of different energ
efficient window glazing and

design

Canada [Humid
continentali heating

dominar climatg

Cooling dominant
climate of 4 cities in the
northern hemispheiie
Hong Kong, Singapore,

Miami and Houston

China [Hot summer
cold winter region of

China]
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Vanhoutteghenet al (2015) Denmark|Temperatd
heating dominant

climate]

2.5.2 Studies on the impact of glazed building facadesn building energy

performance

Evaluationof available stat®f-the-art shows that there is a significant amount of literature on the
impact of glaedbuilding facade on the energy and thermal performance of building envelopes.

Some of these studies are presented below.

In the field of glaed building facades and their effect on building energy performasmme

studies such as, thogeratia and De Herde (2004a) addksamija (2017)investigated the
effectiveness and behaviour of different glass facade systems. Gratia and De Herde (2004a)
investigated the impact of a south DSF on the thermal behaviour (heating and cooling demand) of
a case study office in Belgium usiaguilding simulation software TASVhile, Aksamija (2017)
evaluated the thermal behaviour and energy performance of different types of DSF systems in the
different climate zones of the USA, including heatdaminant and coolinrgominant climate

zones. he study employed building energy modelling to investigate the energy performance of a
southfacing office space for the different climatic zones. The work Gratia and De Herde (2004a)
presented analysis ofitical periods of the seasons for the DSF cquroesling to sunny and cloudy
spring, summer, autumn and winter days. Their case study results illustrated that the application
of DSF reduces the winter heating loads and increases the cooling loads during summer. However,
they did not investigate the efteof the DSF on the overall energy consumption. On the other

hand,one of the key findings of the study of Aksamija (2017) demonstrated that all types of DSF
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considered generally provided improved energy performance relative to a single glazed curtain
wall base model with varying energy savings dependent on climatic condition. Furthermore, the
study showed that heating loads and cooling loads are substantially reduced indwatmant
climates, while, cooling loads are also reduced in coalmminant dimates. However, the study

did not consider the option of mechanical ventilation of DSF cavity in overheating scenarios as

only natural ventilation of air cavity was investigated.

Similar research works, for instance, thosélo$eggeret al.(2008) and Glesz and Reith (2015)

both evaluated the application of DSF on building energy performance in different climates of
Europe with the aid of a building simulation software. With Hoseggeh,(2008) investigating

the implementation of DSF in Norway (hewtdominant climate); the DSF was applied to the

east facade to optimise energy consumption reduction. The key findings of their work
demonstrated that, even though the heating was 20% higher for a single facade with basic window
attributes, the use of impved Uvalue windows with the single fagade produced a close energy
performance compared to that of the DSF solution. Hence, the predicted DSF energy savings are
marginal, making the application of the DSF unprofitaBlemparably Gelesz and Reith (2015)
evaluated the energy performance of a DSF compared to that of a double and triple glazed single
facade in Hungary, which is considered to be a Central European moderate climate region. The
DSF evaluated is characterised by a buffer mode window and alhattentilated outdoor air

curtain box type window for the winter and summer period respectively. The main finding of the
study indicated that outdoor air curtain mode DSFs have a promising prospect of reducing energy
consumption compared to the singlenskacade substitutes in Central Europe although the

observed energy savings are marginal with a cooling energy saving of 7%.
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Furthermore, in consonant with studies on enhancing the energy performance of glazed building
facade, the researdf Gratia and B Herde (2004b) and Hiest al. (2005) evaluated the effect of

DSF and the varied ventilation system on the energy performance of case study office buildings
under different climatic conditions, with the aid of building simulation software (TAS). élidn

(2005) investigated the impact of DSF ventilation strategies on energy consumption in a tropical
humid climate and their result indicated that naturally ventilated DSF were able to reduce energy
consumption and also provide improved thermal comfort.ithaidhlly, extraction fans were able

to minimize condensation induced by high humidity. It is worth noting that their work did not
consider building orientation whereas Gratia and De Herde (2004b) investigated the energy
performance of a DSF with mainlyta@al ventilation coupled with the DSF orientation and wind
speed in a temperate climate. One of their key findings indicated that night ventilation is more
effective than day ventilation as it allows for a considerable reduction in building cooling loads.

Additionally, the use of shading is relatively more effective in a single glazed building.

Similar studies, such as those Fdllahi et al (2010) and Parrat al. (2015) both worked on
improving the thermal performance and energy efficiency of DSF sgsteith the use of
numerical modelling techniques. Fallabial (2010) presented an approach of introducing thermal
mass with the DSF and the energy performance evaluation of its impact on an adjacent study room
was done using a verified numerical mod€heir parametric study result shows that the
introduction of thermal mass in the cavity space with mechanical ventilation gives significant
energy reduction. Moreover, depending on configuration, up to 26% summer energy saving and
up to 59% winter energyasing is obtainable relative to a conventional DSF without thermal mass.

In contrast, Parr&t al. (2015) used Computational Fluid Dynamics (CFD) to investigate the
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effectives of a Venetian Blinds (VB) shading device on improving the performance of the DSF

One of their key findings shows that VB can reduce solar heat gain by up to 35%.

Table2.3: Summary table of previous studies on the impact of glazed building facade on building

energy performance

Source Area of study/ concern address Location/Climate

Gratia and De Herde (2004| Application, effectiveness an Belgium [Temperatg
behaviour of different glag maritime climate]

facad t
Aksamija (2017) e USA [different climate

zones of the USA
including heatdominant
and cooling dominan

climatic zones]

Hoseggeret al.(2008) Norway [Temperatg
climate]
Gelesz and Reith (2015) Hungary [Temperat

continental with cold
winters and warn

summer]

Gratia and De Herde (2004 Belgium [Temperatg

maritime climate]
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Hien et al.(2005) Effect of DSF cavityentilation| Singapore [Tropic humig

systems on building energ climate]

. erformance in different climat .
Fallahiet al (2010) P Sample weather fil¢

representing extrem|
summer and winte

conditions

Parraet al.(2015) Spain  [Mediterranea

climate]

From the review of statef-the-art, it is observed that there are many varied studies on improving
the energy performance of windows and facade glazing. However, most studies are on @mmerci
office buildings and dwellings, with the majority of them using prototypical or reference rooms as
case studies in mainly cooling dominant climates. Also, in the review ofddtitie-art of studies

on the energy and thermal performance of DSF, masiest in this area use commercial office

building and prototype buildings as case studies or CFD modelling of mainly the DSF cavity.

2.6 Combined Heat and Power (CHP)

The quest to find different strategies for
government agencies, institutions and bodies to evaluate different alternatives to the way in which
energy is produced, as it has a substantial impact on GiSiengNocket al, 2012) Globally,

the typical energy efficiency of traditional fossilelled power plants is around -353%, with

about twaethirds of the remaining energy lost as wasted leé¢rnational Energy Agency, 2008;
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Zhanget al, 2016) Even further losses of about 9% occur during the transmission and distribution

of electricity to the end use(Biternational Energy Ageng¢2008)

Increasing the use of CHP systems has been acknowledged as one of the possible means of
attainingCO, emissiongeduction and it represents a sequence of proven, dependable and cost
effective technologies that can make significant input to attaining thermal and electricity
requirementginternational Energy Agen¢008) Whilst there are improvements in boiler and
power station efficiency, CHP can provide a potential saving in primary energy consumption of
up to 30%. Even if boiler efficiency is assumed to be up to 85% and the efficiency of a traditional
power supply immpves to 45%, the primary energy savings of CHP would still be around 23%
(CIBSE, 2013b). Moreover, CHP installations can operate using different fuel sources such as
natural gas, diesel, biogas and other renewable energy sources with good relialalitgciodof

availability of over 90% (Action Energy, 2004).

2.6.1 Definition of CHP
Mago and Smith (2012) defined CHP system as a form of energy production and distribution
system consists of a drive system that produces electricity for use in a buildigiyes heat as a
by-product. The heat energy is recovered and utilised to provide space heating or domestic hot
water (cogeneration system) for the building, or employed for space cooling in a combined
cooling, heating and power system-@igneration syems). Similarly, EPA (2018) defines CHP
as a technology that provides energy efficiency due to its capacity to generate electricity and
capture the heat that would have been wasted to provide thermal energy that can be used for
industrial operation spadeating, cooling and domestic hot water. Additionally, CHP is usually

applied in facilities with a substantial demand for thermal and electricity requirement; it can be
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located in individual buildings or be a district energy or utility resource. Figursia®s a

common configuration of a CHP:

STEM OR HOT WATER —_—— COOLING/HEATING

HEAT

— = RECOVERY

UNIT

HOT
EXHAUST
GASES

BUILDING/
FACILITY

ENGINE OR

TURBINE ]
GUED ——=— GENERATOR
5 O O

ELECTRICITY

Lo,

Figure2.3: Typical CHP configuration (EPA, 2018)

According to the Carbon Trust (2010), the engine, also referred to as the prime mover, is at the
heart of CHP installation as it pral@s the mechanical power to drive the electrical generator and

produce heat. This engine is commonly a gas turbine, steam turbine or an internal combustion
engine, and has the capacity to run on different types of fuel and satisfy several heat demands,

either in the form of hot water or steam. Consequently, this enables CHPs to be especially flexible
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and customisable to the needs of individual sites across a broad range of sectors and can offer

economical energy solutions for both large and ss@le enggy consumers.

2.6.2 Types of CHP and applicatiors

There are different types of CHP and they are normally classified based on their capacity and
application. Action Energy (2004), Carbon Trust (2010) and CIBSE (2013) described some of the

different types 6CHP and their applications, which are presented in Table 2.1 below:

Table2.4: Types of CHP and application

CHP Description Common application Types of plant

Classification

Large-scale Largescale CHPs ari Large scale CHPs ar The common types c

CHP usually custorbuilt typically used in industria prime movers founc
and are mainly installations (such a in custombuilt CHPs

employed in large chemical industries, oi are steam turbine:

scale industria refineries, paper mills an gas turbines
applications. The food or drink processini Combinal Cycle Gas
typical electrical factories) and largscale Turbines (CCGTSs)
power output of the community/district Organic Rankine
custombuilt CHP heating systems il Cycles (ORC),

ranges from around hospitals or on universit Sterling engines, an

one megawatt 0 campuses. fuel cells.
electricity (MWe) to Largescale CHP
over 100MWe. instdlations account fol
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Small-Scale

CHP

more than half of the CHI
electrical capacity in th
UK, majorly in chemicals
oil refineries and the paps
and publishing sectors.
Smaltscale CHPs art Smallscale CHPs are
commonly compose( mainly applied in

of packaged CHF commercial buildings

systems. Package small scale industrial site:
CHPs are generall hotels, schools, hospital
fol hostels and leisure centre

supplied ready

installation as

[a})

complete unit. Their
typical electrical
power output is les
than 1MWe. Unlike
the custorrbuilt
systems of largscale
CHPs, the package
CHP systems ar
designed to be module

and are produced on
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larger scale
consequently
benefiting from

economies of scale.

Micro -CHP A micro-CHP is also Micro CHP systems ar The types of prime

commonly supplied a used in domestic building movers used in micrc
a packaged CHP uni and vey small businesse CHP systems are g
but they are smaller il such as elderly care hom or diesel
size with a typical and small leisure centres compressioagnition

electrical output of les: engines, Stirling

than 50kWe. engines and fuel cells

There are mainly five types of prime mowechnologies used in CHP systems (Carbon Trust,

2010; EPA Combined Heat and Power Partnership, 2015) which include the following:

T

Internal combustion engines This technology is commonplace and uses the conventional
engines found in cars, trucks, trainsdasmall electricity generators to provide the
mechanical energy which is converted in the CHP to run on natural gas or compression
ignition engines (Department of Energy and Climate Change 2008a; EPA Combined Heat
and Power Partnership, 2015). The sizthe$e engines range between 75kWe to 1.5MWe
with a typical electrical efficiency of 25 to 40%, which usually decreases witfCGazbon

Trust, 2010).
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1 Gas turbines EPA Combined Heat and Power Partnership (2015) describes this
technology is the same asathused in jet aircraft and other aelerivative gas turbines
adopted in stationary applications. The technology employs a steady stream of burning fuel
to propel a turbine, hence generating the mechanical power for the CHP and the heat from
the exhaust @ses of the turbine is collected for space or process heating (Carbon Trust,
2010). Their capacity is usually larger than 1IMWe; however, they are now available in
smaller capacity (micrturbines) of between 80kWe in some packaged CHP systems
(Action Enery, 2004; DECC, 2008a). Furthermore, they have a typical electrical
efficiency of between 25% for mini turbines to around 36% for very large turbines of above

100MWe (Carbon Trust, 2010).

1 Steam turbines This technology drives a turbine with the aid ofeasly stream of high
pressure steam produced in a boiler (Carbon Trust, 2010). They are commonly used in
industrial applications (EPA Combined Heat and Power Partnership, 2015), but they have
lower electrical efficiency in contrast to gas turbines, whidrage at higher temperatures

(Carbon Trust, 2010).

1 Combined cycle gas turbine systemgsCarbon Trust (2010), these technologies are also
usually used in the larggcale generation of power. They use the high temperature waste
heat from a gas turbine to phace highpressure steam which is then conveyed via the
steam turbines to produce more power (General Electric, 2018). Additionally, these
technologies deliver electrical efficiency with a relatively higher efficiency of over 50%

(General Electric, 2018).
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1 Fuel Cells According to Action Energy (2004) and DECC (2008a), these technologies
produce electricity directly from an electrochemical device that combines hydrogen fuel
and atmospheric oxygen; some waste heat and water is also produced by this,
electroclemically oxidising fuel. Fuel cells are practically pollution free as they run
without combustion, especially where hydrogen is obtained fromfossil sources
(Action Energy, 2004). They have the potential to be a viable alternative to reciprocating
enghnes and gas turbine CHP as they provide higher electrical efficiency, but they have a
much higher capital cost than traditional gas engines and a relatively shorter expected life

span.

2.6.3 CHP financing

There are several financing options for CHP installation depending on the availability of capital

and the degree of risk the ender is willing to take (DECC, 2008b). The financing options are
equipment supply financing, capital purchase and an energlyssgntract, which can be divided

into two mai-batanegoshest 66on capibtadlangler cthaese
or operating lease financing (DECC, 2008b and Carbon Trust, 2010). DECC (2008b) and Carbon
Trust (2010) described the difent options of CHP financing and possible funding sources which

are presented in Table 2.2 below:
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Table2.5: CHP financing options

On-balance sheet financing

Description

Funding sources

This financing option is alsi
termed as capital purchase ang
reflects on the balance sheet of |
company as a fixed asset. Tl
financing  approach usuall
provides the most benefit, but it
equally accompanied by all th
risk. It is commonly fundedy
internal funding, external financ
or a combination

of both.

Internal funding: this occurs when the engser provides
the capital for the installation, hence fully retain
ownership of the project and deriving the most ben
However, the endiserbears all the technical and financ
risks, which vary with the chosen option of installation
Debt financing: this is when the installation is funded w
a combination of new debt and internal funding. The- ¢
user keeps the entire benefits of thealation while still
bearing the residual technical and financial risks apart {
those that rest with the suppliers. Care should be tak
ensure that the new debt is letegm and matches the lon
term nature of CHP projects.

Leasing this funding sotce offers the endser a financia
arrangement that enables the CHP asset to be used
fixed period. This arrangement can include a hire purct
a finance | -oue

ease (also

| eased) and an opereat itno

balancesheet lease).
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Off-balance sheet financing

Description

Funding sources

Unlike the onbalance sheeg
financing option, this approac
does not appear on the balar
sheet of the company as a fix
asset. This financing approach a
considerably reduces the technif
and financial risks borne by th
enduser. However, the engser
only retains some of the benefi
Equipment supply finance, Enert
Service Company (ESCO) ai
Private Finance Initiative (PFI) al

typical forms of an ofbalance

sheet CHP financing approach.

Equipment supplier finance: this approach can provide
viable alternative to outright capital purchase of a CHF
it offers a leasing arrangement where the CHP is usy
designed, installed, maintained and sometimes operat
the equipment supplier. Typically, the arrangem
involves the supplier providgithe energy to be supplig
at prices that include agreed discounts on the open m
rate. Therefore, the endser pays for the fuel and buys t
CHP generated power and heat at the agreed price
options transfers most of the associated risk to
equipment supplier, but the savings accruing to the
user are also considerably reduced in contrast to an ou
capital purchase approach. Additionally, this finand
approach is commonly used to finance small, packs
enginebased CHP systems.
Energy Service Company (ESCO): ESCOs arg
companies that offer a total energy supply service, be
the responsibility for delivery, financing, operation &
maintenance of energy facilities. ESCO arrangements

widely and savings for CHP installationsavan ESCC

arrangement are usually lower than those of an out
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capital purchase. An ESCO contract and finance arg
mostly connected, as the eunsder can still benefit from th
principal advantages of an ESCO arrangement irrespe
of the chosen fiancing route.

Private Finance Initiative (PFI): This option applies t
public-sector organisations installing a CHP. The pul
sector organisation signs a contract with a private s¢
consortium which is typically formed with the explicit g¢
of providng PFI. The PFI normally consists of seve
private sector investors including building construct
and refurbishment firms, CHP suppliers and even bg
The consortium uses their funding to build the facil
undertake maintenance and undertake abpplacemen

during the lifespan of the contract.

2.6.4 Benefits of CHP

CHP systems are appealing because of their potential to deliver several environmental, energy and
economic benefits. The advantages of CHP systems result from their capabilitgitogoomsite
energy without wasted heat; transmission and distribution losses associated with traditional power
plants(International Energy Ageng¢2008) MagoandSmith (2012) Nock et al. (2012)and the

International Energy Agend2008 presented sonud the benefits of CHP systems which include:

1 Reduced cost for energy end users

1 ReducedCO; emissions
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1 Increased power reliability and security due to the ability of CHP to operate
independently from centralised grid systems.

1 Reduced dependence on fossilfuand increased use of alternative energy resources
such as municipal solid waste, biomass and geothermal resources in district
heating/cooling systems

1 Reduced primary energy consumption and improved power quality.

Apart from the reduction in energy uiiyl cost from the application of CHP, it also offers additional
financi al incentives, especially i1 f it is cer
Assurance Programme (CHPQA), and this can ease this tax liabilities of theermdepartment

for Business, Energy & Industrial Strate@EIS, 20169. The CHPQA is a voluntary initiative

set out by the government to offer a practical and determinate process for appraising CHP of
various types and sizes in the UK, with the aim of monitoring amaving the quality of UK

CHP @BEIS, 2017a). Moreover, CHPQA assesses CHP schemes based on their energy efficiency
and environmental performance, which guarantees that the economic benefits are associated with
environmental benefit8EIS (2017a), discussl thatCHP schemesertified under this initiative

qualify for several benefits, including:

1 Renewable Heat Incentive this programme is available to both domestic and
commercial buildings in the UK and is set out to incentivise them to adopt renewable or
low carbon heat technologies. Under this programme, they are eligible to receive cash
payments over a period of time to help to offset the cost of the installation.

1 Carbon Price Floor (heat) relief
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1 Climate Change Levy CCL exemption (in relation toelectricity directly supplied):
CCL is primarily a tax on the energy provided to commercial energy consumers in the
UK, and CHP use can qualify an easler for reductions on this payment

1 Enhanced Capital Allowances (ECA) this is beneficial to endsers hat pay
corporation tax as they are eligible to
installation.

1 Preferential Business Ratesthese are business rate exemptions granted for CHP
installation.

1 Carbon Reduction Commitment (CRC): this is also known as theRC scheme or
CRC energy efficiency scheme. It is a compulsory carbon emissions reporting and
pricing scheme that applies to large UK organisations (public and private sector), that
haveannual electricitygenergy consumptiogreater than 6,000MWénd possss at least
one halthourly meter settled on the hddburly electricity market (Carbon Trust, 2018).
Participating organisations are required to buy allowances for every tonne of carbon
emissionassociated with electricity and gas consumption, implylvag organisations
that are able to reduce their emissions can lower their CRC cost (Carbon Trust, 2018).
However, the UK government has currently revealed that the CRC will be terminated
after the 2018019 compliance year, with a possible increase i€k to compensate

for it (Clean Energy News, 2016 and Carbon Trust, 2018).

2.6.5 UK Grid Decarbonisation and Air quality

The Department for Business, Energy and Indusitrategy (BEIS, 2018a), published an update
to the 2017 Energy and Emissions Projections (EEP) for the UK in January 2018. The report

indicates projections of the UKOGs perfor mance
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policies (i.e. both implementezhd planned) and review the legally binding carbon budgets that

are fixed forfivey ear peri ods; geared at reducing the U
the 2050 (Ground Source Heat Pump Association (GSHP), 2018; BEIS, 2018a). The report which
preserdg projections of the UK energy demand and GHG emissions up to 2035, is produced to

support the UK governmentods Clean Growth Stra

The recent UK Clean Growth Strategy, which presents ambitious policy blueprints aimed at
ensuring the cautry attains its carbon reduction targets while grabbing the opportunities of clean
growth, also highlighted that the UK is one of the most successful countries in the advanced world
to continuously record economic growth and concurrent reduction in GH&siens (BEIS
2017Db). Furthermore, BEIS (2017b) and the recently published Clean Air Strategy report by The
Department for Environment Food and Rural Affairs (DEFRA, 2018) have acknowledged the need
for continuous significant reduction in G@missions tacurb climate change, along with the
necessity for cleaner air, especially as air pollution and poor air quaitgpsenvironmental risk

to human health in the UK and the fourth greatest threat to public health (DEFRA, 2018).
Moreover, it is essentiabtcurb emissions resulting from heating of dwellings and business, as
they account for approximately a third of UK emissions, hence curbing emissions in these sectors

can be advantageous in reduced utility bills and improved air quality (BEIS 2017Db).

Therefore, CHP technologies along with other low carbon heat and renelnesisources have
helped in the decarbonisation of heating and improving air quality as they displaced energy derived
from the highest carbon factor fuefdthough CHP systems providgobal environmental merits

by displacing electricity generated at remote power statibegocal emissions (such Hgrogen

oxides NOy]) that can potentially have an adverse effect on the local environment is a constraint

that need to be properly euvaked and controlled\ccording to CIBE (2013b}he impact of CHP
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on theair quality of thdocal environment camajorly be mitigated by ensuring good and effective
dispersion of the combustion gases away fieemsitive receptoégthat is, people that might be
affected). This can be accomplished @&yployingan appropriately high stack to guarantee
dispersion by the air in a manner that concentrations at ground level are minimised, whilst also
ensuring that due consideration iséakwhen theraretall buildings around (CIBSE 2013b).
Furthermore DEFRA (2018) have also acknowledged the need to curb air pollution from the
recent rise in the use of wood burning stoves, open fires and other sources that make considerable
contributionto particulate matter/emission$herefore, since the range of fuels for CHP is
expanding, particulate emissions need to be considered when utilising biomass or any other liquid
fuels, although CHP powered by natural gas or clean synthesis gas from ddyasitieation do

not pose particulate emission concerns (CIBSE, 2013b).

The Clean Growth Strategy (BEIS 2017b) has acknowledged the enhancement of low carbon heat
sources amongst other measures as short to medium term measures of heat sia@amboni
However, as evidenced by the recent BEIS (2018a) EEP for the UK, renewable wind and solar
electricity generation capacities have considerably increased whiléireogeneration is being
withdrawn. Figure 2.4 shows the electricity generatiorettayy from different technologies as

setout in (BEIS 2018a).

65



200

140 \

120
100
80
60
40
20

0 S ——

2017 2022 2027 2032

)

TWh
> ®
o o

Coal

Gas

Nuclear

Renewables

Net imports

AlIPP generation by technology (

Figure2.4 UK Electricity generation trajectory by technolo®EIS 2018a)

The increase in renewables electricity generation points to the ongoing decarbonisation of the grid,
which can make the environmental benefits of natural gas or other fossil fuels powered CHP less
obvious when compared to the potential future grid prajasti Although achieving a carbon
neutral electricity grid is stilfar way, however, the BEIS projections indicates that congruence
between the power grid and natural gas is being attained around 2020 and could be even better as
shown in the grid emissiomstensity data and graph presented in BEIS report (GSHP, 2018; BEIS
2018a). Table B.and figure 2.5 show the grid emissions intensity data and graph respectively,

reproduced from BEIS (2018a).

66



Table2.6: UK Grid emissions itensity data set

Year EEP 2017 EEP 2016
(gCO2e/kWh)  (gCOze/kWh)
2017 213.4 264.6
2018 205 235
2019 194.7 223.8
2020 180.9 198.2
2021 170.9 194
2022 147.8 161.3
2023 144.3 170.9
2024 150.1 184.2
2025 140.8 174.3
2026 114.2 153
2027 119.4 143
2028 108.4 118.2
2029 96.1 102.8
2030 104.2 107.1
2031 95.5 100.3
2032 77.7 83
2033 74.5 79.1
2034 66.5 68.9
2035 55 55.3

67



Energy and Emissions Projections

w
o
o

N
(on)
o

200

150

100

Emissions intensity (gCO2e/kWh)
a
o

o

N 0 O O A4 N M S 0O N~ 0 00 od N M S W

A4 9 9 d o N A N A AN AN AN OO0 MO0

O O O O OO0 O O O O o o O O ©o O © O

LSV VY S VA VA s VAR S VAR S VAN VAR S VAN VAR VAN VAR S VAN S VRN SV VA SV SV O
EEP 2017 EEP 2016

Figure2.5: UK Grid emissions intensity (BEIS, 2018a)

2.6.6 Studies on performance andapplication of CHP Systems in efficient

energy production
Evaluation of the available literature indicates that numerous researchers have carried out studies
on performance and application of CHP systems in efficient energy pradaciiapplication of

CHP in different types of buildings, some of which are presented in this section.

Cakir et al (2012), Mago and Smith (2012) and Barbefial (2012) evaluated the potential
energy efficiency and emission benefits of CHP systems inreiiffeéypes of buildings. Barbieri
et al (2012) evaluated the viability of different mieBHP systems to satisfy the energy
requirements of a typical singfamily dwelling. Two varied residential buildings, whose
characteristics were in conformity withtygpical European singi&amily dwelling, were used as a
case study. Furthermore, the study considered rGetB systems based on a variety of existing

commercially available primenovers and individual systems consisting of a prime mover, thermal

68



energy torage and a baelp boiler to accommodate periods of peak thermal demands. Their
outcome indicated that the evaluated CHP systems results in a primary energy saving which is
always greater than 20% whilst typically satisfying most of the thermal andieleoergy
requirements of the dwelling. Moreover, their result highlighted that appropriate sizing of the
thermal energy storage capacity is important for beneficial energy performance of the system and
that various government incentives are needed t@ itekapplication of micr€HP in residential
buildings economically attractive. Comparably, Mago and Smith (2012) worked on evaluating the
energy performance of CHP systems in different types of commercial buildings in the United
States; however, the studocused on the emission reduction benefits of the considered CHP
system. The key findings of their study indicated that CHP use in the evaluated buildings always
produced reduced GHG emissions of up to 21% carbon equivalent especially in commercial
buildings with high thermal energy demand such as hospitals. They also found that it is usually
beneficial to ensure that the CHP system is
thermal demand as this will provide improved primary energy savemgssion reduction and

cost savings. Additionally, it is equally important that the thermal capacity of the chosen CHP
system be close to the thermal energy requirement of the building to ensure higher efficiency of
the CHP system. Cakat al (2012) exanmed the contribution of CHP in the sustainability of
energy using a case study gas powered prime mover applied to a hospital building. Their study
highlighted the concept of sustainability as it relates to CHP and provided a substantial review of
studiesthat present the sustainability perspective of CHP systems even though they generally
operate on fossil fuel. The sustainable aspect of cogeneration is associated with their energy
efficiency, and there is the possibility of incorporating some renewabélgyoonversion systems

such as solar systems or heat pumps. Their results indicated that the cogeneration system improved
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energy efficiency, thereby resulting in in energy cost savings, a reduction in GHG emissions and

an increase in the reliability of p@r and reduced grid congestion.

Moreover, in the UK, @me studies and repehiy trade associations and Government departments
such as those of the Association of Decentralised Energy (ADE) and Department for Business,
Energy and Industrial Strategy haypeesented several case studies of different live CHP
application. For instance, BEIS (2@} 7and BEIS (201d) presented case studies of large scale
CHP installations, certified as 6Good Quality
presented instaltions contributing to district energy provision in the commercial building sector.
BEIS (201%) evaluated the installation of a 4AMWe CHP in the main campus of the University of
Liverpool to feed into the existing district heating as part of a campus grpgrroject in 2014.

The study demonstrated that the CHP installation is projected to provide considerable
environmental and financial benefits as the scheme is expected to provide life time cost savings of
£22.6million with in a four year payback periadd up to 5,730 tonnes in annual £gmissions
savings. In a comparable case study, BEIS (dD&valuated the installation of a bigger 7.7MWe

CHP capacity providing low carbon heating to several commercial and City council buildings
within the Coventry Gy Centre. The installation provides the low carbon heating from household
waste, which is an efficient renewable fuel source compared to conventional fossil fuel energy
sources. The study indicated that the CHP delivers several benefits, especiapyoaglés a

carbon saving of approximately 89% relative to traditional stdode gagpowered system. In
contrast to the aforementioned studi®BE (2018a); ADE (2018b) and ADE (2018c) presented
studies evaluating the installation of srrdhle package@HP systems in several hotel buildings

in the UK. The CHP installations were financed through equipment supplier financing which is a

commonly adopted approach to finance small, packaged CHP systems. ADE (2018a) and ADE
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(2018b) evaluated the installatioh380kWe and 206kWe CHP capacity to provide space heating,

DHW and electricity to Radisson London Stansted Airport hotel and Radisson Edwardian hotel in
Manchester respectively. The studies highlighted the suitability of the hotels for CHP installation
dueto their constant and high demand for spaceitngand DHW on a 24 hours weekly basis,
especially for the case of the Radisson London Stansted Airport hotel which is a modern 500
bedroom hotel with extensive conference rooms, restaurant and healtlaalities. Similarly,

ADE (2018c) presented the installation of 122kWe and 225kWe CHP systems to provide lower
cost energy to The I mperi al London Hotels; At
and President Hotels, that provide nearly 3,00Ggtems for visitors to the Capital and are in

close proximity to one another. The case studies of ADE, (2018a); ADE (2018b) and ADE (2018c)

all demonstrated that the CHP installations in the different hotel buildings provide several benefits,
especiallyconsiderable financial savings compared to the traditional energy supply, exemption
from the governmentos c¢climate change | evy al

reduction in GHG emissions.

In consonant with other research on the application of CHP in the UK, some studies such as those
of Nocket al.(2012); Kellyet al (2014); Ambetret al (2018) and Salerat al. (2018) presented

and assessed the application of CHP in different sectdne &fK. The work of Noclet al.(2012)
evaluated the prospects of CHP usage UK wide, while also providing a simple model for evaluating
CHP feasibility. The outcome of their work established from the case studies demonstrated that
CHP has the potential teeliver considerable environmental and financial benefits. Furthermore,
the simple model proposed by the studies gives good results when compared against alternative
CHP feasibility and sizing models, which are usually complex and require large inputadateet

generally unavailable. On the other hand, Kadtyal (2014) investigated the suitability of
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industrial application of CHP technology as a low carbon alternative for electricity generation in
the UK, through a life cycle assessment of an opemtiodustrial CHP plant as case study. One

of their key findings indicated that substantial savings on environmental impact are obtainable in
comparison to the 1990 baseline National grids, as the industrial CHP has the possibility to provide
electricity & a 77% carbon savings per MWh over the 1990 baseline national grid. Moreover, their
study investigated the impact of grid decarbonisation in the UK and opined that the carbon
emission benefits of such industrial CHP application in the UK can becomeotes=ahle when
compared to potential UK future grids. In a similar study, Sat¢ml (2018) evaluated the
possible carbon emissions and financial impact of CHP and Combined Cooling and heating and
Power (CCHP) application in commercial buildings, viaawic simulation and payback financial
analysis of an existing UK hotel building as case study. Their results indicated that the application
of CHP and CCHP can deliver up to 32% and 36% reduction in carbon emissions respectively in
current climate, with ta CHP presenting better financial savings and shorter return periods.
Moreover, their study assessed the performance of the systems under future UK climate
projections and demonstrated that CCHP systems presents better performance over a CHP system,
due tothe projected warming of future UK climate. However, their study did not consider the
impact of current and future UK grid decarbonisation. Angbet (2018), assessed the application

of a CHP system in a UK University student residence, with focubefattors that influences

the economic and environmental feasibility of CHP application. One of their main findings
indicated that the advantages of CHP is largely linked to appropriate CHP sizing and demonstrated
that the price of grid supplied electticis a key factor that can impact of the financial viability of

CHP application.
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Table2.7: Summary table of previous studies on performance and application of CHP Systems in

efficient energy production

Source Area of studytoncern addressg Location/Climate
Cakiret al (2012) Energy efficiency and emissior| Erzurum, Turkey
benefits of CHP systems [Temperate Humid

Continental]

Mago and Smith (2012) USA [Cold, heat

dominant climatic zone

of the USA]

Barbieriet al (2012) EU [Subtropical
climate]

BEIS (201%); UK case studies on live CHP | UK

BEIS (20174d); application

ADE (2018a);

ADE (2018b) and

ADE (2018c)

Nocket al.(2012); Application of CHPin different | UK

Kelly et al (2014); sectors of the UK.
Amberet al (2018) and

Salemet al. (2018)
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Chapter 3: Methodology

3.1 Research Paradigm

The research methodology that is employed in this work is quantitative. This research project
conforms with quantitative research as this work, which aims at analysingxanuning the
efficiency of UK hotel buildings, uses data that are measured and expressed numerically, for
example, dimensions, temperature, time and percentages. This data collection type is associated
with the quantitative method, which contrasts withsingualitative methods. Punch (20G&)d
Saunderset al (2016) opine that quantitative research generally utilises numerical data and
characteristically has a defined or rigid structure, predefined research questions, predefined
objectives and method. Similarly, Creswell (2014) presented some characteristics ibatient
research as having closed ended questions, a predetermined method, employing standards of
validity and observing data numerically. On the other hand, Leedy and Ormrod (2015) point out
that qualitative research commonly involves investigating tlagacieristics or properties of a
particular phenomenon that cannot be completely reduced to numerical or empirical values.
Additionally, this research method is usually employed in studies of complex human conditions
(such as the evaluation of the-depth perspective of people about a specific matter or the
behaviours and ideals of a particular cultural group), which is not the case for this research project.
The argument for a quantitative research method as against the qualitative is that it allows for
testing of hypothesis and provides the possibility of generalisation or replication of the research
results as it is aligned to an objectivist viewpoint (Allwood, 2012; Creswell, 2014). Therefore, the
guantitative research approach is employed in this iarldata collection and analysis. The
methodology used in this research is underpinned by dynamic building simulation and modelling

and was established by the use of several case studies aimed at evaluating the impact of various
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energy saving and improvemtetechnologies on the thermal behaviour, energy performance and

COz emissions of existing hotel buildings in the UK.

3.2 Research Design

There are several forms of research design that are suitable for different research types and the
choice of an appropriate research design type hinges on the nature of problems posed by the
research aim and the method of data collection and analysis [&§@@1 0. Some of the common
research designs, according to Nicho{@910, include: historical, correlation, descriptive,
experimental, comparative, simulation, evaluative, action and ethnological. The research design
of this work conforms more withiraulation and evaluation. For Nichol§2010, simulation

entails developing a representation of a system in a simplified form (model) that can be
manipulated or used to measure effects. It is similar to experimental design in terms of its
characteristic®f manipulation, but it differs as it provides an environment that does work with
original materials at a similar scale. Furthermore, simulation enables hypothetical scenarios to be
examined and hence, the performance of the models should be validatedhed against the

actual system to ensure reliability of results.

The research design of this work is based on the investigation of the energy performance and
efficiency of UK hotels by irdepth simulation and analysis of the impact and interdependency of
various energy saving technologies used to reduce energy consumption and improve energy
efficiency in hotel buil dings. Moreover, it e»
behaviour, energy consumption and building fabric can be modellezttgrin order to improve

building energy efficiency and reduce carbon emissions of existing UK hotel buildings.
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Necessary primary data such as building architectural plans, elevations, type of HVAC, building
fabric and energy consumptions of the seddtotels were collected to create holistic models. The
models were simulated using a dynamic thermal analysis simulation software to obtain its current
energy performance. The software that was employed in this research was EDSL Thermal Analysis
Software(EDSL 2015a) which is a robust 3D modelling and whole building simulation software.
The energy consumption results obtained from the simulation were validated using the data of the
actual consumption for the various hotels. Subsequently, the validatstichobdels were used

to investigate and test the impact of various technologies and interventions that were geared
towards reducing energy consumption on the energy performance of the hotels. The energy saving
technologies considered were mostly suggedig the hotel management while some were
suggested by the researcher. Importantly, the model was made to be flexible to allow for testing
the interdependency of these various technologies installed either individually or in combination
and also their likly impact on HVAC, lighting, domestic hot water and catering services within

the property.

3.3 Ethical Considerations

As evidenced by the adopted research method, this research work did not involve human
participants for data collection such as interviewsumstjonnaires. Therefore, the research was

not at risk of violating ethical considerations such as informed consent of participants, invasion of

a participantés privacy or deception. However
interpretationand analysis was ensured by sharing the results with other researchers via
publications; plagiarism is avoided by providing adequate citation. As required by law, all data

obtained and used for this research is protected in line with the Data Protecttib®98, which
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requires that data are used lawfully for the specifically stated purpose, relevantly used without

excesses, kept safe and secure and not transferred without permission.

3.4 Building simulation methodology

The goal of this thesis is to evaludte energy consumption and the impact of selected energy
improvement measures on teaergyperformance othree case study Hilton hotel buildings
located in the UK. The evaluation is conducted with the aid of an approved dynamic simulation
software and the case study hotels Hikon London Heathrow Airport Terminal, Hilton

ReadingandHilton London GatwickAirport. The main simulations to be undertaken are:

i Estimation and validation of the energy consumption of the case study hotel buildings
using the dynamic simulation software These simulations are expected to produce base
models with relatively similaperformance to the case study buildingd)ich are
subsequentlysedto evaluate the selected energy improvement measures.

9 Evaluation of the impact of extraction fans in thecavity of the East and WestDSF
on the thermal and energy Performance of Hilton London Heathrow Airport
Terminal 4: The DSFs are adjoining a large central atriwhich isa central social hub
in the building housing the reception, bar and restaurant. The waglyndertaken due
the existing challenge ohigh temperature observed time DSF cavity, thus having an
adverse effect on the temperature of the large central atimeneasing cooling demand
and affecting guest comfort. The simulatewvaluating thenstallation ofextraction fas
as a DSF cavity ventilatiorstrategy isexpeded to improve the internal thermal
environment of the atriurspaceand serve as an alternative measure to increasing the
capacity of the chillers, which can have an unfavourable impact on the total energy

consumption of the hotel.

78



9 Evaluation of the impact of window films on the energy performance of existing UK
hotel buildings: This simulation which was undertaken using two different hotel buildings
with different building facadeis aimed atvaluaing the impact of several commercially
available window films on the overall energy performance of existing UK hotel buildings
The first and main case study is the Hilton Reading haiteth is a typical singleskin
glazed wall structure with relatively highindow to wall ratio whereasthe second case
study for this simulation is thelilton London Heathrow Airport Terminal 4 which is
primarily a conventional framed structure building with cavity waling and degiblsed
windows. This simulation wasxpecte to help reduce the caolg requirement oHilton
Reading hotel, reduce solar heat gain and glare especially in the large restaurant and bar
area.

1 Evaluation of the impact of CHP systems on the energy performance of existing UK
hotel buildings and optimum size selection in CHP retrofitting: This simulation was
undertaken to evaluate the environmental and financial benefits of CHP retrofitteng on
case study large hotel building (Hilton London Gatwick Airp@md also inform the
optimum size selection. The outcome of the simulation is expected to demonstrate the
appropriateness of CH& an energy efficient technology farovision ofheaing and
electricityespecially in large hotel buildings, consequerntsfjvering considerable utility

cost savings and environmental benefits.

The main reasons that informed the choice of the selected fabric improvement measures and
technologies studied in this thesis inclutee areas identified from literature requiringther
research and availability of data for existing hotel buildildereover availability of data for

existing hotel buildings was the main influencing factas it has been highlighted itne
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backgroundsectionl.1, that hotels are less studied sectors in comparison t@ otaglly due to

limited availability of dataAdditionally, as the hotel sector generally prioritise luxury and guest
comfort, the management of the partnering hotels Weeaeron measurethat can address their
prevailing challenges with guest comfort, while also providing energy performance improvement.
Therefore, to facilitate assess to data from the different hotel buildings, selected measures and
technologies were chosen together witte thotel management to address their immediate
challenges and evaluate energy improvement measures of common fotafresbuildings with

available data

The process that was employed to achieveatteulated aim with the case studyildings can be
categorised into two distinct stages. The first stage involves estimating the energy consumption of
the buildings by developing holistic models reflecting the building fabric, systems and thermal
performance of the actual buildings. Thegticted energy consumption is validated by comparing
against actual consumption data. These data are collected by andvwagitatiorof the case study
buildings to enable verification of available data such as building fabric data (e.g. walls and
windows), occupancy information to ensure simulation assumptions are realistic, building usage
to ensure zone grouping is as shown on architectural plan and HVAC system characteristics.
Whereas, the second stage entails the introduction of the selected edigraral improvement
measures into the models to evaluate their impact. That is, installation of window films to the
Hilton Reading hotelinstallation of ventilation fans to the east and west double skin facéde of
Hilton London Heathrow Airport Termal 4 and evaluation of CHP retrofitting in the Hilton

London Gatwick Airport
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Generally, the different case studies presented in this work are made up of several models
categorised under two simulation stages. Table 3.1 pregem¢sal description ahput used in

the models.

Table3.1: Generalescription of input used in teodels

First stage of simulation

Model Brief description Unregulated energy use

System/plant model Energy model simulated vi Catering energy use ni
system modellingcomponent of considered
software using customised TB
file. The TBD file uses editabl
internal conditions and buildin
fabric data that reflec
operational building paramete
(such as occupancy hours a
temperature setoint).

System model + Catering Energy model simulated vi Catering energy us
system modelling component  accounted for usin
software using customised TBI benchmark.

The result is modified b
accounting for unregulate
catering energy use.

Second stage of siulation
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System/plant model

System model + Catering

Energy model is simulated vi Catering energy use ni
system modelling as done in tl considered

first stage. However, the TBI

file used incorporates the ener

improvement measures to |

evaluated (such as window fili

and change in ventilation rate d

to extiact fan introduction)

Energy model is simulated vi Catering energy us
system modelling as done in tl accounted for usin
first stage. However, the TBI benchmark.

file used incorporates the ener

improvement measures to |

evaluated and theresult is

modified by accounting fo

unregulated catering energy us

3.4.1 CIBSE TM 54 Methodology

Precedingsection 2.3 of this thesis has highlighted ttlellenges of building simulation

modelling, particularly the difference betweganedicted building performance and actual building

perfor mance,

t er med Indase 2018 @IBS& publishfedtiHBIENTM &4 gap 6 .

which is an industry recognisedechnicalmemorandum developed to address the increasing

awarenessf the discrepancies between the energy performance of operational buildings and the
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energy predictions at the design stage (Carbon ,B4s5).According to CIBSE (2013a), the two
primary factors precipitatingbuilding performance gap include: firstly, the energy estimation
method for compliance modellinghich does not account famregulated energgonsumption
(such adifts, escalators catering facilities and server rocams) theycan be substantiabecondly,

the site practices and occupiéisehaviour in operational buildings are dynamic and onerous to
replicate, especiallppuildings need to be built, operated, used and maintained in consonant with
the intendel designto deliverthe predicted performanc€IBSE TM 54 mainly focuses on the
first factor related tthe method building compliance models, by providing building designers and
clients with definiteguidanceon an approach to estimate the energy use of buildings witlveelat
accuracy at the design stage (CIBSE, 201ajeover, the developing building models following
the TM54 framework, often involves modification of the Part L/EPC model using the same
dynamic simulation software (CIBSE, 20156)BSE (2013a) and Carbaites (2016jelineated

the aims of the TM54 methodologyinclude

1 Assisting engineersffectively handle project brief where an operational eneggglhas
beenfixed.

1 Provision of a methodology that engineers camploy to carry out betterinformed
calculations obperationaknergy use

1 Demonstrate that energy performanceeiant onon how the building i®peratedand

maintainedalong withhow it is designed and constructed.

The methodologyvhich is mainly targeted at UK Enginseand consultant$pcuses on non
domestic buildingsas it used a worked example for an office building to demonstrate the
application of the method (CIBSE 2013a). Howeitaranalsobe adapted to other countri@gth

suitable modifications to the bdmoarks and referencé€IBSE 2013a)Figure 3.1 shows the
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summary of the TM54 methodology festimating the operational energy consumption at the

design stage

Acquire information about the building and prospective use

Step 1: Establish floor areas| Step 2: Establish operating hours and

occupancy factors

Calculations outside a DSM Inputs into DSM | |Calculations within the
DSM
Step 3: Step4: Lifts
Lighting & escalators
Stepll: Space
Step5: Small Stepé: Step10: rfleatlng,dcoolmg,
power Catering Internal ans and pumps
heat
Step7: Step8: Other gains Stepl2:
Server rooms equipment Humidification
and
Step9: DomesticHot water dehumidification

>

Stepl3: Estimating management factors

. 4

Using the results

Step14: Running
scenarios

Stepl5: Sensitivity
analysis

Stepl6: Review against
benchmarks

Stepl7: Presenting the results

Figure 31: Summary of the TM54 methodology for estimating the operational €

consumption at the design stage (CIBSE 2013a).
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The TM54methodology beingrecogniseanethodologyn the UK buiding sectofor improving

the energy prediction of building energy models informed the methodology used in this thesis.
Although, TM54 presents a methodology to help engineers to produce informed energy
performance prediction at the design stage, the methodologpralsdes a framework that can

be adopted to evaluate energgein existing buildings during refurbishments and building
upgrades (Bhaumik, 2014). Therefasenilar stepgo that of TM54 were alopted in the building
simulation methodology of this theda the hotel buildingd.argely, similar steps to that of steps

1 to 12 of TM54 was followed in the building simulation methodology for this thesis. For instance,
steps 1 and 2 of TM54 informed the adoption of site visitation of the hotels to verifathe d
provided such as, verification of the floor areas, building usage and establishment of information
on occupancy level and pattern. Additionally, unregulated energy use like catering energy use was
estimated outside the DSM, several calculations, sacépace heating, cooling, fans, pumps,
humidification and dehumidification were undertaken within the DSM as recommended by steps
11 and 12 of TM54 methodologylowever, the building simulation approach for this thesis differs
from that of the TM54 becausiee calculations outside the DSM was limited, as the methodology

of this thesis was aimed at using the limited available data provided by the Hatete, this

study method generally made modifications to the input(@atzh as lightingDHW, and intenal
conditiong of the DSM using appropriate benchmarks applicable to hotel buildings. Besides, some
of the calculations for energy end use, such as server rooms, small power and other equipment are
not considerable in hotelsompared to large office bdihgs used to demonstrate the application

of TM54. While catering energy use which is substantial in hotel buildings with restaurants was
calculated outside the DSM using suitable benchmarks for commercial kitchen energy use as

recommended in TM54.
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3.5 Selection ofSimulation Tool

The challenge of improving the energy efficiency of new building design and retrofit of existing
buildings requires that energy efficient measures and strategies need to be examined and validated
with the aid of simulationdols. Therefore, professionals in the built environment often resort to

the use of several simulation approaches. Some of the approaches are generally underpinned by
the thermal information and physical equations of the building while others are basathon d
collected inside the building (Fum@014) The first approach, which is based on thermal
behaviour model |l i ng, I's the physical model ,
approach is based on statistical or machine learning formulatiort andlso referred to as the

6bl ack b o xFouaquieretoah Q01L8). According to Zhao and Magouléx012)
Engineering methods of building energy estimation are also based on the physical principles and
numerous software tools for building enerdfycgency evaluation (such as Energyplus, BLAST,

ESRr, DOE2) are underpinned by the white box approach.

Physical models employ the solving equations representing the physical behaviour of heat to model
the thermal performance of various building typathwheir distinct parameters; that is, their
inputs are known, and the aim is to predict the oyfwtino, 2014; Amarat al, 2015) The white

box models allow for the evaluatiarf the internal thermal environmeinta building for different
periodand spatial scales, thatyisaty, montHy, daily andhouty or the entire building, a roomr

a cell of a room (Foucquiest al, 2013). The equations are solved with the aid of numerous
available numerical simulation software, which are all theoréficapable of analysing the
mechanism of the heat transfer equations written through the energy conservation law (Foucquier

et al, 2013):

B B B B (1)
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Wherelz : is the flux of incoming heat into the systel; . is the flux of heat from an
eventual heat sourcB; : system outgoing heat flug; : stored heat flux in the system. The
main in and ougoing fluxes occurring in the heat transfer system are the conduction via walls,
the ventiation and the longwave and shortwave radiation. Examples of currently used physical
models include multizone, zonal and CFD methods with the most detailed model being the CFD

(Foucquieret al,, 2013).

On the other hand, statistical or black box simulation tools majorly use historical data on building
energy consumption, which is analysed with a basic or multivariable regression analysis to
determine the correlation between the outputs and inputs datasweather data, behaviour of
occupants and the operation parameters (Fumo, ZDddemodels are characterized byiaput-

output behaviouwithout any detailed databout the structurand therefore this method is most

suited when physical knowledgg the building is not available (Amart al, 2015) Some

examples of statistical techniques used in building energy prediction inlthede multiple
regression, the artificial neural network, the genetic algorithm and the support vector machine
(Fouqyuieret al, 2013). According to Zhao and Magou(@9§12) another simulation modelling

t ool or approach, referred to as the 6gray mo

system is partially known or due to data uncertainty.

The simulaibn tool selected for this study based on the research aim is a physical model tool which
is capable of predicting the thermal behaviour of whole buildings within a reasonable time and
consequently, allows for the estimation of key energy performanceatoicsuch as overall
energy consumption, mean internal temperature, building cooling or heating demand, cost analysis
and interrogation of individual zone mean temperature and environmental emissions. Furthermore,

the energy performance results, suclots energy consumption, are validated with measured site
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data. This is done to guard against some of the major drawbacks of physical models that are related
to the uncertainties in input parameters such as weather data and occupant characteristics or some

assumptions made within simulation software to reduce the model complexity.

3.5.1 TAS building simulation software

TAS software version 9.3.@as employed as the dynamic simulation software to model and
calculate the energy performance for this stublye TAS software,designed by Erigeering
Development Solutionsiinited (EDSL), is a set of application products with the capability to
simulate thermal performance of buildings and their systemgh can be translated to energy
consumption estimates (Crawletyal., 2008).EDSL (2015a), highlighted the fact the software is
approvedand fully accredited for theK building regulation 2013 andemonstrates compliance
with various BS EN ISO standardsgs aptness as software for building performance estimation
and energy use prediction has also been appraised via the Building Energy and Environmental
Modelling (BEEM) checklist and it has demonstrated compliance witiAtherican Society of
Heating,the Refrigerating and Air Conditioning Engineg&SHRAE) 1401 building envelope
and the HVAC equipment performance @sDSL 2015a). The softwareas a 3D graphic bed
geometry input interfac@D Modeller)that includes &€AD link and can also performagilighting
calculations Crawleyet al, 2008 EDSL, 2015b). Tie core module is the TRBuilding Designer
(TBD), whichperformsadynamic building simulation with integrated natural and forced air flow
(Crawleyet al, 2008). Furthermore, it provides a cprahensive solution agpowerful simulation

and D modelling toolandrealistically accounts for occupied summer hours underpibgeie
CIBSE TM52 adaptive overheating criteria (Amoakitah andB-Jahromi, 2014). TAS systems

is the component of the safare suite which provides plant modelling capabilities to simulate

systems such dgatventilation andiir condtioning (HVAC) systems/control. Another part of the
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TAS software suit is the TAS Ambiens, which is a strong and&asge 2D CFD package cdpa

of producing a crossection of micro climate variatioilC(awleyet al.,2008) Although there are
numerous kinds of building software available with similar capabilities, TAS software was
selected because it is fully accredited in the UK for compéianith building regulations Part L2,
building performance estimation and energy use prediction. TAS 3D modelling input interface is
also more intuitive relative to some equally powerful and popular simulation software types like
EnergyPlus, which has texXtle input and output interface. Moreover, it has been used
commercially in the UK and around the world for over 20 years with a reputation for its robustness,
reliability and wideranging capabilities. The software was also selected as it was develdiped in

UK and its developer is domiciled in the UK, which ensures access to better support and training

opportunities.

3.6 TAS Building Simulation Principle

The TAS building simulator performs the thermal analysis of the building to evaluate the
environmentaperformance, ventilation analysis, energy use estimation, plant sizing and energy
conservation measures. The building simulator uses the building geometry along with
comprehensive building data for projected internal gains, rates of ventilation andtiofiltr
shading features, occupant sd c h apoirtscandduildingt i ¢ s ,
fabric. EDSL (2015b) presents the approach underpinning dynamic simulation on TAS. Generally,
the software anal yses Visgaesucdession ofihouthgsbGapshdtshaerassna |
the year. This provides a comprehensive depiction of the thermal performance of the building
under the inputted design condition. The approach also allows for evaluation of the impacts of the
thermal processesappening in the building including their timing, interaction and location. The

softwarebébs analysis process is based on the h
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movement of various heat forms as it is transported into, out of and rouhdilidieg envelope
via different heat transfer mechanisms such as conduction, convection, long wave and solar

radiation. Figure 2 presents a representation of the heat transfer mechanism of a building.
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Figure3.2: Heattransfer mechanisms in a building (reproduced from EDSL, 2015b)

The software method to treat the heat transfer processes in the mechanisms is presented below:

1 Conduction
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The method used for dynamic analysis of conduction in the building fabric is basdt
ASHRAE Response Factor technique. This computational method evaluates conduction at
building surfaces of building elements (such as walls or floors) as histories at those surfaces.
Furthermore, the software allows a building fabric with multipjeefa to be analysed and each

layer may be made of varied materials including opaque (such as wood), transparent (such as glass)

or gas (such as air).

1 Convection

Convection at building surfaces is computed by applying a combination of theoretical and
empirical relationships associating convective heat flows to surface temperature difference and

orientation and in the instance of external convection, wind speed.

1 Radiation

The computation of exchange of lemgve radiation is underpinned ByefanBo |l t z mannds |
which states that the total emitted heat energy from a surface is proportional to the fourth power

of its absolute temperaturderfcyclopedia Britannica2009). The weather data provide all
necessary information used to compute thlarsradiation absorbed, reflected and transmitted by
individual elements of the building. The computation calculates the incident fluxes via information

of the position of the sun and empirical models of sky radiation while also resolving the radiation
into direct and diffuse components. The software computes the absorption, reflection and
transmission from the thermmhysical characteristics of the building. Moreover, incoming solar
radiation via transparent building elements is absorbed, reflectechnemiteed based on when

they fall on internal surfaces. In addition, the distribution of reflected and transmitted solar

radiation lasts until all the radiation is accounted for.
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The TAS building simulator allows some factors that impact the thermal loeinafi buildings
such as thermal insulation, thermal mass, climate, glazing characteristics, building fabric, solar
gains and plant schedule. It also provides results indicating the effect of these factors on air

temperature, radiant temperature, resultamperature, humidity, energy consumption, etc.

The processes that were used to develop the holistic building models for energy estimation and
evaluation of improvement measures in the dynamic simulation software TAS are presented in

sections J-3.10.
3.7 EDSL TAS 3D Modelling Process

The TAS 3D modeler component of the software emhipirmation on the building geometry

and fabricsuch as floors, wall types, windows and doors dimensions to be inputted. Also, the
categorisation of the floor aas into different zones based on their usagedoneandall these
datawereused to generate th®3nodel as close to reality as possible. The data used for the 3D
modelling was obtained from the AUTOCAD drawings of the hatelvhich show plaa for

individual floors.

The AUTOCAD drawings were also used for obtaining the measurement of doors, windows and
default floor height. The original AUTOCAD filevas modified by purging and removing
unnecessary layers and drawing a 20m reference construction liaky Feach floowassaved

as a separate file.

The drawings also provide the categorisation of the building floors into various zones such as
bedrooms, reception, offices, kitchen etc. whiaére used in various stages of the simulation

process. The zoninprocessvasdone meticulously based on the usage of the space as & h
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direct bearing on the resultainternal conditiorof the spaceTheflowchart presented in Figure

3.3 shows the floor modelling process used fer3® modelling of various floorsf the buildings:

Floormodellingprocess

y
Open EDSL TAS 3D Input building location
modeller parameter

Createfloors, input floor
LevelsandHeight

v

Createbuildingelements

v

Draw walls, using
Fix issues in external/internal wall omull
model wall as appropriate

v

Createwindowsanddoors

v

Import ground floor drawing using 20
reference line drawn with a null wall

v

Createzones

No Errorsan\‘ Assigrzones,shadeand

warnings windows as appropriate

A 4

C Model next floor )

Figure3.3: Floor modelling process
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3.8 Thermal Simulation Process

The TAS TBD component of the software is the core part afaftevare suit@ndit performs the
thermal simulation of the buildind\ppropriate choice of modelling parameters and assumptions
are needed to carry out building performance simulation. Moelelling paameters and
assumptions usei this study to execatthe buildng performance simulatioare enumerated

below

A. Appropriateness of CIBSE TRY weather data (which is basealhistoric average data
pattern ovencertain number of years) beapplicable to prevailing weather conditions of

the case studiuilding location.

B. Acceptability of the National Calcul ation I

activity and occupancy as existing conditions of the case study hotel building.

C. Assumption of Uvalues to be static rather than being dynamith@snormally vary with

thermal and climatic environment.

Figure 34 presentsa flowchart illustrating the various simulation parameters such as calendar,
weather data, internal conditions, zarets.thatwere populated to conduct the thermal simutatio

on the TAS building simulator
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Simulate entire
building

Open TAS building

simulator (TBD) file

Insert necessary building
summary information

v

Calendar

Use NCM calendar from th
calendar database

v

\ 4

Go to TAS system and
plant modelling or
Building Regulation

Weather Data

Use CIBSE TRY London
Heathrowweather file

v

Building Elements

Assign appropriate building
fabric from TAS database

studio as appropriate

v

HVAC Groups

Apply to respective zones

v

Internal Conditions

Use commercial building
(hotel) as bases to assign ¢
appropriate

!

- Fix simulation
Save & c_Iose TBD f|_Ie, issues
open 3D file export with
shade calculation &
save bymerging with
TBD file
Yes

Apertureand Schedule

Create and assigas
appropriate

v

Errors and

warnings

Pressimulation Checks

Figure3.4: Building thermal simulation process
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3.9 Plant/systemsModelling

The TAS systems module of teeftware suite enabléise thermal simulation result file, referred

to as theTSDfile, to be directly coupled to it. The systems module enables the simulation of the
buil dingbés plants consisting of heating and c
along withthe TSD file to producenergy performase results such as total energy consumption

and demand. However, the estimddes not account for unregulated energy use such as catering
which can be significant in a hotel building and is therefore estimatéginwork to augmerthe

TAS systems result. Figure5dhelow presents the TAS systems wizard simulation pracess

TAS Systems Modelli@

Step 1. Step 6:
Start project wizard Domestic hot water configuration

Step 2: Step 7:

Attachbuildingsimulationresult (TSD) Design condition configuration
Step 3: Step 8:

Assign zone® the plant room as Fuel sources selection
appropriate
Step 4: Step9:
Air-side configuration selection Generating systems (TPD)

Step 5: Step 10:

Heating and cooling circuit configuration System simulation and results

Figure3.5: TAS systems simulation process
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3.10 UK Building Regulation Model

The UK building regulation component of EDSL TAS, which is basedhen2013 building
regulations, was also used for this study. It subjected the simulation result to the NCM standards

to estimate the energy performance of the building mainly for compliance purposes. The building
regulation model was done by systematicgltyng through the regulation studio of the program

and selecting appropriate parameters to devel
was translated into a generation of various building reports which included Energy Performance
Certificate EPC) documents, total energy consumption, carbon emissions and fuel use. bigure 3.

shows the UK building regulation process.

@Building Regulatioriuglio Process>

Step 1: Step 8:
Selection of building regulation and building Air-side configuration
Step 2: Step 9:
Air permeability Heating and coolingircuit configuration
Step 3: Step 10:
Building element Domestic hot water configuration
Step 4: Step 11:
U-values check Fuel source selection and configuration
Step 5: Step 12:
NCM construction database selection BRUKL/EPC information
Step 6: Step 13:
Lighting type/controls Studio simulation
Step 7: Step 14:
Assignment of zones Building report and result (EPC documentsg,
BRUKL reports etc.)

Figure3.6: TAS UK Building Regulation Studig_I’:’rocess
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Chapter 4: Estimation and Validation of Energy Consumptionin Existing

Hotel Buildings in the UK Using Dynamic Simulation Software

4.1 Introduction
As highlighted in the preceding sectiorsjildings contribute to almost half of the energy

consumption in western countries and it has become imperative to meaningfully reduce their
energy consumption and associatec €issions. Moreover, to curb increasing building energy
consumption, it is eqplly important to comprehend the distribution of energy use throughout the
building along with how building parameters impacts energy consumption and ddraagddr

et al, 2012).

Therefore, in order to achieve building energy consumption abatemenC@neémissions
reduction it is important to have a relatively accurate estimate of overall energy consumption in
new and existing building#n accurate estimate of building energy use can be fosestveral
purposes such as justificatioar fproposed refinishment work,devebping budgets for utility

costs and tdemonstrate complianedth cettain regulation requirements. However, investigation
building energy consumption is an onerous task as it involves the development of models
considering the complexnteraction of the building fabric, HVAC system and external
environment(Mustafarajet al., 2014) The dynamic nature of cli
behaviour, building operation and several other variables necessitate the use of computer
simulation in the design of new buildings and the refurbishment of existing ones. Disadvantages
of computer bilding simulation which are associated with the complexity of a model include the
significant amount of comprehensive input data and time, even from skilled deg@aalsnaet

al., 2008)

99

ma



It is evidentfrom the review otheliterature thatconsiderale number of studidsave been done

on improving the prediction and estimation of building energy performance, particularly during
the design stage but there is still an existing knowledge gap connected to computing and
accounting for unregulated energgnsumption estimate§.he aim of this case studyas to
estimate the operational energy consumption of an existing hotel building in the UK with the use
of dynamic simulation software (EDSL TAS) and validate the estimated energy consumption with
available site consumption datdt presentsan approach of improvingn the estimate of
operational energy which can reduce the expected performance gap bemigieg regulation

Part L model and actual building energy.uBleis study can thus contribute to exigtknowledge

in improving the predication and estimation of building energy performance by presenting an
approach that can be employed to estimate considerable unregulated energy use such as catering
in an existing hotel buildingThis contribution provids an indication of possible unregulated
energy consumption that can be evaluated to helducing theperformance gap in hotel
buildings particularly as peviousstudies have demonstrated that accurate estimation of energy
consumption in hotel buildgs is progressively difficultas a result othe mixeduse nature of

hotels accommodating diverse activities.

4.2 Building Description

This sectiorprovidesbuilding descriptios for Hilton Readng hotel which is the main hotel used
for this case study along withatof the other validation casedilton London Heathrow Airport

Terminal 4 and Hilton London Gatwick Airport Hotel.
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4.2.1 Building description for Hilton Reading Hotel

The Hilton Readindhotel buildingis located in Reading, Berkshire. The building, constructed in
2009, is a fousstorey hotel with underground basement parking. The building is a predominantly
single glazed facade, sealed building and fully air conditioned vidtabfloor area of 12,362t

The windows are typically double glazed (4 mm clear pane; 50 mm air gap and 4 mm clear pane)
with a total window area of 108Grand a window to building envelope area of 30%. The ground
floor of the building accommodates the reception area, conference/meeting rooms,
restaurant/bar/kitchen and fitness/pool area While the first, second and third floors accommodate
mainly the ensuitédedrooms, the roof houses the plant rooms. The rooftop central air handling
units (AHU) provide heating/cooling as well as fresh air to all building floors whilst fan coil units
(FCU) provide cooling/heating to individual bedrooms/meeting rooms. Theifigtgly busy with

a room occupancy rate of over 90% annually. The domestic hot water (DHW) demand in all rooms,
kitchens and toilets is met by six g@®d boilers. Reading, Berkshire is about 40 miles from
central London, which is the closest weathetish. Therefore, the weather data used for
simulation of heating and ndmeating season is the current CIBSE London TRY. To facilitate the
shadow calculation and orientation in the 3D Modeller, the latitude, longitude and time zone values
of 51.43 degreeNorth,-0.98 degrees East and UTC +0.0 respectively were inputted to reflect the
geographical location parameters of the hotel buildfngure 4.1 shows the AutoCAD floor plan

drawing for the hotel.
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