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The global increase in demand for dwelling energy and implications of changing
climatic conditions on buildings require the built environment to build sustainable
dwellings. The aim of this thesis is to apply passive mitigation and adaptation
design strategies to newly detached residential buildings in the UK with the view to
identify the key building envelop and systems parameters to secure the right
balance of energy consumption and thermal comfort in dwellings. In addition,
currently, acceptable robust validation process for validating space temperatures
is required, as existing simulation software validation is geared toward energy
consumption. The thesis further aims to apply an effective validation method to the
validation of building simulation indoor temperatures.

This thesis comprised of six case studies. In the first study, Bland-Altman’s
method of comparison is used as a validation technique in validating space
temperatures in building simulation application. This is a newly developed
knowledge in civil and construction engineering research in validating thermal
analysis simulation software. The relevance of this approach is due to the
emergent understanding that the goodness of fit measures used in current building
iii

simulation model validation are inadequate coupled with that fact that the current
simulation software validation are geared toward energy consumption.

In the second study, global Monte Carlo sensitivity analysis is performed on two
differing weather patterns of UKCIP02 and UKCP09 weather data sets to compare
their impact on future thermal performance of dwellings when use in thermal
analysis simulation. The investigation seeks to ascertain the influential weather
parameters which affect future dwelling indoor temperatures. The case study when
compared to literature affirms the mean radiant temperature and the dry bulb air
temperature as the key parameters which influence operative temperatures in
dwellings.

The third study, the extent of impact of climate change on key building
performance parameters in a free running residential building is quantified. The
key findings from this study were that the average percentage decrease for the
annual energy consumption was predicted to be 2.80, 6.60 and 10.56 for 2020s,
2050s and 2080s time lines respectively. A similar declining trend in the case of
annual natural gas consumption was 4.24, 9.98 and 16.1, and that for building
emission rate and heating demand were 2.27, 5.49 and 8.72 and 7.82, 18.43 and
29.46 respectively. This decline is in consonance with the range of annual average
temperature change predicted by the GCM based on the IPCC scenarios (IPCC,
2001) which generally shows an increase in temperature over stipulated timelines.
The study further showed that future predicted temperature rise might necessitate
the increasing use of cooling systems in residential buildings. The introduction of
cooling to offset overheating risk, the trend of heating and cooling demand shows
iv

progressive increase variability with an average percentage increase of 0.53, 4.68
and 8.12 for 2020s, 2050s and 2080s timelines respectively. It is therefore
observed that the introduction of cooling cancels out the energy gains related to
heating due to future climatic variability.

The fourth, fifth and sixth case studies consider the integrated passive mitigation
strategies of varying future climatic conditions, variable occupant behaviour,
building orientation, adequate provision of thermal mass, advance glazing,
appropriate ventilation and sufficient level of external shading which influence the
potential thermal performance of dwellings and a methodology that combines
thermal analysis modelling and simulation coupled with the application of CIBSE
TM52 adaptive overheating criteria to investigate the thermal comfort and energy
balance of dwellings and habitable conservatories.

In the fourth study, the impact of four standardized construction specifications on
thermal comfort on detached dwellings in London, Birmingham and Glasgow are
considered. The results revealed that the prime factor for the variation of indoor
temperatures is the variability of climatic patterns. In addition, London is observed
to experience more risk of thermal discomfort than Birmingham and Glasgow over
the time period for the analysis. The total number of zones failing 2 or 3 CIBSE
TM52 overheating criteria is more in London than in Birmingham and Glasgow. It
was also observed that progressive increase in thermal mass of the standardized
construction specifications decrease the indoor temperature swings but increase in
future operative temperatures. The day ventilation scenario was seen not to be
effective way of mitigating internal heat gains in London and Birmingham. The
v

opposite was observed in Glasgow. Night ventilation coupled with shading offered
the best mitigation strategy in reducing indoor temperatures in London and
Birmingham.

In the fifth study, Monte Carlo sensitivity analysis is used to determine the impact
of standard construction specifications and UKCP09 London weather files on
thermal comfort in residential buildings. Consideration of London urban heat island
effect in the CIBSE TM49 weather files leading to the generation of three different
weather data sets for London is analysed. The key findings of the study indicated
that in the uncertainty analysis (box and whiskers plots), the medians for the day
ventilation scenarios are generally higher than those of the night ventilation and
further higher than the night ventilation with shading scenarios. This shows that
applying mitigation scenarios of night ventilation and shading have a significant
impact on reducing internal operative temperatures. In addition, the sensitivity
analysis shows glazing as the most dominant parameter in enhancing thermal
comfort. The sensitivity of glazing to thermal comfort increases from Gatwick, with
London Weather Centre having the highest sensitivity index. This could be
attributed to the urban heat island effect of central London, leading to higher
internal operative temperatures. The study thus shows that more consideration
should be given to glazing and internal heat gains than floor and wall construction
when seeking to improve the thermal comfort of dwellings.

Finally, the sixth study considers the use of passive solar design of conservatories
as a viable solution of reducing energy consumption, enhancing thermal comfort
and mitigating climate change. The results show that the judicious integration of
vi

the passive solar design strategies in conservatories with increasing conservatory
size in elongated south facing orientation with an aspect ratio of at least 1.67 could
progressively decrease annual energy consumption (by 5 kWh/m 2), building
emission rate (by 2.0 KgCO2/m2) and annual gas consumption (by 7 kWh/m2)
when the conservatory is neither heated nor air-conditioned. Moreover, the CIBSE
TM52 overheating analysis showed that the provision of optimum ventilation
strategy depending on the period of the year coupled with the efficient design of
awnings/overhangs and the provision of external adjustable shading on the east
and west facades of the conservatory could significantly enhance the thermal
comfort of conservatories.

The findings from these case studies indicate that thermal comfort in dwellings can
be enhanced by analysis of future climatic patterns, improved building fabric and
provision of passive design consideration of improved ventilation and shading.
They also confirm that the utilization of appropriate mitigation strategies to
enhance thermal comfort could contribute to the reduction of the environmental
implications to the built environment and facilitate the drive towards the attainment
of future sustainability requirements.
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CHAPTER 1:

Introduction

This chapter introduces the research on the impact of climate change on newly
detached residential buildings in the United Kingdom – passive mitigation and
adaptation strategies. The chapter discussion includes the research background
and context, the identified knowledge gap, statement of research focus, research
questions and objectives which drive the six case studies in the work and the
research structure and chapter layout.
1.1

Research Background and Context

The United Kingdom is currently confronted with a challenge to strategically attain
its two major goals in its Energy policy of reducing carbon dioxide emissions to
agreed standards and the provision of affordable energy to meet high expectations
for sustainable energy. The 2008 Climate Change Act requires the UK to cut 34%
of 1990 carbon dioxide emissions by 2020 and 80% cut by 2050 (DECC 2011a).
The 26 million dwellings in Britain (ONS 2009) are responsible for a large
proportion of carbon dioxide emissions. In 2010 the domestic energy consumption
as compared to the total energy consumption in the country was 32% (DECC
2011).

In spite of the improvements in residential building construction, domestic energy
consumption in the United Kingdom increased by 18% between 1970 and 2009,
and more than 50% was used for space heating (ONS 2011). Vaughan (2011)
advances that this is partly related to occupants increased use of space heating,
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appliances and lighting and also population growth and demographics where there
is an increase in one-person households.

The impact of varying climate patterns and high thermal implications to various
building occupants, geographic locations, building type and function will present a
challenge in building sustainable buildings (Lomans and Giridharan 2012) and is a
concept acknowledged by the scientific and political communities (Nicol et al.
2009). The anticipated growth of smart cities and the efficient functional
advancement in ICT may drive a shift away from overdependence of office work
and concentrate rather more on remote working from home (CIBSE TM55, 2014).
This shift in working practise coupled with climate change will require having
dwelling energy efficiency and the desired thermal comfort. The foreseen rise in
future indoor temperatures by several degrees could lead to the increasing use of
building cooling systems in the existing stock of free-running naturally ventilated
dwellings in the UK, thus affecting the UK government set targets of reducing
greenhouse gas emissions and mitigating climate change (Nicol et al, 2009).

Judicious making of informed long term strategic infrastructure investments
decisions involve cost and sustainable environmental consideration in relation to
building performance and occupancy comfort. Over the years, based on the
knowledge to design and build with the view to reduce carbon dioxide emissions,
professionals in the building industry have adapted two main approaches. Whilst
one approach has been related to the reduction in the building energy demand
through the appropriate selection of building elements and design, a converse
approach has been the adaptation of renewable systems (Palme et al., 2013).
2

Although, these two approaches have led to the enhancement and improvements
of building performance predictability, yet the future accuracy in real building
performance cannot be ascertained due to the variability of climatic conditions
(Palme et al., 2013). In general, the variability and impact of climate change to
buildings and its components have been largely ignored (Crawley, 2008).
Moreover, investigations ought to be pursued in the area of primary energy
consumption and carbon emissions in relation to energy demands (Palme et al.,
2013).

Furthermore, there is a global limited research on the impact of current climatic
variability on buildings in areas such as heating and cooling demand, energy
usage, equipment life and occupant comfort (Crawley, 2008). Buildings life time
spans tallies with the projected trends of climatic variation (De Wilde and Coley
2012), an indication that the built environment should take cognisance of climatic
variability in its design and build while considering the aim of improving building
performance indicators and contribute to the overall global effort of greenhouse
emission reduction.

Evidence exist that some work has been undertaken by professionals in the
building industry to relate the variability of future climatic conditions to building
performance. Whilst future weather information has been used in these studies,
almost all of these studies were published prior to the advent of the UK Climate
Projection 2009. The UK Climate Projection 2009 present the most advanced
comprehensive future weather information for our century, thus resulting in a more
3

accurate and reliable predictive building performance indicators using building
simulation methods (Du et al., 2011). In addition, although currently extensive
research have been done on the output of the UKCP09 in relation to building
performance, the various analysis were based on the weather variables rather
than varying building performance indicators (William et al., 2011).

Moreover, there are other related issues in modelling energy usage in buildings.
Building materials and controls may be altered from the design specifications
coupled with poor workmanship, model simplifications, poor management and
maintenance practices (Demanuele et al. 2010). In addition, the type of building
materials and external factors such as weather variations and building schedule
are contributing factors (Turner and Frankel 2008). The challenge to accurately
select modelling parameters to model energy performance in buildings is attributed
to over-simplified modelling assumptions (Brounen 2011). These areas ought to
be investigated in conjunction with the varying characteristics of occupants in
energy simulation (Azar and Menassa 2010).

In addition, there is general lack of comprehensive studies of what encompass the
inter-relationship between all the design variables associated with optimal yearround energy conservation and thermal comfort of conservatory form and
performance metrics in the United Kingdom. In his work “Optimization of passive
solar design strategies: A review” Sanja Stevanovic in 2013 provides an
exhaustive review of about 80 simulation-based optimization of passive design
strategies research publications since 2000 but no mention of conservatories as a
passive design solution in UK is mentioned. Moreover, there is knowledge gap in
4

the investigation of surface to volume ratio and aspect ratio of conservatories to
facilitate optimum thermal performance design for current and future weather
patterns variations.

This work seeks to address these issues and therefore employs integrated passive
design strategies of varying future climatic conditions, variable occupant
behaviour, building orientation, adequate provision of thermal mass, advance
glazing, appropriate ventilation and sufficient level of external shading which
influence the potential thermal performance of dwellings and a methodology that
combines thermal analysis modelling and simulation to investigate the thermal
comfort and energy balance of dwellings and habitable conservatories attached to
detached dwellings in the UK using the CIBSE test reference year (TRY) and
design summer year (DSY) emission scenarios for the current and future (2020’s,
2050’s and 2080’s) climatic change projections.

The Zero Carbon Home in their March 2015 publication “Defining Overheating.
Evidence Review” indicated the need to investigate the relevance of adaptive
thermal algorithm to the domestic sector in the design of homes. The publication
further indicated the need for a comprehensive methodology for the design of
homes to assess annual and seasonal performance without adding considerable
resource requirement to existing practices (ZCH 2015). The work therefore makes
application of the CIBSE TM52 adaptive comfort criteria to assess overheating in
the various case study buildings.
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The work is further enhanced by incorporating Bland-Atman’s method of
comparison as a validation tool in building simulation. This serves as a knowledge
contribution to the civil and construction engineering practice in the area of
building simulation validation.

With the increase in population and demand for residential accommodation
coupled with the cost of energy becoming more expensive, it is imperative to
model and appropriately manage energy usage since this is necessary for the
economic stability, growth and social wellbeing. Moreover, this field of research is
highly relevant to issues involving climate change effects coupled with sustainable
development and thus will not only contribute towards the achievement of the UK’s
broader energy consumption goals and the global quest for sustainable energy but
also to building engineering practice.

1.2

Stated gap in knowledge

The scholarly features of this work are underpinned by the application of thermal
analysis simulation software as an instrument to investigate and modestly
contribute to the transformation of energy demand in the built environment. This
study identifies the need for further research in the following areas:

1. Key finding 1 from literature review:
The use of Bland-Altman’s method of comparison as a validation technique in
building simulation application.
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2.

Key finding 2 from literature review:

The impact of current and future climatic variability on buildings in area of
thermal comfort based on CIBSE TM52 overheating criteria using the current
CIBSE Design Summer Year (DSY) weather data set morphed from the UK
Climate Projection 2009 weather information.

3

Key finding 3 from literature review:

The comparison of CIBSE TM48 and CIBSE TM49 weather data sets impact
on thermal comfort of residential dwellings using deterministic, uncertainty and
sensitivity analysis.

4

Key finding 4 from literature review:

A comparison of the impact of standard construction specifications in thermal
comfort optimization in detached dwellings.

5

Key finding 5 from literature review:

Employing passive design techniques in conservatory to secure the right
balance between energy performance and thermal comfort of dwellings due to
the absence of modelling and simulation research/current publication into the
use of conservatories as passive design solution in the UK.
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1.3

Statement of Research Focus, Research Questions and
Objectives

1.3.1 Aim/Focus
The main focus of this research is to evaluate and predict the impact of current
and future variable climatic patterns on detached dwellings energy and thermal
performance and further investigate how building total energy demand and thermal
comfort will be improved through resilient building design using thermal analysis
simulation software. The study further investigates the use of Bland-Altman’s
method of comparison as a technique for validation of building simulation.

1.3.2 Research Questions
The thesis aims to answer the following six questions in a form of six case studies;
Case study 1:

How can internal operative temperature results from thermal
analysis simulation be validated?

Case study 2:

How does the impact of varying future climatic patterns of
UKCIP02 and UKCP09 weather data sets compare when use
in thermal analysis simulation to investigate thermal
performance of dwellings?

Case study 3:

How do the varying future climatic patterns affect the energy
performance of dwellings?

Case study 4:

How can passive mitigation and adaptation strategies be
employed to optimize thermal comfort in dwellings?

Case study 5:

What are the most influential building envelope and systems
parameters which affect thermal comfort in dwellings?
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Case study 6:

How can passive design techniques be employed in
conservatories to secure the right balance between energy
performance and thermal comfort and further mitigate climate
change?

1.3.3 Objectives
The essence of the six case studies is to investigate through modelling and
simulation the impact of future climatic conditions on residential buildings and
examine the variability in and quantify energy consumption, internal operative
temperatures and carbon dioxide emission patterns under one umbrella with the
view to apply passive design solutions as mitigation and adaptation strategies.
The key objectives which drive the success of this work are as follows:

Case study 1:

Explore the use of Bland-Altman’s method of comparison as

(Chapter 4)

building simulation validation technique in analysing the
statistical agreement between monitored dwelling
temperatures and thermal analysis simulated operative
temperatures of detached dwellings.
1a.

Perform modelling and simulation on an identified
detached dwelling.

1b.

Conduct experiment to monitor and record the outdoor
and a zone internal operative temperatures using
approved efficient monitoring system.
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1c.

Establish a priori criteria for the bias and precision
based on acceptable adaptive comfort standard.

1d.

Evaluate the results using Bland-Altman’s method of
comparison as a validation technique and ascertain its
use as a new approach in civil and construction
engineering research.

Case study 2:

Investigate and quantify the variability of impact of climate on

(Chapter 5)

building thermal comfort considering the selected comparable
CIBSE TM48 and CIBSE TM49 weather data set.
2a.

Perform modelling and simulation on an identified

detached dwelling.
2b.

Based on identified input weather parameters from the

simulation results develop an appropriate model for Monte
Carlo uncertainty and sensitivity analysis to ascertain the most
influential parameters which contribute to the internal
operative temperature in dwellings.
2c.

Perform Monte Carlo uncertainty and sensitivity

analysis coupled with deterministic analysis consideration to
identify the most influential weather parameters which
contribute to thermal comfort.
2d.

Compare the results with literature to affirm the key

parameters which influence operative temperatures in
dwellings.
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2e.

Analyse the variability of the selected comparable

CIBSE TM48 and CIBSE TM49 weather data set on internal
operative temperatures of dwelling.

Case study 3:

Evaluate and predict the impact on varying future climatic

(Chapter 6)

patterns on five building performance indicators.
3a.

Perform modelling and simulation of ten (10) newly

built detached dwellings.
3b.

Improve the accuracy of the simulation through the

appropriate selection of modelling parameters and
assumptions.
3c.

Evaluate and predict the impact of future climatic

variations on the ten (10) newly built detached dwellings.
3d.

Investigate the impact of future climate change on

building performance indicators of total annual energy
consumption, annual gas consumption, annual electricity grid
consumption, building emissions rate and heating demand.
3e.

Perform heating and cooling demand analysis to

ascertain the need of cooling demand in the United Kingdom
with future prediction of increasing temperature.

Case study 4:

Examine the current and future thermal comfort implications

(Chapter 7)

of identified different standardized construction specifications
which show a progressive increase in thermal mass and
airtightness and incorporate passive design techniques as
11

mitigation and adaptation strategies for overheating in three
cities in the United Kingdom.
4a.

Perform series on modelling and simulation based on

current and future weather data set on the identified different
standardized construction specifications for the three
identified locations of London, Birmingham and Glasgow.
4b.

Explore the use of CIBSE TM52 criteria as an

overheating assessment tool in naturally ventilated dwellings.
4c.

Perform deterministic analysis to ascertain the

effectiveness of the mitigation and adaptation strategies on
thermal comfort.

Case study 5:

Investigate and quantify the variability of impact of climate

(Chapter 8)

change of three locations of Gatwick, Heathrow and London
Weather Centre on building thermal comfort considering the
identified four standardized construction specification with
varying thermal mass and airtightness and passive design
solutions using selected CIBSE TM49 weather data set.
5a.

Perform modelling and simulation on an identified

detached dwelling.
5b.

Based on identified input mitigation and adaptation

parameters from the simulation results develop an appropriate
model for Monte Carlo uncertainty and sensitivity analysis to
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ascertain the most influential parameters which contribute to
the internal operative temperature in dwellings.
5c.

Perform Monte Carlo uncertainty and sensitivity

analysis coupled with deterministic analysis consideration to
identify the most influential weather parameters which
contribute to thermal comfort.
5d.

Analyse the variability of the mitigation and adaptation

strategies based on the four standardized construction
specifications coupled with the passive design solutions to
ascertain the key input parameters which influence thermal
comforts.
5e.

Compare the results with literature to affirm the key

parameters which influence operative temperatures in
dwellings.

Case study 6:

Investigate the possibility of using conservatory as a passive

(Chapter 9)

design solution.
6a.

Perform modelling and simulation on an identified

detached dwelling with varying sizes of conservatory.
6b.

Explore the use of integrated passive design strategies

to optimise solar radiation gains in the conservatory to secure
the right balance of energy consumption and thermal comfort
throughout the year.
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6c.

Explore the use of CIBSE TM52 criteria for adaptive

thermal comfort criteria for both overheating and underheating
assessment.
6d.

Investigate the impact of integrating passive solar

strategies in conservatory design on building performance
indicators of total annual energy consumption, annual natural
gas consumption and building emissions rate.

1.4

Research structure and chapter layout

The structure of the thesis as indicated below outlines the doctoral element of this
work which seeks to answer the objective framework described at outset of this
chapter. The work is organized into ten chapters.

Chapter 1:

Introduction

The current chapter; the introduction, lays out the background, the stated gap in
current knowledge, the research questions, the objectives of the study, the main
structure of the thesis. It further touches on the relevance of the thesis topic
insofar as it contributes to the UK’s attainment of its energy policy goals.

Chapter 2:

Literature review

This chapter offers a critical literature review of the main issues that underlie the
objectives of the research. These include the impact of climate change on
buildings, building modelling and simulation, building thermal performance, energy
conservation and reduction of carbon dioxide emission, passive design solutions
14

and validation of thermal analysis simulations. The chapter further discusses the
current work in the area of developing an appropriate weather data files required
to enhance building simulations outputs.

Chapter 3:

Methodology

This chapter considers the design of the research. The research is based on
quantitative methodology which is underpinned by thermal simulation analysis
coupled with deterministic and Monte Carlo uncertainty and sensitivity
consideration to analysis and model the impact of variable current and future
climatic patterns on detached dwellings energy usage, thermal performance and
carbon dioxide emissions. The analysis seeks to identify input parameters and
various passive design scenarios which have a significant impact on building
energy and thermal performance. The methodology indicated the modelling and
simulation process and further stipulates the simulation assumptions.

Chapter 4:

Method comparison analysis of detached dwelling temperatures
in the United Kingdom

This chapter which is the first case study investigate the use of Bland-Altman’s
method of comparison analysis as a building simulation validation technique. The
results points to the use of this approach as a credible statistical validation method
for evaluating the agreement between monitored and simulated internal operative
temperatures using the EDSL TAS program.
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Chapter 5:

Impact of climate change variability on building thermal
performance - consideration of only varying weather data sets
scenarios

This chapter which is the second case study explores the variability between the
CIBSE TM48 and CIBSE TM49 Design Summer Year weather files for London
Heathrow, Gatwick and London Weather Centre for the current, 2020s, 2050s and
2080s weather data sets. Based on Monte Carlo simulation for uncertainty and
sensitivity quantification, the chapter further seeks to investigate the key weather
parameters which influence the thermal comfort on dwellings. The drive towards
the use of CIBSE TM49 is also to ascertain the urban heat island effect
incorporated in the London Weather Centre weather data sets as compared to the
Heathrow and Gatwick weather files. The overheating analysis is underpinned by
CIBSE TM52 adaptive thermal comfort criteria.

Chapter 6:

Impact of climate change on building energy performance consideration of only varying weather data sets scenarios

This chapter which is the third case study investigates the impact of changing
climatic patterns on ten (10) newly built detached dwellings in the United Kingdom
using the CIBSE TM48 Test Reference Year weather data sets for the current,
2002s, 2050s and 2080s timelines. The study evaluates and quantifies the
predicted impact of climate change based on five key building energy performance
indicators. The chapter further considers the future cooling needs of residential
buildings.
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Chapter 7:

Impact of four standard construction specifications on thermal
comfort in three major cities in the United Kingdom.

This chapter which is the fourth case study is based on deterministic analytical
approach to conduct interactive investigation on four different standardized
construction specifications which show a progressive increase in thermal mass
and airtightness coupled with various ventilation and shading scenarios to
determine their impact on thermal comfort in London, Birmingham and Glasgow.
The CIBSE TM48 Design Summer Years weather data sets for the current, 2020s,
2050s and 2080s timelines and the CIBSE TM52 adaptive thermal comfort criteria
for overheating analysis are used in the study.

Chapter 8:

Impact of four standard construction specifications on thermal
comfort in three major weather locations in London.

This chapter which is the fifth case study is based on Monte Carlo uncertainty and
sensitivity analysis to conduct interactive investigation on four different
standardized construction specifications which show a progressive increase in
thermal mass and airtightness coupled with various ventilation and shading
scenarios to determine their impact on thermal comfort of dwellings in London
Weather Centre, Heathrow and Gatwick. The CIBSE TM49 weather data set for
2003_2050 medium design summer year with 50% probabilistic scenario timeline
and the CIBSE TM52 adaptive thermal comfort criteria for overheating analysis are
used in the study. The study further seeks to identify the most influential building
envelope and systems parameters and explore their related uncertainty and
sensitivity contribution of building adaptation strategies of the four standardized
construction specifications which affect thermal comfort.
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Chapter 9: Conservatory as a passive design solution
This chapter which is the sixth case study explores the use of dwelling
conservatory as a passive design solution. The work seeks to apply integrated
passive design strategies to optimize the energy performance and thermal comfort
of dwellings using CIBSE TM52 adaptive thermal comfort criteria as an
assessment tool.

Chapter 10: Conclusion
The final chapter highlights the main conclusions drawn from the preceding
chapters and offers a summary of conclusions for the thesis. The practical
application of the findings and the modest contributions of this work to knowledge
are also highlighted. This is followed by suggestions for logical continuation and
development of the thesis.
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CHAPTER 2:

2.1

Literature Review of impact of climate change on
building performance and passive design
strategies

Impact of Varying Climatic Patterns on Building Performance

The impact of global warming resulting to changes in the world’s climatic
conditions is widely acknowledged (Palme et al., 2013), (Du et al., 2011), (De
Wilde and Coley 2012) (UKCP, 2010) and the evidence requires little justification
to point to the impact of climate change on building. The Inter-government Panel
on Climate Change (IPCC) fourth assessment report indicated that the rise of
world temperature as a result of possible anthropogenic emissions of greenhouse
gases in our century would vary between the ranges of 1.1 to 6.4oC from a 1990s
baseline towards the end of the 21th century (IPCC, 2007).

Studies related to the analysis of the future climatic patterns show increases in the
number of days with high temperatures in the United Kingdom (UKCP, 2010). The
mean daily maximum temperatures were observed to have an increase range
between 2.2 and 9.5 oC (UKCP, 2010). Whilst the mean daily minimum observable
trends in winter temperatures show a range of increase between 0.6 and 5.95 oC
with reference to specific locations (UKCP, 2010).

Moreover, the projected increase in summer mean temperatures based on the
UKCP09 climatic projection medium emission scenario for the 50th probability level
for the Southern England, is estimated to be an increase in temperature of 4.2
degrees Celsius by the 2080s, with 2.2 to 6.8 degrees Celsius representing the
10th and 90th probability range respectively and the mean daily maximum
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temperatures for the 2080s were estimated to be increased by 5.4 degrees
Celsius, with 2.2 to 9.5 representing the 10th and 90th probability range
respectively (Murphy et al. 2009),(Mylona 2012). In addition, London has historic
experience of heat waves in 1976 and 2003, with the August 2003 temperatures
exceeding 37 degrees Celsius with over 2000 people related death from heat
wave coupled with the urban heat island effect realised in Central London.

These findings present vivid evidence that the climatic projections point to a long
term warming climate which will result in the reduction of winter heating demand
and an increase in summer cooling demand (Palme et al., 2013). Thus, changes in
weather condition may impact building performance (William et al., 2011).

As there is a direct bearing of changes in climatic conditions on buildings in
relations to buildings energy performance and thermal comfort, it is necessary for
the building industry to research on the impact of climate change on building
performance. Furthermore, in building performance practice, it is imperative to
secure reliable formatted multi-year weather files which have been prepared from
reliable meteorological predictions to assess the energy performance and
overheating risk in buildings.

2.2

Description of weather datasets and sources

2.2.1 The United Kingdom Climate Projections 2002 (UKCIP02)
In 2002, the Department for Environment, Food and Rural Affairs as part of the UK
climate impacts programme commissioned and funded the work on the UK climate
projections, UKCIP02 (Hulme et al., 2002). This fourth generation of climate
20

change projection in the United Kingdom was based on experimental outputs from
the Hadley Centre Global Climate Model (HadCM3); developed by the Hadley
Centre of the Metrological Office in the UK (Hulme et al., 2002) (Tham et al. 2011).
It is a deterministic climate projection which gives a single outcome for a specific
variable at a given location (Jenkins et al., 2009).

Each of the four alternative climate change scenarios is based on a different IPCC
Special Report on Emission Scenarios (SRES) of A1F1, A2, B2, B1 namely high,
medium-high, medium-low and low respectively. These emissions scenario point
to how differing future trends of 21st century society’s choices of population growth,
socio- economic development and technological progress might affect future
global greenhouse gases emissions (Hulme et al., 2002). The four projected
emission scenarios range from future low-energy carbon dioxide emission to a
highly fossil fuel usage. The medium-high emission scenario pointing to an
increase temperature of 3.3 degrees Celsius by the 2080s is based on the
assumption of “preservation of local identities, continuously increasing population
and economic growth on regional scales” which is “closest to the present world
economy and patterns of energy use” (CIBSE Briefing 10, 2004). The UKCIP02
climate change scenarios are presented at a 50 km grid squares resolution (Hulme
et al., 2002).

The various four climatic change scenarios of the UKCIP02 are based on
conventional reference baseline period of 1961-1990 (Hulme et al., 2002) and are
available for three future 30-year time-slices of 2011 – 2040 (the 2020s), 20412070 (the 2050s) and 2071-2100 (the 2080s) (Hulme et al., 2002).
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The Climate Change Scenarios for the United Kingdom: The UKCIP02 Scientific
Report acknowledged that the UKCIP02 scenarios do not incorporate the entire
range of possible future scenarios as no probabilities were appended to the four
climatic scenarios (Hulme et al., 2002).

2.2.2 The United Kingdom Climate Projections 2009 (UKCP09)
The UK Climate Projections (UKCP09) was published by the UK’s Department of
the Environment, Food and Rural Affairs (Defra) in 2009. The UK Climate
Projections 2009 (UKCP09) is the latest climate change projection for the United
Kingdom. This fifth and most comprehensive prediction of climate change
projection-based statistical-probabilistic climate projections, marine and coastal
projections and recent observed climate trends in the United Kingdom, were
published by the United Kingdom Impacts Programme in 2009 (Jenkins et al.
2009) which has a collective contribution from the Met Office Hadley Centre, UK
Climate Impacts Programme and over thirty different organisations (Jenkins et al.
2009) to provide practical support for effective adaptation to organisations whose
work and functions are underpinned by climate change (Jenkins et al. 2009). This
makes the UKCP09 supersedes the UKCIP02 projections which modelling
uncertainty is based on only variant of one (Met Office) model. Also included in the
UKCP09 projections are the effects of land and ocean carbon cycle feedbacks and
uncertainties associated with land components which are not included in the
UKCIP02 projections (Jenkins et al. 2009).
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The UKCP09 climate change projections provide state-of-the-art information of
future climatic condition predictions (UKCP, 2010) which serves as a platform for
the analysis of the impact and vulnerability of climate change. The projections
which are in consonance with the current scientific knowledge have been deemed
appropriately for analysis of long term climate variations (UKCP09). The essence
of the UKCP09 climate projections publication is due to improved understanding of
the climate system, incorporating probabilistic uncertainty analysis of natural
climate and future man-made emission scenarios as compared to the single
projection in relation to a given emission scenario in the UKCIP02 (Jenkins et al.
2009). This probabilistic framework of the UKCP09 highlights a more transparent
accounting of uncertainty associated with projected climatic patterns variations as
compared to the UKCIP02 single projections for each scenario (CIBSE TM48
2009).

Thus, one of the key differences between the UKCIP02 and UKCP09 projections
lies in the methodologies used in producing them. The UKCP09 scenarios are
underpinned by probabilistic of climate change based on quantification of the
known sources of uncertainty. This aspect of the UKCP09 scenarios makes it
supersede the UKCIP02 scenarios (Jenkins et al., 2009).

This progression to probabilistic weather predictions is a modernistic climate
projection based on cutting edge methodology which uses probabilities to different
levels of future climate change to accurately model future climate patterns
(Jenkins et al. 2009) (Tian and de Wilde, 2011). The UKCP09 climate projections
consider uncertainties related to the “natural internal climate variability, modelling
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uncertainty in the climate models due to an incomplete understanding of the
physical processes of the climate system, and uncertainty in future emissions” and
are presented on seven overlapping 30-year time periods with projections based
on 1961 – 1990 baseline time periods; similar conventional reference baseline
period to that of UPCIP02 (Jenkins et al., 2009), (Mylona 2012), (Tian and de
Wilde, 2011). However, the 30-year time periods covered by the UKCP09 are
2020s, 2030s, 2040s, 2050s, 2060s, 2070s and 2080s (Jenkins et al., 2009).
The UKCP09 has deferring properties and characteristics when compared to
UKCIP02. One key difference is the UKCIP02 data generation which based on
four of the six marker projected emission scenarios of the IPCC Special Report on
Emission Scenarios (SRES) of high, medium-high, medium-low and low, which
underpin the United Kingdom’s Meteorological Office Hadley Centre (MOHC)
Climate Change Model (HadCM3) future global climate model (CIBSE 2009)
whereas the UKCP09 future projected emissions scenarios are underpinned by
three of the six marker emission scenarios of the IPCC Special Report on
Emission Scenarios of A1F1, A1B and B1 scenarios namely high, medium and low
emission scenarios respectively (William et al., 2011). Table 2.1 and figure 2.1
compare emissions scenarios used in both the UKCIP02 and UKCP09. It is
observed that the only two comparable emissions scenarios of the UKCIP02 and
UKCP09 are the High (A1F1) and the Low (B1) emissions scenarios.

In addition, the UKCIP02 variations are mapped to the MOHC HadRM3 regional
climate models (RCM) to simulate climatic variations on a 50km grid RCM spatial
resolution (Hulme et at. 2002), UKCP09 scenarios, however, include pattern-
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scaling and down scaling uncertainty and have a greater RCM spatial resolution of
25km grid (CIBSE 2009) coupled with a 5km resolution for a weather generator

Table 2.1 SRES marker scenarios used in UKCIP02, UKCP09 (CIBSE (2009) TM48:2009)

A1F1 (black: High emissions); A1B (purple: Medium emissions) and B1(green: Low emissions).
Also shown in dashed lines are two SRES emissions scenarios used in UKCIP02 but not in
UKCIP09; A2 (red: Medium-High Emissions) and B2 (blue: Medium-Low Emissions)
Figure 2.1 Global annual CO2 emissions under the three IPCC SREs marker scenarios used
in the UKCP09: (Adapted from (Jenkins et al., 2009)
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incorporated into it which facilitates an output of synthetic daily (data for 9
variables) and hourly weather data (Jones et al., 2009). The output of climate
models of the UKCIP02 and UKCP09 cannot be directly used in building
simulation practice. Downscaling of annual, seasonal or monthly outputs to hourly
data is required. It is therefore imperative to secure reliable formatted multi-year
weather files which have been prepared from reliable meteorological predictions
that can be used for building energy performance and overheating risk analysis.
In 2008, the Chartered Institution of Building Services Engineers (CIBSE) released
two sets of future weather files, the Test Reference Years (TRYs) and the Design
Summer Years (DSYs) based on the UKCIP02 climate projections. The
methodology used to produce the CIBSE future weather files was the ‘morphing’
(time series adjustment (Gupta et al., 2013) methodology which adjusted the
historic weather files to the climate projection (CIBSE TM48, 2008), (Mylona
2012). The morphing method is to stretch (by scaling current observed weather file
with the predicted relative monthly mean change) and shift (of the current weather
file by an amount equal to the absolute monthly mean change) of historical
observed weather data which would eventually result in a future time series that
will correspond to future climatic projections of average changes in a particular
climate model (Gupta et al., 2013) (Eames et al., 2013). These weather datasets
are based on observed measurements and they are deterministic in nature (Tian
and de Wilde, 2011), (Mylona 2012). With the release of UKCP09 probabilistic
climate projections it was imperative to develop new methodologies which take
cognisance of probabilistic nature of the UKCP09 climate projections to advance
the improvement of building simulation weather files. The Engineering and
Physical Sciences Research Council (EPSRC) in 2008 founded four projects to
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utilize the probabilistic UKCP09 to produce weather files for building simulation
analysis. CIBSE on the other hand have sought potential alternatives (with the
morphing methodology in view) to offer weather files for building simulation based
on the UKCP09 probabilistic climate projections (Mylona 2012).
2.2.3 Use of UKCIP02 to create future CIBSE Test Reference Years (TRYs)
and Design Summer Years (DSYs) weather files.

The challenge in building simulation practise is to secure a consistent set of
weather files that takes into consideration future variability of climate for building
energy performance and thermal comfort analysis. In 2008, CIBSE developed two
types of weather datasets for building performance analysis; the CIBSE Test
Reference Years (TRYs) and Design Summer Years (DSYs) weather files. The
CIBSE TRYs weather datasets are earmarked for building energy performance
analysis whereas the CIBSE DSYs are for buildings overheating analysis in
naturally ventilated and free running buildings (Levermore and Parkinson, 2006),
(Eames et al., 2011), (Jentsch et al., 2014). The CIBSE TRYs and DSYs weather
files are industrial standards for simulation practice (CIBSE TM48, 2009) and are
available for 14 locations in the UK (CIBSE TM48 200).

The CIBSE TRYs weather file development is based on the morphing
methodology of Belcher et al., 2005 and the previous UKCIP02 climate change
data (Mylona 2012). A TRY weather file consists of twelve (12) separate months
(typical months) of average month’s data from 22 years of weather data based on
the past observation (Eames et al., 2011). The first TRY typical year was based on
direct observation of weather source baseline period of 1983 – 2004 (CIBSE
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TM48, 2009). The transitional months issues were corrected using the smoothing
technique (Mylona 2012). The selection of the most average month as
representative of all the years is underpinned by the use of Finkelstein-Schafer
(FS) statistics to compare the cumulative distribution functions of daily mean
values of dry bulb temperatures, the global solar horizontal irradiation and
windspeed (Levermore and Parkinson, 2006), (Eames et al., 2011). The month
with the smallest FS statistics is then chosen as the most average. The process is
repeated for the other months of the year for each parameter in turn. These
chosen representative months have less extreme values with a cumulative
distribution function closer to that of all the years under consideration (Levermore
and Parkinson, 2006), (Eames et al., 2011).

Although high level of confidence has been expressed in the weather data set
based on UKCIP02 in predicting annual average temperature change and varied
geographical locations (CIBSE TM48, 2009), the CIBSE TM48 outlines
uncertainties surrounding the need for a better climatic projection weather data for
building simulation analysis. Amongst the low level confidence issues raised are
the projected changes in the cloud cover and larger projected changes in summer
temperatures when compared to winter temperatures (CIBSE TM48, 2009).
The CIBSE TRYs weather files as representative weather years for building
energy performance analysis is not suitable for overheating analysis and hence
the DSYs weather files were developed (Eames et al., 2011). The method for
developing the DSYs weather files is simple when compared to that of the TRYs
weather files (Eames et al., 2011). The CIBSE DSY is a single complete weather
year which gives a near extreme weather year. It is created from computing for
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each year from the observation series (e.g. 1983-2004) the daily mean dry bulb
temperature for six (6) months from April to September. The six months longer
period was used to capture overheating problems which may be experienced in
spring and autumn (CIBSE TM49, 2014). Ranking of the years of the source
period in ascending order, the year in the middle third of the upper quartile of the
distribution, that is the third warmest year of the 20 year baseline period is then
selected as the DSY (Levermore and Parkinson, 2006), (Eames et al., 2011),
(Mylona 2012), (CIBSE TM49, 2014). The DSY produced has a return period of 8
years (CIBSE TM49, 2014).

The disadvantage of this methodology stems from the fact that in practise it is
being observed that at certain sites, the extent of overheating using the DSYs
weather files is less than the TRYs weather files (Mylona 2012). Moreover, this
methodology for determining the DSY which is based on average conditions over
six-month April to September period does not take into consideration shorter
periods of extreme weather which might be critical to overheating analysis (CIBSE
TM49, 2014). Thus, it was realised that a new methodology for producing DSYs
for use in building simulation is required, which will offer a better correlation
between the likelihood of the DSY occurring and the likelihood of building
overheating (CIBSE TM49, 2014).

2.2.4 The new DSYs for London
Assessing overheating of buildings in London is of prime concern to building
professionals in the United Kingdom. This is due to Greater London being placed
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in the warmest climatic region of the United Kingdom and the strong urban heat
island effect experienced in London (Mylona, 2012). The limitations identified in
the use of the 2008 CIBSE DSYs weather files, make it imperative to develop a
new methodology for DSYs for London which takes into consideration the
geographical location, the impact of urban heat island effect and the future climate
change, when performing building simulation summer overheating analysis for
London (CIBSE TM49, 2014).

The new methodology considers a new metric, ‘weighted cooling degree hours’
(WCDH) which considers the frequency and severity of warm weather and its
effect on thermal comfort in dwellings. The new London DSYs weather datasets
also considers the urban heat island effect of London. In this wise, the new DSYs
weather files for London includes two additional weather stations of London
Weather Centre (LWC) and Gatwick Airport (GTW). This offers different levels of
overheating risk assessment for different locations in London, namely urban,
intermediate urban and suburban locations. Moreover, the new DSYs includes
two additional years of 1976 (a year with two-week extreme heat wave) and 2003
(a year with more persistent warm summer) as the earlier DSY based on 1989
weather data from London Heathrow Airport (LHR) does not represent a sufficient
warm year for overheating risk assessment in buildings (CIBSE TM49, 2014).
Furthermore, the new London DSYs weather data sets development is
underpinned by the ‘morphing’ method and make use of the latest probabilistic
climate change projection (UKCP09) for the UK which considers three greenhouse
emissions scenarios of high, medium and low, three future periods of 2020s,
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2050s and 2080s, and differing levels of probabilities of 10th, 50th and 90th
percentiles (CIBSE TM49, 2014).

2.2.5 Use of UKCP09 to create the future DSYs for London (TM49)
With the introduction of the UKCP09 probabilistic climate change projections,
analysis based on these projections indicated that more extreme historical
summers would be become average by the turn of the middle century and thus the
use of the former DSY would be inadequate in assessing overheating of buildings
in London (CIBSE TM49, 2014). The CIBSE TM49 considers the choosing of
warm years and urban heat island effect of London (Virk et al., 2015).

In creating the new future DSYs for London, the UKCP09 Climate Change
Projections for the United Kingdom was used to produce climate change-adjusted
versions of weather years for London Weather Centre, Heathrow and Gatwick
using a form of the ‘morphing’ methodology (CIBSE TM49, 2014). This method
adjusted the observed historical data of 1977 – 2004 so that ‘it has the mean
monthly statistics given in the climate change projections but retains the observed
hourly and day-to-day weather variability’ (CIBSE TM49, 2014). The difference
between the morphing methods use in the former DSY weather data sets as
compared to the latter stems from the fact that the new DSY weather data which is
based on the UKCP09 climate change projections uses a set of monthly change
factors to generate percentile probabilities which ‘relates to the change in mean
monthly dry bulb temperature and the other variables are correlated to the dry bulb
temperature change’ (CIBSE TM49, 2014) whereas the former based on UKCIP02
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projections is deterministic in nature. Percentile probabilities of 10th (threshold at
which climate change amount is ‘very unlikely to be less than’), 50th ( central
estimate which is the best guess) and 90th (threshold at which climate change
amount is ‘very likely to be less than’) are further provided for the various sites with
their corresponding weather files coupled with the respective emission scenarios
for the time periods of 2020s (2011-2040), 2050s (2041-2060) and 2080s (20712090) (CIBSE TM49, 2014).

The 2020s was assigned with only the high emission scenario, the 2050s medium
and high emission scenarios and the 2080s all the three emissions scenarios. This
was due to little observable difference between emission scenarios for the 2020s
and the likelihood of the medium and high scenarios to be experienced in the
2050s. This approach thus helped in reducing the number weather datasets to
reasonably working numbers (CIBSE TM49, 2014).

Furthermore, information relating to the urban heat island effect is incorporated in
the creation of the new future DSYs for London. In this direction, Gatwick Airport
weather datasets can be considered representative of rural areas around London,
London Weather Centre to be representative of urban areas and London
Heathrow weather datasets to be representative of intermediate urban areas
(CIBSE TM49, 2014).
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2.2.6 Justification for the choice of weather files used in the studies
Over the years, different approaches for developing weather data series for
building performance analysis have been developed (Jentsch et al., 2014) (Gupta
et al., 2013). In the UK, basically two differing methodologies stand out in creating
hourly weather files for use in building simulation practice; the ‘morphing’
methodology which is the current industrial standard by CIBSE, which adjusted the
historic weather files to climatic projections (UKCIP02 and UKCP09) (CIBSE
TM48, Mylona 2012) and the development of various probabilistic projections of
hourly weather datasets by the use of the UKCP09 weather generator.

The UKCP09 weather generator is a stochastic tool that uses daily precipitation to
create other weather outputs of daily and hourly variables on a 5 km grid for a
historical period of 1961- 1990 (Jones et al., 2009). This offers an advantage due
to greater spatial resolution. In addition, the weather generator is suitable for the
future TRYs and DSYs weather datasets for building performance analysis
(Mylona 2012). However, the CIBSE weather datasets developed using the
morphing methodology are based on observed climatic period and thus have
limited uncertainties which could affect the baseline weather data (Mylona 2012).
Without the implementation of change factors corrections the CIBSE weather
datasets could result in overestimating of the future climate change variations due
to changes in differences of climates reference points; 1961-1990 for the weather
generator and 1983-2004 for the earlier CIBSE historic TRY and DSY weather
files (Eames et al., 2011) (Mylona 2012).
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The choice of the CIBSE morphing methodology as against the weather
generation data is based on its reliability (CIBSE TM49, 2014). The weather
generator does not produce extreme events (Mylona 2012). The weather
generator output of weather datasets years is not as warm in terms of WCDH
criterion used in the historical data development of the new CIBSE DSYs, as the
‘extremes of the temperature distribution are not clustered together into particular
warm years to the extent as they are in the observed data’ (CIBSE TM49, 2014).
Although the monthly average climate over the years changes, one advantage of
the morphing methodology in the non-variant underlying characteristics of the TRY
and DSY weather datasets which facilitating direct comparison between the
present and future building performance analysis. On the hand, there are
differences in basic weather characteristics such as timing and severity of warm
spells between the timelines in using the weather generator (Mylona 2012).
Furthermore, the current CIBSE DSYs weather datasets for London considers the
urban heat island effects in future weather files whilst this consideration is absent
in the UKCIP09 weather generator.

The use of the weather generator to statistically produce many thousands of
historic and probabilistic future weather data at a high spatial resolution provides a
significant advantage of a better idea of a complete dataset for overheating risk
assessment when compared with the observable weather data (Smith and Hanby
2012). It has the advantage over the morphing methodology as the later when
considering observed data independently produce certain weather variables in
place of missing data (Mylona 2012). However, the many files generated pose a
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computational challenge to resources not readily available in building simulation
practice (Eames et al., 2011), (Mylona 2012).

A readily acceptable methodology should produce output of weather datasets
which is consistent with currently used datasets and argument the use of
standardized weather datasets for use in building energy and thermal performance
analysis. The weather generator’s outputs of daily precipitation, partial vapour
pressure, relative humidity, maximum temperature, minimum temperature,
sunshine fraction, direct radiation and potential evapotranspiration are insufficient
for use within thermal simulation for building energy and thermal performance
analysis. Key missing parameters such as wind speed, wind direction,
atmospheric pressure and cloud cover are essential in creating weather files of the
same format as is used in CIBSE weather datasets for building simulation software
(Eames et al., 2011), (Mylona 2012) (Smith and Hanby 2012).

Although the weather generator method is more versatile than the morphing
method, in terms of observed data and location, the large amount of weather data
produce is of disadvantage in simulation practice (Gupta eta al., 2013). The CIBSE
weather files based on the morphing methodology are used in this work due to
consistency between the present available observable historic weather files and
those of the future files and a platform for direct comparison of standardized
weather datasets for energy and thermal performance analysis. Majority of
building performance simulators in the UK make use of CIBSE weather files as
trusted consistently replicable weather datasets in their work as it offers a single
data set for a particular location, climatic period, emission scenario and probability
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level for all designers to compare building performance (Gupta eta al., 2013),
(Watkins et al., 2011). This serves as the primary reason for the use of CIBSE
weather datasets for all the case studies in this thesis.

Chapter 5 analyse the variability of the selected comparable CIBSE TM48 and
CIBSE TM49 weather data set on internal operative temperatures to identify the
most influential weather parameters which contribute to thermal comfort. In
addition the choice of these weather files is to ascertain their differences as their
development is underpinned by different climatic projections. Thus, uncertainty
and sensitivity analysis of the CIBSE weather datasets based on the deterministic
single projection of UKCIP02 and the CIBSE weather datasets base on the
probabilistic UKCP09 projections is performed to ascertain the contract between
the two files. In addition, the 50th percentile central estimate weather files for
Heathrow 1989 was used to provide comparable outputs in relation to the CIBSE‘s
2008 weather files. Moreover, the UKCP09 A1B (medium emission scenario) and
the UKCIP02 A2 (medium high emission scenario) are used for comparative
analysis as the two emission scenarios are closer in the chosen time period.
In chapter 8, all the three weather files for London Weather Centre, Heathrow
Airport and Gatwick Airport were used to investigate the sensitivity of the design to
difference weather conditions in London and the urban heat island effect in central
London. The choice of the 2003-2050 medium design summer year with 50%
probabilistic scenario timeline is underpinned by 2003 being a year with more
persistent warm summer and the 50% probabilistic scenario timeline offering the
best guess of the given scenarios.
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2.3

Building Performance Modelling and Simulation

Building modelling and simulation are used to predict energy performance,
enhance thermal comfort, mitigated carbon dioxide emissions, and investigate the
whole life cycle and maintenance of building systems (Spitz et al., 2012). It is a
powerful computational tool to effect the modelling of a building envelope and its
systems, taking into consideration the complex dynamic interaction between a
building and the environment (Hygh et al., 2012). There is an extensive use of
energy modelling to evaluate energy performance in building. Many examples of
building performance modelling and simulation information are available basically
to estimate energy consumption during the design stage or of existing buildings,
size HVAC systems, and verify the satisfaction of building code compliance (Hygh
et al., 2012). High degree of technical specification is required in building energy
and thermal simulation.

Building energy modelling and simulation programs had previously been used to
evaluate building performances and assessments in the areas of building design
and regulatory compliance, evaluation of changing weather data for an
overheating analysis, assessment of building internal conditions (infiltration,
ventilation, lightning gain, occupancy sensible and latent, equipment sensible and
latent, and pollution generation), evaluation and enhancement of building thermal
mass, evaluation and selection of renewable energy sources, building automation
systems and moisture phenomena. Moreover, modelling and simulation of
buildings of selected building range could be extended to represent the entire
building stock (Crawley, 2003).
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Studies of the impact and vulnerability of buildings which ultimately affect building
behaviour and performance due to changes in climatic conditions have been
documented (De Wilde and Coley 2012). For instance in 2005 Gaterell and
McEvoy presented a study on the impact of climate change uncertainties in
relation to detached dwellings energy efficiency in the UK (Gaterell and McEvoy,
2005). In 2005 and 2008 Hacker et al. published their findings regarding the effect
of climate change on the indoor environment and carbon dioxide emissions and
thermal mass respectively (Hacker et al., 2005 & 2008), whilst in 2010, Collins et
al. presented their work on the bearing of climate change on future energy
consumption in the United Kingdom (UK) (Collins et al., 2010). In 2009 Lomas and
Ji presented work on natural ventilated in hospital wards using alternative weather
projections (Lomas and Ji 2009) and in the same year, de Wilde and Tian explored
the used of probabilistic method and sensitivity analysis in assessing parameters
which affect the thermal performance of a commercial building (de Wilde and Tian,
2009). In 2012, Barclays et al. also carried out work on specific building systems
of natural ventilation focusing on wind prediction using information from the
UKCP09 (Barclays et al., 2012). Other studies have also been conducted in
countries other than the United Kingdom in relation to the impact of climate
change on buildings (Frank, 2005), (Crawley, 2008) (Chan, 2011). In addition, in
2013, Gupta et al. employed the application of downscaling the UKCP09 future
weather files to evaluate overheating risk in English homes in the 2050s and
2080s (Gupta et al., 2013). In 2015 Mylona et al., under the Zero Carbon Hub
programme reviewed overheating evidence in UK buildings (Mylona et al., 2015)
and in the same year, Virk et al. used the newly developed CIBSE DSY weather
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dataset to assess overheating in London taking into account the effect of the urban
heat island (Virk et al., 2015).

The challenge to accurately select modelling parameters to model energy
performance in buildings is attributed to over-simplified modelling assumptions or
incorrect modelling of radiant surfaces (Clevenger and Haymaker 2006). Radiant
systems have been earmarked as applicable technologies which can reduce
energy usage and in the building envelop and improve occupants’ thermal comfort
(Laouadi 2004). The purpose of radiant systems “is to lower thermostat set point
temperature in winter and to increase it in summer, resulting in a substantial
energy savings for heating and cooling as compared with conventional systems”
(Laouadi 2004). Studies have shown a 30% energy savings from the use of
radiant systems (Laouadi 2004), thus, the effectiveness of building energy
simulation programs will be enhanced with the integration of radiant systems.

There are other elements in design which affect building real performance. Model
simplifications, poor management and maintenance practices (Demanuele et al
2010) are other factors which affect the evaluation of energy performance in
buildings. Building materials and controls may be altered from the design
specifications couple with poor workmanship (Demanuele et al 2010). In addition,
the type of building materials and external factors such as weather variations,
building schedule and occupant behaviour are contributing factors (Turner and
Frankel 2008).

39

Disadvantages of using thermal analysis simulation software in assessing building
energy and thermal performance have been documented. Azar and Menassa
(2010) research combined the traditional energy simulation software with an
agent-based modelling. The results showed a variance of more than 20% in
consumption levels in these two approaches, an indicative of profound differences
between energy estimates from building energy modelling methods and actual
consumption levels. Clevenger and Haymaker (2006) also highlighted the great
discrepancy in predicted energy consumption levels based on experts’ acceptable
values of occupant behaviour which results in inefficient evaluation of energy
models to accurately predict building performance.

Azar and Menassa (2010) advance the discrepancy between predicted design
energy consumption performance in buildings and the actual energy consumption
levels as being due to occupant energy usage characteristics. Hoes et al. (2009)
assert that an inconsistency in design predictions and actual energy performance
are related to a failure to take into cognisance the occupant’s energy
characteristics. Pungila et al 2009 indicate that substantial energy savings in the
range of 20-30 kWh/msq can be made due to change in occupant energy
conservation behaviour. Thus energy simulation models do not reliably predict the
post occupancy energy performance.

Some energy simulation software for example eQuest, Energy-10, TRNSys and
Energy Plus take cognisance of occupant behaviours in their simulation (Azar and
Menassa 2010). In 2009 Erickson et al and Li et al used agency based module to
investigate HVAC energy usage. However, Hoes et al. (2009) noted that the
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former simulation software do not account for a change in occupants’ consumption
characteristics. Not much work has been done on other energy consumption
sources such as lighting, computers and hot water usage although hot water
usage is responsible for the greatest consumption of residential energy usage.
Hence, these areas ought to be investigated (Azar and Menassa 2010) and the
varying characteristics of occupants are taken care of in the energy simulation.

2.4

Energy Conservation in Buildings and Occupant Behaviour

The world domestic energy consumption accounts to about 40% of the overall
energy demand and contributes to about 40% of the total carbon dioxide
emissions (Yudelson 2010). The worldwide energy consumption for buildings is
expected to increase by 45% from 2002 to 2025 (GeSI 2008). Studies in energy
conservation are more geared toward the physical and technical determinants of
energy instead of building occupants’ behaviour (Brounen et al. 2011).

Various literature based on empirical evidence underpins the theoretical basis of
feedback as an effective tool in energy conservation in buildings (Darby 2008).
Studies have shown that substantial energy savings in the range of 20-30
kWh/msq can be made due to a change in occupant energy conservation
behaviour (Pungila et al. 2009). Studies conducted in Denmark where energy
consumption was made visible showed a 9% reduction of household heating and
22% reduction of electricity use within a year (Jensen 2003). Darby’s (2006) work
indicates that between 5 to 15% reduction could be made when direct feedback is
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provided. Ayers et al. (2009) confirm that knowledge of occupant current energy
consumption reduces their energy usage.

Inadequate research consideration has been given to the impact of variable
occupant behaviour in energy model simulation, yet empirical research shows a
range of 200% to 300% variance in energy use of different occupants in identical
building units (Clevenger and Haymaker 2006). Energy simulation models do not
reliably predict the post occupancy energy performance. Hoes et al. (2009) note
that these simulation software do not account for a change in occupants’
consumption characteristics. In addition, not much work has been done on other
energy consumption sources such as lighting, computers and hot water usage
although hot water usage is responsible for the greatest consumption of residential
energy usage (Hoes et al. 2009).

Research indicates that the energy consumption in a dwelling is influenced by the
number of households, income and age, type of occupant, appliances, floor area
and where the household area is located (Abrahamse et al. 2007; Anderson and
White 2009; Jentsch et al 2011; Yohanis et al. 2008; Wood and Newborough
2003). The application of energy conservation “must be customized for different
population groups” (Jentsch et al 2011). Great Britain’s housing energy fact file
2011 indicate that, although energy consumption in a dwelling is related to the
number of people in the home and the home floor area, yet the manner of energy
use in a dwelling was of more significance (Palmer and Cooper 2011). Although
families are aware of reducing energy consumption by turning off and buying lowenergy appliances, most households do not pay attention to present energy
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consumption (Jensen 2003). Thus “domestic energy consumption is still largely
invisible to millions of users” (Darby 2006) as most household meters show limited
visual display when compared with available digital technology visual displays.
The importance of households’ constitution and type of dwelling in energy
conservation studies are well noted. The energy consumption in a dwelling is
influenced by the number of households, age, floor area and where the household
areas are located. Research by Abrahamse et al (2007) considers the impact of
gender, household size and income levels on energy conservation. Anderson and
White (2009) consider focus age groups. Jentsch et al conducted studies on two
female groups of 13 - 15 years and 23 - 30 years in Germany. Yohanis et al’s
2008 study in 27 households in Northern Ireland focused on type of dwelling,
ownership and size, appliances, type of occupant, income and age on electricity
consumption. Wood and Newborough (2003) researched into energy
conservation on individual appliances focusing mostly on household cooking.

Studies conducted in Denmark where energy consumption was made visible
showed a 9% reduction of household heating and 22% reduction of electricity use
within a year. (Jensen 2003). Darby 2006 work indicates that between 5 to 15%
reduction could be made when direct feedback is provided. Ayers et al’s (2009)
work also confirms that knowledge of occupant current energy consumption
reduces their energy usage.
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2.5

Impact of Climate Change and Thermal Comfort

Evidence of global temperature increase as a result of climate change (IPCC,
2013), (CIBSE TM36, 2005) and the tightening of Building Regulation
requirements to mitigate carbon dioxide emissions and its emphasis on energy
efficiency coupled with the creation of thermally comfortable dwellings currently
confront the built environment. United Kingdom Building Regulation Part L 2013
with its inclusion of fabric energy efficiency (FEE) standards will be in operation by
April 2014 in England (DCLG, 2013). In addition, all newly built dwellings are
designated to be zero-carbon by 2016 (CLG, 2007). Applying the axiom ‘fabric
first’ with its increased insulation, high glazing standards, improved thermal mass
and airtightness, modern building professionals have sought to improve building
standards which have inadvertently led to the retention of unwanted heat gains in
buildings during summer, offsetting one of the primary objectives in buildings; the
provision of thermal comfort (Bessoudo et al., 2010). Thermal comfort in newly
built dwellings will thus be impacted by these changes as many UK dwellings are
designed to be free-running naturally ventilated buildings during the non-heating
season (Hacker et al., 2008).

In general, there is a lack of research in thermal comfort analysis in dwellings
(Peeter et al., 2009). Moreover, many of the thermal comfort investigations have
been based on non-domestic buildings (DCLG and AECOM, 2012) during the day
whereas night provides a significant motivation for domestic cooling in the urban
environment where there is the existence of less air movement and urban heat
island effect (CIBSE TM52, 2013).
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Studies of the impact of improved building construction standards and mode of
operation have been presented in many recent publications and these studies
point to how the variance in climatic patterns and passive design techniques have
a remarkable impact on building thermal performance. Kolokotroni (2001)
evaluated night cooling strategies using natural ventilation in office building. Gan
(2001) analysed the impact of varying window shapes and dimensions on thermal
comfort. Kim et al. (2007) using computational fluid dynamics models and genetic
algorithms considered design strategies for indoor thermal environment.
Stravrakakis et al., (2008) experimentally examined the effect of cross-ventilation
at non-symmetrical locations on indoor thermal environment. Lomas and Ji (2009)
identified the importance of area of ventilation opening in determining internal
temperatures and from their investigation into single-sided and advanced
ventilation in hospital wards noted the difficulty in predicting the performance of
single-side natural ventilation. Haasel et al., (2009) evaluated energy savings in
different ventilated facades and in 2010, Bessoudo et al., conducted an
experimental study to investigate indoor thermal environment in winter using a
glass façade with different modes of shading. The effects of fenestration have
also been investigated by Tzempelikos et al., (2010). Zanghirella et al., in 2011
used a developed numerical model to simulate the thermal performance of
mechanically ventilated facades. In 2012 Barclays et al., carried out work on the
repercussion of future natural ventilation strategies on non-domestic buildings.
Stegou-Sagia et al., (2007) investigated the impact of glazing thermal properties
on energy consumption and comfort. Palmer et al. (2005) provided evidence of the
intended effect of the use of thermal mass to reduce overheating in buildings
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during summer. Hacker et al., in 2008 published their findings on the relationship
between thermal mass and overheating risk in buildings using the medium-high
emission climate change scenario. In 2010 Jenkins et al., and Patidar et al., in
separate studies employed statistical methods to evaluate the effect of climatic
change on the thermal performance of UK dwellings. Ali and Ahmed (2012)
explored how different shading devices affect thermal performance of dwellings
and Kamal (2012) in the same year evaluated the relationship between passive
cooling techniques and thermal comfort. In 2013 Amoako-Attah and B-Jahromi
using thermal analysis simulation investigated the impact of varying climatic
patterns on five building performance indicators and indicated how improving
building energy efficiency will challenge future innovative design and adapt the
technological process. Anh-Tuan and Reiter (2014) used simulation approach to
investigate the design, operation and thermal comfort of low-cost dwellings and
Taleghani et al (2014) using thermal simulation investigated heat mitigation
strategies using vegetation and ponds.

Studies of thermal comfort performance metrics have also been presented in
many publications which have led to the development of thermal comfort models
and standards. Beginning in 1970, Fanger through a steady-state experimentation
in a controlled climate chamber developed a heat balance comfort model and
further stipulated the predicted mean vote. In 1998 de Dear and Brager using the
concept of adaptation, developed their adaptive model which later formed part of
the American adaptive model ASHRAE 55. In 2002 Nicol and Humphreys
developed an adaptive model which, together with Fanger comfort model, was
later incorporated in the European standard EN 15251 in 2007. Another
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acceptable thermal comfort standard, the ISO 7730 was developed in 2005. This
standard seeks to specify varying stages of thermal comfort and takes into
cognisance the predictive mean vote (PMV) index and the predicted percentage of
dissatisfaction (PPD). The ASHRAE 55, whilst using the PMV and PPD in the
model also accounts for local thermal discomfort and dynamic effects
(ANSI/ASHRAE 55, 2004) and the improved standard of 2010 accounts for
mechanically conditioned buildings (ASHRAE, 2010). In 2005, CIBSE TM36
outlined thermal performance risk using the UKCIP02 medium-high emission
scenarios on selected dwellings and non-dwellings in different UK locations. The
criteria for assessment were the comfort threshold temperatures of 25 oC and
28 oC earmarked in the Fanger model (CIBSE 2005, Hacker et al., 2005). In 2009
Chen reviewed ventilation performance predictive tools. In 2009, Yao et al.
conceptualized the adaptive predictive mean vote and in that same year, Toftum et
al., in determining acceptable thermal conditions applied the adaptive thermal
comfort mode. In 2010, the Zero Carbon Hub re-examined the CIBSE TM36
overheating assessment methods and metrics. In 2013 CIBSE offered the most
updated assessment of thermal comfort performance based on current knowledge
and this is an integration of the methodology and recommendation outline in BS
EN 15251 (BSI, 2007) and additional factors to assess the overheating in naturally
ventilated dwellings (CIBSE TM52, 2013). Carlucci et al., (2014) analysed various
thermal comfort methods used as tools for predicting overheating but did not
include the newly developed CIBSE overheating criteria in their work.
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2.6

Conservatory as a Passive Design Solution

The prime goal of professionals in the built environment is to develop cost effective
sustainable buildings which contribute to the attainment of climate change
mitigation goals, facilitate the achievement of indoor thermal comfort and reduction
of building energy demand. Improvement is the built environment has led to the
design and construction of efficient buildings which require almost no energy for
heating as compared to the energy consumption of 200 kWh/m 2/year a decade
ago (Spitz et al., 2012). An increasing standard of living with its associated impact
on energy demand is driving the advanced nations to adopt energy and carbon
emission reduction strategies in buildings (Sadineni et al., 2011, Ralegaonkar and
Gupta, 2010). In the United Kingdom, studies indicate that buildings account for
30% of total energy consumption and 26% of total carbon emissions (DECC,
2011) and similar trend is observed in the Economic Co-operation and
Development (OECD) countries where buildings account for between 25 to 40% of
total energy consumption (Morrissey et al, 2011). This trend is also observed in
the European Union (Desiseri et al. 2013). Worldwide, energy consumption for
buildings is expected to increase by 45% from 2002 to 2025 (GeSI, 2008). The
European Union Directive2010/31 on the Energy Performance of Buildings seeks
to influence the drive toward energy efficiency and thermal comfort optimization in
buildings by mandating the transformation of all existing or new buildings to attain
the set target of zero energy, through an established framework for energy
performance calculation which include insulation, thermal capacity, passive solar
heating and thermal bridges by 2020 (CEC 2010, Kim, 2014, Rodrigues et al.,
2013). Moreover, the United Kingdom Climate Change Act of 2008 outlines the UK
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government set target of carbon dioxide emission reduction by 34% and 80% by
2020 and 2050 respectively (DECC 2011, Moran et al., 2014, Voeltzel et al,.
2001).

The current global quest for the reduction of carbon dioxide emission and energy
consumption in buildings is driving professionals in the built environment toward
passive design technologies for it is amongst the most economic efficient
strategies to reduce energy consumption in dwellings (Kruzner et al., 2013),
(Pulselli et al., 2009). This would further provide cost-effective means on daylight
utilization in buildings (Zain-Ahmed et al, 2002). Passive solar energy utilization in
buildings has been a relevant design feature dating thousands of years. The
archaeological findings of Anastasi Indians, Egyptians, Greeks and Romans
architectural buildings point to the use of passive solar ideas in buildings during
these periods of civilization (Burns and Kabak, 2014). The harnessing of the
abundance and relevance of passive solar energy in building cannot be overemphasized. About 0.01% of the total amount of solar energy reaching the planet
is estimated to be sufficient to meet all mankind’s energy needs (BRE, 1988). The
Department of Energy of the United Kingdom indicates that the amount of solar
energy received by a typical dwelling in the United Kingdom in a year is more than
enough compared to the total household energy consumption (BRE, 1988).
Research further indicates that incorporating of passive solar energy design
principles has the potential to contribute to about a third of the total heating needs
in the UK buildings (BRE, 1988). Thus although the UK is not endowed with solar
energy all year round, appropriate application of efficient passive solar designs
principles could contribute significantly to the reduction of carbon emissions for
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current and future climate change mitigation and offer the economic benefits of
reducing building thermal energy demand (Oliveira Panao et al., 2012) However,
studies also indicate that lack of comprehensive and effective passive solar
design strategies in buildings would rather lead to increase in household energy
demand (Taleb, 2014)

2.6.1 Concept of Passive Solar Design
Passive solar building design entails the harnessing of solar energy to facilitate
winter heating and its pragmatic exclusion during summer to offset indoor
overheating temperatures in order to provide comfort, reduce energy demand and
carbon dioxide emission. A comprehensive passive solar design seeks not only to
optimize the use of solar energy for heating but also the provision of adequate
daylighting and natural ventilation without the reliance on power driven mechanical
systems. During non-heating period of the year adequate levels of shading and
ventilation are provided to reduce the amount of solar energy admitted into the
building. The basis of passive solar heating is the harnessing of the solar energy
through a glazing element through which radiant energy is received into a building
and partly used to heat it and the remaining stored in a thermal mass as thermal
energy for subsequent release to the building in the absence of the sun
(Mihalakakou and Ferrante, 2000), (Anderson and Michal, 1978). Kochaniuk 2012
outlined the three primary solar configurations of energy transfer mechanisms as
the direct gain, indirect gain and isolated gain (Kochaniuk, 2012). This work
focuses on conservatory as a form of isolated gain passive solar system
(Kochaniuk, 2012).
50

2.6.2 Principles of Conservatory as a Passive Solar Design
A conservatory is an isolated gain passive solar system and mostly grazed
enclosed space attached to one or more façade of a dwelling and serves as a
thermal buffer to effect thermal and ventilation losses and also facilitates preheated ventilation to the main dwelling. Currently, legislation has been the main
driver for buildings efficient conservatory design (Clarke et al., 2008). The UK
building regulation 2010 Part LIB mandates that a conservatory will generally be
exempted from the regulation if it is built at the ground level and has a floor area
less than 30 square meters and the conservatory depends on the dwelling’s
heating system (Planning Portal 2014). With conservatories of an area more than
30 square meters, there must be effective thermal separation between the
conservatory and the main dwelling and the conservatory should be glazed
according to the standards set out in the building regulation (Planning Portal 2014)
The window industry regulator of England and Wales, Fenestration SelfAssessment Scheme (FENSA) also stipulates that a conservatory must be
physically separated from the main dwelling by an external door and or windows
and should not have less than 75% of its roof area and 50% of its wall area made
from translucent material (FENSA 2014,). The Standard Assessment Procedure
(SAP 2012) also directs that the u-values for conservatory building fabric, windows
and doors must be similar or not more than that of the “corresponding exposed
elements elsewhere in the dwelling” (BRE, 2014).

Synergetic conservatory design strategies that take into account the interrelationship of the design variables can optimize the energy balance of the
dwelling, resulting in energy consumption and carbon emission reductions and
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thermal comfort (Bakos and Tsagas, 2010) , (BRE, 1988). The three fold energy
balance optimization can be achieved through the design of the conservatory as
efficient solar gain system, buffer or insulation effect and the control pre-heat
ventilation of air passing through it to the dwelling (Mihalakakou and Ferrante,
2000). Boyle indicated in his publication that thermal buffering of south side
conservatory, preheating ventilation air from the conservatory to the dwelling and
solar gains contribute to 15%, 55% and 30% respectively of the energy gains
(Boyle, 2012). Bataineh and Fayez 2011, using numerical model to analyse the
thermal performance of building attached sunspace indicated that a 42% reduction
in annual heating and cooling load could be achieved (Bataineh and Fayez 2011).
Research work indicates that the success of an efficient solar gain system
depends on complex dynamic function (Morrissey et al, 2011) of varying future
climatic conditions and local topography (Lau et al., 2007), variable occupant
behaviour, building orientation (Morrissey et al, 2011), adequate provision of
thermal mass, advance facade glazing design, appropriate ventilation and a
sufficient level of shading (Yohanis and Norton, 2002), (Ralegaonkar and Gupta,
2010), (Aksoy and Inalli, 2006). A failure to consider holistic design strategies may
affect the efficient thermal performance of the whole dwelling.

2.6.3 Future Climatic Patterns
The effect of global warming on buildings due to varying world’s climatic conditions
has been well investigated (Palme et al., 2013), (Amoako-Attah and B-Jahromi,
2013), (Du et al., 2011), (De Wilde and Coley 2012), (UKCP, 2010). Evidence from
future climatic pattern studies points to an increased number of days with high
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temperatures in the United Kingdom (UKCP, 2010), with the mean daily maximum
temperatures range increase of between 2.2 and 9.5 oC (UKCP, 2010) and the
mean daily minimum observable trends in winter temperature range increase of
between 0.6 and 5.95 °C, depending on the locations of interest (UKCP, 2010).
Palme et at., showed that these results give a conclusive indication of a long term
warming climate which will result in the reduction of winter heating demand and
subsequent increase in summer cooling demand (Palme et al., 2013). On the
other hand, increasing winter temperature will augur well for conservatory space
heating in the United Kingdom as the chances of harnessing solar radiation will
increase. The current utilization of solar gains for space heating in winter is quite
often limited due to conservatories’ temperatures being only slightly above that of
the dwelling to expedite the warm air to the dwelling and thus serve as an efficient
solar collector (BRE, 1988).

2.6.4 Variable Occupant Behaviour
The energy balance of a dwellings and conservatories will be enhanced with the
appropriate and timely occupant control of shading levels and manually operating
doors and windows for adequate ventilation and air temperature. In addition,
occupants must refrain from increasing the conservatory internal temperature
using the heated air from the main dwelling and avoid heating the conservatory to
minimize the total energy consumption. Thus the optimum energy performance of
a conservatory can be accrued if it is operated correctly.
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2.6.5 Building Orientation and Form
The foundation to optimized solar design strategies is mostly underpinned by a
southerly orientation of the building and the effective surface area subjected to
solar radiation (Morrissey et al, 2011). Orientation signifies the “axis along which a
building is elongated” (Kruzner et al., 2013). The intensity of solar radiation receipt
also depends on geographic location, seasonal variance of climatic conditions and
the aspect ratio (surface area to volume ratio) of the building (Ralegaonkar and
Gupta, 2010). The extension of the building dimension along the east-west axis
maximizes the incident solar radiation on the elongated south façade in winter
(Ralegaonkar and Gupta, 2010), (Kruzner et al., 2013). Spanos et al., in their cost
analysis on building orientation and site location indicated that there is a potential
energy performance saving of 20% in a dwelling if attention is given to orientation
at the design stage (Spanos et al., 2005). Implementation of the southerly
orientation low cost energy efficiency option also augments the later addition of
other solar design strategies (Morrissey et al, 2011). Moreover, a south facing
orientation facilitates not only optimized passive solar radiation gains but also
offers efficient daylighting and enhanced natural ventilation (Morrissey et al, 2011),
(GHH, 2014). Studies on conservatory design show that south facing orientation
optimises passive solar performance. In winter, the southerly orientation façade
takes advantage of the low-angle of sun rays to maximize solar radiation received
in the conservatory for passive solar heating (English and Walker, 2000). In
summer, when the sun altitude is high, the southerly orientation offers less
overheating risk when compared to that experienced in the east-west orientations
and also offers the easiest possible position for roof shading. Moreover, research
shows that largely glazed south facing façades are more sensitive to changes in
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orientation (BRE, 1988). For instance, simulation research conducted on a south
facing glazed house in Linford, Milton Keynes, UK, showed an increase in heating
demand of about 17% when the building orientation was changed to the west
(BRE, 1988).

2.6.6 Glazing
Generally glass is a poor insulator but has a high surface resistance (BRE, 1988).
During the heating season glass conducts indoor heat outward of the building
façade and conversely inward during the non-heating period of the year (BRE,
1988). Conservatories which by design are a highly glazed enclosure significantly
contribute to the thermal efficiency and provision of daylighting to the main
dwelling. Optimum conservatory design should offer balanced energy transmission
and prevent heat losses outweighing the solar radiation gains during the heating
season. Two important factors for determining the energy balance of glazing are
the thermal transmittance (U-value) and the shading coefficient (Bahaj et al.,
2008). The thermal transmittance is a ‘measure of the amount of heat transmitted’
by a material to the outside of the building envelope and the shading coefficient is
a ‘relative measure of solar energy transmitted to the interior’ when compared to a
single glazing (BRE, 1988). Solar heat gain coefficient (SHGC) or the G-value is
used as a measure of total glass transmittance. It is the quotient of the amount of
solar gain through a glazed material and the total amount of solar energy incident
to its outside surface. Research shows that a fully double glazed low emissivity
(low-e) argon filled south facing façade has the potential to provide an energy
balance and comfortable indoor temperature during both the heating and non55

heating seasons of the year (Bahaj et al., 2008). Low emissivity glazing is an
advanced multiple glazing with a fused transparent coating to facilitate the
radiation of indoor thermal energy back into the dwelling. It therefore has high
resistance to heat loss which offsets the reduction of amount of solar gains due to
an extra layer of glazing and the low emissivity coating. Its function is optimized
when coupled with inert gases such as argon and krypton. This contributes to the
minimization of indoor heat loss and also reflects excessive solar radiation during
the non-heating seasons thereby contributing to the reduction of solar gains. This
ability of the low emissivity argon or krypton gas filled double glazing is
underpinned by its comparatively low thermal transmittance value and slightly low
shading coefficient. A double glazed window has the potential of reducing winter
heat loss by about 50% and the reduction of 10% solar radiation gain in summer
(BRE, 1988). In addition, the double glazed low emissivity argon filled glazing has
comparable energy efficiency to the triple-glazed regular glass and also has the
other advantages of cost effectiveness and light weight (BRE, 1988).

Bahaj et al., in 2008 conducted studies and provided a thorough review of seven
advanced emerging glazing technologies to determine their economic, thermal
comfort and technical implications when compared with low emissivity argon filled
double glazing. Figure 1 below shows the results of their investigation. Whilst
Bahaj et al., admitted that no one glazing technology can currently be considered
as the ultimate, their work identified the low emissivity argon filled double glazing
with appropriate shading as a superior glazing that can offer optimal solar gains
(Bahaj et al., 2008). Studies also shows that the reduction of solar radiation by a
low emissivity argon filled double glazing unit lends to the south facing orientation
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offering a better optimum energy balance than the other orientations (Button,
1982), (Owens, 1984).

Figure 2.2 Performance and risk criteria evaluation of advanced glazing technology
(Adapted from Bahaj et al., 2008)

2.6.7 Thermal Mass
Thermal mass refers to materials of high heat capacity with the ability to absorb,
store and progressively release thermal energy. The conservatory serves as a
dual purpose system of radiant solar gain and thermal energy storage. The
thermal mass absorbs and stores the radiant energy gained in the conservatory as
thermal energy and through the process of thermal convection progressively
releases and transfers it through the operable doors and windows to the main
dwelling as the indoor temperatures fall. The thermal storage is provided by the
heavy thermal mass of the conservatory floor and walls and also the inherent wall
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of the main building which could also transmit thermal energy by conduction to the
main dwelling. The selected thermal mass for instance, concrete, stone, bricks and
stone, should be capable of maximizing the thermal storage. Light construction
materials are ineffective in thermal storage and could easily cause overheating.
During the non-heating season, the heavy thermal mass of the conservatory
buffers against high internal temperatures and reduces indoor heat fluctuations to
enhance thermal comfort (Bakos and Tsagas, 2000). Thermal mass is more
effective when it receives direct solar radiation rather than diffused radiation.

In general, a conservatory with optimum thermal mass and increased floor area
with a converse minimum surface – to – volume ratio may offer the best form of
reducing heating demand and enhance thermal comfort (GHH, 2014). Moreover,
the amount of thermal mass for efficient storage of thermal energy and
progressive release to maintain thermal comfort is dependent on the orientation of
the conservatory and the glazing area (HLGGI, 2010). Solar gain in conservatories
during the heating periods in spring and autumn and transfer through the thermal
mass can potentially provide all the heating needs and further satisfy thermal
comfort by raising the indoor temperature through radiant heat (HLGGI, 2010).

2.6.8 Ventilation
Holistic analysis of thermal balance must include adequate ventilation in the
strategic mixed of parameters necessary to optimize energy consumption and
thermal comfort. The mechanism of natural ventilation for fenestrations is
dependent on wind speed and direction and ambient temperature (BS 5925, 1991)
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the climatic parameters which influence infiltration. During the non-heating season,
provision of high and low level fenestrations facilitates the reduction of unwanted
thermal energy and improves indoor temperature for comfort enhancement. Lowlevel ventilation is most appropriate as excessive ventilation during the heating
season may lead to increase in energy demand. A study by Baker in 1984 informs
us that drawing ventilation from conservatories has threefold thermal performance
potential rather than through fenestration of the main dwelling (Baker, 1984). For
the natural ventilation strategy to be effective during the heating season, the
optimum ventilation load must coincide with the effective solar radiation gain and
effective infiltration orientation (Baker, 1984). The principle of convection enables
solar heated air to be transported to heat the main dwelling when the conservatory
temperature is above the building demand temperature. This process, called preheating ventilation, consists of the control of the ventilation of a significant amount
of heated air entering a dwelling through a conservatory before it is probably
brought up to indoor comfort temperature levels by an active heating system with
the resulting decrease in dwelling energy consumption (BRE 1988). The control of
the natural ventilation for the utilization of the solar radiation gains can only be
realized when the external air temperature is less than the air temperature in the
conservatory (Baker, 1984). Bakos and Tsagas in their work on sunspace
orientation in 2000 remarked that sunspace (conservatory) internal temperature
could be noticeably higher than the ambient air temperature during the overcast
winter period (Bakos and Tsagas, 2000). The warm air from the conservatory rises
and is transported through the dwelling fenestrations to increase the indoor
temperature. Moreover, the cold air from the dwelling is drawn to the conservatory,
thus reducing the energy demand for heating the main building. This phenomenon
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is attributed to the temperature difference of the two air columns separated by a
vertical surface (BS 5925, 1991). The effectiveness of solar pre-heating ventilation
could be enhanced through the integration of ‘site micro-climate’, ‘wind pressure
and stack effect on air movement’ and the control of the ‘permeability of the
building fabric’ (BRE 1988).

Part F of the UK building regulations mandates that when a conservatory is used
to ventilate a dwelling, the area of the operable fenestration between the adjacent
habitable room and the conservatory should be “equal to at least 1/20th of the
combined floor areas of the room and the conservatory”, and the fenestration in
the conservatory should be “equal to at least 1/20th of the combined floor areas of
the room and the conservatory” with “some part at least of the ventilation opening
area [being] at least 1.75 meters above the floor level” (ODPM, 2010). The British
Standard BS 5925 1991 clause 16.2(e) also stipulates the same criteria for
ventilation of dwelling habitable rooms through an adjoining space such as a
conservatory (BS 5925, 1991).

2.6.9 Shading
The strategic provision of shading devices help to mitigate high intensity solar
radiation gains during non-heating season of the year and thus contribute to
reduction in building energy consumption (Palmero-Marrero and Oliveira, 2010).
Fully shaded glazed façades have the potential of reducing solar radiation gain by
80% (Palmero-Marrero and Oliveira, 2010), (ASHRAE, 1997). Shading is the
most direct and effective passive solar method of avoiding overheating in
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dwellings and conservatories. Shading effectiveness is obtained by preventing
transmission of unwanted solar radiation into the building envelope. This facilitates
reduction or elimination of cooling energy demand. Shading effectiveness is
underpinned by and not limited to the orientation of the building or conservatory
with reference to the sun path, but also to the place of installation, the duration of
provision, the shading coefficient and the shading factor (Florides et al. 2000),
(BRE 1988). East and west orientations usually contribute to the greatest
possibility of increased overheating in the early mornings and late afternoon
respectively. However, these orientations also add to the overall balance of solar
radiation gains in winter (ASHRAE, 1997).

There are basically three classifications of shading devices based on their
placement position to the glazing unit; external, mid glass panes and internal
shadings. Shading systems can also be grouped under fixed and operable
shadings. The external shading devices, placed outside the glazing units, are the
most efficient as they prevent excessive solar radiation from reaching the glazing
unit by re-transmitting the radiant energy outside the building envelope. The
effectiveness of external shading devices is seen in the use of sunscreens,
overhangs, external blinds and awnings to control the high altitude sun in summer
(BRE 1988). The external horizontal shading devices such as external awnings
and overhangs offer a more comprehensive and pragmatic shading of the southfacing glazing units during summer when the sun altitude is high coupled with
increased intensity of solar radiation (Palmero-Marrero and Oliveira, 2010). The
overhang design solution should be based on the building geographical location,
the latitude and building’s orientation to optimize solar energy utilization
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throughout the year. During the heating season, effective design of overhangs
facilitates the efficient receipt of solar radiation due to the low angle sun (Radhi et
al. 2009). Fixed overhangs offer an efficient approach to solar radiation control,
reducing the excessive solar gains in summer but permitting the low altitude solar
radiation in winter (Lee and Tavil, 2007). The challenge in fixed overhangs design
is in the provision of horizontal levels. Inadequate overhang design could lead to
overheating in late spring or early autumn (Lee and Tavil, 2007). Moreover,
additional means of mitigating overheating is required beside the use of overhangs
as ground reflected solar radiations could contribute to the excessive solar gains
(Palmero-Marrero and Oliveira, 2010). Adjustable external shading devices offer
the most efficient means of overheating control because of the asymmetry of the
heating seasons (Palmero-Marrero and Oliveira, 2010). They offer the best
strategy in controlling solar radiation gains in east and west orientations. External
awnings used as an adjustable roof shading device is a good passive solar system
in controlling the amount of incident solar radiation into a conservatory. The
effectiveness of external awnings design is based on the colour, glazing
orientation and adequate coverage (BRE 1988). Light colour southerly orientated
awnings minimize solar radiation gains and have a 64% potential reduction of heat
gains through single window glazing (BRE 1988). However, the effectiveness of
the adjustable external awnings is heavily underpinned by variable occupant
behaviour for proper operation. The mid glass panes shading consist of double or
triple glazing units with integrated shading systems between its panes. They offer
reliability in shading as they are independent of variable occupant behaviour
(Bajah et al. 2008), (Nitz and Hartwig 2005). Bajah et al. in 2008 identified
thermotropic glazing, electrochromic glazing and glazing covered with holographic
62

foils as examples of shading systems assimilated into the glazing pane (Bajah et
al. 2008). Internal shadings, for example curtains and internal blinds are less
effective in preventing unwanted solar radiation in entering the building envelope
as the solar radiation has already entered the interior of the building envelope
before coming into contact with them. However, the effectiveness of internal
shading is realized during the heating season as they prevent heat loss from the
building’s internal to the outside, thus reducing winter night heat loss (Florides et
al. 2002).

There is a general lack of comprehensive studies of what encompasses the interrelationship between all the design variables associated with optimal year-round
energy conservation and thermal comfort of conservatory form and performance
metrics in the United Kingdom. Moreover, there is a knowledge gap in the
investigation of surface to volume ratio and aspect ratio of conservatories to
facilitate optimum thermal performance design for current and future weather
pattern variations. This thesis seeks to address these issues and therefore
employs these integrated passive design strategies of varying future climatic
conditions, variable occupant behaviour, building orientation, adequate provision
of thermal mass, advance glazing, appropriate ventilation and sufficient level of
external shading which influence the potential thermal performance of a
conservatory and a methodology that combines thermal analysis modelling and
simulation coupled with the application of CIBSE overheating criteria to investigate
the thermal comfort and energy balance of habitable conservatories attached to
detached dwellings in the UK using the CIBSE test reference year (TRY) and high
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design summer year (DSY) emission scenarios for the current and future (2020s,
2050s and 2080s) climatic change projections.

2.7

Method Comparison Analysis as a Validation Technique

The United Kingdom building regulation with its continuous emphases on
improvement of building requirements is influencing the building industry toward
the achievement of the set UK climate change act target of reducing greenhouse
emissions by 80% in relation to 1990 emission levels by the year 2050 (Climate
Change Act, 2008; Amoako-Attah and B-Jahromi, 2013). Professionals in the built
environment are increasingly accepting building energy simulation as the status
quo to drive the design of more energy efficient buildings (Witte et al., 2001) not
only to meet the government set targets but to delight consumers in general with
accurate prediction of energy performance in dwellings. However, accurate
modelling and simulation of energy flows in buildings to reflect their actual thermal
behaviour of temperatures, envelope losses, system performance and electrical
loads (Judkoff et al., 2008) is still a challenge as numerous assumptions are made
about the impact of uncertainties of a large number of building parameters.
Moreover, recent studies have also shown an insignificant correlation between the
design stage and the actual energy consumption in buildings (CIBSE TM54, 2013;
Hogg and Botten, 2012). It is therefore obligatory to continually seek for validation
techniques not only to inspire confidence and reliability in building simulation
programs but also to facilitate a process of continuous improvement in the
development of these software programs.
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Building energy modelling and simulation programs had been used to evaluate
building performances and assessments in the areas of building design and
regulatory compliance, evaluation of changing weather data for an overheating
analysis, assessment of building internal conditions (infiltration, ventilation,
lightning gain, occupancy sensible and latent, equipment sensible and latent, and
pollution generation), evaluation and enhancement of building thermal mass,
evaluation and selection of renewable energy sources, building automation
systems and moisture phenomena (Amoako-Attah and B-Jahromi, 2013) and
there are scores of building simulation programs to undertake these task. The
accuracy of building energy simulation has a direct bearing on the meticulous
selection of the simulation input data ((Judkoff et al., 2008). Whilst there are no
perfect modelling and simulation input data, these uncertainty parameters have to
be analysed to determine their adequate values to reduce sources of discrepancy
with the aim of reaching optimum design solutions of improving building
performance indicators and contribute to the overall effort of greenhouse emission
reduction. Thus, there is a need to examine the difference between measured and
simulation predicted data to check the variance between the two.
Current validation techniques broadly include comparative studies, analytical
verification and empirical validation (Judkoff et al., 2008). These methodologies
have been presented by various authors in the built environment to advance the
validation of building energy simulation programs. In 1999, Guyon and Palomo
using analytical verification method validated two French software programs
(Guyon and Palomo, 1999). Aude et al., using the adjoint-code method performed
sensitivity analysis and validation of building thermal models in 2000 (Aude et al,
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2000). In 2002, Palomo et al used parameter space analysis techniques for
diagnostic purposes in the framework of empirical model validation (Palomo et al,
2002). In 2003, Ben-Nakhi and Aasem presented a paper outlining the use of
exact analytical solution to validate ESP-r, a building simulation code (Ben-Nakhi
and Aasem, 2003). Loutzenhiser et al, in 2009, conducted an empirical validation
of three building energy simulation softwares (EnergyPlus, DOE-2.1E and IDAICE) in a test cell to validate their performance when simulating energy flows
through glazing units and window frames and remarked upon the variation
between the predictions from the simulation software and the experimental results
(Loutzenhiser et al., 2009). In 2011, Sargent presented a paper that detailed four
simulation verification and validation methodologies and recommended an
approach for model validation and accreditation (Sargent 2011). In the same year,
Vangimalla et al, using field measurements of building thermal loads and
illuminance levels, validated the simulation accuracy of Autodesk EcotectTM for
thermal and daylighting simulations of buildings (Vangimalla et al., 2011).
Moreover, in 2012, Ryan and Sanquist reviewed different building energy validated
methods as compared to metering data and emphasized the essence of accurate
modelling of the effect of a building occupants to enhance the credibility of building
simulations (Ryan and Sanquist, 2012). Korjenic and Bednar also in 2012 used
dynamic simulation of total energy use in office buildings and validated the results
against measured data of energy consumption of HVAC systems and electrical
appliances (Korjenic and Bednar, 2012). In the same year, McNeil and Lee
presented a study on the validation of radiance three-phase simulation method for
modelling annual daylight performance of optically-complex fenestration systems
and their work provided an insight into the simulation of emerging daylight
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products (McNeil and Lee, 2012). Furthermore, in 2013, Gerlich et al investigated
the validity of COMSOL Multiphysics, a simulation software for the computation of
heat transfer in buildings against measured temperature data (Gerlich et al, 2013).
Kubilay et al, in 2013, satisfactorily validated a Computational Fluid Dynamics
(CFD) simulation coupled with the Lagrangian particle tracking method against
Eulerian Multiphase modelling for wind-driven rain (Kubilay et al, 2013). Montazeri
and Blocken using wind-tunnel measurements also validated a 3D steady
Reynolds-Averaged Navier-Stokes Computational Fluid Dynamics (CDF) use for
the prediction of wind pressure distribution of medium rise buildings in 2013
(Montazeri and Blocken, 2013). Also in the same year, Bigot et al validated the
combination of building thermal simulation code ISOLAB and the generic
optimization program GenOpt using experimental data derived from a building roof
with photovoltaic panel (Bigot et al, 2013). Again in 2013, Frances et al modelled
the thermal response of a ventilated façade for a building simulation software and
experimentally validated against a range of weather conditions (Frances et al,
2013).
A more recent work of validation of building simulation programs have been done
by Ray et al, in February 2014. They conducted a full scale experiment within a
naturally ventilated atrium and used the results to validate three Computational
Fluid Dynamics (CDF) turbulence models and drew attention to the relevance of
accurate modelling techniques and boundary conditions in atria design (Ray et al,
2014). Again in February 2014, Allegrini et al validated 2D steady ReynoldsAveraged Navier-Stokes Computational Fluid Dynamics (CDF) simulation for
buoyant flows in urban street canyons by comparing the results with
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measurements from wind tunnel experiments and highlighted that Computational
Fluid Dynamics can serve as a credible tool to predict the general flow fields and
vortex structures (Allegrini et al., 2014). Moreover, in May 2014, AparicioFernandez et al used experimental data based on the thermal behaviour of a
floating external sheet to validate the energy performance of a modelled building
with ventilated façade using TRNSYS simulation software (Aparicio-Fernandez et
al, 2014) and in June 2014 Mateus et al, presented a paper of a thermal simulation
study of a naturally ventilated double skin façade room using the EnergyPlus as
the building simulation tool and obtained a good correlation when validated against
air and surface temperatures in a free running weather test cell (Mateus et al,
2014).
In general, although there have been various validation studies undertaken in the
use of some of these building simulation programs, there exists no explicit
systematic development of validation methodology for building simulation
programs (Judkoff et al, 2008). Current validation techniques broadly include
comparative studies, analytical verification and empirical validation (Judkoff et al,
2008). There exists valuable technical information to help in the assessment and
analysis of simulation programs. For example, the thermal analysis simulation
software, TAS, used in this work has been validated through analytic verifications,
intermodal comparison and experimental validation (TAS, 2014).
Studies related to the use of Bland-Altman procedure as method-comparison
pervade clinical studies. For instance in 2003, Bland and Altman used the limits of
agreement approach to analyse two different methods of measurement for single
x-ray absorptiometry (SXA) and single photon absorptiometry (SPA) (Bland and
68

Altman, 2003). In the same year, Lu et al presented a study that validated a bioimpedance analysis (BIA) system by comparing it with dual-energy x-ray
absorptiometry (DXA) in assessing body composition in obese children (Lu et al,
2003). Brazdzionyte and Macas in 2007 used the Bland-Altman graphical
technique to evaluate the hemodynamics in patients with acute myocardial
infarction using the two methods of intermittent thermodilution and impedance
cardiography (Brazdzionyte and Macas, 2007) and in 2012 van Stralen et al, using
the same approach, carried out work on two different blood pressure devices (van
Stralen et al, 2012). To the best of the author’s knowledge, Bland-Altman’s method
of statistical agreement evaluation has not yet been applied to the validation of
building energy simulation.
Often, the goodness-of-fit measures (Mean bias error (MBE), root mean square
error (RMSE), and coefficient variation of the root mean square error (CVRMSE))
are used to evaluate the validity of calibrated models, as stipulated in existing
standards ASHRAE (ASHRAE 2001) and IPMVP (USDOE, 2002). This work
shows what additional value this new statistical method can bring for model
validation in comparison to existing methods. Bland-Altman plots are methods of
agreement. This is different from the assessment of predictive performance using
percentage error (PE) and root mean square error (RMSE). This work mainly
introduces the method of agreement in validation of building simulations and
further uses percentage error as a predictive performance method as
recommended by Hanneman (2008).
In their work on error measurements in forecasting methods, Armstrong and
Collopy (1992) noted the following, “The Root Mean Square Error (RMSE) is not
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reliable … Practitioners selected the Root Mean Square Error (RMSE) more
frequently than any other measure, although it is not unit-free. Academicians had
an even stronger preference for the RMSE. … in the early 1980s …. Carbone and
Armstrong (1982)… asked 145 forecasting experts what error measures they
preferred when generalizing about the accuracy of different forecasting methods.
Practitioners selected the Root Mean Square Error (RMSE) more frequently than
any other measure, although it is not unit-free.” Armstrong and Collopy (1992)
continued, “The RMSE has been used frequently to draw conclusions about
forecasting methods. For example, Zellner (1986) claimed that the Bayesian
method was the most accurate method in the M-competition because its RMSE
was lowest. However, Chatfield (1988), in a re-examination of the M-Competition
data, showed that five of the 1001 series dominated the RMSE rankings. The
remaining 996 series had little impact on the RMSE rankings of the forecasting
methods.” They then concluded, “The RMSE is unreliable. Related to this is its
poor protection against outliers. We do not recommend the RMSE for assessing
the level of accuracy. As noted, it was not useful for the 1001 series in the Mcompetition (Chatfield (1988)).” They then stated that, “Researchers now seem to
prefer unit-free measures for comparing methods.”
The root mean square error (RMSE) measures how far a typical spread of points
would be from the regression line. Mantha et al (2000) indicated that correlation
and least square regression analysis which often underpins calibration statistical
methods are “fundamentally misleading” (Mantha et al, 2000). Pointing to the fact
that, “some applications of regression are also inappropriate” (Bland and Altman,
2003), Bland and Altman wrote, “It is often thought that, as the data should cluster
70

around the line of equality for good agreement, the regression line should be
similar to the line of equality. This is not so” (Bland and Altman, 2003). They then
graphically illustrated their point. They, however, indicated the appropriate use of
regression when the two methods do not have the same units of measurements.
Thus the Bland-Altman limits of agreement method stipulate that neither the
Pearson’s correlation coefficient nor regression techniques are adequate for
comparison of two methods (Bland and Altman, 2007).
Moreover, the statistical coefficients of mean bias error (MBE), root mean square
error (RMSE) and the coefficient of variation of root mean squared error
(CVRMSE) presented in the ASHRAE Guideline-14 (ASHRAE, 2002) are done in
the context of estimating building simulation model accuracy to that of actual
energy consumption. Georgiou et al (2014) noted that, “currently, there is not any
metric, which evaluates the space temperature,” and therefore used a graphical
approach in their work on modelling indoor temperature. In the same vein, this
work focuses on method-comparison analysis of dwellings’ temperatures to
enhance validation of the building simulation process.

2.8

Monte Carlo Uncertainty and Sensitivity Analysis

The UK built environment contributes to about 40% of the total greenhouse gas
emissions (Tian and de Wilde, 2011). The challenge is to build adaptable and
resilience buildings which effectively balance the three important building
performance criteria of efficient energy consumption, thermal comfort and the
employing of low carbon technologies.
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2.8.1 Uncertainty Analysis
The key to determine the target output of thermal comfort is a comprehensive
building model and credible input variable information (Dominguez-Munoz et al.
2010). Though uncertainties of input variables may have significant implications on
building simulations, they are quite often not identified, quantified and included in
building simulations (Dominguez-Munoz et al. 2010). Most simulation programs do
not incorporate uncertainties in input and thus result in outputs of single estimates
(Dominguez-Munoz et al. 2010). Uncertainties in building energy simulations are
associated with the variability of the weather data, the thermo-physical properties
of the buildings in relations to the building fabric and systems, the associated
internal heat gains coupled with variable occupant behaviour. The occurrence of
uncertainties is attributed to incomplete specifications, inadequate knowledge of
building characteristics, and lack of specifications in operating conditions in
relation to weather, internal heat gains, and systems set points (DominguezMunoz et al, 2010). It may also relate to inherent simplifications of a model and
lack of sufficient input data information (Rodriguez et al, 2013). The impact of
these input uncertainties influence the accuracy of building energy simulations in
spite of the efficacy of the applied model (Dominguez-Munoz et al, 2010).
Uncertainty analysis is thus used to determine a confidence limit for a model
output (Spitz et al, 2012).

Studies of uncertainty analysis of building simulation input can be seen in
literature. In 2002, de Wit et al used uncertainty analysis in building design
evaluations to assess the impact of summer overheating risk in naturally ventilated
buildings (de Wit et al, 2002). In 2005, Breesch and Janssens presented a
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conference paper on uncertainty and sensitivity analysis in evaluating the
performance of natural night ventilation using building simulation (Breesch and
Janssens, 2005). Moreover, Hyun et al, in 2008, used uncertainty analysis to
predict natural ventilation in commercial buildings (Hyun et al, 2008). Brohus et al,
in 2009, also used uncertainty analysis to explore the key parameters which
influence the energy consumption of domestic buildings in Denmark (Brohus et al,
2009).

This work employs the box and whiskers plot as one of the effective methods used
in uncertainty analysis. The box and whiskers plot presents a summary of the
important data set characteristics of the maximum and minimum values, the
median, the dispersion, asymmetry, the extreme values and the percentile rank
analysis (Baracos, 2011). The advantage of using box and whiskers plot in
uncertainty analysis stems from its graphical clarity in representing large variability
of multiple data sets which could be difficult to analyse using statistical means
such as histogram and standard deviation whose interpretations may be difficult
for non-technical analysts (Baracos 2011). The box and whiskers plot offers
asymmetrical interpretation and data extremes. Its further advantage is the use of
median as the central tendency instead of mean. The mean value used in analysis
can be skewed by extreme values. However, the median which is equivalent to the
50th percentile in a percentile rank analysis is not affected by the extreme values.
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2.8.2 Sensitivity Analysis
Sensitivity analysis used to investigate building thermal performance entails the
modification of the model input parameters to check their resulting impact on the
model output parameters (Rodriguez eta al, 2013). These input factors mainly
drive the uncertainties in the target variables (Domingues-Munoz et al, 2010).
Saltelli et al, in 2004, defined sensitivity analysis as: “the study of how uncertainty
in the output of a model (numerical or otherwise) can be apportioned to different
sources of uncertainty in the model input,” (Saltelli et al, 2004). Tian, in 2013,
outlined the factors underpinning the choice of sensitivity analysis method as the
research purpose, computational cost, amount of input variables, project allocated
time and the ease of use for a particular sensitivity method and also indicated that
many building performance analysis studies do not include sensitivity index as an
analysis criterion (Tian, 2013).

Studies of sensitivity analysis have been conducted in the areas of building
design, calibration of energy models, building retrofit, building stock and impact of
climate change on buildings (Tian, 2013). In 2011, Tian and de Wilde using
probabilistic climate projections applied uncertainty and global sensitivity analysis
in identifying the key variables affecting climate change predictions and those of
building fabric and systems, which essentially contribute to the interventions in
building performance (Tian and de Wilde, 2011). Also in 2011, Hopfe and Hensen
explored the importance of various building performance parameters of an office
building and, using uncertainty analysis, investigated their impact on energy
consumption and thermal comfort (Hopfe and Hensen, 2011). In the same year,
Eisenhower et al conducted an uncertainty and sensitivity analysis based on about
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1000 variables using a quasi-random sampling method and a meta-model
(Eisenhower et al, 2011). In 2012, Hygh et al, using Monte Carlo analysis,
developed a multivariate linear regression model for early design stage sensitivity
analysis based on twenty seven building design variables and remarked upon the
standardized regression coefficients which could be used to quantify the sensitivity
of heating, cooling and total energy loads for four different climate zones (Hygh et
al, 2012). In the same year, Tian and Choudhary, using uncertainty analysis as a
criterion investigated London’s non-domestic buildings as a case study and
developed a probabilistic energy model for large scale analysis of diversified nondomestic building stock in urban areas (Tian and Choudhary, 2012). Moran et al,
also in 2012, explored sensitivity analysis to develop a data base of energy use for
historical dwellings (Moran et al, 2012). Moreover, Spitz et al, also in 2012,
proposed a three step methodology to identify the influence of uncertainty
parameters on building performance in the building design simulation process
(Spitz et al, 2012). Burhenne et al, in 2013, proposed a Monte Carlo based
methodology for uncertainty analysis for combining building performance and costbenefit analysis which would strengthen the building design process and facilitate
effective decision making (Burhenne et al, 2013).

The purpose of sensitivity analysis in building performance modelling and
simulation and observational study is to explore the uncertainty of the key input
parameters which influence prediction of the building performance parameters and
to investigate the important varying contribution of different design parameters to
building performance (Tian and de Wilde, 2011), (Tian, 2013). The regression
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sensitivity analysis is mostly used in building performance analysis due to its
computational and results interpretation simplicity (Tian, 2013).

Basically, there are two board categories of sensitivity analysis use in building
simulations: the global and local sensitivity analysis or differential sensitivity
analysis (Tian, 2013). The global sensitivity analysis which is mostly used in
simulation analysis entails the input of variables over a whole range and explores
the interaction effect (Spitz et al, 2012) as compared to the local sensitivity that
considers inputs around a point or a base case when one variance parameter is
changed at a time with all others kept constant (Tian, 2013).

The simplicity of the local sensitivity analysis is underpinned by non-inclusion of
sampling methods to generate combinations of inputs and with easily interpretated
and applied results and has the disadvantage of a small portion of the possible
space of input values (Tian, 2013). The global sensitivity analysis, however, offers
a better option in sensitivity analysis in identifying the important variables which
influence the target variables with some input variables for self verification
(accounting for the total variances of output in the analysis) and offers variance
parameter interaction analysis (Tian and de Wilde, 2011), (Tian, 2013).

There are four different methods that can be classified under the global sensitivity
analysis: regression, screening based, variance-based, and meta-model sensitivity
analysis (Tian, 2013).
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The screening based sensitivity analysis is primarily utilized to vary certain input
parameters from a large set without compromising the output variance results and
it has an advantage of low computational cost as it is underpinned by the use of
fewer influential parameters (Tian, 2013). The disadvantage of using the screening
based sensitivity analysis stems from the qualitative presentation of the output
results which presents the challenge of quantifying the impact of different factors
on the outputs (Tian, 2013). Another disadvantage also results from the use of
mean and standard deviation as a sensitivity index measure. In instances where
convergence to the population mean of the model output cannot be achieved, the
uncertainty analysis application would not suffice (Tian, 2013).

The variance-based sensitivity analysis method takes cognisance of the effects of
all the inputs to quantify the output variance and it is applicable to complex
nonlinear and non-additive models. The method has the disadvantage of high
computational cost (Tian, 2013).

The meta-model sensitivity analysis which offers a more efficient sensitivity index
measure than the variance-based method approximate objective functions by
means of statistical models. It offers less running time than normal simulation
models as its advantage (Tian, 2013).

Spitz et al, in 2012, indicated in their work that the most popular methods for
global sensitivity analysis method include Sobal, FAST, Random Balance Design,
and the Monte Carlo method (Spitz et al, 2012). There are many studies
conducted on uncertainty and sensitivity analysis using Monte Carlo method and
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some of these authors also use the standardized regression coefficient (SRC) and
Partial Correlation Coefficient (PCC) as sensitivity analysis indices.

2.8.3 Assessing the impact of different simulation input parameters
The SRC method sensitivity analysis is widely used in literature (Tian and de
Wilde, 2011), (Tian, 2013), (Storlie et al, 2009) and as it offers variability measure
of independent input parameters in a linear regression model. Analysis of the SRC
higher absolute values indicate more important contribution of the variables whilst
negative SRC values point to converse interpretations (Tian and de Wilde, 2011).
Breesch and Janssens, in 2010, conducted a study thermal comfort analysis of
occupants in a passive cooling office building in Belgium, and using SRC as a
sensitivity analysis index pointed out internal heat gains and air tightness as the
key influential parameters in determining thermal comfort (Breesch and Janssens,
2010). In the same year Dominguez-Munoz et al (2010) conducted uncertainty
analysis using SRC sensitivity index criterion to determine the influential input
parameters which affect the peak cooling load at the early stages of a building
project. Their results pointed to an internal thermal mass and convective heat
transfer coefficient between the internal mass and air as the most influential
parameters (Dominguez-Munoz et al, 2010). Hygh et al (2012), in using
multivariate regression as a performance assessment tool in building design,
employed SRC as a sensitivity index to quantify the building energy performance
across four climate zones. Their work indicated that SRC usage offers valuable
information to building designers in assessing the relative importance of influential
input parameters which contributed to the energy loads and stressed the need for
78

climate-sensitive design (Hygh et al, (2012)). In 2012, Ballarini and Corrado also
used SRC as an application of sensitivity analysis measure to explore the effect of
thermal insulation characteristics on space cooling energy performance. Their
work identified solar shading, window area and window insulation as the three
most significant parameters associated with cooling energy for residential
buildings in Italy (Ballarini and Corrado, 2012). In 2013, Rodriguez et al also
applied the SRC as they developed a methodology to investigate sensitivity
analysis of building simulation programs using law-driven simulation models that
require a large set of input uncertainties (Rodriguez et al, 2013).

The Standardised Regression Coefficient (SRC) or the beta value offers a
quantitative global sensitivity analysis index which is robust and easy to use
(Rodriguez et al, 2013). It gives a quantitative measure of parameter sensitivity
and influences the different input parameters on the output with the sign indicating
the direction of the parameter sensitivity to the target parameter (Hygh et al,
2012). The SRC gives a measure of the significance of moving each input variable
away from its expected value by a fixed fraction of its standard deviation while
maintaining the other input parameters at their expected values (Rodriguez et al,
2013). For instance, a beta value of say ‘x’ shows that a change of one standard
deviation in the output variable will result in a change of ‘x’ standard deviation in
the input variable. Its equivalent is the computation of regression analysis with
normalised input parameters with the mean of zero and standard deviation of one
(Rodriguez et al, 2013). The sensitivity index values range between zero and one
with the higher absolute indices pointing towards the more significant parameters
(Spitz et al, 2012). The positive coefficient points to an increase in the output
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parameter with the increasing input parameter. The negative coefficient shows that
an increase input parameter will result in the decrease of the output parameter
(Rodriguez et al, 2013).

The Standardised Regression Coefficient (SRC) and Partial Correlation Coefficient
(PCC) are chosen as regression sensitivity methods because they are appropriate
for linear models (Tian, 2013). The partial correlation assists in the examination of
the relationship or association between two variables whilst controlling the other
variables. Whilst the two methods may give the same results in the case of
uncorrelated inputs, differences in results may show if there are correlated inputs
as only PCC is appropriate for both correlated and uncorrelated inputs but SRC is
suitable for only uncorrelated inputs (Tian, 2013). The Standardised rank
regression coefficient is not used as it is only applicable for non-linear models
(Tian, 2013).

In this work, Monte Carlo approaches are used in estimating the effects of
uncertainty inputs on a corresponding output uncertainty (Tian and de Wilde,
2011) in assessing the impact and adaptations to climate change. The Monte
Carlo method is a computer random sampling technique that performs multiple
model runs from probability distributions of inputs to provide a range of values that
is used to determine the uncertainty in a model output (Dominguez-Munoz et al,
2010).
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2.9

Selection of simulation and statistical analysis software

2.9.1 Why EDSL TAS is selected as the simulation software for this thesis.
Thermal Analysis Simulation software TAS, a building simulation program
developed by (Engineering Development Solutions Software (EDSL, 2014), is
used as a dynamic simulation modeller to model and simulate thermal and energy
performance of the various prototype buildings in this work.

There exists other thermal analysis simulation software. For instance the use of
Integrated Environmental Solutions (IES) and EnergyPlus (now DesignBuilder)
permeate research and publications. EDSL TAS and these other dynamic
simulation tools have UK building regulations Part L2 compliance. They all have
the capability to use hourly weather data and import CAD plan as a template for
drawing walls, creating windows and doors. In addition they have unlimited
orientations, solar shading, daylight simulation to obtain daylight factors and could
be utilized in summer overheating analysis.

The use of TAS and IES are preferable in some circles. Although these software
are described as “black box” in computing parlance, in TAS and IES, all interaction
between the user and the software is done through a graphical user interface
(GIU). Thus, knowledge of computer programming or of the mathematics and
equations that govern building physics are avoided. However, EnergyPlus is a
stand-alone simulation program without a “user friendly” graphical interface. The
program reads input and writes output as text files. EnergyPlus features have
been used in developing DesignBuilder which has been around recently when
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compared with EDSL TAS which has been in commercial use in the United
Kingdom and the rest of the world for about three decades. One advantage of TAS
over IES is that in IES no dynamic modelling of plant components is involved
whereas in TAS individual plant components system can be set up and hourly
dynamic plant simulation is carried out.

The current version of EDSL TAS was the first dynamic simulation software to be
approved and has the full accreditation for UK building regulations 2013 and it has
also demonstrated compliance to various BS EN ISO standards (EDSL, 2014).
Energy calculation methods of software are based on ISO 13790:2008 (Thermal
Performance of Buildings – Calculation of Energy Use for Space Heating and
Cooling) and other steady-state energy balance methods (Tian, 2013). TAS uses
computational fluid dynamics (CFD) in its analysis and has CIBSE accreditation.
The effective user interface for TAS complex computational dynamic fluid complex
energy simulation engine lessens the task of constructing an energy text-based
model making the process more intuitive. Moreover, TAS has both graphic user
interface and text- based results viewer which facilitates the coping of text
information to other programs like Excel and IBM SPSS for analysis.

CIBSE has transformed both the UKCIP02 and the UKCP09 meteorological
predictions into TAS format for building simulation. These weather files are used to
quantify the uncertainties in weather data sets in the prediction of future thermal
performance associated with climate change.
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TAS has the capability to overcome the challenge of applying the ‘vast quantity of
data to assess the probabilistic performance of buildings in the future’, (William et
al, 2011). It also offers a complete solution as a powerful modelling and simulation
tool in the optimisation of building environment, energy performance and occupant
comfort. The TAS modeller has the capability of identifying and fixing gaps in the
space boundaries, incorrectly orientated surfaces and adjacency problems.
Furthermore, TAS has the facility to optimise the building environment, energy
performance and occupant comfort. It also offers ray tracing and radiosity results;
and this TAS Daylight method can produce useful daylight illuminance (UDI),
daylight autonomy (DA) and daylight distribution (EDSL, 2014).The newer versions
of TAS have incorporated the CIBSE TM52 adaptive overheating criteria for
building zones analysis in the TAS report generator. Moreover, TAS Result Viewer
gives “Dry Bulb Temperature” and “Mean Radiant Temperature” as simulation
output temperatures; key variable inputs in the application of CIBSETM52 in
determining operative temperature for overheating analysis. This aspect of TAS
was in effect suitable for this work. Thus, TAS offers complete solution as a
powerful modelling and simulation in the optimisation of building environment,
energy performance and occupant comfort.
The SAP software a “surrogate design tool” used for evaluating dwellings energy
performance was not used in this work. The SAP software uses a monthly average
in determining overheating risk (DCLG and AECOM, 2012) as compare to the
hourly weather data sets used by TAS. As noted in the Department of
Communities and Local Government (DCLG) and AECOM report in July 2012,
“SAP tool is intended to be used for a compliance assessment rather than as a
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design tool.” Since the work on the progressive variation of the thermal mass and
other construction specifications were design based, TAS was selected as the
appropriate software.
However, while TAS offers an excellent means to evaluate the respective zones’
overheating based on the CIBSE TM52 adaptive overheating criteria, the analysis
and graphical representation of the whole building was observed to be only
weather based and does not truly reflect the indoor operative temperatures as
defined in the CIBSE TM52. TAS uses variation of the external temperatures
instead of the indoor operative temperatures. Thus, TAS graphical representation
of the CIBSE adaptive overheating criteria is based on the external dry bulb and
external running mean temperature. The authors therefore developed an Excel
program for the analysis of the whole building scenario as stipulated in the CIBSE
TM52 to reflect the variation of the indoor operative temperature for the clear
assessment of the dwelling’s thermal comfort. Data from the TAS simulation was
fed into the Excel program for this analysis.

2.9.2 Sensitivity analysis software
Many statistical programs can be used in performing sensitivity analysis. Tian
(2013) in his work of review of sensitivity analysis methods in building energy
analysis selected Simlab and R as suitable software for sensitivity analysis. Their
recommendation stems from the free availability of this software and their
capability in offering different types of uncertainty and sensitivity analysis (Tian,
2013).
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IBM SPSS statistical software has a Monte Carlo simulation module design for
uncertainty and sensitivity analysis. Monte Carlo simulation is the computer
generation output solution to a problem through random sampling from probability
distributions of input variables (IBM 2013).
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CHAPTER 3:
3.1

Methodology

Identification and Justification of Research Paradigm

The quest for new knowledge is underpinned by what counts as knowledge and
how it is developed (Saunders et al. 2006). This theory and framework which
serves as a basis of research development is the paradigm. Thomas Kuhn (1962,
1970) advanced that paradigm as “the underlying assumptions and intellectual
structure upon which research and development in a field of inquiry is based.

Creswell (2003) considers three composite elements as a framework for a
research design. He outlined; the philosophical assumptions about what constitute
“knowledge claims”, “strategies of inquiry” as the general procedures for research,
and “methods” as detailed procedures of data collection, analysis and writing.

The knowledge claim of this work is based on the positivism research paradigm
approach. Fundamental to the positivism epistemological approach is the objective
approach to research which eventually would lead to a meaningful theory or
generalized pattern which could be revised upon new findings (Connet et al,
2000). The framework focuses on the principles and assumptions of science
(Connet et al, 2000). The positivism epistemological approach usually lends itself
to the quantitative research approach as a structured methodology (Saunders et
al, 2006). The strength of quantitative methodology lies in the fact that the
research problem, objective, hypothesis, process and expectations are clearly
defined at the outset (Frankfort-Nachmias and Nachmias, 1992). The arguments
for the use of the quantitative research approach are related to strict adherence to
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methods of measurements, observation, exact analysis and general interpretations
of social reality, and eliminating subjectivity (Cassell and Symon, 1994). The
quantitative research approach is therefore used in gathering and analysing the
data in this work. The methodology used in this work is thus underpinned by the
use of thermal analysis modelling and simulation and is demonstrated by the use
of various case studies which seek to assess and quantify the impact of climate
change in predicting energy consumption, thermal comfort and carbon dioxide
emissions in detached dwellings in the United Kingdom.

3.2

Methods

3.2.1

Research Design, Planning and Execution

Creswell (2003) notes that the choice of research method must be underpinned by
the research question. This work research design is based on the investigation of
impact of varying future climatic patterns on building performance and the
application of passive design solutions as mitigation and adaptation techniques. It
further evaluates how energy usage characteristics of building occupants, energy
consumption and thermal comfort may be accurately modelled to improve the total
energy consumption of detached dwellings and further lead to the decrease in
carbon dioxide emission through the appropriate selection of modelling
parameters. Primary data on the impact of future climate change on building
energy and thermal performance is obtained through thermal analysis modelling
and simulation. The researcher makes use of relevant design codes and national
standards for assessing the varying building occupants’ characteristics, energy
consumption, carbon dioxide emission and internal operative temperatures of
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residential detached buildings. Computational fluid dynamics simulation is used in
the energy and thermal performance of buildings. In addition, knowledge is
developed through a multi-method quantitative study design, while the data
collected is analysed by statistical procedures.

3.2.2

Data Analytic Procedures

Borrego et al (2009) emphasised that, “rigorous statistical analysis is essential in
quantitative reach to ensure reliability and generalizability of the results,” (Borrego
et al, 2009). The current versions of SPSS and Excel statistical software packages
are used in the deterministic, uncertainty and sensitivity analyses. Descriptive
statistics in the form of percentages, frequency distributions, range of observed
values, means and standard deviations are used to interpret various points and
situations in the study (Borrego et al, 2009). Scatter plots, tornado charts and box
and whiskers plots are used in the Monte Carlo uncertainty analysis.
Standardized Regression Coefficient and Partial Correlation Coefficients are used
as sensitivity indices for the Monte Carlo global sensitivity analysis. Subsequent
interpretations of all these analyses are performed to examine the significant
differences and variability in energy consumption, internal operative temperatures
and carbon dioxide emission patterns.

3.2.3 Research Method 1 – For Case Study 1
The goal is to verify through an established method-comparison study of the
agreement between monitored temperatures and thermal analysis operative
temperatures of a detached dwelling. The detached dwelling used as the case
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study is 49 Carnation Drive; a 1995 three-bed room house located at Bracknell,
Berkshire, about 48 kilometres from Central London, the closest weather station.
Hence the current CIBSE London TRY is chosen for the analysis.

3.2.3.1

Thermal Analysis Simulation (TAS) 3D Modelling

Bartak et al., identify the main current modelling and simulation techniques as; the
energy and mass balance based modelling systems to predict and evaluate the
energy performance of integral buildings and HVAC systems, and computational
fluid dynamics (CFD) methods for prediction of air flow and temperature fields in
rooms and around buildings (Bartak et al., 2001).

The CFD tools appear to be more robust as they take into consideration “more
detailed radiation models for calculating the combined convective and radiative
heat transfer” (Treeck et al, 2001). The thermal analysis simulation takes
cognisance of building geometry, construction, equipment and systems integration
and further incorporates building occupants’ energy usage characteristics, noting
the important energy interactions modelled at an appropriate level of resolution
and accuracy and encompassing the variance of the building 3D geometry with
changes in time. In other to proceed with the dynamic simulation, various
structural input data and other parameters that impact on the energy and thermal
behaviour of buildings were established and categorised. These inputs were fed
into the EDSL TAS computer program for modelling and simulation analysis.
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EDSL TAS software, a more robust 3D modelling and simulation tool, is used as a
dynamic simulation modeller to model and simulate the thermal mass of each of
the case studies’ prototype buildings. In each case study, the building type,
AutoCAD drawings and location are indicated.

The data used are the AutoCAD two-storey residential detached buildings
architectural drawings of 49 Carnation Drive, figures 3.1 and 3.2. The building
drawings consisted of the ground floor and first floor plans. Measurements of
floors, doors and windows dimensions were taken from the drawings of AutoCAD
elevations. The floor level was measured from the ground plane at datum 0.0m.
The default wall height dimensions were measured from the floor finish to directly
below the floor finishing of the upper floor. The respective zones on the ground
floor and first floor plans were noted and further grouped into Bedrooms,
Circulation, Toilet and Miscellaneous.
To aid in the shadow calculations in the 3D Modeller, the orientation of the north
angle was changed to 135 degrees clockwise to the North and the latitude,
longitude and time zone changed to 51.42 degrees North, -0.75 degree East and
UTC +0.0 respectively to reflect the geographical and time parameters of
Bracknell, Berkshire which is about 48 kilometres from Central London, the closest
weather station. The current CIBSE London TRY was chosen for the analysis. The
current CIBSE Try weather data set is based on historical data for London and
thus does not perfectly reflect the microclimate of Bracknell, Berkshire. The
accuracy is therefore first verified through the monitoring of the outdoor
temperatures and the external temperature data from the thermal analysis
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simulation. The flow charts in figures 3.3 to 3.5 in illustrate the drawing files’
preparation for the 3D modelling process and the modelling of the ground floor,
first floor and the roof arrangement respectively.

Figure 3.1 Ground Floor Plan

Figure 3.2 First Floor Plan

Prepare Drawings for Modelling

AutoCAD building drawings used as
original data

Ground Floor
Drawings

Explode, Purge & Remove unnecessary layers

First Floor
Drawings

Draw a 10m construction line
Roof Plan
Drawings

Save Drawings in separate floor files

Model Ground Floor

Figure 3.3
Prepare
Change
BuildingDrawings
parameter for Modelling
to Location conditions
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Create floors and input floor
levels & default wall heights

Create Building Elements

Open TAS 3D Modeller

First Floor
Drawings

Explode, Purge & Remove unnecessary layers
Draw a 10m construction line

Roof Plan
Drawings

Save Drawings in separate floor files

Change Building parameter
to Location conditions

Model Ground Floor

Create floors and input floor
levels & default wall heights

Open TAS 3D Modeller

Create Building Elements

Create Windows, Window
Groups & Doors

Fix issues in
model

Create Shades
Create Zones

Draw a 10m Null wall &
Import Ground Floor
Model First Floor
Draw physical wall with default & nonphysical walls with null building elements

Yes

Assign building elements to walls
No

Errors &
Warnings?

Add Windows, Shades &
Assign Zones

Figure 3.4 Ground floor modelling process
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Model First Floor

Create the 1st Floor as New Floor
Copy the Ground Floor wall

Import First Floor Drawings
Fix issues in
model

Draw physical wall with
default & non-physical walls
with null building elements

Assign building
elements to walls

Assign shades
& Zones

Add windows

Continue the next stage
Model the Roof

Yes

No

Errors &
Warnings
?

Create the Roof as New Floor
Copy the First Floor walls
Fix issues in
model

Import Roof Drawings

Model Roof
Yes

Use Roof building element
to draw roof & ridgelines
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by Points or Plane by Inclination
method

Errors &
Warnings in
3D view?
No

Exporting Model without
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Figure 3.5 First floor/Roof modelling process

93

3.2.3.2

Simulation Process and Assumptions

TAS as a dynamic simulation modeller models the thermal mass of a building.
Building performance simulation requires the appropriate selection of modelling
parameters and assumptions. The following assumptions were made in this work;

(i)

Acceptability of CIBSE TRY and CIBSE DSY weather data sets
which are based on historic data patterns to be applicable to actual
weather conditions of the case study building location.

(ii)

Acceptability of the standardized National Calculation Methodology
dwelling internal conditions activity and occupant behaviour as the
prevailing conditions of the case study building.

(iii)

Assuming U-values to be static instead of being dynamic as they
vary with thermal and climatic conditions.

The various simulation parameters of Building Summary, Calendar, Weather,
Building Elements, Zones, Internal conditions, Schedule, and Aperture Types were
populated to simulate the residential building. Figure 3.6 is a flow chart which
shows the thermal simulation process with its associated modelling and simulation
parameters indicated in tables of each case study.

3.2.3.3

Thermal Analysis Simulation

TAS, as a dynamic simulation modeller, models the thermal mass of a building.
The other simulation parameters of Building Summary, Calendar, Weather, Zones,
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Internal conditions, Schedule, and Aperture Types were entered to simulate the
building for it to reflect the construction design criteria specified by the CIBSE

Simulate Whole
Building

Open and check the
Building Summary

Open and populate the
following simulation
parameters with their
respective files from
TAS Database

Open TAS Building Simulator
(TBS) file

Calendar
Use “NCM Standard” calendar

Weather
Use CIBSE TRY Weather file

Go to UK Building
Simulation Studio

Building Elements
Check & Assign right type
Open 3D Model & Close TBD file
Export 3D model with shadow
calculations ensuring file is saved by
merging with the TBD file

Create HAVC Groups
Apply to respective Zones

Internal Conditions
Use NCM Activities Database
Dwelling as bases to assign or create
additional internal conditions
Aperture Function & Schedule
Create Open Window Aperture Type
Create Schedule and apply to it
Assign aperture type to windows
both frame and pane

Fix simulation
issues

Yes

Perform Pre-simulation
checks

Errors &
Warnings?

Figure 3.6 Thermal Simulation process
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No

Guide A (2006) and TAS for dwellings. Figure 3.6 is a flow chart which shows the
thermal simulation process with its associated modelling and simulation
parameters in tables 3.1 and 3.2.
Table 3.1 Modelling and Simulation Parameters and Assumptions

Table 3.2 Modelling and Simulation Parameters and Assumptions
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3.2.3.4

UK Building Regulation Studio

The UK Building Regulations Studio used by the TAS EDSL 9.3.1 software is
based on 2013 regulations. It adheres to the National Calculation for Methodology
(NCM) for the Energy Performance of Building Directive (DCLG). The UK Building
Regulations Studio is systematically worked through by appropriately selecting
various parameters and circuit configuration leading to the generation of series of
building reports of which data based on the building energy and thermal
performance indicators of total annual energy consumption, annual gas
consumption, annual electricity grid consumption, building emissions rate and
heating demand of for the study are extracted for analysis. The figure 3.7
illustrates the flow chart of simulation processes in the UK Building Regulation
Studio.

In case study 1 simulated temperature results and thermal performance data for
the study are extracted for analysis. The kitchen operative temperature was
calculated as the average of the dry bulb and mean radiant temperatures. Figure
3.5 in chapter 3 illustrates the flow chart of simulation processes in the UK Building
Regulation Studio.
3.2.3.5

Temperature Monitoring

The monitored outdoor and kitchen temperatures were done using temperature
sensors calibrated to a highly accurate degree and with a light-emitting diode
(LED) reader to facilitate accurate reading. The temperature data were recorded
every fifteen minutes and the data stored online. The fifteen-minute recorded
temperatures were collapsed into hourly averages to synchronise with TAS hourly
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dynamic simulated temperatures which are based on the CIBSE TRY weather
information.

Systematically work through
the Studio and judiciously
select appropriate parameters
for the actual and notional
buildings

Create UK Building
Regulations Studio
TPLP file

Building Regulation & Building
Category

From Utility Open UK Building
Regulations Studio

Air Permeability

Actual Building
Reports

Building Element

U- Values Check
Notional Building
Reports
NCM Construction Database
Reference Building
Reports

Lighting Control

Zone Assignment

Building Reports
Part L & EPC
Reports

Air-side Configuration
BRUKL
Documents

Heating & Cooling
Configurations
Domestic & Hot Water
Configurations

EPC
Documents

Fuel Source
Configuration
BRUKL/EPC
Information

GENERATION & SIMULATION

Figure 3.7 UK Building Regulation Studio Simulation process
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The outdoor temperature monitoring was done between March and May 2014, to
analyse the current temperature variability with the temperature data of the CIBSE
weather file. The kitchen operative temperatures were monitored between
February to May 2014, for the comparison with the thermal analysis simulated
operative temperature results. Peeters et al (2009) indicated in their study that
“thermal comfort in residential buildings shows a strong dependency on weather
data”. Against the backdrop of this idea, the authors therefore first analysed the
current temperature variability with the temperature data of the CIBSE weather file
before applying it to the building.
3.2.3.6

Inspection of Data and Determination of Sample Size

Hanneman (2008) emphasized the importance of data inspection to remove
outliers as an important step preceding the Bland and Altman plot (Hanneman
2008). This was performed as part of the steps for Bland Altman analysis. 88%
and 86% of the total data collected for the kitchen and outdoor temperatures
respectively were used for the current analysis. The number of measurements was
checked to verified adequate sample size for the application of the bias and
precision statistics to the method-comparison (Hanneman, 2008).
Cochran’s (1963) formula for determining sample size of large population was
compared with Yamane’s (1967) simplified formula for proportions and the large
sample size noted out of the two computations.
Cochran’s formula for determining sample size is given as
no = (Z2pq)/e2

……….(1)

where,
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no is the sample size,
Z2 is the abscissa of the normal curve that cuts off an area α at the tails ((1-α)
equals the desired confidence level of 95%)
e is the desired precision of +5%,
p is the variability, taking p=0.5 as the maximum variability
q is (p-1).
The sample size can therefore be calculated as:
no = (1.96)2 (0.5)(0.5)/(0.05)2
= 385
Yamane’s simplified formula to determine a sample size is given as:
n = (N)/(1+N(e)2)

……….(2)

where,
n is the sample size,
N is the population size,
N is given as 24(hours/day) x 365(days/year) x 2(pairs of measurements) = 17520
and e is the level of precision, taken as +5%,
The sample size can therefore be calculated as:
n = (17520)/(1+17520(0.05)2)
= 391
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Thus a sample size upward of 400 was chosen.
One source of error could be attributed to the collapse of 15 minute temperature
readings into hourly averages to facilitate comparison with the hourly simulated
temperatures. Moreover, Kulstad et al (2013) noted the following limitation is the
use of temperature in the method of comparison analysis, “static comparisons of
temperature do not take into account the lag time and dynamic changes inherent
in temperature measurements,” (Kulstad et al, 2013).

3.2.3.7

Bland-Altman Method

Bland-Altman or limit of agreement plot (Bland and Altman, 2007) is a methodcomparison graphical analysis which seeks to validate the inter-changeability of
two techniques. This statistical evaluation indicates the agreement between the
two methods. The Bland-Altman limits of agreement method stipulate that neither
the Pearson’s correlation coefficient nor regression techniques are adequate for
comparison of two methods (Bland and Altman, 2007). Bland-Altman’s procedure
is acceptable for temperature comparison of two methods as it “assumes a linear
relationship between errors and measurements,” (Hanneman, 2008). The basic
steps in the Bland-Altman analysis in this work included the following;
a)

Establish the priori criteria for the bias and precision.

b)

Examine the data and eliminate outliers.

c)

Plot scatter diagrams with line of equality of monitored and simulated
temperatures.
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d)

Determine the normality of the temperature differences of sets of
monitored and simulated temperature distribution using histogram
and normal probability plot (Normal Q-Q plot).

e)

Plot the differences of temperature of each pair of monitored and
simulated temperatures on the vertical axis against the means on the
horizontal axis.

f)

Determine and plot the mean difference and the limits of agreement
based on 95% confidence limits of normal distribution, that is + 1.96
standard deviation of the mean difference.

g)

Determine the limit of agreement recommended conditional
agreement between the two methods when 95% of the plotted data
lies between the limits of agreement.

h)

Determine the percentage error.

i)

Report and discussion should be based on findings against the set
priori criteria, the mean value of the two techniques, the standard
deviation of the difference and the limits of agreement.

3.2.3.8

Establishing the Bias and Precision Priori

In their ASHRAE RP-84 and the New Adaptive Comfort Standard for ASHRAE
Standard 55 studies, de Dear et al defined the width of comfort range of
temperatures for naturally ventilated buildings with 90% and 80% acceptability to
be 5 and 7 degrees Celsius respectively with their corresponding mean thermal
sensation of +0.5 and +0.85 respectively (Brager and de Dear, 2001), (de Dear et
al, 1998). These are acceptable international standards. Figure 3.9 below
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indicates the comparison of adaptive thermal comfort standards and their limits of
applicability.

Figure 3.8 Comparison of adaptive comfort standards and limits of applicability –
Adapted from Lomas and Giridharan (2012) Building and Environment 55.

Peeters et al (2009) indicated the asymmetrical split of the thermal comfort width
band. Hanneman (2008) indicated that a higher priori criterion for bias could be
set, “to account for the inherent measurement error,” if the bias of the findings and
the agreement between the methods would be avoided. Thus a higher bias priori
criterion of +0.85 with a precision priori criterion band width of 7 oC for the priori
definition for the limits of agreement could be set to correspond to the 80%
acceptability of thermal comfort range.
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3.2.3.9

3D Modelling and Simulation Analysis and Verification

The uncertainties associated with building modelling and simulations are related to
measurement errors, occurrence of stochastic events and inadequate
understanding and oversimplified assumption on parameters used in simulations
(Triantaphyllou, 1997). To maximize the level of confidence in the results, the
modelling and simulation results are validated using a reference house to
ascertain that the reference module internal operative temperatures comply with
the actual monitored temperatures. Moreover, Bland-Altman’s method of
comparison technique is used as the validation method to affirm the accuracy of
the building thermal performance and thereby assist in the successful
implementation of the final solution. Monte Carlo sensitivity analysis is also used to
as a quality assurance tool to test the robustness of the simulation results. It is an
appropriate tool as it is able to identify the factors most responsible for generating
high or low values of the output.

3.2.4 Research Method 2 – For Case Study 2
The goal is to perform climatic deterministic, uncertainty and sensitivity analysis
through a series of simulations using the UK Charted Institution of Building
Services Engineers CIBSE UKCIP02 future weather years, CIBSE TM48 for
Design Summer Years (DSY) and the latest CIBSE TM49 DSY future weather
data which incorporates the UKCP09 projections, to evaluate the variance in
climatic projections and the impact of future climate change on thermal comfort of
a detached dwelling in the United Kingdom using the CIBSE TM52 overheating
criteria. The global sensitivity analysis used in the study incorporates Standardised
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Regression Coefficient (SRC) and the Partial Correlation Coefficient as sensitivity
indices and Tornado plot as a deterministic sensitivity method to identify the key
parameters which contribute to thermal comfort implications in the dwellings due to
climate change. In building simulation practices it is acceptable for two different
sensitivity analysis methods to be used to ascertain their robustness and further
inspire confidence in the results (Tian and de Wilde, 2011).

The essence for the climatic sensitivity analysis is based on the following;
1. The limitations of the CIBSE TM48 morphing methodology in producing
certain variables which independently have no relationship to the
probabilistic consideration of the UKCP09 CIBSE TM49 weather series,
making the output different from the latest weather data series.
2. Differences in the baseline periods for the two climate projections: 19832004 and 1961-1990 baselines for the UKCIP02 and UKCP09 projections
respectively.
3. Consideration of London urban heat island effect in the CIBSE TM49
weather files leading to the generation of three different weather data sets
for London.
4. The consideration of extreme heat waves experienced in 1976 and 2003
years to examine overheating risk under different scenarios.

3.2.4.1

Thermal Analysis Simulation (TAS) 3D Modelling

It is generally recommended that for naturally ventilated buildings, the 50th
percentile (best guess) projections and the medium greenhouse gas emission
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scenario has to be used in the building simulation analysis (Mavrogianni et al,
2012). This choice of UKCP09 future weather file based on the 50 th percentile of
external temperature and 2050s emission scenarios was used because of its
usage by other studies. For example, Mavrogianni et al in 2012 used this criterion
for their dynamic thermal simulation work for identifying factors that affect the high
indoor summer temperatures in London dwellings (Mavrogianni et al, 2012). The
medium-high climate change emission scenario was chosen in the UPCIP02
weather file consideration. The CIBSE TM36, using dynamic thermal modelling,
offered quantitative assessment of risks of overheating in 13 case study buildings
comprising of houses, offices and schools for three locations in the UK, used the
UKCIP02 medium-high climate change scenario and the CIBSE Guide A (2006) as
the overheating criteria (CIBSE TM36, 2005).

The various modelling and simulation parameters of Building Summary, Calendar,
Building Elements, Zones, Internal conditions (which include thermostat set up,
infiltration and ventilation, occupancy, lighting and equipment details), Schedule,
and Aperture Types which were used to populate and simulate each building, are
maintained with the only variant being the weather data.

A series of scenarios based on the current and the future climate variables on
different timelines of 2020s, 2050s and 2080s with their respective medium-high
carbon scenarios for the CIBSE TM48 UKCIP02 weather files and similar time
slice of 2020s, 2050s and 2080s for CIBSE TM49 UKCP09 weather files are
simulated for Gatwick Airport, London Weather Centre and Heathrow Airport.
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The new weighted cooling degree hours (WCDH) metric of CIBSE TM49 was not
used in this work for the overheating analysis because of its over-simplistic nature
and significant variance from the comfort temperature of people uncomfortable in
the adaptive thermal comfort after some point. However, the CIBSE TM52
overheating criterion which is underpinned by the BS EN15251 adaptive thermal
comfort model which is a criterion for determining thermal comfort in naturally
ventilated buildings in free-running mode was used.

3.2.4.2
Developing multivariate linear regression for uncertainty and
sensitivity analysis

The case study is based on a building simulation and global sensitivity analysis
which explore the analysis of uncertainties and sensitivities related to climate
change variability. The IBM SPSS statistics Monte Carlo sensitivity analysis tool is
used to identify the influential parameters that affect the internal operative
temperature (thermal comfort) of dwellings.

The CIBSE weather data set used in the EDSL TAS simulation has seven key
weather variables of global horizontal radiation, cloud cover, relative humidity,
wind direction, wind speed, diffused horizontal radiation and dry bulb temperature.
The CIBSE weather data used are the Design Summer Years (DSY) CIBSE TM48
UKCIP02 weather files and the CIBSE TM49 UKCP09 weather files for Gatwick
Airport, London Weather Centre and Heathrow Airport.

107

The detached dwelling used as the case study is 49 Carnation Drive; a 1995
three-bed room house located at Bracknell, Berkshire, about 48 kilometres from
Central London, the closest weather station for CIBSE TM48 UKCIP02. In using
CIBSE TM49 UKCP09 weather files the case study building location is located at
48.87 kilometres, 48 kilometres, and 18.71 kilometres respectively from Gatwick
Airport, London Weather Centre and Heathrow Airport.
EDSL TAS simulations are performed on two scenarios. The first scenario entailed
the variation of climate change as input parameters and considers uncertainties in
various CIBSE DSY weather files in predicting indoor operative temperature as a
thermal comfort indicative parameter. The second scenario relates to the four
standardized construction specifications which have been designated by various
organisations with the aim of adapting buildings to the impact of climate change
and facilitates the improvement of building performance parameters. The
uncertainty and sensitivity analysis of the four standardized construction
specifications based on the UKCIP02 and UKCP09 weather projections for 50%
probability and the medium emission scenario results are the most important
factors which impact thermal performance of detached dwellings and are fully
developed in chapter eight of this work.

3.2.4.3

Multivariate linear regression analysis due to climate change
alone

Simulation runs were performed using EDSL TAS program initially using the
CIBSE DSYs weather files based on UKCIP02 and UKCP09 climatic projections.
The EDSL TAS dynamic simulation results in an hourly historical output data. The
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weather variables and the indoor operative temperature and other performance
indicators, regression analysis from the EDSL TAS simulation and CIBSE TM52
analysis results were based on all the input parameters with the weather files as
the only variance parameter in the case of the first scenario. The selection of the
input variables was based on heuristic method of past experience, educated
guesses, available literature and rules of thumb. The various input parameters and
the targets outputs parameters are shown in table 3.3. All the parameters were
entered simultaneously to generate the multivariate linear regression model.
The EDSL TAS coupled with the developed Excel CIBSE TM52 overheating
criteria historical data are then sent to IBM SPSS statistical software to create a
multivariate linear regression XML model. The aim of this multivariate linear
regression model is to capture the complex thermal interaction of parameters used
in the EDSL TAS program. The uncertainty and sensitivity analysis on the
multivariate linear regression model is then subsequently analysed using the IBM
SPSS statistics software.
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Table 3.3 Input parameters with their probability distributions for the uncertainty and
sensitivity analysis for the climate change impact on thermal comfort

3.2.4.5

Uncertainty and sensitivity analysis due to climate change
alone.

Sensitivity analysis involves changes of different design parameters to ascertain
their relative influence on the target variable. As indicated earlier on in this
chapter, the initial process of uncertainty and sensitivity analysis is done to identify
the range of inputs, usually using heuristic method. In the case of Monte Carlo
sensitivity analysis, the input probability distribution is also defined, thus
characterizing assigned probability distribution to the uncertain input factors and
where the appropriate value of each parameter is believed to be located. The
thermo-physical properties probability or convection property distributions of the
building envelope and systems were considered to be of normal distribution as the
work seeks to explore the possible variations of energy performance and thermal
110

comfort of an existing building in its operational state. This assumption is based on
the work done by Tian in 2013 in reviewing sensitivity analysis methods in building
energy analysis. Tian indicated that sensitivity analysis of inputs of existing
buildings could be considered as normally distributed and further pointed out that
negative values of the distribution of certain cases are to be avoided by truncating
the normal distribution. However, distribution of design input variables were to be
considered as continuously uniformly distributed (Tian, 2013).
The developed multivariate linear regression XML model is used to run the
uncertainty and sensitivity analysis in the IBM SPSS statistical software. The
Monte Carlo simulation was set to 100,000 iteration runs for each target parameter
to provide adequate coverage of the solution space. The results of the uncertainty
analysis are presented as scatter plots, tornado plots and box and whiskers plots.
The scatter plots are used to investigate the correlation between the input
variables and the target or output variables. The tornado plot compares the
relative significance of the various input parameters to the output parameter. The
box and whiskers plot also shows the variations of sensitivity measures for various
input parameters (Tian, 2013).
The IBM SPSS software is then used to calculate the Standardised Regression
Coefficient (SRC) and Partial Correlation Coefficient (PCC) to ascertain the input
parameters that are most sensitive and thus explain the high variability in the
models.
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3.2.5 Research Method 3 – For Case Study 3
3.2.5.1

Thermal Analysis Simulation (TAS) 3D Modelling

The goal is to verify through a series of simulations using the latest UK Charted
Institution of Building Services Engineers CIBSE TRY of current and future
weather data which incorporates the UKCIP02 Projections to evaluate and predict
the impact and vulnerability of future climate change on a detached dwelling stock
in the United Kingdom. Ten residential dwellings of Persimmon South East Ltd
Sheppey General Hospital dwelling are selected as building prototypes. Sheppey,
Sheerness is 59.4km from London, the closest weather station. Hence the current
and future CIBSE London TRY are chosen for the analysis.

The data used, are the AutoCAD two-storey residential detached building
drawings of Persimmon South East Ltd Sheppey General Hospital. The building
drawings consisted of the front elevation, rear and side elevation, a section
through the elevation, ground floor plan, first floor plan and the roof arrangement
plan. The figures 3.9 to 3.12 below indicate the architectural plan of one of the
selected houses, the drawing data for 0712 House Type G Pri used in this work.

Figure 3.9 Architectural Ground Floor Plan

Figure 3.10 Architectural First Floor Plan
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Figure 3.11 Architectural Roof Arrangement

3.2.5.2

Figure 3.12 Architectural Building Section

Modelling Process

Measurements of floors, doors and windows dimensions were taken from the
AutoCAD elevations drawings. The floor level was measured from the ground
plane at datum 0.0m. The default wall heights dimensions were measured from
the floor finish to directly below the floor finishing of the upper floor. The respective
zones on the ground floor and first floor plans were noted and further grouped into
Bedrooms, Circulation, Toilet and Miscellaneous.

To aid in the shadow calculations in the 3D Modeller, the orientation of the north
angle was changed to 135 degrees clockwise to the North and the latitude,
longitude and time zone changed to 51.5 degrees North, -0.4 degree East and
UTC +0.0 respectively to reflect the geographical and time parameters of London.
Sheppey, Sheerness is 59.4km from London, the closest weather station. The
flow charts in figures 3.3 to 3.5 in this chapter illustrate the drawing files
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preparation for the 3D modelling process and the modelling of the ground floor,
first floor and the roof arrangement respectively.
3.2.5.3

Simulation Process

TAS as a dynamic simulation modeller models the thermal mass of a building.
Building performance simulation requires the appropriate selection of modelling
parameters and assumptions. The various simulation parameters of Building
Summary, Calendar, Weather, Building Elements, Zones, Internal conditions,
Schedule, and Aperture Types were populated to simulate the building. Figure 3.6
in this chapter is a flow chart which shows the thermal simulation process with its
associated modelling and simulation parameters in tables 3.4 and 3.5.

Table 3.4 Modelling and Simulation Parameters and Assumptions
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Table 3.5 Modelling and Simulation Parameters and Assumptions

3.2.5.4

UK Building Regulation Studio

The UK Building Regulations Studio used by the TAS EDSL 9.2.1.4 software is
based on 2010 regulations. It adheres to the National Calculation for Methodology
(NCM) for the Energy Performance of Building Directive. The UK Building
Regulations Studio is systematically worked through by appropriately selecting
various parameters and circuit configuration leading to the generation of series of
building reports of which data based on the five (5) key building performance
indicators of total annual energy consumption, annual gas consumption, annual
electricity grid consumption, building emissions rate and heating demand for the
study are extracted for analysis. The figure 3.7 in this chapter illustrates the flow
chart of simulation processes in the UK Building Regulation Studio.
3.2.5.5

Future Weather Data Simulation Process

The various modelling and simulation parameters of Building Summary, Calendar,
Building Elements, Zones, Internal conditions (which include thermostat set up,
infiltration and ventilation, occupancy, lighting and equipment details), Schedule,
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and Aperture Types which were used to populate and simulate each building are
maintained with the only variant being the weather data.

A series of scenarios based on the current and the future climate variables at
different time lines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low are simulated. The
modelling and simulation processes were followed through for the rest of the nine
(9) detached dwellings.

3.2.6 Research Method 4 – For Case Study 4
The goal is to verify through a series of simulations using the UK Charted
Institution of Building Services Engineers CIBSE Design Summer Year (DSY) of
current and future weather data which incorporates the UKCIP02 projections to
verify if the optimization of thermal comfort performance depends on variable
climatic conditions, enhanced thermal mass, building orientation and location,
ventilation strategy, external shading and varying occupant characteristics using
the newly developed CIBE overheating criteria (CIBSE TM52, 2013) as an
assessment tool on detached dwelling stock in the United Kingdom.

As TAS graphical representation of the CIBSE adaptive overheating criteria is
based on the external dry bulb and external running mean temperature. An Excel
program for the analysis of the whole building scenario as stipulated in the CIBSE
TM52 was developed to reflect the variation of the indoor operative temperature

116

for clear assessment of the dwelling thermal comfort. Data from the TAS
simulation was fed into the Excel program for this analysis.

Four typical energy efficient standard construction specifications previously
identified as part of the core standard construction specifications in the work of the
Zero Caron Homes practise (ZCH, 2009) were used. These standard construction
specifications used are underpinned by the fabric energy efficiency standards on
dwellings which was developed by an Industry Task Group led by the Zero Carbon
Hub in 2009 (ZCH, 2009) whose work was based on well recognized energy
efficient design standards. The ‘Baseline’ specification was set based on current
building practice (ZCH, 2009) and conforms to the 2010 Building Regulations
Part L compliant for dwelling. The ‘Fabric Energy Efficiency Standard’ (FEES)
specification is based on the Energy Saving Trust Best Practice Energy Efficiency
(EST BPEE) Standard. The third specification; ‘Beyond Fabric Energy Efficiency
Standard’ is based on the Energy Saving Trust Advanced Practice Energy
Efficiency (EST APEE) Standard and the fourth specification is equivalent to the
PassivHaus Standard. Table 3.6 stipulates the summary of the four construction
specification as indicated in the Zero Carbon Homes report (ZCH, 2009) and their
equivalent as the result of the modelling and simulation of this work.
3.2.6.1

Thermal Analysis Simulation (TAS) 3D Modelling

The data used are the AutoCAD two-storey residential detached buildings
drawings of Persimmon South East Ltd Sheppey General Hospital. The building
drawings consisted of the front elevation, rear and side elevation, a section
through the elevation, ground floor plan, first floor plan and the roof arrangement
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plan. The figures 3.9 to 3.12 in this chapter indicate the architectural plan of the
selected houses, the drawing data for 0712 House Type G Pri used in this study.
3.2.6.2

Modelling Process

Measurements of floors, doors and windows dimensions were taken from the
AutoCAD elevations drawings. The floor level was measured from the ground
plane at datum 0.0m. The default wall heights dimensions were measured from
the floor finish to directly below the floor finishing of the upper floor. The respective
zones on the ground floor and first floor plans were noted and further grouped into
Bedrooms, Circulation, Toilet and Miscellaneous. To aid in the shadow
calculations in the 3D Modeller, the orientation of the north angle was changed to
135 degrees clockwise to the North and the latitude, longitude and time zone
changed to 51.5 degrees North, -0.4 degrees East and UTC +0.0 respectively to
reflect the geographical and time parameters of London. Also the latitude and
longitude were changed to 52.45 degrees North, -1.74 degrees East and 55.87
degrees North, -4.43 degrees East to reflect the geographical and time parameters
of Birmingham and Glasgow respectively. The flow charts in figures 3.3 to 3.5 in
this chapter illustrate the drawing files preparation for the 3D modelling process
and the modelling of the ground floor, first floor and the roof arrangement
respectively.
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Table 3.6 Standard Construction Specifications and Modelling Assumptions Zero Carbon
Homes and TAS results
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3.2.6.3

Simulation Process

TAS as a dynamic simulation modeller models the thermal mass of a building.
Building performance simulation requires the appropriate selection of modelling
parameters and assumptions. The various construction elements’ thermal mass as
specified by the Zero Carbon Hub Work Group were designed in the TAS software
to reflect the standard construction specifications for the ‘Baseline’, ‘Fabric Energy
Efficiency Standard’ (FEES) / Energy Saving Trust Best Practice Energy Efficiency
(EST BPEE) Standard, ‘Beyond Fabric Energy Efficiency Standard’/ Energy
Saving Trust Advanced Practice Energy Efficiency Standard and the PassivHaus
Standard as outlined in Table 3.6. Figures 3.13 and 3.14 show an example in the
case of the PassivHaus Equivalent Standard external wall with totalling width of
515.5 mm of 13mm plaster internal finish, 100mm 4N/mm2 ACC block work, full-fill
300mm glass wool insulation and 102.5mm external leaf brick work.

The other simulation parameters of Building Summary, Calendar, Weather, Zones,
Internal conditions, Schedule, and Aperture Types were populated to simulate the
building for it to reflect the construction design criteria specified by the CIBSE
Guide A (2006) and TAS for dwellings. These are shown in Table 3.6. The flow
chart of figure 3.6 shows the thermal simulation process with its associated
modelling and simulation parameters.
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Figure 3.13
ZCH (2009)
PassiHaus
External Wall
Specification
Figure 3.14 Equivalent PassiHaus External Specification as designed for TAS

3.2.6.4

UK Building Regulation Studio

The UK Building Regulations Studio used by the TAS EDSL 9.2.1.6 software is
based on 2010 regulations. The UK Building Regulations Studio is systematically
worked through by appropriately selecting various parameters and circuit
configuration leading to the generation of a series of building reports of which data
based on the external temperature, the dry bulb temperature and the mean radiant
temperatures are extracted and sent to the developed Excel program for CIBSE
TM52 whole building overheating analysis. The CIBSE TM52 overheating analysis
is carried out in TAS report generator. Figure 3.7 illustrates the flow chart of
simulation processes in the UK Building Regulation Studio.
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3.2.6.5

Future Weather Data Simulation Process and Mitigation
Scenarios

The various modelling and simulation parameters of Building Summary, Calendar,
Building Elements, Zones, Internal conditions (which include thermostat set up,
infiltration and ventilation, occupancy, lighting and equipment details), Schedule,
and Aperture Types which were used to populate and simulate each building are
maintained with the only variant being the weather data.

A series of scenarios based on the current and the future climate variables at
different timelines of 2020s, 2050s and 2080s with their respective high design
summer year (DSY) as the worst case analysis carbon scenarios are simulated.
Most existing buildings in the UK are naturally ventilated during the day, thus the
methodology begins with this design consideration seeing its advantages of
reduced carbon dioxide emissions when compared with mechanical ventilation.
The modelling and simulation processes were followed through for the mitigation
scenarios of night ventilation and night ventilation with external shading. External
shading was used as it is observed to be most effective shading strategy for
provision of passive cooling in buildings (DCLG and AECOM, 2012). The shading
was a combination of both vertical and horizontal shades. Windows were opened
50% at all times in all scenarios.
3.2.6.6

CIBSE TM52 Criteria as an Overheating Assessment Tool

Thermal comfort (indoor operative temperature) depends on four basic
environmental factors of air temperature, the mean radiant temperature, the
relative air velocity and relative humidity. One of the main functions of residential
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buildings is to provide healthy and comfortable environments to the occupants.
Buildings must therefore be designed and built by taking cognisance of the
physiological reactions of the occupants due to temperature and humidity
tolerance of occupants.

The CIBSE TM52 (2013) limits of thermal comfort focus mainly on avoiding
overheating in free running European building during non-heating season. The
European standard BS EN 15251(BSI, 2007) in which the CIBSE TM52 is based
provides both upper and lower limiting values for operative temperatures under
various categories. Figure 3.15 below shows the acceptable comfort temperature
limiting values as stipulated the BS EN 15251 (BSI, 2007).

Figure 3.15 Limiting design values for the building operative temperature as against the
exponentially weighted running mean of the external temperature. (Adapted from (BSI, 2007)
and (CIBSE TM52))
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The BS EN 15251 equation for comfort temperature is given as:
Tcomf = 0.33 Trm + 18.8

Eq. (3.1)

Where, Tcomf is the comfort temperature and Trm is the exponentially weighted
running mean of the daily mean outdoor air temperature.
The general equation of the exponentially weighted running mean temperature for
any day is given as;
Trm = (1-α) (Tod-1 + αTod-2 + α2Tod-3 …)

Eq. (3.2)

Where α is a constant less than one and Tod-1, Tod-2, Tod-3, etc. are the daily mean
outdoor temperatures for yesterday, the day before, and so on.
The simplified equation of the exponentially weighted running mean is given as:
Trm = (1-α) Tod-1 + αTrm-1

Eq. (3.3)

In situations of lack of extensive run of days, the BS EN 12521 (BSI, 2007)
specifies Eq. (3.4) as an approximated method for computing the exponentially
weight running mean using the outdoor mean temperatures for the last seven days
with the ‘α’ value equal to 0.8.
Trm = (Tod-1 + 0.8Tod-2 + 0.6Tod-3 + 0.5Tod-4 + 0.4Tod-5 + 0.3Tod-6 + 0.2Tod-7)/3.8
Eq. (3.4)
The CIBSE TM52 criteria are underpinned by the Category II in BS EN 15251
(BSI, 2007) which earmark a maximum acceptable temperature of three degrees
above the comfort temperature for naturally ventilated buildings as shown in table
3.7.
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Table 3.7 Recommended categories and acceptable temperature range for free-running
buildings. (Adapted from (BSI, 2007) and (CIBSE TM52)).

With known value for the exponentially weighted running mean, T rm, the limiting
maximum acceptable temperature can be calculated using Eq. (3.5).
Tmax = 0.33Trm + 21.8

Eq. (3.5)

All the CIBSE TM52 criteria are governed by the difference between the actual
operative temperature in the room (Top) and the limiting maximum acceptable
temperature, Tmax and it is given by Eq. (3.6) as:
ΔT = Top - Tmax

Eq. (3.6)

The exponentially weighted running mean Eq. (3.4), the limiting maximum
acceptable temperature Eq. (3.5) and the difference between the actual operative
temperature and the limiting maximum acceptable temperature Eq. (3.6) were
used by the authors in developing the Excel program used for the whole building
overheating analysis.

The CIBSE TM52 guideline specifies three criteria for defining overheating in free
running buildings as the ‘Hours of Exceedance’, ‘Weighted Exceedance’ and
‘Upper Temperature Limit’ as first, second and third criteria respectively. A
dwelling would be considered overheated if any two of the three criteria are
exceeded (CIBSE TM52, 2013). The hours of exceedance criterion, stipulates the
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duration of temperatures above thermal comfort levels and sets the limit of the
number of hours during which the operative temperature can exceed the limiting
maximum acceptable temperature by one degree Kelvin or more during a nonheating season of 1 May to 30 September (CIBSE TM52, 2013). This number of
hours shall not exceed 3 percent of a particular zone’s occupied hours. The daily
weighted exceeding criterion stipulates a daily limit of severity (a function of
temperature increase and duration) above which overheating can be classified
(CIBSE TM52, 2013).

CIBSE TM52 designates the limiting value of 6 for the severity of overheating for
the daily weighted exceedance criterion (CIBSE TM52, 2013). The upper limit
earmarks an absolute maximum temperature; a set temperature value for the
difference between the indoor operative temperature and limiting maximum
acceptable temperature to be not more than four degrees (CIBSE TM52, 2013).
Thus,

Tupp = Tmax + 4

Eq. (3.7)

3.2.7 Research Method 5 – For Case Study 5
The underlying method and assumptions underpinning the uncertainty and
sensitivity analysis are presented in detail in section 3.2.4 of this chapter.
3.2.7.1

Multivariate linear regression analysis due to climate change
and future building adaptation measures

To determine the relationship between climate change of three locations of
Gatwick, Heathrow and London Weather Centre and building adaptation
parameters in relations to the output (target) parameters of indoor operative
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temperature, regression analysis from the EDSL TAS simulation and CIBSE TM52
analysis results were based on all the input parameters with the four standardized
construction specifications as variance parameters. All the twenty two parameters
were entered simultaneously to generate the multivariate linear regression model.
The input parameters with their probability distributions for the uncertainty and
sensitivity analysis for the dwelling overheating mitigation using standardized
construction specifications parameters are shown in table 3.8.
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Table 3.8 Input parameters with their probability distributions for the uncertainty and
sensitivity analysis for the standardized construction specifications parameters impact on
thermal comfort
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3.2.8 Research Method 6 – For Case Study 6
The goal is to verify through a series of simulations using the UK Charted
Institution of Building Services Engineers CIBSE Test Reference Year (TRY) and
Design Summer Year (DSY) of current and future weather data which incorporate
the UKCIP02 projections if the optimization of energy consumption and thermal
comfort performance of habitable conservatories attached to detached dwellings
stock in the United Kingdom depend on integrated passive design strategies of
varying future climatic conditions, variable occupant behaviour, building
orientation, adequate provision of thermal mass, advanced glazing, appropriate
ventilation and sufficient level of external shading using the newly developed
CIBSE criteria (CIBSE TM52, 2013) as an assessment tool.

3.2.8.1

Thermal Analysis Simulation (TAS) 3D Modelling and Simulation

Building performance simulation requires the appropriate selection of modelling
parameters and assumptions. The assumptions underpinning this case study are
stipulated in section 3.2.3.2 of this chapter. The detached dwelling used as the
case study is 49 Carnation Drive, a 1995 three-bed room house located at
Bracknell, Berkshire, with the latitude, longitude and time zone of 51.42 degrees
North, -0.75 degree East and UTC +0.0 respectively. Bracknell, Berkshire is about
48 kilometres from Central London, the closest weather station. Hence the current
CIBSE London test reference year (TRY) and design summer year (DSY) are
chosen respectively for the heating season and non-heating season analysis.
The thermo-physical properties of the conservatory design were selected using
heuristic approach based on knowledge in building regulations, educated guess,
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rule of thumb and experience in the use of design standards. The outputs used in
the analysis are the indoor operative temperatures for thermal comfort analysis,
total annual energy consumption, annual natural gas consumption and building
emission rate for both the main dwelling and the conservatory.

The floor area of the main building is 115.3 square metres with a total surface area
of 17.16 square metres of glazing. Three typical dwarf wall conservatory designs
were built at the ground floor with varying internal floor area of between four (4)
and thirty (30) square metres to determine the optimum design for efficient thermal
performance. The conservatory design is thus within the limits specified by the UK
Building Regulations which mandates a conservatory with a floor area not
exceeding 30 square meters to be exempted from planning application. The
maximum height for all design consideration is four (4) metres. The height of the
dwarf wall is 525mm.Thermal mass specification for the conservatory dwarf wall
and floor is equivalent to the PassivHaus Standard. The chosen dwarf wall design
for the conservatory with its vertical thermal mass surfaces will facilitate the
absorption of excess solar radiation during non-heating period and thus reduce
temperature swing. Low emissivity argon filled double glazing is selected for all
design consideration based on findings outlined in previous studies, for it offers the
most efficient thermal performance and economic benefits as indicated earlier on
in this paper. The roof and the wall of the conservatory consisted of at least 75%
and 50% of glazing material respectively. The frame selected material was PVC.
The conservatory fenestration dimensions were selected to meet the design
criteria specified in the British Standard BS 5952:1991 and Part F of the UK
Building Regulations. The conservatory is separated from the main dwelling by an
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operable door and windows and in heating scenario 3 (as shown in table 3.9) the
conservatory was heated, but never air-conditioned in all scenarios.

The data used are the AutoCAD two-storey residential detached buildings
architectural drawings of 49 Carnation Drive as shown in figures 3.1 and 3.2 of this
chapter. Detailed modelling and simulation processes using Thermal Analysis
Simulation (TAS) software by Engineering Development Solutions Software
(EDSL) and the modelling assumption have been clearly outlined in this chapter.
Figure 3.17 outlines the methodological process used in the modelling and
simulating of the detached dwelling with attached conservatory. The steps include
the CIBSE Guide A (2006) internal conditions specifications used in the simulation
process as indicated in tables 3.4 and 3.5 of this chapter and the UK Building
Regulation studio simulation process given in figure 3.16.

The summary of the external shading and ventilation scenarios in this work are
stipulated in table 3.9. For instance, scenario 2, have the same ventilation strategy
as scenario 3, but a different shading strategy. In this scenario the investigations
focuses on the shading strategy but not the ventilation strategy. Similar, idea is
seen in other scenarios.

The choice of the 10-11oC temperature for the conservatory lower windows
opening in the heating season scenarios is underpinned by the use of
conservatory for pre-heating ventilation air. This is done to reduce the dwelling
heating load. Generally, for a conservation to function as a solar collector, the
temperature of the conservatory must be higher than the main dwelling (BRE,
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1988). However, conservatories used for pre-heating ventilation air can change
the energy balance of a house. Pre-heating ventilation air is a phenomenon where
heat gain from the main dwelling by the conservatory raises the conservatory’s air
temperature above the ambient temperature and on the basis of controlled
ventilation the incoming external air is heated up before it is being heated by the
dwelling auxiliary heating system to the desired temperature for the attainment of
thermal comfort (BRE, 1988). This process facilitates the reduction of auxiliary
heating demand of the dwelling. According to BRE 1988, “there will be no
threshold above which the conservatory temperature has to rise before solar gain
can be used. Any increase in temperature represents a useful heat gain” (BRE,
1988). However, BRE 1988 indicated that with a scenario of 4 oC external
temperature and about 9oC day time air temperature, there is a potential of
reducing the dwelling auxiliary heating load by a third. The study thus sets the
conservatories openable windows temperature for pre-heating to be 10 – 11OC.
The basis of this is optimising solar radiation gain and adequate ventilation in the
dwelling throughout the seasons. Thus this work uses awnings incorporated with
overhang design as external shading to control the admission of solar radiation
gains. In addition, low emissivity argon filled double glazing is used for all glazed
areas with an overall width of 4+16+4 and solar heat gain coefficient (SHGC or gvalue) of 0.578. The low emissivity argon filled double glazing contributes to the
maximization of solar gains in heating season and its mid glass panes also offers
shading effect to mitigate overheating. Moreover, vertical conservatory glazing
design consideration was selected instead of sloped glazing to minimize
overheating.
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Figure 3.16 Methodological processes for modelling and simulating detached dwelling with
attached conservatory thermal performance.
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Table 3.9 Modelling and Simulation Parameters and Assumptions
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3.2.8.2

UK Building Regulation Studio

The UK Building Regulations Studio used by the TAS EDSL 9.3.1 software is
based on 2010 regulations. It adheres to the National Calculation for Methodology
(NCM) for the Energy Performance of Building Directive (DCLG). The UK Building
Regulations Studio is systematically worked through by appropriately selecting
various parameters and circuit configuration leading to the generation of series of
building reports of which data based on the external temperature, the dry bulb
temperature and the mean radiant temperatures are extracted and sent to the
developed Excel program for CIBSE TM52 whole building overheating analysis.
The CIBSE TM52 overheating analysis is carried out in TAS report generator.
Figure 3.16 illustrates simulation processes in the UK Building Regulation Studio

3.2.8.3

Sizing of Awnings/Overhangs

Awnings are one of the effective ways to optimize solar radiation gains in the
heating season by allowing low angled sun to penetrate the conservatory and to
provide adequate shading in the non-heating season by excluding the high angled
sun. As indicated earlier on, southerly orientation optimum performance of
awnings is not only based on the period of usage in the day but it is also
underpinned by its sizing design. The procedure below (adapted from EREC 2000
and BRE 1988) outline the sizing of the awnings/overhang used in the
conservatory design of this work and it is based on the figure 3.17 below;
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Figure 3.17 Sizing of overhang/awnings adapted from EREC 2000 and BRE 1988

(i) Draw the wall to be shaded to scale.
(ii) Draw the summer sun angle upward from the bottom of the glazing.
The angle of solar elevation at the summer solstice (June 22), α, is
given as
α = 90o – (latitude – 23.5o)

Eq. (3.8)

The latitude of Bracknell, Berkshire is 51.42 degrees North, thus the
angle of solar elevation at the summer solstice where the sun is at its
highest altitude given as α is 62.08o.
(iii) Draw the overhang (awning) until it intersects the summer sun angle line.
(iv) Draw the line at the winter sun angle from the bottom edge of the overhang
(awning) to the wall.
α = 90o – (latitude + 23.5o)
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Eq. (3.9)

The latitude of Bracknell, Berkshire is 51.42 degrees North, thus the
angle of solar elevation at the winter solstice where the sun is at its
highest altitude given as α is 15.08o.
(v) Use a solid wall above the line where the winter sun hits. The portion of the
wall below that line should be glazed.
Figure 3.17 shows the scale drawing of the awning sizing, with the distance from
the conservatory to the bottom edge of the awnings estimated to be 0.888 metres
to provide shading during non-heating season and distance of the vertical solid
wall portion below which the conservatory should be glazed for effective solar
radiation gain during the heating season estimated to be 0.413 metres.

To verify the accuracy of the above procedure, the results are compared to the
BRE method of sizing southerly overhangs;

(i)

To prevent summer gains, the angle “a” between a line “S” from the
edge of the overhang (awning) to the bottom of the window and a
vertical line “V” should be approximately equal to the latitude minus
18.5 degrees.

The latitude of Bracknell, Berkshire is 51.42 degrees North, thus “a” should be
approximately 32.92o.
When compared to the EREC procedure, the value of “a” obtained was 33.50°
indicating a good agreement between the two methods for sizing southerly
overhangs.
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(ii)

To prevent winter shading, the angle “b” between a line “W” from the
edge of the overhang (awning) to the top of the window
(conservatory opening) and a vertical line should be approximately
equal to the latitude plus 18.5 degrees.

The latitude of Bracknell, Berkshire is 51.42 degrees North, thus “b” should be
approximately 69.92°.

Again, when compared to the EREC procedure, the value of “b” obtained was
68.50° indicating a good agreement between the two methods for sizing southerly
overhangs.

3.2.8.4

CIBSE TM52 Criteria as an Overheating Assessment Tool

The use of CIBSE TM52 criteria as an overheating assessment tool for this thesis
is presented in detail in section 3.2.6.6 of this chapter.

3.3

Exclusions from case studies

The results of the case studies are situations specific based on the various
scenarios detailed in the methods. The case studies do apply to the following
conditions;
 CIBSE Internal Conditions: The data used for the internal conditions in the
building prototypes are the CIBSE internal conditions as stipulated in the
CIBSE Guide A. Therefore, the outcomes of the case study should be
considered as evaluating alternative passive solar design strategies to
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improve energy consumption, carbon dioxide emissions and thermal
comfort in newly built detached domestic buildings. The results may differ
with varying occupant behaviours different from the conditions earmarked in
the CIBSE Guide A.
 The case study outcomes should be considered as location specific and will
not apply to the UK in general as the CIBSE weather datasets used are
locations specific.
 The ventilation and shading strategies explored in the case studies if not
adhere to in practice by varying occupants use of heating, ventilation and
air-conditioning (HVAC) system may affect the results of the passive design
strategies.
 The case studies are not about cost implications to newly detached
residential buildings due to climate change adaptations in terms of initial
capital cost and running cost neither do they consider the cost of passive
building elements and building systems. Moreover, they do not include cost
benefit analysis of household types.
 The case studies do not include reduce energy use in lightning and
domestic hot water (DHW). Moreover, the sensitivity analyses exclude
variance in lightning energy.
 The case studies exclude maintenance of building fabric and services to
maximise performance.
 The case studies do not include varying building controls and systems.
Control settings for example in heating and cooling for respective scenarios
are done using heating and cooling efficiencies.
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 In the use of CIBSE weather datasets underpinned by the UKCP09 climatic
change projections, the 50% probabilistic scenarios (the best guess) are
used. The probabilistic scenarios of 10% and 90% are excluded.
 The sensitivity analysis case studies (case studies 2 and 5) input and
output variables are selected to be in consonance with EDSL TAS
input/output variables.
 The case studies do not seek to bridge performance gap between the
expected simulation energy performance of new buildings and the realised
energy performance during occupancy.
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CHAPTER 4:

Bland-Altman method as a simulation validation
technique

4.0

Case study 1:

4.1

Introduction

Method comparison analysis of detached
dwelling temperatures in the United Kingdom

The credibility and usage confidence of a simulation program must be
underpinned by an acceptable robust validation process. Over the years, various
techniques have been employed to validate thermal simulation programs of
buildings to facilitate continuous improvement of software development and
acceptability. However, emergent understanding of the topic shows that some
applications of the goodness-of-fit measures use in validating simulation software
in order to achieve Part L2 & EPC compliance are inadequate. Moreover, the
present validation techniques are geared towards validating energy consumption
results and currently there is not any metric, which evaluates the space
temperature of dwellings. In addition, all TAS validations have been done for nondwellings but not for residential buildings.
This study introduces Bland-Altman method-comparison analysis as a simulation
validation tool to statistically evaluate the agreement between monitored
temperatures and predicted thermal analysis simulated operative temperatures of
detached dwellings in the UK using an approved thermal analysis building
simulator.
In employing Bland-Altman’s limit of agreement method to validate the simulated
internal operative temperature and monitored temperature, the analysis showed a
substantial plotted data (greater than 95%) lay between the limits of agreement
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indicating a very strong relationship between the building monitored temperatures
and the EDSL TAS simulated temperatures. The findings show that Bland-Altman
method validates the TAS program as credible and acceptable software for
building thermal analysis simulation and that Bland-Altman comparison-method
can be used as a thermal analysis simulation program validation technique.

4.2

Research Method 1 – For Case Study 1

Detailed method for case study 1 is discussed in chapter 3 section 3.2.3.

4.3.

Results and Discussion

4.3.1 Bland-Altman Method
The analysis of 49 Carnation Drive two-storey residential detached building is
presented below. Figures 4.1 and 4.2 represent the outcome of the modelling
process.

Figure 4.1 Front Elevation Modelling Results

Figure 4.2 Rear and Side Elevation Modelling
Results
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Figures 4.3 to 4.10 show the results of the Bland-Altman method for the analysis
of the outdoor and kitchen operative temperatures. Hanneman (2008) emphasized
the importance of data inspection to remove outliers as an important step
preceding the Bland and Altman plot, (Hanneman, 2008). Analyses of both scatter
plots with their line of equality figures 4.3 and 4.4 show the visual impression of
the agreement between the two methods. The line of equality is a line on which all
the points should lie if the two methods gave the exact temperature values and
thus formed a perfect agreement (Bland and Altman, 1986). The Pearson
correlation coefficients (r) of the 0.86 and 0.75 for the outdoor and kitchen
temperature analyses points to a strong positive linear relationship (Pallant, 2013).
Moreover, the p values of the two analyses are less than 0.0001 which points to a
significant statistical relationship between the simulated and monitored
temperatures with a very low probability of the association between the simulated
and monitored temperatures due to chance. It is obvious from the scatter plots that
not all of the set paired data points lie on the line of equality. Thus, further analysis
is required in the form of the Bland-Altman method.

Figure 4.3 Outdoor Temperatures Scatter
plot with Line of Equality

Figure 4.4 Kitchen Operative temperatures
Scatter plot with Line of Equality
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Figure 4.5 Frequency distribution of Outdoor
Simulated and Monitored Temperatures

Figure 4.6 Frequency distribution of Kitchen
Simulated and Monitored Temperatures

The Bland-Altman plot is underpinned by the parametric statistical test of normal
distribution of the differences of the sets of paired simulated and monitored
temperatures. This is due to the fact that the 95% limits of agreement depend on
the statistical assumption that the differences of the paired set of temperatures will
give constant mean and standard deviation (Bland and Altman, 2003). Thus,
figures.4.5 and 4.6 show histograms of the differences of the temperatures which
give evidence of being reasonably normally distributed. The normal distribution
assertion is re-inforced by the inspection of the normal Q-Q plots figure 4.7 and
4.8 which show the observed values plotted against the expected values to be a
reasonably straight line further pointing to normal distribution (Pallant, 2013). The
Kolmogorov-Smirnov statistic was not used in the analyses as its significant value
tends to be quite small when dealing with large sample size, making it
inappropriate to be used in this instance to assess the distribution normality
(Pallant, 2013).
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Figure 4.7 Normal Q-Q plot of the difference
between Outdoor Simulated and Monitored
Temperatures

Figure 4.8 Normal Q-Q plot of the difference
between Kitchen Simulated and Monitored
Temperatures

Figure 4.9 Bland-Altman plot Outdoor
temperatures

Figure 4.10 Bland-Altman plot Kitchen
temperatures

Figure 4.9 gives the Bland-Altman plot for the differences between the outdoor
simulated and monitored temperatures against their means. 86% of the total 890
sets of paired temperature data collected in the period ranging from March to May
2014 were used for the analysis after the removal of outliers. The mean difference
of the temperatures was 0.3 °C with the standard deviation 1.7 °C, giving the 95%
limit of agreements of -3.0 °C to 3.6 °C. The bias and the precision are within the
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priori criteria set at the beginning. The standard errors of the limits is expressed as
((3 x standard deviation2)/n)1/2, where n is the number of sets of paired
temperatures. The standard error is thus given as 0.11.The analysis showed a
substantial plotted data (greater than 95%) lay between the limits of agreement
indicating a very strong relationship between the outdoor monitoring temperatures
and the TAS simulated external temperature based on the CIBSE weather data
file. Thus, with the external temperature as the only uncertainty in the simulation
analysis, a very strong agreement is realized between the monitored outdoor
temperatures and the thermal analysis simulated temperatures, which therefore
validates the TAS program based on the weather data alone.
Further Bland-Altman analysis which takes cognisance of the simulation of kitchen
operative temperatures coupled with the monitoring temperatures is shown in
Figure 4.10. 88% of the total of 1942 sets of paired temperature data collected in
the period ranging from February to May 2014 were used for the analysis. The
mean difference in the kitchen operative temperatures was 0.1 °C and the standard
deviation was 1.6 oC. The 95% limits of agreements were -3.0 °C to 3.2 °C. The
bias and the precision are again within the priori criteria set at the beginning. The
standard error is calculated to be 0.07. The analysis of the kitchen operative
temperatures indicated that substantial plotted data (greater than 95%) lay
between the limits of agreement, showing a very strong agreement between the
kitchen monitoring temperatures and the TAS simulated kitchen operative
temperatures, and thus the analysis using Bland-Altman method validates the TAS
program as credible and acceptable software for building thermal analysis
simulation.
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4.4

Summary and Conclusion

The work presented the use of Bland-Altman comparison-method as a thermal
analysis simulation program validation technique and affirmed that the accuracy of
building thermal performance can be predicted using TAS program. The analysis
entailed statistical evaluation of the agreement between monitored temperatures
and predicted thermal analysis simulated operative temperatures of detached
dwellings in the UK. The analysis showed a very strong agreement between the
outdoor monitoring temperatures and the TAS simulated external temperature
based on CIBSE weather data file. Thus with the external temperature as the only
uncertainty in the simulation analysis a very strong agreement is realized between
the monitored outdoor temperatures and the thermal analysis simulated
temperatures which thus validates the TAS program based on the weather data
alone. The analysis of the kitchen operative temperatures also indicated a
substantial plotted data lay between the limits of agreement, which showed a very
strong agreement between the kitchen monitoring temperatures and the TAS
simulated kitchen operative temperatures, and thus the analysis using the BlandAltman method validates the TAS program as credible and acceptable software for
building thermal analysis simulation.
The conclusions are drawn from the British Standards Institute definition of a
repeatability coefficient which stipulates that 95% of the differences ought to be
less than two standard deviations (BSI, 1975). Professionals in the built
environment may be required to make a judicious decision as to what level of
agreement would be acceptable in simulation practice. The procedure outlined is
acceptable for temperature comparison of two methods as it assumes a linear
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relationship between errors and measurements. For non-linear and perhaps more
complicated uncertain parameters, additional numerical issues may have to be
addressed.
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CHAPTER 5:

Impact of climate change variability on building
thermal performance - consideration of only
varying weather data set scenarios

5.0

Case study 2: Deterministic, uncertainty and sensitivity analysis
on CIBSE TM48 and CIBSE TM49 future weather files using
CIBSE TM52 as overheating criteria.

5.1

Introduction

In 2008, CIBSE released two sets of future weather files, the Test Reference
Years (TRYs) and the Design Summer Years (DSYs) based on the UKCIP02
climate projections. The methodology used to produce the CIBSE future weather
files was the ‘morphing’ methodology which adjusted the historic weather files to
the climate projection (CIBSE TM48, 2008), (Mylona, 2012). Analytical studies
performed on the UKCP09 projections indicate that extreme historical summers
will become average summers by the middle of the 21st century and therefore
overheating risk analysis will require the use of adjusted projected weather years
(CIBSE TM49, 2014). CIBSE has therefore released the TM49 future data sets.

The Monte Carlo sensitivity analysis consideration of the case study examines the
implication of thermal comfort in dwellings by these two differing future weather
files. The overall pattern of variability of the UKCIP02 and UKCP09 Heathrow
weather data sets under Monte Carlo sensitivity consideration seems to be not
very different from each other as analysis of results show that the median
operative temperatures changes from 23.5 °C to 25.4°C and 23.5°C to 25.5°C
respectively for the various times lines of 2020s, 2050s and 2080s.
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However, the deterministic results show that the operative temperatures of the
UKCIP02 are slightly higher than those of UKCP09 with the UKCP09 having
narrow range of operative temperatures.

The difference in the maximum operative temperatures between the various
timeline scenarios of Gatwick when compared with Heathrow and London Weather
Centre show a difference of about 0.6 °C and 1.0 °C for Heathrow and London
Weather Centre respectively locations using UKCP09 1976, 1989 and 2003
medium 50% probabilistic weather data set scenarios . The highest maximum
operative temperatures for the London Weather Centre timelines could be
attributed to the urban heat island effect. Similar trends are observed when
comparing the minimum internal operative temperatures for the three locations.
Moreover, the Monte Carlo sensitivity analysis quantified and identified the dry
bulb and radiant temperatures as the most influential weather parameters which
affect thermal comfort on dwellings. This finding agrees with published literature
(CIBSE TM52, 2013; CIBSE Guide A, 2006).

5.2

Research Method 2 – For Case Study 2

Detailed method for case study 2 is discussed in chapter 3 section 3.2.4.
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5.3

Results and Discussion

5.3.1 Results of the Deterministic Analysis
Figures 5.1 to 5.4 illustrates the deterministic analysis results in the form of
histogram analysis comparison of the maximum, minimum, average and range of
operative temperatures and appendix 5.1 shows the time series analysis of
internal operative temperatures using CIBSE TM52 as overheating criteria and of
UKCIP02 Heathrow DSY Medium High and the UKCP09 Heathrow 1989 medium
50% probabilistic scenarios weather data sets.

Figure 5.1 Maximum operative temperatures for UKCIP02 Heathrow DSY Medium High and
UKCP09 Heathrow 1989 medium 50% probabilistic scenarios
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Figure 5.1 indicates a marginal difference in maximum operative temperatures for
the Heathrow DSY Medium High and UKCP09 Heathrow 1989 medium 50%
probabilistic scenarios for the baseline, 2020s and 2050s weather data sets with
the former being slightly higher. For the 2080s scenarios, the difference in
operative temperature for the two weather data sets is about 0.5 °C. Figure 5.2,
the minimum operative temperature variability, indicates a similar trend of marginal
difference to that of figure 5.1. While the minimum operative temperatures for the
UKCP09 Heathrow DSY 1989 medium 50% probabilistic scenarios’ weather data
sets for the baseline, the 2020s and 2050s timelines show slightly higher
temperatures in the range of about 0.1 °C for all respective comparative scenarios.
The 2080s scenario variation is the opposite to that observed in other timelines
with the UKCIP02 showing slightly higher minimum temperatures. Figure 5.3
shows the average internal operative temperatures for the two weather data sets.
The two weather data sets’ respective timelines show a strong similarity in the
trend of average operative temperatures. In figure 5.4, the range operative
temperatures for the UKCIP02 Heathrow DSY medium high are slightly higher
than their respective comparative timelines for the UKCP09 Heathrow 1989
medium 50% probabilistic scenarios, ranging from about 0.25 °C to 0.42 °C for the
baseline and 2080s scenarios respectively.
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Fig 5.2 Minimum operative temperatures for UKCIP02 Heathrow DSY Medium High and
UKCP09 Heathrow 1989 medium 50% probabilistic scenarios

Figure 5.3 Average operative temperatures for UKCIP02 Heathrow DSY Medium High and
UKCP09 Heathrow 1989 medium 50% probabilistic scenarios
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Figure 5.4 Range operative temperatures for UKCIP02 Heathrow DSY Medium High and
UKCP09 Heathrow 1989 medium 50% probabilistic scenarios

Appendix 5.1 indicates the time series analysis of internal operative temperatures
using CIBSE TM52 as overheating criteria for the UKCIP02 Heathrow DSY
Medium High and UKCP09 Heathrow DSY 1989 Medium 50% probabilistic
scenarios’ weather data sets. The trend analysis shows a very strong similarity in
the respective timelines for the two weather data sets.

Figure 5.5 to 5.8 illustrate the deterministic analysis results in the form of
histogram analysis comparison of the maximum, minimum, average and range of
operative temperatures of UKCP09 Heathrow DSY Medium 50% probabilistic
scenarios for 1976, 1989 and 2003 and the time series analysis of internal
operative temperatures using CIBSE TM52 as overheating criteria.
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Figure 5.5 A comparison of maximum internal operative temperatures for Gatwick, Heathrow
and London Weather Centre using UKCP09 1976, 1989 and 2003 medium 50% probabilistic
weather data set scenarios with overheating analysis based on CIBSE TM52 adaptive
thermal comfort criteria.

As expected, there is a progressive increase in maximum internal operative
temperatures for 1976 and 2003 for all timeline scenarios. Gatwick has the lowest
maximum operative temperatures whilst London Weather Centre is observed to
have the highest operative temperatures. The difference in the maximum operative
temperatures between the various timeline scenarios of Gatwick when compared
with Heathrow and London Weather Centre show a difference of about 0.6 °C and
1.0 °C for Heathrow and London Weather Centre respectively. The highest
maximum operative temperatures for the London Weather Centre timelines could
be attributed to the urban heat island effect. Similar trends are observed in figure
5.9 which compares the minimum internal operative temperatures for the three
locations using UKCP09 1976, 1989 and 2003 medium 50% probabilistic weather
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data set scenarios with overheating analysis based on CIBSE TM52 adaptive
thermal comfort criteria.
The average operative temperatures for the three locations indicated as expected,
with London Weather Centre having the highest average temperatures followed by
Heathrow. With Gatwick having the least average operative temperatures when
compare to the other two locations. The 1989 medium 50% probabilistic weather
data set appears to have slightly higher average operative temperatures of about
0.5oC when compared to for all scenarios when compared to the 1976 and 2003
weather data sets. Comparison of the range operative temperatures shows the
2003 medium 50% probabilistic weather data set to have the lowest when
compared to the other years.

Figure 5.6 A comparison of minimum internal operative temperatures for Gatwick, Heathrow
and London Weather Centre using UKCP09 1976, 1989 and 2003 medium 50% probabilistic
weather data set scenarios with overheating analysis based on CIBSE TM52 adaptive
thermal comfort criteria.
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Figure 5.7 A comparison of average internal operative temperatures for Gatwick, Heathrow
and London Weather Centre using UKCP09 1976, 1989 and 2003 medium 50% probabilistic
weather data set scenarios with overheating analysis based on CIBSE TM52 adaptive
thermal comfort criteria.

Figure 5.8 A comparison of the range internal operative temperatures for Gatwick, Heathrow
and London Weather Centre using UKCP09 1976, 1989 and 2003 medium 50% probabilistic
weather data set scenarios with overheating analysis based on CIBSE TM52 adaptive
thermal comfort criteria.
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Appendix 5.2 to 5.4 show the time series CIBSE TM52 thermal comfort analysis
results for Heathrow, Gatwick and London Weather Centre base on the UKCP09
1976, 1989 and 2003 medium 50% probabilistic weather data set scenarios .
5.3.2 Results of the multivariate linear regression analysis due to climate
change alone

The linear regression analysis indicated that average dry bulb temperature and
average radiant temperature input parameters were the most significant factors
and thus they can be used as good indicators for the sensitivity analysis of the
weather data. To check for the variability of the multivariate linear regression
analysis for the uncertainty and sensitivity analysis, the following results from the
model output were examined. The adjusted R square value for the scenarios was
1.0 which gives 100% of variability of the target variable of the internal operative
temperature accounted for by the selected input variables, giving an indication of a
very good model. The adjusted R square gives the total variability of the input
variables on the target variable percentage variability explained by the multivariate
linear regression module. The adjusted R square exceeding 96% shows an
excellent fit (Hyph et al, 2012) to the TAS simulation results, which show that the
multivariate linear regression model is an acceptable model for the analysis.
Dominguez-Munoz et al even set the acceptable R square to be greater than 70%
(Dominguez-Munoz et al, 2010). The UKCIP02 Heathrow DSY 2020 Medium High
results summary is shown in table 5.1 below as an example.
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Table 5.1 Table of Model Summary Box for UKCIP02 Heathrow DSY 2020 Medium High
results

b

Model Summary

Model

R

1

1.000

R Square
a

Adjusted R

Std. Error of the

Square

Estimate

1.000

1.000

Durbin-Watson

.00352

1.946

a. Predictors: (Constant), DHEWRMT, Diffused Radiation, Wind Direction, Cloud Cover,
Wind Speed, External Humidity, External Temperature, Average Dry Bulb Temperature,
Global Radiation, Average Radiant Temperature
b. Dependent Variable: Internal Operative Temperature

The ANOVA table, table 5.2 below, gives the assessment of the overall
significance of the models. The p value for the output parameters of internal
operative temperatures was less than 0.05 indicating the statistical significance of
the model. Moreover, the F-test values show that the models are a good fit for the
data with p values also less than 0.05.
Table 5.2 ANOVA table of outputs

a

ANOVA
Model
1

Sum of Squares
Regression
Residual
Total

df

Mean Square

10765.385

10

1076.538

.045

3661

.000

10765.430

3671

F
86916033.249

Sig.
.000

a. Dependent Variable: Internal Operative Temperature
b. Predictors: (Constant), DHEWRMT, Diffused Radiation, Wind Direction, Cloud Cover, Wind Speed,
External Humidity, External Temperature, Average Dry Bulb Temperature, Global Radiation, Average
Radiant Temperature
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b

The examinations of the standardized beta coefficients table 5.3, which give the
measure of contribution of each variable to the models, were performed. Large
values show that a unit change in a particular predictor input variable has a large
effect on the output variable. Analysis of the internal operative temperature model
indicated that the average dry bulb temperature and the average radiant
temperature values were the largest of the standardized beta coefficients.
Moreover, the t-test also showed higher values for these parameters with p values
less than 0.05 all pointing to the identified parameters having significant influence
on the output variables.
Table 5.3 Statistical coefficients of the model
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5.3.3

Uncertainty analysis due to climate change alone

5.3.3.1

Scatter Plots

Appendix 5.5 illustrates the scatter plots of the input weather variables for the
sensitivity analysis module. Analysis of the parameters shows that the dry bulb
temperature and the radiant temperature are strongly positive correlated to the
internal operative temperatures. The external temperature and the daily hourly
exponential running mean temperature show fairly positive correlation with the
internal operative temperature with external humidity being negatively correlated
with the internal operative temperature. The internal operative temperature
appears not to show a strong dependency on the cloud cover and wind direction
parameters.
5.3.3.2 Box and whiskers plots
Figure 5.9 illustrates the comparison of the UKCIP02 Heathrow DSY Medium High
and UKCP09 Heathrow DSY 1989 Medium 50% probabilistic weather data set
effect on internal operative temperature to ascertain the impact of climate change
on thermal comfort of residential buildings. The box and whiskers plot is a
graphical method of representing data through their quartiles. The plots show the
uncertainty associated with Monte Carlo simulation of overheating analysis with
internal operative temperatures as the output parameter using the various weather
scenarios indicated above as the only variants. The ten (10) input variables as
displayed in table 5.3 are used in the analysis and the same sample size of 3672
hourly data between May1 and September 30 as specified in the CIBSE TM52
overheating criteria which were used in each analysis.
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The key features of the box and whiskers plot are the interquartile range, the
median, the outer range, the outliers and the extreme values. The median value is
the solid horizontal line within the box. It represents the 50th percentile of the total
ranked data set. The box section represents the interquartile range of the data set.
This range extends from the 25th to 75th percentile taking cognisance of the middle
50% of the ranked data. The height of the box thus indicates the proportionality of
the statistical spread of the central half; the inner 50% of rank data. This is the
region where there is a 50% probability of occurrence of chance of a future
variable. The outer range or whiskers (shown as vertical lines extending from the
top and bottom ends of the box) extends to the 10th and 90th percentiles of the
dataset. This conversion is acceptable in Meteorological analysis (Baracos 2011;
Thompson et al, 2007). The outliers and extreme values are represented by the
dots and crosses respectively outside the whiskers. The outliers offer 10%
probability of occurrence of the data set.
Analysis of the heights of the two weather data sets’ boxes of the interquartile
range, representing the proportionality of the statistical spread of the inner 50% of
the ranked data and further pointing to the portion of the plot where there is 50%
chance of future variables probability of occurrence, show a progressive decrease
providing greater confidence in the future weather data sets and further showing
the strong influence of the effect of changing of climatic weather conditions over
the years on internal operative temperatures used in this work as a measure of
thermal comfort based on the CIBSE TM52 criteria.
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Figure 5.9 Box and whiskers plots of the UKCIP02 Heathrow DSY Medium High and UKCP09
Heathrow DSY 1989 Medium 50% probabilistic weather data set

The median lines (50th percentile) of all the plots are equidistant from the ends of
the interquartile range (end of the box) indicating that not all the data sets are
skewed. There is a progressive increase of the median lines of the uncertainty
distribution along the timelines in both the UKCIP02 and the UKCP09 weather
data sets. This marked progressive increase shows that the influence of the
weather on internal operative temperatures of dwellings is strong.
A comparison of the median lines shows that the 50th percentiles of the UKCP09
for the 2020s and 2050s are slightly higher than that of the UKCIP02 weather
projections, whilst the opposite is realised with regards to the 2080s weather data
set. However, the overall pattern of variability of the two weather data sets seems
to be not very different from each other as analysis of the UKCIP02 and UKCP09
results show that the median changes from 23.5 °C to 25.4 °C and 23.5 °C to
25.3°C respectively. Thus, there is no marked observable effect of change in
internal operative temperatures in the two sets of the uncertainty analysis results.
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The whiskers of the plots, indicated by the extended vertical lines above and
below the plots and which show the variability of the internal operative
temperatures outside the upper (75th percentiles) and lower quartiles (25th
percentiles) to the 90th percentile and 10th percentile of the data sets respectively,
also show symmetry pointing to the non-skewedness of the data. The whisker
plots progressively decrease along the time lines of the two different weather data
sets with the decrease in the UKCP09 Heathrow 1989 DSY Medium 50%
probabilistic weather data sets slightly more pronounced than the UKCIP02
Heathrow DSY Medium High data sets.
The outliers showing the individual points outside the whiskers with 10%
probability of occurrence are virtually similar when comparing the respective
timeline scenarios of the two different weather data sets. The outliers for both the
maximum and minimum values generally lie close to the whiskers’ end.
Figures 5.10 to 5.12 illustrate the box plots comparison of the internal operative
temperatures reported in relation to the effect of the design summer year (DSY)
medium 50% probabilistic scenarios of the 1976, 1989 and 2003 weather data
sets of Gatwick, Heathrow and London Weather Centre. In general, there is zero
skewedness of the interquartile ranges and the whiskers. A progressive decrease
of variability of the length of the interquartile ranges (IQR) is observed along the
years also coupled with a progressive decrease in the whiskers. Thus, the
baselines have larger dispersion for both the box and the whiskers and they
progressively decrease along the timelines.
Moreover, the variability of the interquartile range and the relative dispersion of the
data set outer range are larger in the 1976 and 2003 scenarios than that of 1989
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indicating a clustering of parameters near the 25th and 75th percentiles and further
large dispersion of the outliers.

Figure 5.10 Box and whiskers plot comparison of the internal operative temperatures
reported in relation to the effect of the design summer year (DSY) medium 50% probabilistic
scenarios of the 1976, 1989 and 2003 weather data sets of Gatwick

As expected, the medians of the 1989 scenarios of Gatwick, Heathrow and
London Weather Centre are comparatively lower than those of the 1976 and 2003
scenarios. In addition the interquartile ranges and the whiskers are relatively
smaller. This observation points to a relatively middle clustering of data about the
medians, 25th percentiles and the 75th percentiles of the 1989 timeline scenarios
indicating less uncertainty in the target variable of internal operative temperatures.
In general, the medians for the 2003 scenarios are higher than those of the 1976
scenarios. Furthermore, analysis of figures 5.10 to 5.12 shows that the medians of
London Weather Centre timeline scenarios are higher than those of their
comparative Heathrow timelines scenarios and further higher than those of the
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Gatwick timeline scenarios. This could be attributed to the urban heat effect in the
city of London. As anticipated, the outliers of the 1976 and 2003 weather
scenarios lie further away from the whiskers when compared to that of the 1989
data set point towards more extreme internal operative temperatures in those
years’ weather data sets.

Figure 5.11 Box and whiskers plot comparison of the internal operative temperatures
reported in relation to the effect of the design summer year (DSY) medium 50% probabilistic
scenarios of the 1976, 1989 and 2003 weather data sets of Heathrow
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Figure 5.12 Box and whiskers plot comparison of the internal operative temperatures
reported in relation to the effect of the design summer year (DSY) medium 50% probabilistic
scenarios of the 1976, 1989 and 2003 weather data sets of London Weather Centre

5.3.4 Sensitivity analysis due to climate change alone
5.3.4.1

Tornado plot as deterministic sensitivity analysis

Ranking of the inputs according to individual correlation with the target parameter
of internal operative temperature is presented in the form of a tornado chart in
figure 5.14. Tornado plots are useful deterministic sensitivity analysis diagrams
which compare the relative significance of input variables. The most influential
parameters appear at the top of the chart. The plot further shows the relative
magnitude and the direction (positive or negative relationship) and further depicts
the degree of linear relationship between the target variable and the input
variables. The plots show that the dry bulb temperature and the radiant
temperature are the most influential inputs affecting the internal operative
temperatures. The external temperature and the daily hourly exponential running
mean temperature are the next influential parameters. The external humidity
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parameter and the cloud cover show a negative relationship with the internal
operative temperature.

Figure 5.14 Tornado plot as deterministic sensitivity analysis due to climate change alone
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5.3.4.2 Sensitivity analysis with SRC and PCC as sensitivity indices
Figure 5.14 illustrates the comparison of the standardized regression coefficient
(SRC) and the partial correlation coefficients (PCC) of the weather input variables
for the UKCIP02 Heathrow and UKCP09 1989 Heathrow weather data sets.
Figures 5.15 to 5.18 depict the sensitivity analysis for the three weather locations
of Gatwick, Heathrow and London Weather Centre for the 1976, 1989 and 2003
weather files. A comparison of the SRC and PCC sensitivity indices results shows
that they give a similar pattern of results, pointing to the robustness of the analysis
and the credibility of the results.

The results of all the sensitivity analysis results when considering the variation of
the weather data alone indicate that the internal operative temperature of
dwellings is mostly influenced by the radiant temperature and the dry bulb
temperature. The other weather variables of wind direction, wind speed, external
humidity, external temperature, cloud cover, diffused radiation, global radiation
and the daily hourly exponentially weight running mean temperature have a
relatively small impact on the internal operative temperature. This observation is in
consonance with the formulae used in predicting thermal comfort in CIBSE TM52
and BSI (2007) BS EN 15251 which combine the air and radiant temperatures to
obtain the operative temperature.
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Figure 5.14 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the weather input variables for the UKCIP02 Heathrow and
UKCP09 1989 Heathrow weather data sets.
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Figure 5.15 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the weather input variables for the UKCP09 1976, 1989 and
2003 Gatwick weather data sets.
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Figure 5.16 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the weather input variables for the UKCP09 1976, 1989 and
2003 Heathrow weather data sets.
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Figure 5.17 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the weather input variables for the UKCP09 1976, 1989 and
2003 London Weather Centre weather data sets.
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5.4

Summary and Conclusion

The case study investigated the impact of varying weather patterns on thermal
performance of dwellings. The work is underpinned by building simulation modules
in TAS coupled with the Monte Carlo global sensitivity analysis method using IBM
SPSS to indicate that the proposed method can facilitate the analysis and
prediction of sensitive building parameters which influence the thermal comfort of
residential buildings.

The deterministic analysis results of the UKCP09 Heathrow DSY Medium 50%
probabilistic scenarios for 1976, 1989 and 2003 indicated a progressive increase
in maximum internal operative temperatures for the 1976 and 2003 years for all
timeline scenarios. Gatwick had the lowest maximum operative temperatures
whilst London Weather Centre was observed to have the highest operative
temperatures. This affirmed the incorporation of the urban heat island effect of the
London Weather Centre weather data sets of CIBSE TM49 as compared to the
Heathrow and Gatwick weather files.

The Monte Carlo uncertainty analysis results of the median lines showed that the
50th percentiles of the UKCP09 for the 2020s and 2050s are slightly higher than
that of the UKCIP02 weather projections, whilst the opposite is realised with
regards to the 2080s weather data set. However, the overall pattern of variability of
the two weather data sets seems to be not very different from each other as
analysis of the UKCIP02 and UKCP09 results show that the median changes from
23.5 °C to 25.4°C and 23.5°C to 25.3°C respectively. Thus, there is no marked
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observable effect of change in internal operative temperatures in the two sets of
the uncertainty analysis results. However, the deterministic results shows the
operative temperatures of the UKCIP02 are slightly higher than those of UKCP09
with the UKCP09 having narrow range of operative temperatures.

The Monte Carlo sensitivity analysis quantified and identified the dry bulb and
radiant temperatures as the most influential weather parameters which affect
thermal comfort on dwellings. The study results further indicated marginal
differences in maximum and minimum operative temperatures for the Heathrow
DSY Medium High and UKCP09 Heathrow 1989 medium 50% probabilistic
scenarios for the baseline, 2020s and 2050s weather data sets with the former
being slightly higher. For the 2080s scenarios, the difference in maximum
operative temperature for the two weather data sets was about 0.5 °C. Moreover,
the time series analysis of internal operative temperatures using CIBSE TM52 as
overheating criteria for the UKCIP02 Heathrow DSY Medium High and UKCP09
Heathrow DSY 1989 medium 50% probabilistic scenario weather data sets
showed a very strong similarity in the respective timelines for the two weather data
sets.

The standardized regression coefficient and the partial correlation coefficients are
useful sensitivity indices for determining the relative importance of building
parameters which influence the thermal comfort of dwellings. The work stresses
the need for climate sensitive design and the knowledge of this could offer insight
for efficient designs and retrofitting practice to improve the thermal comfort of
dwellings.
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It is proposed that for easy analysis and replicable of the methodology used in this
work, it is recommended that EDSL TAS incorporate Monte Carlo and global
sensitivity analysis as key standard functionalities of its modelling and simulation
software to facilitate the analysis and prediction of key thermal performance
parameters and further assess different energy conservation measures.
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CHAPTER 6:

Impact of climate change on building energy
performance - consideration of only varying
weather data set scenarios

6.0

Case study 3: Deterministic analysis of key building energy
performance parameters of ten (10) Persimmon 2-storey
residential detached buildings

6.1

Introduction

This deterministic analysis case study investigates the variability of future climatic
conditions on newly built detached dwellings in the UK. The study employs an
approved thermal analysis building simulator as a tool to perform a series of
simulations on ten detached houses and thereby evaluate and predict the extent of
the impact of varying future climatic patterns, based on the current CIBSE weather
data set morphed from the UK Climate Projection 2002 weather information, on
newly built detached dwellings in the UK, based on five (5) key building
performance indicators of total annual energy consumption, annual gas
consumption, annual electricity grid consumption, building emissions rate and
heating and cooling demand. The study identifies and quantifies a consistent
declining trend of building performance which is in accordance with current
scientific knowledge of prediction for annual temperature change in relation to long
term climatic variation. The average percentage decrease for the annual energy
consumption for heating when cooling was not applied was predicted to be 2.80,
6.60 and 10.56 for 2020s, 2050s and 2080s time lines respectively. A similar
declining trend in the case of annual natural gas consumption was 4.24, 9.98 and
16.1, and that for building emission rate and heating demand were 2.27, 5.49 and
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8.72 and 7.82, 18.43 and 29.46 respectively. With the application of cooling, the
average percentage increase for heating and cooling demand was predicted to be
0.53, 4.68 and 8.12. The study analyses the future heating and cooling demands
of the three warmest months of the year and ascertains future variance in relative
humidity and indoor temperature. In addition, overheating risk and its implication to
cooling energy demand is quantified. The average cooling energy demand to
offset overheating for the ten building prototypes was observed to be 2.7, 12.64,
29.56 and 46.33 MJ/m2 for the current, 2020s, 2050s and 2080s timelines
respectively. This analysis indicates that future predicted temperature rise might
necessitate the use of room cooling systems to provide thermal comfort.

6.2

Research Method 3 – For Case Study 3

Detailed method for case study 3 is discussed in chapter 3 section 3.2.5.

6.3

Results and Discussion

The analysis of one building prototype - Persimmon South East Ltd Sheppey
General Hospital dwelling 0712 House Type G Private - two-storey residential
detached building is presented below. Figures 6.1 to 6.3 represent the outcome of
the modelling process.
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Figure 6.1 Modelling Results Front Elevation

Figure 6.2 Modelling Results Rear and Side
Elevation

Figure 6.3 Modelling Results Rear and Side
Elevation

Figures 6.4 to 6.8 show typical TAS results of a simulation information using the
UK building Studio 2010 of the building performance indicators earmarked for the
study. Figure 6.4 shows the Part L (of the Building Regulations for England and
Wales) and Energy Performance Certificate (EPC) reports of total annual energy
consumption comparison of actual, notional and reference buildings simulations of
the Persimmon building type G, of which information is extracted for statistical
analysis. The total annual energy consumption encompasses heating, auxiliary,
lighting, domestic hot water (DHW) and equipment energy usage.
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Figure 6.4 Annual Energy Consumption Comparison

From Figure 6.4, the auxiliary energy is the additional electric energy consumed by
fans and pumps of the heat ventilation air-conditioning (HVAC) systems. The
domestic hot water (DHW) is basically the hot water consumption rates in relation
to each zone activity. The equipment energy is the consumption due to household
180

appliances, whilst the displaced electricity is the renewable energy configuration,
for example the use of solar photovoltaic panels to displace the utility power.
Figure 6.5 shows the Part L and EPC report on annual fuel (natural gas and grid
supplied electricity) consumption comparison of actual, notional and reference
buildings simulations of which information is extracted for statistical analysis.

Figure 6.5 Annual Fuel Consumption Comparison
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6.6 shows the Part L and EPC report on carbon dioxide emission comparison of
actual, notional and reference buildings simulations of which information is
extracted for statistical analysis.

Figure 6.6 Annual CO2 Emissions Comparison
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Table 6.1 shows an extract of the Building Regulations United Kingdom part L
(BRUKL) output document showing the energy and emission summary of which
information is extracted for statistical analysis.

Table 6.1 Energy and CO2 Emissions Summary

Actual

Indicative Target

Heating + Cooling Demand [MJ/m2]

113.76

121.9

Total Consumption [kWh/m2]

97.52

103.26

Total emissions [kg/m2]

25.8

27.1

6.3.1 Statistical Analysis of the key performance indicators
The results of the variations of the key performance indicators of the 13 different
sets of simulation of the current and the future weather data of the ten detached
dwellings are extracted and tabulated below in table 6.2. The table shows the
percentage variations of the building performance indicators using the future
weather data timelines scenarios when compared to the current weather data.

Figures 6.7 to 6.11 give the detailed statistical results of the key performance
building indicators of total annual energy consumption, annual natural gas
comparison, annual electricity grid comparison, building emission rate and building
heating demand of Persimmon South East Ltd Sheppey General Hospital dwelling
0712 House Type G Private.
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Table 6.2a Timeline variance of Annual Energy, Natural Gas and Electricity

Table 6.2b Timeline variance of Building Emission Rate and Heating Demand
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6.3.1.1

Percentage of Total Annual Energy Consumption Reduction

The annual energy consumption for current and the future climate variables at
different timelines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low all show a progressive
decrease variability. This declining trend is observed in all the ten building
prototypes with an average percentage decrease of 2.80, 6.60 and 10.56 for
2020s, 2050s and 2080s time lines respectively. This decline is in consonance
with the range of annual average temperature change predicted by the GCM
based on the IPCC scenarios (IPCC, 2001) which generally shows an increase in
temperature over stipulated timelines.

Figure 6.7 Total Annual Energy Consumption Analysis
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6.3.1.2

Percentage of Annual Natural Gas Consumption Reduction

The annual natural gas consumption for current and the future climate variables at
different timelines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low all also show a progressive
decrease variability. This declining trend is also observed in all the ten building
prototypes with an average percentage decrease of 4.24, 9.98 and 16.1 for 2020s,
2050s and 2080s timelines respectively. This decline is also seen to be in
consonance with the range of annual average temperature change predicted by
the GCM based on the IPCC scenarios (IPCC, 2001) which generally shows an
increase in temperature over stipulated timelines. Increase in future temperature
would obviously lead in the decrease in gas consumption. Gas is mainly used in
domestic heating.

Figure 6.8 Annual Natural Gas Comparison Analysis
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6.3.1.3

Annual Electricity Grid Comparison Analysis

The annual electricity grid consumption when cooling is introduced for current and
the future climate variables at different timelines of 2020s, 2050s and 2080s with
their respective four carbon scenarios of high, medium-high, medium-low and low
all also show an observable relatively increase variability in consumption over the
stipulated timelines. This increasing trend is observed in all the ten building
prototypes with an average percentage increase of 0.34, 3.48 and 11.82 for
2020s, 2050s and 2080s timelines respectively.

Figure 6.9 Annual Electricity Grid Comparison Analysis
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6.3.1.4

Percentage of Building Emission Reduction

The trend of building emission rate for the current and the future climate variables
at different timelines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low all also show a progressive
decrease variability. This declining trend is also observed in all the ten building
prototypes with an average percentage decrease of 3.46, 6.51 and 8.28 for 2020s,
2050s and 2080s time lines respectively. This decline is also seen to be in
consonance with the range of annual average temperature change predicted by
the GCM based on the IPCC scenarios (IPCC, 2001) which generally shows an
increase in temperature over stipulated timelines. Increase in future temperature
would obviously lead in less building emission rate.

Figure 6.10 Building Emission Rate Analysis
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6.3.1.5

Percentage of Energy Demand – Heating and Cooling

The trend of heating demand for the current and the future climate variables at
different timelines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low all also show a progressive
decrease variability in figure 6.11(a). This declining trend is also observed in all the
ten building prototypes with an average percentage decrease of 7.82, 18.43 and
29.46 for 2020s, 2050s and 2080s timelines respectively. This decline is also seen
to be in consonance with the range of annual average temperature change
predicted by the GCM based on the IPCC scenarios (IPCC, 2001) which generally
shows an increase in temperature over stipulated timelines. The study therefore
points to the fact that increase in future temperature due to climatic variation would
obviously have a significant declining impact on heating demand.

However, with the introduction of cooling to offset overheating risk, the trend of
heating and cooling demand for the current and the future climate variables at
different timelines of 2020s, 2050s and 2080s with their respective four carbon
scenarios of high, medium-high, medium-low and low all shows a progressive
increase variability in figure 6.11(b). This declining trend is also observed in all the
ten building prototypes with an average percentage increase of 0.53, 4.68 and
8.12 for 2020s, 2050s and 2080s timelines respectively. It is therefore observed
that the introduction of cooling cancels out the energy gains related to heating due
to future climatic variability. The average cooling energy demand to offset
overheating for the ten building prototypes was observed to be 2.7, 12.64, 29.56
and 46.33 MJ/m2 for the current, 2020s, 2050s and 2080s timelines respectively.
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Figure 6.11(a) Heating Demand Analysis

However, this scenario may lead to the influence of increased cooling demand for
occupancy comfort. Thermal comfort depends on four basic environmental factors
of air temperature, radiant temperature, air velocity and relative humidity. One of
the main functions of residential buildings is to provide healthy and comfortable
environments to the occupants. Buildings must therefore be designed and built by
taking cognisance of the physiological reactions of the occupants due to
temperature and humidity tolerance of occupants. The study therefore lends itself
to overheating analysis to ascertain the need of cooling demand in the United
Kingdom with future prediction of increasing temperature.
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Figure 6.11(b) Heating and Cooling Demand Analysis

6.3.2 Heating and Cooling Demand Analysis
Simulations were therefore run for the current weather data scenario and the worst
case scenario of increase temperature of 2080s high DSY. The results are
presented in Figures 6.12 to 6.19 which show variations in temperature and loads,
radiant temperatures, humidity and loads, and total load profile for all zones
between June 1 and August 31 – the three warmest months of the year with clear
sky - for the current weather and the 2080s high DSY data sets.
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Figure 6.12 Temperature and Loads Analysis - Current weather data All Zones

Figure 6.13 Temperature and Load Analysis - 2080s High DSY All Zones

A comparison of the variability of the temperature and loads analysis in Figures
6.12 and 6.13 shows a rise in the radiant temperatures from the current weather
data to the worst case scenario, 2080s high DSY. In TAS system, the radiant
temperature simulation takes into consideration the external temperature, the
mean radiant temperature and the resultant temperature. Radiant temperature has
more impact to body temperature variation than air temperature. Figures 6.12 and
6.16 when compared to Figures 6.17 and 6.19 give the ranges of radiant
temperatures ranging from 6°C to 32°C with relatively few periods going above
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28°C mark (CIBSE ‘Guide A’ (2006) maximum threshold above which majority of
people in a building will begin to experience discomfort) for the current weather
data set and from 8°C to 38°C with relatively increase in periods for the worst case
scenario of 2080s high DSY for the specified period of analysis respectively.

Figure 6.14 Radiant Temperature Analysis - Current weather data All Zones

Figure 6.15 Radiant Temperature Analysis - 2080s High DSY All Zones

Climate factors of temperature and relative humidity are keys to determine thermal
comfort of building occupants. The thermal environmental conditions for human
occupancy standards are set out in the European Committee for Standardization
(CEN), the International Organisation for Standardization (ISO) and American
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Standards of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
(Boduck and Fincher 2009).

Currently, majority of buildings in the United Kingdom are cooled in summer by
opening windows. No mechanical cooling is applied in many new dwellings during
summer as most naturally ventilated buildings are free-running non air-conditioned
buildings. The average monthly maximum temperature range for the three
warmest months in the year in England from 1981 to 2010 is observed to be
between 18.6oC and 20.7oC, and 20.2oC to 22.6oC for London; temperatures in
England being higher than the rest of United Kingdom (Met Office, 2013).

The European Committee for Standardization sets the recommended criteria for
the indoor temperature of a dwelling based on a running mean outside
temperature as between 18°C to 27°C for all categories of residential buildings
and 2 °C to 26°C for normal level of expectation recommended for new buildings
and renovations (EN 15251 CEN, 2007). The ASHRAE’s Standard 55, Thermal
Environmental conditions for Human Occupancy, stipulates the guideline room air
temperatures for residences during summer to be in the range of 23°C to 26°C
(ASHRAE Standard 55, 1992).

The 2080s high DSY worst case scenario with the temperature range of °C to
38°C and the mean temperature of about 26 °C indicates that the future length of
cooling season may slightly increase, which might therefore necessitate the use of
room conditioning systems to keep the indoor temperatures at specified levels to
provide heat balance or thermal comfort.
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Figure 6.16 Humidity and Load Analysis - Current weather data All Zones

A comparison of figures 6.16 and 6.17 give the variability of humidity and load
analysis within the specified period. In the TAS system, simulation of the
humidities and loads takes into consideration the external humidity, relative
humidity, latent removal load and latent addition load. Figure 6.16 shows humidity
range variability between 25% and 98% with most relative humidity between 40%
and 60%. Figure 6.17 gives the range variability to be between 20% and 96% with
most relative humidity values between 38% and 58%. The higher the humidity the
less evaporation of sweat, thus high levels of relative humidity leads to less body
evaporation resulting in minimal cooling of the body. The converse leads to skin
dryness and dryness and irritation of the eyes, throat and nose (Boduch and
Fincher, 2009). Relative humidity between 40% and 70% has little impact on
thermal comfort (Thermal Comfort 2013). The base line for thermal comfort with
reference to relative humidity is set within the range of 25% and 60% (Boduch and
Fincher 2009). The International Organization for Standardization ISO 7730:2005
stipulates that humidity impact is limited at temperatures less than 26 °C
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considering moderate activity levels (ISO 7730:2005). Unlike temperature effect on
heat balance, thermal comfort is expressed over a wide range of relative humidity
conditions. With this wide range, variability of relative humidity, unlike temperature,
has only a minimal effect on thermal comfort (EN 15251 CEN, 2007). Thus
although there is evidence of some reduction in humidity in the worst case
scenario of 2080s high DSY, the variability does not suggest a great shift to
cooling demands.

Figure 6.17 Humidity and Load Analysis - 2080s High DSY All Zones

Figure 6.18 Total Load Profiles Analysis - Current weather data All Zones
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Figure 6.19 Total Load Profiles Analysis - 2080s High DSY All Zones

A comparison of figures 6.18 and 6.19 give the total load profiles of heating and
cooling loads for the specified period of analysis. The variability of the total load
profiles in the current weather data scenario shows more of heating load profile
with relatively little cooling load profile. The converse is observed in the worst case
scenario of 2080s high DSY. The TAS system simulates sensible heat but not
latent heat. Sensible heating or cooling process of air is related to the dry heat
causing change in temperature but does not affect the moisture content of the air.
However, latent heating or cooling process of air is the heat supplied or removed
from air which leads to a change of moisture content but does not affect the air
temperature. Factors which influence the sensible cooling in the TAS system
includes gains in solar, lighting, air movement, vent, occupant sensible, equipment
sensible and building heat transfer, external conduction opaque and external
conduction glazing.
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6.4 Summary and Conclusion
The study investigated the variability of future climatic conditions on newly built
detached dwellings in the United Kingdom. Analysis of simulation results leads to
the predicting of consistent declining trend of annual building energy consumption,
annual building natural gas consumption, building emission rate and heating
demand but with no change in annual electricity grid consumption over the
different timelines of 2020s, 2050s and 2080s used in the simulation.

The average percentage decrease for the annual energy consumption for current
and future weather data set in the absence of cooling observed in all the ten
building prototypes was 2.80, 6.60 and 10.56 for 2020s, 2050s and 2080s
timelines respectively. A similar declining trend in the case of annual natural gas
consumption was 4.24, 9.98 and 16.1, and that for building emission rate and
heating demand were 2.27, 5.49 and 8.72 and 7.82, 18.43 and 29.46 for 2020s,
2050s and 2080s timelines respectively. These declines are in consonance with
the range of annual average temperature change predicted by the GCM based on
the IPCC scenarios which generally shows an increase in temperature over
stipulated timelines. The average percentage increase for heating and cooling
demand was predicted to be 0.53, 4.68 and 8.12. The overheating risk and its
implication to cooling energy demand indicate that the average cooling energy
demand to offset overheating for the ten building prototypes was observed to be
2.7, 12.64, 29.56 and 46.33 MJ/m2 for the current, 2020s, 2050s and 2080s
timelines respectively.
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Analysis of the future heating and cooling demands of the three warmest months
of the year with clear sky for the current weather and the worst case scenario data
sets showed a reduction in humidity in the worst case scenario. However, the
variability does not suggest a shift to cooling demands as the range falls within the
thermal comfort relative humidity tolerance associated with the physiological
reactions of the building occupants. The worst case scenario analysis of radiant
temperature indicated that the future length of cooling season may increase, which
might therefore necessitate the use of room conditioning systems to keep the
indoor temperatures at specified levels to provide heat balance or thermal comfort.

The study thus establishes the significant impact of variability of climatic patterns
on building performance taking cognizance of the future timelines which also
coincides with building life span. It further confirms that predicted increase in future
temperatures might result in reduction in energy use for space heating and
emissions but conversely lead to the increase in cooling demand, thus offsetting
the gains in heating demand. Increase in cooling demand has environmental
implications as it results in increased electricity consumption leading to higher
emissions.

This work has indicated that building performance simulation using variation of
future climatic patterns can contribute to the reduction of the environmental
implications to the built environment and facilitates the drive towards the
attainment of future sustainability requirements. The focus on how to reduce
cooling loads and improve building energy efficiency will challenge future
innovative design and adapted technological process. These will augur for climatic
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adaptation and mitigation strategies to effectively meet the future demand in the
built environment. The measures would include planning and design options
sensitive to varying climatic conditions and resilient building design which
incorporates improved and better façade and building envelope, passive design
technologies and high efficient HVAC and radiant systems with the aim to
eventually reduce future total energy demands in dwellings. In addition emphasis
should be placed on behavioural adaptations of building occupants to reconscientize them in controlling building performance.

This study has currently evaluated and quantified the impact of varying future
climatic patterns on five key building performance indicators of newly built
detached dwellings in the United Kingdom. It has further showed that future
predicted temperature rise might result in the reduction in dwelling heating
demand and might necessitate the increasing use of cooling systems.
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CHAPTER 7:

Impact of four standard construction
specifications on thermal comfort in three major
cities in the United Kingdom.

7.0

Case study 4: Impact of four standard construction
specifications on thermal comfort on three major cities in the
United Kingdom – Deterministic analytical approach based on
CIBSE TM48 weather files.

7.1

Introduction

The quest for enhanced thermal comfort for dwellings encompasses the holistic
utilization of improved building fabric, impact of weather variation and amongst
passive cooling design consideration the provision of appropriate ventilation and
shading strategy. Whilst thermal comfort is prime to dwellings’ considerations,
limited research has been done in this area with the attention focused mostly on
non-dwellings. This study examines the current and future thermal comfort
implications of four different standard construction specifications which show a
progressive increase in thermal mass and airtightness and is underpinned by the
newly developed CIBSE adaptive thermal comfort method for assessing the risk of
overheating in naturally ventilated dwellings. Interactive investigation on the impact
of building fabric variation, natural ventilation scenarios, external shading and
varying occupants’ characteristics to analyse dwellings’ thermal comfort based on
non-heating season of current and future weather patterns of London, Birmingham
and Glasgow is conducted.
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Prior to the advent of the new CIBSE overheating criteria, the Zero Carbon Hub in
conclusion after their work on overheating on a range of UK dwelling types
indicated the need of a more robust tool for assessing overheating in buildings
(ZCH, 2012). No research to the author’s view has been done using the new
CIBSE overheating criteria to holistically assess the thermal comfort of detached
dwellings in the UK. This study therefore employed integrated passive cooling
strategies of enhanced thermal mass, ventilation scenarios, different building
locations and external shading, and a methodology that combines thermal analysis
modelling and simulation coupled with the application of the newly developed
CIBSE overheating criteria to investigate the thermal comfort in detached
dwellings in the UK using the CIBSE high design summer year (DSY) emission
scenarios for the current and future (2020s, 2050s and 2080s) climatic change
projections.

The overheating analysis focuses on the whole building and individual zones. The
findings from the thermal analysis simulation are illustrated graphically, coupled
with statistical analysis of data collected from the simulation. The results indicated
that the prime factor for the variation of indoor temperatures is the variability of
climatic patterns.

In addition, London is observed to likely experience more risk of thermal
discomfort than Birmingham and Glasgow over the time period for the analysis.
The total number of zones failing 2 or 3 CIBSE TM52 overheating criteria is more
in London than in Birmingham and Glasgow. The results further indicated that
progressive increase in thermal mass decrease the indoor temperature swings but
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increase in future operative temperatures and night ventilation coupled with
shading offered the best mitigation strategy in reducing indoor temperatures in
London and Birmingham. These results indicate that, judicious integrated
approach of improved design options could substantially reduce the operative
temperatures in dwellings and enhance thermal comfort.

However, the converse is experienced in Glasgow as the effectiveness of optimum
thermal mass design coupled with night ventilation and shading scenarios would
be realised only when the diurnal variation of external temperatures exceeds 10 oC.
Glasgow has moderate low summer temperatures when compared to London and
Birmingham. This shows that inadequate thermal mass design could aggravate
overheating risk.

7.2

Research Method 4 – For Case Study 4

Detailed method for case study 4 is discussed in chapter 3 section 3.2.6.

7.3

Results and Discussion

The analysis of building prototype - Persimmon South East Ltd Sheppey General
Hospital dwelling 0712 House Type G Private - two-storey residential detached
building is presented below. Figures 6.1 to 6.3 represent the outcome of the
modelling process.
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Appendix 7.1 to 7.12 show the Excel whole building analysis results of the four
standardized construction specifications (Baseline, Fabric Energy Efficiency
Standard/EST Best Practice Energy Efficiency Standard, Beyond Fabric energy
Efficiency Standard/EST Advanced Practice Energy Efficiency Standard and the
Passivhaus equivalent standard) effect on thermal comfort using the internal
operative temperature as the overheating indicator based on CIBSE TM52
overheating criteria for London, Birmingham and Glasgow respectively, of all the
simulation scenarios of progressive improvement of thermal mass, change of
building location, different ventilation strategies, provision of external shading and
variable occupant behaviour designated to optimize thermal comfort, the set goal
for the study.

Figures 7.1 to 7.4 show analysis of operative temperatures in respective zones
analysis results for London, Birmingham and Glasgow respectively based on the
CIBSE TM52 results. Figures 7.5 to 7.8 show analysis of maximum, minimum,
average and range operative temperatures in for the whole building analysis
results for London, Birmingham and Glasgow respectively.
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Figure 7.1 A comparison of internal operative temperatures total number of hours exceeding
comfort range analysis of respective zone results for London, Birmingham and Glasgow
respectively based on CIBSE TM52 adaptive thermal comfort criteria.
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Figure 7.2 A comparison of internal operative temperatures total peak daily weighted
exceedance analysis of respective zone results for London, Birmingham and Glasgow
respectively based on CIBSE TM52 adaptive thermal comfort criteria.
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Figure 7.3 A comparison of internal operative temperatures total number of hours exceeding
absolute limit analysis of respective zone results for London, Birmingham and Glasgow
respectively based on CIBSE TM52 adaptive thermal comfort criteria.
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Figure 7.4 A comparison of internal operative temperatures number of zones failing 2 or 3
criteria analysis of respective zone results for London, Birmingham and Glasgow
respectively based on CIBSE TM52 adaptive thermal comfort criteria.
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Figure 7.5 A comparison of maximum internal operative temperatures results for London,
Birmingham and Glasgow respectively.
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Figure 7.6 A comparison of minimum internal operative temperatures results for London,
Birmingham and Glasgow respectively.
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Figure 7.7 A comparison of average internal operative temperatures results for London,
Birmingham and Glasgow respectively.
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Figure 7.8 A comparison of internal operative temperatures range results for London,
Birmingham and Glasgow respectively.
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7.3.1 Impact of Weather and location
The whole building simulation scenarios for London, Birmingham and Glasgow
results over the current and the three future high Design summer year (DSY)
weather data set of 2020s, 2050s and 2080s show a consistence increase in
indoor operative temperatures. The prime factor for the variation of indoor
operative temperatures is the variability of climatic patterns. The analysis of the
average indoor operative temperature for the three locations in figure 7.7 all show
a consistent increase variability of operative temperatures for all the current and
future weather data set scenarios. This pattern is also observed in the increase in
respective maximum and minimum temperatures analysis as shown in figures 7.5
and 7.6 respectively. This observed increase is in consonance with the range of
annual average temperature change predicted by the GCM based on the IPCC
scenarios (IPCC, 2001) which generally shows an increase in ambient
temperature over stipulated timelines.

A comparison of the variability of the indoor operative temperature results in
figures 7.5 to 7.7 also shows that London is likely to experience more risk of
thermal discomfort than Birmingham and Glasgow over the time period for the
analysis. The total number of zones failing two (2) or three (3) CIBSE TM52
overheating criteria is more in London than in Birmingham and Glasgow as shown
in figure 7.4. There is observable evidence of all zones in London failing the day
ventilation scenarios of all the standard construction specification considered
under the CIBSE TM52 assessment criteria in the 2050s and 2080s but this trend
is observed only in the 2080s in the case of Birmingham and insignificant in the
case of Glasgow.
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7.3.2 Effects of Thermal Mass
The role of thermal mass in the provision of thermal comfort is to absorb the
internal heat gains during daytime in summer and progressively release it in the
night when external temperatures decrease. Its use is more effective when there is
marked difference between night and day temperatures. A comparison of the
whole building simulation scenarios for London, Birmingham and Glasgow results
as indicated in appendix 7.1 through 7.12 shows that the progressive increase in
thermal mass for the current and three future high Design summer year (DSY)
weather data set decreases the adaptive thermal comfort temperature amplitudes
over the non-heating season. The optimum thermal mass design sufficiently decouples and lessens the heat transfer between the external environment and the
building interior. The London, Birmingham and Glasgow operative temperature
range analysis presented in figure 7.8 provides evidence that thermal mass
improvement effectively reduces and stabilizes the large varying indoor
temperature swings and thus leads to the enhancing of thermal comfort over the
period. However, it was observed that increasing in thermal mass although
providing the advantage of reducing indoor temperature swings led to the
progressive increase in indoor operative temperature over the current and future
weather data scenarios, as shown in figures 7.5, 7.6 and 7.7 of the maximum,
minimum and average operative temperatures respectively and also evident in
appendix 7.1 through 7.12 of the whole building simulation analysis underpinned
by CIBSE TM52 adaptive thermal comfort overheating criteria. Increasing thermal
mass must be augmented with other effective passive design strategies which will
cool the building by removing excessive internal heat gains.
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In figure 7.1 through 7.4, the benefits of the effectiveness of increasing thermal
mass coupled with night ventilation and closing the building during the day are
observed in London and Birmingham. The dynamic response of thermal mass
design facilitates the storage of heat during the day in the thermal mass, slowing
the response to changes in the indoor operative temperatures and reducing their
ability to peak during the day. This reduces the extremes in indoor temperature
and hence reduces overheating risk without the need of applying cooling systems.
The stored heat in the thermal mass is progressive released to the indoor space
during the night due to the thermal lag of the fabric energy storage material. Thus,
the indoor night time operative temperatures would be slightly higher than if there
was low thermal mass design. Night ventilated air dissipates the released thermal
energy to the external environment due to lower ambient temperature. The
dynamic thermal mass response cycle is repeated for the next day. Application of
shading further reduces the overheating risk.

However, the effectiveness of optimum thermal mass design coupled with night
ventilation and shading scenarios would be realised only when the diurnal
variation of external temperatures exceeds 10oC (Balaras 1996), (Szokolay 1984).
Hence, optimum thermal mass design is underpinned by climate with a large
diurnal temperature range and is not desirable in climates with lower summer
temperatures. In addition, a variable internal operative temperature is essential for
the effectiveness of optimal thermal mass design (Balaras 1996).

This explains why the application of thermal mass design is seen to be less
effective in Glasgow, where moderate low summer temperatures are experienced,
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when compared to London and Birmingham. This shows that inadequate thermal
mass design could aggravate overheating risk. Analysis of figures 7.1 to 7.4 shows
that there is slight increase in the total number of hours exceeding comfort range,
the total peak daily weighted exceedance, the total number of hours exceeding
absolute limit and the total number of zones failing two or three CIBSE TM52
criteria of overheating during the night ventilation scenarios. However, the extent
of these variations is of less significance when compared to those of London and
Birmingham due to Glasgow lower summer temperatures.

7.3.3 Ventilation and Shading as Mitigation Strategies
Openable windows significantly contribute to the provision of thermal comfort in
dwellings. Effective ventilation dissipates the release internal heat gain by
enhanced thermal mass design during the day into the external environment. The
daytime ventilation scenario was seen not to be an effective way of mitigating
internal heat gains in dwellings in the case of London and Birmingham as shown in
figures 7.1 to 7.4. However, an opposite trend is observed in the case of Glasgow
which shows a more effective day ventilation scenario in mitigating overheating in
dwellings when compared to the night ventilation and night ventilation with shading
scenarios. The reason behind this opposite trend is explained in section 7.3.2.

There are noticeable progressive increases in the variability of indoor thermal
temperatures from the current to the 2080s’ weather data scenarios for London
and Birmingham. The alternative night time ventilation strategy offers some
improvement in the reduction of indoor operative temperatures. However, the
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strategic effect of the implementation of night ventilation would only be realised
with a good variation in diurnal temperature which facilitates the flow of internal
heat gains to the external environment.

Moreover, whilst night ventilation may present security risk, appropriate windows
design options could be sought for the implementation of night ventilation strategy.
The night ventilation coupled with shading strategy offered the best effective
mitigation strategy in reducing indoor operative temperatures in London and
Birmingham. Shading decreases the amount of radiant heat penetration during the
daytime. Furthermore, since occupant control of windows was used as the means
of controlling the indoor temperature it is imperative that variable occupant
behaviour should be given more attention in considering the ventilation strategy.

7.3.4 Zones Analysis
It was observed in the zone overheating assessment of both London and
Birmingham that most zone failures under the CIBSE TM52 overheating
assessment criteria occurred in the kitchen, lounge and the first floor stairs area.
The kitchen area generally experiences high internal heat gains because of
heating activities related to cooking. The provision of thermal mass in this work
was uniformly distributed throughout the building. An uneven distribution of
thermal mass with focus on areas most likely to experienced more internal heat
gains may improve the cycle of heat storage. It was observed that there was no
openable window associated with the first floor stair area leading to unwanted
accumulation of internal heat gains with the resulting increase in operative
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temperatures in the zone. The lounge has only one single sided north-east facing
window. This might have contributed to the observed indoor overheating in this
zone due to low summer sun angles. Cross-ventilation is more effective in large
areas like lounges. A north-south window orientation is also preferable as it has
limited solar penetration during the non-heating season. In addition, the fixed
external shading due to being adjustable might have contributed to the
effectiveness of the shading strategy.

PassiHaus night ventilation with shading scenario presented the most stable short
range of adaptive thermal comfort temperature variation over the non-heating
season. The variability of the indoor operative temperatures in all-weather
scenarios in appendix 7.1 to 7.12 tends to flatten indicating that this design
strategy currently offers the most stable effective means in this work consideration
to enhance thermal comfort.

7.4

Summary and Conclusion

The study investigated the impact of four standard construction specifications
which give a progressive improved thermal mass coupled with passive cooling
strategies to optimize the thermal comfort in detached dwellings in London,
Birmingham and Glasgow using the CIBSE TM52 criteria for assessing adaptive
overheating in free-running dwellings. The CIBSE TM52 criteria proved to be an
effective and credible assessment tool as the results obtained in this work are in
consonance with what is presented in literature.
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Generally, in all scenarios, the indoor temperatures were observed to vary with
external temperatures which in turn are related to change in climatic conditions.
The findings from the various simulation scenarios coupled with the statistical
analysis of the data collected from the simulation present a strong positive
correlation between improved building fabric, strategic ventilation scenarios with
external shading and indoor adaptive overheating thermal performance. This
integrated approach has been verified to result in substantial reduction in indoor
operative temperatures leading to enhance thermal comfort environment in
London and Birmingham locations. However, the effect of the variability of climate
change was clearly observed to impact operative temperature in the 2050s and
2080s in the case of London and 2080s in Birmingham as the future frequency
and intensity of heat waves increases. These increases are in consonance with
the range of annual average temperature change predicted by the GCM based on
the IPCC scenarios which generally shows an increase in temperature over
stipulated timelines. It was also observed that the day ventilation scenario for
Glasgow was more effective in mitigating internal operative temperatures than the
night ventilation and night ventilation with shading scenarios which is contrary to
the observable trends in London and Birmingham. The effectiveness of optimum
thermal mass design coupled with night ventilation and shading scenarios would
be realised only when the diurnal variation of external temperatures exceeds 10 oC
Optimum thermal mass design must be underpinned by climate with a large
diurnal temperature range and is not desirable in climates with lower summer
temperatures. Thus, the thermal mass design is less effective in Glasgow, where
moderate low summer temperatures are experienced, when compared to London
and Birmingham.
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The variability of the indoor operative temperature across the progressive increase
in thermal mass in the whole building consideration is clearly seen as the swing of
the operative temperatures during the non-heating season reduces. The
PassiHaus standard construction specification with the incorporation of passive
cooling strategies of improved night ventilation with shading offers the best case
scenario analysis of the optimization of indoor operative temperatures with relative
decrease in the fluctuations of operative temperature during the observed period.
However, the progressive increase in thermal mass resulting in the increase in
indoor temperatures might necessitate the inclusion of mechanical room
conditioning systems in the strategic mix to keep the indoor temperatures at
specified levels to provide heat balance or thermal comfort in the future. As
heating, ventilation and air conditioning (HVAC) systems have high energy
consumption; an alternative strategy could also be the utilization of improved
natural ventilation systems.

This study indicates that thermal comfort in dwellings can be enhanced by analysis
of future climatic patterns, improved building fabric and provision of passive design
consideration of improved ventilation and shading. It also confirms that the
utilization of appropriate mitigation strategies to enhance thermal comfort could
contribute to the reduction of the environmental implications to the built
environment and facilitate the drive towards the attainment of future sustainability
requirements. The focus on how to provide enhance thermal comfort will challenge
future innovative design and adapt technological process as Building Regulations
continuously seek strategies to mitigate carbon dioxide emissions and improve
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dwelling energy efficiency. The measures would include planning and design
options sensitive to varying climatic conditions and resilient building design which
incorporates improved and better façade and building envelope and passive
design technologies with the aim to eventually reduce future total energy demands
in dwellings and at the same time enhance thermal comfort.
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CHAPTER 8:

Impact of four standard construction
specifications on dwellings’ thermal comfort of
three major weather locations in London.

8.0

Case study 5: Impact of four standard construction
specifications on thermal comfort on three weather locations in
London – Uncertainty and sensitivity analytical approach based
on CIBSE TM49 weather files.

8.1

Introduction

This case study based on Monte Carlo uncertainty and sensitivity analysis seeks
to investigate and quantify the variability of impact of climate change of three
locations of Gatwick, Heathrow and London Weather Centre on building thermal
comfort considering the identified four standardized construction specifications
with varying thermal mass and airtightness and passive design solutions. The
thermal analysis simulation is underpinned by the CIBSE TM49 weather data set
for 2003-2050 medium design summer year with 50% probabilistic scenario
timeline and the CIBSE TM52 adaptive thermal comfort criteria for overheating
analysis. The sensitivity analysis consideration examines the most influential
building envelope and systems parameters and explores their related uncertainty
and sensitivity contribution of building adaptation strategies of the four
standardized construction specifications which affect thermal comfort. Graphical
description in the form of histograms of the results in the three data sets is first
presented in the results and analysis section to offer a synopsis of the three data
sets. The results show that applying the optimum thermal mass with the
appropriate mitigation scenarios of night ventilation and shading have a significant
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impact on reducing maximum internal operative temperatures of about 1oC to 3oC
for respective scenarios, and thus enhancing thermal comfort in dwellings. The
PassivHaus equivalent presented the most stable internal operative temperature
conditions. The results of the sensitivity analysis indicated that glazing is the most
dominant parameter for both the SRC and PCC. The study further shows that
more consideration should be given to glazing and internal heat gains than floor
and wall construction when seeking to improve the thermal comfort of dwellings.

8.2

Research Method 5 – For Case Study 5

Detailed method for case study 5 is discussed in chapter 3 section 3.2.7.

8.3

Results and Discussion

8.3.1 Results of the Deterministic Analysis
Figures 8.1 to 8.4 illustrates the deterministic analysis results in the form of
histogram analysis comparison of the maximum, minimum, average and range of
operative temperatures of internal operative temperatures using CIBSE TM52 as
overheating criteria and of UKCP09 Gatwick, Heathrow and London Weather
Centre 2003_2050 Medium DSY 50% probabilistic scenarios.
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Figure 8.1 Maximum operative temperatures for UKCP09 Gatwick, Heathrow and London
Weather Centre 2003_2050 Medium DSY 50% probabilistic scenarios

Figure 8.1 indicates the trend in maximum operative temperatures for the UKCP09
weather data sets of Gatwick, Heathrow and London Weather Centre 2003_2050
medium DSY 50% probabilistic scenarios for the four standard construction
specifications. In general temperatures for London Weather Centre are observed
to be greater than Heathrow which in turn has temperatures greater than Gatwick.
The trends for the respective baseline construction specification for Gatwick,
Heathrow and London Weather Centre show a slightly higher maximum operative
temperature. A comparison of the day ventilation scenarios for the baseline
construction specification shows a maximum temperature difference of about
0.62°C between Heathrow and Gatwick and 0.84°C between London Weather
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Centre and Gatwick. Consideration of the night ventilation scenario shows that a
maximum temperature difference of about 1.03°C between Heathrow and Gatwick
and 1.41°C between London Weather Centre and Gatwick. Application of the night
ventilation coupled with shading strategy shows that a maximum temperature
difference of about 0.94°C between Heathrow and Gatwick and 1.32°C between
London Weather Centre and Gatwick. Similar trends are observed for the other
three construction specifications.

In general, there is an observable decrease in maximum operative temperature for
all weather centres with the progressive increasing of thermal mass of the
standard construction specifications with the PassivHaus construction standard
offering the best option in reducing maximum temperatures. The effects of thermal
mass on various locations with different data sets consideration is discussed in
section 7.3.2 of this work.

Application of the night ventilation and shading scenario offered the best mitigation
strategy in reducing the maximum operative temperatures. A maximum
temperature difference of about 2.00°C is achieved when comparing the day
ventilation and night ventilation coupled with shading scenarios. Detailed
explanation of ventilation and shading as overheating mitigation strategies is
offered in section 7.3.3 of this work.
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Figure 8.2 Minimum operative temperatures for UKCP09 Gatwick, Heathrow and London
Weather Centre 2003_2050 Medium DSY 50% probabilistic scenarios

Figure 8.2, the minimum operative temperature variability, indicates a similar trend
of differences to that of figure 8.1. It is observed that the minimum operative
temperatures for the night ventilation scenarios show slightly higher temperatures
in the range of about 0.3 °C when compare to the day ventilation scenario for all
respective standard construction specifications. The night ventilation coupled with
shading scenario variation is the opposite to that with a higher temperature range
of about 3 °C when comparing the day ventilation scenario to the night ventilation
coupled with shading scenario. This observation shows that the effectiveness of
the use of optimum thermal mass must be integrated with appropriate passive
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design techniques of combined night ventilation and daytime glazing shading from
excessive solar radiation

Figure 8.3 Average operative temperatures for UKCP09 Gatwick, Heathrow and London
Weather Centre 2003_2050 Medium DSY 50% probabilistic scenarios

Figure 8.3 shows the average internal operative temperatures for the three
weather locations and the four different standard construction specifications with
increasing thermal mass and airtightness. The day and night ventilation scenarios
for the respective standard construction specification show a strong similarity in
the trend of average operative temperatures. The effectiveness of thermal mass
coupled with night ventilation and shading is observed in all situations as there is
about 1.0 °C to 2.0 °C. As expected, the average temperatures for London Weather
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Centre location are greater than Heathrow, whose average temperatures are in
turn greater than Gatwick

Figure 8.4 Range operative temperatures for UKCP09 Gatwick, Heathrow and London
Weather Centre 2003_2050 Medium DSY 50% probabilistic scenarios

In figure 8.4, the range operative temperatures for London Weather Centre
location for the progressive increase in thermal mass of the standard construction
specifications shows a slight variability decrease in the range operative
temperature with PassivHaus standard construction showing the minimum range.
This variability could be attributed to the effectiveness of thermal mass couple with
appropriate mitigation strategies as discussed in sections 7.3.2 and 7.3.3.
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8.3.2

Results of the multivariate linear regression analysis due to climate
change and future building adaptation measures

The linear regression analysis shown in the table of model summary box table 8.1
and table of coefficients table 8.3 of the London Weather Centre night ventilation
regression model for example indicated that total transmittance, equipment
sensible gain, aperture opening, external conduction glazing, internal solar gain,
wall u-value, floor u-value, sensible load, occupancy sensible gain, infiltration and
ventilation gain, lightning gain, equipment latent gain, solar gain, external
conduction opaque, thermal bridging and occupant latent gain are the input
parameters with most significant factors. Thus these identified parameters can be
used as good indicators for the sensitivity analysis of the weather data and future
adaptation measures based on the four standardized construction specifications.
To check for the viability of the multivariate linear regression analysis for the
uncertainty and sensitivity analysis, the following results from the model output
were examined. The adjusted R square value of 0.773 which gives 77.3% of
variability of the target variable of the internal operative temperature accounted by
the selected input variables gives an indication of a very good model. The results
summary is shown in table 8.1 below.
The ANOVA table; table 2, below gives the assessment of the overall significance
of the model. The p value for the output parameters of internal operative
temperatures is less than 0.05 indicating the statistical significance of the model.
Moreover, the F-test values show that the models are a good fit for the data with p
values less than 0.05.
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Table 8.1 Table of Model Summary Box for London Weather Centre night ventilation 20032050 medium design summer year with 50% probabilistic scenario timeline results

The examinations of the standardized beta coefficients, which give the measure of
contribution of each variable to the models, indicate those key parameters which
might influence internal operative temperature model external conduction glazing,
occupancy sensible gain and occupancy latent gain. These parameters had the
largest of the standardized beta coefficients. Moreover, the t-test also showed
higher values for these parameters with p values less than 0.05, all pointing to the
identified parameters having significant influence on the output variable.
Table 8.2 ANOVA table of outputs for London Weather Centre night ventilation 2003-2050
medium design summer year with 50% probabilistic scenario timeline results
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Table 8.3 Table of Coefficients for London Weather Centre night ventilation 2003-2050
medium design summer year with 50% probabilistic scenario timeline results

8.3.3 Uncertainty analysis due to climate change and building adaptation
measures specified in the four (4) standardised construction
specification.

8.3.3.1

Scatter Plots

Appendices 8.1 through 8.3 illustrate the scatter plots of the input building
adaptation variables for the sensitivity analysis module. Analysis of the parameters
shows that the glazing (external conduction glazing and total transmittance
(G-Value) is strongly positive correlated to the internal operative temperatures for
the day, night and night with shading scenarios. The external conduction opaque
shows fairly positive correlation with the internal operative temperature with
occupancy sensible gain being negatively correlated with the internal operative
temperature.
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8.3.2.2

Box and whiskers plots

Figures 8.4 to 8.6 illustrate the comparison of the four standardized construction
specifications (Baseline, Fabric Energy Efficiency Standard/EST Best Practice
Energy Efficiency Standard, Beyond Fabric energy Efficiency Standard/EST
Advanced Practice Energy Efficiency Standard and the Passivhaus equivalent
standard) effect on thermal comfort using the internal operative temperature as the
overheating indicator based on CIBSE TM52 overheating criteria. Three different
ventilation scenarios are used in the analysis. The plots show the uncertainty
associated with Monte Carlo simulation of overheating analysis with the 20032050 DSY Medium 50% probabilistic weather scenarios for Gatwick, Heathrow
and London Weather Centre, with reference to variations due to the intervention of
the designated standard construction specifications with their changes to the 22
parameters such as U-values of the building envelope, the total transmittance (Gvalue) and the internal heat gains.
In general, there is a uniform variability of the day and night ventilation scenarios
with decreasing interquartile ranges, outer ranges and median values across the
four standard construction specifications which shows increasing thermal mass
and air tightness. The night ventilation coupled with shading scenario for the three
weather locations shows irregular variability of the plots with the Fabric Energy
Efficiency Standard (FEES) having larger medians in all the three weather
locations coupled with comparatively small interquartile range and the outer range
of dispersion.
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Figure 8.4 Box and whiskers plots for day ventilation scenario comparison of the internal
operative temperatures effect of four standardized construction specifications based on
2003-2050 DSY Medium 50% probabilistic weather scenarios for Gatwick, Heathrow and
London Weather Centre

The medians for the day ventilation scenarios are generally higher than those of
the night ventilation and further higher than the night ventilation with shading
scenarios. This observation points to the fact that applying the mitigation scenarios
of night ventilation and shading have a significant impact on reducing internal
operative temperatures, and thus enhancing thermal comfort in dwellings.
In figure 8.4, there are very significant extreme outliers below the lower whisker’s
(25th percentile) end. This observation points to marked difference in extreme low
internal operative temperature for the day ventilation scenario. The opposite effect
is realised in figure 8.5, which shows fairly significant outliers from the upper
whisker’s (75th percentile) end indicating marked extreme comparatively high
internal operative temperatures using the night ventilation scenario. Figure 8.6
shows that that the night ventilation coupled with shading scenario results in
relatively fewer outliers lying close to the ends of the whiskers. This point to a
measure of relative dispersion of the data set around the interquartile and the
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outer ranges. This may suggest a relative stability of the internal operative
temperatures, thus enhancing thermal comfort as expected with the night
ventilation coupled with shading scenario. In figures 8.4 and 8.5, there is a
decrease in the interquartile ranges and the outer ranges pointing to the
progressively comparatively small dispersion. This suggests a middle clustering of
data about the median, thus indicating progressive stable internal operative
temperatures with the Passivhaus equivalent offering the most stable internal
operative temperature conditions as its plot shows less uncertainty.
In figure 8.6, the interquartile range of all the standard construction specifications
are relatively larger under the night ventilation coupled with shading scenario than
the day ventilation and night ventilation scenarios in figures 8.4 and 8.5
respectively. This could be interpreted that there is higher spread of the inner 50%
of the ranked data. Again, it is pointing to more stable internal operative
temperatures with enhanced thermal comfort.

Figure 8.5 Box and whiskers plots for night ventilation scenario comparison of the internal
operative temperatures effect of four standardized construction specifications based on
2003-2050 DSY Medium 50% probabilistic weather scenarios for Gatwick, Heathrow and
London Weather Centre
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The medians of the locations of the day ventilation and night ventilation scenarios
across the four standardized construction specifications are roughly the same. In
figure 8.4, the median values of 25.2oC, 24.6oC and 25.4oC are observed in the
Heathrow, Gatwick and London Weather Centre respectively. Similar patterns of
24.5 °C, 24.0 °C and 24.5 °C are observed in the Heathrow, Gatwick and London
Weather Centre respectively for figure 8.5. An observable effect of night ventilation
strategy is realised in about 1°C decrease of the median temperatures when the
day and night ventilation scenarios of figure 8.4 and 8.5 respectively are
compared.

Figure 8.6 Box and whiskers plots for night ventilation with shading scenario comparison of
the internal operative temperatures effect of four standardized construction specifications
based on 2003-2050 DSY Medium 50% probabilistic weather scenarios for Gatwick,
Heathrow and London Weather Centre

A comparison of the medians of figures 8.4 and 8.5 of Heathrow scenarios shows
an internal operative temperature decrease of about 8.3% and 6.7% of the
baseline and PassivHaus equivalent scenarios respectively. Similar comparison
for the Gatwick scenario shows a decrease of 6.7% and 7.3% and that of London
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Weather Centre of 7.8% and 7.5% respectively. This observation is similar when
comparing the FEES and Beyond FEES scenarios. The findings indicate that the
night ventilation coupled with shading offers an enhancement of thermal comfort in
all the four standardized construction specifications.
Moreover, the baseline uncertainties in all the scenarios indicated by larger
dispersion of the interquartile range are relatively higher than all the other
standardized construction specifications indicating greater variability of uncertainty
and pointing to a fairly unstable thermal comfort when compared to the rest.

8.3.4 Sensitivity analysis due to climate change and building adaptation
measures specified in the four (4) standardised construction
specification

8.3.4.1

Tornado plot as deterministic sensitivity analysis

Figure 8.7 to 8.9 show the tornado plots for various building adaptation parameters
and their influence on internal operative temperatures. The external conduction
glazing is observed to be the most influential parameter affecting the internal
operative temperatures in the day and night scenarios, and appearing the second
most influential parameter in the night with shading scenario. The sensible load
parameter shows a negative relationship with the internal operative temperature
for all the three scenarios.
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Figure 8.7 Tornado plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Day
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Figure 8.8 Tornado plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Night
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Figure 8.9 Tornado plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Night &
Shading
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8.3.4.2

Sensitivity analysis with SRC and PCC as sensitivity index

Figure 8.10 to 8.12 give the results of the two sensitivity methods of the
standardized regression coefficient and the partial correlation coefficient as
sensitivity analysis indices which assess the relative importance of the building
parameters such as the U-values of the building façade, glazing and the internal
heat gains, factors which influence the internal operative temperatures of
dwellings, thus affecting thermal comfort. The results are presented for the
Gatwick, Heathrow and London Weather Centre locations under day, night, and
night with shading ventilation scenarios. The two sensitivity methods give similar
results for all the scenarios and this confirms the robustness of the sensitivity
analysis inspiring confidence in both the methodology and the results.

Similar variability of sensitivity indices is observed for particular ventilation
scenarios for the three weather data sets. However, different variability is
observed for the day, night and night with shading scenarios. For the day
ventilation scenario for each of the three weather locations, the four most
important parameters which influence the internal operative temperatures of
dwellings are observed to be the glazing (designated as external conducting
glazing and total transmittance or G-value), occupancy sensible gain, occupancy
latent gain and equipment latent gain.
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Figure 8.10 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the future building adaptation measures input variables for
the standardized construction specifications based on UKCP09 GTW 2003-2050 Med 50%
weather data for Gatwick under day, night and night with shading ventilation scenarios.
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Figure 8.11 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the future building adaptation measures input variables for
the standardized construction specifications based on UKCP09 LHR 2003-2050 Med 50%
weather data for Heathrow under day, night and night with shading ventilation scenarios.
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Figure 8.12 Comparison of the standardized regression coefficient (SRC) and the partial
correlation coefficients (PCC) of the future building adaptation measures input variables for
the standardized construction specifications based on UKCP09 LWC 2003-2050 Med 50%
weather data for London Weather Centre under day, night and night with shading ventilation
scenarios.
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The sensitivity of glazing to thermal comfort increases from Gatwick, with London
Weather Centre having the highest sensitivity index. This could be attributed to the
urban heat island effect of central London, leading to higher internal operative
temperatures.

For the night ventilation and night with shading ventilation scenarios, the glazing is
the most dominant parameter for both the SRC and PCC, pointing to the high
significance of glazing in enhancing thermal comfort. As expected, increasing the
external conducting glazing and the total transmittance has a direct bearing on
increasing the internal operative temperatures.

The occupancy latent gain has a significant opposite effect on internal operative
temperatures for the day and night ventilation scenarios for all the three locations.
The analysis also confirms the expectation that increasing thermal bridging has
the opposite effect on the internal operative temperatures which could be
observed in all the three ventilation scenarios.

It is observed in all the locations analysis that the U-values (for floor and wall) and
the thermal bridging have relatively little variability with the internal operative
temperature for all the day ventilation scenarios, with increasing importance in the
night and night with shading ventilation scenarios.

Thus the study shows that more consideration should be given to glazing and
internal heat gains than floor and wall construction when seeking to improve the
thermal comfort of dwellings.
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8.4

Summary and Conclusion

The case study presents a Monte Carlo uncertainty and sensitivity analysis in
quantifying and predicting the most influential building envelope and systems
parameters which affect dwellings’ thermal comfort. The analysis was based on
the four standardized construction specifications as building adaptation strategy.
The thermal analysis simulation was underpinned by the CIBSE TM49 weather
data set for 2003-2050 medium design summer year with 50% probabilistic
scenario timeline and the CIBSE TM52 adaptive thermal comfort criteria for
overheating analysis.

The deterministic analysis of the three data sets indicated that the optimum
thermal mass with the appropriate mitigation scenarios of night ventilation and
shading have a significant impact on reducing maximum internal operative
temperatures of about 1oC to 3oC for respective scenarios. This could enhance
thermal comfort in dwellings. The PassivHaus equivalent presented the most
stable internal operative temperature conditions as already concluded in case
study 4 of chapter 7.

The Monte Carlo uncertainty simulation of overheating analysis was performed for
Gatwick, Heathrow and London Weather Centre, with reference to variations due
to the intervention of the designated standard construction specifications with their
changes to the 22 parameters such as U-values of the building envelope, the total
transmittance (G-value) and the internal heat gains.
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The uncertainty analysis results indicate a uniform variability of the day and night
ventilation scenarios with decreasing interquartile ranges, outer ranges and
median values across the four standard construction specifications. The irregular
variability of the Fabric Energy Efficiency Standard (FEES) standard having larger
medians in all the three weather locations coupled with comparatively small
interquartile range and the outer range of dispersion may suggest higher internal
operative temperatures under the night ventilation with shading scenario.
The medians for the day ventilation scenarios are generally higher than those of
the night ventilation and further higher than the night ventilation with shading
scenarios. This observation points to the fact that applying the mitigation scenarios
of night ventilation and shading have a significant impact on reducing internal
operative temperatures, and thus enhancing thermal comfort in dwellings. The
PassivHaus equivalent presented the most stable internal operative temperature
conditions as its plot showed less uncertainty. This is in consonance with the
conclusions made in case study 4 of chapter 7.

The Monte Carlo sensitivity analysis results focused on two sensitivity methods of
standardized regression coefficient and the partial correlation coefficient as
sensitivity analysis indices. Two indices are used to ascertain the robustness of
the sensitivity analysis inspiring confidence in both the methodology and the
results. The sensitivity analysis results indicated that glazing is the most dominant
parameter for both the SRC and PCC. This indicates that glazing may be the most
significant parameter to influence thermal comfort. In addition to glazing, total
transmittance was also observed to have a positive effect in increasing the internal
operative temperatures. However, the occupancy latent gain has a significant
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opposite effect on internal operative temperature. The study indicated that more
consideration should be given to glazing and internal heat gains than floor and wall
construction when seeking to improve the thermal comfort of dwellings.
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CHAPTER 9:

Conservatory as a passive design solution

9.0

Case study 6 - Impact of Conservatory on dwelling energy
performance and internal temperatures with application of
integrated passive design strategies to optimize the energy
performance and thermal comfort of dwellings using CIBSE
TM52 adaptive thermal comfort criteria as an assessment tool

9.1

Introduction

This chapter focuses on the viability of passive solar design strategies of UK
conservatories and shows that passive solar energy utilization in building design
can contribute to the reduction of dwelling energy consumption and enhancement
of indoor thermal comfort. In general there is absence of modelling and simulation
research/current publication into the use of conservatories as passive design
solution in the UK. A review of over 70 simulation-based optimization of passive
design strategies research publications since 2000 by Sanja Stevanovic made no
mention of conservatories as a passive design solution in UK (Stevanovic 2013).

Synergetic passive design strategies that seek to optimize solar energy gains
through thermal simulation analysis of design criteria of varying future climatic
conditions, variable occupant behaviour, building orientation, adequate provision
of thermal mass, advance glazing, appropriate ventilation and sufficient level of
shading which influence the potential thermal performance of conservatory is
performed. The balance energy benefits of reduction of energy consumption
through the application of these principles of passive solar design for space
heating in winter and the challenge of reducing excessive solar gains in summer is
analysed using the CIBSE adaptive thermal comfort criteria and statistical
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methods of the data collected from the thermal simulation. Deterministic analysis
and optimisation investigation are performed to determine the impact of system
parameters such as floor area, aspect ratio and surface to volume ratio on thermal
performance of conservatories. The results show that the judicious integration of
the passive solar design strategies in conservatories with increasing conservatory
size in elongated south facing orientation with an aspect ratio of at least 1.67 could
on an average decrease annual energy consumption (by 5 kWh/m2), building
emission rate (by 2.0 KgCO2/m2) and annual gas consumption (by 7 kWh/m2)
when the conservatory is neither heated nor air-conditioned. Moreover, the CIBSE
TM52 overheating analysis showed that the provision of optimum ventilation
strategy depending on the period of the year coupled with the efficient design of
awnings/overhangs and the provision of external adjustable shading on the east
and west facades of the conservatory could significantly enhance the thermal
comfort of conservatories.

9.2

Research Method 6 – For Case Study 6

Detailed method for case study 6 is discussed in chapter 3 section 3.2.8.

9.3

Results and Discussion

The analysis of case study building , 49 Carnation Drive; a 1995 three-bedroom
two-storey residential detached building located at Bracknell, Berkshire, with the
three conservatory designs is presented below. Figures 9.1 (a) - (d) represent the
outcome of the modelling process. The entire major façade of the conservatories
was southerly orientated with an aspect ratio of at least 1.67.
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Figure. 9.1(a) 49 Carnation Drive – South
facing orientation

Figure. 9.1(b) 49 Carnation Drive and
Conservatory 1

Figure 9.1(c) 49 Carnation Drive and
Conservatory 2

Figure 9.1(d) 49 Carnation Drive and
Conservatory 3

Figure 9.1 Modelling Results

9.3.1 Energy performance results and analysis
Figures 9.2 to 9.4 give the statistical results of energy performance of annual
energy consumption, building emission rate and annual natural gas consumption
for the current and future weather data set for all three conservatory design
scenarios. The analysis further considers quantification of overheating impact on
energy performance when the conservatories are heated and cooled during the
respective seasons.
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The annual energy consumption results indicated in figures 9.2(a) – 9.2(c) show
an observable decrease in energy consumption for all the three conservatory
designs in scenario 2; when the attached conservatory to the main building is
neither heated nor cooled throughout the heating and non-heating seasons. A
declining trend is observed in the respective climate change progression timelines
of current, 2020s, 2050s and 2080s for all conservatory designs. The mean
percentage decrease of annual energy consumptions for conservatory 1 to 3 was
12.17, 14.23 and 21.45 respectively and this amount to 3.98, 4.72 and 7.13
kWh/m2 respectively. This declining trend points to a general decrease in annual
energy consumption with progressive increase in conservatory floor area/surface
area and indicates a significant contribution to dwelling energy consumption when
a conservatory is attached to it.

At periods of low air temperatures coupled with high solar radiation, pre-heated air
in the conservatory is transferred to the main dwelling. This convective heat gain
leads to the reduction of the main building heat load contribution from a
mechanical heating system. In addition, increasing the conservatory dimension
along the southern orientation contributes to the provision of additional insulation
of the main dwelling. This increasing buffer effect results in a decrease in heat loss
from the main dwelling and hence reducing its heating load. At the same time, the
progressive increase of the elongated south façade of the conservatory with its
coated low emissivity double glazing coupled with the effective design of
awnings/overhang which maximize the incident solar radiation collection during the
heating season, low level ventilation and the provision of adequate thermal mass
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for the conservatory floor and dwarf walls all contribute to the passive design
consideration leading to the reduction of heating load of the main dwelling.

However, the annual energy consumption gains are negated in scenario 3 when
the conservatories are heated during the heating season. The mean percentage of
annual energy consumption lost due to the heating of the three conservatories was
observed to be 9.82, 16.63 and 29.99 for the current and future weather data set.
This trend points to increasing loss of overall annual energy consumption with
increasing conservatory dimensions when the conservatories are heated during
the heating season.

In scenario 4, when the attached conservatories to the main building are heated
during the heating season and cooling is applied during the non-heating season, a
further lost in annual energy consumption gains is realised. The mean percentage
annual energy consumption lost due to the heating and cooling of the three
conservatories was observed to be 17.67, 30.42 and 55.06 for the current and
future weather data sets. This trend further point to the increasing loss of overall
annual energy consumption with increasing conservatory dimensions when the
conservatories are heated and cooled during the respective heating and nonheating seasons of the year.

The potential overheating impact on energy consumption due to the introduction of
air-conditioning for cooling in the three conservatories amount to an average of
1.67, 2.95 and 5.00 kWh/m2 for the three conservatories with increasing size
respectively.
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2

Figure 9.2 (a) Conservatory 1 – Annual Energy Consumption (kWh/m )

253

2

Figure 9.2 (b) Conservatory 2 – Annual Energy Consumption (kWh/m )
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2

Figure 9.2 (c) Conservatory 3 – Annual Energy Consumption (kWh/m )
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The building emission rate results indicated in figures 9.3(a) – 9.3(c) show an
observable decrease in emission rate for all the three conservatory designs in
scenario 2; when the attached conservatory to the main building is unheated
throughout the heating season. The declining trend is observed in the respective
climate change progression timelines of current, 2020s, 2050s and 2080s for all
conservatory designs. The mean percentage decrease of building emission rate
for conservatory 1 to 3 was 4.54, 6.62 and 11.07 respectively and these amount to
1.20, 1.75 and 2.93 KgCO2/m2 respectively. This declining trend points to a
general decrease in building emission rate with progressive increase in
conservatory floor area/surface area and indicate a significant contribution to
dwelling emission rate when an unheated and uncooled conservatory is attached
to it. The reasons for the declining trend could also be ascribed to the reasons
outlined earlier on in relation to the declining trend associated with the annual
energy consumptions.

Nevertheless, the building emission rate gains are also negated in considering
scenario 3 when the conservatories are heated during the heating season. The
mean percentage of building emission rate lost due to the heating of the three
conservatories was observed to be 2.38, 4.25 and 7.22 for the current and future
weather data set.

Again, a further negative impact is observed in scenario 4, when the
conservatories are heated and cooled during the respective heating and nonheating seasons of the year. The mean percentage building emission rate lost due
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to the application of heating and cooling to the three conservatories was observed
to be 13.41, 22.65 and 38.70 for the current and future weather data sets.

2

Figure 9.3 (a) Conservatory 1 – Building Emission Rate (KgCO2/m )
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2

Figure 9.3 (b) Conservatory 2 – Building Emission Rate (KgCO2/m )
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2

Fig 9.3 (c) Conservatory 3 – Building Emission Rate (KgCO2/m )
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The annual gas consumption results indicated in figures 9.4(a) – 9.4(c) show an
observable decrease in gas consumption for all the three conservatory designs in
scenario 2; when the attached conservatory to the main building is unheated and
uncooled throughout the heating and non-heating seasons respectively. The
declining trend is observed in the respective climate change progression timelines
of current, 2020s, 2050s and 2080s for all conservatory designs. The mean
percentage decrease of annual natural gas consumption for conservatory 1 to 3
was 7.69, 9.88 and 14.56 respectively and these amounts to 5.08, 6.57 and 9.69
kWh/m2 respectively. This declining trend points to a general decrease in annual
gas consumption with progressive increase in conservatory floor area/surface area
and indicate a significant contribution to a dwelling’s annual natural gas
consumption when a conservatory is attached to it. The reasons for the declining
trend could again be ascribed to the reasons outlined earlier on in relation to the
declining trend associated with the annual energy consumption.

Again, the gains attributed to the annual natural gas consumption in scenario 2
are also negated in consideration of scenario 3 when the conservatories are
heated during the heating season. The mean percentage of in annual gas
consumption lost due to the heating of the three conservatories was observed to
be 4.53, 7.99 and 13.73 for the current and future weather data set.

Furthermore, in considering scenario 4, when the conservatories are heated and
cooled in the respective seasons, a further lost in mean percentage annual gas
consumption was observed to be 5.44, 9.46 and 16.16, for the current and future
weather data sets
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2

Figure 9.4(a) Conservatory 1 – Annual Natural Gas Consumption (kWh/m )
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2

Figure 9.4(b) Conservatory 2 – Annual Natural Gas Consumption (kWh/m )
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2

Figure 9.4 (c) Conservatory 3 – Annual Natural Gas Consumption (kWh/m )
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9.3.2 Thermal comfort overheating results and analysis
9.3.2.1

CIBSE TM52 thermal comfort overheating analysis

Figures 9.5 to 9.7 show the CIBSE TM52 thermal comfort overheating analysis
results for the non-heating season of conservatory 3 designs based on the
earmarked simulated ventilation and shading scenarios for the 2050s weather data
set. This is an extract of the CIBSE TM52 thermal comfort overheating analysis
results for the three conservatory designs as shown in appendix 9.1 to 9.4. The
figures stipulate the external air temperature, Texternal, the internal operative
temperature, Toperative, the upper limit of the range comfort temperatures, Tmaximum
and the absolute upper limit for the operative temperature, T upper. The figures
indicate the temperature variance for the late spring, summer and early autumn
months of May through September as specified in the CIBSE TM52 adaptive
thermal comfort criteria.
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Figure 9.5 2050s weather conservatory3 non heating season scenario 1 analysis

Figure 9.6 2050s weather conservatory 3 non heating season scenario 2 analysis
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Figure 9.7 2050s weather conservatory 3 non heating season scenario 3 analysis

Comparison of figures 9.5 to 9.7 indicate that the operative temperature variability
generally peaks at summer. In figure 9.5, there is evidence of the internal
operative temperatures exceeding the threshold comfort temperature at certain
times in late spring and early autumn for scenario 1, where there is no shading.
This variability gradually decreases in figures 9.6 and 9.7 reflecting the relevance
of night ventilation and shading in scenarios 2 and 3 in mitigating overheating in
conservatories.

Appendix 9.1 to 9.4 show the CIBSE TM52 thermal comfort overheating analysis
results for the non-heating season of the three conservatory designs based on the
designated simulated ventilation and shading scenarios for the current and future
weather data set. The results show that the use of awnings/overhangs to block
excessive solar radiation during the non-heating period coupled with night time
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ventilation as specified in scenario 2 could offer a significant reduction of operative
temperatures to enhanced thermal comfort. A further reduction in the trend is
realised in scenario 3, when additional shading is provided to the east and west
façades of the conservatories.

Figures 9.8 to 9.11 indicate the analysis of the three conservatory designs based
on CIBSE TM52 overheating criteria of hours of exceedance, daily weighted
exceedance and the absolute upper limit temperature. These analyses compliment
the analyses on appendix 9.1 to 9.4.

Figure 9.8 Adaptive thermal comfort criteria – Number of hours exceeding comfort range
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Figure 9.9 Adaptive thermal comfort criteria – Peak daily weighted exceedance

Figure 9.10 Adaptive thermal comfort criteria – Number of hours exceeding absolute limit
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Figure 9.11 Adaptive thermal comfort criteria – Failure of 2 or 3 criteria

In figure 9.8, all the three conservatories, fail under scenario 1 for the current and
future weather data sets as hours of operative temperature exceeds the 32 limit of
hours of exceedance. The limit of hours of exceedance is the 3 percent of
occupied hours. Under scenario 2, where shading is applied to the roof and south
facing side of the conservatory during day time coupled with night ventilation,
significant reduction of overheating is observed with all the conservatories number
of hours of the operative temperatures below the limit of hours of exceedance. The
scenario 3 where shading is applied to both the east and west section of the
conservatories together with the conditions set out in scenario 2 offers the most
effective means of mitigating overheating in conservatories with no observable
overheating during the occupied hours.
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Figure 9.9, shows the peak daily weighted exceedance which is an indication of
the severity of overheating underpinned by the limit of daily weighted exceedance
of not more than 6. The greatest severity of overheating is observed under
scenario 1 with conservatory 3 failing in all future weather patterns. The severity of
overheating gradually decreases under scenarios 2 and 3 respectively.
In figure 9.10, it is only conservatory 3 that once exceeds the absolute upper limit
temperature of overheating. Figure 9.11 provides information on the
conservatories failing two or three adaptive thermal comfort criteria. Conservatory
3 is observed to fail two or three comfort criteria under scenario 1, but the
frequency and severity of overheating are mitigated with the application of the
shading and night ventilation scenarios. For the non-shaded conservatory with day
ventilation scenario 1, the high variability of operative temperatures for the late
spring, summer and early autumn suggest that strategic passive provision of
shading and ventilation must be in place during this period. The results thus show
that the use of awnings/overhangs to block excessive solar radiation during the
non-heating period coupled with night time ventilation as specified in scenario 2
could offer a significant reduction of operating temperatures to enhanced thermal
comfort. A further reduction in the trend is realised in scenario 3, when additional
shading is provided to the east and west facades of the conservatories.
9.3.2.2

Non heating season maximum, minimum, average and range
operating temperature analysis.

Figures 9.12 to 9.15 show analysis of the operative temperatures of the three
conservatory designs for specified ventilation and shading scenarios during the
non-heating season for the current and future weather data set. Figure 9.12
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indicates that the application of scenario 2 and 3 leads to a 8.39% and 9.64%
reduction of maximum operative temperatures respectively. These amounts to an
average of about 3 °C decrease in maximum operative temperature when
considering scenario 2 and a further decrease of 1 °C in maximum operative
temperatures when considering of scenario 3. Similar trend is observed in the
variability of the minimum operative temperatures and that of the average
operative temperatures. The minimum operative temperature decrease for
scenarios 2 and 3 are 5.29 and 6.77 percent respectively. The average operative
temperature decrease percentage is 4.90 and 6.02 respectively for conservatories
2 and 3 respectively. This buttress the fact that optimum conservatory design with
an aspect ratio of at least 1.67 will eventually lead to the reduction of operative
temperatures and mitigate overheating risk.
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Figure 9.12 Non heating season conservatory maximum operative temperatures
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Figure 9.13 Non heating season conservatory minimum operative temperatures
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Figure 9.14 Non heating season conservatory average operative temperatures
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Figure 9.15 Non heating season conservatory range operative temperatures
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9.4 Summary and conclusions
The study evaluated the impact of conservatory as a passive solar design on three
key dwelling energy performance indicators of annual energy consumption,
building emission rate and annual natural gas consumption of UK detached
dwellings. An investigation of internal temperatures was also done using CIBSE
adaptive thermal comfort methods to access the overheating of conservatories.
Thermal analysis simulation based on the synergetic passive design strategies
that seek to optimize solar energy gains through the varying future climatic
conditions based on CIBSE weather data set, variable occupant behaviour,
building orientation, adequate provision of thermal mass, advance glazing,
appropriate ventilation and sufficient level of shading which influence the potential
thermal performance of conservatory was performed on three conservatories with
varying sizes.

The simulation results showed that the integration of passive solar strategies in
conservatory design could significantly decrease energy consumption, building
emission rate and natural gas consumption. The amount of percentage decrease
was inversely proportional to the increase of conservatory size when the increment
is done along the southern orientation of the building facade. This increase in
conservatory southern façade dimension facilitated the increase in solar radiation
gains during the heating season and also offered a thermal buffer effect. The
balanced energy benefits by pre-heating of the main building by means of
conservatory does not necessarily replaced the mechanical heating systems, but
the process offers a noticeable decrease in the thermal performance parameters
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when the conservatory is not heated during the heating season. Heating
conservatories negates the energy and thermal performance gains with increase
in energy consumption, building emission rate and natural gas consumption.
Heating conservatories is therefore not in consonance with the energy balance of
the use of conservatory as a passive solar design. The investigations also
indicated that the provision of optimum ventilation strategy depending on the
period of the year coupled with the efficient design of awnings/overhangs and the
provision of external adjustable shading on the east and west facades of the
conservatory could significantly enhance the thermal comfort of conservatories.
This consideration points to the evidence of overheating of the entire non-shaded
conservatory with day ventilation scenario now and in the future without the
application of the integrated passive design strategies. This variability suggest that
failure to incorporated passive solar strategies in conservatory design would
necessitate the introduction of cooling systems in conservatories and thus
increase the dwelling energy demand and higher carbon dioxide emissions.
The utilization of passive solar design has virtually no negative impact to the
environment as it does not use any form of operational energy to provide thermal
comfort and also does not incur operational cost. Rather a holistic passive solar
design which takes cognisance of passive solar principles offers a significant
reduction for energy demand and building emission rate. However, passive solar
design solutions are underpinned by variable occupant behaviour. Thus, the
incorporation of smart house technological solutions such as automatic external
shading and demand control ventilation strategies could enhance the design intent
of the application of the passive solar principles.
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This case study has shown the potential of conservatories to serve as an effective
passive solar design which can significantly offer a positive contribution to the
energy performance and enhancement of thermal comfort of a dwelling, when
passive solar design principles are applied and the conservatory is neither heated
nor air-conditioned. The results show that the judicious integration of the passive
solar design strategies in conservatories with increasing conservatory size in
elongated south facing orientation with an aspect ratio of at least 1.67 could on an
average decrease annual energy consumption (by 5 kWh/m2), building emission
rate (by 2.0 KgCO2/m2) and annual gas consumption (by 7 kWh/m2). Thus this
work indicates that passive solar design of conservatories through thermal
analysis simulations offers a viable solution to reduce dwelling energy
consumption, enhance thermal comfort and help mitigate the impact of climate
change and thereby contribute to environmental sustainability achievements.
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CHAPTER 10:

Conclusions and Recommendations

10.1 Chapter summary and conclusions
Judicious decisions for long term strategic infrastructure investments entail the
making of cost benefit analysis and sustainable environmental consideration with
regards to building energy performance and thermal comfort. The work undertaken
in this research employed integrated passive design strategies of varying future
climatic conditions, variable occupant behaviour, building orientation, adequate
provision of thermal mass, advanced glazing, appropriate ventilation and sufficient
level of external shading which influence the potential thermal performance of
dwellings and a methodology that combines thermal analysis modelling and
simulation coupled with the application of CIBSE overheating criteria to investigate
the thermal comfort and energy balance of dwellings and habitable conservatories.
Moreover, Bland-Atman’s method of comparison is used as a validation tool in
building simulation. This serves as a knowledge contribution to the civil and
construction engineering practice in the area of building simulation validation.
This thesis comprised of six studies, each of which investigated the simulation of
variability of future climatic conditions, energy usage characteristics of building
occupants, building energy efficiency measures, thermal performance of buildings
systems and passive design strategies to improve building energy efficiency and
further mitigate adverse climatic conditions to secure the right balance of energy
consumption and thermal comfort in dwellings.
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10.1.1 Case Study 1:

Method of comparison analysis

In the first of the six studies (chapter 4) the aim was to explore the use of BlandAltman’s method of comparison as a building simulation validation technique. The
case study conducted indicated a strong linear relationship in analysing the
statistical agreement between monitored dwelling temperatures and thermal
analysis simulated operative temperatures of detached dwellings. The results
further confirmed the accuracy of using the EDSL TAS as a credible simulation
tool for building energy performance analysis.

10.1.2 Case Study 2:

Impact of varying weather data sets

The second case study (chapter 5) investigated the variability between the CIBSE
TM48 and CIBSE TM49 Design Summer Year weather files for London Heathrow,
Gatwick and London Weather Centre for the current, 2020s, 2050s and 2080s
weather data sets. This study employed Monte Carlo simulation for uncertainty
and sensitivity quantification and identified the dry bulb and radiant temperatures
as the most influential weather parameters which affect thermal comfort on
dwellings. The study’s results further indicated marginal differences in maximum
and minimum operative temperatures for comparable Heathrow DSY Medium High
and UKCP09 Heathrow 1989 medium 50% probabilistic scenarios. Moreover, the
time series analysis of internal operative temperatures using CIBSE TM52 as
overheating criteria for the UKCIP02 Heathrow DSY Medium High and UKCP09
Heathrow DSY 1989 Medium 50% probabilistic scenarios weather data sets also
showed a very strong similarity between the respective timelines for the two
weather data sets.
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The deterministic analysis results of the UKCP09 Heathrow DSY Medium 50%
probabilistic scenarios for 1976, 1989 and 2003 indicated a progressive increase
in maximum internal operative temperatures for the 1976 and 2003 years for all
timelines scenarios. Gatwick had the lowest maximum operative temperatures
whilst London Weather Centre was observed to have the highest operative
temperatures. This confirmed the incorporation of the urban heat island effect of
the London Weather Centre weather data sets of CIBSE TM49 as compared to the
Heathrow and Gatwick weather files.

The Monte Carlo uncertainty analysis results of the median lines showed that the
50th percentiles of the UKCP09 for the 2020s and 2050s are slightly higher than
that of the UKCIP02 weather projections, whilst the opposite is realised with
regards to the 2080s weather data set. However, the overall pattern of variability of
the two weather data sets indicated no marked observable effect of change in
internal operative temperatures in the two sets of the uncertainty analysis results.
The case study further indicated the relevance of climate sensitive design in
engineering practice to improve thermal comfort in dwellings.

10.1.3 Case Study 3:

Impact of climate change on building performance

The third case study (chapter 6) investigated the variability of future climatic
conditions on newly built detached dwellings in the United Kingdom. The results
indicated a consistent declining trend of annual building energy consumption,
annual building natural gas consumption, building emission rate and heating
demand over the different timelines used in the simulation. These declines are in
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consonance with the range of annual average temperature change predicted by
the GCM based on the IPCC scenarios which generally shows an increase in
temperature over stipulated timelines.

The case study further confirmed that a predicted increase in future temperatures
might result in reduction in energy use for space heating and emissions but
conversely lead to the increase in cooling demand, thus offsetting the gains in
heating demand.

10.1.4 Case Study 4:

Impact of four standard construction specifications
on thermal comfort on three major cities in the
United Kingdom

The fourth case study (chapter 7) investigated the impact of four standard
construction specifications which show a progressive improved thermal mass
coupled with passive cooling strategies to optimize the thermal comfort in
detached dwellings in London, Birmingham and Glasgow using the CIBSE TM52
criteria for assessing adaptive overheating in free-running dwellings. The CIBSE
TM52 criteria proved to be an effective and credible assessment tool as the results
obtained in this work are in consonance with what is presented in literature.

The findings indicated a strong positive correlation between improved building
fabric, strategic ventilation scenarios with external shading and indoor adaptive
overheating thermal performance. This integrated approach resulted in substantial
reduction of indoor operative temperatures leading to an enhanced thermal
comfort environment in London and Birmingham locations. The results indicated
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that the day ventilation scenario for Glasgow was more effective in mitigating
internal operative temperatures than the night ventilation and night ventilation with
shading scenarios which is contrary to the observable trends in London and
Birmingham.

The results also indicated a progressive decrease in swing of the operative
temperatures during the non-heating periods with increase in thermal mass. The
PassivHaus standard construction specification with the incorporation of passive
cooling strategies of improved night ventilation with shading offered the best case
scenario analysis of the optimization of indoor operative temperatures in London
and Birmingham with relative decrease in the fluctuations of operative temperature
during the observed period.

This case study indicated that thermal comfort in dwellings can be enhanced by
analysis of future climatic patterns, improved building fabric and provision of
passive design consideration of improved ventilation and shading. It also
confirmed that the utilization of appropriate mitigation strategies to enhance
thermal comfort could contribute to the reduction of the environmental implications
to the built environment and facilitate the drive towards the attainment of future
sustainability requirements.
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10.1.5 Case Study 5:

Impact of four standard construction specifications
on thermal comfort on three weather locations in
London

The fifth case study (chapter 8) employed Monte Carlo Monte Carlo uncertainty
and sensitivity analysis in quantifying and predicting the most influential building
envelope and systems parameters which affect dwellings’ thermal comfort for
Gatwick, Heathrow and London Weather Centre.

The medians for the day ventilation scenarios were generally higher than those of
the night ventilation and night ventilation with shading scenarios. The results
indicated that applying the mitigation scenarios of night ventilation and shading
have a significant impact on reducing internal operative temperatures, and thus
enhancing thermal comfort in dwellings. The PassivHaus equivalent presented the
most stable internal operative temperature conditions as its plot showed less
uncertainty.

The sensitivity analysis results indicated that glazing is the most dominant
parameter that influences thermal comfort for both the SRC and PCC. In addition
to glazing, total transmittance was also observed to have a positive effect in
increasing the internal operative temperatures. However, the occupancy latent
gain has a significant opposite effect on internal operative temperature. The study
indicated that more consideration should be given to glazing and internal heat
gains when seeking to improve the thermal comfort of dwellings.
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10.1.6

Case Study 6: Conservatory as a passive design solution.

The sixth case study (chapter 9) evaluated the impact of conservatory as a
passive solar design on three key dwelling energy performance indicators of
annual energy consumption, building emission rate and annual natural gas
consumption of UK detached dwellings.

The simulation results showed that the integration of passive solar strategies in
conservatory design could significantly decrease energy consumption, building
emission rate and natural gas consumption. The amount of percentage decrease
was inversely proportional to the increase of conservatory size when the increment
is done along the southern orientation of the building facade. The study also
indicated that the provision of optimum ventilation strategy depending on the
period of the year coupled with the efficient design of awnings/overhangs and the
provision of external adjustable shading on the east and west facades of the
conservatory could significantly enhance the thermal comfort and energy
performance of conservatories when they are neither heated nor air-conditioned.

10.2

Limitations and exclusions of the studies in this work

The assumptions of the thermal analysis simulation software to determine thermal
and energy performance of dwellings have been acknowledged in this work. The
outline assumptions in the methodology of weather data sets which are based on
historic data patterns to be applicable to actual weather conditions of the case
studies’ building locations, the use of the standardized dwelling internal conditions
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activity and occupant behaviour as the prevailing conditions and the use of static
U-values, all have the potential to influence the final results of the work.
This thesis does not focus on bridging the gap between design intent and real
energy consumption and thermal performance. The modelling and simulation as
used in this work is to evaluate alternatives to building elements and design
through passive design strategies to address issues involving climate change
effect in order to improve energy and thermal performance of residential buildings.
The results of the case studies are situations specific based on the various
scenarios detailed in the methods and the results may differ from different weather
data sets for a given location and with varying occupant behaviours different from
the conditions earmarked in the CIBSE Guide A which is used in this work.
Moreover, the case studies do apply to the CIBSE weather datasets underpinned
by the UKCP09 climatic change projections probabilistic scenarios of 10% and
90%.

10.3

Recommendations for future work

The following outlines a number of gaps identified in existing knowledge which
would augur for future research beyond the scope of the issues discussed in this
thesis.
10.3.1

Method comparison analysis as a validation technique

As outlined in section 4.4 of the thesis, the Bland-Altman’s method of comparison
analysis for validation technique is underpinned by the British Standards Institute
definition of a repeatability coefficient which stipulates that 95% of the differences
to be less than two standard deviations. The degree of acceptance and
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applicability for what the level of agreement should be in building simulation
practice needs further investigation. Moreover, the method comparison analytical
technique may not be valid in the consideration of non-linear and perhaps more
complicated uncertain parameters, and hence further investigations would be
required to address these issues.

10.3.2

EDSL Thermal Analysis Simulation Software

The EDSL TAS software generally accomplished the set objectives designated in
this thesis. The functional capabilities of the EDSL TAS program would be
enhanced if uncertainty and sensitivity analysis coupled with optimization
techniques could be incorporated as key standard functionalities of its modelling
and thermal simulation analysis. TAS graphical representation of the whole
building analysis is only weather based but does not truly reflect the indoor
operative temperatures as defined in CIBSE TM52 overheating criteria. In addition,
TAS lacks fully-featured optimisation and cost-benefit analysis; such as Pareto
Front, as seen in DesignBuilder simulation software. Further investigations in
these areas could augur well for the software acceptability in the prediction of key
thermal performance parameters and the assessment of energy conservation
measures.

10.3.3

Improved algorithms of the Test Reference Years and Design
Summer Years weather data files.

The thesis has indicated the importance of weather data in obtaining credible
building simulation results. Changing climatic patterns with its extreme weather
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conditions in the United Kingdom coupled with urban heat island effect in London
underpin the relevance of plausible weather files in building simulation practice.
Projected future weather dataset different from future reality would lead to different
adaptation strategies and cost implications. There is still a gap between simulation
results when compared to actual measurable data. Investigations to continuously
improve current methodologies use to produce weather data sets or to offer
alternative algorithms may rectify this shortfall.

10.3.4

In-depth understanding of variable occupant behaviours

The thesis focus on using modelling and simulation to evaluate alternatives to
building elements and design through passive design strategies instead of bridging
the gap between design intent and real energy consumption and thermal
performance. Further investigations in the area of integrated passive control
measures, systems control and post occupancy behaviours should be pursued. It
is envisage that studies in this area could bridge the gap between building
simulation performance and actual performance.
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APPENDICES
Appendix 5.1

Appendix 5.1 A comparison of internal operative temperatures for UKCIP02 Heathrow DSY
Medium High and UKCP09 Heathrow 1989 medium 50% probabilistic scenarios based on
CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 5.2

Appendix 5.2 A comparison of internal operative temperatures for Heathrow using UKCP09
1976, 1989 and 2003 medium 50% probabilistic weather data set scenarios with overheating
analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 5.3

Appendix 5.3 A comparison of internal operative temperatures for Gatwick using UKCP09
1976, 1989 and 2003 medium 50% probabilistic weather data set scenarios with overheating
analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 5.4

Appendix 5.4 A comparison of internal operative temperatures for London Weather Centre
using UKCP09 1976, 1989 and 2003 medium 50% probabilistic weather data set scenarios
with overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 5.5

Appendix 5.5 Scatter plots of the input weather variables

331

Appendix 7.1

Appendix 7.1 A comparison of whole building internal operative temperatures for London using CIBSE
current weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.

332

Appendix 7.2

Appendix 7.2 A comparison of whole building internal operative temperatures for London using CIBSE
2020’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.3

Appendix 7.3 A comparison of whole building internal operative temperatures for London using CIBSE
2050’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.4

Appendix 7.4 A comparison of whole building internal operative temperatures for London using CIBSE
2080’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.5

Appendix 7.5 A comparison of whole building internal operative temperatures for Birmingham using
CIBSE current weather data set based on UKCIP02 climatic projections, varying ventilation scenarios
and overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.6

Appendix 7.6 A comparison of whole building internal operative temperatures for Birmingham using
CIBSE 2020’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.7

Appendix 7.7 A comparison of whole building internal operative temperatures for Birmingham using
CIBSE 2050’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.8

Appendix 7.8 A comparison of whole building internal operative temperatures for Birmingham using
CIBSE 2080’s weather data set based on UKCIP02 climatic projections, varying ventilation scenarios and
overheating analysis based on CIBSE TM52 adaptive thermal comfort criteria.
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Appendix 7.9

Appendix 7.9 A comparison of whole building internal operative temperatures for Glasgow
using CIBSE current weather data set based on UKCIP02 climatic projections, varying
ventilation scenarios and overheating analysis based on CIBSE TM52 adaptive thermal
comfort criteria.
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Appendix 7.10

Appendix 7.10 A comparison of whole building internal operative temperatures for Glasgow
using CIBSE 2020’s weather data set based on UKCIP02 climatic projections, varying
ventilation scenarios and overheating analysis based on CIBSE TM52 adaptive thermal
comfort criteria.
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Appendix 7.11

Appendix 7.11 A comparison of whole building internal operative temperatures for Glasgow
using CIBSE 2050’s weather data set based on UKCIP02 climatic projections, varying
ventilation scenarios and overheating analysis based on CIBSE TM52 adaptive thermal
comfort criteria.
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Appendix 7.12

Appendix 7.12 A comparison of whole building internal operative temperatures for Glasgow
using CIBSE 2080’s weather data set based on UKCIP02 climatic projections, varying
ventilation scenarios and overheating analysis based on CIBSE TM52 adaptive thermal
comfort criteria.
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Appendix 8.1

Appendix 8.1 Scatter plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Day
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Appendix 8.2

Appendix 8.2 Scatter plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Night

345

Appendix 8.3

Appendix 8.3 Scatter plot for baseline scenario UKCP09 GTW 2003-2050 Med 50% Night &
Shading
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Appendix 9.1

Appendix 9.1 Current weather conservatory non-heating season analysis
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Appendix 9.2

Appendix 9.2 2020s weather conservatory non-heating season analysis
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Appendix 9.3

Appendix 9.3 2050s weather conservatory non-heating season analysis
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Appendix 9.4

Appendix 9.4 2080s weather conservatory non-heating season analysis
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