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Abstract
Good housing design has been shown to yield both health gains and meet long-term
climate change mitigation objectives. To date however, in-depth studies focusing on
housing, health and energy in developing contexts are scarce. The work described
in this thesis aimed to understand how housing interventions could achieve health
and energy efficiency goals simultaneously in a low-income context, through using
building science to investigate the residential sector of Delhi. A multiphase mixedmethods approach was employed to assess the current housing conditions in Delhi and
identify potential interventions. These learnings have also led to suggestions of new
perspectives for further work.
Delhi’s housing stock was stratified into four largely homogeneous settlement types;
planned, unauthorised, urban villages and JJ clusters, to assess energy consumption
and health risks. Energy consumption was found to be two to three times higher in
planned settlements and health risks were estimated greatest in JJ cluster dwellings,
with exposure to heat and particulate matter found to be prime hazards. Quantification
of indoor conditions using building simulation modelling found that planned and
JJ clusters archetypes experienced high levels of annual PM2.5 exposure and were
thermally uncomfortable in summer and monsoon seasons. Monitoring of indoor
temperatures during key seasonal periods supported these findings, with dwellings
found incapable of providing safe conditions. The most effective intervention, when
considering objectives for energy use, cost, and health, was a combination of building
fabric changes with evaporative cooling and cooking ventilation strategies. For the
JJ clusters, a total retrofit was recommended to significantly improve conditions.
However, exposure to PM2.5 indoors cannot be sizeably reduced without decreasing
the outdoor levels. On evaluation of the study framework, it was recognised that the
generalisability of the results across Delhi is limited by the informal and unregulated
housing sector. It was proposed that building science should be immersed in a
participatory approach that not only defines but also works within policy and practice
to achieve adequate housing.
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1. Introduction
1.1. Study motivation
An increased recognition of the causes and impacts of climate change has led to the
global development of sustainability and energy efficiency goals [1]. Buildings are
accountable for 38% of total global energy usage and 25% of energy-related carbon
dioxide (CO2 ) emissions [2]; hence, energy efficiency in the built environment is crucial
in reducing emissions for climate change mitigation. Equally, the importance of
housing in maintaining health and well-being is well established [3]. Poor housing
can lead to a range of avoidable health risks, affecting physical and mental health.
Correspondingly, increased awareness of the connections between energy services and
public health has led to recent research identifying the co-benefits of energy efficiency
strategies [4, 5]. For example; renewable energy technologies would reduce carbon
emissions helping to mitigate climate change as well as reduce air pollution which
would be beneficial to human health. A Lancet Commission found building design to
be “an excellent example of the potential co-benefits of urban health and other social
and economic policy goals, such as development goals and climate protection through
a reduction in greenhouse gas emissions” [2].
There is increasing evidence to suggest that good dwelling design and operation can
improve the health and environmental impacts of housing. For example, efficiency
measures in homes (such as improved insulation, control of ventilation, the efficiency
of heating) could have a significant role in reducing built environment greenhouse
gas (GHG) emissions and improve public health [6]. Energy efficiency interventions
in European homes could offer protection against temperature-related mortality
through the implementation of insulation, whilst in low-income settings the deployment
of more efficient cooking methods would have a dramatic benefit to health while
reducing localised emissions [7]. Such evidence is drawing the attention of international
organisations, with the World Health Organisation (WHO) recently stating “that
[climate change] mitigation strategies in the housing sector can yield both immediate
health gains and long-term mitigation objectives” [8]. However, adverse health impacts
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from housing interventions have also been reported and it is warned that energy
efficiency measures must consider health impacts and draw upon multi-disciplinary
teams in the development of policies; without which there is the “potential for enormous
and irreversible mistakes” [9].
Research linking dwelling performance to housing energy efficiency and public health
policy has tended to focus on developed countries with temperate climates. Here,
the focus has been on housing retrofits to achieve strict carbon reduction strategies,
with health considered in terms of co-benefits or adverse impacts. These studies are
generally rooted in the field of building science, while linked to public health research,
and have employed housing stock models to predict the change in exposure due to
various energy efficiency measures on a city or national scale, for example, see: [10–12].
Nevertheless, “health and well-being issues have received significantly less attention”
than environmental protection in sustainable housing research, policy discourse, and
developments [13]; within the field of building science, much of the focus has been on
improving the energy efficiency of buildings, rather than the indoor environmental
conditions per se.
Furthermore, research linking household energy use and public health in developing
settings is largely limited in its focus to the use of traditional cooking fuels and the
resulting exposure to indoor air pollution [7, 14]. Yet, it is broadly conceived that
health co-benefits in low-income settings are greater [15], as housing quality and
household income are often limited. Further to this, by 2050 an additional 2.5 billion
people are projected to live in urban environments [16], with 90% of this increase
occurring in Africa and Asia. Developing an understanding of what constitutes an
healthy, sustainable housing in developing settings would enable this rapid growth to
be done in the most appropriate manner. It is clear that there is a lack of high-quality
evidence which examines linkages between energy efficiency, health, and housing
characteristics in low-income settings. Thus, more research is vital to assess how
housing characteristics could be altered to meet low-carbon and health development
goals simultaneously in low-income settings.

1.2. Study aim and scope
This work aims to understand how building characteristics influence indoor environmental quality (IEQ), and hence household health and energy consumption, in a
developing context. It will focus on the residential sector of Delhi, India as a case study.
Indian cities have experienced rapid urbanisation and as a consequence unprecedented
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levels of low-quality informal housing - which are likely to be incapable of providing
healthy low energy living environments. At the same time, a transition towards
modern cooking fuels such as liquefied pressurised gas (LPG) and the electrification of
households is expected. Projections for India show increases in energy demand in the
residential sector owing to higher utilisation of appliances, such as air conditioning
(AC) and coolers [17]. Sperling and Ramaswami [18], who explore health outcomes
as a motivator for low-carbon cities and use Delhi as case-study, claim that “passive
strategies for home design that increase ventilation and provide natural cooling reduce
energy loads and indoor air pollution”. However, in reality, the case is likely to be
much more complex and the tradeoffs with outdoor pollutants, which are a major
cause of mortality in Delhi [19], need to be explored. Akpinar-Ferrand and Singh [20]
recognise the health impacts from indoor heat stress in India, due to climate change,
and suggest that adaptation policies should consider the increased use of AC to reduce
human vulnerability. In [20] it is estimated that up to an extra 1,350 TWh of energy
for cooling will be required across India by 2100. One study suggested that the future
cooling demand in Mumbai will be equivalent to 24% of the total cooling demand in
the U.S.A [21]. However, in [20] and [21] no consideration is given to building design
which could provide low-carbon solutions to minimise energy use and temperature
exposure. It is therefore clear that there are many opportunities, and complexities,
that need to be analysed to optimise housing to achieve health and energy goals in
Delhi.
This work is primarily framed from a building science perspective, which has formed the
basis of most research focusing on energy-efficiency measures and the evaluation of the
resulting exposure risks in developed settings. However, the approach is supplemented
with focus groups and site oberservations, which go beyond its traditional domain.
For the purpose of this study, the field of building science is concerned with the
design, operation and analysis of building performance in response to environmental
phenomena (such as sun, wind, rain, external temperature) under material, physical,
human and energy constraints. Whilst there is no universally accepted definition of
building science, this thesis aims to outline the key themes and underlying theory;
this is further discussed in Chapter 3. Building science is considered well positioned
to assess housing characteristics (geometry, materials, orientation) and their potential
influence on energy consumption and environmental exposures that can impact health.
The building is understood to be a system, which allows the different parts to
be studied and the interactions between parts to be understood. The connected
topics that contribute to the field of building science include IEQ and Environmental
Design. IEQ is determined by factors of thermal comfort, indoor air quality (IAQ),
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acoustic comfort and visual comfort, which can impact the health, well-being and
comfort of users that occupy space within a given building [22]. Environmental design
concerns the sustainable design of buildings to meet the needs of current and future
environments. This thesis contributes to the field of building science and is placed at
the intersection between topics of environmental design and IEQ as recent studies,
as discussed in Section 1.1, have highlighted the need to consider health (IEQ) and
energy (environmental design) aspects in unison.
The study addresses housing conditions with regards to health and energy efficiency
goals, on the basis that specific analysis of intervention performance will help to
inform building guidance policies. WHO and UN-habitat report that “housing can be
considered at four levels of scale within a local context: (i) the physical structure of the
house (or dwelling); (ii) the home (psychosocial, economic and cultural construction
created by the household); (iii) the neighbourhood infrastructure (physical conditions
of the immediate environment); and (iv) the community (social environment and
the population and services within the neighbourhood)” [23]. This work primarily
focuses on the first level - the physical structure of the dwelling and its impact on
health and energy. The work is largely exploratory, as little in-depth analysis of the
influence of housing quality on health and energy goals in a low-setting has been
carried out previously. In light of this, the work aims to employ and analyse the use
of best practice methods in the field of building science in this context to develop a
set of appropriate research tools. Although this study is focused on housing and how
housing characteristics can influence health and energy consumption, it will draw on
evidence and current theory from all applications within the field of building science.
Infrastructure providing services for housing (such as water and sanitation systems) is
also likely to have a significant impact on health, however, this study will only discuss
these factors in reference to a wider health context and will not aim to analyse these
in-depth. Similarly, it is clear that the socio-economic constraints are likely to limit
housing quality in low-income settings, and while this study will aim to refer to these
constraints in the selection of suitable housing interventions, it does not aim to assess
housing from a socio-economic perspective.
The study aims to assess how housing interventions can move towards energy efficiency
goals and healthy development in low-income settings, and what the role of building
science methods is in determining these interventions. The research questions are
presented in Box 1.1. This aim will be met through applying, and evaluating the
application of, building science methods to investigate current housing conditions and
how interventions can contribute to health and energy goals in the selected case study
location of Delhi, India. The specific objectives are:
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• To assess current housing quality in Delhi and its impact on health and energy
use through building simulation modelling and IEQ monitoring.
• To examine how building-level strategies can reduce household health hazards
and energy use through employing building simulation and determine the optimal
strategy when considering trade-offs between energy, health impacts and cost.
• To analyse, based on the above objectives, the application of building science
methods in low-income settings and discuss potential adjustments for further
study frameworks.
Research questions
1. How can housing improvements maximise health and energy efficiency goals in a
low-income setting?
2. What is the role of building science methods in this field?
This question will be applied in the context of the case-study location: Delhi.

Box 1.1.: Research questions, as addressed in the study.
The key parameters which influence housing, health and energy use, and the field
of building science, its boundary and the connections to other fields of studies are
illustrated in Figure 1.1. These influencing and outcome parameters and the connections between fields are further defined and described in subsequent chapters. This
conceptualization aims to clarify the scope of the study at its onset, and its relation
to other connecting fields. As represented in Figure 1.1, the influencing parameters of
interest in this work are the building modifiers (shown in black) that impact indoor
conditions and energy use, such as the building materials or geometry, and the key
outcome parameters are indoor environmental conditions and the household energy use
(shown in green). It is recognised that other modifying parameters (shown in red), such
as HVAC systems or occupant activities that produce internal heat gains or generate
performance, and the outdoor environment will also significantly impact energy use
and personal exposure, and as such, these parameters will need to be considered.
Building science has the framework and methods to assess these parameters (shown
in blue, red, green and back) which have both direct and indirect connections to the
other parameters and fields of studies that influence housing-related health and energy
use.
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Figure 1.1.: Graphical conceptualisation of the key parameters, boundary of building science and connecting fields of study in
relation to housing, health and energy.

1.3. Significance and originality of the study

1.3. Significance and originality of the study
This study aims to achieve a greater understanding of, and outline guidance for,
achieving healthy, low-energy homes for a low-income setting by applying a building
science perspective. Studying the building as "a system" will allow for the detailing of
building level interventions against housing performance metrics and socio-economic
constraints. Such understanding is necessary for achieving healthy low-energy communities and does not currently exist. This guidance can then be used by urban planners,
designers, architects, engineers or residents and local organisations for implementation
which could significantly improve the health and well-being of occupants in the given
setting.
Moreover, this study will provide new perspectives in the field of building science by
evaluating the appropriateness of current practices within the context of a developing
setting. It will go beyond its traditional domain by weaving together different traditional disciplines within the framework of building science (energy, health, sociology)
and different methods (engineering models, simple health assessments, focus group).
Building science has been primarily applied to evaluate housing energy use and indoor
environmental health risks in developed contexts, with little application in developing
contexts. It is envisioned that by expanding building science’s focus into a new setting
recommendations will be made for new approaches that could help to tackle challenges
due to limited data availability. As part of this, a framework for identifying energy
use and health risks in housing will be developed and applied in a low-income setting.
This work, therefore, aims to contribute to the development of building science leading
to novel tools and frameworks that can be used to contribute to the understanding of
complex urban issues.
In the context of a wider international agenda, the work will help to move towards
an equal society, with potential outcomes benefiting those that are the poorest. The
work is relevant to major programmes of work led by global organisations, such as
the United Nations (UN) Human Settlements Programme (UN-Habitat) and WHO.
Several of the UN Sustainable Development Goals, which are further outlined in
Chapter 2, also relate to the study objectives.
The work has, in part, been carried out alongside a multidisciplinary European
Commission funded project (PURGE), which is assessing the health impacts of carbon
mitigation strategies across Europe, India and China. PURGE is coordinated by the
London School of Health and Tropical Medicine and brings together expertise from
UCL and other organisations in Europe, India and China. This helped to strengthen
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the work by drawing on input from a range of experts helping to maximise the exposure
and impact of the research undertaken. Availability of time and resources and the
lack of previous research upon which to build has led the thesis to be limited to a
single case-study location only.

1.4. Thesis outline
This thesis consists of four parts containing 13 chapters:
PART I examines the related literature, technical background and describes the research methods to be used. Chapter 2 discusses, using available literature, connections
between household energy and health as well as the relevance of the study to international frameworks. Best practice methods in the field of building science are then
discussed in Chapter 3. The case study context of Delhi is then introduced in the
following Chapter 4. Chapter 5 then outlines research objectives, based on the review
and discussion in previous chapters, and a study design is developed to address the
research gap. Here, key methods and instruments used in the work to collect, present
and analyse data are described.
PART II establishes the context of household health and energy use in the casestudy location of Delhi. Beginning in Chapter 6, a framework for scoping health and
energy risk in housing is outlined and tested. This chapter, using evidence in the
available literature and expert opinion, identifies the key household risks and housing
characteristics that may enable health and energy goals to be aligned. This work
helps to identify where more evidence is required through monitoring or modelling
studies and which priorities to focus on. Chapter 7 details the development of a
base case building simulation (BS) models to assess the level of exposure to key
health risks outlined in Chapter 6. A building performance simulation package is
used to model archetypal housing in Delhi and indoor temperature and pollutant
exposure are assessed over an annual period. Chapter 8 gathers further evidence of
housing characteristics and performance in Delhi, supporting the following modelling
work through providing data for validation. Here, field work during key seasonal
periods in Delhi is presented, evidence of dwelling design and indoor temperature and
relative humidity (RH) measurements are discussed and analysed. Further to this,
this chapter describes focus groups held within settlements in Delhi to assess barriers
to interventions.
PART III aims to examine how housing can be adjusted to achieve health and energy
goals in the case-study location. Chapter 9 uses the base model, developed in Chapter
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7, to test interventions which could reduce exposure to the identified health risks. A
series of interventions analysed against performance and costs is provided. Finally,
in Chapter 10, a potential ’optimal’ housing solution is tested for Delhi building on
the modelling and analysis of the previous chapters. This allows a wider set of design
guidance beyond interventions on existing housing.
Part IV then discusses the application of building science methods by evaluating
the results of the previous chapters. Chapter 11 summarises and integrates the key
findings from the case study setting. The framework for research and best practice
methods are evaluated for appropriateness to the low-income setting in chapter 12.
Finally, a discussion on further methods and the possible advantages of an alternative
approach is outlined. Chapter 13 then concludes the work, a final evaluation of the
study significance is given and further work outlined.
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2. Problem overview: Connections
between housing, health and energy
The previous chapter introduced the motivation for the work; it was described how
housing is critically linked to both environmental and health outcomes, and how
interventions could help to achieve sustainability and health goals in unison. The need
for further research focused on low-income settings was highlighted in particular as
low quality of housing suggests the potential health benefits may be even greater than
in high-income settings.
On this premise, the aim of this chapter is to give a comprehensive introduction to the
current debate about links between housing, energy and health and how interventions
can help to optimise energy and health outcomes. To do this, relevant literature is
analysed and synthesised under key themes to identify the research gaps that need
further investigation. This debate is then further highlighted in the context of relevant
major international programmes and frameworks.
This chapter is structured into two sections. Section 2.1 discusses studies from both
high and low-income setting that have examined the connections between household
energy and health hazards and the benefits of housing interventions. The main focus
and approaches of studies to date are reviewed and the key findings highlighted. Section
2.2 discusses housing, health and energy in reference to international organisations and
frameworks. Here, relevant reports and frameworks are discussed with key challenges
and priorities outlined. Finally, the chapter concludes with a summary of the current
understanding of the connections between health hazards, energy use and housing and
the key gaps in research.

2.1. Connections between housing, energy and health
In this section, relevant studies investigating the connection between housing, health
and energy are discussed. The methods used in the search for literature are detailed in
Appendix A. Studies focusing on connections between housing, health and energy span
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the fields of medicine and health, energy, environmental science, building science, urban
planning, housing policy, sustainable development and social sciences. The majority
of studies to date have focused on the impacts of energy-efficiency interventions or
newly built low-energy housing on health in developed settings such as the UK, USA,
Australia and New Zealand. In developing settings such as India, Mexico, Nigeria and
Kenya, studies have focused on household energy for cooking and lighting and the
role of fuel and stove on indoor air pollution and green house gas emissions. However,
almost all studies argue the need for policies on housing design and household energy
use to integrate both sustainability/energy aspects and health.

2.1.1. Impact of energy efficient housing on health
Studies that focused on the impact of energy efficiency in homes can broadly split into
two types; field surveys reviewing changes in indoor conditions and/or occupant health
after the implementation of housing interventions or modelling studies assessing the
impact of interventions on exposure (temperature, pollutants, mould etc.). There are
also a large number of review and position papers, which provide a useful overview of
the current debate between energy-efficiency, energy use and health within the context
of housing.
Review papers looking at the connections between housing, health and energy provide
a useful overview of the key findings from both field and modelling studies. The main
conclusions from these papers are briefly described here. A review of health issues
from zero net energy homes highlights “issues related to IAQ, ventilation, filtration,
emissions, humidity, temperature and materials/equipment” as key concerns [24] for
health. Similarly, Bone et al. [25] find insufficient ventilation levels due to energy
efficiency measures resulting in poor IAQ as well as creating possible risks of overheating
in heat wave conditions. Willand et al. [26] carried out an extensive "realist" review
in an attempt to explain the impact of housing intervention programmes on health,
finding three key pathways to health “namely warmth in the home, affordability
of fuel and psycho-social factors, and the pitfall of inadequate IAQ”. The warmth
pathway concerns energy efficiency interventions that raise indoor temperatures in
winter, improve thermal comfort, lower RH and decrease problems with condensation,
dampness and mould which are linked to respiratory and cardiovascular health. The
affordability pathway puts forward the idea that energy efficiency interventions reduce
energy consumption and hence reduce energy costs, which in turn alleviates financial
stresses and benefits mental health. The psycho-social pathway explains improved
health through the “enriched meaning of the home” and convergence of occupants
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expectations with the actual home environment, thus influencing mental as well as
social health outcomes. The final pathway is denoted as the IAQ pitfall with reductions
in ventilation rates causing increases in RH and mould growth or increased indoor air
pollution from internal sources.
Evidence from field studies
Evidence of the impact of energy efficient interventions in homes and new low-energy
homes have been investigated through a number of field studies. For example; a field
study in 248 USA households found that residential energy interventions balancing
energy efficiency and IEQ improved general health, but for those diagnosed with
asthma symptoms and difficulty in sleeping was seen to increase [27]. In contrast, an
investigation examining the impact of retrofitted insulation in 409 New Zealand homes,
where there was a child diagnosed with asthma, revealed that indoor temperatures
increased, NO2 levels halved and children reported less poor health (fewer asthma
symptoms, fewer sleep disturbances and fewer days off school) [28]. Another study
in the USA, assessed interventions in homes for older adults revealing reductions in
temperature extremes and improvement in occupant’s reported health (life quality,
emotional distress and sleep) but perceptions of thermal comfort was found unaffected
[29]. Surveys carried out in 254 homes in South Boston to assess the impact of
energy efficiency retrofitting measures on health found that generally energy and water
savings were associated with fewer health symptoms as well as fewer environmental
problems [30]. Occupants in new energy efficient homes, with heat recovery ventilation,
in Canada have reported improved health (reduced throat irritation, cough, fatigue, and
irritability symptoms) over 1 year in comparison to control new home occupants [31],
suggesting that if ventilation is carefully provided benefits to health are achievable.
An investigation in energy efficiency schemes in English homes found that “higher
temperatures, satisfaction with the heating system, greater thermal comfort, reductions
in fuel poverty and lower stress were significantly correlated with improved health”
[32]. Fuel poverty and reduced stress appeared to be the main route to improved
health, the authors highlight the psychosocial pathways and limitations of linking
only indoor temperature and property characteristics to physiological health outcomes.
Interventions to improve indoor environmental conditions, via heating, ventilation and
insulation improvements, in seven fuel or heat poor households in Nottingham found
that even with a limited budget, significant benefits were “realized in the comfort levels
of the occupants and in their health” [33]. A meta-analysis of 36 studies involving
33,000 participants found that on average the health of occupants was improved
following the installation of energy efficiency interventions with only a few found to be
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detrimental to occupants - the paper concludes that “harmful effects are rare, usually
avoided (e.g., through better communication with residents) or outweighed by the
health benefit” [34]. Findings that communication with residents can reduce adverse
effects are largely in-line with conclusions by Richardson [35], who denotes that health
benefits are possible by improving energy efficiency in homes, but occupants need to
adopt habits and routines to take into account changes in indoor conditions. Studies
investigating housing interventions programmes suggest that although interventions
are largely beneficial for health, they can result in different outcomes depending on
location and occupant behaviour. Furthermore, these studies suggest that adverse
health can arise, likely linked to ventilation with those with asthma more negatively
affected.
Evidence from modelling studies
Modelling has been used to estimate and quantify how interventions can achieve
savings in energy consumption and reduce exposure to health hazards (for example
pollutants and temperature). Modelling of increased insulation in single-family homes
in the USA found an annual reduction of 80 and 30 million tons of CO2 through
savings in electricity generation and resident combustion sources respectively, as well
as co-benefits for health with 320 fewer annual premature deaths associated with
reduced exposure to outdoor pollutant emissions [36], however, no additional health
pathways were considered. Model estimates of the health benefits from energy efficiency
interventions in UK households suggest that 850 fewer Disability Adjusted Life Years
(DALYs) could be achieved with savings of 0.6 mega tonnes of carbon per million
people in year 1 [7]. However, specific findings suggest that, while controlled ventilation
can reduce indoor temperature mortality and exposure to outdoor pollutants sources
(PM2.5 ), exposure to indoor pollutant sources (environmental tobacco smoke (ETS),
radon) and mould may increase. Modelling by Shrubsole et al. [10], which compares
energy efficient retrofits in Milton Keynes and London show that the magnitude of
health benefits are greater in London, but in both settings, interventions can be
detrimental to health when purpose-provided ventilation (PPV) is not included in
the retrofit. In [10] it is estimated that exposure to radon, indoor PM2.5 sources,
ETS, and mould may increase without PPV. Modelling different ventilation scenarios
with energy efficiency measures based on building guidance in English housing, again
shows that adequate ventilation is key in achieving health benefits as without it the
risk of exposure to indoor sources increases [12]. Das et al. [37] shows that optimal
ventilation rates in a dwelling requires a trade-off to “minimize ventilation heat losses
to help meet national GHG emission targets and the need to minimize adverse health

46

2.1. Connections between housing, energy and health
impacts arising from exposure to cold temperatures and pollutants from indoor and
outdoor origin”, highlighting that optimal ventilation rates will vary depending on
built form. These modelling studies, again suggest health benefits are achievable
through intervention but stress the importance of considering the location, and hence
housing characteristics.
Socio-economic interactions
In addition to work assessing the impact of interventions on health pathways, a
number of studies highlight the role of energy efficiency housing interventions on social
equity. Heyman et al. [38] find that the socio-economic status of occupants is linked
to household health and note that energy efficiency measures in poorer homes could
alleviate this link. Braubach and Ferrand [39] suggest that, while energy efficiency
retrofits which have been implemented across the housing stock are well-intended
for the public good, there needs to be further exploration of targeted approaches
focused on substandard housing and/or poor households as equity and health benefits
are likely to be greater. Similarly, it was found that low-income occupants saw
greater improvements in health following energy efficiency interventions, supporting
the inclusion of energy efficiency measures in strategies to tackle social issues like fuel
poverty and health inequity [34].
Policy and assessment tools
In [13] it is argued “that health and well-being issues need greater consideration within
current sustainable housing policy and developments” and that complexity “must be
acknowledged and addressed through a multidisciplinary and longitudinal approach”.
As part of this work they carried out a survey with key stakeholders, such as housing
users, local authorities, housing associations, and developers, on the soft features of
sustainable and healthy housing that revealed that while suitable indoor space was
regarded to be most important aspect there were disparities in opinion between housing
users and housing providers [40]. Similarly, [41] highlight the need for a multi-pronged
approach integrating health, housing and energy policies, using an example of cooling
during hot weather and heat-waves. There are a number of tools to assess the energy
efficiency of buildings but there are only a few tools for assessing healthy housing.
The Healthy Housing Index is a validated housing assessment tool developed for New
Zealand homes to “improve housing quality, leading to better health of the occupants,
reduced home injuries, and greater energy efficiency” [42]. Guidelines for developing
a housing assessment tool is provided in [43]; here the benefits of such a tool for
supporting improvements in housing is discussed but it is highlighted that approaches
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need to consider localised factors of climate, geography, culture, predominant building
practices, important housing-related health issues and existing building codes.

2.1.2. Impact of household fuel and stove technology on health
Research linking household energy-use and public health in developing settings are
limited in focus to the use of traditional cooking fuels and the resulting exposure to
indoor air pollution. Significant links between morbidity and mortality and cooking
with solid fuels have been shown, with particular implications for women and children
[44]. In India, 12,500 fewer disability adjusted life years (DALYs) could be achieved
with a saving of 0.1-0.2 megatonnes of carbon per million population in year 1 through
the implementation of low carbon cooking stoves [7]. A study investigating the impact
of cooking stove, fuel and location on personal exposure through field measurements in
rural Kenya observed a reduction in infants and children below 5 years diagnosed with
acute respiratory infections and acute lower respiratory infections [45]. In [46] the three
major environmental (and health) liabilities of biomass fuel stoves were investigated,
namely: the labour requirements and pressure on resources through the harvesting
of biomass; hazards to health due to products of incomplete combustion (PIC); and
the direct or indirect GHGs from PIC. It was found that the “switch to fossil fuels
[LPG & Kerosene] can sometimes be justified on all three environmental grounds”.
Further research into the performance of improved biomass stoves showed a reduction
in indoor air pollution concentrations (carbon monoxide (CO) and particulate matter
(PM) concentrations) in households using the stoves after one year [47]. Mestl et
al. [48] looked at the outcome of different household energy policies (with a focus on
cooking fuel) on health and GHG emissions. In [48] it is found that the current policy
to increase LPG usage will achieve health benefits but that “the Indian government
can achieve the same reduction in mortality if, instead of actively developing the
LPG market, they decide on an active development of renewable modern fuels like
biogas”.
In [49] the current knowledge base for effective interventions to address indoor air
pollution from solid fuel combustion is reviewed. It was concluded that further research
is needed to understand the relative contribution from “stove-fuel combination, housing
characteristics and ventilation (such as the size and material of the house, the number
of windows, and arrangement of rooms), and behavioural factors (such as the amount
of time spent indoors or near the cooking area)”. The work highlights that indoor air
pollution is a combination of multiple factors including behavioural, technical, and
socioeconomic status. Similarly, research investigating the use of biofuel for cooking
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in rural Rajasthan, India [50] found that the health impacts were higher for adult
women, due to the time spent collecting and transporting fuel as well as involvement
in cooking, and that socioeconomic variables could be linked to respiratory symptoms.
Further to this, [50] shows that “health impacts can be reduced by increasing female
literacy, reducing the use of biofuels, and changing the housing design by, for example,
introducing ventilation or separating the kitchen from the living area”. In China,
exposure to indoor air pollution from household fuels used for cooking and heating
was linked to complex interactions between technological, behavioural, economic,
and infrastructural factors, highlighting the need to base the design and delivery of
interventions on empirical evidence [51]. Ifegbesan et al. [52] investigated access to
cooking fuel in Nigeria and find that in both rural and urban area access is influenced
by socio-economic factors such as age, education, wealth, as well as income.
It is clear that “improving access of the poor to more efficient and cleaner means
of burning traditional fuels, as well as promoting the transition to modern fuels
such as clean biofuels, LPG and electricity is an important health, environment
and development priority” [53]. However, similar to research assessing building
interventions, there are a number of trade-offs that need to be considered to balance
social equality, health and sustainability outcomes. A number of studies indicate that
housing characteristics are likely to have an impact on exposure and therefore, these
should be considered in parallel in the transition to cleaner fuels.

2.1.3. Summary of relevant studies
Relevant literature has demonstrated that energy efficiency in housing can be linked
to improved health. Energy efficiency retrofits can improve health through increasing
in indoor temperatures or the protection against outdoor pollutants, while transitions
to clean cooking fuels can reduce the health burdens related to indoor air pollution.
Nevertheless, there are a number of complex interactions, and often unintended
consequences, that need to be considered. For instance, reducing ventilation has
been shown to negatively impact health by increasing exposure to indoor pollutant
sources. Thus, the optimal balance of interventions must be investigated to achieve
health protection. It was shown that the outcome of interventions could differ due to
occupant behaviour and geographic variations in climate and housing characteristics.
Research has suggested that targeted housing interventions in low-income housing
could contribute to social equality by significantly improving public health and reducing
fuel poverty levels, within high-income settings. Similarly, research focused on cooking
fuels found complex interactions between housing characteristics, technological and
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Figure 2.1.: Connections between housing (built environment) and health, adapted
from [5, 54]. Top (A) diagram shows connections discussed in all research and the
lower diagram (B) shows connections focused on in research in low-income settings
(greyed-out parameters have not been fully considered to-date).

socio-economic factors. It is clear that housing policy should use a multi-pronged
approach to integrate housing, health and energy as well as assess interactions between
local climate, performance trade-off, behavioural and socio-economic factors. Such an
approach, it is argued, has been lacking.
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The main connections between housing, health and energy efficiency can be seen in
Figure 2.1. Diagram A shows the pathways of energy efficient design and improved stove
technologies, as discussed in all research papers. The diagram illustrates that there
are a number of complex interactions and number of correlated variables. IAQ, indoor
temperature, dampness & humidity and energy use are the main physical parameters
which influence health both directly and indirectly. These physical parameters can
be quantified and should be a focus of research in assessing current conditions and
changes due to interventions. The lower diagram (B) shows connections between
household energy and health in low-income settings, where research has been focused
on the use of traditional fuels and the greyed out factors have not been previously
investigated. In low-income settings, there is a lack of high-quality evidence which
quantifies the extent building characteristics (ventilation provision, thermal control,
etc.) contribute to the risk of adverse effects on health or energy consumption that
could help inform how to improve the housing stock. Further investigation of physical
dwelling interventions is needed in low-income settings. This is especially important
as the rate of urbanisation continues and cities are expanding at unprecedented rates
without due consideration to the health and well-being of both the population and the
planet. This work must carefully consider unintentional and adverse health impacts as
well as the location specific constraints such as the behavioural, climate and housing
characteristics.

2.2. Relevance of housing, health and energy in reference to
international organisations and frameworks
This section discusses the relevance of housing, health and energy internationally
by reviewing recent publications found via targeted searches on websites of various
international agencies and ratified frameworks. Internationally, there has been a
call for improved housing, and some organisations are beginning to highlight the
connections between housing, health and energy. The need for adequate housing
has long been recognised internationally; in 1948, the UN Universal Declaration of
Human Rights and in 1966, the International Covenant on Economic Social and
Cultural Rights recognised that access to adequate housing was a part of the right
to an adequate standard of living [55]. The right to adequate housing is defined
in freedoms (protection against evictions and destruction/demolition of one’s home)
and entitlements (security of tenure, housing, land and property restitution, equal
and non-discriminatory access to adequate housing, participation in housing-related
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decision making). An official description of the right to adequate housing is given in
Box 2.1.
The Right to Adequate Housing:
Adequate housing is defined as more than four walls and a roof and, as a minimum,
must provide:
• Security of tenure: housing is not adequate if its occupants do not have a degree of
tenure security which guarantees legal protection against forced evictions, harassment
and other threats.
• Availability of services, materials, facilities and infrastructure: housing is not adequate if
its occupants do not have safe drinking water, adequate sanitation, energy for cooking,
heating, lighting, food storage or refuse disposal.
• Affordability: housing is not adequate if its cost threatens or compromises the occupants’
enjoyment of other human rights.
• Habitability: housing is not adequate if it does not guarantee physical safety or provide
adequate space, as well as protection against the cold, damp, heat, rain, wind, other
threats to health and structural hazards.
• Accessibility: housing is not adequate if the specific needs of disadvantaged and
marginalised groups are not taken into account.
• Location: housing is not adequate if it is cut off from employment opportunities, healthcare services, schools, childcare centres and other social facilities, or if located in polluted
or dangerous areas.
• Cultural adequacy: housing is not adequate if it does not respect and take into account
the expression of cultural identity

Box 2.1.: The Right to Adequate Housing, from [55].

UN Habitat has focused on the right to adequate housing as a fundamental element
of their work. In advance of UN Conference on Housing and Sustainable Urban
Development, Habitat-III held on October 2016, an issue paper discussed the key
housing challenges [56]. The paper notes that access to adequate housing is a rapidly
increasing global challenge due to urbanisation and because currently, “affordable
housing is inadequate and adequate housing is unaffordable” and around 25% of
the global population is living in slum/informal settlements. In [56] the impact
of these informal settlements on health inequality, exposure risk and sustainable
urban development are highlighted and “more inclusive and context-based building
regulations adapted to the reality of housing provision in lower- income countries” is
called for to encourage climate appropriate sustainable building design that maximises
local materials.
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WHO has looked at connections between housing and health to estimate the burden
of disease. For example, a recent report estimated the magnitude of housing-related
health impacts using European data as evidence [57]. As part of the work on health
in the green economy, WHO produced a report titled: Health co-benefits of climate
change mitigation - Housing sector [8]. This work analysed the impact of climate
mitigation measures - as specified by the International Panel on Climate Change
(IPCC) - in the housing sector on health. The report concluded that the largest health
co-benefits opportunities include: insulation and home heating retrofits, use of active
and passive natural ventilation strategies, environmental cooling measures (such as
planting trees) that can promote healthier neighbourhoods, and integrated climate
change adaptation and mitigation strategies. However, the report noted potential
health risks due to mitigation measures, calling for adequate ventilation and to avoid
hazardous materials. WHO identified gaps in the current analysis of health co-benefits
concluding that further work is needed to:
• Integrate housing mitigation and urban planning strategies. It is suggested that
the “whole building approach towards energy efficiency of housing structures
should be extended to a whole neighbourhood approach to both mitigation and
health, identifying co-benefits at community level of more energy-efficient urban
housing design”;
• Give greater emphasis on healthy and sustainable development in rapidly growing
low-income cities, where there is the largest potential for a systems approach
and as a result, it may be where “greatest health co-benefits from mitigation
measures can be derived, and future climate change impacts avoided” and;
• “Assess slum housing in the context of health and mitigation context”, while
acknowledging the long-term climate footprint and the immediate health impacts.
WHO suggest that this work would address Millennium Development Goals
(now superseded by the SGDs), as well as help to address geographical and
income/health inequalities.
WHO concludes that “low-income housing settings have not been, so far, a strong focus
of mitigation analysis as reflected in the IPCC review” and concluded that increased
focus within these settings could yield the largest benefits [8]. These conclusions
are similar to findings from the search for relevant literature discussed earlier. In
particular, the report identified the following points for research:
• Quantify health benefits of actual energy efficiency programmes using harmonised methods and approaches; adequate characterization of uncertainties;
and control/adjustment for co-founders.
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• Examine public attitudes towards, and acceptance of, healthy and low-energy
housing measures, including implications of increased natural ventilation versus
AC use (e.g. for vector-borne disease transmission; personal security; equity,
etc.).
• Identify best strategies for, and health co-benefits of, climate change mitigation
relevant to housing in slums and informal settlements.
• Assess optimal ways to combine housing mitigation and adaptation strategies in
diverse regions and economies.
Further to this, a WHO meeting of experts in 2010 at an International Workshop
on Housing, Health and Climate Change: Developing guidance for health protection
in the built environment mitigation and adaptation responses reported that more
consideration of multiple health factors is needed in the assessment housing strategies
in developing countries [58]. The meeting concluded with the need for guidance in
housing interventions and further coordination from WHO on this effort.
The Millennium Development Goals, a UN initiative, were replaced by the Sustainable
Development Goals (SDGs): Transforming our world: the 2030 Agenda for Sustainable
Development in 2015 [59]. The intergovernmental aspiration goal include 169 targets,
a number of which are relevant for housing health and energy consumption. In
particular Goal 11: Make cities and human settlements inclusive, safe, resilient and
sustainable, which is detailed in Box 2.2 has a significant bearing on housing. By 2030,
targets include: slum upgrades and access to adequate, safe and affordable housing
for all (target 11.1); enhance inclusive and sustainable urbanisation and capacity for
participatory, integrated and sustainable human settlements (target 11.2); and assist
the least developed countries, financially and technically, in building sustainable and
resilient buildings (target 11.c). Beyond SDG 11, housing has a crucial role to play in
achieving additional SDGs, for instance: Goal 7: Ensure access to affordable, reliable,
sustainable and modern energy for all and in particular Target 7.2: double the rate of
improvement in energy efficiency globally by 2030 ; Goal 13: Take urgent action to
combat climate change and its impacts; and Goal 3: Ensure healthy lives and promote
well-being for all at all ages, all have a relevance to housing.
A joint report by UN-Habitat and WHO on Global Urban Health aims to understand
the key achievements and challenges for urban health in relation to the pursuit of
SDGs [23]. The report highlights the need to reduce health inequalities to achieve
global development goals, specifically the lack of health data and its determinants at
city-level is noted as a challenge in resolving equity. Concerns are raised, as absent
policies and unplanned growth has led to unregulated, poor quality housing in some
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Goal 11: Make cities and human settlements inclusive, safe, resilient and
sustainable
Targets:
• By 2030, ensure access for all to adequate, safe and affordable housing and basic services
and upgrade slums (11.1)
• By 2030, provide access to safe, affordable, accessible and sustainable transport systems
for all, improving road safety, notably by expanding public transport, with special attention
to the needs of those in vulnerable situations, women, children, persons with disabilities
and older persons (11.2)
• By 2030, enhance inclusive and sustainable urbanisation and capacity for participatory,
integrated and sustainable human settlement planning and management in all countries
(11.3)
• Strengthen efforts to protect and safeguard the world’s cultural and natural heritage
(11.4)
• By 2030, significantly reduce the number of deaths and the number of people affected
and substantially decrease the direct economic losses relative to global gross domestic
product caused by disasters, including water-related disasters, with a focus on protecting
the poor and people in vulnerable situations (11.5)
• By 2030, reduce the adverse per capita environmental impact of cities, including by
paying special attention to air quality and municipal and other waste management (11.6)
• By 2030, provide universal access to safe, inclusive and accessible, green and public
spaces, in particular for women and children, older persons and persons with disabilities
(11.7)
• Support positive economic, social and environmental links between urban, peri-urban and
rural areas by strengthening national and regional development planning (11.a)
• By 2020, substantially increase the number of cities and human settlements adopting
and implementing integrated policies and plans towards inclusion, resource efficiency,
mitigation and adaptation to climate change, resilience to disasters, and develop and
implement, in line with the Sendai Framework for Disaster Risk Reduction 2015-2030,
holistic disaster risk management at all levels (11.b)
• Support least developed countries, including through financial and technical assistance,
in building sustainable and resilient buildings utilising local materials (11.c)

Box 2.2.: UN Sustainable Development Goal 11, from [59].
locations, and projections suggest globally by 2025 1 billion new homes will be needed
and one-third of the population will live in substandard housing. It is reported that
while “new homes should be built to good standards, improvements to existing housing
can potentially have the biggest impact as they make up the majority of the total
housing stock”. Targeted housing interventions could help tackle the “the global
challenge of health and sustainable urban housing”.
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Organisations with a focus on Energy and Climate Change have also highlighted the
crucial role of housing design and interventions in achieving a low-carbon, resilient built
environment. The International Energy Agency (IEA) recognises that the “buildings
sector is the largest energy-consuming sector” and highlights the regional priorities
in achieving a transition to sustainable buildings [60]. It is argued that rigorous
building codes and stakeholder engagement are needed in all countries to achieve such
a transition. Further work at the IEA has looked into technological roadmaps, in
both retrofitted and new buildings, which is helping to push energy efficiency uptake
in the building sector [61]. The International Panel on Climate Change (IPCC) has
highlighted the role housing has on both climate change mitigation and adaptation
efforts, and hence the potential housing can have on reducing the risk of adverse
exposure in future climates while helping to achieve energy efficiency savings [62].

2.3. Summary
It is clear that housing design is a crucial link to health risks and energy consumption,
and interventions in existing housing and high standard new housing could help
support sustainable development and health goals globally. There is also a distinct
lack of research focused on the role of housing in lower-income settings, where increased
urbanisation and inadequate housing provision means access to good quality housing
is unlikely, resulting in a call for more inclusive and context-based building regulations
adapted to the reality of housing provision in lower- income countries. Through both
a review of relevant literature as well as analysis of major international programmes,
the following key conclusions can be stated:
• Energy efficiency measures in housing can be linked to improved health, however,
there are a number of complex interactions that need to be considered:
– Measures can have adverse effects on health and as such the optimal
balance of interventions must be investigated to achieve health protection,
in particular, inadequate ventilation has been linked to increased exposure
to indoor pollutant sources;
– Performance of interventions may differ depending on occupant behaviour
and geographic setting, where climate and housing characteristics differ.
• Research focused on low-income settings is limited, thus, there is a need for
building regulations adapted to housing provision in these contexts.
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2.3. Summary
• Housing policy to date has failed to use a multi-pronged approach integrating
housing, health and energy and further work is needed to develop assessment
tools that consider local factors.
• Energy efficiency measures may have the largest potential in rapidly growing
low-income cities as co-benefits on health and protection against future climates
can be derived through a multifaceted approach.
• Energy efficient interventions in low-income households are likely to contribute
to social equity targets with poorer households seeing significant health and
economic benefits.
It can be concluded that, while it is considered that housing interventions in low-income
settings may achieve the largest benefits for both health and sustainable development
goals, there is a lack of critical analysis and research in these settings. Thus, this is a
need for research that aims to assess how housing interventions can help to achieve
health and sustainable development goals in low-income settings in order to move
towards context-based regulations.
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3. Predicting and assessing housing
energy use and indoor conditions using
building science
The previous chapter introduced the current debate of connections between housing
health hazards and energy consumption, demonstrating how housing interventions
are seen as a potential strategy to achieve health and sustainable development goals.
An increased recognition of these connections along with rapid urbanisation globally
has led to calls for context-based building regulations that account for the realities of
housing provision in low-income settings. Additional work is required to understand
how housing interventions could contribute to health and sustainability goals in order
to develop building regulations for these low-income settings. Building science, which
focuses on the design, operation and analysis of building performance, has a number
of tools and techniques that may help identify how housing interventions can achieve
such goals.
This chapter provides a definition to frame the field of building science, outlines
the building science methods and describes how housing health hazards, energy
consumption and the effect of interventions have been analysed from this perspective
to-date. This analysis of methods will support the development of an appropriate
study design. To do this, best practice methods are described and their use in the
field is analysed. This chapter does not give a complete discussion to all techniques
but instead aims to classify the main methods; as a detailed critique of each method
would be too extensive for this thesis.
The chapter first gives an overview of the field of building science and its theoretical
underpinning, with the key terms and topics outlined. Building performance prediction
techniques are then introduced and discussed in Section 3.2. After this, assessment
methods are discussed and best practice monitoring studies are reviewed in Section
3.3. Finally, a chapter summary is provided.
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3.1. Overview of building science and its theory
The field of building science is not well defined, presumably due to its applied nature
and its interconnectivity between social, environmental and health sciences with studies
often having transdisciplinary objectives. However, in general, building science can be
considered to be originally based in the physical sciences, with engineering and physics
theories applied to building performance, with regards to energy consumption, the
indoor conditions and the interaction with occupants. Although, there may be other
interpretations of the scope of the building sciences, it is considered to be primarily
concerned with the physical performance of buildings. While building science interacts
with social, environmental and health sciences, these fields are based in different
theories and, in some cases, even methodological philosophies to generate knowledge.
Therefore, it is useful to separate them and use different terminology when discussing
them. Building science, generally, applies a post-positive approach to research which
uses quantitative methods in a predetermined approach that depends on numeric
data.
Although there is no clear definition of building science, especially with the field
moving towards interdisciplinary studies, it is possible to infer that the following key
topics fit within the field. This was achieved through reviewing a number of definitions
from varying platforms, as detailed in Appendix B.
• Sustainable design - the design, design process and regulation, of low-energy,
climatically-adapted buildings that mitigate environmental impacts and achieve
low-carbon built environments;
• Indoor environmental quality (IEQ) - the environmental requirements (most
commonly thermal, acoustic, visual and air quality) needed to satisfy the health,
comfort and productivity of occupants;
• Efficient building technologies and systems - the design, control and integration
of systems to achieve high-performance buildings.
Further to this, common terminology used within the field includes building performance, which concerns how well a building works in regards to the requirements for the
indoor environmental conditions or energy consumption (sustainable design). Much
research is focused on the assessment and prediction of building performance in these
regards. Two well-established themes under IEQ include thermal comfort which refers
to occupant satisfaction with the thermal environment, and IAQ, which covers the
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pollutant levels affecting the quality of the air. These will be discussed in more detail
in subsequent chapters.
The underlying theories used originate from classical physics, in particular; thermodynamics (the branch of physics, which concerns the nature of heat and its relation
to energy and work), fluid dynamics, optics, acoustics and electromagnetic raditation (light) and with theories often simplified for engineering purposes [63, 64]. The
building defined is as a thermodynamic system, which can be described by physical
parameters (pressure, temperature, entropy etc.). A key concept is thermodynamic
equilibrium and the system tending from an initial state to equilibrium (hence, the law
of conservation of energy). This process is often known as the energy or heat balance
within building science, with Fourier’s law (conductive heat transfer), Newton’s law
of cooling (convective heat transfer) and Planck’s law (radiative heat transfer) used
to describe the heat transfer mechanisms. The building is treated as a steady flow
system (under the law of conservation of mass) with Bernoulli’s law used to define
air transfer to and from a building and hydrostatics and the ideal gas law used to
describe driving forces. Light and acoustic performance can be understood as waves,
both in electromagnetic and mechanical equivalents. Classical physics has been the
dominant theory used in building science. For instance, studies on thermal comfort
have been dominated by Fanger’s method which decomposes human interaction with
the environment into an energy balance approach, with clothing taken as an insulating
factor and activity in metabolic rates [65]. Models were developed through experiments
with participants in thermal chambers to determine comfort boundaries. While this
method has been widely established it has recently been replaced with the adaptive
model [66], developed through field surveys, which considers the impact of external
temperatures and individuals’ abilities to adapt to the environment, however these
models are still dominated by the same terms (clothing value, temperatures) and
are only applicable under certain physical conditions (low air velocities and defined
metabolic rates).
Interactions with other fields of study have been used to define the boundary conditions
for physical parameters (indoor air temperature, humidity etc.), which impact on
human health, well-being and performance. Requirements for human health have
generally been determined through interactions with health sciences, where in many
cases, there is not an indoor threshold defined and the equivalent outdoor mortality/morbidity risk-relationships applied instead. However, interactions between the
building and people have been widely studied and (largely interdisciplinary) theory
developed, and relevant studies will be discussed where and when they are used in
this thesis.
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3.2. Predicting building energy use and indoor exposure
through modelling
There is a range of methods that have been developed to predict building performance.
Generally, these have been developed to predict performance on an individual building
level. However, estimating neighbourhood, city or nationwide health risks and energy
consumption has become useful for policy, stock level modelling techniques have become
more established. In this section, an overview of building performance prediction
methods are provided, before a description of the development and deployment of stock
modelling techniques. The section concludes with an overview of validation, calibration
and uncertainty quantification processes commonly used in building performance
prediction.

3.2.1. Overview of prediction methods
There are numerous methods for predicting building performance, ranging from simple
calculations to detailed physics-based simulations, and there are a number of reviews
that classify the main methods used [67–73]. Zhao and Magoules [70] split the
methods into five groups: engineering methods that use equations which describe
physical behaviour; statistical models which correlate monitored data to predictor
variables; artificial neural networks (ANN) that build models of non-linear problems
based on predictor and outcome variables; support vector machines that can use
machine learning techniques to solve non-linear problems; and gray models which
are developed when the information of the system is partially known. Pedersen [69]
classifies methods into statistical approaches/regression analysis which use linear
regression; energy simulation programmes that use weather data and detailed building
characteristics; and intelligent computer systems that interpret data using machine
learning algorithms. Foucquier et al [71] group the techniques into physical, statistical
and hybrid methods and discuss the advantages and drawbacks of each method,
the main features of which are detailed in Table 3.1. In [71] the categories are
denoted as law-driven models that use equations to describe physical behaviour to
predict building performance which requires details of the building geometry and
allow physical interpretation; statistical methods as data driven models generated
from measurement data, through regression or optimisation techniques and require
an exhaustive amount of data but not able to provide physical interpretation; and
hybrid techniques combining both physical and statistical methods and require some
geometry and data to be able to achieve an accurate prediction.
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Table 3.1.: Overview of building performance prediction methods, adapted from [71].
Method

Physical data

Monitored data

Physical interpretation
Results can be interpreted
Physical or
A detailed description of
in physical terms, and can
No monitored data required
white box
predict beyond the limits of
the building geometry
method
the data
A large amount of
Difficulties to interpret
Statistical or Description of geometry
monitored data needed,
results in physical terms,
black box
not required
over a sufficient length of cannot predict beyond
time
limits of the data
A small amount of
Hybrid or
A rough description of the
monitored data collected Results can be interpreted
grey box
building geometry is
over shorter periods
in physical terms
method
enough
required

Further to these classifications, Hakkinen [67] denotes the difference between dynamic
and steady-state methods; dynamic methods account for time-dependent changes of
state in the system whereas the steady-state methods do not. Dynamic methods
tend to be more complex to implement but are able to provide more detailed and
accurate predictions, however, steady-state methods can provide good indicators and
are simple to implement. Fumo [68] combines the classifications of [69–71] into two
main categories of either an engineering or statistical approach. These are then further
broken down into subcategories. In [68] hybrid methods are considered at the same
level as engineering and statistical as they are a combination of both, and steady-state
or dynamic is considered to be intrinsic to all models.
In an attempt to clarify the different techniques, an overview of the classification
methods and the interrelations are shown in Figure 3.1. Similarly to [68] and [71], it
is considered for this work that the main classification of methods is either statistical,
hybrid or engineering and under this there are a number of sub-techniques/methods.
Hybrid methods are a combination of both methods, using both physical and monitoring data and the most common form are calibrated, physical models. Figure 3.1
shows the dominant input data (monitored or physical) and the colour bar denotes
whether the methods are a white, grey or black box - which describes the level
of prior structure of the prediction technique. Subtype methods under statistical
included regression (linear/multiple linear regression) and non-linear regression or
intelligent (which further includes ANN, genetic algorithms, support vector machines)
and subtype methods under engineering include forward and calibrated. An overview
of physical, statistical and hybrid methods are provided in the following sections, with
further detailing of the main techniques.
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Generally, prediction techniques in building science are deterministic in nature, meaning they perform the same way given the set of input variables. In recent years the
use of probabilistic methods in modelling has increased to account for uncertainties
in inputs. Probabilistic methods in building science have been integrated into existing models which are either: physical or statistical; and dynamic or steady-state.
Probabilistic methods are further detailed in Section 3.2.4.

Figure 3.1.: Classification of building performance prediction methods.

Physical models
In this section, only forward models are described; calibrated models that are based
physical methods will be described later in hybrid methods. Physical techniques
employ equations that describe physical behaviour of heat and mass transfer; where
the inputs are known (or often assumed) and the model calculates the outputs. These
are often known as law-driven models. In [71] these methods are split into three main
techniques: computational fluid dynamics, zonal and nodal method. However, [71]
does not consider simple calculation methods that have been widely employed to give
indicative predictions, these are calculation models rather than simulation models and
are often termed as simplified calculation methods [70]. These methods have a range of
applications from estimating space heating demand to hygrothermal effects to occupant
comfort. It is considered for this work that there are four main physical prediction
methods, which range in complexity and computational expense. An overview and
the key techniques are summarised in Table 3.2 and brief descriptions can be found
below:
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• The finite element methods decompose a system (or building of interest) into
smaller discrete counterparts. Finite element and finite volume methods discretise
the system into smaller elements or volumes. Variables are calculated at each
discrete place, which assembles to make up a larger system of equations that
models the entire problem. The most common application of this approach in
building science is computational fluid dynamics (CFD). CFD solves NavierStokes equations for a given zone decomposed into finite volumes or elements
and therefore is able to detail microscopic fluid flow fields. CFD has a wide
range of applications; for buildings it can be used to study pollutant flow and
distributions and understand airflow paths and temperature distributions within
the studied geometry to a fine level of detail. There are certain situations
where CFD is essential, for example; in big atria or concert halls there will be
a significant difference in physical variables at different locations, even though
this is a single room or zone. Finite element methods are complex to implement
and computationally expensive. Further to this, without multiple simulations
with different boundary conditions, only a limited understanding of the system
behaviour under set conditions can be achieved.
• The zonal approach simplifies the finite element/volume approach. Here each cell
corresponds to a small part of a room that provides a fast method to estimate and
detail the indoor environmental conditions and thermal comfort. The advantage
of the zonal methods means it is possible to detail a spatial distribution of
variables (such as temperature, pressure, concentration and air velocity) while
being computationally faster than finite volume methods, however, the method
is not able to provide detailed and accurate results of the flow field.
• The nodal or multi-zone approach is the simplest simulation method and considers each building zone (generally a room) as a homogeneous zone characterised
by uniform state variables, which is represented by a node. Nodal methods have
been widely employed in building energy simulation (BES) and airflow models.
Building simulation (BS) is commonly used to describe these methods, this term
will be used further on. Although unable to describe spatial variation within a
zone, it is possible to better resolve the temporal variation over daily, weekly,
seasonal and annual periods due to being less computationally demanding. Heat
and mass transfer equations are solved for each node to give a spaced-averaged
value for the parameters of interest (temperature, pressure, concentration). The
nodal method is much easier to implement, is computationally efficient and
allows prediction of differences between zones, however, is not able to offer the
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level of detail of the other methods, making the study of localised effects in large
rooms difficult.
• Simplified calculation methods use equations (such as Newton’s law of cooling
and Fourier’s Law), commonly in the steady-state form, and averaged data for
the period of interest. For example; the simplified building energy model (SBEM)
adopts a steady-state method to calculate the heating and cooling demand on a
monthly basis [72]. These involve simple prescriptions/relations that are very
quick to calculate but at the risk of being quite inaccurate.
Table 3.2.: Summary of physical (forward) prediction methods, adapted from [71].
Physical
technique
Finite
element
methods

Zonal
method

Nodal
method

Simplified
calculation
method

Specificity of
technique
System is divided
into discrete
elements or
volumes (3-D),
local state
variables
System is divided
into a number of
cells (2-D), local
state variables

Application field

Advantages

Contaminant
distribution,
Detailed description
temperature
of fluid flows, large
distribution, air-flow volume zones
paths
Indoor thermal
comfort, artificial
and natural
ventilation

Determination of
total energy
consumption,
Room is
average indoor
represented by a temperature,
node (1-D),
cooling/heating
uniform state
loads, time evolution
variables
of the global energy
consumption,
space-averaged
indoor temperature
Determination of
Equations
total energy
describe whole consumption,
building or room, average indoor
uniform state
temperature,
variables
cooling/heating
loads

Disadvantages
Huge computation
time, complexity of
model
implementation

Spatial and time
distribution of local
state variables
(temperature,
concentration,
pressure, airflow) in
a large volume

Large computation
time, requirement of
a detailed
description of the
flow field and flow
profiles

Multiple zone
buildings, reasonable
computational time,
easier
implementation

Difficult to study
large volume
systems, unable to
study local effects as
heat or pollutant
source

Easy to implement,
indicative estimates
for whole buildings,
quick to compute

No spatial or
temporal resolution,
no dynamic effects
considered

Physical models have been widely used to study housing performance and the impact
of interventions on health hazards and energy consumption. CFD methods have been
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used to assess indoor pollutants or the effect of building design on ventilation, which
was noted earlier as essential for achieving adequate air quality. For example: CFD
has been used to: simulate the deposition of aerosols in a house in London [74]; assess
how roof shape induces natural ventilation in buildings [75]. Nodal methods are
the most widely used technique to assess energy consumption and health hazards as
well as intervention strategies. For example, Porritt et al. [76] assessed interventions
to adapt UK dwellings for heat waves using Integrated Environmental Solutions
Virtual Environment software (IES-VE Version 5.9), which employs the nodal method.
Similarly, a study looking at the impacts of climate change on energy consumption,
and interventions to reduce these impacts, in public buildings employed IES-VE to
model a typical office building [77]. Another nodal tool, CONTAM, which is specialised
in modelling contaminants, was used to assess how building interventions impacted
IEQ in Boston homes [78]. CONTAM has been similarly used to assess the impact
of mitigation measures in London housing on PM2.5 [79]; further investigations have
determined the optimal ventilation rate for the same London dwellings [37]. Simplified
methods have been used to assess intervention strategies as well, for instance, a study
assessing retrofitting options to adapt dwellings to climate change in English suburbs
by linking two simplified tools, BREDEM-12 and SAP [80]. Similarly, a simplified
method was used to assess resilience to increased temperatures in Spanish housing
and the need for adaptation [81].

Statistical models
Statistical models require measured data to be able to build a prediction model using
learning methods. These models are also known as data-driven or inverse models. Both
regression and intelligent methods are discussed in this section. These techniques allow
an accurate prediction without knowledge of the buildings physical details (geometry,
climatic location etc.). However, they are based on measurements and require data of
adequate quality, which may not be appropriate or feasible in some cases. Common
methods include multiple linear regression, ANN, support vector machine (SVM), a
summary of which is given in Table 3.3. In the previously mentioned review papers,
ANN and SVM were grouped into the subcategory intelligent.
The principle of multiple linear regression is to predict Y as a linear combination
of the input variables (X1 , X2 , ..., Xn ) plus error term i . The method can be used
for prediction and is fairly simple to implement. It is, however, unable to deal with
non-linear relationships and correlated variables without extending to include mixed
XY and squared terms X2 .
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ANN are a non-linear statistical techniques inspired by the central nervous system
and can be used for prediction. ANNs are able to deduce input-output relationships
without any assumptions of prior models or considering correlated variables, however,
a relevant database is required. Implementation of ANNs is more complex than
multiple linear regression, however, there are many easy to use interface packages
available. Support vector machine techniques are usually used to solve classification
and regression problems, with the objective to find the optimal generalisation of the
model. This technique is complex to implement but is very flexible and has a wide
range of applications.
Table 3.3.: Summary of statistical estimation models, adapted from [71].
Statistical
technique
Multiple
linear
regression

Specificity of
technique
Linear
relationship
between
input-output
variables

Application field

Advantages

Disadvantages

Large amount of
Regression function
Forecasting of
training data/nonenergy consumption, describing the
collinearity between
indoor temperatures system/building
data

Artificial
neural
network

No starting
hypothesis

Support
vector
machine

A reasonable
Kernel function Forecasting of the amount of training
imposed by user energy consumption data with mainly
vector data

Prediction of energy
Large application
consumption

Large amount of
exhaustive and
representative data,
no physical
interpretation
Determination of
the kernel function,
difficulty to adjust
parameters

Regression analysis has been used to predict indoor temperatures in [82–84]. In [82]
temperatures in 30 homes were monitored and then mixed linear regression was used
to predict indoor temperature and assess the model responsiveness to weather, housing
and environment. Similarly, [84] looked at the relationship between indoor and outdoor
temperatures in 16 homes in Boston and [83] monitored 74 dwelling in Montreal and
combined temporal and spatial determinants to predict indoor temperature, finding
that 54% of the variance is explainable. A study on the IAQ in homes in Bangladesh by
monitoring PM10 levels found through regression analysis that construction practices
affecting ventilation had a significant impact on indoor concentrations [85]. In [86]
a multiple logistic regression model was used, based on a cross-sectional study, to
identify houses with sick building syndrome. Multiple linear regression models were
used in [87] to predict the annual energy consumption of the Spanish banking sector.
ANNs were employed on a single building level, for example; in [88] weather data and
occupancy data are combined to predict cooling loads for a university building, and
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on a stock level, for example; in [89] building parameters are used to predict heating
and electrical loads in UK schools. The employment of support vector machines is
limited, there are some instances of using the method to predict energy consumption
and predict daily maximum temperatures in European cities [90].

Hybrid models
Hybrid models are approaches which couple both physical models and statistical
techniques. Typically, physical models are used to describe building behaviour and
then either: 1) a meta-model is created using statistical techniques to create a
fast prediction tool - which then can be used for design studies (computational
optimisation), or 2) statistical methods are used to calibrate the model and input
parameters to improve the accuracy of estimation.
A meta-models is a model of a model, for example; a number of building performance
simulations could be carried out and then a regression could be created to relate
the inputs to the modelled outputs. Common techniques for meta-modelling include
regression and ANNs, however, there are a number of other different techniques, such
as Gaussian process, SMV, and multivariate adaptive regression splines (MARS).
Calibration can be carried out using parameter identification techniques such as
maximum likelihood, Bayesian estimation or optimisation methods. One commonly
used statistical method for optimisation is genetic algorithms (GAs), which is a
stochastic optimisation technique inspired by the theory of evolution. It is primarily
used as an optimisation technique when coupled to BS. GAs are a powerful method
able to resolve almost any problem; several solutions may be found giving the user
the advantage of choosing the most probable one. Disadvantages include the lengthy
computation time, the adjustment of the algorithm, and the limited rules regarding
the implementation of the GA (for example, population number, the number of
generations).
Meta-modelling techniques have been used with samples of CONTAM models representative of the English housing stock to estimate the IAQ and identify interventions [91].
Similarly, samples of a nodal physical model coupled to a MARS meta-model has
allowed [92] to assess robust design options. Calibration techniques were used by [93],
who applied Bayesian statistics, and by [94], who used a cost function for optimisation,
to improve model accuracy. Optimisation studies to evalute building parameters
against design criteria have been widely used, often by coupling nodal models to
genetic algorithms. [95] reviews the main techniques and outlines the key steps of
optimisation methods used in building performance analysis.
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Summary of prediction methods
A range of methods have been deployed to predict building performance, and hence
energy use and indoor environmental conditions, and each of these methods have
advantages and disadvantages, which need to be considered when selecting the appropriate approach. Statistical methods are powerful techniques that can accurately
predict the energy consumption and IEQ. However, they are limited by the availability
of monitoring data to achieve an accurate prediction and they are unable to consider
changes in performance due to variables that were not originally included in the
model building. On the other hand, physical modelling methods allow the user more
flexibility in estimating changes in performance from design and occupant behaviour.
However, the initial model requires a substantial number of inputs and often results in
a large number of assumptions reducing the accuracy of the output. Hybrid methods
can overcome some of the drawbacks of each approach but are time-consuming to
implement. Fumo [68] provides a useful summary of the main methods and their
suitability to: estimate performance in design, analyse intervention strategies and test
retrofit strategies. This suitability is adapted for each method subtype (as classified
earlier) and is presented in Table 3.4. It is clear that physical methods are best suited
in the design phase, with calibrated models the most suited for analysing retrofit
strategies, as they are able make predictions based on the physical laws without relying
on already existing data sets.
Table 3.4.: Suitability of prediction approaches, adapted from [68].
Technique

Design

Regression
Intelligent
Forward
Calibrated

N/A
N/A
G
N/A

Intervention
strategies
S
S
G
G

Retrofit
S
S
S
G

GḠood, SS̄uitable, N/AN̄ot suitable

3.2.2. Predicting energy use or exposure at a city, regional or national
level: Housing stock modelling
Recent decades have seen the development of housing stock models to assess energy consumption across the residential sector on neighbourhood, city and national
scales. A housing stock refers to the set or collection of buildings that make up a
neighbourhood/city/nation. A review of these stock models concludes they have the
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capacity to a) estimate the baseline energy demand, b) explore technical and economic
effects of CO2 emission reduction strategies and c) estimate the effect of strategies
on IEQ [96]. Therefore housing stock models are valuable in both developing and
assessing policies and strategies which impose targets on building stock CO2 emissions. New generation stock models have gone beyond the areas of energy and carbon
emissions, and incorporated multidisciplinary aspects in their analysis; namely the
coupling of energy-health impacts to assess the climatic sensitivity of building stocks
and the impact on heating/cooling energy use and health of occupants [97]. Modelling
techniques used in the creation of stock models have previously been extensively
reviewed by Swan & Ugursal [98], they divide the methods into three clear approaches;
top-down models, bottom-up statistical models and bottom-up engineering models.
The key characteristics of each approach, along with advantages and disadvantages,
are summarised in Table 3.5.
Bottom-up engineering models can be used to determine the contribution of interventions on energy-use and CO2 emissions across the housing stock. Generally, these
bottom-up models are disaggregated models based on distributions, representational
archetypes or samples of the housing stock, which are extremely useful in helping to
develop and optimise policies. However, this approach is computationally intensive
and detailed information is required for inputs; where this is not readily available
this requires significant effort to collect. Kavgic et al. [96] remarks that the overall
shortcoming of all three approaches is the lack of transparency and quantification of
uncertainties, the lack of detailed data on model inputs and outputs making them
difficult to reproduce outcomes, and failure to assess the importance of input parameter
variations on predicted outputs. These shortcomings should be addressed through the
careful documentation of inputs and data sources used and detailing of assumptions
made, which will help improve transparency and highlight model limitations.
The archetype method has been widely used, especially in European studies [99, 100].
Famuyibo et al. [101] present a methodology for the development of archetypes for an
Irish housing stock model. They employ statistical methods such as cluster analysis
in order to identify representative archetypes. However, there has been a recent shift
towards probabilistic sampling techniques to construct a stock model [91] but this is
still dependent on a comprehensive data set of building characteristics.
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Table 3.5.: Housing stock modelling approaches, adapted from [98].
Approach:

Top-down

Bottom-up Statistical
• Application of a
variety of statistical
• Treats the building
techniques (regression,
stock as an energy sink,
ANNs) to regress
regresses historical
energy consumption
energy consumption
information as a
data with
function of house
macroeconomic
Characteristics
characteristics
indicators
• Used to determine
& application:
• Used for supply
the energy demand
analysis based on
contributions of
long-term projections of
end-uses inclusive of
energy demand by
behavioural aspects
accounting for historic
based on data obtained
response
from bills and simple
surveys

Bottom-up Engineering
• Accounts for end-uses
based on rating or
characteristics of the stock,
models can be simple or a
complete thermodynamic
and heat transfer analysis
• Engineering techniques
are used to calculate
energy consumption based
on detailed descriptions of
a representative set of
houses, capable of
determining the impact of
new technologies

• Model new technologies
• Ground-up energy
• Encompasses
• Long-term
estimation
occupant behaviour
forecasting
• Determination of each
• Determines typical
• Inclusion of
end-use energy
macroeconomic and
end use energy
consumption by type,
socio-economic effects contributions
rating, etc.
• Inclusion of
• Simple input
Advantages:
• Determine end-use
macroeconomic and
information
qualities based on
• Encompasses trends socio-economic effects
simulation
• Uses billing data and
• Use aggregated
• Use physically
simple survey
economic data
measurable data
• Avoids detailed
information
• Enable policy to be
technology description
more effectively targeted
at consumption
• Reliance on historical
• Assumption of
consumption
• Multicollinearity
occupant behaviour and
information
• Reliance on historical
unspecified end-uses
consumption
• No explicit
• Detailed input
Disadvantages: representation of
information
information needed
• Large survey sample
end-uses
• Computationally
to exploit variety
• Coarse analysis
intensive
• Lack of technological • Lack of flexibility
• No economic factors
detail
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3.2.3. Testing interventions to reduce building energy use and indoor
exposure
Although discussed in places above, it is worth mentioning explicitly how interventions
for reducing energy use and indoor exposure have been evaluated previously. These
approaches can be generally split between scenario based or objective based methods
using computational optimisation; the latter has been widely applied in building
science studies to assess the optimal solution given a design goal.

Scenario based
Scenario based approaches test different options and evaluate the outcome. This
is generally done by changing one design characteristic, such as the dwelling Uvalue, and modelling the change in performance. For example, Porritt [76] who
assessed interventions for adapting UK dwellings for heat waves selected a number of
interventions, such as increased insulation or shading, and implemented these base-case
models to assess the impact on overheating hours. This has similarly been done for
pollutant concentrations through the use of CONTAM. For example, [78] assessed the
impact of stepped building interventions on IEQ in Boston homes and [79] assessed
the impact mitigation measures in London housing on PM2.5 levels.

Objective based: Optimisation and multi-criteria decision analysis
Multi-criteria decision analysis methods can be used to determine the optimal solution
given a set of criteria. Use of multi-objective methods are becoming more important
and widely used as performance trade-offs between IEQ, energy consumption, and
intervention cost is recognised [37, 102]. These methods range from a simple weighted
sum model to more advanced computational methods employing genetic algorithms to
explore the Pareto-optimal front, which is a set of optimal solutions given the trade-offs
between conflicting parameters. For example, this has included: finding the optimal
ventilation rate for UK dwellings to balance energy use and health impacts [37], or
calibrating building energy models to improve prediction accuracy [94]. Computational
optimisation methods are becoming very popular in building science as they can help
“achieve an optimal solution to a problem (or a solution near the optimum)” [95].
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3.2.4. Assessing accuracy and uncertainties in prediction
The use of models to predict building performance inherently raises questions about
the accuracy and uncertainty of the outputs. In this section, the approach to validating
simulation outputs and assessing uncertainties in building science is discussed.

Model verification, validation and calibration
Model outputs need to be assessed for accuracy. Generally, models are evaluated by
comparing model outputs to measured data. This has typically involved comparing
monthly or annual energy consumption data [103, 104]. For housing stock models,
developers have matched the disaggregated output to aggregated annual national or city
level energy consumption or indoor temperature measurements with varying success.
Models can be calibrated to improve the accuracy of outputs and properly calibrated
models can be used to identify and estimate savings as well as allow detailed analysis
of retrofit options. Knowledge gained during the calibration can guide the development
of simulation tools, identify areas of further research and provide feedback to improve
the quality of future design stages. However, currently, there is a lack of formal
methods which pins reliance on the analyst carrying out calibration. Methods range
from step by step calibration to more advanced statistical methods. Booth et. al. [93]
presents a framework which integrates probabilistic sensitivity analysis with Bayesian
calibration in order to quantify uncertain parameters more accurately. It is shown
for a sub-group of 35 physically similar flats the process results in a more accurate
estimation of daily energy consumption. The applied method is highly complex and
mathematically advanced, which requires significant expertise to implement. Pedrini
et. al. [105] outlines a methodology for building energy models and calibration in
warm climates, which involves initial model creation from available documentation, a
walk-through and audit stage to verify parameters and zoning assumptions, and then
end-use stage to that consists of metering appliances. Raftery et. al. [106] similarly
presents an evidence-based methodology for calibrating whole building energy models
employing version control software to track the process. The methodology follows 5
distinct steps; preparation, a collection of available data and information, an update
of model inputs, error checking and an iterative calibration process, although [106]
assumes that a building model used for design is available prior to the start of the
process.
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Sensitivity and uncertainty analysis
Sensitivity and uncertainty analysis methods can be used to understand model behaviour and determine model uncertainty. Sensitivity and uncertainty analysis are well
established statistical analysis methods in many fields of research, which have gained
significant popularity in the field of Building Science recently. “Sensitivity analysis
plays an important role in the understanding of complex models... [and] ...helps to
identify the influence of input parameters in relation to the outputs” [107], which can
be used to design empirical and intervention studies, as well as enabling meta-models
to be constructed from a reduced set of input variables. Sensitivity analysis allows the
assessment of individual/local uncertainty (the measure of sensitivity of each output
variable to each input variable) and uncertainty analysis (or probabilistic methods)
allows the assessment of total/global uncertainty (the measure of total variation in
each output variable due to variations in all input variables) [108]. In [108] the first
major application of sensitivity analysis methods in building performance analysis is
presented. Since then techniques have become widely used and a recent review paper
by [109] discussed the main methods applied to date.
Completing a sensitivity or uncertainty analysis is typically carried out over a number
of stages [109]. First, the input variations are determined, then building energy
models are created based on these input variations. Following this, the building
energy models are simulated and results collected and then the sensitivity/uncertainty
analysis is completed. Generally, scatter plots illustrating the input/output relations
are analysed qualitatively at first, and then followed by the application of statistical
tests to quantify sensitivities. These sensitivities can be then ranked in order of
significance to determine the key input variables. Applications of these methods have
been varied, for example: [100] used sensitivity analysis to assess uncertainty in results
for a city-wide energy model of Belgrade’s housing stock; [94] used sensitivity and
uncertainty analysis techniques to calibrate a building energy model; and [91] used
sensitivity analyses to support the development of meta-models for the prediction of
IAQ in the UK housing stock.
Uncertainties influence intervention performance and therefore should be understood
in the design phase to achieve robust solutions. Uncertain optimisation methods,
otherwise known as robust optimisation, have been widely applied in other fields of
engineering (structural and aerospace) with stringent criteria on system reliability;
such methods are seldom used in the field of building performance. A useful overview
of the handful of papers employing such methods is provided in [95]; it calls for more
investigations to “determine the significance, necessity, methods and applications” of
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robust optimisation in building performance design. Van Gelder et al. [92] recently
presented a novel methodology using a multi-layered sampling scheme to assess design
effectiveness and robustness. This method is likely to be slower than employing a
genetic algorithm as it uses a space searching approach. In [110] a multi-objective
robust optimisation for a simple example case with limited design parameters was
employed. Other studies have limited real-world application, and either do not consider
the whole building performance or focus on a single design objectives [111, 112].

3.3. Assessing building energy use and indoor exposure
through monitoring and surveys
Another major focus in building science is the assessment of actual building performance. A range of data collection methods has been developed to gather data on
building performance. These can range from detailed collection in a single building
to understand the performance in regards to a number of parameters or wide-scale
assessment at a stock level to understand variation in performance between buildings.
This section provides an overview of the main methods to assess building performance,
with a particular focus on the application of these methods in previous studies. The
section concludes by considering the limitations of the key methods.

3.3.1. Monitoring and surveying methods
Assessment methods can be broadly split into objective (physical) or subjective
methods. Objective methods include the collection of physical data related to energy
consumption, characterization of the indoor environment and recording the physical
behaviour of the building envelope and components. Subjective methods focus on
collecting occupants’ perceptions of building performance, with regards to the physical
parameters of interest.

Physical monitoring, metering and surveys
Physical methods are used to quantify physical performance; commonly this includes
the metering of energy consumption or the monitoring of indoor environmental
conditions. In general, these methods use measurement instrumentation which is
able to record the physical parameter of interest. Building science itself has not been
focused on the development of measurement instrumentation but instead focused
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on the novel application of varying measurements techniques. Ahmad et. al [113]
highlights that “the drive to reduce energy consumption and associated greenhouse
gas emissions from buildings has acted as a catalyst in the increasing installation of
meters and sensors for monitoring energy use and indoor environmental conditions in
buildings” and reviews the state-of-the-art in metering and monitoring methods. The
key techniques, with application examples, are outlined below.
Energy metering is commonly deployed to gather data on energy consumption in
buildings. This can be carried out by simple metering at a whole building level (as
commonly done by an energy company to determine energy bills) or it can be broken
to equipment loads through sub-metering or plug metering devices [114]. Electricity
meters measure the instantaneous values of current (and voltage) and record the
energy consumption [113]. Individual plug loads (desktops, laptops, monitors, and
task lights) were recorded by [115] in a California office building to analyse the effect of
occupant behaviour on energy consumption. In [116] city-wide smart meter data was
used in combination with household surveys to determine energy consumption profiles,
which allowed measures and instruments to be designed to target effective energy
reduction. Energy consumption data is useful to understand the drivers of building
performance when considered in comparison to other dwellings or when changes are
implemented and pre and post measurements are taken.
Physical surveying aims to capture the physical properties and building quality. This
can be done through visual surveying or through the use of measurement devices, such
as; a thermal camera, to capture the surface temperatures, or smoke pens, to visualise
air leakage paths. Physical surveys can either provide qualitative or quantitative data
depending on the technique employed. Building surveying simply can involve the
recording of building properties (window size, construction details) which then can be
fed into assessment ratings scheme or BS models. Visual inspections can be carried
out to identify the presence of building defects. The use of measurement devices can
be deployed to give a visual indication of building performance or quantify building
physical properties (for example; wall U-values 1 and thermal bridge parameters). The
blower-door test, in which a fan is used to pressurise the building (normally at 50Pa)
and flow rate at which constant pressure is achieved is used to describe the building
permeability (air tightness or leakage rate) [117]. Infrared (thermal) cameras can be
used to identify surfaces temperatures which can help to uncover thermal bridges
and insulation defects, or where moisture is present in construction [118]. Although
a quantified surface temperature is able to be output, this technique is generally
1

U-values is a thermo-physical property which describes the resistance of the wall construction and
external and internal air films to heat transfer under 1-D steady-state conditions.
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used qualitatively [119]. Moisture content can be determined through the use of a
resistance meter which measures the resistance between metal prongs inserted into a
material (these generally exist for wood). Smoke pens, which emit a smoke stream
can be used for the visual identification of flow paths and leakages. Longer term
in-situ monitoring can be carried out to capture physical properties of the building, for
instance, heat flux plates can be installed to measure the thermal resistance of a wall
which is then used to determine the construction U-value [120]. These surveys are most
useful in diagnosing building performance and identifying routes for energy saving or
reducing risks to exposure. Ficco et al. [121] highlight this need and developed in-situ
U-value measurement methods which consider meteorological variations. Furthermore
the quantification of physical characteristics can help to improve inputs for building
performance prediction and improve the accuracy of modelling outputs.
IEQ monitoring covers the deployment of monitoring equipment to characterise
the indoor environment and includes thermal, air, visual and acoustic conditions.
Monitoring campaigns are generally carried out in key seasonal periods. The duration
of monitoring periods range from a couple of hours to complete annual campaigns and
is dependant on availability of time and money as well as the feasibility of deployment
in dwellings. Thermal conditions are assessed by measuring temperature, air velocity,
radiant temperature, and RH. The most common method has been to use temperature
measurements, as the devices are small, affordable and simple to use and implement in
the field to capture the indoor conditions on a large scale. However, detailed thermal
comfort studies have measured multiple parameters in order to fully characterise
the thermal conditions [122]. In [123] indoor temperature and RH monitors were
deployed to determine the thermal performance of energy efficient housing. In [84]
indoor temperature and RH were measured in an attempt to understand the relation
to outdoor conditions in Boston. Large-scale temperature monitoring has been carried
out on a city [82, 124] and country wide scale to characterise housing performance and
indoor temperature exposure [125]. Air quality measurement campaigns again have
varied between studies, from aiming to capture a multitude of pollutants to studies
investigating a single pollutant. CO2 levels are commonly used as a proxy to assess
air quality [126], however, there is little evidence indicating how well the proxy is able
to describe exposure to more hazardous pollutants. The measurement of nitrogen
oxides (NOX ), ozone (O3 ), sulphur oxides (SOX ), CO, volatile organic compounds
(VOCs), ETS, PM, formaldehyde and radon is well established in the building sciences.
In [127] a review monitoring techniques and state-of-the-art sensing technology, which
may be able to relate data back instantaneously to help control exposure to pollutant
sources, is discussed. Further to this visual and acoustic conditions can be assessed by
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measuring light intensities or sound propagation in the building. IEQ monitoring is
useful for helping to understand the building performance and for assessing levels of
exposure to certain hazards, which is of particular interest in this work. Further to this,
it can provide useful data to support the development of predictive models developed
through statistical techniques or help to support the validation of physics-based
modelling approaches.

Subjective surveys
Questionnaires have been used to assess the building users or occupant perception
of building performance. Occupant assessment of building performance in regards
to the design, usability as well as IEQ have been widely employed with a number
of standardised survey questionnaires established. Studies have generally recorded
occupant perceptions of the indoor environmental conditions while environment monitoring is taking place, often these are self-reported surveys used over a specific period
of time. For the assessment of thermal comfort, there is a widely established standardised assessment which requires occupants to record their thermal sensation in
a 7-point scale [122]. In addition to this occupants have been commonly asked to
record when they complete certain actions such as opening windows and turning
on heating systems [128]. These actions have been analysed to determine set-point
temperatures which describe user behaviour and are useful inputs into BS software.
The Building User Survey (BUS), which gathers data on the usability and comfort
of the building, has been widely employed in large buildings (schools and commercial) to assess building performance using questions with a 7-point scale. The BUS
survey is often used in post-occupancy evaluations in new or retrofitted dwellings for
assessing the performance gap (the difference between predicted and actual energy
use). Sakellaris et al. [129] carried out a study into the “relations between perceived
indoor environment and occupants’ comfort, and to examine the modifying effects of
both personal and building characteristics” in office buildings across Europe, finding
that workplace design needs to take into account both occupants and building characteristics to achieve healthy, comfortable environments. Similarly in [29] both physical
measurement and occupant questionnaires were used to assess thermal and health
outcomes of energy efficiency retrofits of homes of older adults, which highlighted
disparities between reported health and thermal outcomes.
Within the field of building science the use of qualitative methods is limited, however,
it is becoming more widely recognised as the field crosses disciplinary boundaries. For
example Brunsgaard et al. [130] employ both quantitative and qualitative approaches
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to give a holistic understanding of occupants’ experiences of indoor environment in
houses in Denmark through interviewing the occupants and measuring environmental
conditions. They highlight that through combining quantitative and qualitative
approaches a complete study can be achieved, a better illustration of quantitative
results is possible and that the findings will be more applicable for use by practitioners
and others.

3.3.2. Limitations of assessment methods
Although assessment methods are able to describe actual building performance, the
analysis will be limited by the accuracy and resolution of data recorded, which is
dependent on: the quality of monitoring equipment; access to monitoring equipment
and buildings; and development of suitable questionnaires and rate of survey completion
by occupants. High-quality data captured on a seasonal basis at sufficient time
intervals (such as hourly) is best placed to describe actual building performance,
however monitoring for shorter intervals may provide sufficient data depending on
the study objectives. High-quality instruments which have better accuracy will also
provide a greater insight into the real conditions experienced; cheaper monitoring
may allow a qualitative indication to exposure levels but may not be able to be
translated into quantifiable health risks. For example, PM monitoring equipment can
vary from simple particle counting devices, which can provide some assessment of
exposure to particulates, to optical devices which record mass concentration, which
has a strong correlation to health risks. At a stock level, monitoring should be targeted
at representational archetypes in an attempt to describe exposure at a population
level; this is both useful for public health assessments and supports the validation
of stock models. The use of multiple methods can allow for a more comprehensive
understanding especially when combining subjective and physical assessment methods.
However, it should be noted that subjective surveys can be open to interpretation by
the user effecting the response. More qualitative approaches, such as interviews or
focus groups, need to be properly documented with a clear research protocol developed
in advance and data analysis techniques well described to improve the validity of
the findings. The greatest limitation for qualitative methods here is time and effort
required to collect high-quality and transcribe data which is able to fully capture the
study interest at the required scale.
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3.4. Summary
This chapter provides an overview of key building science methods and techniques
that can be used in the prediction and assessment of indoor exposure and energy
use. As previously described, building science concerns the design, operation and
analysis of building performance. By understanding the building as a system it is
possible to understand the complex interactions between the building parameters and
indoor conditions and energy use. Methods in the field can be divided into two key
approaches: the predicting of performance through modelling and the assessment of
performance through monitoring and surveys. Both approaches can be used developing
a better understanding of current building performance and the impact of interventions.
However, modelling can provide insights into potential changes without the need for
actual implementation and there are a number of sophisticated optimisation techniques
that can be used to find the optimal design solution. In Table 3.6 a summary of the
methods and their applicability is presented.
The main points discussed are:
• Building performance prediction methods can be classified into two main categories: physical or statistical.
– Physical techniques are law driven models, which employ mathematical
equations to describe physical behaviour, they are complex to implement
but are able to provide a prediction for design and retrofitting studies.
– Statistical techniques are data driven models, which are models which
describe the relationship between measured and monitored data. Statistical
methods can be used as a forecasting tool but cannot predict changes which
extend beyond the original input variable ranges.
• Housing stock models allow the assessment of energy use or IEQ on a neighbourhood, city or national scale, which then can be used to inform policies or
provide evidence on the range of exposure or energy consumption.
• Assessment methods can provide data on current building performance through
monitoring and surveys, which can then be used as evidence in assessing building
quality and IEQ levels. Pre- and post-intervention monitoring will allow the
review of the intervention strategy.
• Accuracy and resolution of data from monitoring and assessment methods need
to be carefully considered against access to equipment and building and the
study objective.
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• A mixed approach, assessing physical and subjective parameters, can provide a
holistic understanding of the building performance.
Building science has a range of methods and techniques which are able to inform how
housing interventions could provide improved indoor conditions, and which can have
a significant impact on health and reduced energy consumption and thus, sustainable
development goals. Based on the discussion in this chapter and on consideration of
the case-study setting a suitable study design will be developed. The following chapter
introduces the case-study setting and highlights the issues regarding housing health
and energy before the study approach is outlined in Chapter 5.
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Table 3.6.: Potential contribution of methods in predicting and assessing energy use,
indoor conditions and potential interventions.
Method

Physical
models

Statistical
models

Hybrid
models
Stock
modelling
Multicriteria
decision
analysis
Sensitivity
analysis
Physical
surveys

Applicability for assessing/predicting:
Energy use
Indoor conditions
All methods are able to
Nodal methods or
assess indoor conditions,
simplified calculation
however, there is a
methods are the most
trade-off between the
suitable for predicting
spatial and temporal
energy use over an
resolution. Nodal
annual period. Nodal
methods are able to
models are able to better
explore the interactions
consider temporal
between temperature
variation without the
and ventilation practice
need for multiple model
and provide better
runs.
temporal resolution.
All methods predict
energy use where there
is available data.
As above depending on
the base model selected.
Allows for the prediction
on a stock level
(neighbourhood, city,
national level)
Helps to identify
determinants of energy
use.
Cannot directly assess
energy use but can help
to identify physical
parameters that affect
energy use.

Energy
metering

Monitors actual energy
use

IEQ
monitoring

-

Subjective
surveys

Can be used to capture
occupants perception of
energy use

Interventions

Interventions can be modelled
in all methods to given
indications of potential
changes in energy use and/or
indoor conditions.

Interventions and retrofit
options can be modelled with
All methods predict
all methods, however, this is
indoor conditions
dependent on the data and the
depending on the
model will not be able to test
available data
strategies that are not found
within the data.
As above depending on As above depending on the
the base model selected. base model selected.
Allows for the prediction Engineering bottom-up
approach is most suitable for
on a stock level
determining the impact of
(neighbourhood, city,
interventions.
national level)
Allows for multi-objectives,
and hence trade-offs, to be
considered when designing
intervention strategies.
Helps to identify
Helps to identify where
determinants of indoor
interventions could be applied.
conditions.
Cannot directly assess
indoor conditions but
can help to identify
physical parameters that
affect indoor conditions.
Can be used to assess
interventions if metering is
done pre and post-intervention
Monitors actual indoor Can be used to assess
conditions and provides interventions if metering is
evidence on exposure
done pre and post-intervention
Can be used to capture Can be used to assess
occupants perception of interventions if metering is
done pre and post-intervention
indoor conditions
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4. The case study setting: Housing,
health and energy use in Delhi
Chapters 1 and 2 concluded that there has been a lack of critical research to inform
building regulations in low-income settings needed to help achieve health and sustainable development goals. It was also discussed that building science has a number of
techniques suitable for assessing building performance which may be useful for the
development of building regulations. As such, a representative case is required to
address the research question of this work.
The case study location of Delhi, India has been selected for investigation in this work.
This chapter provides a rationale for using Delhi as a case study. The climate, ambient
environment and housing development in Delhi are analysed with regards to household
health and energy risks. Furthermore, current research focusing on household health
and energy in Delhi is reviewed to develop a background understanding of housing
performance.
Structurally, this chapter is split into two sections. Firstly, the chapter provides a
background about Delhi, with the recent urbanisation in Delhi along with the climate
and ambient environment discussed in section 4.1. Research investigating indoor
environmental conditions and household energy use is then summarised and the links
to housing characteristics highlighted in section 4.2. This is followed by a summary of
the key points to focus further research.

4.1. Delhi, India
This section provides a background to the setting of Delhi within the context of
development in India. India is projected to be the most populous country by 2050,
when it may be home to 20% of the world’s population, with nearly 1.7 billion
inhabitants [16]. The urban proportion of the population is expected to grow from
31% to 52% during the next four decades and pressures from this rapid growth
can be seen through a shortage of housing and related infrastructure across India’s
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cities [131]. It has been argued, however, that the lack of understanding of the housing
problem, a disorganised financial market, a non-integrated approach between housing
development and basic amenities, and disparities between rural and urban areas are
also contributing factors to informal housing growth [132]. The National Capital
Territory (NCT) of Delhi population has substantially increased over the last century
from just under 1 million inhabitants in 1941 to over 16 million in 2011 [133]. This
growth has coincided with the development of unauthorised and informal settlements
where the slum population accounts for 47% of the housing stock [134].
In 2009, India was the fourth largest energy consumer (after the United States, China
and Russia), with energy consumption rates growing annually [135]. International
Energy Agency (IEA) Energy Balance Statistics for India state that the residential
sector accounts for the largest proportion (38%) of the country’s energy use [136].
Although, per-capita energy consumption still remains very low, future projections indicate increased electricity use and higher ownership of appliances as incomes increase,
resulting in higher CO2 emissions [17]. Within Delhi, the residential sector is responsible for 45% of electricity sales [137]. Consequently, this combination of increased
appliance usage and housing growth could result in high levels of energy consumption.
As such, interventions in current dwellings may potentially have substantial health
benefits and help focus future new housing developments.

4.1.1. Climate
India experiences five climatic zones of cold (mountain areas), composite (central
India), hot-dry (west-central desert areas), warm-humid (south, south-east and coastal
areas) and temperate (south-central areas) [138]. Climate zones across India are shown
in Figure 4.1.
Delhi experiences a composite climate with high seasonal variation between cold
winters, dry hot summers and a humid monsoon period. The difference in mean
monthly temperatures between the coolest and hottest months is roughly 19℃, mean,
mean maximum and mean minimum temperatures can be seen plotted in Figure
4.2. Mean monthly temperatures in winter are around 15℃, with night-time mean
minimum temperatures below 10℃ [139]. In summer, mean temperatures reach above
30℃ and day-time mean maximum temperatures above 40℃ experienced. RH levels
range annually between 60% and 80%, with the exception of the three month hot-dry
period between March and May, where humidity levels are much lower [139]. High
humidity in the summer months coincides with the monsoon rains in July and August,
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Figure 4.1.: Climate zones of India, data from [138].
as shown in Fig. 4.3, which results in a hot humid period with a reduced diurnal
range and lower maximum temperatures.
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Figure 4.2.: Monthly mean (black line), max (upper band edge) and min (lower band
edge) temperatures in Delhi, data from [140].
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Figure 4.3.: Monthly rainfall in Delhi, data from [140].
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Figure 4.4.: Annual wind direction and intensity in Delhi, data from [140].

The dominant wind direction in Delhi is South-East and North/North-West, with
predominant winds coming from the Himalayas during the Winter period, and from
the South during the summer and monsoon periods. Wind intensity and direction
is shown in Fig. 4.4. These climatic factors will have a substantial impact on IEQ,
and the resulting energy use and health impacts, and dwellings will need to maintain
adequate indoor temperature while coping with an extremely varied climate.

4.1.2. Air pollution
Outdoor air pollution levels in India are notoriously high due to intensive infrastructure
development, growth in road transportation and industrial activities resulting in
increases of PM, sulphur dioxide (SO2 ), nitrogen oxides (NOx ), CO, and hydrocarbons.
In 2010, mean annual levels of PM2.5 and PM10 in Delhi were found to be 249µg/m3
and 481µg/m3 , exceeding recommended levels. WHO recommends annual levels of
10µg/m3 and 20µg/m3 for PM2.5 and PM10 , respectively. Levels of SO2 and NO2 in
2010 were 5µg/m3 and 46µg/m3 ; were close to recommended guidelines. Air quality
in Delhi has worsened from 2001 to 2010, especially levels of PM. Mean monthly
PM concentrations can be seen plotted in Figure 4.5. These monthly averages of the
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outdoor PM2.5 are calculated between 2007-2013 inclusive using hourly data from the
monitoring station at the Income Tax Office (ITO) intersection in New Delhi [141].
Spatial analysis showed pollution hot spots were centred on areas of high traffic use
as well as areas with industry and brick kilns. Delhi’s winters are highly polluted,
with levels two-to-three times higher than in the summer, due to both anthropogenic
sources (fuel burning for heating) and natural meteorological reasons. High levels
of outdoor pollution will impact the IAQ through infiltration via leakage gaps and
Mean PM2.5 Concentration (µg/m³)

ventilation via openings (windows/doors).
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Figure 4.5.: Mean monthly ambient PM2.5 levels in Delhi, data from [141].

4.1.3. Housing development
The public sector in India has played a small role in the delivery of the housing stock
(just 16%), with the remainder driven by the informal and formal private sectors.
Public and private schemes have failed to provide affordable homes for low-income
groups, resulting in the development of unauthorised and informal settlements. The
development of housing can be summarised in three ways; formal, informal and organic,
as shown in Figure 4.6.
Formal housing areas are planned by governing development authorities or private
agencies and have formal legal sanction prior to development. Organic settlements
consist of old urban housing and traditional rural villages, which have evolved over
time and became part of the urban area. Informal housing is composed of unauthorised
colonies built illegally on private land and slum settlements (or locally known as JJ
Clusters), both of which lack legal tenure. JJ Clusters are characterised by low-quality
infrastructure and facilities and unauthorised settlements tend to be of better quality
than JJ clusters.
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Figure 4.6.: Mode of housing supply in urban areas of India (HIG=high income
groups, MIG=medium income groups, LIG=low income groups).
Rapid development resulting in a variation in housing types across income groups
suggests huge disparities in health impacts and energy consumption. This combined
with high levels of air pollution and a varied climate lead to a complex situation was
interventions will need to be carefully considered. Dwelling performance should be
considered in regards to each mode of development as potential interventions will be
limited further by the socio-economic context.

4.2. Household energy and health
The following section aims to determine what has already been established about
the impact of dwelling performance on energy use and health in Delhi. The section
has been split into three parts. Part 1) focuses on indoor environment quality (to
include IAQ and thermal comfort) and part 2) focuses on household energy use. Here,
articles which focus on India, not just particularly Delhi, have also been included as it
was determined that these findings could provide useful insights and help formulate a
broader picture.

4.2.1. Indoor environmental quality
Indoor air quality
Monitoring IAQ in five households in the Nizamuddin slum area of Delhi found that
pollutant levels were dependent on ventilation strategies used to maintain thermal
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comfort. Indoor pollutant levels were at a maximum in winter, up to 10 times higher
than the permissible limits. The cold temperatures resulted in windows and doors
being closed, and hence the ventilation was reduced and indoor air pollution due to
cooking increased [142]. This finding is echoed in a study by Khillare et al. [143] to
characterise indoor PM10 in Delhi. High pollution levels in low-income households
were determined to be due to inadequate ventilation and recommendations were made
for “better housing and kitchen design with improved ventilation” to help control
indoor air pollution. Similarly, a longitudinal study carried out in office in Delhi
finds that the outdoor concentration of PM10 could explain only 25% of the variation
in indoor concentration, and thus concludes that indoor-outdoor relationships are
highly dependent on factors such as building type and ventilation [144]. Prasad et
al. [145] also observed that indoor levels of PM in a new air-conditioned office in Delhi
were not significantly correlated with outdoor levels. This suggests that mechanical
ventilation significantly modifies the indoor pollution levels. Field surveys collected
in 5949 households across Delhi indicate dwelling aspects (such as lack of a kitchen,
poor ventilation, lack of open space) have a significant influence on the perceived
IAQ [146], and minor housing improvements, such as improved ventilation systems
and the provision of a separate kitchen are recommended. Likewise, monitoring indoor
pollutant levels in 10 houses in an urban village in South Delhi recorded inadequate
levels of ventilation and significant variation in concentration across the dwellings [147].
A study on sick building syndrome in a multi-storey found occupants on the third
floor experienced discomfort due to high air movement from infiltration [148].
The focus of these studies ranged from the assessment of pollution exposure, characterization of pollutants and the relationship between indoor and outdoor levels.
These studies confirm the importance of building design on indoor pollutant levels in
Delhi, and are helpful in guiding further research; however, they fail to establish key
determinants of building characteristics on IAQ. Previous empirical studies are limited
to case studies with a maximum of 10 buildings being monitored and the largest
study of 5949 households uses field surveys which only observed perceived influences.
Other studies focusing on the IAQ in Delhi fail to consider the impact of the building
on pollutant levels. Srivastava et al. [149] find that most of indoor PM2.5 are born
from outdoor sources; this highlights the need for appropriate ventilation strategies.
An extremely useful study looked at human exposure to air pollution in Delhi in
micro-environments (bedroom, living and kitchen areas as well as during travelling and
while at work/school) and logged the time spent in each of these environments [150].
The study found that the highest levels of exposure were found to be during travelling
in two-wheeler vehicles, with mean levels of repairable particulates (RSP) 2860µg/m3
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but the most exposed group were housewives with cooking accounting for 23% of the
daily exposure.
Outside of Delhi, extensive work has been carried out in Agra to establish indoor
pollution levels. Observations in 5 villages in the Agra region showed indoor levels
were strongly influenced by outdoor sources but the use of wood, coal, dried cow
dung kerosene oil and diesel and smoking also had significant effect [151]. A more
detailed study monitoring 20 houses from October 2004 to December 2005 found
that indoor exposure to air pollution is a complex function of energy, housing and
behavioural factors with increased indoor pollution during the winter period due to
ventilation and occupant patterns [152]. Recommendations were made to improve
household ventilation and to provide incentives for shifting to efficient and cleaner
household fuels. An additional study concluded that roadside dwellings had poorer air
quality compared to those in urban areas and maximum concentrations of PM found
between December and February average indoor PM2.5 levels ranged from 207µg/m3
and 146µg/m3 during the winter period in roadside and urban sites respectively [153].
Housing characteristics such as leaky roofs, broken doors and windows as well as
cracks/holes in plaster were found to result in higher levels of indoor PM10 and
PM2.5 . Beyond Agra, studies have assessed the levels of PM in schools in various
location across India [154–156], and Kumar and Viswanathan [157] investigated the
relationship between income and indoor air pollution. Much research has focused on
the health impacts of traditional cooking fuels and the transition to more efficient
cooking stoves [158–167]; these papers will provide useful guidance in modelling
studies.
A more detailed study focusing on building performance and influence on indoor
pollution levels would help to better focus and quantify interventions in order to
reduce exposure. However, it is clear that these should be assessed in parallel with
thermal performance as current behavioural strategies have seen an increase in indoor
PM during the winter period due to the generation of sources from heating and
ventilation strategies to reduce exposure to the cold.

Indoor temperatures and thermal comfort
Studies reviewing the thermal comfort and indoor temperature of dwellings in Delhi
are extremely sparse. Lall et al. [168] discussed housing in Delhi with respect to climate
and form, evaluating historical changes between traditional, colonial and contemporary
periods concluding that contemporary buildings have poor microclimate control in
the extreme conditions of summer and winter resulting in a greater dependence on
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electrically operated devices to obtain comfort. A similar study reviewing the built
form of Shahjahanabad (Old Delhi), identified that the compact overlooking two/three
storey structures with common open courtyards helped to minimise exposure to the
sun, wind or summer dust storms [169]. The paper compares indoor temperatures at
15:00 throughout May in a traditional and modern building finding that the traditional
building performs better with an indoor temperature roughly 5℃ less than that of the
modern building. Analysis of passive cooling in a student hostel concluded that the
evaporative roof cooling during the summer is most effective for top floor rooms [170].
During winter the use of night-time shutters is shown to keep room temperatures
between 16-19℃ for both ground and first floor, without which temperatures are
shown to vary between 12-17℃ [170]. Tiwari and Upadhyay [171] similarly compared
passive cooling techniques of a non-air conditioned apartment in New Delhi and found
that evaporative cooling is the best option to reduce the incoming heat flux through
the roof if water is easily available. These studies provide a useful base on which to
build further studies, however, they are all published between 1985-1994, since then
there has been an unprecedented amount of urbanisation with the population in Delhi
nearly doubling from 9 million to 17 million. Further to this, annual temperatures are
warmer; work has shown that temperatures have risen 0.01℃/per year [172] in Delhi
between 1951 and 2010. As such, these studies are outdated and limited in scope and
are therefore unable to fully determine the characteristics and the indoor temperature
variation expected across the housing stock.
Outside of Delhi studies tend to focus on vernacular architecture. In a warm-humid
region of South India, Shastry et al. [173] found transitions from vernacular techniques
to modern building materials resulted in increasing average indoor temperatures in
excess of 7℃ which is likely to require AC. Dili et al. [174] compare thermal comfort of
residents between traditional and modern buildings in Kerala, finding that “traditional
residential buildings are very effective in providing comfortable indoor environment
irrespective of the seasons” and that modern residential buildings “lack conscious
effort in using passive methods of controlling the indoor environment”. A follow-up
study confirmed these findings for monitoring indoor temperatures in a traditional
Kerala building in the rainy season [175], with a qualitative analysis highlighting
the use of building features (courtyard and window openings allowing for continuous
air movement, highly insulated building envelope and verandas for protection from
solar radiation) to improve indoor comfort levels. In the North-East of India, the
performance of vernacular architecture is reviewed in varying climatic zones, finding
that “vernacular dwellings perform quite satisfactorily except in the winter months and
the occupants feel comfortable in a wider range” [176, 177]. A study in Roorkee found
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that reflective coating or shading applied to the roof helped reduce indoor temperatures
during a typical summer day [178]; however, the reflective coating on the walls did not
result in a significant reduction in indoor temperatures. Temperature measurements in
a multi-storey residential building in Chennai saw indoor temperature range between
30-38℃ in 16 units [179]. The study analysed the influence of building characteristics
finding that units located on higher floor levels tended to experience higher indoor
temperatures (but these also were found to cool off quicker) and buildings constructed
of solid blocks performed better than those with aerated concrete blocks.
Indraganti carried out an extensive study into thermal comfort and occupancy behaviour within apartments in the composite climate of Hyderabad involving 100
occupants during the summer and monsoon seasons [180]. An indoor comfort range of
26-32.5℃ was found, which is higher than that specified by the Indian Building Code.
The study detailed thermal comfort for different groups of age, gender, economic
group, and tenure [181], the use of natural ventilation as comfort controls [182] as well
as adaptive behaviour through environmental controls, clothing and metabolism [183].
This is very useful in supporting inputs for modelling studies. Indraganti’s work also
warns that in the village of Marikal the “once highly climate appropriate architecture
and behavioural patterns are slowly getting metamorphosed into architecture and
attitudes that are irreverent to climate and context” [128].
These findings suggest that the transition to modern housing and materials is reducing
building performance with increased indoor temperature during peak summer period.
It is likely that this trend is worst in urban locations where housing is built rapidly
and informally to meet the rising demand due to population growth and urbanisation.
Higher temperatures resulting from climate change will likely increase the health risk,
therefore identifying the most vulnerable households will help to focus adaptation
strategies.

4.2.2. Household energy use
In Delhi, the majority (99%) of households have electricity access and 89% use LPG/
pipeline natural gas (PNG) as the main cooking fuel source [133]. These figures are
significantly different compared with the rest of India where the predominant fuel
for cooking is firewood, with 49% of households nationwide utilising it as a primary
source. As mentioned previously, changes in fuel use are resulting from subsidies,
increasing household incomes, changing lifestyles and urbanisation. Projections show
increased electrification and appliance utilisation in households resulting in a transition
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of end household energy use, shifting from cooking to cooling through the increased
penetration of AC, fans and electric coolers.
Appliance ownership is less well documented but a report focusing on Delhi by The
Environmental Research Institute (TERI) indicated that the majority of households
have access to electric fans (3728 fans per 1000 households) but that fewer households
had access to AC (625 units per 1000 households) [184]. TERI found that in Delhi
50% of residential electricity use in summer months was due to the use of ceiling
fans, air coolers and AC. This indicates the potential to modify indoor conditions in
hot periods through the use of fans and cooling equipment. However, a very small
proportion have access to heating (only 223 heaters per 1000 households) suggesting
the potential to modify indoor conditions in cold periods will be limited. A study in
the Northern Province of Madhya Pradesh agrees with these findings; urban residential
energy consumption was surveyed in 421 dwellings, finding high penetration of fridges,
ceiling fans and TVs followed by desert coolers, while the ownership of electric heaters
was small [185]. The National Survey Samples indicate the disparity in ownership by
presenting the number per 1000 households possessing specific durable goods in decile
classes of MPCE (monthly per capita expenditure). For Delhi the ownership of AC
or coolers roughly increases with MPCE class from 262 per 1000 households in the
lowest decile to 770 in the highest [186].
Limited studies review the potential savings of household energy efficiency strategies
in the residential sector in India. A modelling study using BES tools (DesignBuilder,
e-Quest and EnergyPlus) applies retrofit scenarios (differing composition of roof and
wall insulation) to 10 housing case studies in two climatic locations where both the
embodied energy and the operational energy is calculated [187]. The findings show
increased embodied energy and decreased operational energy use. A similar study
models a generic house in Hyderabad in five different climatic zones with the effect
of different wall materials and insulation thickness studied [188]. A study evaluating
energy conservation measures (ECMs) as recommended by Indian Energy Conservation
Building Code 2007 models an air conditioned building block in three separate locations,
finding that by combining all ECMs recommends small buildings can save up to 40%
of energy compared with conventional building specifications [189].
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4.3. Summary
This chapter provided a background and rationale for the selected case study setting
of Delhi and reviewed current research which helped to illustrate the research gap
further. To summarise the key points are:
• Delhi has experienced rapid urbanisation and as a result, there has been an
unprecedented growth in informal housing, which is likely to be of sub-standard
quality risking exposure to a number of health hazards.
• Polluted ambient air and high summer temperature suggest significant environmental health risks.
• There has been some research to monitoring the IAQ in Delhi, but this is limited
to a small selection of households.
• An assessment of exposure to indoor temperatures has not been completed in
Delhi, and there are very limited number of studies elsewhere in India.
• Building energy modelling techniques are limited to only a handful of studies
considering how conservation measures can reduce energy consumption. These
studies employed nodal models to estimate the change in energy use but do not
consider changes in IEQ.
There needs to be a greater understanding of the housing stock and key housing
characteristics in order to assess where interventions might be suitable. The next
chapter outlines how this study aims to increase understanding of how the housing stock
and key characteristics influence household health risks and energy consumption.
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As outlined in the previous chapters, more research is essential to provide high-quality
evidence of interventions that can improve IEQ while minimising energy use in lowincome settings. Building science is thought to provide a useful platform to draw data
generation and analysis methods in order to understand housing in reference to energy
and indoor health risks and potential interventions. As outlined in Chapter 4, Delhi
is taken as the case-study location as it is likely to provide a good example of how a
range of housing quality may modify risks to health or energy use.
This work will explore household health and energy risks in Delhi and assess how
interventions can alleviate risks. In order to investigate this, a study design must be
developed. On this basis, this chapter aims to outline the study design, methodology
and the methods used in this thesis. This is done by considering differing approaches
to research and selecting the most appropriate approach for this work.
This chapter is structured as followed: Firstly, the key study objectives are defined.
Following this, an overview of research approaches is provided. The research approach
and the philosophical orientations taken in this work are described before the study
methodology is outlined. Following this, the data generation and analysis methods are
introduced. The chapter then concludes by considering issues of validity, reliability
and ethics.

5.1. Study aims and objectives
Chapter 1 briefly introduced the aims and scope of the study. Building on the
discussion provided in the preceding chapters, the study aim and the objectives are
defined here. More evidence is needed to assess how interventions can help provide
healthy, low-energy housing in low-income settings. In such settings, housing quality is
likely to be of a poor standard, which may lead to significant health risks or dependence
on energy use. Methods from the field of building science have been used widely to
assess energy and indoor health risks in a developed setting, but these have been
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rarely applied in developing setting. This work will attempt to apply building science
methods to the case study setting of Delhi, India to assess current conditions and how
interventions can improve current housing. The aim and objectives of this thesis are
defined as follows:
Aim:
To apply, and evaluate the application of, building science methods to investigate
current housing conditions and how interventions can contribute to health and energy
goals in selected case study location of Delhi, India.
Objectives:
• To assess current housing quality in Delhi and its impact on health and energy
use through BS modelling and IEQ monitoring.
• To examine how building-level strategies can reduce household health hazards
and energy use through employing BS and determine the optimal strategy when
considering trade-offs between energy, health impacts and cost.
• To analyse, based on the above objectives, the application of building science
methods in low-income settings and discuss potential adjustments for further
study frameworks.

5.2. Overview of research approaches
This section gives a brief overview of the differing approaches to research before
a suitable approach is selected to meet the specified aims. There are many terms
to categorise the approach taken in research. For example, the terms exploratory,
explanatory or descriptive research are used to describe whether the key variables
and relationships are known at the outset of the study. Further definitions include
elements of time (longitudinal or cross-sectional) and the setting (field study or
controlled environment). However, the most common categorisation is between
quantitative, qualitative or mixed methods approaches. Qualitative research studies
are framed with words and open-ended questions (qualitative interview questions)
and quantitative research is framed in terms of numbers and closed-ended questions
(quantitative hypotheses) [190]. Mixed method approaches integrate both qualitative
and quantitative into the research design. In [190] the approach to research is presented
as the interconnection between the research design, methods and philosophical views.
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These interconnections are summarised for qualitative, quantitative and mixed method
approaches in Table 5.1.
Table 5.1.: Philosophical assumptions, research designs, methods and practices by
research approach, adapted from [190]
Research
approach:
Philosophical
assumptions:

Qualitative

Quantitative

Constructivism and
Post-positivism
transformative
Phenomenology, ground
theory, ethnography,
Surveys and
Research design:
case study, and
experiments
narrative

Research
methods:

Research
practices:

Mixed methods
Pragmatism
Sequential, concurrent
and transformative

Both open- and
closed-ended questions,
Closed-ended questions, emerging and
Open-ended questions,
predetermined
predetermined
emerging approaches,
approaches, numeric
approaches, and
text and image data
data
quantitative and
qualitative data and
analysis
• Positions him/herself
• Collects participant
• Collects both
meanings
• Tests or verifies
• Focuses on a single theories or explanations quantitative and
concept or phenomenon • Identifies variables to qualitative data
• Brings personal
study
• Develops a rationale
values into the study
• Relates variables in for mixing
• Studies the context questions or hypothesis • Integrates the data
or setting of
• Uses standards of
at different stages of
participants
validity and reliability inquiry
• Validates the
• Observers and
• Presents visual
accuracy of findings
measures information pictures of the
• Makes
numerically
procedures in the study
interpretations of the • Uses objective
• Employs the
data
approaches
practices of both
• Creates agenda for • Employs statistical qualitative and
change or reform
procedures
quantitative research
• Collaborates with
participants

The philosophical assumptions concern the basic set of beliefs that guide action and
often termed as paradigms, epistemological and ontological stances or broad research
methodologies. These terms relate to the philosophical orientations about the world
and the nature of generating knowledge, which the researcher brings to a study. A
researcher’s philosophical orientations often leads to the selection of either qualitative,
quantitative or mixed method, although often these orientations are implicit within
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disciplines (especially in natural sciences) and not explicitly stated at the outset
of the study. Key philosophical orientations are summarised in Box 5.1. Beyond
the research approach, the researcher needs to select the appropriate design for the
study. Typical quantitative research designs include experimental designs, which seek
to determine if specific treatment influences an outcome; surveys, which generate
quantitative/numeric descriptions for the sample population; or correlation designs
that use statistics to describe and measure the relationship between two or more
variables. Qualitative research designs include: narrative research, where the research
presents stories of individual lives in a chronological order; ethnography research, which
comes from anthropology and sociology in which patterns of behaviours, language,
and actions are studied through the interaction of cultural group in a natural setting
over a prolonged period of time; and case studies, where a variety of data is collected
using multiple methods over a period of time for an in-depth analysis of a selected case.
Mixed-methods designs include: convergent designs where qualitative and quantitative
data is collected in parallel and integrated for interpretation of the result; explanatory
sequential designs, where quantitative data is first collected and analysed and then
qualitative methods are used to further explain the results; and exploratory sequential
designs initially employ qualitative methods as an exploratory means to identify key
variables and then quantitative methods are used to investigate these key variables in
a follow-up phase; and finally, more advanced strategies that draw on the three main
models include: transformative, embedded and multiphase mixed methods designs.

5.3. Research framework
Studies in the field of building science are dominantly rooted under post-positivism
quantitative research approaches with experimental, survey or correlation study designs
being the most commonly used. Studies employing BS tend to follow experimental
or correlation designs to assess how interventions influence the performance of the
building. Studies assessing actual building performance tend to employ survey designs,
where surveys are distributed to building occupants and physical measurements of
the building are taken or environmental monitoring is conducted. However, these
approaches can fail to consider the context of the setting or bring in personal values
into the study. As this study is primarily concerned with the application of methods
to a new setting it was considered that the study should go beyond the traditional
boundaries of building science. When considering the research approach for this work
the following aspects were considered:
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Philosophical Orientations:
There are four main philosophical orientations taken in research, these are:
• Post-positivist views are: generally taken in traditional research and form the basis of the
scientific method; take a deterministic stance to deduce which causes determine which
effects or outcomes. Post-positivists use empirical observations and measurements of an
objective reality, and comprise hypotheses or research questions by reducing ideas into
discrete tests. Theories and laws are tested and verified to develop understanding about
the world. The scientific method requires the researcher to begin with a theory, collect
data which then supports or refutes the theory, and then makes necessary revisions and
conduct additional tests.
• Constructivists seek to understand the world in which they living and work, through
interpreting subjective meanings of their experiences. These meanings tend to be complex
views rather than narrow categories or ideas developed using open-ended questions
which allow the participants to shape the means. Theories tend to be established after
interpreting meanings from the collected data. This process is largely inductive, which
is in contrast to post-positivist deductive reasoning and based on social and historical
perspectives of the researcher.
• Transformative assumptions arose from individuals that felt post-positivist views imposed
structure that did not fit with marginalised individuals or issues of power, social justice,
discrimination and oppression that need to be addressed, and includes critical theorists,
participatory action researchers, Marxists, feminists among other groups. Transformative
research takes the view that research needs to be intertwined with politics and political
change and that the constructivist stance does not go far enough. The study importance
lies in understanding the lives and experiences of marginalised groups, with the Inquirer
collaborating with participants in the design, collection and analysis of data to help
advance an agenda for change to improve their lives.
• Pragmatism as a view comes from actions, situations and consequences, and concerns
applications and solutions to given problems. Instead of focusing on methods, researchers
tend to focus on research problems and use multiple approaches to understand the problem.
This is why it is often the underpinning philosophy in mixed methods approaches. However,
pragmatists are generally not committed to any one philosophy or reality. Researchers
draw from both quantitative and qualitative assumptions and integrate methods to best
meet their purposes.

Box 5.1.: Main philosophical orientations in research.
• Study setting: Although based in building science, the informal nature of
Delhi’s housing is likely to cause significant limitations to the application of
methods which have been largely developed in the domain of high-income settings.
Furthermore, there is likely to be significant differences in cultural interpretations
to what constitutes as comfortable and adequate housing.
• Research objectives: The objectives of the study are primarily concerned with
investigating housing quality in regards to health and energy use and potential
interventions using building science. The aim is to test and develop a robust
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research design, which will largely be done on a qualitative framework using a
case study design.
• Nature of the research subject: The study is largely exploratory as there
is very little initial information concerning the impact of housing with regards
to health and energy use in a low-income setting.
Based on these considerations, the integration of methods is of central importance
in the study, as the aim is to test how building science methods can be applied to
assess how housing can contribute to health and energy goals in a low-income setting.
Pragmatism, which is grounded on how to best integrate methods to solve the problem
in question, was deemed the most suitable orientation on which to base the study
design. The research framework taken in the study is shown in Figure 5.1. The study
has two layers of interaction: the overarching study design is an exploratory case
study, which aims to analyse if building science methods can help to inform housing
interventions through an in-depth application of methods to a case study location.
The second study layer concerns the integration of methods using a multiphase mixed
method design. Although the overarching study outcome will be largely qualitative
and will assess the approach taken, both quantitative and qualitative data will allow
the assessment of current housing quality and potential interventions in Delhi. The
phases and key methods are described in the following sections.

5.3.1. Case study design
A case study design is selected to test building science methods in a low-income
setting. As stated in [191], case study designs are of use when the “opportunity to
learn is of primary importance” and provide a descriptive in-depth review of a bounded
system [192]. In the context of this work, the case study design will allow for the
testing of building science methods in a context-based (or real-life) situation. This
will help to improve the field of building science, by enhancing understanding of how
building science methods can be applied in the future and uncover any pitfalls, as
well as potentially improving housing quality where there are opportunities to reduce
health hazards.
Due to the lack of time and resources as well as a limited framework to build upon,
it was decided that the study should be limited to a single location to allow for a
sufficiently in-depth investigation and testing of methods. As described in Chapter
4, Delhi is selected as the case study location. Case studies are commonly used to
develop theory through inductive processes. In [193] the process of building theory
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Figure 5.1.: Multilayer framework of the study.

from case studies is outlined. This study employs the process in order to develop
theory; an overview of the process and how it is realised for this study is given in Table
5.2. The analysis of the use of building science will be assessed against the outcomes
achieved by each method applied. Through assessing the achieved outcomes as well as
the advantages and disadvantages of each method in the context of the setting of Delhi,
it will be possible to identify the key factors which result in the main short-comings.
From this, an interpretive approach will be taken to inform a framework for further
research based on relevant literature that discusses the identified shortcomings.

5.3.2. Multiphase mixed method design
This section describes the multiphase mixed method approach and outlines the five
phases to be taken in this work. A multiphase mixed method design is “common in the

105

5. Study design

Table 5.2.: Process of building theory from case study research, and as realised for
this study, adapted from [193],
Step:

Activity

Getting started

Definition of research question

Specified population, theoretical,
not randomly sampled
Multiple data collection methods,
Crafting instruments
qualitative and quantitative data
and protocols
combined, multiple investigators
Overlap data collection and
analysis, including field notes,
Entering the field
flexible and opportunistic data
collection methods
Selecting cases

Realisation for this study
How can housing improvements
maximise health and energy
efficiency goals in a low-income
setting, and what is the role of
building science methods in this
field?
Delhi, India
Multiphase mixed method
approach

Opportunistic data collection
during field work and application
of building science methods in
Delhi
Analysis if whether the methods
Analysing data
Within-case analysis
tested were suitable for use in
Delhi
Iterative tabulation of evidence for Understanding if whether the
Shaping hypothesis
each construct
approach could be improved
Drawing on papers that discuss
Enfolding literature Comparison with similar literature informal housing policy to improve
the research outcomes
Theoretical saturation when
New insights for further similar
Reaching closure
possible
research concluded

fields of evaluation and program interventions” [190] and convergent and sequential
designs are used in tandem to help understand a long-term goal. It was considered that
this approach would achieve the best understanding of the current impact of housing
on household health hazards and energy consumption and how interventions can move
towards health and sustainability goals. As there is currently very little knowledge
about Delhi’s housing and the related health and energy risk, the multiphase design
will allow the development of this understanding and each phase will help to build the
next phase to reach the overall study aims.
The first phase is largely an exploratory risk assessment of health and energy in regards
to Delhi’s housing stock to focus further work. This is followed by an investigation of
Delhi’s housing through field work. The field work is carried out in tandem with the
development of a housing model. After this, interventions are tested and then selected
under the consideration of multiple criteria. A summary of each phase along with the
methods, data analysis and data outputs is provided in Table 5.3.
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Table 5.3.: Methods of data generation and analysis, and data outputs, for each phase
in the multiphase mixed method design.
Phase

Data generation

Scoping
review

• Literature review
• Simplified energy
calculation

Development
of a housing • Building simulation
model

Field work

•
•
•
•

Visual data
Focus groups
IEQ monitoring
Physical survey

Testing of
• Building simulation
interventions

Data analysis
• Health and energy
assessment
• Descriptive data
analysis
• Meta-analysis
• Statistical analysis
• Sensitivity analysis
•
•
•
•

Thematic analysis
Image analysis
Statistical analysis
Sensitivity analysis

• Statistical analysis

Data outputs
• Text data
• Numerical data
• Groups
• Hazard priorities
• Descriptive statistics
• Numerical data
• Inferential statistics
• Descriptive statistics
• Text data
• Numerical data
• Image data
• Groups, themes and
quotes
• Inferential statistics
• Descriptive statistics
• Numerical data
• Descriptive statistics

• Statistical analysis
• Numerical data
Optimisation
• Multi-criteria decision • Multi-objective
• Descriptive statistics
of
optimisation
analysis
interventions
• Intervention options
• Weighted-sum model

Phase 1: The first phase consists of a scoping review which qualitatively explores
housing energy and health hazards in Delhi to identify key variables for investigation
in further phases. The work develops a categorisation method for Delhi’s housing
stock, before applying risk assessment methods to identify household health hazard
priorities. A simple estimation of energy consumption across households is also
completed to identify the main energy efficiency opportunities. This phase draws
on existing data sources (consensus data, relevant literature) and expertise from
stakeholders and researchers (with expertise in building science and environmental
health) to complete a meta-analysis. Key variables are then fed into the modelling
and field work, identifying which housing types to model and which hazard exposure
evidence to gather.
Phase 2: The second phase will focus on the developing a city-wide housing model
to estimate energy consumption and household health hazard for representational
housing. In order to assess the impact of potential interventions, the bottom-up
engineering approach will be taken, as described in Section 3.2.2. This will allow for
a ground up estimation of energy consumption across the housing sector as well as
quantification and optimisation of proposed interventions. BS modelling is useful
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Table 5.4.: Current data sources for building a stock model for Delhi
Stock model
inputs

Details and quality of current data sources

• Little data is available on the geometry of housing; this will need
to be established during field work.
Dwelling
• Good information on the composition of materials is available in
geometry and
several journal papers and an assessment tool, which enhances
materials
census and national survey data. However, these should be
cross-checked during field work.
• Occupancy schedules can be based on data gathered by [150], who
surveyed time spent in microenvironments 1100 households in Delhi.
• An extensive study on thermal comfort has been carried out in
Occupancy
Hyderabad, India which experiences a similar climate to Delhi. This
schedules
work provides data on ventilation strategies and environmental
controls will be utilised modelling and therefore an occupancy
behaviour study will not be carried out in this study.
• The National Sample Survey data gives on equipment ownership
per income decile and TERI reports energy consumption from 1000
Energy use
households in Delhi; however, this report is largely biased towards
higher income groups. This will need to cross-checked during field
work.
• Current weather files are available for Delhi based on 10-year
Weather data
averages which are suitable for simulations and give a typical
indication of ambient conditions.
• Annual resident electricity consumption figures are given by the
Economic Survey of Delhi, however, this is likely to be inaccurate due
to blackouts and the use of backup generators and illegal electricity
use.
Validation data
• Monitoring data of indoor temperatures is virtually non-existent in
Delhi and indoor pollutants measurements are limited, however, work
carried out in Agra is valuable for comparing indoor pollution levels.
Field work will aim to gather data for validation.

for determining how building characteristics impact on energy use and health. The
validated building performance simulation software - EnergyPlus [194], developed
by U.S. Department of Energy will be used to give hourly outputs of temperature,
indoor air pollution levels and energy use. Existing data sets were reviewed to identify
which additional data needs to be collected for the development a housing stock model.
An overview of this data is given in Table 5.4. Although the development of a fully
comprehensive housing stock model is likely not feasible, this work will compile needed
data to develop broadly representational archetypes in order to quantify and determine
the impact of housing characteristics on energy use and health exposures, as well
as evaluate the impact of changes. In order to evaluate both the current situation
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and potential interventions of household energy use and health in this research an
evidence-based model calibration methodology will be taken.
Phase 3: The third phase will be a field study conducted over select seasons to
gather data on housing quality and performance in reference to the key health hazards
identified in the first phase. The aim of this phase is to: gather additional data not
already yet available on building characteristics as well as the level of exposure to
key health hazards; and to understand perceived conditions and identify barriers and
constraints to potential. The methods used in this field study take a mixed-method
approach combining quantitative and qualitative techniques in order to provide a wider
understanding on the IEQ. The methods used include visual data from site observation,
IEQ monitoring, physical building surveys and focus groups with residents. Data
gathered will be used to validate the development of BS models as well as select and
analyse interventions. Field observation and visual data will help identify dwelling
types and qualitative assessment of housing performance and operation will be carried
out. Building surveys will capture the quantitative housing characteristics such as the
composition of materials and geometry. IEQ monitoring will be deployed in selected
housing to gather quantitative evidence of dwelling performance and exposure to
environmental housing hazards.
Phase 4: The fourth phase will focus on testing interventions. By creating an
engineering-based housing stock model, which is based on BS models, it will be
possible to test the impact of interventions on energy-use and IEQ. Interventions will
be selected by a review of available literature on interventions as well as being guided
by results of the sensitivity analysis in the previous phases. These interventions will
then be fully tested using EnergyPlus models; this will identify physical constraints of
the selected interventions.
Phase 5: The fifth phase will focus on the selection and optimisation of solutions. Here
multi-criteria decision analysis methods will be used to identify which solutions are
the most suitable for deployment, based on the development of relevant performance
metrics. However, these methods are limited and can only help support the selection
of technological solutions - socio-cultural and political constraints cannot be assessed
through this method. Therefore, qualitative data gathered in field work will be
integrated to determine additional barriers to potential interventions.
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5.4. Data generation and analysis methods
This section provides an overview of the key methods used to generate and analyse
data in the study. Data generation includes data collection methods (building surveys,
indoor environmental monitoring, focus groups) and simulation methods (BS). The
materials and further detailing of the methods are described where needed throughout
the remaining chapters. This section attempts to provide a general understanding of
the methods and introduce the key terms.
Table 5.5.: Main data generation (collection and simulation) methods employed in
the study.
Method
type

Quantitative

Qualitative

Method

Description of
method

Survey to gather
Physical building
data of dwelling
survey
characteristics
Measurement and
recording of indoor
IEQ monitoring
environment
conditions
BS, which employs
Building
the nodal method to
simulation
estimate building
performance
Decision making
Multi-criteria
based on multiple
decision analysis
criteria
Photographs during
Visual data
field visits
Open-ended
Focus groups
questions with
residents

Description of data
Construction materials, geometry,
exposure facade, orientation,
glazed area, height, location of
household activity, number of
storeys, number of occupants,
number and type of appliances
Hourly measurements of indoor
temperature and humidity
Estimated hourly indoor
temperature, humidity, particular
matter concentrations and energy
use
Assessed interventions, optimised
solutions
Image data of housing types and
household practices
Perceived conditions, household
practices and barriers to
interventions

5.4.1. Quantitative methods
Quantitative methods use objective techniques to collect data that can be measured,
simulated and written down in numerical form. These methods use statistical, mathematical, or numerical analysis of data.
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Physical building survey
As described in Chapter 3, Section 3.3.1 physical building surveying involves the
recording of building parameters (window size, construction details). Surveys will be
carried out to gather data on dwelling characteristics (size, layout, construction, use
etc.) and basic demographic data. This data is useful for the health and building
performance modelling.
Indoor environment quality monitoring
Performance will be assessed through monitoring the indoor environment of dwellings.
IEQ measurements will be taken continuously during key seasonal months on an hourly
basis. Monitoring equipment will be deployed in selected dwellings where physical
building surveys have been completed.
Building simulation
As described in 3.2.1 there is a number of building performance estimation methods.
The physical nodal method is selected as the most suitable approach, as it suitable for
design and analysis of energy efficiency intervention strategies and suitable retrofitting
studies. EnergyPlus [194] was selected as the BS software that will be used to
assess the performance of current dwellings and of design solutions. This allows
the simulation of indoor temperatures, humidity and pollutant concentrations as
well as energy consumption at hourly basis over an annual period. EnergyPlus is
widely used in research as it is a extensively validated open-source software tool which
considers the dynamic effects and is able to model energy use, indoor temperatures
and IAQ. A review of building energy simulation tools [195] indicated that EnergyPlus
has strengths in energy simulation and coupled dynamic thermal and air pollution
modelling, making it appropriate for this project. The flexibility of EnergyPlus also
allows input files to be batch-generated, enabling large numbers of simulations to
be run in optimisation studies. Although other similar software is available, it was
considered this was the most flexible tool for this case as it is possible to model
both indoor air contaminants and temperatures and thus understand the coupled
interaction between these factors.
Multi-criteria decision analysis
Multi-criteria decision analysis methods consider multiple criteria in the decisionmaking environment. Approaches depend on whether the solutions are explicitly or
implicitly known. In multi-criteria evaluation problems a set of finite solutions are
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explicitly known and are classified based on a set of performance metrics to evaluate
the best option. In multi-criteria design problems solutions are not explicitly known,
and computational programming is used to find the optimal solutions. Both evaluation
and design approaches will be tested in this study. For the evaluation approach, the
weighted-sum model will be used and for design, genetic algorithms will be used in
multi-objective optimisation.
Statistical data analysis
Statistical methods will be used to summarise and understand the data generated in
the study. Statistical data analysis can be broadly split into descriptive and inferential
statistics. Descriptive data analysis refers to the analysis of data using descriptive
statistics. These are statistics that can be used to describe and summarise data, such
as mean, median, mode and standard deviation. Inferential data analysis refers to
analysis that allows relationships to be inferred from the data - this includes the T-test
or ANOVA tests.
Sensitivity analysis
Sensitivity analyses are carried out to identify the key input variables that affect
outputs of interest. Although this is a statistical analysis method, it is highlighted
separately as it is used specifically in this work to give insight into the drivers of a model
output which is used to design empirical and intervention studies, as well as enabling
meta-models to be constructed from a reduced set of input variables. Generally, scatter
plots illustrating the input/output relations are analysed qualitatively at first, and
then followed by the application of statistical tests to quantify sensitivities. These
sensitivities can be then ranked in order of significance to determine the key input
variables.

5.4.2. Qualitative methods
Qualitative methods use techniques to collect text or image data. Data is largely
subjective. These methods use narrative, thematic, coding and contextual techniques
for the analysis of data.
Site observation
Visual data, in the form of photographs, will be collected during field visits to housing
sites. This will consist of images of the housing conditions, both indoor and outdoor,
as well the occupant practices (such as, cooking and sleeping location).
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Focus groups
Focus group workshops, with around 8 residents, will be held in key seasonal periods
to allow an understanding of perceived conditions. Open-ended questions will be used
to elicit views and opinions from the participants on the current indoor environmental
conditions as well as adaptive strategies to improve comfort levels.
Thematic analysis
Once the data is collected, it will be organised and prepared for analysis. For instance,
for the focus groups, transcripts will be prepared. After this, all data will be read
through and coded into categories or themes. For instance, this could be images
related to thermal comfort strategies. Once the data is coded, themes and categories
will start to emerge. The themes can be used to describe the findings and generate
meanings.

5.5. Validity, reliability and ethics
“Research is concerned with producing valid and reliable knowledge in an ethical
manner” [192]. This section discusses issues of validity, reliability and ethics, and how
these are addressed in this work. Validity deals with the trustworthiness, utility and
dependability of the research and results, and addresses the following questions; did
the tools used measure what it they set out to measure? or, are the conclusion generated
valid? Internal validity refers to whether the design is a good test of the research
question and external validity refers to the generalizability of study setting and sample.
While reliability deals with the consistency, dependability and replicability of the
results obtained, or in other words; if the study was repeated would it achieve the same
results?. Ethics refers to the manner in which the study is conducted and the issues
when people are involved are participants in the study.
In this work, the most significant threats to external validity come from the ability
to generalise the results, both with respect to the case study setting selected and
beyond. As such, claims about findings will be restricted. The approach taken can be
used to inform a study framework which can be generalised further to use in similar
settings, however the specific findings of housing-related health impacts and energy use
are restricted only to describe the case setting and selected modelled and monitored
housing. Threats to internal validity are less significant but will be mitigated through
a number of methods. These include the calibration of monitoring equipment and
deployment of the same device across monitored housing.
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Issues related to reliability will be minimised by following well-defined research practices
(for both qualitative and quantitative approaches) and providing a full description
of the methods and materials used. In regard to qualitative methods, reliability is
confounded in the subjectivity of the researcher. This will be mitigated through
spending adequate time in the field to help develop an in-depth understanding of the
case study setting. Furthermore, rich descriptions will be used to convey the findings
and data sources will be triangulated to build coherent justifications.
The study has ethical implications as participants will be involved in focus groups, site
observations and monitoring. The ethical implications of the study were considered
and mitigation measures were employed to minimise any potential harm. The study
was approved by the UCL Research Ethics Committee.

5.6. Summary
This chapter described the study design that will be employed in this work to achieve
the research aims and objectives as stated in Section 5.1. A case study methodology
has been selected in order to evaluate the application of building science methods
when applied to a low-income setting. Within the case study setting location of
Delhi, the use of building science methods has been incorporated under a pragmatic
multi-phase mixed method approach to both understand current housing quality and
how interventions can lead to improvements in health and energy use. This application
of this study design is presented in the following parts II-IV. Part II presents work
relating to the first objective of assessing current housing quality through BS modelling
and IEQ modelling. Part III presents the testing of interventions using BS and multiple
criteria decision analysis techniques, as per the second research objective. The final
part, Part IV, then evaluates the application of building science techniques and
assesses the value of building science methods in determining housing improvement in
low-income settings.
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Part II.

Assessing household health hazards
and energy use in Delhi
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6. Determining priorities to mitigate
household health risks and energy use
in Delhi
Part I provided a background to the research by describing: the problem to be
investigated; the use of building science as a research framework; an overview to the
case study setting, Delhi; and the study design. As discussed, this work attempts
to apply building science methods in order investigate housing design options for
Delhi’s housing considering both health and energy. The following chapters, in Part
II, present the application of these methods in order to develop an understanding of
the current housing quality, health risks, and energy use.
As discussed in Chapter 4, Delhi is facing a multidimensional challenge in achieving
healthy indoor environments due to the varied climate and the high ambient air
pollution. In addition, the disparity in housing quality and income points to inequalities
in health hazards and energy use across the housing sector. However, a comprehensive
assessment of housing, health and energy has not been undertaken. Therefore, this
chapter aims to provide an initial investigation into the health-energy balance across
Delhi’s housing stock to determine key variables for investigation in future phases.
This is done by the application of a housing health hazard assessment tool and simple
energy estimation calculations.
This chapter starts with the definition of the objectives of the work, after which
the methods and materials used are described in Section 6.2. This is followed by a
presentation and discussion of the results, in Section 6.3. Then, key variables are
outlined for further investigation.
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6.1. Objectives
The chapter will explore housing energy and health hazards in Delhi to identify key
variables for investigation in further phases. This will be done by drawing on existing
data-sets and literature to complete a meta-analysis to fulfil the following objectives:
• Develop a stratification method to describe Delhi’s housing stock
• Estimate energy use and characterize the principal health hazards across this
stratification;
This work will help focus further phases by identifying which housing types to model
and which exposure evidence to gather during field work.

6.2. Methods and materials
A combination of census data, literature review, and expert opinion are used to
cluster Delhi’s housing stock into settlement types and assess variations in building
materials, fuel use, and electrical appliance use. A review of the literature regarding
household energy and health hazards is completed to make quantitative and qualitative
assessments of energy use and health risks across these settlement types.

6.2.1. Stratification of housing stock
In this section, the range of dwelling types in Delhi is clustered into four broad
categories and the variation of housing materials, fuel use, and use of electrical
appliance across them is described.

Classification by settlement type
The Delhi Economic Survey released annually presents a breakdown of dwellings by
settlement type in Delhi [134] as presented in Table 6.1. Through reviewing the
available survey data, literature, as well as field visits and personal correspondence
with experts in housing in Delhi, it has been possible to divide the Delhi housing stock
into four broad and largely homogeneous categories:
• High-income planned housing, developed by private agencies or the Delhi Development Authority (DDA), often taking the form of multi-storey purpose built
flats that comply with building standards and have basic infrastructure [196,197].
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• Housing in urban and rural villages which have become part of Delhi with
urbanisation [198]. These are more traditional in style - commonly open fronted
housing with 3-4 storeys, closely packed on narrow streets, and with little
natural lighting [199]. They lack planned services, suffer from overcrowding and
dilapidation [198], and tend to be occupied by mid- to low-income groups [197].
• Unauthorised colonies (of which 13% are now regularised and given formal land
rights), which are built illegally on agricultural land; information about these
housing types is sparse.
• Dwellings classified as slum or Jhuggi Jhopri (JJ) cluster settlements. These are
home to the urban poor, and are self-built, simple structures without land tenure,
which undergo incremental growth with time [196]. They are small and tightly
cramped dwellings with floor areas no larger than 20m2 [200], suffering from a
lack of services, inadequate ventilation, and high indoor temperatures [201].
Example photographs of the categories are shown in Figure 6.1, and a summary of
their properties can be found in Table 6.2.

Housing materials distribution across settlement types
The India Housing Census [133] and Housing Condition National Sample Surveys
(NSS) [186] provide basic details of common construction materials. The data shows
that in the case of all settlement types, the majority of housing is constructed with
burnt brick 86% (Census 2011). Details of the material composition used in buildings
were based on studies from Kumar and Suman [202], Ramesh et al. [203], as well as
the IT Toolkit EnEff ResBuild India [204], a software tool designed to review the
economic advantages of energy efficiency measures developed jointly by The Energy
Research Institute (TERI) in Delhi and the Fraunhofer Institute. These findings were
validated by experts in the field with experience in the Indian building sector and
the construction materials composition within the planned sector is likely to comply
with building practices. Little information is available about composition in the
unauthorised and urban village settlements and therefore we assume they are similar
to the planned dwellings. Material used in the JJ settlements is likely to be much
more varied. For example, concrete accounts for less than 50% of roof material in the
lowest income group, with metal sheets, stone, canvas, or timber as other predominant
materials. In the higher income group however, concrete accounts for 97% of all roof
material [186].
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Table 6.1.: Settlement types in Delhi.
Type of
settlement

Development and settlement
characteristics

Estimated
population
(million)*

JJ Clusters

Arose from encroachment onto
public/private land. Extremely
poor living conditions.

2.1

15

Improved version of JJ Clusters.

2.7

19

0.7

5

1.8

13

0.7

5

1.8

13

0.9

6

3.3

24

14

100

Slum Designated
Areas
Unauthorised
Colonies
JJ Resettlement
Colonies
Rural Villages
RegularisedUnauthorised
Colonies
Urban Villages
Planned Colonies

Developed on agricultural land by
illegal means.
Plots allocated by the DDA to
resettle JJ clusters since 1975.
Will probably be urbanized by
2021. Similar characteristics to
urban villages.
Similar characteristics to
unauthorized colonies, but with
better infrastructure and right to
tenure.
Rural villages that fell into urban
areas after rapid urbanization.
Planned by DDA or private
agencies since the early 1960s.

Total:
*Estimated population living in each settlement in 2000

% of estimated
population

6.2.2. Estimation of household energy consumption and associated
greenhouse gas emissions
To estimate annual energy consumption and the associated greenhouse emissions
across the settlement types, a simple method is employed that considers available data
on ownership of appliances (lighting, cooking, cooling and other end uses), average
appliance ratings, and time in use, using assumptions on occupant behaviour based
on survey data.
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Table 6.2.: Properties of each settlement type.
Type:
%

Planned
dwellings
24

Urban/rural
villages
11

• Evolved
organically over
• Planned
time, with legal
housing built by tenure
private agencies • Services
or the DDA
introduced as
• Often high
and when
Description:
rise
without prior
• Legal tenure planning
and planned
• 3 to 4 storey
services
houses in close
and narrow
streets

• Wall: Render • As planned
+ burnt brick
housing however
• Roof: Cement indications
Housing
materials: render, brick and suggest thicker
reinforced
roofs
concrete
• High/Mid• Mid/LowIncome disincome
income
tributions:
groups
groups
Cooking
• LPG
• LPG
fuel:
• TV
• TV
Electrical
• Fridge
• Fridge
appliances:
• Lighting
• Lighting

Unauthorised

JJ Clusters

18

47
• 1 to 2 storey
buildings, with
• Built on illegal small ground
land however
floor areas
settlements are (20m2 )
becoming
• Self-built and
regularised with undergo
legal tenure
incremental
• Infrastructure growth
is introduced on • Often only
as and when
one facade
basis
exposed
• Little
• No legal
information on tenure, apart
housing style
from in the case
of JJ
Resettlement
colonies
• Varied: from
• Little
temporary
information but
building
assumed to be as
materials to brick
planned housing
and cement
construction

Ref
[134]

[196–
201]

[133,
186,
202–
204]

• Mid-income
groups

• Low-income
groups

[134]

• LPG

• LPG

[133]

• TV
• TV
[184,
• Fridge
• Fridge
186,
• Lighting
• Lighting
205]
• Fans and air
Ventilation • AC and fans • Fans and air
• Fans
coolers
and
• Windows with coolers
[184,
• Windows with • Poor levels of
cooling
cross ventilation • Poor levels of
205]
cross ventilation ventilation
systems:
likely
ventilation
likely
• Overcrowding,
congestion, and
• No available
structural
or low quality
dilapidation
infrastructure
• High
• Studies
Problems
• No data
and facilities
temperatures in suggest reliance
reported:
available
• Overcrowding,
top-floor flats
on artificial
poor ventilation
lighting, and
and tightly
extremely poor
cramped housing
levels of
ventilation
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Figure 6.1.: Examples of settlement types found in Delhi; Category 1: planned housing
(top left), category 2: urban/rural villages (top right), category 3: unauthorised
housing (bottom left), and category 4: JJ Clusters (bottom right).

Calculation methods
Total energy usage, ET , is taken to be the sum of the energy use of all appliances,
based on the number of appliances of type i, ni , the power rating of appliance i, Pi
and the time of use of appliance i, ti ,:
ET =

X

ni Pi ti

(6.1)

i

where the time in use for fans, air coolers, and AC is calculated by determining the
number of hours the external temperature is above the temperature set point for

122

6.2. Methods and materials
the appliance in use. This is equalivent to the cooling degree hour method [206],
but instead uses appliance wattage to estimate total energy requirements rather
than a coefficient describing the building characteristics. CO2 emissions are then
calculated through applying the appropriate carbon intensity coefficients for LPG and
electricity generation. Although the method developed is rather simplistic, it allows an
estimation of energy use and CO2 per settlement type based on the currently available
data. Other more advanced methods, such as BS would require a larger number of
assumptions about dwelling characteristics to be applied, such information needs to
be clearly collated and was deemed too involved for this initial scoping work which
aims at outlining key priorities.

Fuel use and electrical appliance distribution across settlement types
Both the Census and Housing Condition NSS surveys detail access to electricity
and the use of primary cooking fuels. All settlements are likely to use LPG as the
predominant cooking fuel [133]. The majority of households have access to ceiling
fans [184, 205] and the penetration of appliances such as TVs and fridges is similar
across settlement types. 99% of houses in Delhi have electricity for lighting [186].
However, the use of AC units or air coolers is skewed towards high-income settlements,
such as planned dwellings. Ownership of AC or coolers increases with the MPCE
class from 26% of households in the lowest decile to 77% in the highest [205]. TERI
reports greater ownership of AC in higher housing tax bands with air coolers used
predominately in mid-housing tax bands [184]. 48% of electricity sales in Delhi are
domestic consumers [137], and it is estimated that 50% of residential electricity use in
summer months is due to a combination of ceiling fans, air coolers, and AC [184]. The
use of heating equipment is recorded to be low across all settlement types [184].
These data sources, plotted in Figure 6.2, emphasize that the ownership of AC
systems is limited by household income, resulting in a skew in the energy consumption
distribution across settlement types towards high-income groups. This could potentially
affect the distribution of health impacts from heat exposure.

Assumptions regarding occupant behaviour, appliances, and carbon intensities
Based on personal communication with experts and various publications [133, 199,
201, 207], energy use was estimated for one living room and two bedrooms in planned
dwellings, one living room and one bedroom in urban villages, and one living room and
two bedrooms in unauthorised colonies, all of which were assumed to have a separate
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Figure 6.2.: Appliance ownership per decile of MPCE in Delhi.
kitchen and bathroom. The energy use in the JJ clusters was estimated assuming two
multi-purpose rooms, with no separate kitchen [207].
Consumption of LPG for cooking was taken to be 13.3kg per month per household for
all settlement types [208], and energy consumption from LPG cooking was calculated
assuming a calorific content of 45,750 kJ/kg [209] and a carbon intensity of 0.2147kg
CO2 per kWh [210]. Lighting and appliance power and usage were based on a study by
TERI [184]. Standard 60W bulbs were assumed to be used for lighting for 2hrs/day and
5hrs/day on average throughout the year in bedrooms and living rooms respectively.
In bathrooms and kitchens, lighting was assumed to be in use for 2hrs/day using
55W tube lighting. Energy consumption from TVs was calculated in all settlements
assuming 5hrs/per day at 120W and a 200W refrigerator was assumed to be always
on. The use of fans coincided with external temperatures exceeding 26.2℃, air coolers
as external temperatures exceeded 28.5℃ and AC units were assumed to be used
once external temperatures exceeded 31℃ [180] when occupied. All settlements were
assumed to use ceiling fans, with air coolers present in unauthorised dwellings and
urban villages and AC systems only present in planned dwellings. Power ratings of
60W, 200W and 1750W for fans, air coolers, and AC were assumed respectively [184],
and they were assumed to be used only in bedrooms and living rooms. For electricity
usage a carbon intensity of 0.943kG CO2 per kWh was assumed [211].
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6.2.3. Assessment of household health hazards
There is likely to be variation in the health hazards between settlement types due
to differences in housing quality and some socioeconomic factors, such as access to
household applicances based on income. A risk assessment is used to characterize
the principal health hazards across each settlement type. Risk assessment techniques
are widely established [212], and have previously been used to assess housing health
hazards elsewhere. The process generally consists of three steps; hazard identification,
risk analysis and risk evaluation. The UK Household Health and Safety Rating System
(HHSRS) [213] is a framework to guide the evaluation of health and safety risks and
hazards in dwellings in England and Wales. The framework examines 29 categories
of housing hazard under four key areas: physiological requirements, psychological
impacts, infections and accidents. Based on the likelihood of occurrence and spread
of harm, a hazard score is generated that can be used to evaluate the overall risk.
The rationale and techniques used for assessing hazards in Delhi is in each step is
outlined below; the UK HHSRS has been used to inform the techniques as there is
no appropriate local system for assessing housing related health risks. Although the
hazards examined go beyond physical design (materials, construction, layout etc.)
of housing, a broad approach is taken to assess how physical design issues rank in
comparison to other household hazards.

Hazard identification
Hazards identified for inclusion in the assessment are those included in the UK HHSRS,
however it is supplemented with additional hazard categories for PM and vector-borne
diseases, hazards which are present in Delhi but are not accounted for in the UK
version. The hazards assessed are listed in Table 6.3. The hazards are discussed in
relations to the settlement types in the subsequent sections below.
Physiological requirements
Although there is no direct evidence of the impact of indoor temperatures on health
in India, there are several studies on the health impacts of outdoor temperatures.
Recent analysis has shown that heat wave mortality has been increasing [214], and
during a 1998 heat wave episode the outdoor temperature reached 49.5℃, with the
highest mortality burden in the poorest states [215]. Research determining the outdoor
temperature-mortality relationships in Delhi has found that when outdoor mean daily
temperatures are above 29℃ there is a 3.9% increase in mortality for each degree
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Table 6.3.: Health hazards assessed in the Delhi housing stock.
Physiological requirements
Hygrothermal conditions, pollutants
• Damp & mould
• Heat
• Cold
• Particulate matter
• Asbestos
• CO and combustion products (NOx ,
NO2 , SO2 )
• Uncombusted LPG
• Lead
• Radiation
• VOCs
Infections
Hygiene, sanitation & water supply
• Vector-borne disease
• Domestic hygiene, pests, refuse
• Food safety
• Personal hygiene, sanitation and
drainage
• Water supply

Psychological impacts
Space, security, light & noise
• Overcrowding
• Entry by intruders
• Inadequate lighting
• Noise

Accidents
Falls, electric shocks, fires, burns &
scalds, collisions, cuts & strains
• Falls in baths
• Falls level surfaces
• Falls on stairs
• Falls between levels
• Electrical shocks
• Fire
• Flames, hot surfaces
• Collision, and entrapment
• Explosions
• Position and operability of amenities
• Structural collapse and falling
elements

increase (lags of 0-1 days), suggesting that for much of the summer and monsoon
period Delhi residents are at heightened risk [216]. Similarly, for outdoor mean daily
temperatures below 19℃, there is a 2.8% increase in mortality for each degree decrease
in temperature (based on lags of 0-13 days).
In the indoor environment, the impact of outdoor temperature on health is modified
by housing quality and occupant behaviour. For example, a combination of hot
summers, cool winters, poor housing quality, and a high dwelling occupancy in
Delhi can create an indoor environment where household inhabitants are particularly
vulnerable to extreme outdoor temperatures. Indoor temperatures measured in the
warm and humid climate regions of India range between 30-39℃ during the summer
months and fall below 19℃ during the winter months [174, 176, 180, 217]. Delhi
experiences a similar outdoor climate in the summer months to Indian regions with
warm and humid climates but has cooler winters, and therefore even lower indoor
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temperatures can be expected in comparison during these months. JJ Clusters are
expected to be most affected by extreme outdoor temperatures due to the limited
penetration of AC and heating systems, limited purpose provided natural ventilation,
high occupant density, and a lack of climate-sensitive design features in the self-built
structures [184, 201]. Modifications such as partitioning of structures into multi-unit
dwellings in urban/rural villages [199], could lead to overheating in the summer due
to a combination of overcrowding and reduced cross ventilation potential. Planned
dwellings are likely to have access to AC with top floor flats shown to be most reliant
on AC use in an observational study carried out in apartments in Hyderabad [180].
RH outdoors increases during the monsoon and winter seasons. Figure 6.3 shows
the external conditons in Delhi, with much of the year experiencing humid condtions
above 70% RH in winter and moonsoon months. This is likely to result in high
indoor RH, and therefore occupants are vulnerable to health impacts from damp and
mould growth during these months. Measurements during the monsoon season in
apartments in Hyderabad, which has a warm and humid climate, found an indoor RH
of approximately 55% [180], which as a refrence is just below the 60% level above which
risk of damp and mould growth becomes significant [218]. Lack of purpose-provided
ventilation in both urban/rural villages and in JJ settlements may lead to higher
indoor RH in these dwellings due to an inability to remove moisture produced from
indoor activities.

Figure 6.3.: Psychrometric chart showing the external conditions experienced in Delhi,
data plotted from [139].

There is significant evidence on the harmful health effects of indoor air pollution in
developing and middle-income countries [219–222]. Smith [222] estimated the national
health burden associated with indoor air pollution in India. There is high evidence
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for an association of indoor air pollution with acute respiratory infections (ARI),
chronic obstructive pulmonary disease (COPD) and lung cancer; moderate evidence
for asthma, and blindness; and suggestive evidence for ischaemic heart disease (IHD).
Smith estimated that the total annual number of premature deaths among children
below the age of five and adult women are between 400,000 and 550,000.
High outdoor pollution levels will increase indoor pollutant concentrations via infiltration through cracks in the building envelope or ingress through openings such
as windows. Poor-quality structures with very permeable envelopes in urban/rural
villages and in JJ settlements put occupants most at risk. Tighter dwellings and those
utilising air-conditioning systems where windows remain closed, such as in the planned
settlements, will inhibit the ingress of outdoor pollutants.
Indoor sources of pollutants are numerous. Up to 11% of dwellings in Delhi use asbestos
sheets as the predominant material of the roof [133]. If these materials are damaged in
any way, they release fibres that are dangerous for health. The use of asbestos sheets
is most likely in the low-income JJ clusters settlements, where roofing materials are
more diverse [207]. Household energy sources have a direct impact on health through
the fuel types used for cooking, lighting, and heating. Almost all dwellings in Delhi
use LPG, oil, and solid fuels containing carbon for cooking and 0.7% of dwellings
use kerosene, other oil, or ’any other’ type of fuel for lighting [133]. These fuels are
sources of PM, NO2 , SO2 , and can produce CO in the case of incomplete combustion.
The use of LPG also presents a risk as it may escape uncombusted into a dwelling due
to defects in the installation or appliance. Smoking indoors significantly influences
indoor PM levels [223], and smoking rates in India are high (30% of those aged 15 or
higher), especially among men and low-income groups [224]. There are also several
structural characteristics of the dwellings that make occupants especially vulnerable
to high indoor pollutant concentrations. 20% of occupants, mainly in JJ clusters, do
not have separate kitchens [133], and most dwellings do not have ventilation systems
for effective removal of pollutants during cooking times (e.g. through a chimney or an
extract fan). Monthly mean indoor concentrations of PM (from indoor and outdoor
sources combined) were found to vary between 56-106µg/m3 and 152-201µg/m3 for
PM2.5 and PM10 respectively in two Delhi dwellings [143]. A study in 14 residential
dwellings in neighbouring Agra found a six-month (between October and March) mean
of 135-173µg/m3 for PM2.5 [225]. These concentrations are far higher than threshold
values for outdoor air quality guidance provided by WHO [226] for PM2.5 (maximum
annual mean of 10µg/m3 and 24-hour mean of 25µg/m3 and PM10 (maximum annual
mean of 20µg/m3 and 24-hour mean of 50µg/m3 . Indoor concentrations of CO, NO,
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and NO2 measured in neighbouring Agra were found to be below maximum values
given in standards produced by India’s Central Pollution Control Board [151].
There is little data on the use of lead in paints and water pipes within the Delhi
housing stock, which can have toxic effects. Radon gas originates from soils but
building materials extracted from the earth’s crust can also contribute to the indoor
radon levels. One study found indoor radon levels to be below an action level of
200 Bq/m3 (based on recommendations in from the International Commission on
Radiological Protection) in Delhi [227], however more research is needed to fully assess
this issue across a range of dwelling types. Volatile Organic Compounds (VOCs) may
be found in a variety of materials in the home, with newly built dwellings most likely
to be affected, due to the higher emission rates of VOCs in any new materials such as
carpet and paint.
Psychological impacts
Small dwellings and over-occupancy lead to overcrowding and a lack of space. There
are also direct physiological impacts of overcrowding. Delhi dwellings are at a severe
risk of overcrowding with a most common occupancy of 6-8 (26%, [133]) combined
with most commonly one room (32%, [133]). Overcrowding has been reported in both
the urban/rural villages and JJ cluster settlements [198, 201]. Inadequate lighting is
likely to be an issue, especially during hot periods where curtains are kept drawn to
the heat out. At times of power cuts and low voltage, lighting levels may fluctuate.
Studies in an urban village noted inadequate daylight levels and reliance on artificial
lighting [199]. Noise is also likely to be an issue due to the aforementioned overcrowding,
high population, dense housing infrastructure, and high volume of traffic. A study
relating noise pollution to self-reported human health conditions in Delhi [228] in both
a high-density area and a low-density area found a range of adverse health effects
including nausea, rise in blood pressure, and depression as a result of factors including
vehicles, generators, and household industries.
Regarding security, Delhi crime levels are generally known to be high. In 2012 there
have been 1715 recorded burglaries, up by 20% on the previous year; this number
appears to be fairly low compared to the number of households in Delhi. However,
it is assumed that many crimes go unrecorded, and there is a high risk of burglary
in Delhi households, which could lead to anxiety or injury, in the case of aggregated
burglary, to occupants.
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Infections
Uncontrolled ventilation, over-occupancy, and inadequate sanitation systems in JJ
clusters and urban/rural villages dwellings make them particularly vulnerable to the
spread of vector-borne diseases (VBDs). The major VBDs in India are malaria, dengue,
chikungunya, filariasis, Japanese encephalitis and visceral leisihmaniasis [229]. Their
health burdens in 2008 were: malaria (1,524,939 cases with 935 deaths); leisihmaniasis
(33,234 with 146 deaths); dengue (12,561 cases with 80 deaths), Chikungunya (2,46195,091 cases); Japanese encephalitis (3,839 cases with 684 deaths) and filariasis
(26,702 cases) [229]. There are several other pathways to infection that will be
discussed briefly here. Transmission by direct contact with an infected individual
or contaminated surface could be exacerbated in overcrowded dwellings. Ingestion
enables microorganisms to enter the digestive system, and therefore their prevalence
will be affected by the quality of the sanitary facilities. Finally, airborne pathogens
would be strongly influenced by overcrowding and ventilation rate, with a possible
dependence on indoor air conditions like RH and temperature [230].
Poor hygiene, sanitation and polluted water supplies can lead to a number of infectious
diseases. Occurrence of pests in the dwelling, and improper household waste storage
and disposal can also lead to infections. Waste collection in Delhi is inadequate; it
is reported that around 30% municipal solid waste (MSW) is left uncollected on the
street or in small open dumps, where collected MSW is dumped in uncontrolled open
landfills causing risk to both environment and human health [231]. Furthermore,
waste can cause pest infestations, which can then cause allergic reactions or carry
infectious diseases, further heightening health risks. Planned and unauthorised housing
tend to have better managed surroundings or are situated in gated grounds; lowering
the contamination potential of some solid waste and some pests, such as stray dogs.
Urban/rural villages and JJ clusters often share street access and surrounding areas
can be littered with waste and home to a number of pests. Sanitation infrastructure
in Delhi is limited; 40% of dwellings are reported to have open drains and 7% have no
drainage arrangement at all [207]. 21% of households are recorded to have no bathroom,
with the majority of these households in low-income groups, and only 63% of households
have exclusive use of a latrine, 22% have access to shared latrine, and 9% have access
to public latrines [207], further suggesting facilities are limited. JJ clusters have the
poorest sanitation infrastructure often with no latrine facilities, and substandard open
drainage systems. Similarly, urban village infrastructure is haphazard, and as such,
drainage and sanitation facilities can be poor [232]. Contaminated food can also result
in infectious illness, normally resulting from inappropriate storage, inadequate cooking
or poor hygiene practices. JJ clusters are likely to be most at risk due to overcrowding
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and inappropriate storage space or poor hygiene from multi-use surfaces. According
to survey data the majority (84%) of households have access to tap water, as a first
drinking source, however, only 60% have exclusive use, with nearly 40% relying on
shared or community sources [207]. Delhi’s water supply can be contaminated, with
outbreaks of water borne diseases common [233], leading to further risk of infections.
The low-income population are most likely to suffer from inadequate water supply,
and JJ clusters are likely to be at the highest risk [207].
Accidents
Risk from structural collapse and dilapidation is likely to be higher in both urban/rural
villages where there is a lack of maintenance, and JJ settlements where structures are
often self-built without formal standards [198, 201]. Risk from electrical shocks could
arise from unsuitable and badly-installed electrical fittings, which are more likely in
low-income households such as JJ clusters, where domestic wiring is temporary or
fixed to walls rather than in conduit casing with adequate protection [207]. Risk of
fire could result from the burning of fuels for cooking, lighting or heating or faulty
electrics in all settlements, but in tightly packed JJ clusters or urban/rural villages,
the risk of the fire spreading is higher.
Falls in baths are assumed to be the same in all settlement types, however JJ clusters
are likely to bathe with buckets rather than in purposely designed bathrooms. Falls
on level surfaces, on stairs and between levels are likely to be greater in JJ clusters
and urban/villages. Dwellings are self-built and often fronted denoting a possibility of
risk of falling between levels, stairs are often narrow and level surfaces badly finished
with large open drains causing heightened hazards.

Risk analysis method
The HHSRS calculates a hazard score through estimating the likelihood of occurrence
for a given hazard, this is then multiplied by the potential outcome of the hazard
(or spread of harm), for the four given classes of harm. The level of data needed
to generate a hazard score for housing in Delhi is currently unavailable. As such, a
modified, largely qualitative rather than quantitative, method is used to characterise
the principal health hazards. The method considers the likelihood of occurrence and
expected harm from available literature and data sources and consultation with local
experts.
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A consequence/probability matrix is developed in order to rank risks, is presented in
Table 6.4. Such methods are commonly used as a screening tool when many hazards are
identified or where data is limited and can provide guidance on which hazards require
further detailed analysis or should be treated first [212]. The likelihood of occurrence
and the expected harm for each hazard is assessed to be either low, moderate, high
or severe (or 1 to 4). The simplified hazard consequence/probability matrix is then
used to rank the risks, giving a final score which is calculated by multiplying the
likelihood of occurrence and expected harm. For further clarification, a definition
of terms, rationale for judgement, and assessment categories used are included in
Appendix C.
Table 6.4.: Risk matrix used to assess each hazard based on the likelihood of occurnace
and spread of harm.
Low
Expected Moderate
harm
High
Severe

Low
1
2
3
4

Likelihood of occurrence
Moderate
High
Severe
2
3
4
4
6
8
6
9
12
8
12
16

A large body of scientific literature, detailed in Appendix C, was used to assess the
likelihood of occurrence and expected harm for each hazard for each settlement type
in Delhi. In particular, this included literature and datasets on:
• Environmental exposure risk, which includes evidence of: outdoor environmental
quality; IEQ; level of housing infrastructure and services; and other related
datasets
• Housing conditions/modifiers; which considered risks in relation to the identified
settlement types drawing on evidence of housing quality
• Health evidence; which included relevant health data (recorded deaths in NCT
of Delhi), EM-DAT data for India on mortality due to disasters (extreme heat
and cold, fires, explosions, and collapse) and other relevant health studies.
Based on this evidence, experts from building science and public health separately
judged the likelihood of occurrence and expected harm as low, moderate, high or
severe. These judgements where then compiled by taking the most common (mode)
judgement (of the all the individual assessments) for the likelihood and expected harm.
These were then used to calculate the final hazard rating (SO,H ). As the analysis
method is largely subjective, combining the individual responses accounts for the
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variation between the authors individual ratings, helping to improve the objectivity
and rigour of the results. Mode, medium, maximum and minimum hazard ratings
results are provided in Appendix C for each hazard as a measure of the variability in
expert opinion.

6.3. Results and discussion
In this section, the estimated energy consumption and household health hazards for
each settlement type are presented.

6.3.1. Energy consumption and CO2 emissions across settlement types
The highest energy use was estimated for the planned dwellings, mainly due to the high
penetration of AC. The lowest energy use was found in JJ clusters, where ownership
of cooling appliances is limited. The Economic Survey of Delhi estimates residential
electricity sales for 2011-12 to total 10.86TWh [137]. By scaling up to stock level, based
on the distribution of settlement types and methods outlined above, a total annual
consumption of 12.92TWh was estimated, an overestimate of 19%. This discrepancy
could be due to a combination of: the assumptions made for each settlement type;
the likelihood that total electricity use is not fully recorded due to illegal connections
in JJ clusters; the use of back-up generators during blackouts; and the fact that AC
units might not be used for all hours that external temperatures exceed the specified
threshold. Estimated annual CO2 emissions (kg) per settlement type are distributed
similarly to energy consumption; this is shown in Figure 6.4.

6.3.2. Household health hazards rankings across settlement types
The estimated hazard ranking for the different dwellings types in Delhi can be seen
below (Table 6.5) representing the modal likelihood of occurrence and the expected
harm from individual assessments. The completed risk analysis can now be used to
prioritise which hazards require treatment first. PM, heat and cold hazards present
the largest risks across all four categories of settlement, while vector-borne disease and
water supply were also estimated to present significant risks to those in low-income JJ
cluster settlements. Interventions and/or regulations should be applied immediately
in order to reduce these hazards and to protect the health of occupants. Structural
collapse, fire, overcrowding, damp and mould hazards were estimated to be moderate
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Figure 6.4.: Estimated annual CO2 emissions per settlement type household.
risks across all settlements. JJ clusters were estimated to have a higher number of,
and more serve, risks compared to other settlement types, followed by urban villages
and then unauthorised colonies. Planned settlements are likely to have high quality
dwellings and better access to services and infrastructure, hence providing the lowest
risk environment.

6.3.3. Intervention priorities and constraints
By aggregating the stock into four settlement types, it was possible to broadly estimate
variations in energy use and health risks. Here, the priorities and constraints, (such
as cost, space and ownership pressures) of addressing energy and health concerns in
each settlement type are discussed.
The largest risks to health were found to be hygrothermal conditions (temperature
and humidity) and air quality in all settlement types, hazards which could be reduced
through better design and interventions to modify dwelling performance. Modifications
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Table 6.5.: Final estimated household health hazard risks ratings (SO,H ), with modal
responses for likelihood of occurrence, O, and expected harm, H, noted in subscript.
Hazard

Settlement type
Urban
Planned
Unauthorised JJ Clusters
villages
Physiological requirements: Hygrothermal conditions, pollutants
1 Damp & mould
4M,M
6H,M
4M,M
6H,M
2 Heat
6M,H
9H,H
6M,H
12S,H
3 Cold
6M,H
9H,H
6M,H
9H,H
4 Particulate matter
9H,H
9H,H
9H,H
16S,S
5 Asbestos
3L,H
3L,H
3L,H
6M,H
6 Biocides
2L,M
2L,M
2L,M
2L,M
CO and combustion
7
4M,M
4M,M
4M,M
4M,M
products
8 Uncombusted LPG
2L,M
2L,M
2L,M
2L,M
9 Lead
2L,M
2L,M
4M,M
4M,M
10 Radon
3L,H
3L,H
3L,H
3L,H
11 VOCs
4M,M
1L,L
1L,L
1L,L
Psychological impacts: Space, security, light & noise
12 Overcrowding
2L,M
6H,M
6H,M
6H,M
13 Entry by intruders
2L,M
2L,M
2L,M
2L,M
14 Inadequate lighting
1L,L
2M,L
2M,L
3H,L
15 Noise
2L,M
4M,M
4M,M
6H,M
Infections: Hygiene, sanitation & water supply
16 Vector-borne disease
2L,M
6M,H
6M,H
9H,H
17 Domestic hygiene
2L,M
6H,M
4M,M
6H,M
18 Food safety
2L,M
4M,M
4M,M
6H,M
Personal hygiene,
19
2L,M
6H,M
4M,M
6H,M
sanitation and drainage
20 Water supply
2L,M
6H,M
6H,M
9H,H
Accidents: Falls, electric shocks, fires, burns & scalds, collisions, cuts & strains
21 Falls baths
1L,L
1L,L
1L,L
1L,L
22 Falls level surfaces
1L,L
2M,L
2M,L
2M,L
23 Falls on stairs
3L,H
4M,M
6M,H
6M,H
24 Falls between levels
2L,M
6M,H
3L,H
4M,M
25 Electrical shocks
2L,M
4M,M
4M,M
6H,M
26 Fire
3L,H
6M,H
3L,H
6M,H
27 Flames, hot surfaces
2L,M
4M,M
4M,M
6H,M
Collision, and
28
2L,M
2L,M
2L,M
2L,M
entrapment
29 Explosions
4L,S
4L,S
4L,S
4L,S
Position and operability
30
1L,L
1L,L
1L,L
1L,L
of amenities
Structural collapse and
31
3L,H
6M,H
3L,H
6M,H
falling elements
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in building performance will also impact energy consumption, and as such strategies
should be considered in parallel to achieve co-benefits. Single passive strategies are
unlikely to be able to provide adequate indoor temperatures throughout the year,
due to Delhi’s composite climate. Garg and Sawhney [234], summarised this stating;
“the designing of a building in such a climate poses difficulties because of a large
number of conflicting requirements”. They suggest adaptive design features, such
as; “movable shades and insulation or ventilated cavities, or covering relevant walls
with creepers usually provide changing aspect over the year” for Delhi dwellings.
Furthermore, the polluted outdoor environment and the presence of vector borne
diseases could complicate strategies. Essentially, dwellings need to provide heating
during winter, cooling during the summer and ventilation/dehumidification during
the humid monsoon well protecting against pollutants (outdoor and indoor sources)
and vector borne diseases while aiming to keep energy consumption low.
The impact of overcrowding could be minimised through space saving interior design
but will be limited in most cases due to the surrounding space and availability
of land. Interventions to reduce the impact of further hazards, such as electrical
shocks, fire, water supply, personal hygiene, sanitation and drainage would require
significant investment in infrastructure and implementation of regulations to improve
conditions. Risks resulting from structural collapse and falling elements could be
reduced through better regulation in construction and inspections in current buildings.
Where additional dwelling modifications are carried out structural safety must be
considered.
Strategies in the planned sector should focus on reducing the energy demand required
by installed systems in a manner that helps improve hygrothermal conditions and
air quality. Interventions should incentivize payback periods from energy and health
savings through policies and awareness campaigns or via improved housing guidelines
for architects, designers, planners, and the DDA who are responsible for the provision
of new social housing. In urban/rural villages and unauthorised colonies, poor indoor
environmental conditions were found to be the largest concern. Interventions will be
limited by the crowded surroundings, should be medium to low-cost, not significantly
increase energy use, and be easy to implement. Interventions in unauthorised colonies
will be less limited by surroundings and can be incorporated in directives as unauthorised colonies become further regularised. In the informal JJ clusters, strategies
should focus on reducing a multitude of health hazards. It is crucial that interventions
are very low cost, easy to implement, and employ local skills and resources.
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6.3.4. Limitations
The chapter assessed household energy use and health inequalities across Delhi’s
housing stock. This lays the foundation for the following chapters, which will quantify
which building parameters in particular influence temperature, humidity and pollutant
levels as indicators of health and energy consumption in order to more precisely tailor
housing interventions and develop guidelines for improved housing.
Data limitations restrict the level of detail and the accuracy of the results. While it has
been possible to aggregate the housing stock into four broad categories and describe
general characteristics, it is not possible to break down the housing further into a set
of archetypes and describe in detail their features. A more detailed breakdown would
aid a more accurate estimate of energy use and health hazards. Similarly, energy use
data, such as details of occupancy behaviour and appliance use, is restricted to only a
few studies with limited scope. Additional data collection on housing characteristics
in each settlement type is needed and surveys capturing appliance use and occupancy
would provide a more accurate description of energy use across households.
The methods used to assess the energy and health hazard across the settlement
types are approximations based on expert opinion or simplified calculations. More
sophisticated methods, such as BS models will be applied to achieve better predictions
of energy consumption and IEQ in the next phases of the work.
Some consideration of the uncertainty in the applied methods is provided. The
assessment of health hazards is carried out individually by a group of experts (variation
of the response is provided in Appendix C), and then combined for formulation of
a final ranking, which helps to improve the objectivity of the analysis. However, a
sensitivity analysis for both energy use and health hazard estimates could be performed
to assess the most influential parameters. This would help to identify where further
detailed data is required as well as evaluate the variability of the overall results.
Further data gathering work, the employment of more sophisticated methods and
sensitivity analysis to assess variability in results will help to provide a more accurate
assessment of health and energy in Delhi housing. However, this chapter provides a
useful starting point which helps identify where modelling and field studies should
focus and what further information needs to be collected.
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6.4. Conclusions
This chapter presents a preliminary exploration of the balance between energy consumption and health risks in the context of the residential sector in Delhi. It has
been broadly possible to assess the disparities in energy use and health risks across
the housing stock, by splitting the stock into four settlement types. From the work
described in this chapter, it can be concluded that:
• Energy consumption is approximately three times higher in planned dwellings
compared to non-planned dwellings, mainly as a result of a higher penetration
of AC units. Therefore planned dwellings and unplanned dwellings are likely to
contribute approximately equally to the total residential energy consumption in
Delhi, even though planned dwellings only comprise 24% of the stock.
• Health risks vary considerably across settlement types as a result of: variations
in the quality of housing; access to services (water and sanitation); the ability
for occupants to modify their indoor environment due to income; and right to
tenure. JJ clusters are most likely to be at a higher risk from a wide range of
adverse health impacts compared to other settlement types. The greatest health
risks are estimated to be from exposure to PM, heat, and cold.
In order to develop the most appropriate intervention strategy in terms of building
performance, a combination of BS modelling and a monitoring campaign may elucidate
which building parameters are determinants of indoor temperatures and pollutant levels.
This work can then be used to optimise building interventions and develop guidelines
for improving housing as a method for shifting the health-energy balance. This lays
the foundation for the next chapters, which will assess which building parameters in
particular influence indoor temperature and pollutant levels as indicators of health
and energy consumption in order to more precisely tailor housing interventions and
develop guidelines for improved housing in Delhi.
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As described in Chapter 6, a number of inequalities exist in Delhi’s housing stock.
Through applying a simplified energy calculation and a health hazard assessment tool,
it was estimated that planned housing used approximately 3 times more energy than
non-planned housing, while JJ cluster dwellings are expected to be at greatest risk
to household health hazards. The greatest health hazards are considered to be from
exposure to PM, heat and cold in all settlement types. This chapter aims to build
on this work by quantifying energy use and exposure to the identified indoor hazards
through the use of BS modelling. Once a model of the current conditions has been
developed, this model can then be used to assess the impact of interventions.
This chapter explores housing energy, and health inequalities in example archetypes
from the contrasting planned and JJ clusters using BS models. The objective is to
provide an initial understanding of the possible range of indoor exposures experienced
across the Delhi housing stock and evaluate the key characteristics impacting indoor
environment within these dwelling variants. This will help identify which interventions
could be most beneficial.
This chapter is split into three sections. Section 7.2 describes the set-up of the BS
models and inputs used in the work. After this, the results of the simulations are
analysed in Section 7.3. The findings are then discussed and limitations of the work
are considered in 7.4. Finally, a chapter conclusion is provided.

7.1. Objectives
This chapter details the development of BS models to map out the variation in energy
use and indoor environment quality in Delhi, which can provide supporting evidence
for interventions that minimise hazard exposure and energy consumption. The specific
objectives of the chapter are therefore:
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• To develop BS models to determine indoor temperatures, PM concentrations
and energy loads in contrasting settlements of Delhi;
• To assess any significant differences in indoor temperatures and PM concentrations across the dwelling types and establish the key determinants effecting
indoor conditions in order to point towards interventions.

7.2. Methods and materials
This section describes the methods and materials used in this chapter. First details
of the estimation approach used to predict dwelling performance are given. This is
followed by a description of the selected archetypes, after which the BS set-up is fully
described. Finally, the section finishes with a description of how exposure levels were
assessed and methods used to identify key determinants of exposure.

7.2.1. Building performance estimation approach
As described in chapter 3, there is a wide variety of methods to estimate building
performance. For this work, the physical estimation technique should be used as it does
not rely on extensive monitoring data and can predict changes in performance from
interventions and design options. A prognostic law-driven nodal modelling approach
using EnergyPlus v8.1.0 (an extensively tested and validated multi-zone building
physics tool) is employed. EnergyPlus dynamically models heat, moisture and airflow,
using heat and mass balance equations that are a function of the external environment,
building parameters, and occupant behaviour [194]. As mentioned previously, this
methodology of employing BS tools and using relevant data sources as basis for inputs
to describe the general behaviour and performance for a given housing stock has been
carried out widely elsewhere [79, 97, 100–102].
In this work, the airflow network was employed for modelling air movement between
internal zones and between the dwelling and external environment. Models were
simulated for an annual period and hourly air temperature, pollutant concentrations
and energy use from appliances in each zone were captured. Base case archetypes
were selected to represent the spectrum of housing in Delhi, and inputs are based on
available relevant data sources.
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7.2.2. Selection of archetypes
Delhi housing was stratified into four settlement types in the previous chapter. Due
to the limited information available on dwelling characteristics, it was not possible to
model the extent of the variation within each settlement type. Therefore, example
archetypes were gathered from planned and JJ Cluster settlements to represent the
diversity of the stock; these are shown in Fig. 7.1. These were gathered via local
contacts working in housing in Delhi. For the planned sector, two flats were selected,
of which one was a DDA flat and the second was a flat developed by a private agency.
For the JJ clusters, one single storey with a roof top toilet and one double storey
archetype with a roof top toilet were selected from the resettlement colonies. Building
codes limit housing to no more than 2.5 storeys [138], and therefore, dwellings in JJ
clusters are representative of stages of incremental growth in resettlement colonies.
Although this selection is not statistically representative of the Delhi housing stock, it
represents the extremes.

Figure 7.1.: Modelled archetypes from the planned and JJ cluster settlements.
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7.2.3. Building simulation set-up
10 dwelling variants (Table 7.1) were constructed using the EnergyPlus IDF editor
from the four example archetypes, to represent a different number of exposed facades,
or a different location in an apartment block. Each of these variants were simulated
with four orientations, five permeabilities of the exposed building envelope, and three
energy use scenarios, resulting in a total of 600 unique combinations generated through
MATLAB [235]. The development and rationale for the selection of these unique
combinations are discussed below.

Dwelling geometry and construction materials
Details of each archetype are given in Table 7.1. Both the DDA and private agency
flats have two bedrooms, two bathrooms, a living room and a kitchen, and all walls
are exposed. The DDA flat has a total floor area of 82m2 and a small balcony with
shading next to the living and main bedrooms. The private agency flat is larger with
a total floor area of 162m2 , not including a large shaded balcony adjacent to the
living area and smaller balconies adjacent to the bedrooms. Both flat archetypes are
modelled with ground-, mid- and top- floor variations. Resettlement dwellings are
built on 3m by 6m plots, which have significant impact on the size of the dwellings,
resulting in closely built structures with usually only one exposed facade thus limiting
the ability for cross ventilation. These structures share walls with adjacent houses,
and the second floor overhang provides the occupants with increased space as well
as shading at the ground level. The double-storey house is built with open sides at
the second floor level. The JJ resettlement dwellings are modelled with one and two
exposed facades. Further details and layouts are provided in Appendix D.
The majority of housing is constructed with burnt brick [133]; this is the case for
both the JJ resettlement and planned archetypes. Details of the material composition
used in buildings were based on studies from Kumar and Suman [236], Ramesh et
al. [203] as well as the IT Toolkit EnEff ResBuild India [204], with verification through
private communication with architects working in the Indian building sector. The
construction assumed for each archetype is detailed in Table 7.1. The thermal material
properties modelled can be found in Appendix D.
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Table 7.1.: Modelled archetypes, their variants, and corresponding additional details.
Settlement
Archetype
type

DDA flat

Variant

Variant
ID

Ground

DDA-G

Mid

DDA-M

Top

DDA-T

Planned

Private
agency flat

JJ
resettlement
1
JJ
clusters

Ground

PF-G

Mid

PF-M

Top

PF-T

1 facade

JJ1-1

2 facades JJ1-2

JJ
resettlement
2

1 facade

JJ2-1

2 facades JJ2-2

Description

Construction
materials

2 Bedrooms,
kitchen-dining room, Wall: 0.025m
living room, 2
Render + 0.23m
bathrooms, small
Burnt Brick +
balcony
0.012m Plaster
Floor area - 82m2
Floor: 0.1m Brick +
Glazing ratio - 22% 0.1m Concrete +
0.0125m Cement
mortar + Terrazo
3 Bedrooms, kitchen, 0.025m
dining room, living Roof: 0.025m
room, 2 bathrooms, Cement Render +
small balcony and 0.100m Brick +
large balcony
0.150m RCC +
Floor area - 162m2 0.0125m Cement
Glazing ratio - 12% Render

1 Bedroom, shared
living/kitchen area,
1 bathroom
Floor area - 18m2
Glazing ratio - 0%

Wall: 0.012m
Render + 0.23m
Burnt Brick +
0.012m Plaster
Floor: 0.1m
Concrete + 0.0125m
2 Bedrooms,
kitchen, bathroom, Cement mortar
Roof: 0.15m RCC
living area
2
Plot area - 18m
Glazing ratio - 0%

Dwelling permeability and orientation
Both dwelling permeability and orientation were considered to potentially have a
significant impact on the building performance and indoor temperature levels, and
therefore a range of these parameters was simulated. As far as the author is aware,
there is no reliable large-scale data on building permeability in Delhi. Therefore
dwelling permeability was varied by increments of 10m3 /(h.m2 )@50Pa from 10 to
50m3 /(h.m2 )@50Pa1 . An analysis showed that permeability of 50m3 /(h.m2 )@50Pa
1

An average permeability of 10.5m3 /(h.m2 )@50Pa has been recorded for UK dwellings, which was
considered to be tight in comparison to India dwellings.
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was equivalent to the effect of a ventilation hole or small unglazed opening (up to
0.25m2 ), which is common in the JJ-cluster dwelling facades. It was assumed that the
dwellings would be relatively leaky, especially in the case of the self-built informal
housing, and therefore a minimum of 10m3 /(h.m2 )@50Pa would be appropriate. In
order to remove the bias of selecting a single building orientation, each archetype was
rotated four times from the building north. This meant that the archetypes could be
assessed independently from orientation by averaging over this parameter, as well as
together with orientation to establish its effect on indoor temperature levels.

Occupancy and equipment schedules
Occupancy schedules were kept consistent between dwellings and based on a study by
Saksena et el. [150], who recorded how time was spent in 1000 households in Delhi.
An average occupancy of five was assumed based on the NSS Housing Condition 65th
Round [205], with two adults and three children, of which one adult and one child
remain home for the majority of the day. The average household occupancy decreases
from 6.5 in the lowest household income decile to 3.6 in the highest [205]. It was
assumed that there would be still one adult that remains home and interacts with
ventilation controls. Metabolic heat gains due to the physical activity of the occupants
were obtained from EnergyPlus guidelines [237] and the American Society of Heating,
Refrigerating and Air-Conditioning Engineers tables [238]. Each dwelling was assumed
to use a TV, fridge, lighting and a gas hob for cooking [184, 186], which results in
heat gains. It was assumed that artificial lighting is used between dusk and dawn
in occupied zones only while occupants were awake, a television is used during the
evening period, and the fridge is always on [184]. Internal PM2.5 emission rates were
assumed to be the same as for gas hobs in the UK: 1.6mg/min2 , and deposition rate
of 0.39/hr was used as modelled in previous work [79]. Cooking was assumed for a
total of four hours per day in the kitchen or shared living/kitchen areas [150]. Full
details of the occupancy and equipment schedules are given in Appendix D.

Cooling scenarios
There is indication that the majority of households use ceiling fans [184, 186]. The
use of AC units or air coolers is skewed towards high-income settlements, such as the
planned dwellings, with ownership of AC units or coolers roughly increasing from 262
per 1000 households in the lowest MPCE (monthly per capita expenditure) decile
2

This generation rate is due to food particulates from cooking.
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to 770 in the highest [186]. TERI reports higher ownership of AC in higher housing
tax bands with air coolers used predominately in mid-housing tax bands [184]. The
usage and ownership of appliances will have an important bearing on an occupant’s
ability to modify indoor temperatures, which will then have a repercussion on the
level of occupant exposure to heat. It was assumed the likely energy scenarios were (i)
the use of AC and fans in the planned housing and (ii) the use of fans only in the JJ
clusters.
However, all dwellings were modelled with three distinct energy-use scenarios; 1)
natural ventilation, 2) natural ventilation with fan use, and 3) fan and AC use. This
approach was selected to enable the determination of key building features of heat
and cold exposure in dwellings across Delhi using the results of the natural ventilation
scenario, as well as to assess the energy-use requirements in maintaining adequate
indoor environments.

Comfort controls and thresholds
Ventilation patterns and strategies for maintaining thermal comfort levels were largely
based on work carried out by Indraganti [180], the only in depth study reviewing
comfort and the use of environmental controls in residential buildings in the composite
climate of India. The use of windows and external openings (balcony doors etc.) for
cooling were reported to coincide with indoor globe temperatures above 28℃, above
which windows were closed to limit hot breezes entering the building. Occupants
were also found to rely on fans or AC with increasing indoor globe temperatures.
Further to this, it was found that use was affected by occupant attitudes, habits and
privacy as well as security aspects [182]. Although, Indraganti’s work is useful, it is
not possible to extract definitive set-point temperatures for the use of fans, coolers
and AC as only limited data and plots are provided. Therefore, it is considered that
the set-point temperature for comfort equipment should be taken to be the same as
the ventilation set-point. EnergyPlus requires threshold temperatures as dry-bulb
temperatures, rather than globe temperatures as presented in Indraganti’s study.
However, a strong correlation between indoor air and global temperatures (r=0.959)
has been found [239], and mean monthly indoor air and globe temperatures with
their standard deviations were also shown to be similar [183]. It is assumed that
this limitation will not impact building use significantly. The following set-point
temperatures and rules were assumed (Table 7.2):
1. For the natural ventilation scenario: Windows, external doors, and balcony doors
were set to open when the air temperature was above a threshold temperature
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(TSP ) of 28℃. Windows were closed if the dwelling was unoccupied and when
the external temperature was above the internal temperature. Window blinds
were set to operate with room air temperatures above 28℃. Internal doors were
opened when room air temperatures were above 28℃, except for when bathrooms
and bedrooms were occupied.
2. For natural ventilation with fans: As above, except fans are additionally simulated as electrical heat gain in occupied living rooms and bedrooms during the
hotter months (Mar-Oct). (It is not possible to directly model ceiling fans in
EnergyPlus 3 .) The effect on comfortable hours was then applied through postprocessing temperature outputs. It was assumed that fans reduced the perceived
temperature by a maximum of 2℃ [241]. When the operative temperature was
above (TSP ) 28℃, the perceived temperature was reduced by 2℃, and thus the
use of fans increased the number of hours perceived comfortable.
3. For the fan and AC scenario: AC use was set to trigger at a zonal air temperature
(TSP ) of 28℃ in living rooms and bedrooms during occupied periods. In this
scenario, all external and internal openings remain closed.
Table 7.2.: Various thresholds and their corresponding symbols and temperatures
Threshold definition
Symbol Temperature, (dry-bulb)
Set-point temperature
TSP
28℃
Lower comfort threshold TCL
21℃
Upper comfort threshold TCU
33℃

The level of comfort provided by the dwelling will have significant impact on current
and potential energy use. Indrangti finds the comfort threshold, in households in
Hyderabad, to correspond to a globe temperature between 26℃ and 32.5℃, concluding
that the standards specified in the Indian Building Code are too low [239]. A thermal
comfort study in naturally ventilated hostels in the Indian composite climate similarly
found that the comfort threshold was between 25.9-33.8℃ (dry-bulb temperatures)
[242]. However, the lower limit is likely to be inappropriate for winter months as both
studies were carried out in the summer/monsoon period where minimum temperatures
below 26℃ were not recorded. Therefore, in this study, we considered the comfort
3

Ceilings fans will have an impact on internal air movement, predominantly causing vertically airflow.
There will be complex interaction between the internal and external air movement, work has shown
that air velocity at the walls away from the ceiling fan is very low or zero [240], it was therefore
assumed that the effect on external-to-internal air movement are very small or negligible. However,
this will be dependent on room size and geometry; to understand the effect of the external to
internal air movement would require more in-depth research, which was deemed outside the remit
of this work.
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range to correspond to a (dry-bulb) temperature (i) above 21℃ (TCL ) in winter (as
specified in national building codes [138]) and (ii) below 33℃ (TCU ) in summer (Table
7.2).

External conditions
The simulations were run using a typical meteorological year (TMY2) weather file
for Delhi, containing annual hourly values of meteorological variables derived from
historical weather recordings. TMY2 files represent typical conditions rather than
extreme or future periods, and therefore will provide insight into typical building
performance in the current climate. The data for New Delhi was developed as part
of a set of 58 locations in India by the Indian Society of Heating, Refrigerating and
Air-Conditioning Engineers (ISHRAE) [139]. The external PM2.5 concentrations
were based on seven years of data (2007-2013) gathered from a central monitoring
station in Delhi maintained by the Central Pollution Control Board [141]. Data was
input as monthly averages to capture the seasonal variation, with an average annual
concentration of 124µg/m3 . The outdoor conditions were kept spatially constant, with
no micro-climatic variation in outdoor temperature or air quality considered. This
was because the variation in indoor conditions due to the building characteristics was
considered to be of greater interest in order to understand the disparities across the
housing stock. Modelling spatial variation was deemed outside the scope of this work
and would require additional micro-climate modelling and/or data in order to be fully
representative.

7.2.4. Exposure thresholds
Currently, it is not possible to identify specific indoor environmental thresholds for
excess winter and heat mortality in India. However, there is research which determines
the outdoor temperature health risks. Exceedance time above a given threshold was
used as a proxy for health impacts arising from various IEQ indicators, as carried
out by [243]. EnergyPlus hourly outputs are post-processed to calculate the annual
number of days of daily mean heat (without lags), cold (without lags), and PM2.5
exceedances above thresholds for an occupant who remains at home most of the day
(but is not involved in cooking). For cold and heat, the thresholds were taken to be

147

7. Modelling health-energy disparities across Delhi’s housing stock
19℃ and 29℃ respectively, based on McMichael et al [216] who looked at the relation
between mortality and air temperature in Delhi, given by:

hheat =

hcold =


1

if x > 29◦ C

day=1

0

else

365
X


1

if x < 19◦ C

0

else

365
X

thheat (Tmean [day]), where thheat (x) =

thcold (Tmean [day]), where thcold (x) =

day=1

(7.1)

(7.2)

For PM2.5 , the exposure-response is not well understood at high concentrations [244].
Therefore, due to the high external PM2.5 levels in Delhi, we take the WHO interim
target 1 [245, 246], which states the 24-hour mean should not exceed 75µg/m3 :

hPM2.5 =

365
X

thPM2.5 (Tmean [day]), where thPM2.5 (x) =

day=1


1

if x > 75µg/m3

0

else

(7.3)

A total health exceedance was calculated by summing the number of days beyond the
three thresholds to give a total exceedance time in days. Therefore, the weight on
each exceedance time is implicitly assumed to be the same, giving:
fH = hheat + hcold + hPM2.5

(7.4)

An assessment of dwelling energy consumption was calculated by summing the energy
use, E, of different appliances (fridges, lights and cooling systems) over the annual
period:
fE = Eapp,ann + Elights,ann + Ecooling,ann

(7.5)

7.2.5. Identification of determinants of health exposure
Sensitivity analyses are carried out to identify the key input variables that affect
outputs of interest. These key input variables give insight into the drivers of a model
output, therefore helping to design empirical and intervention studies, as well as enabling meta-models to be constructed from a reduced set of input variables. Generally,
scatter plots illustrating the input/output relations are analysed qualitatively at first,
and then followed by the application of statistical tests to quantify sensitivities. These
sensitivities can be then ranked in order of significance to determine the key input
variables. Such methods have been utilised elsewhere in assessing drivers of building
performance [108, 109, 247]. In this work, a sensitivity analysis was carried out on
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the naturally ventilated scenario to identify the key building determinants of indoor
temperatures.
Parameters, which vary between simulated dwelling variants, were compared in the
context of exceedance time from the exposure thresholds highlighted in the previous
section (7.2.4). MATLAB routines were utilised to apply the Kruskal-Wallis test; a
sample-comparison method that divides the sample into two4 or more subsamples
and determines whether there are significant differences between subsample outputs.
The Kruskal-Wallis test is the non-parametric equivalent of the one-way analysis of
variance (ANOVA), but it does not rely on data being drawn from a normal probability
distribution.
The parameters which vary between dwellings are detailed in Table 7.3. These
were selected by looking at the differences between archetype variants but also in
consideration of the physical drivers. There are a number of parameters which were
thought to impact exposure but are correlated with other parameters. For these
parameters it will not be possible to distinguish what the dominant parameter is, only
speculate based on physical interactions. Confounded parameters include: settlement
type, separate kitchen and U-value; and total floor area and volume. Parameters
considered, their symbol units and groups used in the Kruskal-Wallis tests are detailed
in Table 7.3.

7.3. Results
The simulation results were analysed by first reviewing variant performance in the
context of indoor temperatures during natural ventilation scenarios, and then analysing
the effect of fans on comfort and assessing the energy loads required by cooling
equipment to achieve adequate temperatures. Then, indoor pollutant levels were
assessed under the differing cooling scenarios. After this, the sensitivity analysis to
assess the key parameters impacting exposure and energy use is presented.

7.3.1. Indoor temperatures
The indoor temperatures are first discussed under free-running conditions (natural
ventilation). Then, the effect of fans on comfortable hours is presented.

4

In the case of two samples the test is more commonly referred to as the Mann-Whitney U-test.
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Table 7.3.: Building parameters from simulated dwelling combinations
Parameter
Settlement type
Separate kitchen
U-value
Dwelling type
Living
room/bedroom
height
Exposed roof area
Area of exposed
facade
Glazed area
Ground floor area
Total floor area
Volume
Orientation of main
glazed facade
Permeability
’Leakage rate’

Symbol
S-T
S-K
Uvalue

Units
W/(m2 K)

N◦ groups
2
2
2

D-T

-

5

H

m

4

AER

m2

5

AEpx

m2

6

AGlz
AGF
ATF
V

m2
m2
m2
m3

3
4
4
4

0, 16.5, 19.2, 82,
211
34, 43, 49, 61, 76,
172
0, 13, 21
0, 18, 82, 211
18, 36 82, 211
54, 108, 252, 486

θ

◦

4

0, 90, 180, 270

P

m3 /(m2 .h)@50

5

10, 20, 30, 40, 50
Exposed
area/Permeability
Sum of glazed area
x cos(angle)
Natural,
Natural+fans,
AC+fans
Windows open,
Windows closed

AEpx /P m2 /m3 /(m2 .h)@50

35

’Solar gain potential’ AGlz−α

m2

25

Energy use scenario SEnergy

-

3

Ventilation scenario

-

2

SVent

Groups
Planned, JJ cluster
Yes, No
W2.9, W3.2
Flat -grnd, -mid,
-top, Single-storey,
Two-storey
2.7, 8.1, 14.7, 32.7

Conditions with natural ventilation
Indoor conditions are illustrated through boxplots of occupied living room operative
temperatures during the hottest summer and coldest winter weeks in Figure 7.2.
Operative temperature takes into consideration the mean radiant temperature and
dry-bulb air temperature; it is widely used to assess indoor comfort as it accounts
for the radiant heat exchange in the space. In Figure 7.2, it can be clearly seen that
flat location (ground, mid or top) will have significant impacts on the comfort of the
occupants. Similarly, the two-storey JJ cluster living room appears to be cooler than
the one-storey JJ cluster, likely because it is located downstairs without an exposed
roof. The plot shows that during the winter the mid-floor flat has warmer temperatures
due to being located between flats below and above. There is also difference between
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exposed facades in the JJ clusters, with the two exposed facades variants experiencing
colder temperature compared to the one exposed facade equivalent.

Figure 7.2.: Estimated averaged variant occupied (daytime) living room operative
temperatures in the natural ventilation scenario, during (top) hottest summer week
and (bottom) coldest winter week.
Performance per archetype variant (averaged over permeabilities and orientations)
during the hottest summer and coldest winter weeks for natural ventilation scenarios
were analysed through descriptive statistics in Table 7.4. During the hottest summer
week, the living rooms in top floor flats and the one-storey JJ clusters experience the
highest temperatures, with mean indoor temperatures in occupied living rooms above
38℃. Only living rooms in the ground floor flats (DDA-G & PF-G) and JJ cluster
2-storey houses provide mean temperatures below the mean outdoor temperature
during the occupied hours. The living room of the 2-storey JJ cluster housing is
shown to perform well; although it is cramped, it is not exposed to direct sunlight.
The PF-G flat maintains the most stable temperatures during this period, most likely
due to cross ventilation and ground-floor location. Temperatures in main bedrooms
during occupied night time hours are significantly warmer than external conditions;
with mean temperatures during this period 2-4℃ greater than the outdoor night time
mean. This suggests a significant risk of overheating. Again, the top floor flats and
the JJ cluster housing appears to perform substantially worse during the hottest
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summer week and experiences the largest fluctuation in conditions. All dwellings are
incapable of providing comfortable conditions during the hottest week with minimum
temperatures barely below 33℃ in living rooms and 31℃ in bedrooms.
Temperature differences between rooms within archetype variants during the hottest
summer week are highlighted in Figure 7.3. In this plot, it can be seen that mean
occupied (daytime) living room temperatures are generally between 36.5-38.5℃,
whereas mean occupied bedroom temperatures are lower with conditions between 3437℃. However, the upstairs second bedroom in the two-storey JJ housing experiences
much higher temperatures, with the means around 2℃ greater. This echoes findings
in [97], where bedrooms were shown to be warmer than living rooms. This finding is
useful when considering strategies to combat exposure to extreme heat.

Figure 7.3.: Estimated mean occupied (daytime) living room temperature plotted
against mean occupied (night time) bedroom temperature during hottest summer
week for all archetype variants and their natural ventilation scenario combinations.
Crosses denote variant combinations with a second bedroom, and light grey crosses
denote the two-storey JJ Resettlement where the second bedroom is upstairs.
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During the coldest winter week, all archetypes maintain a living room mean temperature above the outdoor mean during occupied periods. The best performance
is seen in the DDA flats, which experience the warmest living room and bedroom
conditions. The private agency flat and the JJ cluster dwellings experience colder
indoor temperatures, with minimum temperatures around 19℃ experienced. When
comparing between flats, mid-floor flats are observed to perform better; bottom and
top-floor flats experience cooling from the ground or heat loss through roofs resulting
in lower indoor temperatures. Bedrooms in the JJ clusters may experience some
discomfort in the winter with mean temperatures below 21℃.

Comfort under different energy use scenarios
With natural ventilation, dwellings were found to be uncomfortable for around 20-30%
of occupied hours annually (combining occupied living room and main bedroom hours),
as observed in Figure 7.4. The use of fans was found to be an effective low-energy
measure, significantly decreasing the amount of uncomfortable hours by around 712%. The most comfortable dwelling is the mid-floor flats which were found to be
uncomfortable for less than than 20% of hours using natural ventilation scenario
and between 5-10% of hours with the use of fans. However, all variants experience
discomfort, even with the use of fans, indicating discomfort in homes and risks to
health as penetration of AC across the stock is likely to be limited. Proportion of
comfortable hours in occupied hours above and below the comfort thresholds are also
detailed for the living room and main bedroom in Table 7.4. It can be seen the JJ
cluster bedrooms spend a significant proportion of time with temperatures above
33℃, compared with the planned variants. This is likely to have a critical impact on
occupant health and well-being, as well as substantial future energy implications.

7.3.2. Indoor PM2.5 concentrations
Boxplots of annual indoor PM2.5 concentrations in occupied living rooms for the
natural ventilation scenario are given in Figure 7.5. Significant variation between
archetypes is observed with mean annual PM2.5 over two times higher in the JJ
cluster housing, presumably due to the lack of a separate kitchen and the limited
volume. Peak levels of PM2.5 are observed during cooking times, with a maximum
concentration of 1521µg/m3 recorded in the living room of the one-storey JJ housing
with one exposed facade. There is little difference in annual mean occupied living room
PM2.5 concentrations between flat variants, though the private agency flat annual
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Table 7.4.: Temperature statistics for living rooms and main bedrooms for averaged
variants for the natural ventilation scenario.
Archetype variant
DDA-G DDA-M DDA-T PF-G PF-M PF-T JJ1-1
Occupied (daytime) living room statistics
µ-SE
37.0
37.6
38.2 36.7 37.4 38.2 38.1
σ-SE
1.4
1.8
2.2
1.2 1.6 2.1 2.3
Max-SE 39.3
40.8
42.3 38.9 40.4 42.2 42.4
µ-WE
22.4
25.2
23.0 20.3 22.3 20.8 24.3
σ-WE
1.1
0.9
1.3
0.7 0.7 1.0 1.3
Min-WE 20.3
23.2
20.3 19.0 20.8 18.8 22.1
%-hrs>33 18.9
20.1
23.1 15.8 16.8 22.6 23.2
%-hrs<21 4.7
0.2
3.6
18.6 5.9 12.6 1.1
Occupied (night time) main bedroom statistics
µ-SE
34.1
34.5
35.6 35.4 35.3 36.0 37.2
σ-SE
1.3
1.3
1.5
1.1 1.4 1.9 0.8
Max-SE 36.6
37.1
38.7 37.7 38.2 39.8 39.1
µ-WE
21.3
25.2
22.3 20.7 22.6 21.5 21.1
σ-WE
0.2
0.2
0.4
0.3 0.4 0.5 0.3
Min-WE 20.3
24.2
20.6 19.8 21.5 19.8 20.0
%-hrs>33 3.4
4.2
6.5
9.7 9.0 15.6 24.7
%-hrs<21 12.0
0
4.8
17.3 4.8 9.4 13.4
Living room all hours annual and monthly statistics
µ-Annual 27.9
28.9
28.6 27.2 28.0 28.1 28.9
σ-Annual 4.8
3.8
4.8
5.3 4.6 5.5 4.3
µ-Jan
20.3
23.5
21.2 18.5 20.4 19.2 22.6
µ-Feb
22.4
25.4
24.0 20.7 23.1 22.2 24.7
µ-Mar
26.5
27.4
27.3 25.6 27.0 27.1 27.5
µ-Apr
29.6
29.9
30.4 29.3 29.7 30.5 30.3
µ-May
32.4
32.7
33.5 32.2 32.5 33.6 33.0
µ-Jun
33.8
33.9
34.4 33.6 33.7 34.5 34.2
µ-Jul
32.2
32.1
32.5 32.0 31.9 32.6 32.4
µ-Aug
31.2
31.3
31.6 31.0 31.0 31.6 31.3
µ-Sep
30.4
30.5
30.9 30.2 30.2 30.9 30.6
µ-Oct
28.5
28.7
28.7 28.3 28.5 28.6 28.7
µ-Nov
25.8
26.8
26.3 24.8 26.2 25.6 27.0
µ-Dec
21.7
24.5
22.4 19.9 21.8 20.4 23.7
Statistics

JJ1-2 JJ2-1 JJ2-2

Outdoor

38.1
2.3
42.5
23.9
1.4
21.5
23.2
1.9

37.0
2.0
41.4
22.1
1.1
20.3
17.8
7.7

37.1
2.1
41.5
21.7
1.2
19.6
18.1
10.3

37.4
2.7
42.5
16.3
3.4
9.9
18.7
28.7

37.5
0.9
39.6
20.5
0.4
19.1
24.9
17.6

36.2
0.4
37.3
21.6
0.1
21.1
20.0
9.7

36.7
0.6
38.2
20.8
0.2
19.6
21.1
17.1

33.1
1.7
36.5
12.2
1.3
10.2
2.1
45.7

28.7
4.5
22.1
24.3
27.4
30.3
33.0
34.2
32.4
31.3
30.6
28.7
26.8
23.2

27.5
4.9
19.8
22.0
26.3
29.5
31.9
33.2
31.5
30.5
30.0
28.3
25.5
21.0

27.3
5.1
19.3
21.6
26.1
29.5
32.0
33.3
31.6
30.5
30.0
28.2
25.1
20.5

24.7
8.1
14.1
16.5
21.9
28.2
31.8
33.2
31.3
29.9
29.3
25.4
19.5
14.8

mean is roughly 4µg/m3 higher than that of the DDA flat - likely due to the location
of the kitchen in proximity to the living room.
Indoor/outdoor (I/O) ratios were calculated by comparing the annual mean of living
room areas with the outdoor annual mean, these are given in Table 7.5. For natural
ventilation scenarios, both the DDA and private agency flats have I/O ratios below
one, with slightly favourable ratios in the DDA flat. The JJ housing I/O ratios range
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Figure 7.4.: Estimated proportion of annual occupied hours uncomfortable for natural
ventilation and fan scenarios.
between 1.6-1.9, highlighting the impact of having no separate kitchen and the limited
dwelling area.
Substantial difference was found in both annual mean concentrations and I/O ratio
with AC scenarios, where external openings remained closed. A reduction in the
annual mean and I/O ratio are observed in the private agency flat. Use of AC results
in a reduction of mean concentration of around 15% in comparison to the natural
ventilation scenario in all private planned flats. In contrast, the DDA ground floor flat
sees a small increase in the annual mean concentrations and the JJ cluster dwellings a
huge increase in annual mean concentrations with I/O ratios increasing above 2. This
highlights the critical need for adequate ventilation rates to remove indoor sources
from the dwelling. However, presumably the decrease of concentrations in the private
agency flat is due to the combined effect of closing windows which lowers the amount
of outdoor sources and the dissipation of the indoor sources within the spacious flat.
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Figure 7.5.: Boxplot of annual indoor PM2.5 concentrations in living rooms across
archetypes.
There is clearly an optimal ventilation rate depending on archetype volume, ventilation
strategy and location of kitchen which needs to be understood.

7.3.3. Energy use
Total energy use (in kWh) was calculated in EnergyPlus for all electrical appliances
according to their schedules of use. The highest total energy use is in the private
agency flats (PF-G,M,T) in all scenarios, due to the increased flat size and number of
appliances in operation. There is minor variation in total energy use within the natural
ventilation and natural ventilation with fans scenarios. However, in the AC scenario
a large variation is observed, with planned flats using up to two times more energy.
Variation between dwelling variants is also noted with top floor flats and JJ dwellings
with two exposed facades, which uses more energy than the other sub-archetype
variants. Therefore, total energy use will depend heavily on building characteristics
during the summer cooling season. Commonly, energy use is presented per floor area
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Table 7.5.: Annual mean and indoor/outdoor (I/O) Ratios in Living Rooms for
natural ventilation and AC scenarios.
Natural ventilation
AC
Archetype variant Mean (µg/m3 ) I/O Ratio Mean (µg/m3 ) I/O Ratio
DDA-G
90.6
0.73
91.7
0.73
DDA-M
95.5
0.77
95.6
0.77
DDA-T
96.9
0.78
94.9
0.77
PF-G
92.9
0.74
78.6
0.63
PF-M
97.2
0.78
81.5
0.66
PF-T
98.0
0.79
80.9
0.65
JJ1-1
235.7
1.9
277.8
2.2
JJ1-2
221.9
1.8
264.3
2.1
JJ2-1
212.9
1.7
295.0
2.4
JJ2-2
201.8
1.6
274.7
2.2

as a indication of efficiency, however in the case of the modelled archetype variants
this is not a useful metric as the floor area in the JJ clusters is extremely small and
therefore a very small denominator in comparison and thus not comparable. The per
person consumption is taken (as occupancy number and schedules where consistent
across settlement types) to compare between archetype variants. Energy use per
person is lower in the JJ cluster variants in all scenarios, with the difference increasing
in the cooling scenarios. Table 7.6 details the total and per person annual estimated
energy consumption for the averaged settlement types.
Table 7.6.: Total annual energy consumption in kWh and kWh/person across averaged
variants with different energy consumption scenarios.
Scenario Unit

DDA-G
kWh
2427
NV
kWh/person 485
kWh
3130
NV+fans
kWh/person 626
kWh
6096
AC+fans
kWh/m2
1219

DDA-M
2427
485
3130
626
6500
1300

DDA-T
2427
485
3130
626
7459
1492

Archetype variant
PF-G PF-M PF-T
2646 2646 2646
529 529 529
3350 3350 3350
670 670 670
8036 8445 10493
1607 1689 2098

JJ1-1
2135
427
2457
491
4691
938

JJ1-2
2135
427
2457
491
4756
951

JJ2-1
2263
453
2703
541
4712
942

JJ2-2
2263
453
2703
541
4871
974

7.3.4. Hazard exposure
Hazard exposure was assessed by reviewing daily mean conditions for an occupant
who remains at home for most of the day but is not involved in cooking, seen in Table
7.7. The JJ cluster dwellings experience the largest exposure to heat and PM2.5 in
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comparison to the planned, with around 15 more heat exposure days and around 30
more PM2.5 exposure days during the natural ventilation scenarios. The use of fans
slightly increases the number of heat exposure days, presumably due to the extra
heat gains however with the effect of increasing comfort levels. PM2.5 exposure days
increase slightly in the DDA-flats with AC, reduce significantly in the private agency
flats and increase significantly in JJ cluster dwellings with all days above the threshold.
However, it can be confirmed that heat and PM2.5 appear to be significant risks across
all dwellings without AC providing cooling.
Table 7.7.: Exceedance time (days) above exposure threshold for heat, cold and
PM2.5 .
Scenario Hazard
heat
NV
cold
PM2.5
heat
NV+fans cold
PM2.5
heat
AC+fans cold
PM2.5

DDA-G
169
0
244
174
0
248
13
0
268

DDA-M
178
0
266
179
0
267
19
0
263

DDA-T
182
3
282
182
3
281
18
3
263

Archetype variant
PF-G PF-M PF-T
183 186 191
15
2
13
272 273 273
184 187 192
15
2
13
272 273 274
9
15
13
15
2
13
171 194 200

JJ1-1
197
0
301
198
0
301
16
0
365

JJ1-2
196
0
303
198
0
304
13
0
365

JJ2-1
195
0
314
196
0
314
21
0
365

JJ2-2
195
5
314
195
5
314
14
1
365

7.3.5. Determinants of exposure
The sensitivity analysis explored the determinants of exposure to indoor environmental
hazards in all archetype variant combinations and scenarios. Scatter plots were checked
visually, then sensitivities were quantified by applying the Kruskal-Wallis test, by
assuming the variables were categorical. This enabled the parameters to be ranked
accordingly the results of which are presented in Table 7.8.
Heat exposure is found to be significantly affected by both the ventilation (SVent )
and energy use (SEnergy ) scenarios. Although, not a particularly surprising finding,
it does highlight that dwellings are not able to provide safe indoor temperatures
without cooling equipment. Although fans were shown to have a positive effect on
comfort, the impact on health exposure is likely to be limited. Following this, ground
floor area (AGF ) and then glazed area (AGlz ) were found to be the most significant
for heat exposure. For cold exposure, the most significant parameter was found to
be area of exposed facade (AExp ), followed by total floor area (ATF ) or volume (V)
and then the ’leakage rate’ (AExp /P) and ’solar gain potential’ (AGlz−α ). For PM2.5
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the dwelling type (D-T) was found to most significant parameter, suggesting that
there is a complex interaction between a number of factors. After this, it is likely
that availability of separate kitchen (S-K) is the second most influential parameter
(although this parameter is correlated with both the settlement type (S-T) and the
wall and roof U-value (Uvalue ). The next most influencing parameters are the ground
floor area (AGF ) and exposed roof area (AER ), which presumably impacts indoor
temperatures and then window opening times in the natural ventilation and fans
scenarios. Interestingly, dwelling orientation was found not be significant for heat,
cold or PM2.5 exposure.
It is clear that there are a number of conflicting parameters influencing indoor
environmental conditions. For example, the ground floor area was found to be the
third most influential parameter for both heat and PM2.5 : for heat, this effect is likely
to be positive by reducing indoor temperatures (through the grounding acting to cool
during summer and monsoon months), whereas for PM2.5 , the effect is likely to be
negative as the reduced indoor temperature during the winter means that windows
will be closed more often.
Table 7.8.: Ranking of parameters with exposure metrics using the Kruskal-Wallis
test.
Parameter
S-T, S-K, Uvalue
D-T
H
AER
AExp
AGlz
AGF
ATF , V
θ
P
AExp /P
AGlz−α
SEnergy
SVent

heat
7
6
12
9
8
4
3
5
/
/
11
10
2
1

Hazard
cold PM2.5
9
2
6
1
10
10
7
4
1
7
5
6
8
3
2
5
/
/
11
/
3
9
4
8
/
/
/
/

Correlations significant at the 0.01 level. / denotes insignificant.
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7.4. Discussion
In this section, the general findings are first discussed before being compared with
similar studies to provide some level of validation. Then the findings are discussed in
reference to interventions which could minimise exposure risks and energy consumption.
A discussion on modelling limitations and uncertainties is outlined before the next
chapter is introduced.

7.4.1. Disparities in energy consumption, indoor temperature, and PM2.5
Exposure
This chapter set out to assess the disparities in energy consumption, indoor temperature
and PM2.5 exposure across Delhi’s housing stock. This was achieved by modelling
example archetypes that broadly represented the diversity in Delhi using EnergyPlus
V.8.1, with a series of assumptions regarding occupant behaviour and cooling scenarios.
Results indicate that there is not an extensive difference in indoor temperatures and
PM2.5 concentrations between archetype variants under the same energy use scenario,
nevertheless some variation is observed, especially between flat variants during the
summer period. However, due to the likely penetration of air-conditioning within the
planned flats there will be a reduction in the risk of heat exposure. The JJ cluster
dwellings are likely to experience two times as much exceedance time, due to the lack
of AC and planned dwellings are likely to use 4 times more energy. The JJ cluster
dwellings and private agency flats performed most poorly during the winter period
and as such will be at risk of cold exposure. Vast variation has been shown for indoor
PM2.5 concentrations between settlements, with annual mean PM2.5 concentrations
up to three times higher in the JJ cluster housing presumably due the lack of separate
kitchen and small living area which mean that high concentrations are experienced.
The use of AC further reduces the risk of PM2.5 in the private agency flat. Indoor
temperature and PM2.5 exposure will have a significant impact on occupant health
and by identifying key parameters as determinants can help focus intervention studies
and guidelines for new buildings to reduce the risk of exposure while also reducing
energy use.

7.4.2. Comparison to other studies
The indoor temperature outputs of this work are broadly consistent with monitoring
work carried out in warm and humid climate regions of India during the summer
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months. Monitoring indicates indoor temperatures in the summer period range
between 30-39℃ [174, 176, 180, 217], and fall during the winter months to below 19℃.
In comparison, modelled minimum temperatures were observed to be lowest in the JJ
Cluster at 19.6℃ during the coldest winter week and modelled mean temperatures
during the hottest summer week range between about 36.2-38.1℃. These findings
closely match the monitoring studies and provide confidence in model outputs and
assumptions.
Monitoring of indoor PM2.5 concentrations in two dwellings in Delhi recorded average
mean indoor concentrations of PM2.5 to be between 89-98µg/m3 with I/O ratios of
0.87-0.93 [143]. Kulshreshtha et.al. [142] monitored housing in and around a slum area
of Delhi, finding that low-income housing was subject to higher levels of PM2.5 and
that seasonal winter averages were up to 10 times more polluted. A study in nearby
Agra in 14 residential dwellings found a six-month (between October and March)
mean of 135-173µg/m3 for PM2.5 [225]. These findings are of a similar magnitude
to the model outputs, and a comparable trend in disparities between income groups
has been observed. It was estimated that between 55-75% of end energy use is used
for cooling (fan and AC) annually. In comparison it has been estimated that 50% of
residential electricity in Delhi use is due to ceiling fans, air coolers and AC during the
summer period [184], though the methods applied in this study are largely assumptive
and are likely to have large uncertainties. Further end-use energy data is needed to
better validate the models created and assumptions taken.
There is a lack of studies which fully quantify building parameters as determinants of
indoor health hazards. In addition, where carried out, analysis is focused on different
characteristics, such as dwelling age; therefore, it is impossible to compare these results
directly. An extensive monitoring study carried out in English households observed
that dwelling age, wall construction, thermal efficiency and number of occupants
impacted indoor temperature during a cold winter week but it failed to quantify key
characteristics of dwellings as determinants [125]. Top floor flats were also less able
to provide adequate temperature in the summer period in London [97] and in Paris
during the 2003 heat wave [248]. In London, potentially influential building parameters
were considered to be orientation, surrounding buildings and insulation levels [97].
In contrast to findings in this work, orientation was regarded as a significant factor,
probably due to the asymmetric dwellings in the London housing stock with two main
facades (e.g. semi-detached, terrace housing).
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7.4.3. Towards interventions
Interventions that are more specific to Delhi’s current housing stock can be informed
by the sensitivity analysis that identified key building parameters affecting indoor
temperatures. For heat exposure, energy use and ventilation scenarios were found
to significantly affect exceedance time, as did glazed area and ground floor area.
Therefore, new constructions should consider these parameters in order to minimise
temperature exposure or energy consumption. Interventions targeting glazed areas
such as louvers or shutters could reduce solar gains. Ground floor area has been shown
to be negatively correlated with indoor temperatures during the summer period, and
therefore ground cooling technologies may be effective in reducing indoor temperatures
through earth-to-air heat exchangers and could provide energy savings [249]. Other
measures, such as low-e glazing, wall insulation and ventilation strategies, may improve
indoor temperature [102] and should be investigated further. Key determinants of
the cold exposure were much less dependent on the measure of indoor temperature,
suggesting that a combination of interventions is needed. Interventions should be
focused on reducing heat loss [key building parameters: exposed wall area (AExp ),
’leakage rate’ (AExp /P)] and maximising solar gains [key building parameters: glazed
area (Aglz − α)]. Therefore, improvements to indoor temperatures could be realised
through wall insulation or increasing the size of the window.
Interventions must be carefully selected to avoid unintended consequences. For
instance, increasing winter temperatures may risk overheating during the summer
while interventions reducing solar gain during the summer may have negative impacts
on winter temperatures. Each intervention will need to consider the trade-off between
energy, health and cost. Natural ventilation strategies might be the most appropriate
passive measure for providing cooling, but they could increase the rate of ingress
of outdoor pollutants. Changes to building fabric, such as increasing thermal mass,
could be costly, and therefore the payback period should be analysed. Further to this,
interventions tailored to the current climate could exacerbate overheating risks in
future climates; these risks are indicated in work elsewhere [97]. It is essential that
the performance of interventions is considered in current and future climates.

7.4.4. Limitations and uncertainty in analysis
Though it is recognised that the current work may not be statistically representative
of Delhi’s housing stock due to the limited range of variants simulated, it does allow an
initial insight into the range of indoor temperatures in Delhi and their determinants.
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Further work is necessary to establish the extent of heterogeneity within each settlement
type in order to create more representative archetypes. It is likely that the planned
dwellings will be varied in size and layout though construction practices are assumed
to be uniform. On the other hand, due to the limited space and cramped construction
in the JJ clusters, it is likely that the housing is uniform in size and layout, while
construction materials will be varied due to their self-built nature. Variation across
settlement types will need extensive documentation in order to create a highly accurate
stock model.
EnergyPlus has been extensively tested and validated using industry standard methods.
However, there is still uncertainty in the analysis carried out due to modelling
assumptions and variations in input parameters. The need to assess uncertainty in
building modelling has been recently highlighted in similar work [93, 250]. Uncertainty
can arise from inaccuracy in measurements, natural variation, and modelling and
computational assumptions. In this work, the geometry of the example archetypes
will be imperfect due to the measurement techniques causing some uncertainty in
outputs. Although, there is good information about the construction materials based
on available data sources, there will be natural variation in the exact properties
of the materials. The model currently assumes single appliance use schedules and
average power ratings; in reality, these will have a wider distribution. Similarly,
the number of occupants and use of comfort controls will also have a distribution
and hence affect indoor temperatures. The inability to model ceiling fans based on
comfortable thresholds will have an effect on the energy use prediction. Modelling
assumptions such as building zoning may lead to more uncertainty, and computational
assumptions such as time step resolution could affect outputs. Common techniques in
assessing model uncertainty include Monte Carlo analyses, in which probability density
functions are used to describe the distributions of input variables. Such techniques
should be employed in further work in order to understand model limitations before
considering interventions. Uncertainty in the ranking of parameters result from the
choice of metric and sample size. A wider sample would allow differentiation between
determinants and more sophisticated exposure metric that considers the magnitude of
exposure should be developed.

7.5. Conclusions
This chapter presents a characterisation of extreme ends of Delhi’s housing stock to
assess indoor temperatures and PM2.5 levels experienced across the stock through BS
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modelling. JJ clusters are likely to be most at risk of heat exposure due to a lack of
AC. JJ clusters experience the highest indoor PM2.5 levels, with hourly peaks of up
to 1500µg/m3 , largely due to their compact shape with no separate kitchen. Huge
disparities in IEQ will result in increased health risks in lower-income groups. These
findings will help formulate much needed policy for good housing design in Delhi.
Some level of validation has been possible through comparison with other studies, however, further work should be undertaken to help build confidence in models. Carrying
out monitoring campaigns in households during periods of hot and cold weather will
provide indoor temperature data which is currently unavailable. The following chapter
will attempt to provide empirical evidence of the housing in Delhi through indoor
temperature monitoring to support further validation. The sensitivity analysis carried
out in this work will help to inform important parameters for measurement during
such monitoring studies. The current models could be further expanded to incorporate
more housing geometries and other variants. The updated models should be fully
assessed for uncertainty to be useful beyond this study using Monte Carlo techniques.
Through feedback with those working in the housing sector, appropriate interventions
can be selected and then modelled to assess the trade-offs between energy, health and
cost.
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8. Empirical evidence of housing
conditions & indoor temperature
exposure in Delhi’s settlements
The previous Chapter, 7, developed a housing model to quantify the level of exposure
to indoor temperature and PM in example housing from the extreme ends of Delhi’s
housing sector. It was predicted that dwellings across Delhi’s housing stock were
largely unable to provide adequate thermal comfort without risking reliance on energy
use via cooling equipment. Some validation of the modelling was possible; however
currently there is a lack of monitoring data in Delhi to support this validation.
This chapter aims to gather evidence of building performance across Delhi’s Housing
Stock, with regards to IEQ. This was done through field studies, which gathered
further evidence of dwelling characteristics and performance. Methods used included;
site visits to differing settlement types in Delhi, the detailing of dwelling characteristics
and monitoring of temperatures to give an indication of the IEQ risks.
This chapter is structured as follows: First, an overview to the field work is provided.
Then, the methods and materials are described. This is followed by a description
of the housing sites visited before analysis of the monitoring data and focus group
discussions. The chapter finishes with an outline of the key findings.

8.1. Field study overview
An iterative approach to the field study was taken. The field work was carried out
over two phases, first a pilot study was completed in the winter period in 2013 and a
follow-up study was carried out in the summer 2014 period. The aims of these phases
are outlined below:
• Pilot phase - winter:
The primary aim of this pilot study was to identify and expand representational

165

8. Empirical evidence of housing conditions & indoor temperature exposure in Delhi’s settlements
archetypes for the Delhi housing stock, which is currently undefined in available
data sources. This was done through establishing networks with experts and
organisations working within housing in Delhi. Further to this, initial surveying
and hygrothermal monitoring in a sample of JJ housing dwellings will aid the
development of the methodology and model validation for follow up stages.
• Main phase - summer:
This stage aimed to distribute monitoring devices and survey dwellings in all
settlement types, through the networks identified during the pilot stage.
Further details of each study are described in the corresponding Sections 8.4.1 and
8.4.2 below.

8.2. Methods and materials
As previously discussed the field work employed mixed-methods of physical building
surveying, IEQ monitoring, visual data surveying, site observation and focus group
discussions. This section details the methods and materials used in the field work,
elaborating beyond the descriptions provided in Section 5.3.2 and 5.4. The sampling
strategy is first outlined, this is then followed by a detailed description of the data
collection and analysis methods used.

8.2.1. Sampling strategy
In order to assess housing quality and performance across Delhi, the housing was
sampled in reference to the settlement type stratification as described in Section 6.2.1.
This was achieved through approaching organisations and experts with experience of
working within the identified settlements. The work largely took a non-probabilistic
convenience, or opportunistic, sampling approach, where the settlement types studied
were gained access to by external organisations and experts. This method is limited
in providing a representative sample of Delhi’s housing stock. However, in Delhi
it was deemed not possible to identify a probabilistic approach given the available
housing data. Therefore, it is not possible to make statistical inferences from this
work to describe the study population of interest (Delhi’s households), only qualitative
conclusions can be inferred. Where quantitative descriptions are provided these are
limited to the studied housing and should not be extrapolated to the wider population
level.
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8.2.2. Indoor environmental quality monitoring
Monitoring the indoor environment was carried out using Gemini TinyTag data loggers,
with both temperature and RH recorded. These were placed in the living and bedroom
of the monitored housing (or in the sleeping area in single room dwellings), away
from direct light and heat sources, on a sideboard or shelf around mid-room height
(approximately 1.5 m from the floor). Data loggers were set to record the temperature
at 30-minute intervals. The outdoor temperature data was gathered from the nearest
weather station provided by the Delhi Government during the winter period and at a
central location in Delhi during the summer period. All monitors were checked and
calibrated before and after deployment in dwellings in a thermal chamber.
Although it would have been beneficial to make an assessment of the IAQ, in particular
via PM monitoring, it was deemed infeasible due to the substantial cost of monitoring
equipment.

8.2.3. Physical building surveys
Physical building surveys were carried out to gather data on housing characteristics.
This consisted of detailed measurement of each property and recording of construction
materials. Details of the dwelling dimensions, number of exposed facades, colony
type, and building material composition were collected along with occupancy number
and ownership of appliances. After the pilot stage it was thought that detailed
surveying needed to take place due to the large variation in dwelling construction
and characteristics. This was completed by an experienced building surveyor during
the follow up study. A building survey form was also developed for use in planned
housing where access was only possible via a number of individuals. This was handed
out with the monitoring equipment and occupants were requested to complete this
themselves.

8.2.4. Site observation
Housing quality and settlement characteristics were observed during site observations,
where visual data was collected through photographs. Photos of housing and the
street layout were taken in attempt to understand the performance of housing and
general characterisation of such settlements. Site visits were carried out during the
daytime, between the hours 10:00-16:00.
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8.2.5. Focus group discussions
Qualitative data was gathered via two focus groups with residents from the monitored
households during the study period. A semi-structured approach was used, where
the interviewer is able to ask follow-up questions or clarify specific points, which is
not possible in quantitative surveying. The questions were formulated around the
topic of IEQ and consisted of both closed and open-ended questions. For example;
direct questions included "do you ever feel cold?" and softer questions included "how
comfortable do you feel inside your home?". Questions were also asked to gain
knowledge on occupant behaviour; such as "what do you do when cooking?" and
"what strategies do you use to improve your indoor environment?". Finally, occupants
were asked to suggest strategies to improve housing. The focus groups were carried
out in Hindi, with translation provided by multilingual staff members from a local
Non-Governmental Organisation (NGO). During the focus groups, notes and audio
recordings were taken for coding and analysis. The focus group question outlines used
and the raw data collected are provided in Appendix E.

8.3. Case sites and monitored households
Due to both the nature of the housing development in Delhi and opportunistic sampling
approach, a number of settlements across Delhi were identified for investigation. It
was possible to identify two JJ cluster settlements, one urban village settlement and a
number of planned houses for the study. Planned houses were not limited to a single
settlement location. A description of sites, and findings from the site walk through,
such as the housing characteristics and photos collected, are described below. A map
of Delhi and sites investigated can be seen in Figure 8.1.

8.3.1. JJ cluster settlements
As previously described JJ clusters are home to the urban poor, and are self-built
dwellings which undergo incremental growth when the occupants are able to afford
upgrades. Two sites were investigated in this work; Savda Ghevra, a JJ resettlement
colony and Safeda Basti, an illegal settlement. There are largely no building or
construction restrictions for JJ clusters dwellings, apart from regulations on the
maximum of 2.5 storeys (2 storeys with a toilet or half space) [138].
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Figure 8.1.: Map of Delhi with the location of the three sites investigated.

Savda Ghevra
Savda Ghevra is a resettlement colony located on the edge of Delhi, developed by
Delhi Urban Shelter Improvement Board. The settlement was initiated in 2006, to
re-house slum dwellers from inner city areas and at present, the colony is home to over
8500 families (with estimates that the population of the settlement exceeds 46,000).
The area to the North-West of New Delhi will be home to 20,000 families when fully
occupied making it likely the biggest resettlement area. Families have been provided
small plots of 12.5m2 or 18m2 , depending on when settled in Delhi. Sites provided are
empty and must be built upon. Since 2006, families have invested in building homes
and now the area is characterized by self-built poor quality housing. A typical street
can be seen in Figure 8.2. The settlement consists of a number of blocks connected
by wide streets, and within a block housing plots are organised in back-to-back rows
with narrow access streets. There is no formal water or sewer systems provided on
the site, apart from initiatives developed by individuals or external development
organisations. As a result, the majority of households do not have a toilet, connection
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to a sewage system or water access. Water is provided by the government in tankers
which generally deliver to the site on a daily basis. Electricity pylons run though the
site to provide the housing with access to electricity.

Figure 8.2.: Typical street in Savda Ghevra.

A site visit found that dwellings ranged from one-storey katcha constructions (temporary dwellings constructed from plastic sheets and bamboo) to established two-storey
pucca constructions (permanent dwellings) with roof space and additional room or
toilet; these are pictured in Figure 8.3. The building process is incremental, and
relies on available skills, economic capabilities, materials and resources, with little or
no external assistance. The dwellings can be broadly divided into six types; details
of each type are given in Table 8.1. In general, dwellings have one exposed facade
(except houses located on the end of the rows). Construction materials (except for
katcha dwellings) are generally a combination of brick walls with/or without render
and corrugated galvanized iron (CGI), corrugated concrete-fibre sheet, stone slab or
concrete slab roofs. It is very uncommon for the housing to have glazed areas; however,
external facades often have holes or grills for ventilation. The built quality between
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Figure 8.3.: Stages of incremental growth in Savda Ghevra. (From left to right:
katcha, Semi-Pucca, Pucca 1, Pucca 1.5, Pucca 2.)

dwellings is extremely varied. Generally, the internal layout of homes consists of either
one multi-purpose room (used for sleeping, cooking and other household activities) or
semi-partitioned rooms.
Table 8.1.: Description of dwelling typologies found in Savda Ghevra.
Type

# floors

Katcha

One-storey

Semi-pucca

One-storey

Pucca 1

One-storey

Pucca 1.5
Pucca 2
Pucca 2.5

Construction materials
Wall and roof constructed from
temporary material such as
bamboo and plastic sheets.
Wall constructed from brick, roof
material CGI sheets.
Wall brick, roof from reinforced
concrete slab.

One-storey with roof space
Wall brick, roof from reinforced
and additional room and/or
concrete slab.
toilet above
Wall brick, roof from reinforced
Two-storey
concrete slab. Second roof often
CGI.
One-storey with roof space
Wall brick, roof from reinforced
and additional room and/or
concrete slab.
toilet above

In total 14 houses were monitored in Savda Ghevra. Dwellings were selected to cover
the range of typologies found in the JJ resettlement colony. Households were identified
through the support of a local NGO, which has a well-established relationship in the
settlement. Characteristics of the 14 dwellings are presented in Table 8.2. From the
households monitored, the occupancy ranged from between 1-8 in dwellings with 1-4
rooms. Floor areas ranged from 9.1-17.1m2 . In the pilot phase, during the winter
months, 14 houses were monitored and in the follow-up summer phase 10 of 14
dwellings were monitored due to availability and willingness of the occupants. In all
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dwellings, families slept towards the back of the dwelling on the ground floor, except
for dwelling K where the sleeping area was located upstairs. All dwellings investigated
had no glazed areas and where there were openings these were in general blocked by
metal grills and plastic sheeting.
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Table 8.2.: Characteristics of houses monitored in Savda Ghevra.

Appliancesiv

SG-A
2
K
1
N
N
LPG
North
2
15.4
2
PS/BB
CCS
E
9

SG-B SG-C SG-D SG-E SG-F SG-G SG-H
1
8
4
5
3
3
2
P2.5
S-P
K
P1.5
P2
P2
S-P
4
1
2S
3
2
3
1
Y
N
S
S
N
Y
N
Y
N
N
Y
Y
Y
N
LPG LPG LPG LPG LPG LPG LPG
North South South North North North East
6.5
2.4
3
5.3
5.5
5.5
2.3
16
15.5 17.1 15.6
16
15.3 10.7
1
1
1
1
1
1
1
BwT
B
B/BB
B
BwR BwT
B
RCC CGI
BB
RCC RCC RCC CGI
C
C
E
C
C
C
C
7

5

9

6

TV

TV

EC,
TV

TV

8

4

5

F, EF, F, TV, EC,
TV
WM WM

SG-I
SG-J
SG-K
6
5
3
P1.5
S-P
P2
2
1
2
N
N
N
N
N
N
LPG
LPG
LPG
East
East
East
4.4
2.5
5.2
10.2
10.6
12
1
1
1
BwR
BwR
BwR
RCC CGI+CCS CGI+Tin+C
C
C
C
9

8

TV

EF, F,
TV, EC

6

i N=No,

SG-L
4
S-P
1
Y
N
LPG
East
2.3
9.11
2
BwR
CCS
C

SG-M
4
S-P
1
N
N
LPG
West
4.4
12
1
BwR
CGI+BB
C

7

8

7

EC

EF

EC, TV

Y=Yes, S=Semi-partition
P2.5=Pucca 2, S-P=Semi pucca, K=Kutcha, P2=Pucca 2, P1.5=Pucca 1, P1=Pucca 1
iii Materials: E=Earth, PS=Plastic sheet, B=Brick, BwR=Brick with outer render, BwT=Brick with outer tiles, RCC=Reinforced concrete slab, CGI=Corrugated
iron, BB=Bamboo, CCS=Corrugated cement, SS=stone slab
ii Type:

iv All

dwellings had lights and ceiling fans. EC=Evaporative cooler, TV=Television, F=Fridge, WM=Washing Machine, EF=Extract fan

SG-N
1
P1.5
2
S
N
LPG
South
5.2
15.3
1
B
SS
C

173

8.3. Case sites and monitored households

Dwelling ID
Occupancy #
Typei
Rooms #
Separate kitchenii
Toiletii
Cooking fuel
Orientation
Height (m)
Floor area (m2 )
Facades exposed #
Wall materialiii
Roof materialiii
Floor materialiii
Permeability rating
(0-10)
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Indoor conditions of the investigated dwellings in Savda Ghevra can be seen in Figure
8.4. These images highlight the lack of space, dependence on artificial light and the
multifunctional rooms used for all activities, such as, cooking, sleeping and eating.
Cooking locations were generally found to be in unventilated spaces, for instance in
Figure 8.4; Figure 8.4-A shows the cooking location towards the back of the dwelling,
Figure 8.4-C shows the cooking location in a camped location beneath the staircase,
Figure 8.4-E shows the cooking area separated from the main living area under the
staircase and Figure 8.4-F shows the cooking location on the ground. These highlight
potential exposure to particles generated during cooking with inadequate ventilation
provision in cooking locations (furthermore, only 3 dwellings were found to have
extract fans). Further to this, the potential for accidents (such as, burns, fire etc.)
are high due to inadequate space for cooking and infections due to hygiene and poor
food storage (Figure 8.4-B). Artificial lighting was used indoors even during daylight
hours due to the lack of natural light; in some cases this led to dark conditions indoors
where lighting was poor or doors were closed (Figure 8.4-E and -F).
Through a review of the images taken on site it was clear that leaks, dampness
and mould is a significant problem. Figure 8.5 provides evidence of the problems
experienced. Figure 8.5-B, -C, -E, -F, and -G show damp and significant damage
to lower sections of the wall, where render, paint and brick work has been degraded
through water damage. Further to this, drainage finishes directly in front of the
house where an open drain collects the water (8.5-C & -D). In 8.5-A, leakage from
the roof and water marks were noticeable suggesting that the construction quality in
some dwellings could be improved to reduce water damage to the building. Moisture
on walls can lead to mould growth, which has significant health risks (respiratory
illnesses), or result in high indoor humidity levels which can effect comfort.
Safeda Basti
Safeda Basti is an illegal slum settlement home to 650 families in East Delhi. The
settlement is located near the bank of the Yamuna River, where it sits on 1 hectare
of land that belongs to DDA and is bordered by 30m wide Pushta road linking the
commercial areas of Laxmi Nagar and Gandhinagar. The settlement is predominantly
populated by migrants from other states of India who arrived in Delhi 30 years ago in
search of livelihood. The average size of each household is five. Generally, dwellings
consist of a single multi-purpose room which is usually not larger than 9m2 , which
functions as the living room, kitchen and the bedroom. New floors are added where
needed and feasible. There is no official water supply or sewage system within the
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Figure 8.4.: Indoor space and cooking locations inside investigated households in
Savda Ghevra.
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Figure 8.5.: Evidence of damp, mould and drainage practices in Savda Ghevra.
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settlement apart from developments by individual or external organisations. The
settlement is connected to the electricity network.
In contrast to the resettlement colony, dwellings in Safeda Basti were largely limited to
single storey dwellings. Some dwellings utilised the roof space with access via a ladder
at the front of the house to create an additional room. Construction materials used
were generally brick walls, with and without render and paint and roof constructed
from either CGI sheets or slabs. Dwellings were much more varied in size and space
compared to the resettlement cluster of Sadva Ghevra. Dwellings generally had limited
openings, with just a door to the street and the occasional ventilation hole for air
exchange. The characteristics are highlighted in the images in Figure 8.6.
A total of four houses were monitored in Safeda Basti during the follow-up study
phase. Households were identified through the support of a local NGO, on the basis
of occupants willingness, and resultantly the participation was low due to the recent
national elections reducing the trust levels with external organisations. Characteristics
of the four dwellings gathered through surveying are presented in Table 8.3.
Table 8.3.: Housing characteristics monitored in Safeda Basti.
Dwelling ID
Occupancy #
Type∗
Rooms
Separate kitchen
Toilet
Orientation
Total height (m)
Floor area (m2 )
Facades exposed #
Wall material∗∗
Roof material∗∗
Floor material∗∗
Permeability rating
(0-10)
Appliances∗∗∗

SB-A
4
P1
3
S
Y
South-West
3.8
17.6
1
BwR
CS
C

SB-B
12
P1.5
4
N
N
South-West
4.4
15.7
1
B
FG+CCS
C

SB-C
/
P1.5
2
N
N
North-East
3.3
18.5
1
BwR
CS+CCS
C

SB-D
5
P1
1
N
N
North-East
2.3
10.9
1
B
CS
C

8

10

8

6

EC

TV, EC

TV

∗ Type:

P1.5=Pucca 1, P1=Pucca 1
∗∗ Materials:
B=Brick, BwR=Brick with outer render, C=Concrete, BB=Bamboo,
CCS=Corrugated cement, CS=Concrete slabs, FG=fibre glass
∗∗∗ All dwellings had lights and ceiling fans. EC=Evaporative cooler, TV=Television

The indoor conditions of investigated dwellings can be seen in Figure 8.7. The indoor
lighting levels were found to be very poor with little penetration of natural light.
Indoor space was very limited, with multi-use rooms where cooking, sleeping and
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(a) Roof top view

(b) Street view

Figure 8.6.: Housing in Safeda Basti settlement.
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other activities all contained within one space. Generally, the cooking area was in
an unventilated space in close proximity to other household items and little or no
adequate space for the storage of food. Of the investigated dwellings, only one had
a toilet and one had a separate kitchen area. Drainage for the dwellings leads to a
largely open drain running in front of the households.

8.3.2. Urban village
Urban villages are traditional settlements which have become part of the urban area
as Delhi expanded. These settlements have limited building regulations which has
resulted in an expansion of additional storeys and the partitioning of single family
housing into multi-unit dwellings, which have supplied the rental market.
Shakarpur Khas
The urban village identified for study was Shakarpur Khas, which is located in the east
of Delhi, within Vikas Marg and is surrounded by the unauthorized colonies of Laxmi
Nagar, and Ganesh Nagar. It was recognised as an urban village in 1974 and has
transformed substantially since, with significant increase in population and changes
in building configuration. The combined increased population and partitioning of
plot sizes has resulted in an increase in the number of households, which in turn has
increased density as well as congestion and pressure on infrastructure.
Housing is generally arranged in 3-4 storey buildings in very narrow streets, with
little natural light penetrating to the street level. Figure 8.8 shows some images from
Shakarpur Khas. Plot sizes range from 20m2 to over 100m2 , with the majority (48%)
of housing having plot sizes of between 30-60m2 . Construction generally consists of
rendered brick walls and reinforced concrete slabs with overhanging projection of
0.9m on additional floors. Housing tends to be open fronted above the ground with
balconies opening to the street and the rooms with internal doors to individual rooms.
Dwellings also are limited to a maximum of 1-2 facades due to the closely packed
nature of the settlement.
Three households were monitored in Shakarpur Khas during the summer, consisting
of two flats which were from the same building and a third flat located in a separate
building. The monitored flats were identified through a local resident and were
dependant on the willingness of the occupants. The details of the monitored dwellings
can be seen in Table 8.4. In comparison to the JJ cluster housing, the dwelling size
was much larger and consisted of multiple rooms with a toilet and separate kitchen.
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Figure 8.7.: Indoor space and cooking locations inside investigated households in
Safeda Basti.
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(a) Street view

(b) Roof top view

(c) Example of narrow street

Figure 8.8.: Housing in Shakarpur Khas.
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Dwelling materials were largely consistent with the JJ clusters with the predominant
wall material of brick and roof of RCC slabs.
Table 8.4.: Housing characteristics monitored in Shakarpur Khas.
Dwelling ID
Floor
Occupancy #
Type∗
Rooms
Separate kitchen
Toilet
Orientation
Total height (m)
Floor area (m2 )
Glazed area (m2 )
Facades exposed #
Wall material∗∗
Roof material∗∗
Floor material∗∗
Permeability rating (0-10)
Appliances∗∗∗

SK-A1
First
4
P4
5
Y
Y
South-East
14.7
37
3.7
2
2BwR
RCC
RCC
10
EC, EF, TV

SK-A3
Third
4
P4
5
Y
Y
South-East
14.7
37
4.5
2
2BwR
RCC
RCC
8

SK-B2
Second
4
P4
3
Y
Y
North-East
12.1
21.4
0
1
B
RCC
RCC
6
TV

∗ Type:

P4=Pucca 4 storey
B=Brick, BwR=Brick with outer render, C=Concrete, BB=Bamboo,
CCS=Corrugated cement, CS=Concrete slabs, FG=fibre glass
∗∗∗ All dwellings had lights and ceiling fans. EC=Evaporative cooler, EF=Extract fan,
TV=Television
∗∗ Materials:

Indoor conditions of the investigated dwellings from the urban village can be seen
in Figure 8.9. There was limited natural light inside the dwellings due to the overshadowing of neighbouring buildings. However, the overall space and facilities were
adequate with a toilet and separate kitchen. The open fronted design allows air
exchange which might be beneficial to provide cooling but it does not prevent polluted
air from entering the building, which is a significant risk in Delhi.

8.3.3. Planned housing
Further to the three sites investigated, planned housing was also monitored. These
dwellings were not limited to a single site in Delhi and were accessed through a number
of private contacts. These dwellings are located in multi-group housing blocks provided
by the Delhi Development Agency (DDA) and housing cooperatives, or in plotted
rows of residential housing or bungalows built by private agencies. In comparison to
the JJ clusters and urban village settlements, these areas provide more space in front
and between dwellings, and often parking for cars.
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Figure 8.9.: Indoor space and cooking locations inside investigated households in
Shakarpur Khas.

Surveying was done by the occupants and unfortunately this resulted in a number of
missing details collected. However, in general it can be concluded that the planned
housing is generally larger than housing in JJ clusters and urban villages with more
uniform construction practices and materials across dwellings. Construction materials
tended to be brick with render for the walls and reinforced concrete for the roof and
floor area ranged from 84-300m2 .
Figure 8.10 shows some of the planned housing investigated. Figure 8.10-A shows
residential plotted housing constructed by private developers. This is a three storey
development with separate flats on each floor. Figure 8.10-D and -C show dwelling
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developed by the DDA for higher (Figure 8.10-C) and lower-income (Figure 8.10D) groups. Figure 8.10-B, -E & -F show the internal space, generally these are of
a much higher quality finish internally compared with the JJ clusters and urban
villages. Dwellings include appropriate living space, separate and adequately designed
kitchen, as well as toilet and washing facilities. This will help to minimise infections
and accidents, which are much more likely in the other settlement types, due to
contaminated surfaces, inadequate sanitation or burns from poorly located cooking
stoves. Similar to the urban villages, dwellings are generally dark inside due to the use
of curtains presumably to restrict sunlight entering the dwelling. Dwellings reported
that they had AC, TV and fridges with some dwellings recording exhaust fans in the
kitchen.
Table 8.5.: Characteristics monitored of planned housing.
Dwelling ID
Floor
Occupancy #
Type∗
Rooms
Separate kitchen
Toilet
Orientation
Total height (m)
Floor area (m2 )
Glazed area (m2 )
Facades exposed
#
Wall material∗∗
Roof material∗∗
Floor material∗∗
Appliances∗∗∗
∗ Type:

P-A
3rd
3
P3
10
Y
Y
North
11
-

P-B
-

P-C
-

P-D
1st
6
P3
11
Y
Y
E
11
300
-

P-E
Grnd& 1st
6
P2
16
Y
Y
7
250
-

P-F
4th
2
P4
8
Y
Y
W
14
162
-

P-G
12th
3
P12
8
Y
Y
32.4
84
-

2

-

-

2

4

3

4

BwR
RCC
RCC

-

-

BwR
RCC
RCC

AC, F, TV

-

-

BwR
BwR
C
RCC+B
RCC
RCC
RCC
RCC
RCC
AC, F,
TV, AC,
TV, F, AC
AC, F, TV
TV, EF
EF, F

P2=Pucca 2 storey, P3=Pucca 3 storey, P4=Pucca 4 storey
B=Brick, BwR=Brick with outer render, C=Concrete, BB=Bamboo, CCS=Corrugated cement,
CS=Concrete slabs, FG=fibre glass
∗∗∗ All dwellings had lights and ceiling fans. EC=Evaporative cooler, EF=Extract fan, TV=Television
∗∗ Materials:
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Figure 8.10.: Planned housing and indoor conditons.

8.4. Indoor environmental monitoring results
8.4.1. Pilot phase - winter
During the pilot phase, only dwellings in the resettlement colony of Savda Ghevra were
monitored and surveyed. Indoor temperature and RH of dwellings was monitored for
a three-week period during December 2013, in order to capture the indoor conditions
during the winter period. In total, 14 houses were monitored. Dwellings were selected
to cover the range of typologies found in the JJ resettlement colony. Upon screening,
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the data from one dwelling was deemed unusable, and therefore only the data from 13
dwellings are presented in this section.

Indoor environmental quality
Both indoor temperature and RH levels were recorded in dwellings over the three-week
period; the overview of the conditions in all dwellings can be seen in Table 8.6.
Indoor temperatures from the 13 households from Savda Ghevra are plotted in Figure
8.11. Results show a substantial variation of indoor temperatures between dwellings.
Minimum temperatures as low as 11.4℃ and maximum temperatures up to 26.5℃
were recorded. Mean temperatures in all dwellings varied between 17.2℃ and 19.7℃
over the monitored period. In comparison, minimum, mean and maximum outdoor
temperatures were recorded to be 10℃, 16.4℃ and 26.7℃ respectively. Dwellings SGB, SG-E, SG-F, SG-G and SG-L provide the most stable indoor temperatures during
the monitored period; these dwellings are more substantial structures with brick walls
and concrete roofs. The largest fluctuation is seen in dwelling SG-A, a katcha dwelling
that is exposed on two sides and constructed from a mixture of bamboo and plastic
sheeting. Variation in indoor temperatures between other dwellings is not as clearly
linked to dwelling types. For example, dwellings SG-J and SG-L are both semi-pucca
dwellings with similar characteristics, such as occupancy number, orientation and
construction materials, but results show they experience a difference range of indoor
temperatures suggesting other parameters also need to be considered.
Although mean temperatures in all dwellings were higher than the outdoor mean,
the occupants are likely to experience some discomfort as dwellings are unable to
provide adequate indoor winter temperatures between 21-23℃ as recommended in the
National Building Code [138]. This also raises health concerns due to exposure to cold
temperatures; research has found that for outdoor mean daily temperatures below
19℃, a 2.8% increase in mortality for each degree below the temperature threshold in
Delhi [251]. Table 8.6 shows the percentage of hours that indoor temperature were
recorded to be 19℃ and 21℃ for each dwelling, between 61% and 98% of hours were
found below 21℃ and between 3% and 81% of hours lower than 19℃. Dwellings with
a higher proportion of hours below 21℃ and 19℃ are likely to have higher discomfort
and have greater health risks.
The non-parametric Kruskal-Wallis test was used to analyse the key determinants of
surveyed dwelling characteristics on indoor temperature statistics (mean, minimum,
maximum, standard deviation and % hours <19℃) during the monitored period. The
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Figure 8.11.: Boxplot of indoor temperatures in JJ resettlement housing during winter
period. [The band shows the comfort boundaries as specified in [138], the solid line is the heat-related
health thresoldhold and the dotted line denotes the mean outdoor temperature.]

only parameters found to have a significant impact (significance level below 0.05) was
the roof material, which substantially influenced both maximum indoor temperatures,
the standard deviation of indoor temperatures, and number of exposed facades, which
significantly affected percentage of hours below 19℃. All other parameters were not
found to be statistically significant, which suggests that further monitoring needs to be
carried out to provide a larger sample size. This is due to the variation of characteristics
between individual buildings in the small sample study, and the difficulty of measuring
other parameters such as permeability and occupant activities that also influence
building performance.
RH from the 13 households during the monitoring period are plotted in Figure 8.12.
Mean RH in all dwellings is above 60% with a minimum RH of 34% and a maximum of
up to 91% were recorded. The katcha dwelling - dwelling SG-A - seems to provide the
least stable conditions during the monitored period, with a standard deviation of 12.5%.
Dwellings SG-B, SG-E, SG-F, SG-G and SG-L provide the most stable conditions
which echo the indoor temperature measurements. WHO suggest that an RH above
45% increases the risk of dust mites and that RH above 60% will likely increase the
risk of dampness and mould growth []. In all dwellings, the percentage of hours above
60% RH was above 50% with some dwellings exceeding this threshold nearly the
whole time. This suggests that the ventilation rates are too low to adequately remove
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Table 8.6.: IEQ statistics for monitored dwellings during the winter period.
Dwelling

Mean
SG-A
17.2
SG-B
18.5
SG-C
18.9
SG-D
18.5
SG-E
20.7
SG-F
19.7
SG-G
19.3
SG-H
17.7
SG-I
17.4
SG-J
19.2
SG-K
19.1
SG-L
18.0
SG-M
18.3
Outdoor∗ 16.4

Indoor temperature
RH
Max Min Std <19 <21 Mean Max Min
24.4 11.5 2.8
75
87
66
91
35
21.1 16.5 1.0
71 100 70
82
53
26.5 15.7 2.0
61
83
72
85
53
24.7 14.8 1.8
67
89
70
84
49
23.4 18.3 1.0
3
61
64
79
52
21.8 17.1 0.9
25
90
73
84
59
21.4 17.4 0.9
47
97
70
83
59
23.7 14.0 2.1
73
92
70
87
44
21.8 14.0 1.8
79
97
67
87
42
26.1 15.1 1.9
52
80
63
88
45
26.5 14.5 2.8
55
71
62
83
43
23.7 15.1 1.3
81
98
77
87
55
24.7 14.8 1.7
65
92
69
92
42
26.9 10
4.1
72
80
/
/
/

%
Std
13
6
7
8
6
5
6
9
10
8
10
6
10
/

>60 >80
68
20
97
9
94
15
86
17
69
0
100 10
98
9
88
17
75
18
57
0
49
3
99
36
82
20
/
/

∗ Outdoor

statistics were obtained from the nearest governmental monitoring station:
Punjabi Bagh. It was only possible to obtain temperature. Other stations with available
data were deemed to be too far away or impacted by the surrounding built environment

moisture vapour. Interestingly, dwellings with the most unstable conditions are more
likely to provide higher RH (above >80%) for longer than those with stable conditions
even though these dwellings have longer periods above 60%.
The range of temperature and RH in each dwelling over the monitored period is
plotted in Figure 8.13. The combined conditions of temperature and RH are key
in maintaining safe and comfortable conditions. By comparing the hygrothermal
conditions (temperature and humidity) it is possible to make estimates of how comfortable the occupants may feel and if there is moisture and mould risks. It is clear
that most dwellings will fail to provide adequate temperatures between 21-23℃ but
will be able to provide indoor RH between 40-100% as suggested in the national
building code [138], however this range is large and likely inappropriate. Overall, the
experienced conditions appear to be fairly mild and damp; this is likely to increase
risk of mould growth and dust mites.

Focus Groups
The focus group findings were analysed and grouped into key themes of perceived
current conditions, occupant strategies and housing interventions in regard to temperatures and IAQ. An overview of the key quotes are provided in Table 8.7. Surprisingly,
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Figure 8.12.: Boxplot of RH in JJ resettlement housing during the winter period.

in comparison to the low temperatures recorded in dwellings, occupants generally suggested that they "feel warm inside the house" during the monitoring period. However,
when asked follow up questions, such as "do you ever feel cold at night?" occupants
either described adaptive strategies used to overcome low temperatures or recalled
that they "wake up at night" due to feeling cold. Adaptive strategies used to keep
warm included the use of warm blankets, cooking or the use of "firewood for making
the room warm". The use of firewood in unventilated spaces without a chimney is
likely to significantly reduce the IAQ. This suggests that, generally, the occupants
have sufficient coping strategies in the winter period to keep warm and that they do
not connect the performance of the dwelling to the cold temperatures specifically. Furthermore, one occupant remarked they that would like more blankets or a heater, but
also commented that good housing design would be welcomed to improve warmth.
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Figure 8.13.: Scatter plots of indoor temperatures against RH in JJ resettlement
housing during winter period (dwelling is indicated top right corner). [Note the
outdoor plot is supplied only for reference as was obtained from this nearest monitoring station with both
temperature and RH data, however, it is likely to be warmer than conditions experienced in Savda Ghevra.]

When asked about IAQ specifically, occupants concluded that the indoor is better
than the outside, but commented that "sometimes air quality is bad, because of the
uncleanliness of the street" which suggests there is a lack of understanding of the
potential issues due the ambient air quality and the generation of pollutants during
cooking or other activities. One occupant recalled "the Doctor said ’I should avoid the
smoke from cooking’" and others explained that they opened doors or operated extract
fans during cooking "because of the spices". All occupants commented that they often
felt suffocated inside the dwelling and that they like to go outside. The occupants
suggested that housing interventions should include more windows and extract fans,
as well as more fresh-air intakes however they realised that improvements would be
difficult "as three sides are covered, everything has to go on one wall". Potential

190

8.4. Indoor environmental monitoring results
barriers to interventions included "lack of resources" and the "bad smells outside"
limiting the use of openings.
Table 8.7.: Key quotes from focus groups.

Current
conditions of:

Current
strategies for:

Housing
improvement
for better:

• “sometimes feel suffocated, but normally
it’s okay”
• “sometimes air quality is bad, because of
IAQ
the uncleanliness of the street... and due to
smells”
• “the Doctor said I should avoid the
smoke”
• “feel warm... as have blankets for night”
Temperature
• feel cold, wake up at night
• “open doors when cooking”
• “use exhaust fan to clean the
IAQ
environment, open door to change air”
• “close the door when there are bad smell
outside”
• use firewood for making the room warm
• “emersion rod for heating water”
Temperature
• “cooking to improve temperature..”
• “use warm clothes at night”
• “improve the structure... to take [in]
more fresh air inside”
• “would like to put more windows and
IAQ
extract fan”
• “put net on windows to stop flies”
• “would like clothes/blanket and heater for
Temperature
warm... good house design also”

Although occupants suggested that indoor temperatures experienced were adequate,
the findings indicate that the dwelling itself is not able to provide comfortable conditions and instead they must rely on adaptive comfort strategies. Furthermore,
there are indications of risk to property and occupant health through use of firewood
indoors in unventilated rooms, which produces pollutants and could cause burns or
fires. Understanding of IAQ appeared limited; however, occupants employed strategies
whilst cooking to remove spices. The findings suggest that improving building design
could improve indoor temperatures and air quality; for example, providing better
ventilation (where the outside is not polluted) could improve IAQ as well as the
occupant experience.
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Summary of winter findings
The pilot study gathered evidence of the IEQ in a JJ resettlement colony households
during a winter period, through monitoring indoor temperatures and carrying out
focus groups discussions. The key findings were:
• Large variations in indoor temperatures between JJ cluster dwellings in winter
were recorded, with the biggest range of temperatures seen in the katcha dwellings
constructed with temporary materials; the smallest range of temperatures were
seen in pucca dwellings with both brick wall and concrete roofs.
• All JJ cluster dwellings failed to provide comfortable temperatures above 21℃
for more than 40% of hours during the monitoring period and most dwellings
failed to provide indoor temperature above 19℃ for 50% of hours. This suggests
a high amount of occupant discomfort and points to potential health risks from
cold exposure.
• The roof material was found to be a statistically significant parameter affecting
maximum and standard deviation of indoor temperatures and the number of
exposed facades was found to significantly affect the percentage of hours below
19℃. Further monitoring work that expands the sample size and considers
more parameters is needed to better assess the key influencing characteristics.
However, it can be concluded that replacing roofs with reinforced concrete slabs
will help to provide a more stable range of temperatures in some dwellings.
• Despite the low indoor temperatures recorded, occupants recalled they generally
feel warm during the monitored period. However, during follow up questions a
number of adaptive strategies employed were highlighted, including use of warm
blankets, cooking for warmth or use of firewood indoors. The adaptive strategies
suggest the dwelling itself is incapable of providing a comfortable environment.
• Occupants opened windows and used extract fans during cooking, and complained
of the feeling of suffocation; and suggested housing improvements included the
need for greater fresher air intake via windows and extract fans.

8.4.2. Main phase - summer
During the summer phase, dwellings from two JJ cluster settlements, an urban village
and planned dwellings where monitored. Indoor temperatures of dwellings were
monitored for over two months from 28th May to 28th July 2014 to capture indoor
temperatures during the summer and monsoon months. In total 24 houses were
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monitored: 10 dwellings were selected to follow up on the winter monitoring in the JJ
resettlement colony; four houses were monitored in the illegal JJ cluster, three flats
from the urban village site and seven planned dwellings. Data from 21 households are
presented here as one monitor was unable to be collected from the JJ resettlement
colony and two recordings for the planned dwellings were unusable as the batteries
had been removed and logging was stopped.

Indoor environmental quality
IEQ statistics from living rooms (or living areas in the case of dwellings with multi-use
rooms) in the monitored dwellings are detailed in Table 8.8. This provides an overview
of the conditions during the summer and monsoon seasons. Dwellings experience a
large spread of temperatures during the summer and monsoon period, with a mean
range across all dwellings of 33.4℃ ±1.2. All living rooms, except one dwelling
which was significantly colder, exceeded a mean temperature of 32℃ over the two
month monitoring period. Maximum indoor temperatures reached between 34-46℃,
compared to an outdoor maximum of 47.5℃. Minimum temperature ranged from
22.1-30.6℃, compared to an outdoor minimum of 23.2℃. One living room was found
to be significantly cooler than the other dwellings, this dwelling was significantly
smaller than the other dwellings and had little to no sunlight exposure due to its
cramped conditions in-between neighbouring dwellings. The warmest conditions are
found in the 3rd floor flat located in the urban village settlement. The most stable
conditions are seen in SG-E, SG-G, SG-K, SK-B2 and the planned dwellings; these
were more substantial dwellings with concrete roofs or multiple floor or with climate
controls. Living rooms exceed both 29 and 33℃ for a significant proportion of the
monitoring period.
Boxplot showing temperatures in living rooms during the daytime and bedrooms
during the night time are plotted in Figure 8.14. During daytime, most dwellings
fail to provide comfortable conditions compared to standards advised in [138] and
between 26-33℃ as outlined in chapter 7. Dwellings SB-D, SG-H, SG-J, and all
planned dwellings appear to provide comfortable temperatures in bedrooms at night.
All of these dwellings were recorded to have cooling equipment (apart from SB-D and
the two planned dwellings without data). This suggests that the cooling equipment in
operation during the night provides improved conditions in the room. Further to this,
dwellings exceeded 29℃ (mean daily outdoor temperatures above this threshold have
been shown to increase mortality) for the majority of the monitoring period which
indicates likely heat-related health risk.
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Figure 8.14.: Boxplot of indoor temperatures for monitored housing during summer
period. Top plot is daytime temperature in living rooms and the bottom is nighttime temperatures in bedrooms. [The band shows the comfort band as specified in chapter 7 and
the dotted line donates the heat-related health threshold.]
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Table 8.8.: IEQ statistics for living rooms in monitored dwellings during the summer
& monsoon period.
Dwelling

Mean
SB-A
33.0
SB-B
33.5
SB-C
34.4
SB-D
29.6
SG-C
34.4
SG-E
33.3
SG-G
33.6
SG-H
33.5
SG-I
34.0
SG-J
32.5
SG-K
33.3
SG-L
33.6
SG-N
33.2
SK-A1 33.5
SK-A3 35.3
SK-B
34.0
P-A
31.5
P-B
32.1
P-C
34.1
P-D
33.8
P-E
34.4
Outdoor∗ 34.2
∗ Outdoor

Indoor temperature
Std Min Max >33 >29 Mean Std
2.2 27.9 39.4 49
98
66
14
1.8 28.7 38.5 60 100 64
11
1.8 30.6 46.0 79 100 61
12
2.5 22.1 35.7
9
63
54
12
2.8 27.9 44.8 67 100 62
16
1.4 30.2 37.0 63 100 59
11
1.4 30.6 38.0 67 100 58
13
3.3 25.8 42.6 53
95
55
16
3.0 27.9 42.6 58
99
55
18
3.1 26.5 43.1 38
93
63
17
1.6 29.1 38.5 60 100 65
12
2.0 27.9 39.4 62 100 66
11
2.4 28.3 39.4 52
99
58
18
1.9 29.1 38.5 62 100 55
13
2.7 29.5 42.6 80 100 51
15
2.1 29.8 39.9 68 100 57
13
1.1 29.1 34.8 11 100 46
7
1.4 29.1 35.7 30 100 59
14
2.2 26.9 40.5 69 100 51
15
1.8 29.1 37.5 73 100 51
8
1.7 30.2 39.4 73
95
54
10
4.8 23.2 47.5 71
88
54
22

RH
Min
22
34
27
33
21
30
24
20
18
20
29
30
22
26
21
22
31
27
17
26
25
12

%
Max >60 >80
88
68
13
85
66
2
93
59
1
79
31
0
87
62
11
79
49
0
78
50
0
100 41
3
83
46
2
87
60
13
86
69
6
85
75
8
91
49
10
77
39
0
80
32
0
81
49
1
66
1
0
81
48
1
79
34
0
72
16
0
73
31
0
102 40
16

conditions were monitored in central location in Delhi

RH in dwellings ranged from 12-100%, with mean over all dwellings of 58% ±5.6. The
low-income JJ cluster dwellings experienced a significant number of hours (generally
more than 50% of monitored hours) with humidity above 60%. The urban village
dwellings experienced less humid conditions with 30-46% of monitored hours above
60% RH as did planned housing with conditions generally lower than 60% RH. Scatter
plots of the hygrothermal conditions in each monitored dwelling can be seen in Figure
8.15. From these scatter plots it is clear that dwellings experience both hot and dry
conditions as well as hot and humid conditions. This suggests that the occupants
are likely to feel the conditions are hot and stuffy indoors and will be uncomfortable
indoors. Further to this, humid conditions can increase the risk of mould and dust
mites without adequate ventilation. Less variable conditions are found in planned
dwellings, where high humidity is not as common. This suggests that the JJ clusters
and urban villages are at higher risk to dampness and mould during the summer
and monsoon months. Humid conditions combined with inadequate drainage during
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monsoon rains could have significant health implications for lower-income groups in
Delhi.

Summary of summer findings
The main study gathered evidence of the IEQ in a JJ cluster settlement, an urban
village and planned houses during summer and monsoon months through monitoring
indoor temperatures. The key findings are:
• All dwellings experience mean living room temperatures above 29℃. There was
no significant variation between dwellings. Stable conditions were seen more in
substantial dwellings with reinforced concrete roof or cooling equipment.
• Most dwellings failed to provide comfortable temperatures below 33℃ during the
monitoring period, with almost all dwellings failing to provide indoor temperature
below 29℃ for around 90% or more hours. This suggests a high amount of
occupant discomfort and points to potential health risks from heat exposure.
• On reviewing the likely occupied hours in living rooms and bedrooms it was
clear that dwellings with access to cooling equipment experience much improved
conditions. This was especially the case for bedrooms during the night time,
with almost all hours in planned housing found to be comfortable.
• Results suggest that the housing is unable to provide adequate conditions during
the summer without the use of climate controls, and thus they are likely to
consume substantial energy and contribute to greenhouse gas emissions.

8.5. Discussion
8.5.1. General findings
Through site observation, indoor environmental monitoring and building surveys it was
possible to gather evidence of building characteristics and performance in investigated
housing in Delhi. Within the settlement types, a significant amount of variation in
dwelling characteristics was found. This is highlighted in the JJ resettlement colony,
where the housing could be stratified into six typologies. Although the dimensions of
the dwellings in this settlement were fairly uniform, there were significant differences
in material constructions and location of openings. In the illegal JJ cluster, the
dimensions of the dwellings were very varied with housing cramped between other
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Figure 8.15.: Hygothermal conditiions for monitored housing during summer period
(dwelling is indicated at the top of each subplot).
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dwellings. Housing in the urban villages again was of varied dimensions with a
similar layout as the illegal JJ cluster with narrow streets and tight packed housing.
However, housing in the urban village was significantly larger, had better facilities
(toilets, separate kitchen and access to piped water) and tended to be between 3-4
storeys. Planned settlements were found to be significantly larger again, and tended
to be located in more spacious streets or housing blocks. Across all settlements the
predominant building material was brick and render walls with a reinforced concrete
slab for the roofing material, supporting the findings of national surveys.
In the urban village and JJ clusters dwellings appear to fail to provide adequate natural
light levels, with dependence on artificial lighting in daylight hours found during site
visits. Planned houses were similarly found to depend on curtains to minimise direct
sunlight in summer months but had adequately designed facilities and improved
internal finishes which minimised accidents and infections. Inadequate cooking spaces
in the JJ cluster highlights risk of exposure to indoor generated pollution, risk of
accidents and contamination of food and cooking surfaces. Rising damp was also found
to be a significant problem in Sadva Ghevra with visible damage to lower dwelling
walls.
It is clear that the standard of housing in JJ clusters is inadequate to provide
comfortable and health indoor environments. Winter temperatures in Savda Ghevra
failed to provide comfortable conditions (compared to national requirements) for
majority (60%) of the investigated time. Further to this the conditions during winter
were found to be fairly humid, suggesting risks of damp and mould on indoor surfaces.
In the summer JJ cluster dwellings were found to be uncomfortable for a significant
proportion of time.
Urban villages and planned dwellings also appeared to fail to provide comfortable
conditions during the monitored summer months. However, when considering the
occupant schedules (as specified in the previous chapter) the planned dwellings seem
to provide improved indoor environments. This is especially the case for the night
time in monitored bedrooms, presumably due to the use of cooling equipment. All
dwellings experienced hot and humid conditions during the summer and monsoon
months, however, JJ clusters appear to be at most risk, with around 60% of the hours
above a RH of 60%.
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8.5.2. Comparison to modelling results
In the previous chapter, models were created to represent the expected conditions
across Delhi’s housing stock based on the most probable occupancy behaviour and
housing characteristics. This section compares the temperatures recorded in the summer monitoring period to the modelled outputs presented in the previous chapter. It is
useful to compare on an archetype level against the monitored data to assess the model
accuracy, however a direct comparison on an individual level needs to consider that the
modelled and monitored housing characteristics, occupancy behaviours, local climates
and even sampling strategies differ. Generally the validation of BS software, such as
EnergyPlus, is carried out against individual buildings or to test case environments
(simplified buildings). For example; [252] carry out a inter-model comparison of 25
programme/user combinations against empirical data from single-zone test rooms,
following a strict framework. They find that despite having detailed empirical measurements and as well as taking into consideration measurement errors and modelling
uncertainties, there were still discrepancies between measured and modelled data,
with some programmes containing significant internal errors. A full validation on
a stock level is yet to be completed, although some attempts have been made, for
example: [253]. This is largely because dwelling level models lack the information that
is present for individual cases (such as precise building characteristics and occupancy
behaviour). Instead, stock models rely on the assumption that aggregated estimates
would reflect trends present in the housing stock. Therefore, this section simply
assesses whether the models can be considered broadly representative of the trends
and characteristics found in Delhi’s housing and thus useful for the purpose of this
study.
Firstly, it should be noted that the conditions specified by the weather file for Delhi
are cooler than the conditions experienced during the summer monitoring period. This
is highlighted in Figure 8.16, where conditions of the weather file during June and
July are plotted with the outdoor temperature measurements. Outdoor temperatures
simulated through the weather file do not reach temperatures above 45℃, and the
majority of hours temperatures are between 28-33℃. In comparison, although the
actual outdoor conditions were generally between 28-33℃, there are a larger number of
hours above 40℃. This suggests that the modelling results will slightly underestimate
the conditions experienced during summer. To simulate the modelled dwellings with
the same outdoor conditions, a weather file would need to be created. This would
require data such as, wind speed, wind direction, solar incidence, visibility, as well
as temperature and humidity to produce an accurate representation of the actual
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conditions, however only the external temperature and humidity were monitored.
Futhermore, the missing weather parameters were not readily available through
external sources for the monitoring period and location in the required resolution.
Additionally, the accuracy of the measured temperature and humidity will also be
subject to monitoring errors. Therefore it was considered that the TMY2 weather file
should be used to compare the modelled outputs to the monitored data, despite the
aforementioned discrepancies.

Figure 8.16.: Comparison of monitor and modelled (weather file data) external
temperatures for summer period (June & July).
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(a) JJ1-1 (one storey, one exposed facade)

(b) JJ2-1 (two storey, one exposed facade)

Figure 8.17.: Comparison of JJ cluster archetypes monitored and modelled temperatures for summer period (June & July).

The monitored living rooms were observed to experience mean temperatures between
32-35℃ during the summer monitoring period. In comparison, the mean living
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room temperature during June and July in modelled archetypes experience mean
temperatures between 32-33℃ in the naturally ventilated scenario and between 30-31℃
with AC. These results are broadly consistent with the monitoring data. Comparing
absolute values is problematic due to the variation between modelled and monitored
archetypes, as well as the external conditions experienced. However, comparing the
data at more detailed level can give insights to the behaviour of the simulated results.
In order to do this, the modelled archetypes are compared against the most comparable
monitored archetypes. These comparisons can be seen in Figures 8.17 to 8.19. Each
figure (on the left) shows a typical daily variation of exposure as expected for occupied
hours (daytime in living rooms and night time in bedrooms). This was calculated by
taking a mean day (averaging at each hour) over the monitored period and equivalent
modelled. Box plots (on the right) show the spread of conditions for all hours in living
rooms and bedrooms over the monitoring period and equivalent modelled.
Figure 8.17 shows the JJ cluster modelled variants compared against monitored
variants. Figure 8.17:a shows the JJ cluster one storey, one exposed facade modelled
variant with monitored variant. Here, it can be seen that the trend in diurnal
temperature in the natural ventilation + fan scenario is consistent with the monitored
conditions. However, the EnergyPlus model predicts greater daily variation with
maximum temperatures closer to the outdoor maximum. The box plots show that the
variation of temperatures in the modelled cases lies within the variation seen in the
monitored data. One monitored dwelling is significantly cooler, suggesting the use
of cooling or an error in the monitoring device (despite being tested and calibrated
pre- and post-monitoring). Figure 8.17:b shows the two-storey JJ cluster variant.
The natural ventilation + fans modelled scenario reflects the monitoring data more
closely than the AC scenario, however the modelled bedroom is again warmer in
comparison to the monitored data. The discrepancy between the modelled outputs
and the monitored data could be explained by factors, such as the large variation of
materials found in the monitored JJ cluster housing, different in occupancy behaviour,
or shading from other dwellings not fully considered in simulations.
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(a) DDA-M (mid floor flat)

(b) DDA-T (top floor flat)

Figure 8.18.: Comparison of DDA archetypes monitored and modelled temperatures
for summer period (June & July).
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(a) PF-M (mid floor flat)

(b) PF-T (top floor flat)

Figure 8.19.: Comparison of PF archetypes monitored and modelled temperatures
for summer period (June & July).
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The DDA flat mid and top floor modelled variants are compared against monitored
equivalents in Figure 8.18, where the trends for AC modelled outputs and monitored data show encouraging agreement. The monitored data shows that the indoor
conditions are very stable for the planned dwellings, which suggests that either air
conditioning is used to keep the indoor conditions at a stable temperature or that the
dwelling is able to better maintain the indoor conditions. The monitoring conditions
in the top floor dwelling living room are very stable with little deviation from 31℃.
It is difficult to determine whether the indoor conditions are better represented by
the AC scenario or the NV + fans scenario. It could be that the AC is set to a
higher set-point than the one specified or that the building moderates the temperature
better. In the bedrooms, the temperatures are lower than the outdoor in the top floor
monitored dwelling and one mid-floor monitored variant, suggesting that AC is used
during the night time period. A very similar comparison to the PF flats can been
seen in Figure 8.19. The PF mid-floor flat modelled temperatures in the NV+fans
scenario looks to fit more closely to the monitored data, but there is a much larger
daily temperature variation again in the modelled variant.
Overall, the modelling results tend to be on the warmer side than that of the monitored
dwellings, especially considering the cooler weather file. There is a larger daily
temperature swing in the modelling results in the NV+fans scenario, compared
with the monitored temperatures and AC scenarios are cooler than most monitored
dwellings. The AC set point was set to 28℃, a degree lower than the health threshold
temperature, however, as mentioned before, the thermal comfortable studies, which
have been carried out, do not define a definitive set point for AC. The set point could
be higher in reality than the modelled assumption. Similar to the modelling results,
planned dwellings appear to be less at risk of temperature exposure due to use of
AC during occupied periods. This supports the assumptions used in the models that
cooling equipment is used in occupied bedrooms.
It is difficult to make further adjustments to the modelling set up without significantly increasing the surveying work to better understand the variation in occupancy
behaviour, building characteristics and local climate. The monthly means and trends
show encouraging agreement between the monitoring and modelling work, but on a
more detailed level there is a larger variation which needs to be investigated further.
In order to calibrate the models further and produce more representative archetypes,
more data is needed and a greater set of dwellings needs to be investigated. Here only
a small subset of dwellings was monitored, however the variation is likely to be much
greater than is reported in this chapter. Better evidence is needed for adjustments
to the models, as otherwise it is difficult to decide which inputs need to be updated.
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These thoughts are reflected in other work comparing modelled and monitored data,
where [253] state: “the large number unknowns relating to building characteristics,
occupants and local climate makes it difficult to draw concrete conclusions about
which model assumptions are right and which are wrong.”
Beyond the monitored temperatures, the site visits and focus groups help to confirm
the model assumptions. All dwellings used LPG for cooking. In the low-income
dwellings, occupants owned ceiling fans and in the planned high income housing
occupants have access to AC which is used during occupied hours. However, it appears
that in planned dwellings AC is used less in the living room, presumably due to no
one present during the day. Through site visits to JJ cluster settlement and urban
villages, it was generally found that a female occupant remained home during the
day, as was assumed in the modelling set-up. This suggested that different income
groups may have different occupancy patterns. Further to this, it was found that
windows and doors were locked and closed when the dwellings were unoccupied. In
conclusion, considering the caveats discussed above, the models were considered useful
for assessing interventions.

8.5.3. Limitations and further work
This chapter sought to better understand housing conditions and performance across
Delhi’s settlement types through site observations, building surveys, indoor environmental monitoring, and focus group discussions. It was possible to investigate a
number of sites and settlement types during the field work. This has enhanced understanding of Delhi’s housing and some confidence in the modelling work described in
the previous chapter. However, the field study was limited in the number of dwellings
investigated. Due to the opportunistic sampling approach taken it was not possible to
monitor dwellings from a representative sample of housing. Additional work needs
to be carried out to define the variation of housing in Delhi and occupant behaviour;
this would require surveying in additional settlements to build a database of housing
characteristics beyond those found in national and state surveys. This could be carried
out by randomly sampling across Delhi or through the settlement type approach used
in this work. Further monitoring should be carried out in more housing and over a
longer durations. This would allow for a better and more comprehensive understanding
of dwelling performance and assessment of exposure to indoor temperatures, however
this would require significant cost and time. In addition to the above, the work did
not assess conditions in an unauthorised colony. To do this, a larger network with
access to such sites would be needed.
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Focus groups provided interesting insights into occupant perception of dwelling performance and strategies to adapt the indoor environment. This was only carried out
in the JJ cluster resettlement colony during the winter period as it was felt that more
expertise from a qualitative perspective and Hindi-to-English translation would be
required to produce more valid research outputs. This was considered to be beyond
the scope of the research given the time, expertise available and cost limitations as
well as ease of access to different communities.
Site observations were useful to determine key characteristics and major issues in
settlements. This revealed that dampness was a significant issue in JJ clusters.
Further to this, lack of adequate kitchen and wash facilities is likely to increase risks of
accidents and infections. A more comprehensive site observation could be completed
to document the key risks for a settlement, which then could be fed into planning
strategies.
Further work is needed to assess occupant behaviour and schedules. This is vital to
understand exposure and identify the most vulnerable occupants, who may remain
home all day. This could be done through a diary deployed in monitored dwellings or
through observations in particular sites. Whilst it was possible to conclude, through
site visits, that in the low-income JJ cluster a female occupant generally remained
at home during the day, a better understanding is needed in planned and urban
villages.

8.6. Conclusions
The aim of this chapter was to gather evidence of the housing condition and IEQ
Delhi’s households over key seasonal periods. The findings are largely supportive of the
conclusions in the previous scoping and modelling chapters. It can be confirmed that
Delhi’s dwelling have significant shortcomings in providing healthy and sustainable
indoor environments. As found in chapter 6 and 7 there are significant disparities
between settlement types. JJ clusters are most at risk to health hazards due to the
limited number of dwellings with inadequate facilities (such as no separate kitchen
or toilet), however they also fail to provide adequate temperatures during winter,
monsoon, and summer periods. Urban villages have better facilities but lack adequate
light and do not provide comfort or safe indoor conditions. Planned dwellings were
found to provide much better facilities but the findings suggest that they are dependent
on AC in order to provide adequate indoor temperatures.
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Significant additional work is needed to fully understand housing across Delhi, which
should be done through wide-scale monitoring and surveying. However, this is beyond
the capabilities of this initial monitoring and surveying study as it would require
significant resources. The following chapters, now consider how interventions can
reduce the health risks to occupants residing in dwellings in Delhi as well as lessen
dependence on cooling equipment. This should include modelling work to test out
potential interventions, for example replacing the roof materials and increasing window
areas, that could have significant impact on both the actual and perceived IEQ. The
following chapters will aim to assess the optimal intervention and design for providing
healthy, low-energy environments in Delhi.
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Part III.

Exploring how housing
interventions can reduce health
impacts and energy use in Delhi
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9. Multi-objective assessment of
interventions to reduce indoor
temperature and PM2.5 exposure
Part II investigated current dwelling performance in Delhi’s housing, and identified the
principle hazards to health and energy use. Modelling and field work quantified these
risks further by providing evidence of current building performance. The following
chapters present an investigation of how housing hazards and energy use can be
reduced in households in Delhi via building level interventions.
This chapter builds on modelling work developed in Chapter 7, and tests interventions
to reduce exposure to indoor PM2.5 and temperature. As highlighted in chapter
2 interventions often result in trade-offs that need to be carefully assessed before
selecting and implementing interventions. To do this, this chapter first considers the
feasibility of interventions based on studies elsewhere and the field work findings. The
selected interventions are then modelled and assessed against multiple criteria, using
a weighted-sum model, in order to select the ’optimal’ intervention strategies for the
example archetypes modelled in Chapter 7.
This chapter is structured in five main sections. First, a short literature review of
potential interventions is provided. Then, the selected interventions for modelling are
outlined and the assessment method described. After which, the performance of the
modelled interventions are analysed and the outcome of multi-objective assessment is
presented. This is followed by a discussion of the findings and a chapter conclusion.

9.1. Potential interventions
This section provides a background to potential interventions that could be employed
to reduce exposure to heat, cold and PM. Literature assessing interventions in other
studies is discussed and the feasibility across Delhi’s settlement types is considered.
Interventions are discussed under three categories: 1) occupant behaviour- interventions
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that entail changing occupant behaviour only and hence have no cost; 2) building
components- interventions that require additional appliances or building components
and may increase energy use; and 3) building fabric- interventions that require changes
to the base case building fabric and could result in a decrease in energy use.

9.1.1. Occupant behaviour and building use
Occupant behaviour has the potential to significantly alter energy use and the exposure
risks present in the indoor environment. Increasing ventilation through, for example,
window-opening, can help reduce indoor temperatures when indoor temperatures are
greater than outdoor temperatures [102]. Night ventilation strategies have been shown
to effectively lower daytime indoor temperatures where there is sufficient diurnal
temperature variation and thermal mass [254] and as such, could be suitable before
the monsoon period. Ventilation is also critical for the reduction of pollution from
indoor sources, such as that from cooking and smoking. However, increased natural
ventilation will increase the risk of exposure to outdoor pollution, vector-borne diseases,
and potentially crime, so the trade-off between indoor and outdoor environmental
risks must be considered (intervention trade-off is further discussed in section 9.1.5).
In larger, multi-level housing types like planned housing, sleeping downstairs or in the
coolest room during peak temperatures would minimise exposure to heat and reduce
adverse health impacts. Furthermore, altering set point temperatures can help save
energy from AC use.
Changes in occupant behaviour, such as encouraging window-opening when cooking or
smoking outdoors, have no associated material costs but require communication with
occupants and behaviour change to be successful. Therefore, these are suitable for
all housing types, particularly those with limited resources, and can be implemented
through Non-Governmental Organisations working within local communities.

9.1.2. Building systems, external components and household appliances
Changes to building systems, external components (shutters etc.), and household
appliances are also possible interventions which may reduce energy use and indoor
hazards. These changes may require an initial upfront investment, and often ongoing
costs due to increased energy use, making them potentially unsuitable for poorer
households such as JJ Clusters.
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Potential adaptations to reduce indoor risks from air pollution may include: fuel
switching to electricity or solar energy for cooking, reducing the risks posed by
combustion products (for example, reductions in NO2 concentrations by over 80%
have been observed by switching from gas stoves to electricity) [78]; the installation of
extract fans in kitchens and bathrooms, which have been shown to provide a significant
reduction in indoor PM2.5 [78]; particle filtration systems integrated in AC systems
that clean the incoming outdoor air and can have a substantial effect on the indoor
PM2.5 levels [255].
Risks from indoor temperatures may be mitigated through: external shutters which,
when closed during the daytime can significantly reduce indoor temperatures through
reducing solar gains. Ground-cooling technologies are an effective measure in reducing
indoor temperatures [249], although potentially costly and require adequate space,
through earth-to-air heat exchangers and have been shown to be effective for thermal
conditions in Delhi previously [256, 257]. Direct Evaporative Cooling (DEC) and
Indirect Evaporative Cooling (INDEC), which are not strictly passive but show a
favourable energy to cooling ratio [95], could provide an alternative to AC in planned
settlements while maintaining comfort but may increase mould-growth risk due to
increase in RH. DEC has been shown to reduce dry-bulb temperatures by 6-8℃ with
a corresponding 30% rise in RH [258]. Solar chimneys could be suitable for high-rise
planned settlements with adequate space; these enhance airflow in buildings by using
solar energy to heat up the air within a chimney thus increasing stack pressure and
inducing ventilation. Mathur et al. [259] successfully tested an inclined roof solar
chimney in Jaipur, which could easily be mounted on residential buildings. The
implementation of window shading such as louvres, shutters, and blinds has been
shown to be effective and affordable in North-East India regions [260]. Louvres and
over-shading structures that are more permanent may be unsuitable for JJ Clusters,
but blinds and shutters could be affordable.
Further hazards could be reduced by fitting openings with mosquito meshes to prevent
mosquitoes carrying vector-borne diseases from entering; and dehumidification systems
that could reduce indoor RH and help to prevent damp and mould growth. Having
kitchen areas which are separate from the rest of the dwelling, as well as kitchen
location (whether it is ajoining the living room), has been observed to significantly
reduce PM concentrations [261], however the potential for intervention will depend on
available space and land access, which may be problematic in urban/rural villages
and JJ clusters.
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9.1.3. Building fabric
Changes to the building fabric could also have extensive impacts on energy use and
health risk; although these could entail high installation costs and so may not be
possible in all dwelling types.
Enlarged and repositioned openable windows would amplify natural ventilation rates,
which will increase dissipation of indoor sources of pollutants as well as provide cooling.
Changes to windows are infeasible in JJ clusters and urban/rural villages where the
presence of a single exposed facade limits space. Tighter envelopes may reduce ingress
of outdoor pollutants and reduce heat loss during the winter months [37], though
simultaneously reducing the ability of heat dissipation through ventilation, however
this is likely to be expensive and hence only suitable for high-income settlements.
Low-emissivity glazing, internal and external wall insulation may help reduce indoor
temperatures, however have been shown to have mixed effects in differing climate
regions in India [262] and would require significant up-front costs. External wall
insulation has been observed to reduce indoor peak temperatures in other settings [76],
through minimising heat transfer through the wall. The thermal mass effect in
particular can be used to reduce internal diurnal and seasonal temperature fluctuations,
providing both a heating and cooling effect. Highly reflective paint can reduce the
solar absorptivity of walls and roofs and has been shown to have a sizeable impact on
indoor temperatures [263], and costs for painting external facades should be affordable
for low-income settlement types. In winter, passive solar heating offers a method
of increasing indoor temperatures but should be combined with blinds to prevent
summer overheating, as this method will depend on available facade area, making it
unsuitable for urban/rural villages and JJ clusters.

9.1.4. Feasibility across settlement types
An assessment of the potential interventions across settlement types subject to various
barriers, discussed above, is presented in Table 9.1. This provides qualitative guidance for which interventions could be suitable for implementation in Delhi’s various
settlement types. This assessment will be used to inform which interventions to test
using the BS software, EnergyPlus.
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Table 9.1.: Interventions, relative capital cost, and feasibility of deployment in the
various settlement types.
Intervention
Opening windows during
cooking
Night ventilation by
opening windows
Switching cooking fuel to
electricity or solar energy
Extract fans in kitchens
and bathrooms
Particle filtration system
Earth-to-air heat
exchangers

Cost

Planned

Urban/rural
UnauthorisedJJ Clusters
villages

N/A

Yes

Yes

Yes

Yes

N/A

Yes

Yes

Yes

Yes

Medium Yes

Maybe

Maybe

No

Medium Yes

Yes

Yes

Yes

Yes

No

No

No

Maybe

No

No

No

Yes

Maybe

Maybe

No

Yes

Maybe

Maybe

No

Yes

Maybe

Maybe

Maybe

Yes

Yes

Yes

Yes

Yes

No

Maybe

No

Yes

No

Maybe

No

/
Yes

Maybe
Maybe

/
Maybe

Maybe
No

Yes

Maybe

Maybe

No

Maybe

Maybe

Maybe

Maybe

Yes

Yes

Yes

Yes

Yes

Maybe

Maybe

No

High
Very
high
Low/
Direct evaporative cooling
medium
Low/
Indirect evaporative cooling
medium
Solar chimney
Medium
Shading (overhangs,
Low
louvers, blinds)
Enlarged and repositioned
Medium
windows
Tightening building
Medium
envelope
Separate kitchen
Low
Reduce wall conductivity Medium
Increase thermal mass in
Medium
exposed walls
Lower roof thermal mass,
Medium
and higher conductivity
Highly reflective coating on
external blinds, walls, and Low
roof
Enlarged south-facing
window for passive solar
Medium
heating

215

9. Multi-objective assessment of interventions to reduce indoor temperature and PM2.5 exposure

9.1.5. Unintended consequences, trade-offs and future barriers to
interventions
Further to the barriers presented in each settlement type, each intervention will
need to consider the trade-off between energy, health and cost as well as consider
unintended consequences that may vary according to the settlement type. As discussed
in background to the work (Chapter 2), the complexity of intervention trade-offs
must be understood to avoid potential unintended consequences. For example, a
natural ventilation strategy might be the most appropriate low-cost passive measure
of cooling to reduce heat exposure but it could also increase the rate of ingress of
outdoor pollutants and therefore might not be appropriate for Delhi. Combined use
of AC, tightening of the building envelope, and integration of particle filters could
provide the optimal indoor environment but is likely to be expensive and energy
intensive. Evaporative coolers could provide an alternative low-energy cooling method,
however such systems have been linked to Legionnaires’ Disease [264] and are potential
breeding grounds for disease carrying mosquitoes; the Indian Centre for Disease
Control recommends mosquito proof coolers [265]. Thus, interventions will need to be
carefully selected and tested before implementation. Furthermore, potential future
changes in the outdoor environment and household energy use require consideration
when selecting interventions. Outdoor temperatures across India are predicted to
increase by 3℃ to 4℃ by 2100 due a changing climate [214,266,267]. Similarly outdoor
PM2.5 levels are currently rising [137], and transforming lifestyles and urbanisation is
changing household energy use [162], with an increased penetration of AC, fans and
electric coolers predicted [268].

9.2. Selected interventions for modelling
This section describes the selected interventions modelled using BS software. The
base case models and set up are as described in section 7.2. Thus, the interventions
are applied to the four archetypes and 10 variants, to represent the extreme ends of
Delhi’s housing stock. In this chapter, however, the archetype variants were modelled
to be south facing only and interventions are thus reviewed against a south facing case.
This deemed suitable to assess interventions against a reasonable base case. Building
permeability was modelled with a building permeability of 20m3 /(h.m2 )@50Pa, which
was assumed to represent a ’leaky’ dwelling.
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9.2.1. Single interventions
Single interventions were selected based on their potential impact and suitability; for
example, ground-cooling strategies may be effective but they would require adequate
space that is unlikely in cramped JJ clusters and around planned flats. The selected
interventions are detailed in Table 9.2.
Table 9.2.: Selected single interventions with modelling details.
Code Category
CV

Occupant
behaviour

NV
EF

Building
components

EC

WI
Building
fabric
LR

RW

Details
Kitchen window always open during cooking periods in
planned dwellings and outside door always open in JJ
Cooking ventilation
cluster dwellings during cooking periods
Night purge ventilation only in JJ clusters, and night
Night purge ventilation
ventilation with AC use in planned dwellings
Extract fans installed in kitchen, and operated while
Extract fans
cooking with a maximum flow of 60l/s
Evaporative coolers installed in living room and
bedroom areas, and assumed to be in use when zone
Evaporative cooling
temperature is above 28℃ and occupied
External insulation layer of 50mm EPS, with λ =
0.035W/m-K, ρ = 25kg/m3 added, and tightening of
Wall insulation
building envelope from a permeability of 20 to 10
m3 /(h.m2 )@50Pa.
Conductive, low thermal mass roof with reflective
coating, replaces current roof, assuming 90mm aerated
Lightweight roof
concrete, λ = 0.14W/m-K, ρ =600kg/m3 , and a solar
absorptivity of 0.15
Coating of paint reducing the solar absorptivity 0.15 on
Reflective walls
outer walls
Intervention

The two occupant behaviour strategies considered were ’cooking ventilation’ and
’night purge ventilation’. ’Cooking ventilation’ ensured a window or external door
was opened during cooking times, aiming to help dissipate particulates generated.
’Night purge ventilation’ (ventilation during night time hours) was employed in both
JJ clusters and planned flats, with AC use allowed in living rooms during the day
only.
The two building components strategies considered were extract fans and evaporative
cooling systems. Extract fans were employed in kitchens in all archetypes and
operated during cooking time, aiming to help dissipate generated particulates. Direct
evaporative cooling (DEC) is employed and operated in occupied bedroom and living
room areas (replacing the AC systems in planned archetypes).
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Three changes to building fabric included reduced wall conductivity, lightweight
and reflective roof, and reflective walls. External wall insulation is employed in all
archetypes with dwelling permeability reduced to 10 m3 /(h.m2 )@50Pa in parallel.
The implementation of highly reflective paint entails the application of a layer of
reflective paint across all archetypes by reducing solar and visible absportance to 0.15.
Finally, a reflective lightweight roof was applied to JJ clusters and top-floor planned
flat variants, aimed at dissipating heat that rises upwards. 90mm aerated concrete
with a density of 600 kg/m3 , a specific heat capacity of 850 J/kg/K, and a thermal
conductivity of 0.14 W/m/K was assumed for the lightweight roof, as as per Das et
al [243].
Costs for each intervention strategy were provided by the Delhi Schedule of Rates [269],
and include both material and labour cost. Material and equipment costs were
calculated per m2 and per unit respectively, as required for each archetype variant,
with labour cost taken as detailed in the Delhi Schedule of Rates. A breakdown of
these interventions costs are detailed in Table 9.4.

9.2.2. Combined interventions
A number of combined interventions were modelled, in order to test the effect of
potential complementary strategies that were considered to work well together (Table
9.3). For example, employing both occupant strategies may be more effective together
than apart and this would not require increased cost or energy use. Combined
intervention strategies were grouped on 1) their intervention category, 2) cooling
strategies, and then 3) cooling strategies with particle removal, both with passive
and non-passive methods. A final strategy employs evaporative cooling with cooking
ventilation and building fabric interventions, taking a mixed mode approach where
energy use and health benefits may be best balanced.
Table 9.3.: Combined interventions strategies selected for modelling.
Code
C1
C2
C3
C4
C5
C6
C7
C8
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Group
Occupant strategies
Component strategies
Building fabric strategies
Passive cooling
Efficient cooling
Passive cooling + particle removal
Efficient cooling + particle removal
Mixed cooling + particle removal

Combined strategies
NP + CV
EF + EC
WI + LR + RW (WI + RW in mid/grnd floor flats)
NP + WI + LR + RW
EC + WI + LR + RW
CV + NP + WI + LR + RW
EF + EC + WI +LR + RW
CV + EC + WI +LR + RW

Table 9.4.: Costs for modelled intervention options
Code Intervention
CV
NP

Cooking ventilation
Night purge ventilation

EF

Extract fans

EC

Evaporative cooling

WI

Wall insulation

LR

Lightweight roof

Estimated costs (INR) per
DDA-G DDA-M DDA-T PF-G PF-M
0
0
0
0
0
0
0
0
0
0

archetype variant, fC
PF-T JJ1-1 JJ1-2 JJ2-1 JJ2-2
0
0
0
0
0
0
0
0
0
0

1655

1655

1655

1655

1655

1655

1655

1655

12,000

12,000

12,000

12,000 12,000 12,000 8000

8000

12,000 12,000

27,733

27,733

27,733

77,415 77,415 77,415 16,181 22,492 19,751 33,997

/

/

41,040

/

1655

/

Reflective walls
18,390 18,390 18,390 53,460 53,460
Occupant strategies
0
0
0
0
0
Component strategies
13,655 13,655 13,655 13,655 13,655
Building fabric strategies
46,123 46,123 87,163 130,875 130,875
Passive cooling
46,123 46,123 87,163 130,875 130,875
Efficient cooling
58,123 58,123 99,163 142,875 142,875
Passive cooling + particle
C6
/
46,123 46,123 87,163 130,875 130,875
removal
Efficient cooling + particle
/
C7
59,778 59,778 100,818 144,530 144,530
removal
Mixed cooling + particle
C8
/
58,123 58,123 99,163 142,875 142,875
removal
1
Costs given by [269] unless otherwise stated
2
Cost obtained from: New technology LTD, http://www.newtechnology.co.in/havells-fans-price-list-india/
3
Cost obtained from: U.P Twiga Fiberglass LTD, http://www.twigafiber.com/

1655

102,734 9,600 9,600 10,896 10,896
53,460
0
13,655
233,609
233,609
245,609

10,236
0
9,655
36,017
36,017
44,017

14,691
0
9,655
46,783
46,783
54,783

12,756
0
13,655
43,403
43,403
55,403

22,812
0
13,655
67,705
67,705
79,705

233,609 36,017 46,783 43,403 67,705
247,264 45,672 56,438 57,058 81,360
245,609 44,017 54,783 55,403 79,705

219

9.2. Selected interventions for modelling

RW
C1
C2
C3
C4
C5

Intervention cost per
m2 /unit and labour
cost
0 1
0
12552 per unit 400 labour
cost
4000 per unit No labour
cost
4253 per m2 1680 labour
cost
480 per m2 1680 labour
cost
300 per m2
/
/
/
/
/
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9.3. Multi-objective assessment method
As previously discussed, interventions in homes can result in unintended consequences,
whereby changing one variable influences another. Here, a method to assess multiple
factors when selecting interventions was applied. It aims at reducing adverse temperature exposure and improving air quality in Delhi’s dwellings, while considering energy
use and initial intervention costs.
A generalised weighted-sum multi-objective method was taken by calculating several
performance criteria (health exposure, annual energy use and intervention cost), which
varied between each intervention strategy and archetype. These performance criteria
were then normalised before calculating a single objective function with weights
dependent on variant settlement type. Further detail about this approach is discussed
in-depth elsewhere [37].

9.3.1. Performance Criteria
Three performance criteria of health, energy and intervention cost were used to assess
interventions. The energy criteria, fE was the total annual dwelling use, also described
in Section 7.2.4. The intervention cost, fC was calculated by summing labour cost, and
material costs (per m2 ) or component cost (per unit), based on the required amount
for each archetype variant as defined in Table 9.4.
Two alternative criteria for health were used to assess changes indoor environmental
conditions. The first health criteria, fHExc , was based on exceedance time above a
given threshold used as a proxy for health impacts arising for various IEQ indicators,
as described in Section 7.2.4. The second health criteria, fHAF , was based on the
fraction of attributable mortality, AF, from exposure to heat, cold and PM2.5 which
is calculated from exposure-response functions as used in the field of epidemiology.
The attributable faction of mortality from the given exposure, i, is calculated from
the relative risk, RRi , by:
AFi =

RRi − 1
RRi

(9.1)

The additional mortality risk due to long-term exposure to PM2.5 can be described by
a concentration-response function. In this work, it was assumed that an increment of
10µg/m3 in the annual concentration of PM2.5 will increase the mortality risk by 6%,
as used in [270] (although note that this assumption will tend to over-estimate risk at
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higher concentrations). Thus, the annual relative risk of exposure to PM2.5 is given
by:

RRPM2.5 ,A = 1.06PM2.5 /10

(9.2)

Temperature related mortality was assumed to follow log-linear forms above and below
threshold temperatures [216]. For cold, the 2-week mean temperature TDn ,14 was
related to 2.78% increase in mortality for each ℃ decrease in temperature below the
threshold thcold of 19℃. For heat, the 2-day mean temperature TDn ,2 was related to
3.94% increase in mortality for each ℃ increase in temperature above the threshold
thheat of 29℃. Thus, the daily relative risk for temperature was given by:

RRT,Dn =




exp(0.0278 × (TDn ,14 − thcold ))



TDn ,14 < thcold





1

else

exp(0.0394 × (TDn ,2 − thheat ))

TDn ,2 > thheat

(9.3)

Where the 2-week and 2-day mean temperatures of the nth day of the year Dn were
calculated from the daily mean temperatures TDn over the year (with cyclic prefix for
Dn < N) using:

TDn ,N =

X
1 N−1
TDn −i
N i=0

(9.4)

The daily relative risk for temperature needs to be combined to give an annual
attributable fraction, as shown below.
P365

AFT,A =

D=1 (RRT,Dn −
P365
D=1 RRT,Dn

1)

(9.5)

A total fraction of mortality attributable, AFTotal,A , to PM2.5 and temperature is then
calculated by summing the individual fractions of mortality (although note that this
is simplification):

AFTotal,A = AFT,A + AFPM2.5 ,A

(9.6)

The AFTotal,A was then used as the second performance criteria for health, denoted
as fHAF .
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9.3.2. Multi-objective assessment calculation
For clarity, the intervention strategy was denoted by i, archetype variant by v, and a
v (i). Where the performance criteria was denoted as
general performance criterion by fm
v
follows: for health exposure by fH
(i), annual energy use by fEv (i), and intervention
AF/Exc

cost by fCv (i), for the given intervention strategy and archetype variant. In order to
compare performance criteria, these were normalised by dividing by the maximum
value of each performance criteria for the given archetype:
v
gm
(i) =

v (i)
fm
v)
max(fm

(9.7)

v (i), are then weighted wv , and
Each of these normalised performance criteria gm
m

summed to give a single objective function Gv (i):
Gv (i) =

3
X

v v
wm
.gm (i)

(9.8)

m=1

where the weights were defined for each settlement type and were dependent on the
local priorities and restrictions. Performance criteria were given equal weights in
planned variants and in the JJ cluster variants weights of 0.4, 0.4, and 0.2 were given
to cost, energy and health respectively, as initial intervention and running costs must
be kept low. Therefore, the output variable of the single objective function ranges
between zero and one, with the aim to minimise this variable as far as possible.
GJJ (i) = 0.4gC (i) + 0.4gE (i) + 0.2gH (i)
GPlanned (i) =

gC (i) gE (i) gH (i)
+
+
3
3
3

(9.9)
(9.10)

9.4. Results
In this section, the performance of single and combined interventions are reviewed
with regards to the base case scenario, and results from the multi-objective assessment
presented. The results are discussed from the resulting changes in total exceedance
time fHExc , a comparison to using the attributable factor is provided at the end of the
section.
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9.4.1. Performance of single interventions
The impact of the single interventions is visualised in Figure 9.1, where annual energy
use is plotted against total exceedance time. "Cooking ventilation" was found to be
effective at reducing PM2.5 exposure, especially in planned variants where exceedance
days were reduced by around 50%. Night purge ventilation was found to be an
unfavourable strategy leading to a substantial increase in PM2.5 and heat exposure in
all archetypes. The use of extract fans in kitchens had a significant effect on PM2.5
levels in the planned variants, reducing total exceedance days by between 170-270
days with only a little increase in the resulting energy consumption. The extract
fans had less of an effect in JJ clusters, presumably due to external doors normally
open for ventilation purposes. Evaporative coolers both significantly reduced energy
consumption in the planned dwellings, while significantly reducing exceedance days in
the JJ clusters, however at the expense of an increase in energy consumption. External
wall insulation reduced energy use in planned variants, however marginally increased
the number of total exposure days due to an amplified risk of heat exposure. In JJ
cluster variants, the external insulation has almost no effect on total exceedance days,
presumably due to the very small exposed facade area. Reflective walls reduced energy
use by up to 1.4kWh annually in planned variants, but increased total exceedance
days in most archetypes through increasing the risk of cold exposure by a few days.
Interestingly, an increase in PM2.5 exceedance days were seen in JJ cluster variants
with reflective walls, presumably due to more days with external doors and windows
closed due to colder indoor temperatures. The lightweight roof strategy significantly
reduced energy consumption (by 15-25%) in top floor flats, however increased cold
exceedance days in these variants. Lightweight roofs were found to have little impact in
JJ cluster variants. In general, the most effective single strategy in planned archetype
variants is evaporative cooling which helps to significantly reduce energy consumption
and extract fans that reduce PM2.5 exceedance days. In JJ cluster variants evaporative
cooling is the most effective in reducing total exceedance days, followed by the "cooking
ventilation" strategy that helps reduce PM2.5 exceedance days.

9.4.2. Performance of combined interventions
Combining occupant behaviour (C1) strategies results in a reduction in energy use
and an increased risk of heat exposure, compared to the base case scenario, which
is comparable to the night purge ventilation strategy, however, a reduction in PM2.5
exceedance days is also achieved though adding "cooking ventilation". Use of both
building components (strategy C2) seems to appear more favourable compared to just
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Figure 9.1.: Impact of single (top plot) and combined (bottom plot) interventions on
annual energy use and total exceedance time. The base case scenario is represented
by filled-in dots and JJ cluster variants are highlighted for reference.
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one, by reducing both energy consumption and PM2.5 exceedance days in planned
archetype variants, and reducing both heat and PM2.5 exceedance days in JJ cluster
archetypes variants, but consequently requiring additional energy consumption in these
variants. All building fabric interventions (C3) help to reduce energy consumption
further in planned variants, while additionally reducing PM2.5 exceedance days with
regards to the base case scenario. In JJ clusters, heat exceedance days are reduced
and cold exceedance days are eliminated but there is an undesirable increase in PM2.5
exceedance days. Night purge ventilation combined with building fabric strategies
(C4) still results in undesirable indoor environment with increased PM2.5 and heat
exceedance days. Combining building fabric strategies with evaporative cooling systems
(C5) achieves the best energy savings in planned archetype variants, where annual
energy consumption is reduced by between 25-50% with the greatest savings in topfloor flats. C5 may also be feasible in JJ clusters variants where total exceedance days
are significantly impacted and annual energy consumption is increased by only 9-11%
(compared with a 20-23% increase where evaporative coolers are employed without
additional building fabric strategies). Strategy C6, combining cooking ventilation with
night purge ventilation and building fabric strategies improves the number of PM2.5
days but still poses a risk of increased heat exposure. Strategy C7 that combines
both building components with all building fabric strategies generally achieves a
reduction in energy consumption in planned variants and a good reduction in total
exceedance days across all archetype variants, apart from increased cold exceedance
days in top-floor flats. A similar result is seen when comparing strategy C8 with C7,
with slightly more favourable energy consumption in all archetypes where cooking
ventilation provides a similar effect as extract fans.

9.4.3. Multi-objective assessment
The values calculated for the single objective function, considering performance criteria
of total exceedance time representing health, energy consumption and intervention
cost, for each archetype variant and intervention strategy are presented in Table
9.5. The single objective function can range between zero and one, with lower values
denoting the most desirable intervention scenario and higher values the least desirable.
The optimal solution based on the single weightings (as outlined in 9.2) is presented,
however in reality these could be changed to better reflect stakeholders’ preferences
and thus lead to different results. Strategy C8 was found to be the best strategy for all
archetype variants achieving the lowest value for the objective function. This strategy
combines cooking ventilation, evaporative cooling, and all building fabric strategies.
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The objective function calculated for JJ cluster archetype variants span from 0.83
to 0.89, with only little positive change from the base case with single interventions
through "cooking ventilation" or evaporative cooling. The combined interventions
perform comparatively better, with larger reductions in single objective function
observed. The most favourable combined strategies, even when considering the high
intervention costs, were when building fabric strategies helped to reduce the energy
consumption required for evaporative cooling. The objective function evaluated for
planned archetype variants span a much wider range from 0.59 to 0.93, with the C8
strategy achieving the lowest output variable, and hence having the greatest effect,
in top-floor flats. "Cooking ventilation", extract fans and evaporative cooling were
found to positively reduce the objective function with regards to the base case, with
extract fans particularly favourable. Combined interventions only result in smaller
values for the objective function than the single interventions, when particle removal
is also combined with evaporative cooling and building fabric strategies (C7 and 8).
Generally, strategy C8 is shown to be the most favourable strategy across all archetype
variants by achieving the lowest output variable.

Intervention strategies

Table 9.5.: Objective function calculated for each intervention strategy per archetype
variant, assessed with energy use, cost and exceedance time above the given health
threshold. Lowest values denote the most desirable intervention scenario and highest
the least desirable. (Missing entries donate where strategies are not possible.)
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BC
CV
NP
EF
EC
WI
LR
RW
C1
C2
C3
C4
C5
C6
C7
C8

Archetype variants
DDA-G DDA-M DDA-T PF-G PF-M PF-T JJ1-1 JJ1-2 JJ2-1 JJ2-2
0.93
0.93
0.91 0.83 0.83 0.84 0.85 0.85 0.88 0.87
0.76
0.81
0.79 0.68 0.73 0.74 0.85 0.85 0.87 0.86
0.92
0.92
0.91 0.91 0.94 0.89 0.88 0.87 0.89 0.89
0.71
0.75
0.73 0.61 0.61 0.61 0.86 0.86 0.88 0.87
0.76
0.75
0.72 0.68 0.67 0.66 0.85 0.85 0.87 0.86
0.93
0.93
0.92 0.76 0.78 0.81 0.85 0.85 0.88 0.87
/
/
0.85
/
/
0.77 0.86 0.85 0.88 0.87
0.92
0.90
0.89 0.82 0.79 0.82 0.86 0.86 0.88 0.88
0.78
0.81
0.82 0.80 0.81 0.83 0.88 0.87 0.89 0.89
0.75
0.76
0.73 0.64 0.64 0.63 0.84 0.84 0.85 0.85
0.88
0.88
0.81 0.71 0.73 0.68 0.86 0.85 0.88 0.87
0.91
0.91
0.85 0.82 0.80 0.75 0.87 0.87 0.89 0.88
0.77
0.76
0.72 0.63 0.64 0.61 0.82 0.82 0.84 0.84
0.74
0.79
0.71 0.73 0.71 0.67 0.87 0.87 0.89 0.88
0.74
0.75
0.68 0.61 0.61 0.57 0.83 0.83 0.85 0.84
0.69
0.74
0.65 0.61 0.61 0.59 0.83 0.82 0.84 0.83
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Intervention strategies

Table 9.6.: Objective function calculated for each intervention strategy per archetype
variant, when assessed with energy use, cost and attributable fraction of mortality.
Lowest values denote the most desirable intervention scenario and highest the least
desirable. (Missing entries donate where strategies are not possible.)
BC
CV
NP
EF
EC
WI
LR
RW
C1
C2
C3
C4
C5
C6
C7
C8

Archetype variants
DDA-G DDA-M DDA-T PF-G PF-M PF-T JJ1-1 JJ1-2 JJ2-1 JJ2-2
0.98
0.98
0.97 0.97 0.97 0.96 0.88 0.87 0.88 0.88
0.89
0.9
0.9
0.92 0.93 0.93 0.83 0.83 0.84 0.84
0.94
0.94
0.93 0.94 0.97 0.92 0.91 0.91 0.92 0.92
0.86
0.87
0.86 0.83 0.83 0.83 0.85 0.86 0.86 0.86
0.87
0.86
0.84 0.83 0.82 0.8 0.94 0.94 0.95 0.95
0.97
0.97
0.98 0.94 0.94 0.95 0.88 0.88 0.89 0.89
/
/
0.92
/
/
0.88 0.88 0.87 0.88 0.88
0.96
0.95
0.95 0.94 0.91 0.93 0.88 0.88 0.89 0.89
0.86
0.88
0.86
0.9 0.89 0.89 0.85 0.85 0.86 0.86
0.84
0.85
0.83 0.83 0.82 0.8 0.88 0.89 0.88 0.89
0.93
0.92
0.88 0.89 0.88 0.81 0.89 0.89 0.89 0.89
0.94
0.93
0.89 0.91 0.9 0.83 0.91 0.91 0.92 0.92
0.88
0.87
0.84 0.83 0.82 0.77 0.91 0.91 0.92 0.92
0.84
0.87
0.8
0.85 0.85 0.79 0.85 0.85 0.86 0.86
0.83
0.84
0.79
0.8 0.8 0.74 0.87 0.87 0.87 0.88
0.81
0.83
0.77
0.8 0.8 0.75 0.85 0.85 0.85 0.86

9.4.4. Impact of health metric on results
When comparing the two different health metrics on the performance of interventions,
the trends remain largely the same. For example, "cooking ventilation" has a significant
effect on the AF related to exposure to PM2.5 , reducing it by between 6%-25% across
archetypes, as similarly shown by the reduction of exceedance days. The optimal
intervention, when considering energy and cost with the attributable fraction as
a health metric, again results in a comparable outcome, with the most favourable
strategy in planned archetypes being the combined strategy C8 and with ’cooking
ventilation’ being the most favourable strategy in the JJ clusters. These results can be
seen in Table 9.6. The results differ slightly from the time exceedance metric, where
C8 is found to be the most favourable strategy across all archetypes. Strategies that
significantly impact PM2.5 levels become more preferable strategies when compared
to using the exceedance time metric. This discrepancy in the results can be explained
as the high concentration of PM2.5 has a larger weight in the sum of attributable
fractions compared to the sum of number of days above or below thresholds in the
exceedance time metric. Further, as mentioned earlier, the concentration response
function used for PM2.5 may also overestimate the PM2.5 attributable fraction of
mortality.
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The exceedance time metric employs a very simple method of counting the number
of times the daily mean conditions exceed a given health threshold. Although on a
daily basis each threshold (PM2.5 , heat and cold) is represented only with a binary
value, the sum over an annual period results in a range with discrete values and an
upper bound as possible output values (0, 1, 2, ..., 365) for each threshold, which in
most cases is able to quantify the impact of interventions. However, this metric may
result in an underestimation of the negative effect of interventions if they cause the
corresponding sum to run into the upper bound.

9.5. Discussion
Here the general findings of the study are discussed and compared with other studies
where possible. Then, a discussion on how this work can be developed further to
provide a robust selection of effective interventions for a wider range of archetypes is
presented.

9.5.1. General findings
Generally, interventions performed as expected, except night purge ventilation and
wall insulation. Night purge ventilation was found to be an undesirable strategy,
increasing heat and PM2.5 exposure in all archetype variants. Increasing thermal mass
in parallel may achieve better results, providing the capacitance needed to achieve
a cooling effect can be achieved. Night purge may only be effective between March
and May, before the monsoon reaches Delhi and the diurnal temperature variation
declines, and therefore employing seasonal specific strategies could achieve results
that are more favourable. Although wall insulation achieved a reduction in energy
consumption, in certain periods more heat exceedance days are seen. Upon deeper
investigation, this occurs when the outdoor temperatures are hottest. Although peak
hourly indoor temperatures were decreased, reducing energy needed for space cooling,
daily mean temperatures were marginally increased. This suggests that heat that
accumulates indoors (via internal/solar gains) cannot dissipate at the same rate with
wall insulation; allowing purge ventilation during this period could be beneficial to
help heat dissipate faster.
Interrelations between indoor temperature, IAQ, and energy consumption were highlighted in the single intervention strategies. For instance, reflective paints were shown
to reduce the number of heat exceedance days, but negatively impact cold exceedance
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days as well as PM2.5 exceedance days in some archetype variants due to windows and
door being closed for more hours. Similarly, extract fans and evaporative coolers help
to reduce total exceedance days but can have energy penalties. This highlights the
need to consider multiple factors when selecting interventions, as discussed widely in
this thesis. Testing each intervention in turn increases understanding about potential
trade-offs, helping in the selection of potentially complimentary strategies. For example, increased energy use from evaporative cooling can be offset by also considering
building fabric strategies.
Carrying out the multi-objective assessment found that more of the strategies were
effective in the planned variants. Most single intervention strategies in JJ clusters were
unfavourable when considering intervention costs, due to the relatively small health
benefit achieved or increased energy consumption. Consequently, the multi-objective
assessment scores the base case scenario well in comparison to single interventions, as
interventions are incapable of adequately improving IEQ. Intervention costs are only
feasible when building fabric strategies reduced the energy required for evaporative
coolers. Changes in planned variants have much greater potential; here energy savings
are possible and interventions generally have a smaller risk of health trade-offs due to
controlled building operation.
No strategy was found to eliminate energy consumption and total exceedance days,
suggesting that the outdoor environment limits the potential for low-energy homes
as exposure to heat was best tackled though cooling appliances. Risk from PM2.5
exposure remained high, therefore reduction in ambient concentrations will likely
benefit indoor concentration. However, the optimal intervention strategy could help
to significantly reduce energy consumption in planned dwellings, as well as improve
population health burden through providing healthier homes. The most favourable
strategies will require initial intervention costs. In planned variants, these costs may be
feasible through long-term energy saving benefits, and could be provided via upfront
loans for interventions where annual payback rate is comparable to the annual energy
savings achieved. In the JJ clusters, such strategies may prove more difficult, as
initial capital will be limited. External funding, direct government intervention, or
subsidies on energy bills would be essential for the uptake of interventions, and to
allow occupants to use evaporative cooling systems during hot periods. As cooling
equipment becomes more widespread among low-income settlements, the optimal
strategy is likely to become more desirable through achieving energy savings. In
this chapter, only a single weighting scenario across archetypes based on assumed
archetype priorities in explored. The weightings of the single objective function could
be better defined through consultation with residents and policy experts to provide
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an improved analysis. For instance, the intervention costs may prove to be infeasible
and therefore a stronger weighting would be required leading to different results.

9.5.2. Comparison to other studies
A comparison of the base case model outputs to monitoring studies carried out in Delhi
and similar climatic regions is provided in chapters 7 and 8. The optimal scenario
is similar to the optimal solution found in previous work which employs a genetic
algorithm for the optimisation of building parameters for a single top-flat flat variant
in Delhi [243]. For a top-floor hostel room located in a composite climate in India
(Hyderabad), the use of wall insulation was found to reduce energy consumption by
20% [189]. In this work 2-9% savings were achieved through applying wall insulation;
however a direct comparison is not possible due to a lack of information provided
on the wall composition. The same study also found that a cool roof, with a solar
reflectance of <0.7, reduced energy consumption by 8% [188]. For this study, applying
a similar strategy, combined with a lightweight roof material, achieved a 15-20%
saving in top-floor flats. Ramesh et al. [188], studied the life cycle of a residential
building in a composite climate with different envelopes. A 6% energy saving was
achieved when applying the same insulation strategy as in this study, showing good
agreement with the energy savings achieved in this work. Lightweight roofs have
been shown to help regulate indoor temperatures in a hot and humid climate during
summer months [260]. In this study, energy savings are achieved when applying
the lightweight roof strategy in planned variants and marginal reduction in heat
exceedance in JJ clusters suggesting similar benefits. Another study found that white
roofs and evaporative coolers are suitable passive interventions to significantly reduce
the indoor temperatures experienced over a hot summer day [170], echoing findings in
this work.

9.5.3. Limitations, uncertainties and further work
The simulations were carried out with only a single orientation and occupant behaviour
profile, as well as with a number of building and equipment assumptions that are likely
to affect the performance of interventions. Techniques that explore uncertainty, such
as Monte Carlo analysis in which probability density functions are used to describe
the distributions of input variables, would also examine intervention robustness under
these uncertainties. Chapter 10 will employ techniques to overcome this present
limitation and ensure the selection of interventions that consider uncertainty.
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Currently, the 10 archetype variants, although representative of the diverse range
of housing found in Delhi, are unable to capture the full variation of building sizes
and parameters (shading, glazing ratio, floor area etc). A parametric study that
encompasses the range of parameters found in Delhi’s housing would allow the selection
of interventions for more archetypes. Similarly, the intervention strategies could be
combined into a parametric study, where more combinations are tested. This could
also be formalised into an optimisation study where a genetic algorithm is employed
for example, to improve computation time.
The external environment is likely to vary both spatially and temporally, which may
have an effect on the performance of interventions. For instance, outdoor PM2.5
concentrations could reduce in the future and outdoor temperatures are likely to rise,
increasing risk of heat exposure. This could influence the performance of interventions
as well as the weighting of performance criteria. Similarly, PM2.5 concentration and
ambient temperatures will be dependent on the location of the dwelling and could
affect intervention effectiveness; thus, these factors should be tested in future studies.
Additionally, the multi-objective assessment method employed, while useful for comparing between interventions, should developed further so that all performance metrics
can be expressed in terms of monetary costs and thus better equated in the weighted
sum model. A more detailed health model at a population level would be required
for this to be possible. This would allow full assessment of the health benefits of
intervention strategies. Models could also consider further health parameters, such as
other air pollutants and vector borne risks.

9.6. Conclusions
This chapter set out to test and identify the optimal intervention or set of interventions
that reduce adverse temperatures and PM2.5 exposure, for archetypes representative of
the Delhi housing stock where priorities differ, using a multi-objective assessment considering energy use, exposure and intervention costs. The multi-objective assessment
method provides a comprehensive process to select the most suitable intervention for
given weighted performance criteria; this method can be applied for further situations
where a solution considering multiple criteria is required. It was found that reflective
wall paint, a lightweight reflective roof and external wall insulation combined with
evaporative cooling and cooking ventilation provides the optimal scenario for healthy
low-energy homes for all archetype variants. The following key conclusions can be
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drawn from the investigation, and then used to develop guidelines for providing health
low-energy housing in Delhi:
• Employing the optimal intervention strategy across all archetypes could help
to significantly reduce energy consumption in planned dwellings, where AC is
currently used, as well as improve population health burden through providing
healthier homes.
• Strategies were found to be more feasible and effective for planned archetype
variants where initial intervention costs are less restricted and there is greater
potential for energy savings to be made.
• Poor standard JJ cluster dwellings require a total retrofit in order to provide an
improved indoor environment. Single intervention scenarios are largely infeasible
owing to little health benefit or increased costly energy use.
• It is clear that there is an interrelation between indoor temperatures, IAQ
and energy consumption, with many of the interventions resulting in a trade
off, whereby reducing one parameter increases another. This highlights the
need to investigate intervention strategies to fully understand any unintended
consequences.
• The optimal strategy still requires cooling equipment; however, the low energy
solution could help provide a way to reach equitable global distribution of carbon
emissions.
• PM2.5 exceedance days could not be eliminated through the selected interventions,
and other building focused strategies are unlikely to make significant differences.
Strategies aimed at reducing the ambient levels are required to have a positive
impact on indoor concentrations.
These findings can help form guidelines for retrofitting Delhi’s housing, and future
work in chapter 10 will be expanded to include intervention performance uncertainty,
a wider set of building parameters, and current and future variation in the external
environment for a more robust selection of strategies.
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10. Employing multi-objective robust
optimisation for healthy, low-energy
dwelling design in Delhi
The previous chapter explored the optimal interventions for minimising health hazards
and energy use in Delhi’s housing stock, by modelling a number of interventions in
example archetypes from Delhi’s housing stock. A multi-objective assessment method
suggested that reflective wall paint, a lightweight reflective roof and external wall
insulation combined with evaporative cooling and cooking ventilation provides the
optimal scenario. However, it was found that strategies were unable to completely
eliminate health and energy risks within the limitations of current housing in Delhi.
This chapter aims to take a broader approach to design; to assess what could be an
optimal dwelling for Delhi. A novel multi-objective robust optimisation method is
employed to select interventions that achieve healthy low-energy dwellings in Delhi. A
simple dwelling design is optimised for health and energy use simultaneously. Uncertainty was incorporated through a hybrid evolutionary multi-objective optimisation
algorithm. The method aims to provide guidelines for improved dwelling design.
Structurally, the chapter is divided under three clear sections. First the robustoptimisation approach is detailed, after which the method and materials are described,
including a description of the sampling strategy and construction of a meta-model.
After which, the results are presented and analysed. This is then followed by a
discussion before a conclusion is provided.

10.1. Robust-optimisation approach
In this section an overview of the approach to robust optimisation is described. A flow
chart of main steps used to carry out multi-objective robust optimisation is provided
in Figure 10.1. Four steps were taken; 1) pre-processing stage, 2) sampling, 3) creation
of a meta-model and 4) the robust optimisation.
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Figure 10.1.: Flow chart of main steps employed in the robust optimisation.
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10.1. Robust-optimisation approach
In the pre-processing stage, a base BS model is created. The simulated tool selected
should sufficiently predict outputs of interest and should be fully tested and validated.
Once a tool has been chosen, the distributions of input parameters to be simulated
should be determined. Contributing input parameters will consist of design variables
and uncertain variables. Design variables are parameters that can be controlled,
such as window size, and through the optimisation scheme the best range for the
design variables will be found. Uncertain variables are parameters that cannot be
controlled, and can be classed as having either aleatory or epistemic uncertainties.
Aleatory uncertainties cannot be reduced as they arise from random variability, such
as variability in material properties; however these uncertainties can be described by
probabilistic approaches. Epistemic uncertainties arise through lack of knowledge or
model simplifications, and have the potential to be reduced. By reviewing various
data sources, design and uncertain variables can be described using probability
distributions.
The parameters’ distributions are then sampled in a sampling scheme to represent
the variables of interest. Output distributions are then found by running the BS tool.
Details about using a Monte-Carlo approach, various sampling methods efficiencies and
sampling convergence for BS performance have recently been published elsewhere [271].
Furthermore, such methods have been successfully employed in previous research
[89, 243, 272].
From this, results are analysed and input-output relationships assessed. Sensitivity
analysis can be carried out to identify the key input variables that affect outputs of
interest. Such analysis is useful in the construction of a meta-model, as a reduced
parameter set with only the most important variables allows for the prediction of
outputs in considerably less time. Generally, scatter plots illustrating the input/output
relations are first qualitatively analysed, and then the application of statistical tests,
such as the Pearson product-moment correlation coefficient or Spearman’s rank
correlation coefficient, can quantify sensitivities. Such methods have been utilised
elsewhere in assessing drivers of building performance [108, 109, 247].
The computational resources required to run BS models within an optimisation scheme
can become expensive. This expense can be reduced through the development of a
meta-model. We refer the reader to previous research for further details on metamodelling [273]. These meta-models are then used in the optimisation scheme. Multiobjective optimisation can be determined in two main ways combining the objectives
into a single objective or finding the ’Pareto-optimal front’. Pareto-front optimisation
is used specifically where objectives are conflicting, whereby an improvement in one
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objective compromises another objective. In this work, the Pareto-optimal front
between the conflicting objectives of health and energy are explored by using a multiobjective genetic algorithm. Genetic algorithms evolve populations of chromosomes of
potential Pareto-optimal scenarios over generations to find the optimal front. Each
generation undergoes uncertainty propagation, through a second sampling scheme that
incorporates uncertainty variables. The outputs will have a probabilistic distribution
and a deterministic metric is needed to formulate the objective function. As such,
we sum the weighted mean and standard deviation for each metric distribution. The
results can be analysed by plotting the Pareto optimal front and the range of design
variables will be returned.

10.2. Methods and materials
In this section the methods and materials as applied to a one-story dwelling are
detailed. First the base case BS model is described, then the selection of design
and uncertain parameters are listed. Following this, the sampling scheme and the
sensitivity analysis carried out is presented. Then, finally, the development of the
meta-model and the robust optimisation set up is described.

10.2.1. Base building simulation model
As per previous chapters, EnergyPlus 8.2.0, an extensively tested and validated multizone building physics tool, was chosen to estimate the impact of parameters on IEQ
and energy consumption [194] in the robust optimisation approach.
For this study, a simple one-story dwelling was used consisting of a living room,
bedroom, bathroom and separate kitchen. The dwelling is exposed on all external
walls, with a constant wall height of 3m. Although, there are multiple possibilities
for dwelling layouts (flats etc.) that will have an effect on energy consumption and
IEQ, the simple layout selected will provide a basic facilities needed. Field surveys
undertaken in Delhi give confidence in the chosen geometry.
The base construction consists of brick walls with a layer of internal and external
render, concrete floor and a reinforced concrete ceiling, as typically found in Delhi
housing [207]. Internal gains include those from occupants and the various appliances.
Occupancy schedules and appliance usage was employed as described in chapters 7
and 9. The dwelling is modelled with AC used during occupied periods in living room
and bedroom areas. Windows and door openings were assumed to remain closed.
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Internal PM2.5 is assumed to be produced by cooking in the kitchen and ingress from
the outdoor environment. The cooking generation rate for PM2.5 was input as in
previous chapters.
As employed in Chapters 7 and 9, health metrics were defined as a proxy to indicate
’exposure’ to heat (hheat ), cold (hcold ) and PM2.5 (hP M 2.5 ) for an occupant that
remains home for most of the day. Outputs for the optimisation included total annual
dwelling energy consumption (E) and the sum of the three health metrics.

10.2.2. Selection of inputs
Design variables, such as permeability or glazing type, are parameters to be optimised
to provide a healthy and low-energy dwelling design. These parameters are based on
key determinants affecting building performance in Delhi dwellings derived in Chapter
7 and additional parameters considered to affect building performance.
Design variables selected for modelling included; a layer of external wall insulation
where the thickness (dwallins ), conductivity (λwallins ), and density (ρwallins ), were varied;
thickness (droofins ), conductivity (λroofins ) and density (ρroofins ) of the external roof
insulation; and a layer of insulation under the floor with varied thickness (dfloorins ),
and conductivity (λfloorins ). Ranges for material variables were derived from the
WUFI database (Fraunhofer Institute for Building Physics 2013). Windows were
modelled with single and double glazing configurations (Wtype ). Shading (Soverhang )
was included in the form of an overhang on all facades between 0-3m. The solar
absorptance (asolar ) of the external render was selected to vary between 0.16-0.98,
which represents applied paint colour. The floor area (Afloor ) was varied from 18-200m2 ,
which is likely to be representative of the variation in Delhi. Window area (Awind ) was
varied as a percentage of wall area from 0-40%. Dwelling orientation (θ) was varied
between 0-360◦ and dwelling permeability (P) varied between 3-50m3 /(h.m2 )@50Pa,
which represents very airtight to a very leaky dwellings. An extract fan (Vfan ) in the
kitchen was modelled with a varying volumetric flow rate between 0-0.20m3 /s. Design
variables with symbols, units and input ranges are shown in Table 10.1. All design
variables were described using uniform distributions, to allow exploration of the design
space.
Uncertain parameters included were occupant number (#occup ), set-point temperature
to trigger the air-conditioning (TAC ), set point temperature for triggering window
blinds (Tblinds ), and annual variation in external PM2.5 was described by a sine wave
with varying amplitude (PM2.5−amp ) and offset (PM2.5−off ), and given by montly
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Table 10.1.: Design variables, with symbols, units and input ranges.
Design variable
Unit
Input range
dwallins
m
0.01-0.3
λwallins
W/m.K
0.025-2.9
ρwallins
kg/m3
12-2400
droofins
m
0.01-0.3
λroofins
W/m.K
0.025-2.9
ρroofins
kg/m3
15-2500
dfloorins
m
0.01-0.1
λfloorins
W/m.K
0.025-2.9
Wtype
Single, Double
Soverhang
m
0-3
asolar
0.16-0.98
P
m3 /(h.m2 )@50Pa
3.0-50
Warea
%
0-40
Vfan
m3 /s
0-0.2
Afloor
m
18-200
◦
θ
0-360

values. The distribution for occupancy number was given by data from the Delhi
Housing Conditions Survey [207] and set point temperatures derived from research
on thermal comfort by Indraganti [180]. Ranges describing PM2.5 levels were derived
from PM2.5 monitoring data from a central Delhi location [141]. Uncertain variables
are detailed in Table 10.2.
Table 10.2.: Uncertain variable, with symbols, units and input distribution, where G
is gamma, N is normal and U is uniform.
Uncertain variable Unit Input distribution
#occup
G,3.2,1.4
◦
TAC
C
N,28,2
◦
Tblinds
C
N,28,2
PM2.5−amp
µg/m3
U,50-100
PM2.5−off
µg/m3
U,110-160

10.2.3. Sampling scheme
Selected inputs were varied in the base file through a sampling scheme; previous work
reviewing sampling efficiency should be referred to for further clarification [91, 271]. In
this study, a Latin Hypercube sampling (LHS) was employed; its space-filling scheme
provides better efficiency than random sampling. Specially, the LHS maximin scheme
is used, which maximises the minimal distance between sampling points.
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Both design and uncertain variables were sampled simultaneously. Algorithms provided
in MATLAB were employed to generate a hypercube, with uniform distributions
between 0 and 1. These distributions were then converted using the inverse cumulative
distribution function for each variable. Mini-samples of size 20 were then simulated
in EnergyPlus v.8.2.0, with outputs post-processed to find the mean and standard
deviations. Further permutations were carried out until sample mean and standard
deviations change by less than 1%, to find the adequate sample size needed to represent
the sample space.

10.2.4. Sensitivity analysis
A sensitivity analysis was carried out in order to analyse the relationship between
input parameters and selected output metrics describing IEQ and energy consumption,
which can be useful in developing meta-models.
In this work, scatter plots were initially used to provide visual indication of inputoutput relationships. The significance of input-output correlations was assessed by
testing the hypothesis of no correlation to give p-values, a p-value smaller than 0.05
was used to indicate significant correlations. Correlations between inputs and outputs
and their p-values generated from Spearman’s rank correlation coefficient are shown
in Table 10.3. A number of parameters were found to be insignificant for the health
metrics or energy consumption; as such, a reduced parameter set could be employed
in the development of a meta-model.

10.2.5. Meta-model development
An ANN was used to construct a meta-model. Neural networks can reproduce nonlinear and non-monotonic relations between input and output variables through a
structure of inter-connected layers of neurons. The first layer contains the inputs, the
last layer contains the output, and layers between are hidden layers. The neurons
are connected with synapses between layers, weights and biases of the synapses are
updated in the fitting process by a training algorithm until the outputs are adequately
reproduced. The Neural Network Toolbox provided in MATLAB was used in this
study. The simulated sample data is split into a training (70%), validation (15%)
and test set (15%). The training set is used to determine the best neuron weights
and biases, the validation set is used to adapt the weights and biases, and ensure a
smooth output, and the test set to test the resulting network with independent input
and output variable samples not used to fit the network. The toolbox provides an
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Table 10.3.: p-values, from Spearman’s Rank, indicating significance of input-output
correlations, shaded values denote significant relationships below the 0.05 level.
dwallins
λwallins
ρwallins
droofins
λroofins
ρroofins
dfloorins
λfloorins
Wtype
Soverhang
asolar
P
Warea
Vfan
Afloor
θ
#occup
TAC
Tblinds
PM2.5−amp
PM2.5−off

hheat
0.52
0.45
0.47
0.33
0.92
0.74
0.97
0.20
0.00
0.26
0.30
0.59
0.50
0.10
0.14
0.82
0.16
0.00
0.94
0.88
0.49

hcold
0.70
0.66
0.97
0.33
0.00
0.57
0.98
0.10
0.55
0.00
0.00
0.09
0.00
0.35
0.00
0.15
0.00
0.23
0.99
0.70
0.19

hPM2.5
0.24
0.53
0.82
0.46
0.47
0.88
0.93
0.41
0.04
0.12
0.00
0.00
0.56
0.00
0.00
0.35
0.00
0.00
0.62
0.27
0.00

E
0.98
0.39
0.87
0.66
0.00
0.41
0.68
0.34
0.08
0.08
0.00
0.03
0.02
0.01
0.00
0.58
0.00
0.00
0.87
0.29
0.28

array of options including the network type (feed forward, cascade forward), training
algorithms (Levenberge Marquardt, Bayesian regularization), number of layers and
number of neurons. The options available are explored by looped through to find the
best mean error squared for the test group. The minimum mean squared error for the
fit to the test set, MSEtest , is used to select the best neural network options.
Meta-models were developed using a separate reduced parameter set for each output
metric based on the sensitivity analysis. For hheat the preferred ANN construction
was a feed forward network with one hidden layers and eight neurons per hidden layer,
with the Bayesian regularization training algorithm. hcold preferred a construction
with a cascade forward network with two hidden layers, 13 neurons per layer and
Bayesian regularization training. hPM2.5 was found to prefer a construction with a feed
forward, two hidden layer and 18 neurons per layer with the Bayesian regularization
training. The best construction for E was a feed forward construction with one hidden
layer and 12 neurons and with Bayesian regularization training. Figure 10.2 shows
that a good prediction was achieved, with high correlation between simulated outputs
and meta-model outputs. R values between simulated and meta-model predictions
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for hheat , hcold and E are above 0.9, indicating that over 90% of the variance can be
accounted by the meta-model.

Figure 10.2.: Comparison of simulated (sim) and meta-model (mm) outputs.

10.2.6. Multi-objective robust optimisation
The MATLAB in-built gamultiobj function was used in the next steps, employing
the controlled elitist genetic algorithm NSGA-II. This algorithm has been widely
used in building science and is provided in the MATLAB optimisation tool box for
multi-objective problems [95]. After an initial random population is ranked in relation
to the objective function, the population is continually modified to achieve better
rankings. This is then repeated until the criterion is met.
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Significant design variables ranges, λroofins , Soverhang , asolar , P, Warea , Vfan , Afloor , were
used to bound the optimisation problem and generate the inputs for the meta-models.
The optimisation twice to allow for consideration of Wtype . To incorporate uncertainty
in optimisation the uncertain variables, #occup , TAC , PM2.5−off , with distributions
as previously specified, were sampled in the calculation of the objective functions.
Uncertainty in design variables was included assuming a normal distribution with
the mean equal to the generated inputs and a standard derivation of 0.1 times the
mean. The sampling scheme employed was as described in section 10.2.3. For each
generation, the calculated energy and health metrics have a probabilistic distribution
and a deterministic metric is needed to formulate the objective function. This was
carried out by summing a weighted mean and standard deviation for each metric
distribution. This allows for consideration of the lowest mean (and therefore best
performing combination) with the smallest standard deviation (least variation around
the mean) simultaneously. As such, the energy and health objective functions are
given by:
ObjE = (1 − α)σE + αµE
ObjH =

3
X

((1 − α)σhi + αµhi )

(10.1)
(10.2)

i=1

where 1 = heat, 2 = cold, 3 = PM2.5
For simplicity, in this work, α is kept equal to 0.5 however, this could be altered
depending on desired level of robustness needed. Changes in the formulation of
objective functions will need to be explored in detail in future work.

10.3. Results
The results of the optimisation can be seen in Figure 10.3, with the Pareto-optimal
front for each discrete run for Wtype is shown. ObjE was found to range between
1964-5341, and ObjH ranged between 86-294. It clearly highlights the conflicting
objectives of energy and health.
Pareto-optimal ranges for design variables included in the study are shown in Table
10.4. For the material properties included as design variables, the Pareto-optimal range
for λroofins between 0.23-2.73 W/m.K, 0.06-2.06m for Soverhang , 0.16-0.760.16-0.99 for
asolar , 3.24-10.3 m3 /(h.m2 )@50Pa) for P, 1.0-33.9% for Warea , 0.00-0.10 for Vfan and
18.95-186.6m2 for Afloor . Interestingly, the Pareto-optimal range for many variables is
quite large, suggesting that a design trade-off between health and energy objectives will
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Figure 10.3.: Optimal solutions for each discrete run considering Wtype , as calculated
by the GA.

be necessary. The complexities in achieving a healthy low-energy dwelling design are
further highlighted by plotting normalised objective functions against Pareto-optimal
ranges. Figure 10.4, shows that for each design variable there is a trade-off between
health and energy use, for instance choosing a large floor area benefits the health
objective but is detrimental for achieving a low energy objective. This echoes work
elsewhere that emphasizes the importance of considering other factors in order to
address unintended consequences of decarbonising the built environment [11, 274].
Table 10.4.: Pareto-optimal range for each design variable.
Design variable Pareto-optimal range
λroofins
0.23-2.73
Soverhang
0.06-2.06
asolar
0.16-0.99
P
3.24-10.3
Warea
1.0-33.9
Vfan
0.00-0.10
Afloor
18.95-186.6
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Figure 10.4.: Normalised objective function plotted against Pareto-optimal range for
design variable. Black points indicate ObjH and grey points indicate ObjE .

10.4. Discussion
The work demonstrates a method for developing guidance for dwelling design when
considering multiple objectives and uncertainties. However, the use of this method
requires further review and testing to ensure the outcomes are valid. This section,
discusses a validation of the employed methods. This is then followed by a discussion
on the limitations of the approach and where future work should be carried out.
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10.4.1. Validation of method
Results can be validated initially by assessing if outputs follow expected physical
relationships. For instance, by plotting objective functions against Pareto-optimal
design variables it can seen that although solar absorptance has a positive impact on
the energy objective it has a negative impact on the health objective, presumably due
to the increase in cold exposure. This allows confidence in the simulation outputs are
they follow general logic.
Secondly, Pareto-optimal outputs can be compared directly with EnergyPlus by resampling with the Pareto-optimal design variables. The design variables that achieved
the lowest health objective were simulated and objective function calculated. An
error in the health objective function was found to be 4% and 11% error for the
energy objective function. This suggests the method is suitable in predicting the
Pareto-optimal front, though some improvements in accuracy are needed.

10.4.2. Limitations and future work
Many other sampling schemes, sensitivity tests and meta-model techniques could be
explored to improve efficiency and accuracy of outputs. Although the outputs from
the methods applied in this chapter are valid, further work should assess different
techniques to determine which are most suited for this particular study. The formation
of the objective function itself should also be further analysed and adapted depending
on the study and output of interest.
The work should be expanded to additional archetypes (flats, multi-storey dwellings)
and parameters, such as number of exposed facades. Further uncertainties could
include model errors from set-up of the BS tool and errors resulting from the metamodel outputs. Furthermore, the results should be validated by comparing outputs
with monitored data.

10.5. Conclusions
This chapter assessed the design of a simple archetype dwelling for the context of
Delhi which minimised exposure to heat, cold and PM2.5 by using more advanced
computational techniques then presented in the preceding chapter. Through employing
a robust optimisation methodology it was possible to review the effect of multiple
design parameters on energy use and health exposure. It is clearly shown design
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parameters are conflicting when considering both IEQ and energy consumption and
as such should be carefully considered. However, it can be concluded that limiting
permeability between 3-10 m3 /(h.m2 )@50Pa will provide improved performance for
the one-storey example and other parameters should be selected to balance objective
preferences. These findings can be input into building regulations that focus on new
builds and pave the way forward for health and sustainable housing in Delhi. Further
work needs to be carried out to expand these methods further to improve validation
and to apply these methods to further archetypes.
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Discussion and conclusions

247

11. Overview and integration of findings
for Delhi
The preceding parts II and III presented the core of the data collection and the results
of the study, in relation to the first two study objectives as outlined in chapter 5. The
first objective was to assess current housing conditions and IEQ in Delhi; this was
done through chapters 6 to 8, where priorities for energy reduction and protection
against health hazards under key settlement types in Delhi were established and then
current conditions assessed through modelling and monitoring. Chapters 9 & 10 then
assessed interventions and the optimal solution when considering multiple criteria in
line with the second study objective.
This chapter brings together the core research outcomes by analysing the key findings.
This is done by integrating the findings against the research objectives as specified in
chapter 5. These findings are then discussed to draw out key conclusions for developing
guidance in Delhi’s homes and to identify where further work is required.
This chapter is divided into three main sections. First, an assessment of the research
objectives is presented and the main outcomes are listed. This is followed by a
discussion on the implications of the main study findings. After this, the limitations
of the study are discussed and further work needed in Delhi is identified.

11.1. Assessment of findings in relation to research
objectives
The study took a multiphase mixed method approach that aimed to build understanding about Delhi’s housing and the related energy and health risks. Findings from
each phase were analysed and then integrated into the following phase of research.
The particular findings and analysis of results for each stage are discussed within
the relevant chapters. In this section, the findings from the study as a whole are
discussed in relation to the research objectives for the case setting, as outlined in

249

11. Overview and integration of findings for Delhi
section 5.1. The objectives were to assess current IEQ and housing conditions and
then develop building-level strategies to improve IEQ with estimates of cost, energy
use and health benefits. These objectives and the main findings are summarised in
Table 11.1. These are further discussed in subsequent sections and implications of the
findings are outlined.
Table 11.1.: Summary of research objectives, main outcomes and key findings.
Main outcomes

Key findings
Research objective 1:
Assessment of current housing quality, & indoor environmental conditions and energy use
• Four main settlements types
Stratification of housing
• Significant variation in built forms within settlement types
stock
• Triple level stratification could help to inform housing policy
• LPG use widely spread and AC linked to household income
• Energy use likely between 2-3 times higher in planned dwellings
Understanding of occupant
• Low levels of indoor natural lighting due to use of curtains
behaviour & energy use
• Occupants employ multiple adaptive strategies to maintain
practices
comfort and adequate air quality
• Some comfort strategies could increase hazards to health
• Greatest health risks estimated to be heat, cold and PM
Assessment &
• JJ clusters at most risk of exposure to health hazards
quantification of household
• Modelling estimates suggest that indoor environmental
hazard exposure
conditions exceed health thresholds
Research objective 2:
Assessment of optimal building-level strategy to reduce household health hazards and energy use
• Dwelling height, roof area, roof material, glazed area and
Identification of influencing ground floor area significantly influenced indoor temperature
housing parameters on
• Dwelling height, roof area, roof material, glazed area and
exposure levels
ground floor area and exposed facade significantly influence
indoor particulate concentrations
• Greater potential for interventions in the planned housing
sector, largely due to the limited dwelling size and intervention
cost restricting changes in low-income housing
• Optimal combination of intervention depends on both
settlement type and archetype
Assessment of housing
• Occupant behaviour strategies appear to provide some
interventions
alleviation of health hazards
• Adaptive strategies are needed to provide equal effect in all
seasons
• JJ clusters require complete retrofit to provide an adequate
indoor environment, however, this would need substantial outside
investment
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11.1.1. Stratification of Delhi’s housing stock
The study investigated housing characteristics that are largely undocumented in
Delhi apart from in the housing conditions survey (NSS) which includes only basic
information such as construction material and floor areas. For the creation of BS
models, further inputs were collected and a set of stratified housing types was developed
to represent Delhi.
Through a review of relevant data sources, it was broadly possible to divide the
housing stock into four settlement types. Settlement types were primarily linked to the
housing provision route (planned, organic, informal), and their typical construction
characteristics were outlined. Subsequent investigation of housing characteristics was
made through physical surveying; it was found that within settlement types there
was substantial variation. For instance in the JJ resettlement, dwellings were further
classified as katcha, pucca 1, pucca 1.5, pucca 2, and pucca 2.5. However, within these
groups there was still significant differences, especially in combination of material and
construction quality.
It is challenging to develop a set of archetypes that are representative of the stock from
a building science perspective within the scope of this project. However, it is suggested
that housing should be considered on three levels: 1) settlement type; 2) archetype
(within settlement type), and; 3) detailed dwelling characteristics (materials composition, construction and exact geometry details). Consideration of the three levels
could help to refine and better direct intervention policy, for instance: settlement type
would help to identify routes for interventions (for example, subsidies or regulations)
as well as the appropriateness of broad level interventions, such as occupant behaviour
strategies and building components; consideration of the particular archetype within
the settlement would help to inform the appropriateness of building fabric strategies;
while the specific building characteristics would help identify detailed intervention design (for example, insulation material, size of extract fan). The identified stratification
could be used in intervention guidance or in further housing risk assessments.

11.1.2. Understanding of occupant behaviour and energy use practices
Energy use practices were assessed through both analysing survey data and physical
surveying, and energy use estimates were made through BS. An understanding of
occupant behaviour was developed through analysis of relevant literature that was
subsequently enhanced through field visits, the collection of visual data (photos) and
in focus group sessions.
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Table 11.2.: Triple level stratification for identifying and approaching housing interventions in Delhi.
Level

Settlement type

• Identification of
intervention policy
approach (regulation,
subsides, community
Implications for based etc.)
interventions
• Identification of
broad building
components and
occupant behaviour
strategies

Archetype (within
settlement type)

Dwelling unit

• Identification of
broad building fabric
strategies

• Identification of
detailed intervention
design

The scoping review indicated that the use of LPG for cooking was widespread in Delhi
and ownership of AC was linked to household income; this was confirmed through field
visits and physical surveys. In chapter 6, it was estimated that energy consumption
is approximately three times higher in planned dwellings compared to non-planned
dwellings. The housing model developed in chapter 7 which aimed to provide more
accurate estimate of household energy use, largely agreed with the findings of the
scoping review, with energy use in planned dwellings two to three times higher than in
JJ clusters. It could be broadly concluded that energy efficiency strategies should focus
primarily on planned houses with access to AC systems. However, energy use was
found to be a key determinant of exposure to heat as subsidies for cooling equipment
for low-income housing are likely to have significant health benefit, but will lead to an
increase in greenhouse gas emissions.
During site visits, it was observed that indoor natural lighting levels were generally low,
due to the use of curtains to prevent solar gains. Low-income dwellings generally did
not have windows and depended on artificial lighting. Focus groups in a low-income
JJ resettlement colony revealed that occupants had a number of adaptive strategies to
cope with winter temperatures, including use of warm blankets, cooking for warmth
or the use of firewood indoors. Surprisingly, despite the low indoor temperatures
recorded, occupants recalled they generally feel warm during the monitored period.
However, the adaptive strategies suggest the dwelling itself is incapable of providing
a comfortable environment. In order to improve IAQ, occupants recalled opening
windows and used extract fans during cooking. Such findings were useful to support
the selected inputs used in the BS modelling.
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11.1.3. Assessment and quantification of household hazard exposure
A key objective of the study was to assess exposure to household health risks. First,
assessment of these risks was made through the application of a risk assessment. The
largest identified health risks were then investigated further and quantified through
monitoring and modelling.
In chapter 6, it was estimated that the health risks varied significantly as a result of
variation in the quality of housing and the ability for occupants to modify their indoor
environment. JJ clusters were suggested to be most at risk of a wide range of adverse
health impacts compared to other settlement types. The greatest health risks were
estimated to be from exposure to PM, heat, and cold across all settlement types.
Modelling results suggested that top-floor flats would experience the highest temperatures during the summer period and thus have the highest energy consumption.
However, JJ clusters are likely to be most at risk of heat exposure due to a lack of AC
protection. JJ clusters experience the highest indoor PM2.5 levels, with hourly peaks
of up to 1500µg/m3 , largely due to the compact shape with no separate kitchen. Base
case archetypes showed vast disparities in energy consumption and total exceedance
days, highlighting that Delhi’s dwellings are, in general, currently incapable of providing adequate IEQ without substantial energy use. This suggests current building
practices and operation need extensive attention.
Indoor monitoring largely supported the model findings and revealed that in JJ clusters
housing, all dwellings failed to provide comfortable temperatures above 21℃ for more
than 40% of hours during the monitoring period and most dwellings failed to provide
indoor temperature above 19℃ for 50% of hours. This suggested a high amount of
occupant discomfort and points to potential health risks from temperature exposure.

11.1.4. Influencing housing parameters on exposure levels
Sensitivity analysis allowed for the identification of influencing housing parameters on
health hazards and energy consumption. Techniques were applied in both monitoring
and modelling work. Analysis of determinants helped to identify how intervention
strategies can be applied to mitigate exposure.
Through analysis of winter monitoring data, the roof material was found to be a
statistically significant parameter affecting maximum and standard deviation of indoor
temperatures, and the number of exposed facades was found to significantly affect the
percentage of hours below 19℃. Modelling data found that key determinants of indoor
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temperatures are dwelling height, roof area, and ground floor area during the hottest
summer week and for the coldest winter week, glazed area, proportion of glazed area,
dwelling height, roof area, ground floor area, and area of exposed facade were found
significant. PM2.5 levels are strongly influenced by total floor area and the proportion
of volume with area of external openings for natural ventilation scenarios.

11.1.5. Assessment of housing interventions
A large spectrum of interventions was reviewed that could reduce both energy consumption and health risks. An optimal combination was determined through a
multi-objective assessment, with weights varied to reflect settlement types. It was
considered that there is greater potential for interventions in planned housing, where
limitations due to the surroundings and the cost of intervention are smaller.
Modelling work exploring the best performing strategy when considering cost, energy
and health revealed that a combined strategy of reflective wall paint, a lightweight
reflective roof and external wall insulation combined with evaporative cooling and
cooking ventilation provides the optimal scenario for healthy low-energy homes for all
archetype variants. Employing this strategy could help to significantly reduce energy
consumption in planned dwellings, where AC is currently used, as well as improve
population health burden across all settlement types through providing healthier
homes. This strategy would still use cooling equipment, however could provide a more
equitable distribution of carbon emissions and health risks across Delhi’s housing
stock.
In comparison to planned dwellings, in the JJ clusters intervention performance was
found to be limited when considering both the health benefit and intervention cost.
The restricted dwelling size and exposure to PM2.5 means that most changes are not
feasible without significant expansion of the dwelling to include a separate kitchen.
By using multi-criteria decision analysis techniques, it was clear that there is an
connection between indoor temperatures, IAQ and energy consumption, with many of
the interventions resulting in a trade off, whereby reducing one parameter increases
another. This was highlighted particularly in chapter 10 where the optimal range of
parameters were plotted against each other. This showed that there is a trade-off
between exposure (and thus ultimately health) and energy for all design parameters. It was only possible to conclude however that limiting permeability between
3-10m3 /(h.m2 )@50Pa could provide improved performance for the one-storey example
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dwelling, however that the other parameters resulted in a trade-off between health
and energy under this scenario.
However, it was shown that the ability to achieve a healthy indoor environment in
Delhi will be limited due to high outdoor air pollution. Therefore, measures to remove
outdoor pollutant sources should be targeted in parallel with good dwelling design.

11.2. Recommendations for further research in Delhi
This section outlines where further work by other researchers would be useful to build
on the findings discussed above. These recommendations are discussed under the two
research objectives as highlighted at the beginning of the chapter.

11.2.1. Assessment of current indoor environmental quality & housing
conditions
Although a substantial amount of work was completed to assess current housing
conditions and IEQ in Delhi, further work is needed to understand current conditions in
a wider range of dwellings and to understand better the impacts of occupant behaviour.
It is recommended that further work: derives an expanded set of representational
archetypes; expands the understanding of occupant behaviour; and furthers the link
between modelled and monitoring data. These recommendations are discussed further
below.

Further stratification of the housing stock
Delhi’s housing stock was broken down into settlement types and then within these
groups, example archetypes were modelled to assess performance. Although it was
not possible to develop a set of statistically representative archetypes, it did allow
initial insight into the range of indoor conditions in Delhi, their determinants and
where interventions could provide an improved environment. Nevertheless, further
work is needed to establish the extent of heterogeneity within each settlement type
in order to create representative archetypes. Through site visits in JJ clusters, a
broad set of archetypes could be developed. These should be refined further in
visits to other sites. Additionally, extensive surveying in planned, urban villages and
unauthorised colonies should be completed to develop a more complete understanding
of the variation of housing in Delhi. This work would require significant resources
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to carry out surveying in a comprehensive manner. Already existing surveys, such
as the national census and scheduled surveys completed by the National Office of
Statistics and the Delhi Economic Survey, could collect additional parameters in the
housing census and housing conditions schedules. The surveying approach could be
informed by already existing surveys elsewhere; for instance the English Housing
Survey collects “information about people’s housing circumstances and the condition
and energy efficiency of housing in England”, could provide a good methodology.
Increased knowledge of housing dimensions, material thickness and constructions, as
well as glazed areas and orientation would help to build a more comprehensive housing
model and inform an improved sampling strategy in monitoring campaigns.

Increased understanding of occupant behaviour
Parts II and III led to an increased understanding of occupant behaviour and comfort,
however, this was inevitably somewheat limited and only provides insight into a subset
of the population in Delhi. The focus group showed that there were significant gaps
between the occupants’ perspectives and with the theoretical comfort and health
metrics applied in this work to analyse monitoring and modelling results. For example;
occupants in the JJ resettlement colony did not recall feeling cold in homes even though
temperatures were below comfort thresholds. When prompted further, occupants
indicated they used firewood inside during the winter for warmth. This suggests that
people’s perceptions and actions are somewhat in contradiction and more awareness
about the impact of building performance on comfort and health is needed. Further
to this, although largely good agreement between modelled and monitored results
was achieved, the biggest impact on exposure to heat was access and use of AC. This
suggests that exposure to indoor hazards is a complex interaction between dwelling
design and technologies as well as occupant behaviour and socio-economic factors. This
interaction was not fully explored in this work and more work should be carried out
in order better understand the occupants’ perspective of conditions and their coping
mechanisms. An enhanced understanding of occupants would support development of
multi-pronged policies.

Linking modelling and monitoring work
Further work which calibrates the BS outputs to monitored data would improve the
confidence in work, as well as the accuracy of predictions for the interventions scenarios.
This would require a more detailed monitoring and data collection campaign in a wider
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range of dwellings in order to do this on a city-level. Such a campaign would need
substantial resources and time to cover a wide range of housing in Delhi. Alternatively,
focus could be given to the exemplar housing which could be monitored for a longer
period and detailed calibration could be completed to improve the accuracy of these
models. This would allow for a detailed understanding of the performance of such
housing but it would be difficult to extrapolate to different building and occupancy
types and on a city-wide scale.

11.2.2. Building-level interventions to improve IEQ, with estimation of
cost, energy use and benefits
Interventions were modelled to assess and quantify changes in IEQ, energy use cost and
health benefits. Through this, it was possible to make some suggestions for potential
changes. However, the interventions assessed could be expanded to include a wider set
of options and the optimisation work could be expanded to include more parameters
and archetype variations. Further to the quantitative assessment of intervention
performance, more work should be completed to assess the intervention suitability
for residents through qualitative discussions; this could, for example, then be used in
multi-criteria decision analysis weightings.

Further exploration of optimized dwelling design
The optimisation work as discussed in chapter 10 was limited in its application to a
single archetype. Further variation in dwelling layout and geometry should be explored
in parallel to other building characteristics to assess the optimal housing design for
Delhi. This would allow the results to be employed in the design of a wider range of
dwellings. Further work may be done to present the results in a more ’user-friendly’
format. Further to this, cost and feasibility of interventions should be incorporated
into the optimisation methodology. Intervention costs could be included as monetary
value and be assessed though the computational process; however, this would lead
to a 3-dimensional problem that becomes more complicated to interpret. Feasibility
is difficult to assess through quantitative methods and should be assessed through
resident focus groups and stakeholder meetings. This would require additional support
and expertise from a social scientist to enhance future work and ensure that the
research is valid.
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More advanced health impact models
The metrics used to assess the performance of interventions were limited to simple
exceedance time calculations, which summed the number of days beyond an given
threshold. This meant that the magnitude of exposure was not taken into consideration.
For example; a dwelling that had 300 days with a mean temperature of 32℃ was
considered to perform equally to a dwelling with 300 days with a mean temperature
of 40℃, however, clearly the latter performs worse. More work is need to develop
a more advanced health impact model that uses relative risk of exposure for the
Delhi population. To do this, more input would be required from experts in working
in public health (i.e. epidemiologists). The development of a health impact model
would allow better transfer of the findings to a policy level. Monetising the health
impact could improve the transferability of the findings, especially if can be done on a
household level to use in discussion with residents and relevant stakeholders.

11.3. Summary
It was possible to gather and analyse new evidence on the performance of current
dwellings in Delhi and how interventions could help improve dwellings for health
and sustainability goals. By dividing the housing stock into four settlement types
it was possible to assess the range of housing quality and indoor environmental
conditions experienced in Delhi. It can be concluded that Delhi’s housing fails to
protect occupants from the external environment and thus is likely to pose significant
risks to occupant health and household energy consumption, with exposure to heat,
cold and PM2.5 considered the greatest hazards. Modelled and monitored mean daily
conditions both significantly exceeded health thresholds for heat and PM2.5 in JJ
clusters and PM2.5 in planned housing. Planned housing was shown to have better
access to cooling equipment and thus is able to modify indoor conditions and reduce
the risk of heat exposure. Use of an extract fan and cooking ventilation were found to
be effective for reducing PM2.5 in planned archetypes and evaporative coolers reduced
energy use in planned settlement dwellings. Interventions in JJ cluster archetypes had
limited impact on hazard exceedance time, except for the introduction of evaporative
cooling which resulted in an increased energy use. Strategies in JJ cluster settlements
were considered to have little benefit when compared to the base-case and when
factoring costs and additional energy use. In summary, all interventions and design
parameters were found to result in a trade-off between energy consumption or multiple
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health hazards, thus, interventions must be carefully considered to ensure that the
negative effects are mitigated.
From a building science perspective, this work could be extended and a more broader set
of archetypes developed using a wide scale surveying and monitoring campaign. Further
to this, a focused study on occupant behaviour would allow better understanding of
the occupant perspective on conditions and their impact on health and energy use
and thus support more comprehensive intervention strategies. Further work should
be carried out to link monitoring data and modelled data; this would give more
confidence to estimated results and interventions. Additional intervention scenarios
and an expanded parameter set for the optimisation may reveal a better performance.
Further to this, the work should be developed to improve the interpretation of the
MCDA approach, and a more advanced health model may further support decision
making of the relevant stakeholders.
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science
The second research question of this study investigated the role of building science
in identifying housing interventions that contribute to health and energy efficiency
goals in a low-income setting. After a review of the connections between housing and
health and energy and introduction to building science, the chosen study design was
applied to the case study setting of Delhi. The applied methods investigated current
housing quality and building-level interventions for improving housing in Delhi, the
results and analysis of which were discussed and integrated in the previous chapter.
This chapter draws on the integration of results to evaluate the application of building
science for investigating housing development goals in a low-income setting. The
methods used in the work are reviewed in regards to the context of Delhi and the
advantages of this approach, and any limitations, are discussed. Based on this critical
analysis, it then is considered whether a different approach should be taken in future
work to overcome any shortcomings.
In the first section, the methods used are reviewed, key outcomes outlined and the
advantages and disadvantages of each discussed. The final section considers the need
to understand the wider development context and use of participatory approaches in
future work.

12.1. Evaluation of methods and study approach
As outlined in section 5.1 the aim of this study was to: apply and evaluate building
science methods to a case study location to investigate housing conditions and the
contributions of housing interventions on health and energy goals in low-income settings.
By using a case study approach and applying building science methods to the location
of Delhi it is possible to review the outcomes from such an approach and identify
the factors which limit the results. This section discusses the use of building science
methods (and the overall approach) as applied to the selected case study of Delhi.
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12.1.1. Evaluation of methods
A summary of the methods applied, the achieved outcomes, and limitations of each
method are detailed in Table 12.1. A similar version of this table was present in
Chapter 3, were the potenial of each method was outline. In this case, the table aims to
show the success of the methods as applied to the case study and where learnings may
be learnt. Each method is then discussed in more detail under subsequent headings.
Table 12.1.: Evaluation of methods and analysis applied to case study setting.
Method

Achieved outcomes

Classification of
archetypes

This approach led to the
identification of distinct
settlement types in Delhi

Modelling of example housing
from selected settlement types in
Building simulation Delhi allowed for the estimate of
exposure and energy use as well as
the testing of interventions
IEQ monitoring

Physical surveys
Sensitivity analysis

Multi-criteria
decision analysis

Limitations
Detailed breakdown of statistically
representational archetypes not
fully possible due to the wide
variation of housing characteristics
in Delhi.
Limited generalizability of the
results for exposure and energy
use in the case of Delhi due to the
significantly varying housing.

For a complete statistical study in
Allowed for the assessment of
Delhi a substantial amount of
exposure levels and housing
equipment (as well as time and
performance in monitored housing money) would be required for
monitoring on a city scale
Due to the variation and self-built
Allowed the collection of building nature of Delhi’s housing,
data
developing simplified categories is
not appropriate
Identification determinants of
Requires enough data for
exposure and energy use
statistical significance
The results require further
Multi-criteria consideration of
interpretation to be translated into
intervention strategies. Different
solutions and in some cases within
methods allowed for the
Delhi there is no obvious solution.
assessment of stepped
There needs to be a participatory
interventions and optimal solution
framework to identify important
to be found from a design space
objectives

Classification of archetypes
The stratification of the housing stock into representative archetypes is useful for
describing and understanding energy use and exposure risks at a city-level. By splitting
up a stock into representative archetypes, it is possible to create a representative
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housing model. In addition, it helps in the targeting of monitoring studies for the
deployment of data loggers. In the case study setting, it wasn’t possible to break
down the housing stock in archetypes in the same way as is regularly done in highincome locations [101]. Due to the fragmented provision of housing and the largely
unregulated informal sector, there is a wide range and variation of housing in Delhi
which is mostly undocumented. Delhi’s housing was stratified into settlement types
which were connected to the method of provision; formal, informal or organic. Through
further investigation in fieldwork, a set of archetypes were identified in the JJ cluster
resettlement colony. Example archetypes were used as a representative for each
settlement. However, this is likely to be an oversimplification of the diversity in Delhi
and the results and suggested interventions may not be feasible at a wider settlement
scale. In developing locations, such as Delhi, the lack of building regulations (and/or
the failure to implement them) have resulted in a huge diversity of dwellings. In
the lowest income settlements, housing is dominated by informal self-built structures.
Due to this, the archetype approach is challenging in such locations and further work
should attempt to address these shortcomings, e.g. by using a different methodology
for estimating exposure and energy use on a city level. A parametric or a Monte-Carlo
sampling approach may be able to create a more flexible model that then can be
applied to a range of scenarios. For example, housing characteristics could be described
by distributions which are based on the range of characteristics which might be present
in the study location. After this, a metamodel can be created, similar to that described
in section 10.2.5, which then can be used to estimate energy use and exposure levels
for a specific house. This may result in decreased accuracy but it would improve
the flexibility of the model - it could be applied to multiple dwellings and be used
in optimisation studies. This could be further developed to be a user-friendly tool,
for use by policy-makers, designers or the residents themselves during the design and
construction of homes.

Building simulation
BS models were used to estimate energy consumption, indoor environmental conditions and the impact of interventions. The computational modelling software used,
EnergyPlus, provided a flexible tool which was able to predict indoor temperatures,
PM levels and energy consumption. The selected tool was able to provide an hourly
resolution of conditions in a number of zones within a single archetype. EnergyPlus
is largely unrestricted in the set-up of building models, allowing a wide range and
combinations of input parameters to be included in the simulation. This is useful as it
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allows models to be easily adapted to different scenarios (such as occupancy behaviour
scenarios). However, the set-up of models can be a long and slow process with many
input variables. For Delhi inputs were either unavailable in existing data sets or from
data sets/studies of varying quality. This inevitably resulted in a number of simplifications (or generalisations) and assumptions in the developed example archetypes
models. In order to produce a more accurate estimation of the stock performance, a
wide scale data collection campaign must take place to gather information on building
characteristics and occupant behaviour. Further to these issues, the interventions
assessed were restricted by limitations in EnergyPlus. For instance, it was not possible
to model a solar chimney and achieve reliable results; thus this was not included in
the work. While BS is a suitable method for research, its potential transferability
to non-expert users is poor. EnergyPlus, in particular, takes a long time to learn
and cannot be directly transferred for use without adequate support and training.
Although more user-friendly software exists, as mentioned in the section above, the
development of a user-friendly tool for use by policy-makers, designers and residents
would inform design decisions at an early stage and during the construction process.
This could be in the form of a mobile phone application for residents which allows
them to assess different design options. However, in general, BS provides a very useful
tool for building performance estimation and the assessment of potential interventions.
This approach could play a part in any future work in determining how housing can
be altered to achieve health and sustainability goals.

Indoor environmental quality monitoring
Through carrying out IEQ monitoring in Delhi’s housing, it was possible to gather data
on indoor conditions, temperature and RH levels, in key seasonal periods. From this, it
was possible to determine the exposure experienced by the occupants to heat and cold,
as well as gather insight into moisture risks. Monitoring is useful for exposure and
health impact assessment as well as being crucial for validating BS models, however, it
requires a substantial amount of equipment (and resources) to do this on a wide scale.
Alternatively, a monitoring campaign in a case study settlement over a longer period
would allow for a detailed assessment of housing performance within a particular set of
dwellings. Monitoring of additional variables, such as particular matter concentrations
and CO2 levels would allow for assessment of the IAQ. In this work, monitoring was
completed only for short periods, in the key winter, summer and monsoon conditions.
Monitoring in key seasons allows for assessment of peak exposure risks but does not
allow the consideration of long-term exposure. In future work, it would be beneficial to
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use environmental monitoring in a diagnostic approach to identify problems in building
construction as well, for instance, the use of thermal cameras, moisture sensors or
particle sensors would allow a better understanding of the housing problems.

Physical survey
Carrying out physical surveys allowed for the gathering of data on building characteristics and layouts, revealing a large variance in dwellings within Delhi settlements.
Further to this, surveys provided some indication of the effect of dwelling design
on building performance. This information is useful to gain an understanding of
housing across Delhi, however, surveying is time-consuming and costly to do accurately. Initially, a simple surveying form was developed to collect key information
from each monitored dwelling. However, after the first field visit, it was clear that a
more detailed survey was needed to collect the full details including the construction
materials, dimensions and layout of the dwelling. This required significantly more
expertise from surveyors. Due to the diversity of housing in Delhi, it is difficult
to create a sampling strategy that will capture data from a representational set of
archetypes. A large random or location based sample may provide the best results in
future work if the focus is citywide, although this would require substantial resources
and the training of surveyors. Through a wide-scale surveying campaign, it may be
possible to disaggregate the housing stock into further archetypes.

Sensitivity analysis
Sensitivity analysis helped to identify key determinants of exposure to IEQ hazards and
energy use, which supported the intervention work as well as reducing the parameter
set needed to create a meta-model. The method is very flexible, as a number of
statistical tests can be applied depending on the nature of the sample and data.
However, in some cases during field work it is likely that the sample size was too small
to achieve statistical significance. The monitored dwellings were also not selected
randomly or based on a statistical population. In these cases, qualitative analyses are
more suitable as the conclusion reached is likely not robust enough for quantitative
methods. In general, the use of this method is more suited in settings where there
is sufficient and good quality data. As discussed above, if a wide-scale monitoring
and surveying campaign were completed, sensitivity analysis would be useful. For
parametric modelling studies, sensitivity analysis is a very powerful tool as it can
help to determine successful design solutions or reduce the investigated parameter set.
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This method could be further used in the development of user-friendly flexible tools,
as discussed above, for the assessment of interventions by householders, NGOs and
other relevant stakeholders.

Multi-criteria decision analysis
MCDA is useful when considering the impact of interventions on multiple criteria.
The simple weighted sum model was used to assess the performance of stepped
interventions to determine the optimal strategy to reduce heat, cold and PM2.5 when
considering energy use and intervention cost. Through this approach, it was realised
that different interventions were more suited to some settlement types and that the
marginal benefits possible in the JJ clusters were largely infeasible when the initial
costs are considered. More advanced methods were used to find the optimal solution
from a wide parameter set for design; here it was shown that all parameters are
conflicting and that there is likely to be a trade-off between hazard exposures and
energy use. Although these methods are useful for highlighting potential trade-offs
from interventions and are useful for informing decisions about which interventions to
select, the methods are hard to interpret. The weighted sum model results in a simple
output value, which is hard to communicate to practitioners and occupants on the
ground without significant explanation. This method should be developed further so
that stakeholders can easily interpret it. Further to this, in the case of Delhi there
is no obvious solution as it appears that each design parameter results in a trade-off
between the indoor environmental conditions and energy consumption; while this
is interesting from a research viewpoint it may create problems for decision makers.
A monetization approach might be more useful as used in [37] to inform decisions,
however, this would require further input from health expertise to monetize the health
impacts. This trade-off is likely not to be unique to Delhi, and these techniques need
to be developed further.

12.1.2. Evaluation of the study approach
Beyond the evaluation of individual methods employed in the study, the overall
approach taken in the work should be assessed and discussed in reference to the
study aims and objectives. A pragmatic approach, focusing on the integration of
building science methods, was applied to determine health and sustainability goals for
housing in a low-income setting. On the evaluation of the methods, it is clear that
building science is able to provide significant insight into the impact of housing on
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health and energy use in Delhi, but this approach does not allow consideration of
the wider developmental issues that impact housing quality and diversity. This wide
variation of housing, and the nature of development, significantly limits the potential
of well-established building science methods. For example; it was not possible to
create a full housing stock model representative for Delhi, largely due to the lack of
data and the informal manner of housing development, which means that dwellings
are extremely varied in geometry and construction materials and thus, developing
representative archetypes becomes problematic. Further to this, carrying out fieldwork
was difficult to do in a formalised way due to the social structures, politics and
interactions between residents and gatekeeper individuals and organisations, which
means that the practical application of building science is challenging. The mode of
development through informal and organic means is thus considered to be the key
limiting factor impacting the study outcomes. This is inherent to the setting of Delhi
and the majority of developing situations. Future work should attempt to overcome
these limitations and develop novel approaches, suggestions for which are discussed
above, that are able to overcome the informal nature of housing and its diversity.
In developed settings, research is widely used as an evidence base for policies. As
discussed earlier, building science has pushed the development high-quality housing
stock models that are able to predict changes in energy consumption and indoor
conditions when introducing interventions. These models can be used by policy
makers as tools “to assist with the efficient and rational implementation of policy” [96].
However, there is one major assumption, which limits these methods in settings such
as Delhi; this being that housing interventions can be successfully regulated in housing.
Evidence for policy will only be useful where there is an adequate framework for
policy implementation. This sentiment is reflected in a recent article reviewing the
nexus between evidence production and specific policy targets; here it is highlighted
that there is a lack of deeper understanding of policy processes and that further work
should apply an interdisciplinary process based on a set of gateway questions in the
development of evidence [275]. In Delhi, there is a clear lack of adequate policy for
housing resulting in dominant informal and organic modes of development. In the
low-income JJ cluster settlements, housing is predominantly built by the residents
themselves, with housing design largely informed by cultural practices as well as
restrictions and opportunities present in the settlement type. The most dominant
characteristics in the JJ resettlement housing was the incremental nature of housing
growth, where residents invest in the expansion of dwellings over time when they
have enough capital. Growth is vertical due to the limited plot sizes and surrounding
dwellings. In the illegal JJ cluster, investment in housing was more limited with
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dwellings limited to single storeys - likely due to the insecure tenure causing an
unwillingness to invest in expansion or housing improvements. In the urban villages,
the lack of building regulations has led to dwellings being divided and extra floors
added to create additional rental income. This has led to reductions in space, natural
lighting and ventilation quality. Further research needs to understand that the key
drivers in inadequate housing is due to a lack of adequate housing policy and thus
there also should be a focus on “how can adequate (healthy and sustainable) housing
be delivered in Delhi?”. While building science should play a role in determining
adequate housing, this largely becomes a question for development research which
requires a different approach to the one taken in this study.
In summary, the building science approach allows for an understanding of the interactions between housing design, external environment, occupant behaviour and
appliance use on indoor exposure and energy use but due to the informal housing
development, the outcomes are restricted. While housing stock models are useful
for settings where housing development is regulated, they are unlikely to be suitable
for informal housing, which sit outside the sphere of current policies. It is therefore
critical to understand the current failures in housing policy and modes of development
for low-income settlements in order to be able to influence housing design. It is
paramount that the role of the informal sector and policies for housing provision is
better understood in further work, this would help to improve research outcomes and
the support development of suitable housing policy. On this basis, the next section
considers how building science could be used in an alternative framework to consider
the wide context of the development.

12.2. Future application of building science to inform
housing development goals
This section aims to discuss how building science should be integrated to inform
housing development goals in future studies based on the discussed limitations in the
previous section. While building science has highlighted the trade-offs between health
and energy this has been largely from a technical viewpoint. More work needs to
understand how these solutions can be introduced into practice, especially against the
context of an informally developing housing stock dominated by the individual desires
and capability of the occupants. First, a discussion on the wider development context
is provided, which is followed by an introduction of a potential framework for future
work and an outline of where building science can fit into this framework.
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12.2.1. Understanding the wider development context
The section aims to give a brief overview of the key debates regarding the role of
informal housing and current policies for informal (low-income) housing at local
(Delhi), national (India) and international scale, given the key understanding that
building science needs to be integrated into the wider development context to ensure
wider impact. A detailed review of housing policies debate is provided in Appendix F
and only a brief reference is provided here.
It can be concluded that policies have failed to meet the needs of the poorest income
groups both in Delhi, across India and internationally and as a result informal housing
remains the dominant mode of development in many countries. Internationally, it is
largely agreed that the “best practice housing policy is deficient, and seriously so” [276]
in meeting the needs of the poorest groups. The role of informal housing is hugely
political with such settlements often seen as illegal and the only solution is eradication.
International agencies, however, have advocated the strength of the informal sector in
providing housing, which has resulted in a shift away from this completely negative
view point and the development of housing policies that focus on the needs of poorest
groups. Housing policies for low-income groups can be divided into two approaches:
1) self-help or 2) enablement. Initially, the first approach, self-help, focused on the
provision of sites and services, where occupants are provided with a plot with or
without basic services on which to build a dwelling or helped in the upgrade of existing
settlements however it quickly realised this policy would not be able to meet the
demand of the housing needs. Self-help has been the main policy in Delhi, primarily
through the resettlement of slum dwellers to allocated plots to the city outskirts, often
with no services, as is the case with the resettlement studied in this work. The second
phase, enablement, aimed to overcome the shortcomings of the self-help policies and
provide the conditions for social actions to provide affordable housing. However, this
has led to the focus being turned away from housing itself with no guarantee of the
outcome of improved housing for the poorest. The policy of enablement is starting to
gain criticism and the positive achievements of self-help policies are regaining focus
in the international debate. It is argued that there needs to be an approach which
links the two worlds; one being top down, incorporating the “state and the private
sector to prove their market entrepreneurship” and the other bottom-up, which is
“incremental and highly local in scope and is either self-supported or implemented with
aided self-help” [277]. Further to this, it is suggested that a participatory approach
is needed to involve the community and reflect the interests of those that are most
marginalised. The question of policy for healthy and energy-efficient housing needs
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to sit within the context of wider policy for adequate housing provision. In order to
achieve healthy, sustainable housing for the lowest-income groups (and hence those
most at risk from hazard exposure), the first step is ensuring a policy of housing
provision which is able to meet their needs.
The interventions tested in this work, although largely technical concerning the design,
use, and operation of a dwelling, need to be considered in regards to the political, social,
economic and cultural processes otherwise they are likely to be unsuccessful. This
understanding has been highlighted in work looking at sustainable energy transitions
in Switzerland, concluding that policy systems are inter-weaved with sociotechnical
systems [278] and thus, achieving a sociotechnical transition must coincide with a
political transition of the system in which it is situated. Studies on housing policy
do not tend to consider energy efficiency and health as a key objective of low-income
housing. Thus, the integration of building science methods in development research
could help provide assessment and evidence of what constitutes ’adequate housing’.

12.2.2. Participatory approaches as a framework for future research
This study employed building science methods under a pragmatic approach to assess dwelling performance in Delhi. On reviewing the studying outcomes, and the
current debate on housing policy for the poor it is considered that an orientation
which considers the political social, cultural, economic and ethical values would be
most suitable for developing this work further, especially within the lowest income
settlements in Delhi. While a pragmatic approach might provide insights for the
high-income settlements where housing provision is more formalised, a transformative
orientation in the low-income settlements could bring about significant change. This
section considers the potential of a transformative approach to research, which is
widely used by practitioners in development research and participatory methods which
are widely established in the work of NGOs, as means to overcome the short comings
of the building science approach.
Transformative research takes the view that research needs to be intertwined with
politics and political change, and it is necessary to understand the lives and experiences
of marginalised groups, in order to advance development and improve the quality of
lives. Transformative research aims at generating knowledge as means for individual
and community change and empowerment rather than scientific understanding (as in
traditional research). This philosophical viewpoint advocates a participatory approach
that involves participants in the design, collection and analysis of data. Therefore,
there must be an interactive link between the researcher and the participants, as well as
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awareness of the power relations between the two parties. “Participatory methods have
their origins in development activism... ...Here the main aim is not so much knowledge
per se, but social change and empowerment-and this wherever possible as a direct result
of the research process itself” [279]. It is acknowledged that participatory methods will
not always be successful, for example; [280] argues that the performance of low-cost
housing projects is not dependent on participation. This is similarly echoed in [281],
where it discussed that success depends on the nature and timing of the participation,
concluding that participation from the project initiation stages allows the high level
of user involvement and their empowerment. In [282] the levels of involvement in
projects are discussed and represented by ’a ladder of participation’, the highest
being empowerment. This paper concluded that “projects must evolve consistently
into ongoing programmes and long-term links/alliances must be established for the
provision of lasting support to the communities and sustainable development”. True
participation in research and development is hard to achieve, with the full control
and relationships between research and participants highly complex. However, despite
some shortcomings, it is considered that the use of participatory methods in further
research will allow the recognition of the interests of the subjects to be heard, allowing
them to set their own agendas and ownership over the process, as suggested for the
development of future housing policy. This process may not only improve the quality of
research through providing local and contextual insights, it has important implications
for the sustainability and appropriateness of interventions [283].
Future research should seek to influence change more directly, through improvements
in housing and the development of new policy mechanisms. An action-orientated
framework might be best suited. In [284] is suggested that participatory methods
alone will not allow for a democratic society and that these thoughts need to be
translated into action, through action research. “Participatory action research (PAR)
provides a methodology . . . to guide community interventions, address issues of
injustice, and engage in research that increases knowledge and changes the actual
conditions of communities” [285]. It is suggested that further research should draw
upon the field of development research and the framework of participatory action
research in order to integrate building science for achieving change. Further details on
participatory action research as an approach are provided in Appendix G.

12.2.3. Integrating building science into participatory framework
Based on the above discussion, the following section discusses how building science
could be incorporated into a participatory action research in future research. In [286]
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a useful framework for participatory action research for health care interventions was
provided, with a three-stage framework for action research: problem identification;
solution generation; and implementation, monitoring and evaluation. It is said that
presenting the framework in this way allows the participants to understand the level of
involvement necessary and a realistic understanding of the boundaries of the work and
potential changes. Integrating building science methods in such an approach would
allow the wider context of housing provision to be considered. At the same time, the
participants’ interests and desires will be central to the research and applicability of
interventions will be increased.
Under such a methodology, building science is well poised to provide tools and
techniques for defining adequate housing and can be employed to identify problems,
support the development of potential solutions as well as for the monitoring and
evaluation of implemented interventions of housing on individual or housing stock
level. Monitoring of indoor conditions, modelling of archetypes to predict exposure
or the surveying of dwellings and occupants all can provide valuable information on
the current conditions and the greatest problems in respect to the dwelling that are
impacting energy and health. However, these methods need to be complemented with
methods, such as stakeholder meetings or focus groups with occupants, that investigate
open questions and understand the wider context of linkages and drivers behind the
current conditions. For example, this thesis was able to describe the current housing
conditions in Delhi through detailing the materials used and the indoor temperatures
experienced but little was done to assess why certain materials are predominately used
and how this could be altered. Further to this, more involvement from the community
would allow their interests to be central to the work. For example: in this work,
temperature and PM2.5 were recognised to be the largest hazards to both health and
energy consumption, however, community involvement in assessing hazards would allow
better articulation of the hazards present that may not have been uncovered otherwise.
Moreover, the hazards that were identified in this work may not be considered to be a
priority on the ground and thus the desire for implementing interventions could be
low.
For generating options and assessing interventions, building science and in particular
BS modelling is well-established for this. Models should be able to go beyond the
remit of housing stock models and look at the design of new buildings as well as
interventions. As suggested above, a sampling based approach and the development
of a user-friendly tool could be very beneficial. The practicality of the solutions needs
to be fully assessed, beyond MDCA methods, through the involvement of occupants
and wider stakeholders to address questions such as how will these changes impact
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the use of your dwelling? or which routes can be accessed to provide new materials?.
After the implementation of interventions, building science can offer tools to assess
new conditions through monitoring and occupant evaluation. Again, engagement from
stakeholders and residents will help to better understand any shortcomings of the
solutions and how they could be scaled up to other settlements or cities.

12.3. Summary
In this chapter, the approach and the methods used in the work were analysed and
discussed. It was concluded that whilst the building science methods provided useful
outputs for the enhanced understanding of dwelling quality and performance in Delhi,
they do not explicitly address the drivers of housing characteristics and the wider
failings of housing policy that lead to informal settlements, that have significant
health hazards. Based on this understanding, an analysis of the current debate on
housing policy for informal settlements was completed. The international debate
on housing policies for the poor argues that policies must consider the benefits of
self-build housing as means to provide housing, incorporate state and private sector
market mechanisms, and ensure the participation of those living in such settlements
to contribute to matters that affect them. From this understanding, it is suggested
that future research must use an approach that allows for participation and recognises
the political, social, economic context of the subjects. It is discussed that using a
transformative approach and the framework of participatory action research would
better serve the needs of the study. Finally, a study framework for future work that
uses the building science methods to provide evidence within a participatory approach
in order to contribute to changes in low-income housing was discussed.
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This research examined the impact of housing on health and energy use, and how
improvements can support the achievement of sustainable development goals in lowincome settings. Through evaluating how housing improvements could maximise
health and energy efficiency goals in Delhi, the use of building science in a low-income
setting was tested. Delhi was selected for investigation as it experiences a wide range of
health and energy risks. This chapter concludes this research by highlighting the main
outcomes as discussed in the preceding discussion chapters. First, the main outcomes
of the research are provided and then the key recommendation for improving housing
in Delhi are stated. Before the impact of this study on further work is discussed, the
limitations and novel contributions to knowledge are outlined.

13.1. Main findings of the research
By applying and evaluating the application of building science to investigate current
housing conditions and how interventions could contribute to health and energy goals
in Delhi, India a number of findings were achieved. Main outcomes of this research
are as follows:
Evidence of IEQ and housing conditions
Through this work, novel evidence of IEQ and housing conditions in Delhi has been
established. As far as the author is aware, to-date there is limited evidence elsewhere
that provides an indication of the indoor conditions to this extent. The key findings
are:
1. Delhi’s housing consists of four main settlement types, originating through
different development mechanisms that largely dictate the main characteristics.
However, there is significant variation between dwellings within each settlement
with a large diversity of materials and geometries observed. Housing policy
should recognise a triple level approach of settlement type, archetype and
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dwelling characteristics to identify the route to implementation and the specific
intervention that will be most suited.
2. The greatest health risks were estimated to be exposure to heat, cold and PM
with the low-income JJ housing at the most severe risk. Modelling and IEQ
monitoring find that indoor conditions exceed health thresholds without the use
of comfort controls (AC). Annual PM2.5 in JJ clusters is particularly high due
to the multi-purpose cramped living space, with estimated peak levels around
2000µg/m3 during cooking periods.
3. Energy use was predicted to be 2-3 times higher in planned dwellings compared
with dwellings in other settlement types, largely due to the ownership of AC
being linked to household income. LPG was widely used for cooking in all
settlement types.
4. Occupants have a number of strategies to adapt the indoor conditions to improve
comfort through the closing of curtains, use of AC where available, use of
blankets in winter and in some cases the use of fire wood indoors. Some of these
strategies reduce the IEQ and present further hazards to occupant health, such
as low levels of natural light indoors due to the use of curtains and pollutants
from firewood.
5. By employing sensitivity analysis, it was revealed that: dwelling height, roof
area, roof material, glazed area and ground floor area significantly influenced
indoor temperatures; these parameters and additionally exposed facade area
were found to significantly influence indoor particulate concentrations. These
parameters can help determine which dwellings are most likely to be at risk
during peak conditions during heat waves, cold snaps or air pollution events.
Suggestions for interventions for improving IEQ in Delhi dwellings
In this work, interventions for improving IEQ in Delhi’s dwellings were tested using
BS. These interventions were optimised in consideration of health, cost and energy
use savings. Key learnings are:
1. Within the planned dwellings, there is a greater possibility for interventions
when taking into consideration the cost tradeoffs. The optimal combination of
interventions differs depending on each settlement and archetype. However, in
general, the most effective strategy was found to be a combination of changes in
building fabric with evaporative cooling and cooking ventilation in all archetypes.
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The results demonstrate how a weighted multi-objective assessment is effective
in selecting strategies for settlement types with differing priorities.
2. Occupant behaviour strategies could be employed to provide some alleviation in
hazard exposure. An awareness campaign or similar could provide some health
savings; this could be especially beneficial in the low-income settlements were
cost is likely to be a major restriction.
3. Models suggest that the JJ cluster dwellings require a complete retrofit to provide
an adequate indoor environment. At present, these dwellings are incapable of
providing adequate environmental conditions and the limited dwelling size and
surrounding space further restrict the possibilities for improvements.
4. Strategies were not able to balance the seasonal variation in Delhi, so adaptive
strategies should be explored to find the most appropriate solution for the annual
period. Furthermore, reduction in indoor exposure to PM2.5 to healthy levels
cannot be achieved without reducing the outdoor conditions prevalent in Delhi.
Suggestions for new directions in the application of building science:
In this study, the use of building science methods was evaluated as a tool to inform
housing improvements in the context of a low-income setting. This has led to the
following conclusions:
1. Due to the large variation in housing and informal methods of development,
building science methods are useful, but since they do not consider the wider
context, they only form part of the solution. It is questioned whether housing
stock modelling is the most suitable approach, especially when considering
individual buildings in the low-income settlements.
2. A review of housing policies for informal settlements suggests that their existence
is deeply political and to-date housing policies have largely failed. It is argued
that without adequate housing policy that considers the needs of the poorest, it
will not be possible to achieve housing solutions that are of adequate quality.
Work focusing on healthy, sustainable housing needs to understand the failures
of current housing policies and consider the benefits of self-help housing and
ensure the involvement of the community in developing solutions.
3. It is suggested that participatory action research is a suitable framework to
employ in future work, especially in the lowest-income settlements, as it focuses
on participation and action as the drivers of research and recognises the wider
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political, social and economic context. Building science methods can be used as
evidence-based data on which to reflect and move forward to interventions.

13.2. Key recommendations for the improvement of housing
health and energy use in Delhi
It is possible to make a number of recommendations for guidance to improve housing
health and sustainability in Delhi. This are specific outcomes that should be communicated to practitioners in Delhi that are involved in the development and creation of
housing and environmental development.
New dwellings must be designed in consideration of the ambient environment
It was shown that Delhi’s housing is largely incapable of providing safe indoor temperatures and PM concentrations. This results in significant household energy consumption
demand through the use of AC systems for cooling or risk of heat exposure. Dwelling
design which is able to reduce this demand should be considered of utmost importance,
especially in the wider context of increasing urban growth and a problematic power
supply unable to meet current levels of electricity demand in Delhi.
Urgent action is needed to reduce outdoor pollutant concentrations
Without significant measures in reducing the ambient air quality in Delhi, indoor PM2.5
will remain severely above international guidelines. Although the indoor activities
impact the indoor concentrations due to the wide spread use of LPG for cooking, the
dominant driver of indoor conditions is the outdoor sources. Urgent measures should
be taken to reduce the outdoor pollutant concentrations.
Access to cooling equipment for low-income households should be improved
Currently, the ability to modify indoor exposure to heat is limited by household income.
Low-income households occupying inadequately built housing are at significant risks
during the summer and monsoon months and during heat waves. Increased access
to cooling equipment through subsidises or otherwise could provide much-needed
protection during extreme temperatures. Low-carbon options such as evaporative
coolers in combination with solar panels could be explored to reduce the resulting
energy demand.
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13.3. Key limitations of the research
The more specific limitations of the research have been discussed in separate chapters
as they relate to the methods and results and as a large part of the discussion in
chapters 11 and 12. However, here the key high-level limitations in regards to the
conclusions are discussed. The main limitations of this research are considered as
followed:
1. Dependence on quantitative data: Building science is largely a quantitative
approach to assessing building performance, however, this quantitative approach
has significant limitations as it depends on high-quality data sets or the creation
of high-quality data sets to achieve high-quality research outputs. The development of a model that is fully representative of Delhi’s housing stock could
not be realised within this research due to insufficient data sources. Modelling
was carried out to assess the expected variation in the stock by using example
archetypes from contrasting settlements. The modelling assumptions, from
limitations of high-quality data on occupancy behaviour, building fabric characteristics and appliance usage, has resulted in uncertainty in the development
of the EnergyPlus models and hence, the results. In an attempt to overcome
uncertainty, models were simulated with multiple permeabilities and orientations
and sensitivity analysis were carried out to understand the determinants of
exposure. Future work is needed to gather high-quality data and expand the
variables models to assess the uncertainties further. At the same time, it needs
to be recognised that quantitative evidence for policy making may not directly
bring about change, especially in the context of informal development. It was
recommended that further work needs to bring in more qualitative insights
through participation with relevant stakeholders to bring about transformations
in low-income settings.
2. Practicality of interdisciplinary research: Although the scope of the research
was defined in the boundaries of building science, it was clearly defined with
interconnections between additional fields of studies, especially in regards to
environmental health and epidemiology. Further future input from these fields
would be beneficial to enhance the findings. Practically, interdisciplinary research
needs the full engagement of different disciplines, or researchers experienced
and practised in multiple disciplines. The health thresholds used to assess
risk were exceedance time proxies which are limited in their applicability to
health. More work needs to be done to develop the relative-risk relationships
for the investigated hazards in regards to the specific population of Delhi.
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Furthermore, the use of qualitative methods allowed the understanding of
occupant perspectives, however, their use needs to be increased to understand
the key drivers of housing characteristics and how policies can be designed to
achieve significant improvements in housing quality. Future work should address
these issues and focus on the development of interdisciplinary researchers within
the support of an interdisciplinary research team to increase the applicability,
validity and reliability of the findings.
The limitations outlined, although very high level, have implications to the approach
taken in future. This is simultaneously reflected in recent changes in research focus and
funding mechanisms (for instance, the recent establishment of the Global Challenges
Research Fund with collaboration from all UK research councils). Research has seen
a shift of focus towards interdisciplinary and international studies, which largely
reflects the key current debates on how to tackle global complex problems, however,
with this comes significant challenges of collaboration between differing disciplines
(such as the development of a common language between different scientific fields)
and novel methods to address limitations in traditional fields. This thesis, in part,
offers insights how the field of building science could contribute to a changing face of
research. Despite the limitations outlined above, the research has provided a set of
novel and useful insights which can form the basis of building regulations in Delhi to
achieve health and sustainable housing.

13.4. Novel contributions of the research
The research detailed in this thesis provides new knowledge that can help further
the understanding of Delhi’s housing stock in regards to housing health hazards and
energy consumption and the application of building science to informal settings. Novel
contributions achieved in this work include:
1. The development of a framework, and its application, to review health hazards
and energy use across Delhi’s housing stock to assess priorities for achieving
healthy, low-energy housing. As described in chapter 6.
2. The development of EnergyPlus models of example archetypes from Delhi’s
housing stock that can be used to predict exposure to indoor temperature and
particular matter concentrations. As described in chapter 7 and "Modelling the
Disparities in Energy Consumption, Indoor Temperature, and PM2.5 Exposure
across Delhi’s Housing Stock" published in the proceedings of the 2014 Building
Simulation and Optimization Conference.
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3. Evidence of housing conditions in Delhi and indoor temperature exposure through
targeted winter and summer monitoring campaigns and surveying. As described
in chapter 8 and "Indoor Environmental Quality of Low-Income Housing in
Delhi, India: Findings from a Field Study" published in Energy Procedia.
4. Assessment of interventions to reduce indoor temperature and particular matter
exposure and minimise energy use by applying multi-objective methods to BS
outputs. As described in chapter 9 and "Strategies for reducing poor indoor air
quality and adverse temperature exposure in Delhi’s households: A multi-objective
assessment" published in Building Services Engineering Research and Technology.
5. A novel methodology for the robust optimisation of a potential single storey
dwelling to achieve a health, low-energy home in Delhi. As described in chapter
10 and "Employing a Multi-Objective Robust Optimisation Method for Healthy
and Low-Energy Dwelling Design in Delhi, India" published in proceedings of the
2015 Building Simulation Conference.
6. Assessment of building science to inform the development of healthy, low-energy
settlements in informal/low-income settings through a case study approach has
led to the development of a framework for further work and new routes in the
field of building science. As described in chapter 12.
These novel contributions have allowed a comprehensive understanding of the current
housing stock in Delhi and its performance in regards to particular health hazards and
energy use and suggestions of how interventions can alleviate some of the highlighted
risks. This knowledge can be used by practitioners in Delhi (such as residents, NGOs,
urban planners, engineers, government agencies) to improve current housing and
plan for better-suited settlements based on the short comings of the current stock.
This could potentially help to achieve long term climate change mitigation goals
and public health improvements in Delhi and may be applied to further locations.
Further to the particular understanding developed in the selected case study setting,
the use of building science in a developing context has been tested and analysed;
allowing a full understanding of the benefits and shortcomings of such an approach and
suggestions for new routes as research continues to transgress disciplinary boundaries
and international settings to tackle complex urban problems of today and the future.
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13.5. Further work and dissemination
Beyond the findings and knowledge generated, this study has contributed to the
acquisition of further funding and has been disseminated among contacts in Delhi and
internationally at conferences.
Further work employing the learnings of this study is being carried out in the Optihouse
project funded by the Wellcome Trust. This aims to find the optimal solution for
low-income housing for health and sustainability goals. It expands to the settings
of Mexico and South Africa and employs a more participatory approach. In Delhi,
work is focused in the JJ resettlement colony of Savda Ghevra, which was introduced
in chapter 8, and employs the PAR framework as outlined in chapter 12. A close
partnership with the Centre for Urban and Regional Excellence (CURE) in Delhi has
been established as a result of this work. The impact of housing quality on occupant
health is now being integrated into their work and staff members are being trained in
building science methods that are thought to be complementary to their practices.
The action orientated framework used is also likely to see real improvements within
Savda Ghevra, which can then be further disseminated in different settlements in
Delhi and further afield. Furthermore, Optihouse presents an opportunity to test the
suggested framework in chapter 12 and push the field of building science.
Academically, this work has been presented at four international conferences and to a
number of individuals and organisations involved in the work. Multiple presentations
were given to CURE staff and informal presentations have been given to staff at
microhomesolutions (a social enterprise) and The Environmental Research Institute
(TERI) in Delhi. The dissemination among organisations and individuals in Delhi is
critical to ensure as the work seeks to improve housing conditions in Delhi.

13.6. Concluding remarks
This thesis set out to answer the questions “1. how can housing improvements
maximise health and energy efficiency goals in a low-income setting, and 2. what
is the role of building science methods in this field?” by applying it to the casestudy setting of Delhi. Through a multi-phase mixed method approach, an increased
understanding of the impact of housing on health and energy use in low-income
settings was achieved. Particular insight into Delhi’s housing stock and the assessment
of potential interventions to support the achievement of sustainable development goals
has been gained, through monitoring and modelling studies. Furthermore, the work
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evaluated the use of building science to inform housing improvements in a low-income
setting. This has offered new insights into the field and the suggestion for a future
approach to research which needs to engage the occupants and relevant stakeholders to
provide novel ways of tackling complexities of achieving sustainable, healthy housing
for the poorest groups in society. Further work is ongoing that is building on the main
findings of this research to help work towards a sustainable, healthy future for Delhi
and other developing urban areas.
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A. Literature review search methods
This appendix details the methods used for the literature review presented in Chapter
2.
A targeted search for relevant literature discussing the connections between household
energy and health was carried out through combining searches on Scopus and WebofScience. It was considered that for the most relevant results the title should contain
the terms (or similar terms to): health, energy and housing. As such the following
search description was used: TITLE((sustain* OR energy OR carbon) AND (health*
) AND (home* OR hous* OR dwelling OR resident*)). This resulted in 130 citations
retrieved, which was reduced to 76 citations after duplications where removed. 31
full texts where unavailable, and after screening abstracts 3 citations were deemed
irrelevant, leaving 42 relevant citations to review.
The citations spanned the fields of health, energy, environmental science, building
science, urban planning and housing policy. Of the 42 citations, the majority (22)
focused on the impacts of energy-efficiency interventions or low-energy new housing
of health in developed settings such as the UK, USA, Australia and New Zealand.
2 citations focus on impact of household behavioural practices of energy saving on
health. 10 citations focused on household energy for cooking and lighting and the
role of fuel and stove on air pollution in developing settings such as India, Mexico,
Nigeria and Kenya. The remaining citations (8) discuss the need for housing design
and policy to incorporate both sustainability/energy aspects as well as health.
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B. Building science definition
The following descriptions helped to form a definition of building science, that is used
in Chapter 3:
• Bomberg [287] discusses the differences between building science and building
physics, concluding that the terms are commonly used interchangeably with
regards to the same discipline: for example, he states: “the majority of people
would agree that there is no schism between the building science and building
physics”.
• An introductory textbook to building physics defines building physics as “phenomena deal[ing] with the transport of heat, moisture and air in building
components, often parts of the building envelope” [63].
• Similarly, the Journal of Building Physics publishes articles in all areas related
to the “non-structural performance of a building and in particular heat, air and
moisture transfer”.
• Building and Environment [288], an international journal, previously named
building science, reviews papers on “building science and human interaction
with the built environment” and invites contributions on the following topics:
technologies and integrated systems for high performance buildings and cities;
thermal, acoustic, visual, air quality building science and human impacts; tools
for the design and decision-making community, including tested computational,
economic, educational and policy tools; and solutions for mitigating environmental impacts and achieving low carbon, sustainable built environments.
• At the University of California, Berkeley students pursuing the graduate programme in building science will be tasked with “uncovering the processes by
which a building affects its occupants, evaluating the human/economic/energy
consequences of the effects, and incorporating this knowledge in new procedures
to design more acceptable buildings” [289]. At Berkeley, research is divided
under environmental requirements for occupant satisfaction (health, comfort and
productivity), the design of climatically adapted buildings, and new technologies
to improve energy efficiency and quality of environmental control systems in
buildings.
• At the Vienna University of Technology, a Masters in Building Science and
Technology “targets students who wish to develop and deepen their knowledge in
the areas of building performance, sustainable design and building informatics”
[290].
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C. Health hazard risk analysis
This appendix provides more details on the health hazard risk analysis as presented
in chapter 6.

Terms and definitions
The following terms and descriptions were used by the author and experts to complete
the health hazard risk analysis.
Definitions of terms
• Occurrence: This is an event or period of time exposing an individual to a
hazard.
• Likelihood: The probability of an occurrence that could cause harm and for the
purpose of this work it is to be assessed as the probability of an occurrence over
the period of a typical year.
• Harm: An adverse physical or mental effect on the health of a person, both
permanent and temporary.
• Expected harm: The expected possible harm outcome which could result from
an occurrence.
Judging the likelihood of occurrence and expected harm
For each given hazard the Likelihood of occurrence is assessed in regards to;
• the average likelihood of the hazard exposure (outdoor conditions, expected
indoor conditions etc.)
• the housing conditions/modifiers which may increase or reduce the likelihood of
occurrence
and the Expected harm is assessed in regards to;
• the expected health effect (as described in the UKHHSRS) and health evidence
for Delhi/India
• the housing/settlement type conditions/modifiers or population demographics in
given settlement type with may increase or mitigate the severity of the outcomes
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Assessment categories
Likelihood of occurrence is categorized as:
• Low: chance of occurrence is low and not expected to occur over an annual
period
• Moderate: chance of occurrence is likely and expected to occur at least once
during an annual period
• High: chance occurrence is highly likely and expected to occur more than once
or over a number of days during an annual period
• Severe: chance occurrence is extremely likely and expected to occur for the
majority of the annual period
Expected harm is categorized as:
• Low: no or limited harm to health expected (such as: broken finger; slight
concussion; moderate cuts to face or body; regular coughs or colds)
• Moderate: moderate harm to health expected (such as: hypertension; sleep
disturbance; allergy; gastro-enteritis; diarrhoea; vomiting)
• High: high harm to health expected (such as: asthma, respiratory diseases, lead
poisoning, loss of hand or foot, serious burn)
• Severe: severe harm to health expected (such as: death, lung cancer, permanent
paralysis, permanent loss of consciousness; 80% burn injuries)

Aggregated health hazard assessment evidence
Table C.1 details the evidence used to generate the estimated likelihood of occurrence
and spread of harm based on an assessment of exposure risk, housing modifiers/conditions and available health evidence. The ratings based on the metric developed in
section 6.2.3 are also included. The mode (Mo), medium (Md), maximum (Mx) and
minimum (Mn) values from the individual responses are detailed here for each entry
as a measure of the variability in expert opinion.
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Table C.1.: Exposure risk, housing modifiers/conditions and available health evidence used to estimate likelihood of harm and
expected harm
Hazard Type

Health effects

Exposure risk

Housing modifiers/conditions

Health evidence

Risk rating per settlement
Type
Mo Me Mx Mn

Physiological requirements: Hygrothermal conditions, pollutants

Damp & mould

Asthma, allergic
symptoms

• Outdoor RH can increase up
to 80% in Delhi during the
monsoon season.
• Measurements during the
monsoon season in apartments
in Hyderabad, which has a
warm and humid climate, found
an indoor RH of approximately
55% [180], which is close to the
60% risk level for the UK above
which of damp and mould
growth becomes
significant [218].
• Research found
high-exposure to fungi for
Children in Delhi homes, with
highest levels in winter
months [291].

Planned
• Lack of purpose-provided
ventilation in both urban/rural
villages and in JJ settlements
may lead to higher indoor RH
in these dwellings due to an
inability to remove moisture
produced from indoor activities.
• Rising damp through poorly
constructed dwellings,
particularly at risks are
low-income dwellings built
directly on the ground.

• 2.12% of recorded deaths in
the NCT of Delhi from
Urban villages
bronchitis and asthma [292].
• High fungal counts were
connected with higher
prevalence of skin sensitization
and to respiratory allergies in
Unauthorised
Delhi Children [291].

JJ clusters

4

4

6

1

6

6

6

1

4

4

8

2

6

6

9

2
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Heat

Cold

• Outdoor temperature up to
Cardiovascular stain 47℃ in Delhi during the
(stroke),
summer months.
dehydration,
• Indoor temperatures
respiratory
measured in the warm and
conditions,
humid climate regions of India
genitourinary
range between 30-39℃ during
diseases
the summer
months [174, 176, 180, 217]

Cardio-respiratory
illness (including
heart attack, stroke,
upper and lower
respiratory tract
infection)

• Minimum outdoor
temperatures in winter have
been recorded to be 0℃.
• Indoor temperatures
measured in the warm and
humid climate regions of India
fell below 19℃ during the
winter
months [174, 176, 180, 217].

• Limited penetration of air
conditioning and limited
purpose provided natural
ventilation, high occupant
density, and a lack of
climate-sensitive design features
in the self-built JJ cluster
structures [184, 201]
• Modifications such as
partitioning of structures into
multi-unit dwellings in
urban/rural villages could lead
to overheating in the summer
due to a combination of
overcrowding and reduced cross
ventilation potential [199]
• Planned dwellings are likely
to have access to air
conditioning with top floor flats
shown to be most reliant on AC
use in an observational study
carried out in apartments in
Hyderabad [180]

Planned

6

6

6

2

6

6

9

6

6

9

12

6

JJ clusters

12

12

12

9

Planned

6

6

6

1

Urban villages

9

6

9

2

Unauthorised

6

6

9

4

JJ clusters

9

9

9

4

• Heat wave mortalityy has
been increasing [214] with
highest mortality burden in the
poorest states [215].
Urban villages
• In Delhi, 3.9% increase in
mortality for each degree
increase above mean daily
temperature 29℃ (lags of 0-1
days) [216].
• EM-DAT database lists 25
Unauthorised
heat waves recorded between
1953 to 2015, resulting in
11926 deaths across India [293]

• 2.12% of recorded deaths in
the NCT of Delhi from
bronchitis and asthma, 1.54%
from pneumonia, 0.17% from
influenza [292].
• - In Delhi, 3.9% increase in
• Little evidence of the use of mortality for each degree
heating systems.
increase below mean daily
• Leaky buildings unable to
temperature 19℃ (lags of 0-1
control heat loss.
days) [216].
• EM-DAT database lists 29
cold waves recorded between
1961 to 2015, resulting in 5268
deaths across India and 2
occurrences of severe winter
conditions with 320
deaths [293]
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Table C.1 – continued from previous page

Table C.1 – continued from previous page
• Outdoor RH can increase up
to 80% in Delhi during the
monsoon season.
• Monthly mean indoor
concentrations of PM (from
indoor and outdoor sources
combined) were found to vary
between 56-106µg/m3 and
152-201µg/m3 for PM2.5 and
PM10 respectively in two Delhi
dwellings [143].
• A study in 14 residential
dwellings in neighbouring Agra
Particulate
Cardiopulmonary
found a six-month (between
matter (indoor disease, lung cancer, October and March) mean of
and outdoor)
asthma, other
135-173µg/m3 for PM2.5 [225].
These concentrations are far
higher than values in outdoor
air quality guidance provided by
the WHO [226] for PM2.5
(maximum annual mean of
10µg/m3 and 24-hour mean of
25µg/m3 ) and PM10
(maximum annual mean of
20µg/m3 and 24-hour mean of
50µg/m3 ). among men and
low-income groups [224].
• Lighting and heating can
also contribute to PM levels.

Asbestos

Pleural and lung
cancer,
mesothelioma,
asbestosis

• Up to 11% of dwellings in
Delhi [133] use asbestos sheets
as the predominant material of
the roof. If these materials are
damaged in any way, they
release fibres that are dangerous
for health.

• Poor-quality structures with
very permeable envelopes in
urban/rural villages and in JJ
settlements put occupants most
at risk.
• Tighter dwellings and those
utilising air-conditioning
systems where windows remain
closed, such as in the planned
settlements, will inhibit the
ingress of outdoor pollutants.
• 20% of occupants, mainly in
JJ clusters, do not have
separate kitchens [133], and
most dwellings do not have
ventilation systems for effective
removal of pollutants during
cooking times (e.g. through a
chimney or an extract fan
• Smoking indoors significantly
influences indoor PM levels
citeSlezakova 2009, and
smoking rates in India are high
(30% of those aged 15 or
higher), especially among men
and low-income groups [224]

• -Smith estimated the total
annual number of premature
deaths from indoor air pollution
among children below the age
of five and adult women is
between 400,000 and 550,000
in India [222].
• 2.12% of recorded deaths
from bronchitis and asthma,
6.16% from cancer, 11.21%
from heart diseases and heart
attacks in the NCT of
Delhi [292].
• SPM levels found to be
significant to asthma prevalence
amongst children in Delhi
households [294].
• Self=reported health
problems as result from indoor
air pollution included acute
respiratory infections
(p-value<0.001), throat, eye
and skin infections
(p-value=0.02), asthma
(0.005).

Planned

12

6

12

2

Urban villages

12

9

12

4

Unauthorised

9

12

16

9

JJ clusters

16

16

16

9

3

3

4

1

1

3

6

1

3

3

12

1

6

6

16

1

Planned
• The use of asbestos sheets is
most likely in the low-income JJ • 6.16% recorded deaths from
Urban villages
clusters settlements, where
cancer in the NCT of
roofing materials are more
Delhi [292]
Unauthorised
diverse [207].
JJ clusters
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Biocides

Dependent on
biocide

Insufficient data

Insufficient data

• Indoor concentrations of CO,
SO2 , NOx , and NO2 measured
in neighbouring Agra were
found to be below maximum
values given in standards
• 20% of occupants, mainly in
produced by India’s Central
CO and
JJ clusters, do not have
Pollution Control Board [151].
combustion
Headaches, nausea,
separate kitchens [133], and
• Almost all dwellings in Delhi
most dwellings do not have
products
damage of airway
use LPG, oil, and solid fuels
(indoor and
linings, bronchitis,
ventilation systems for effective
containing carbon for cooking
outdoor) (NOx , death
removal of pollutants during
and 0.7% of dwellings use
NO2 SO2 )
cooking times (e.g. through a
kerosene, other oil, or ’any
chimney or an extract fan).
other’ type of fuel for
lighting [133]. These fuels are
sources of PM, NO2 , SO2 , and
CO in the case of incomplete
combustion.
Uncombusted
LPG

Lead

• The use of LPG also
presents a risk as it may escape
Asphyxiation
–
uncombusted into a dwelling
due to defects in the
installation or appliance.
• Pb elements found in the
characterization of ambient
PM2.5 [143, 295], with
maximum concentrations up to
2.51µg/m3 in a pollution
Refer to housing modifiers for
Neural development hotspot [295].
and other effects
• Indoor/outdoor ratios of Pb particulate matter
concentration found to be
0.91-0.97 for two sites in
Delhi [143], with higher indoor
concentrations correlated to
road proximity [147].

Insufficient data

• 2.12% of recorded deaths
from bronchitis and asthma in
the NCT of Delhi [292].
• NO2 and SO2 found
insignificant to asthma
prevalence amongst children in
Delhi households [294].

Insufficient data

Planned
Urban villages
Unauthorised
JJ clusters

2
2
2
2

2
2
2
2

2
2
4
4

1
1
1
1

Planned

4

3

4

1

Urban villages

4

4

6

1

Unauthorised

4

4

9

2

JJ clusters

4

6

16

2

Planned
Urban villages
Unauthorised
JJ clusters

2
4
2
2

3
3
2
3

4
4
9
9

1
1
1
1

Planned

2

2

4

1

Urban villages

4

2

4

1

Unauthorised

2

2

6

2

JJ clusters

4

4

6

2

Insufficient data
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Radon

Lung cancer

• One study found indoor
radon levels to be below an
action level of 200 Bq/m3
(based on recommendations in
from the International
Commission on Radiological
Protection) in Delhi [227].

• Ventilation will further
impact radon levels, more
research is need to fully assess
this issue across a range of
dwelling types.

6.16% recorded deaths from
cancer in the NCT of
Delhi [292]

• VOCs may be found in a
variety of materials in the home,
with newly built dwellings most
likely to be most affected, due
Volatile organic Allergic reactions, • High concentrations VOCs in
to the higher emission rates of
compounds
headaches, nausea, ambient air found in
Insufficient data
VOCs in any new materials
(VOCs)
drowsiness
Delhi [296].
such as carpet and paint.
• For exposure outdoor refer
to housing modifiers for
particulate matter.

Planned

3

3

4

1

Urban villages

3

3

4

1

Unauthorised

3

3

6

2

JJ clusters

3

3

6

2

Planned

2

2

4

2

Urban villages

2

2

2

1

Unauthorised

2

2

2

1

JJ clusters

2

2

2

1

2

2

4

1

6

6

9

2

6

6

9

4

6

8

9

6

Psychological impacts: Space, security, light & noise

Overcrowding

Increased heart rate
and irritability.
Increased hygiene
risks, accidents, and
contagious disease.

• Delhi dwellings are at a
severe risk of overcrowding with
a most common occupancy of
6-8 people (26%, [133])
combined with most commonly
only one room (32%, [133].

• Overcrowding has been
reported in both the
urban/rural villages and JJ
cluster settlements [198, 201].

Planned
Overcrowding is self-reported to
have significant effect on: other
common diseases (including
Urban villages
headache, nausea, fever and
vomiting) (p-value<0.05);
acute respiratory conditions
Unauthorised
(p-value<0.001); asthma
(p-value=0.03) and tuberculosis
(p-value<0.001).
JJ clusters
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Inadequate
lighting

Noise

Stress, injuries.

Depression, eye
strain, accidents

Irritability, sleep
disturbance,
headaches.

• Inadequate lighting is likely
to be an issue, especially during
hot periods where curtains are
kept drawn to keep the heat
out. At times of power cuts and
low voltage, lighting levels may
fluctuate.

• Studies in an urban village
noted inadequate daylight levels
Insufficient data
and reliance on artificial
lighting [199]

• Noise is also likely to be an
issue due to overcrowding, high • Urban villages and JJ
population, dense housing
clusters tend to be tightly
infrastructure, and high volume packed settlements.
of traffic.

• A study relating noise
pollution to self-reported
human health conditions in
Delhi [228] in both a
high-density area and a
low-density area found a range
of adverse health effects
including nausea, rise in blood
pressure, and depression as a
result of factors including
vehicles, generators, and
household industries.

Planned

2

2

2

2

Urban villages

2

2

6

1

Unauthorised

2

2

4

1

JJ clusters

4

4

6

1

Planned

1

1

2

1

Urban villages

2

2

6

1

Unauthorised

2

2

6

2

JJ clusters

3

3

6

2

Planned

2

2

4

1

Urban villages

4

4

6

2

Unauthorised

4

4

6

1

JJ clusters

6

4

6

3
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Entry by
intruders

Table C.1 – continued from previous page
• In 2012, there were 1715
recorded burglaries, up by 20%
on the previous year; however,
this number appears to fairly
low compared to the number of
households in Delhi. We assume
Insufficient data
Insufficient data
it likely that many crimes go
unrecorded, and there is a risk
of burglary in Delhi households,
which could lead to anxiety or
injury, in the case of aggregated
burglary, to occupants.

Table C.1 – continued from previous page
Infections: Hygiene, sanitation & water supply

Vector-borne
disease

Malaria, Dengue
fever, Japanese
encephalitis

Domestic
Gastro-intestinal
hygiene, pests, disease, asthma,
refuse
allergic reactions

• Uncontrollable ventilation,
over-occupancy, and inadequate
sanitation systems in JJ clusters
and urban/rural village
dwellings make them
• Vector-borne disease are
particularly vulnerable to the
infections transmitted by the
spread of VBDs.
bite of infected arthropod
• Transmission by direct
species, such as mosquitoes,
contact with an infected
ticks, triatomine bugs, sandflies,
individual or contaminated
and blackflies. In India these
surface could be exacerbated in
risks include: Malaria, Dengue,
overcrowded dwellings.
Lymphatic Filariasis, Kalaazar,
• Airborne pathogens would
Japanese Encephalitis and
be strongly influenced by
Chikungunya.
overcrowding and ventilation
rate, with a possible
dependence on indoor air
conditions like RH and
temperature [230].
• Waste collection in Delhi is
inadequate; it is reported that
around 30% municipal solid
waste (MSW) is left uncollected
on the street or in small open
dumps, and where collected
MSW is dumped in
uncontrollable open landfill
causing risk to both
environment and human
health [231]. Waste can cause
pest infestations, which can
then cause allergic reactions or
carry infectious diseases, further
heightening health risks.

• Planned and unauthorised
housing tend to have better
managed surroundings, or are
situated in gated grounds,
lowering the contamination
potential of some solid waste
and some pests, such as feral
dogs.
• Urban/rural villages and JJ
clusters often share street
access and surrounding areas
can be littered with waste and
home to a number of pests.

• Uncontrollable ventilation,
over-occupancy, and inadequate
sanThe major VBDs in India
and their estimated health
burdens in 2008 were; malaria
(1,524,939 cases with 935
deaths), dengue (12,561 cases
with 80 deaths), chikungunya
(2,461-95,091 cases), filariasis
(26,702 cases), Japanese
encephalitis (3,839 cases with
684 deaths) and visceral
leishmaniasis (33,234 with 146
deaths) citeDhiman 2010,
although, apart from dengue,
these are more common in rural
than urban areas.
• 0.30% deaths recorded due
to malaria [292].

Planned

4

3

6

2

Urban villages

6

6

9

4

Unauthorised

4

6

9

2

JJ clusters

9

9

12

6

Planned

4

2

4

1

6

6

12

2

4

4

4

2

6

6

12

4

Urban villages
• 0.02% of recorded deaths in
NCT of Delhi from Rabies,
0.03% Diphtheria, 2.77%
tetanus [292].
Unauthorised

JJ clusters
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Personal
hygiene,
sanitation and
drainage

Water supply

Food poisoning,
gastro-intestinal
disease

Gastro-intestinal
disease, skin
infections,
dysentery

Dehydration,
gasto-intestinal
disease, legionella

• According to survey data,
the majority (84%) of
households have access to tap
water as a first drinking source,
however only 60% have
exclusive use, with nearly 40%
relying on shared or community
sources [207].
• Delhi’s water supply can be
contaminated, with outbreaks
or water borne diseases
common [233], leading to
further risk of illness.

Planned

2

2

4

1

Urban villages

4

4

6

2

Unauthorised

4

4

4

2

JJ clusters

6

6

9

4

Planned

2

2

4

1

Urban villages

6

4

6

2

Unauthorised

4

4

9

1

JJ clusters

9

6

9

4

Planned

4

2

4

1

6

6

9

2

6

6

9

1

9

9

9

4

• The low-income groups are
Urban villages
most likely to suffer from
• 0.21% dysentery & diarrhoea
inadequate water supply, and JJ
of all recorded deaths [292].
clusters are likely to be at the
highest risk [207]
Unauthorised

JJ clusters

C. Health hazard risk analysis
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Food safety

Table C.1 – continued from previous page
• JJ clusters are likely to be
most at risk of food
• Could be cause by
contamination due to the
contaminated food or
0.01% recorded deaths from
overcrowded dwelling with
inadequate storage of food.
food poisoning, 0.21%
inappropriate storage space or
56% of households are reported
dysentery & diarrhoea. 0.03%
poor hygiene from multi-use
to have ownership of a
diphtheria [292].
surfaces. Ownership of
refrigerator [186].
refrigerators lowest among
low-income groups [186].
• Sanitation infrastructure in
Delhi is limited - 40% of
dwellings are reported to have
open drains and 7% have no
drainage arrangement at
• JJ clusters have the poorest
all [207].
sanitation infrastructure, often
• 0.21% deaths from dysentery
• 21% of households are
with no latrine facilities and
& diarrhoea, 0.48% from
recorded to have no bathroom, substandard open drainage
cholera. 0.03% typhoid, tetanus
with the majority of these
systems. Similarly, urban village
2.77%, tuberculosis 3.34%,
households in low-income
infrastructure is haphazard, and
0.03% diphtheria [292].
groups, 63% of households have as such, drainage and sanitation
exclusive use of a latrine, 22% facilities can be poor [232]
have access to shared latrine,
and 9% have access to public
latrines [207], further
suggesting facilities are limited.

Table C.1 – continued from previous page
Infections: Hygiene, sanitation & water supply
Falls in baths

Falls on level
surfaces

Falls on stairs

Falls between
levels

Electrical
shocks

Fire

• Little information about falls
in baths but assumed to be the
same in all settlement types
where baths are available (not
likely in JJ cluster settlements.
• Likely to be the case in
Lacerations,
• Level surfaces badly finished
informally constructed
fractures, heart
with large open drains causing
rural/urban villages and JJ
attack, death
heightened hazards.
clusters.
• Likely to be greater in JJ
• Poorly designed stairs and
clusters and urban/villages
Lacerations,
stairs without hand-rails and
where stairs are often narrow
fractures, heart
barriers likely to heighten
and built on the outside of
attack, death
hazards.
dwellings, heightening risks if
falls occur.
• Dwellings are self-built and
Lacerations,
• Poorly designed housing or
often open-fronted denoting a
fractures, heart
inadequate provision/quality of
possibility of risk of falling
attack, death
barriers/rails.
between levels.
• More likely in low-income
Disruption of
• Risk from electrical shocks households such as JJ clusters,
normal heartbeat/ could arise from unsuitable and where domestic wiring is
respiratory muscles, badly-installed electrical
temporary or fixed to walls
burns, death
fittings.
rather than in conduit casing
with adequate protection [207].
Lacerations,
fractures, heart
attack, death

Burns, death

• Poor design of bath or
mobility of the occupant with
heighten hazard.

Planned
• 0.81% falls and drowning of Urban villages
all recorded deaths [292]
Unauthorised
JJ clusters

1
1
1
1

1
2
2
2

2
6
6
6

1
1
1
1

Planned
• 0.81% falls and drowning of Urban villages
all recorded deaths [292]
Unauthorised
JJ clusters

2
4
2
2

2
3
2
3

6
9
9
9

1
1
2
2

Planned
• 0.81% falls and drowning of Urban villages
all recorded deaths [292]
Unauthorised
JJ clusters

3
4
2
6

3
4
3
6

4
8
6
12

1
1
2
2

Planned
• 0.81% falls and drowning of Urban villages
all recorded deaths [292]
Unauthorised
JJ clusters

2
8
4
6

3
4
4
6

6
8
9
12

1
2
1
2

Planned

3

3

4

2

Urban villages
Unauthorised

6
4

6
4

6
12

2
2

JJ clusters

6

6

12

2

Planned

3

3

4

1

Urban villages

6

6

12

2

Unauthorised

3

4

12

3

JJ clusters

6

6

12

4

• 1.36% deaths from
accidental burns [292]

• 1.36% deaths from
accidental burns [292].
• Risk of fire could result from
• In tightly packed JJ clusters • EM-DAT database lists 29
the burning of fuels for cooking,
or urban/rural villages, the risk fire occurrences between 1978
lighting or heating in all
of the fire spreading is higher. to 2015, resulting in 1655
settlements.
deaths and 50090 people
affected across India [293].
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Flames, hot
surfaces

Burns, death

• Risk for burns from flames
and hot surfaces due to
cooking, heating or lighting.

• Risks could be higher in
cramped dwellings, where
occurrence of accidents are
likely to be higher.
• 64.9% of all burn admissions
were from families living in a
single room dwelling unit and
34.3% of admissions from
families having two rooms in
the dwelling unit and floor level
cooking resulted the majority of
accidents

Collision, and
entrapment

Injuries, fractures,
death

• Poor design of openings such
as windows/doors and other
Insufficient data
features.

Explosions

Injuries, burns,
fractures, death

• Use of canisters for LPG use
Insufficient data
could risk explosions.

Position and
operability of
amenities

Strain and sprain
injuries

Structural
Injuries, fractures,
collapse and
death
falling elements

• Poor design leading to
physical strain associated with
functional space and other
features at dwellings.
• Poor structural quality
causing whole dwelling collapse,
or of an element or a part of the
fabric being displaced or falling.
• Area at risk from
earthquakes as such dwelling
should have appropriate
structure.

Insufficient data
• Risk from structural collapse
and dilapidation is likely to be
higher in both urban/rural
villages where there is a lack of
maintenance and JJ settlements
where structures are often
self-built without formal
standards [198, 201].

• 1.36% deaths from
accidental burns. Burn deaths
could also be a result of
septicaemia 4.79% [292].
• In the Lok Nayak Hospital
during 01/01/09 - 31/05/10,
731 out of 991 burn ward
patients (73.7%) were flame
burns (kerosene, LPG, petrol,
coal etc.), 95% in the home.
• 56.5% of LPG burn patients
were discharged, 33.3% patients
expired. 45.3% of kerosene
burns discharged, 50.6%
expired.

Planned

2

2

4

2

Urban villages

4

4

6

2

Unauthorised

4

4

6

2

JJ clusters

6

6

9

4

2
2
2
2
4
4
4
4
1
1
1
1

2
2
2
2
4
4
4
4
1
1
1
1

3
4
3
4
4
6
6
6
2
2
2
2

1
1
1
1
3
3
3
3
1
1
1
1

Planned

3

3

4

1

Urban villages

6

6

12

4

Unauthorised

6

6

12

3

JJ clusters

6

6

12

4

Planned
Urban villages
Unauthorised
JJ clusters
• EM-DAT database lists 10
Planned
non-industrial explosions
Urban villages
between 1990 to 2015, resulting Unauthorised
in 301 deaths across India [293]. JJ clusters
Planned
Urban villages
Insufficient data
Unauthorised
JJ clusters
• 0.02% deaths from other
accidents [292].

• EM-DAT database lists 43
non-industrial collapse
occurrences between 1967 to
2015, resulting in 2941 deaths
and 150000 people affected
across India [293].
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Table C.1 – continued from previous page

D. Data used to develop the housing
stock model for Delhi
This appendix details the rationale and data used in the archetypes modelled in
Chapter 7. Here details are provided on the building geometry, material properties,
occupancy schedules and appliance schedules.

Dwelling geometry
Example geometry was gathered through contacts and experts with links in Delhi
housing sector. Two archetypes in the planned sector and two archetypes from a JJ
cluster. The geometries and details for modelled variants are shown below.

Figure D.1.: Layouts of the modelled private agency flat
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Figure D.2.: Layouts of the modelled DDA flat
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Figure D.3.: Layouts of the modelled JJ cluster dwellings
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Building materials and construction
Data on material properties and construction practices were gather from multiple
sources. Details for the thermal properties were taken from [236]; who investigated
thermal conductivity of the various types of materials available in the Indian market
having different thicknesses by Automatic Guarded Hot Plate Apparatus. This
provided the basis for material characteristics modelled in each archetype. This paper
also gives basis dimensions for wall and roof thickness. These details can be seen in
Table D.1.
Table D.1.: Thermal properties for building materials used in India, from [236]
Material

Density (kg/m3 )

Expanded polystyrene (EPS)
Expanded polystyrene (EPS)
Polyurethane foam (PUF)
Foam Concrete
Fibre glass
Styropor
Peripor
Neopor
Perlite concrete
Expanded polyethylene (EPE)
ISO-Board
Elastospray
Burnt clay brick
Reinforced cement concrete (RCC)
Brick tile
Mud Phuska
Cement mortar
Cement plaster

16
24
32
320
15
21.7
51.7
19.8
750
55
32
43.8
1820
1900
1892
1622
1648
1762

Thermal conduc- Specific
tivity (W/mK)
(kJ/kgK)
0.038
1.43
0.035
1.34
0.027
0.82
0.07
0.92
0.04
1
0.032
1.3
0.028
0.96
0.0331
1.3
0.138
0.92
0.031
0.88
0.028
0.82
0.023
1.08
0.811
0.88
1.26
0.88
0.798
0.88
0.519
0.88
0.719
0.92
0.721
0.84

heat

Material constructions were gathered from various sources and then checked with
experts to ensure that the assumptions per archetype were correct. In [188] the
life-cycle of buildings was assessed for 10 case study houses in India; in this work
conventional building constructions were provided as a base case scenario. These
base case constructions used were very similar to those included a tool assess the
energy efficiency of newly built flats in Delhi [204]. This tool provided based case
constructions for walls, roofs and different floor configurations. The details from both
of these studies can be seen in Table D.2.
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Table D.2.: Convectional wall, roof and floor constructions in Delhi and India
From [188]
From [204]
1.2cm Plaster, 23cm Bricks, 2.5cm Plaster, 23cm Bricks,
Exterior wall
1.2cm Plaster
1.25cm Plaster
1.25cm Plaster, 1.25cm Bricks,
Interior wall
1.25cm Plaster
2.5cm Cement plaster, 10cm
1.2cm Plaster, 12cm RCC (2%
Roof
Brick, 15cm RCC, 1.25cm Cesteel), 1.2cm Plaster
ment plaster
Fully glazed, single clear (3
Windows
mm thick) glass pane fitted in wooden frame
2.5cm Terrazo, 1.25cm Cement
Floor (on ground) Mortar, 15cm Cement concrete,
10cm Brick, Compacted earth
2.5cm Terrazo, 1.25cm Cement
Floor (basement) mortar, 15cm RCC, 1.25cm Cement plaster
Construction

Appliance use
Housing in Delhi is expected have electricity supply (91.1% report to be connected [133])
and use LPG for cooking, with 89% of households reported using LPG [133]. As
such, these were the assumptions taken in the modelling scenarios. A study of
appliance usage by TERI gives details on average appliance ownership and hours of
use [184]. In this work, 1000 households were surveyed to estimate peak loads and
demand-side-management. An overview of the findings is provided in Table D.3.
The average appliance use and ownership were used to inform the schedules as modelled
in the selected archetypes. The appliances were integrated to fit with the expected
occupancy. Appliances were only incluced when the ownership was found to be more
than 50%. The schedules modelled are presented in Table D.4.

Occupancy profiles
Occupancy profiles were generated to represent an average occupancy of 5 as per the
housing census [133]. Working trends for male and females provided in the Delhi
Economic Survey [134], as shown in Table D.5, gives a good indication of people’s
daily whereabouts for modelling occupancy schedules. This data was combined with
work by [150] who detailed time spent in micro-environments. An family of five was
assummed to be most likely, with a young child, two older children, a male adult
(who works) and female adult (who stays at home). Based on these sources occupancy
schedules were constructed, as detailed in Table D.6 with metabolic rates derived
from [237].
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Table D.3.: Survey findings, average appliance ownership and average hours of usage,
from [184].
Appliance
Bulbs
TL
CFL
Fans
Cooler
A/C
Heater
Refrigerator
Geyser
Immersion rods
TV
Washing Machine
Iron
Pump
Computer
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Rating (W)
60
55
11
60
200
1750
1500
200
1500
1500
120
700
1000
740
200

# of Appliances/1000HH
2131
4131
1541
3728
918
625
223
987
717
104
1252
576
286
293
73

Average daily use
(hours)
3
4
3.7
11.2
8.3
4.3
2.3
24
1.7
1.2
5.3
0.7
0.9
1.1
3.5

Table D.4.: Modelled appliance, their schedules and wattage.
Appliance:
Location:

Refrigerator

Lights
Bedroom

Living
Bathroom Kitchen
room

Wattage
60
60*
(W):
01:00-02:00
02:00-03:00
03:00-04:00
04:00-05:00
05:00-06:00
06:00-07:00
07:00-08:00
ON
ON
08:00-09:00
09:00-10:00
10:00-11:00
11:00-12:00
12:00-13:00
13:00-14:00
14:00-15:00
15:00-16:00
16:00-17:00
17:00-18:00
18:00-19:00
19:00-20:00
ON
20:00-21:00
ON
ON
21:00-22:00
22:00-23:00
ON
ON
23:00-24:00
24:00-01:00
*dependant on the room size

55

ON

200
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

TV

Gas
hob

Ceiling fans

Living
Kitchen Bedroom Living Kitchen
room
120

750

ON

60
ON
ON
ON
ON
ON
ON

ON

ON
ON
ON
ON
ON

ON
ON

ON
ON

60*

60

ON
ON
ON
ON
ON
ON

ON

ON
ON
ON
ON
ON
ON
ON
ON

ON

ON
ON

Table D.5.: Working trends for Delhi population
Total workers (%) Main workers (%)
Persons
Males
Females

32.8
52.1
9.4

31.2
49.9
8.4

Marginal
(%)
1.7
2.2
1.0

workers

Non-workers (%)
67.2
47.9
90.6
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Table D.6.: Occupancy location, activity and metabolic rate as modelled
Adult Male
Time

Location

01:00-02:00
02:00-03:00
03:00-04:00
04:00-05:00
05:00-06:00
06:00-07:00
07:00-08:00
08:00-09:00
09:00-10:00
10:00-11:00
11:00-12:00
12:00-13:00
13:00-14:00
14:00-15:00
15:00-16:00
16:00-17:00
17:00-18:00
18:00-19:00
19:00-20:00
20:00-21:00
21:00-22:00
22:00-23:00
23:00-24:00
24:00-01:00

Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom

Activity

Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
/|
/
/
/
/
/
/
/
/
/
/
/
Living
TV
Living
TV
Living
TV
Living
TV
Bath/BedroomShower/Sleeping
Bedroom
Sleeping

Met
rate
72
72
72
72
72
72

Adult Female
Location
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Kitchen
Living
Living
Living
Living
Kitchen

Activity

Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Cooking
Cleaning
Cleaning
Cleaning
Cleaning
Cooking
/
/
Living
Other
Living
Other
Kitchen
Cooking
Kitchen
Cooking
108
Living
TV
108
Living
TV
108
Living
TV
108
Living/Bathm TV/Shower
Sleeping
130/72 Bedroom
72
Bedroom
Sleeping

Met
rate
72
72
72
72
72
72
200
290
290
290
290
200

Children
Location
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Living

Activity

Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Breakfast
/
/
/
/
/
/
/
108
/
108
/
200
/
200
Living
TV
108
Living
TV
108
Living
TV
108
Living
TV
100/130Bath/BedroomShower/Sleeping
72
Bedroom
Sleeping
72
Bedroom
Sleeping

Met
rate
72
72
72
72
72
72
126

Young child

Met
rate
72
72
72
72
72
72
72
72
80
80
80
80

Location

Activity

Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Bedroom
Living
Living
Living
Living

Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Sleeping
Playing
Playing
Playing
Playing
/
/
Playing
100
Playing
100
Playing
100
TV
100
TV
100
TV/Shower100/120
Sleeping 72
Sleeping 72
Sleeping 72
Sleeping 72

Living
Living
Living
108
Living
108
Living
108
Living/Bath
108
Bedroom
130/72 Bedroom
72
Bedroom
72
Bedroom

E. Field work survey data
This Appendix details the data collected during field work in Delhi. The data
presented here has been anonymised and in some cases reduced in format to maintain
the confidentially of the households involved in the study.

Focus group questions and responses
The following section details the questions and answers as given during the focus
groups. This data presented here in reduced form, due to the in-situ translation
provided by staff from CURE.

Savda Ghevra, 21/12/13
Focus group 1:
Number of attendees: 6-8 (the focus group was held outside so the number increased
as the discussion took place)
Q1: How long have you have you been living here?
R: 6 or 7 year living in Savda
Q2: How do you use the house on a daily basis?
R: They use LPG for cooking, using room for everything (cooking, living, etc). Not
all have toilet
Q3: Which appliances do you own and what do you use them for?
R: Washing machine, fans, iron, fridge, no heater, immersion rod for heating water.
They sometimes using firewood inside the room, for making the room warm
Q4: Do you feel comfortable inside your house?
R: They like to be inside, never come outside because of the community toilet.
R: They find the home is much more comfortable compared to outside.
R: Because of the dirtiness, they avoid sitting outside, but they clean outside also so
sometimes sit outside.
R: Inside house the high rating for comfortableness
Q5: What would you like to improve about your house?
R: Want to improve the structure and design house, so they can take much fresh air
inside the room. So much inside the room, so need fresh air. To take more fresh air
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inside, would like to improve the structure. But sometimes due to the smell outdoors
the close doors and window
R: Want to comfortable with fresh air, with light
R: Would like to put more windows and extract fan
R: But tough to improve the house, but as three sides are covered, everything has to
go on one wall
Q6: Do you have any health problems as a result of your housing conditions?
R: Because of the internal environment the health risk is much higher, but sometimes
nothing, it depends on the cleanliness
R: If they spend much time in the room, they feel suffocation some times, especially
when a long time inside. But still prefer to spend time inside
R: Sometime feeling suffocation, but mostly okay
R: Have problems inside room, Doctors said they should avoid the smoke from
cooking
Q7: How are the temperatures inside your home? What do you do to
keep warm? R: They feel warm inside the house
R: Using cooking to improve the temperature
R: To make much warm, using fire wood for warm, doing it inside the room
R: Immersion rod to make water warm, for washing
R: They use warm clothes at night, so they don’t feel cold
Q7: How is the air quality inside your home? What do you do to improve
it?
R: Normally they open the doors when cooking, because of the spices
Focus group 2:
Number of attendees: 2
Q1: How long have you have you been living here?
R: 4-5 years and 6-7 years
Q2: How do you use the house on a daily basis?
R: Cooking inside and toilet inside, washing inside
Q3: Which appliances do you own and what do you use them for?
R: Washing machine, fans, iron, fridge, no heater, immersion rod for heating water,
CLF, bulbs, TV
R: Sometimes using firewood or sometime coal to make the inside warmer the room
R: Using the exhaust to clean the environment, due to species when cooking, open
the door when cooking
Q4: Do you feel comfortable inside your house?
R: Most of the time there are inside the room
R: One lady likes both inside and outside
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R: One lady inside is better as the house in clean
R: Sometimes in a day they are feeling
suffocated, for 1 hour or so a day the like to go outside
R: Go outside also, as living by the green area
R: After using the loo, there is problems with the toilet smell
R: Like both outside and inside, but much more comfortable inside "as home is home"
R: Comfortable level is good (not excellence, but quite good)
Q5: What would you like to improve about your house?
R: Lack of resource, currently limited but it is possible
R: More windows
R: Would like to put net in the widow to stop flies
R: Would like warm cloth and heater and that house design should good so comfortable
Q6: Do you have any health problems as a result of your housing conditions?
R: No health related problems from the house, they feel no health problems
R: Sometimes they fell the air quality is bad, because of the uncleanness of the street
so a bad smell comes
Q7: How are the temperatures inside your home? What do you do to
keep warm?
R: Sometimes they are feeling cold in the night, they wake up in the night cold
R: No strategy to keep warm at night, lack of warm cloth so cannot do anything
Q7: How is the air quality inside your home? What do you do to improve
it?
R: Using the exhaust to clean the environment, due to species when cooking, open
the door when cooking
R: Open door to change environment to carry fresh air
R: Light enough, but artificial light no sunlight inside

Dwelling survey drawings
The dwellings surveys completed during the summer fieldwork can be seen below.
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F. Policy for informal settlements
This appendix provides the discussion to understand the wider context of informal
housing and current policies for housing provision given the limitations identified in
Chapter 12. The below text discusses policy for informal settlements within Delhi
and India, and the current policy debate on an international scale, with the aim to
inform approaches to incorporating building science methods into policy development
in the future.

Informal housing policy in Delhi and India
Informal housing is still the “predominant mode of shelter provision for the world’s
urban populations and rural-urban migrants in particular” [297]. This is largely due
to a failure of formal markets in providing affordable housing and of governments
in providing social housing. However, the role of informal settlements in urban
development is highly complex and in some cases hugely politicised causing tensions
between socio-economic as well as regional and political groups.
Across India, the role of the informal housing policy is of deep debate, which has
caused tensions between income groups as well as between NGOs and Government
Agencies. Due to the debate on the role of the informal sector, policy responses that
attempted to deal with informal settlements across India have ranged from wide spread
evictions in some locations to slum networking in others. [297] details this diversity of
the policy response in India:
"States, municipalities, and metropolitan administrations are run by competing and changing political parties with different sentiments about
’slums’, ’hutments’, and ’encroachments’ as informal settlements are called
in local parlance. Economic growth after liberalisation in the early 1990s
was impressive, but, due to its concentration in high-tech industries, created little employment for low-skilled workers and migrants. Thus, there
is a widespread perception that the urban poor do not contribute much to
the prosperity of the cities, their settlements are eyesores and health risks
that devalue neighbouring developments, and their pavement and street
businesses unnerve pedestrians and inhibit the flow of traffic. Middle-class
organisations and business associations increasingly use the instrument of
public interest litigation to acquire court orders for demolition. On the
other hand, slum dwellers, constituting about 50% of city populations, are
an attractive vote pool for populist politicians.
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As a result, policies in most large Indian cities are highly inconsistent. Long
periods of laissez-faire and uncontrolled growth of informal settlements are
interrupted by massive and brutal evictions, most of them not followed
with resettlement. In Mumbai, some 360 000 dwellings were demolished
between 1994 and 1999, 60 000 in 2000 in a single drive at Sanjay Gandhi
National Park, and another 94 000 in 2004-05 following the ’Mumbai
Makeover Plan’ that was supposed to turn the city into another Shanghai.
Figures of demolitions in Delhi are estimated at 100 000 houses between
1999 and 2004. Surprisingly, the communist government in Kolkata is
not much more sympathetic to slum dwellers, considering them petty
entrepreneurs and slumlords rather than proper workers. Demolitions tend
to take place both before and after elections; before elections, there are
regularisation initiatives, issuing registration cards to slum residents who
had arrived before a certain cut-off date. The cards do not imply any legal
claim and offer limited protection; at best, they may improve the chances
of being offered a relocation site. There is no indication that any Indian
city has succeeded in reducing or even stabilising the number of informal
settlers. What governments have been able to do is push a large number
of them to peripheral locations without access to employment or business
opportunities, with severe consequences for their livelihoods
Organised resistance against eviction is rare in India, possibly because of
the high proportion of renters in the slum population. The renowned NGO
SPARC considers it a major success that it has negotiated the ’voluntary’
resettlement of 60 000 squatters to a site in the suburbs of Mumbai. It is
presently struggling to reach an acceptable solution to the redevelopment
of Dharavi, which with more than half a million residents is the largest
slum in India. A more inclusive response has been applied by the city
of Ahmedabad, where no wholesale demolitions have been carried out.
As part of the ’Slum Networking Programme’, the city government in
cooperation with NGOs gives informal settlers leasehold contracts for 10
years and provides them with affordable services and infrastructure".
It is clear that the role of the informal sector, in India at least, is deeply contentious
and as such, policy approaches have ranged from slum eradication with no benefit for
the occupants in some locations to inclusive responses and the provision of services in
others. Within Delhi, official policy response takes a three prolonged approach, as
discussed in [298]:
• In-situ upgradation for the clusters whose encroached land pockets are not
required by the concerned landowning agencies for another 15 to 20 years for
any project implementation;
• Relocation of jhuggi-jhompri clusters that are located on land required to
implement projects in the larger public interest;
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• Environmental improvement of urban slums, based on the provision of basic
amenities for community use, in other clusters irrespective of the status of the
encroached land.
The prevalent strategy in Delhi has been the resettlement of slum dwellers, with
in-situ upgrades only carried out in a few settlements [298]. In Delhi, resettlement
colonies have generally been placed in locations on the periphery of the city, away from
established livelihoods and transport connections. Within each resettlement colony,
the provision of sites and services has been extremely varied. For instance: households
relocated in the initial phases were given 25m2 and in later phases this was reduced to
12.5 or 18m2 , and water supply is provided by on-site water taps in some case but in
other case residents are dependent on daily delivery by tankers [299]. A comparison
of relocation approach in Delhi and upgrade approach in Mumbai has shown that an
in-situ upgrades approach can provide economic benefits over relocation strategies,
with upgraded settlements seeing increased household incomes, improved quality of
life and reduced health expenditure [299].

International debate on policies for informal settlements
"To date, [internationally] states have been far more effective in the destruction of
mass housing than in its construction" [300]. A negative view of informal settlements
and eradication through demolition has remained a dominant strategy, even though
international agencies and NGOs have argued for their recognition into urban development plans. International policy discourse on informal housing has advocated
the strength of the informal sector in providing the necessary housing for the urban
poor. Initially international agencies advocated for aided self-help; or support for
inhabitants in the self-help building processes [300]. Internationally, this has resulted
in a shift away from seeing the informal as an illegal problem to be eradicated in some
locations. Two types of interventions were promoted with the self-help phase, 1) sites
and serviced and 2) upgrading. These types are further described and employed in
Delhi as followed:
1. The sites and services strategy advocated includes the provision of empty or
semi-empty plots already equipped with basic infrastructure and occasionally
basic services. As seen with the resettlement colonies of Delhi, the provision of
site and services have been extremely varied in the level of facilities, size lots
and length of legal tenure. In the case of the resettlement colony Savda Ghevra,
the dwelling characteristics are similar to those of illegal slum dwellings in Delhi,
but with uniform plot sizes and some additional facilities such as a park per
block, schools and community toilets incorporated into the site.
2. The strategy for upgrading advocates providing basic infrastructure (sewage
and water lines and electricity), guaranteeing land tenure to occupants, and
establishing access to credit. This approach in Delhi has been seen in low- to
middle- income unauthorised settlements that have now become regularised and
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linked to public infrastructure. However, as noted earlier, this approach has not
been adopted in Delhi’s poorest settlements.
While successful on a project-by-project basis, after the 1980s it was thought that the
self-help policy would not be able to meet the increasing housing need [301], which
resulted in a shift towards citywide policies that created the conditions that could
effectively provide affordable housing. This was denoted the enablement phase as
international agencies advocated that public authorities should “secure the conditions whereby the various social actors (individuals, private companies, NGOs and
community-based organisations) could effectively provide affordable housing” [300].
Although this provided a more holistic approach to urban planning and sustainable
development attention was turned away from the housing question itself [301] with no
guarantee that the interventions would be successful. Enablement “requires considerable management and regulatory and monitoring capacities that most national and
local authorities in poor countries simply do not have” [300]. As such, self-help policies
are regaining focus on the international agenda and it is argued that the potential of
such policies need to be re-thought and put back on the urban development agenda.
In [301], it is argued that housing policies should “promote and support self-build
initiatives institutionally, financially, technically and politically” as the failure of
current policies and the expected growth of urban areas is recognised. Suggesting that
assistance should include:
• basic elements - a plot located in an adequate development at affordable price
and pay-off conditions, legal land titles and access to road and infrastructure
(water, electricity and sewage connections) and;
• additional elements - technical building advice, provision of good quality building
materials, the promotion of micro-finance solution and the support of housing
cooperatives.
Similarly, in [302], it is concluded that unaided self-help housing, including informal
settlements and backyard shacks, is likely to remain a part of low-income housing
provision in South Africa for some time due to a housing backlog. As such, aided
self-help housing could play a role in South Africa, the extent of this however will
depend on the market forces, how quickly land becomes available and acceptance of
this model by communities. This understanding is echoed in Kolkata, where housing
is an object of investment and commodity [277], leaving a gap between those in luxury
style towns and those in self-built huts without adequate facilities. As such, it is argued
that there needs to be an approach which links the two worlds; one being top down,
incorporating the “state and the private sector to prove their market entrepreneurship”
and the other bottom-up, which is “incremental and highly local in scope and is
either self-supported or implemented with aided self-help” [277]. A review of housing
policies in Mumbai summarised that policies have largely failed in providing adequate
housing for the poorest groups and that the usual top-down approach “has created a
vacuum where the interest of improvement is getting lost”; as such it is argued that a
participatory approach that reflects the interest of the stakeholders (slum dwellers)
should be employed [303]. These ideas are largely mirrored in future policy suggestions
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in [276], which considered housing policies in regards to sustainability. It is argued
that policies must be designed to meet three objectives: household improvement for
the poorest (as policies so far have generally not reached them), empowerment of the
poorest (which have been economically and politically marginalized) to allow them to
have influence on matters that affect them, and thirdly to give the “lower segment
of the urban society a feeling of self-worth.” Then [276], goes on to suggest that,
depending on the place and present conditions, policies in the following areas must
be devised and implemented: 1) involvement of the community, 2) access to good
quality building materials at an affordable cost, 3) sensible building standards so that
they don’t exclude the poorest from having a house (and necessary infrastructure), 4)
housing finance, and 5) land.
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G. Participatory action research
This appendix provides a more detail on the participatory action research (PAR),
its transformative orientation and the integration of quantitative methods a PAR
approach. These appendix aims to supplement the discussion provided in Chapter 12,
which suggests a alternative pathway for future research in order to incorporate the
wider development context.

Definition of transformative research
Transformative research takes the view that research needs to be intertwined with
politics and political change, and it is necessary to understand the lives and experiences
of marginalised groups, in order to improve lives. Or as summarised in [304]:
"The transformative paradigm with its associated philosophical assumptions provides a framework for addressing inequality and injustice in society
using culturally competent, mixed methods strategies. The recognition
that realities are constructed and shaped by social, political, cultural,
economic, and racial/ethnic values indicates that power and privilege are
important determinants of which reality will be privileged in a research
context."
It should be noted that the transformative paradigm has strong similarities with
critical systemic thinking and indigenous systemic approaches, with [305] arguing that
simply drawing or submitting research under the ’big four’ paradigms as outlined
in section 5.2 is limited. It suggested that the researcher should learn across (and
beyond) boundaries to enrich the pathways for practising responsible research. While
this section does not aim to define the transformative research paradigm, it aims to
consider how it such an approach could help inform further work where it is clear
political issues need to be considered.
Transformative research advocates a participatory approach that involves participants
in the design, collection and analysis of data. As such, there must be an interactive
link between the researcher and the participants, as well as awareness of the power
relations between the two parties. Thus, it is suggested that a participatory approach
should be taken in future work. While it is acknowledged that participatory methods
will not always be successful, in fact [280] argues that the performance of low-cost
housing projects is not dependent on participation. This is similarly echoed in [281],
where it discussed that success depends on the nature and timing of the participation,
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concluding that participation from the project initiation stages allows the high level
of user involvement and their empowerment. In [282] the levels of involvement in
projects are discussed and represented by ’a ladder of participation’, the highest
being empowerment. This paper concluded that “projects must evolve consistently
into on-going programmes and long-term links/alliances must be established for the
provision of lasting support to the communities and sustainable development”. True
participation in research and development is hard to achieve, with the full control
and relationships between research and participants highly complex. However, despite
some shortcomings, it is considered that the use of participatory methods in further
research will allow the recognition of the rights of the subjects to be heard, allowing
them to set their own agendas and ownership over the process. This process may
not only improve the quality of research through providing local and contextual
insights, it has important implications for the sustainability and appropriateness of
interventions [283].

Participatory action research methodology
Sustainable and healthy housing must be considered in context of urban development
and approaches to housing policy. Urban development and cities are often described as
complex systems and thus, a systems thinking approach must be used to understand
the interrelations and the complexities of housing. The research process therefore
must be systemic, its design allowing this understanding to be incorporated in the
process. Additionally, as essentially this research seeks to influence change, through
improvements in housing, an action-orientated framework might be best suited. In [284]
is suggested that participatory methods alone will not allow for a democratic society
and that these thoughts need to translated into action, possible through action
research. “Participatory action research (PAR) provides a methodology . . . to
guide community interventions, address issues of injustice, and engage in research that
increases knowledge and changes the actual conditions of communities” [285]. As such,
it is suggested that further research should draw upon frameworks of participatory
action research in order to develop a suitable study design (participatory action
research is a form of action research (AR)), which action orientated but systemic in
design.
In Table G.1 a comparison of PAR and traditional research methods is presented. It is
clear from this that PAR fits closely with the philosophy of transformative research, and
instead of knowledge being created for understanding (and publications in the scientific
domain), knowledge is produced to achieve empowerment and change. PAR recognises
that “[p]ower and knowledge are inextricably intertwined” [306] and attempts to
challenge the power relationships that are prevalent in traditional research structures.
This interplay can be explained considering the outcomes of traditional research
focusing on marginalised communities; the goals of traditional research are ’increased
understanding’. This only fulfils the researcher(s) objectives and development of their
knowledge (leading to further scientific citations potential resulting in access to more
funding and recognition of the researcher(s)), with limited benefit to the marginalised
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Table G.1.: Comparison of participatory action research with traditional methods,
from [285]

Philosophy

Theory

Population
Goal

PAR
Traditional
• Multiple or shared realities exist
• One true reality exists
• Works in postmodern tradition that
• Accepts positivist tradition in which
embraces a dialectic of shifting
reality can be identified and studied
understandings
• Social reality can be objectively
• Objectivity is impossible
understood
• Local priorities and understandings
• Universal laws exist
exist
• Generated from experiences developed
• Developed by researcher before
in partnerships between researcher and
initiation of work
participants
• Works with participants
• Studies objects or subjects
• Collaboration and partnership equalize
• Power imbalance exists between
power between researchers and
researcher and researched
researched
• Knowledge produced for individual and
• Knowledge produced for understanding
community change and empowerment

communities, even if the researcher(s) has the best intentions. PAR challenges these
power relations through the following aspects: “knowledge - as a resource which affects
decisions; action - which looks at who is involved in the production of such knowledge;
and consciousness - which looks at how the production of knowledge changes the
awareness or worldview of those involved” [306]. Therefore, it is suggested that
this imbalance is addressed in further work assessing housing quality in low-income
settlements through the implementation of PAR. This is not to say participatory
action research will solve all the issues highlighted earlier, however it is considered
that it will make the research more relevant to the needs of the researched. In [307],
the values and limitations of PAR are considered and it is concluded, through a case
study evaluation, that the success of the project depends on the following:
• the degree of negotiated access to the project setting;
• the clarity of demarcation in roles and responsibilities between researchers and
participants;
• the commitment of time spent building and maintaining informal networks and
relationships;
• the extent of sensitivity to divergence in the expectations of ’insiders’ (the
participants or owners of the issue i.e. government and community) and ’outsider’
(the research project team); and
• and the scope for flexibility within the project plan to adapt time- frames and
processes to suit the situation.
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The process of PAR involves multiples cycles of planning, action, evaluation and
reflection. This process is shown graphically in figure G.1. The first stage is the
reflection of the problem gap, followed by planning for action, then taking action and
evaluation of that action. For example, in the case of this work, it has been concluded
that the future work should include participants at the centre of research in order to
achieve appropriate solutions for sustainable low-income housing. The following stage
would be planning in order to involve participants in further work through identifying
stakeholders and households who are interested in participating and identification of
suitable methods to use (interviews, focus groups etc.). The action stage would be
building relationships to ensure participants become the central drivers in the work
and developing skills needed to carry out the selected methods. After this evaluation
should take place, followed by reflection and planning the next cycle of research.

Figure G.1.: Continuous cycles of action research, from [308]

Further to the framework of participatory action research, it is considered that aspects
of participatory design (PD) should be drawn upon in future work. This is thought
useful for the design and incorporation of interventions in housing. Participatory design
is viewed as having similar orientation and traits with participatory action research
[309], but with participatory design focused on informing the design requirements and
developing iterative prototypes. AR objectives are often broader with no preconceived
ideas of technological solutions. Participatory design has many tools and techniques
that can be used in the design process. These tools and techniques include: making
things tangible; talking, telling and explaining; and acting, enabling and playing [310],
and can be used to probe, prime, understand or generate designs with individuals
or groups. The process of PD is reported to have three basic stages: 1) initial
exploration of the work, 2) discovery process and 3) prototyping [311]. The first stage
might involve observations and interviews with participants, the second stage involves
interactive techniques such as storyboarding and the third develops paper mock ups
or model prototypes. In [312] it was considered that unlike in traditional research
“accountability and rigour are nuanced concepts that are delivered through debate,
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Table G.2.: Four ways of integrating quantitative methods in participatory dynamics
of action research, from [313].
Sequential integration
QUAN → PAR PAR → QUAN
Improve
Goals of QUAN
reflection with
within AR
evidence-based
process
data
Role of
participants in
QUAN
AR cycle

Embedded integration
QUAN(par)
PAR(quan)
Improve
Monitor changes
Improve
observation;
and provide
deliberation and engage
relevant data for
decision making participants in
evaluation
the process

Data receivers

Data receivers

Data producers

Evaluate →
Reflect

Act → Evaluate Reflect, Plan

Data producers
Observe, Act

critique and reflection”, and as such they provide a tool that can guide researchers
through this process of critical reflection and analysis.

Integrating building science methods into a participatory
framework
Based on the above discussion, the following section discusses how the concepts of
participatory action research could be incorporated in a future research with aspects
of building science. In [286] a useful framework for participatory action research
for health care interventions was provided, with a the three-stage framework for
action research: problem identification; solution generation; and implementation,
monitoring and evaluation. It is said that presenting the framework in this way
allows the participants to understand the level of involvement necessary and a realistic
understanding of the boundaries of the work and potential changes. It is suggested
that this framework is adapted for the purposes of future research and building science
methods included in each stage.
The use and integration of quantitative methods (such as building science methods) in
participatory action research poses questions about the compatibility due to ontological
and epistemological view points [313]. In [313] a review of how quantitative methods
(QUAN) have been integrated in PAR was carried out. These can be categorised
into four approaches under either sequential integration or embedded integration.
This categorisation can be seen in table G.1. In the case of future research building
science methods will most likely be integrated sequentially in each stage, and provide
evidence-based data on which to reflect (QUAN → PAR).
The suggested methods and each stage can be seen in figure G.2. In the first stage, a
combination of dwelling and occupant surveys, focus groups, indoor environmental
quality monitoring and meetings with stakeholders will used to identify which housing

359

G. Participatory action research

priorities to assess and to understand the barriers to addressing these. The second
stage will employ participatory design techniques with participants and stakeholders to
develop intervention solutions; these will be then evaluated using building simulation
modelling and health impact modelling. The third stage will be implementation of
changes and the monitoring and evaluation of these changes using indoor environmental
quality monitoring, occupant interviews as well as focus groups and stakeholder
workshops.

Figure G.2.: Proposed framework for future research

Integrating building science methods in such an approach would allow the wider
context to be considered. At the same time, the participants needs and desires will be
central to the research and applicability of interventions will be increased.
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