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FOREWORD

Keeping cool, in hot climates, has in recent decades become a matter for
public concern and action affecting whole urban populations.
Air-conditioning has extended from the rich to the middle classes in
hot-climate cities and will soon be accessible to the fairly poor. City planners
have expanded a two-centuries-old interest in the ‘urban heat island’ effect
to include detailed thermal modelling of blocks and districts. Urban cooling
has created a massive new demand for energy in rapidly developing coun-
tries and cooling energy is set to globally overtake that required for winter
heating in the cold climates. The recent field of district cooling is beginning
to replace building-by-building air-conditioning. At last, tropical architec-
ture is returning to its traditions of climatically responsive solutions, though
now with a mixture of passive design and mechanised cooling technologies.

Several forces are working to make hot cities even hotter, including
global warming, hardscape and a steady growth in the release of heat from
humans, vehicles and (ironically) from cooling plant itself. Rises in peak
urban temperatures of up to 6 �C by the year 2100 are being forecast. The
energy and greenhouse gas emissions associated with cooling are very
serious, but so are the human consequences. Given rising heat stress and
indeed mortality from high temperatures and heat waves, this is also a
matter of public health policy. Cooling is even provoking discussion of
rich-poor thermal inequity. Lower productivity is yet another consequence
of the urban heat island effect.

This timely book has arisen in part from a 3-year, 6-partner study of
‘Energy and Low-incomeTropicalHousing’, funded by theUKgovernment.
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Edited by an architect and a town planner, it addresses urban cooling on three
levels: individual buildings—urban neighbourhoods—whole cities. Its con-
tributors address the concerns noted above and explore how cooling needs
can at once be reduced, and supplied in ways that avoid the unwanted positive
feedback of releasing ever more ‘reject heat’ into the streets and atmosphere
of large cities. The Asian focus in the case studies reflects the expectation that
soon most of the world’s megacities will be in tropical Asia.

T.H. ThomasDirector of the EPSRC-funded ELITH
Research programme

School of Engineering, Warwick University, UK
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ABOUT THIS BOOK

Following a very brief discussion of cities, energy and cooling, we present
examples that illustrate both research and practice in the field of cooling in
hot climate cities. Whilst building on extensive scientific sourcing, we avoid
detailed technical information, which is available in the specialised literature.
The chapters and case studies in this book represent a deliberate mix of
design, research, planning and policy approaches. Whilst our readers may
have particular interest in one or two of these fields, we emphasise the need
for interdisciplinary understanding and processes. Policy makers and urban
planners often have little contact with the latest research, and researchers for
their part often have limited interaction with the real world faced by the
decision makers.

Conventional city policy and planning seldom consider which is the
optimal level for sustainable solutions. This distinction of levels is vital. Is
it most advantageous or cheapest to solve problems at the level of individual
buildings, at the larger scale of an urban district, or at the level of the overall
city energy system? One may broadly discern three ‘levels’ of action: termed
here the micro, meso and macro levels. The micro level pertains to the scale
of individual buildings; the meso or intermediate level to larger develop-
ments, such as a housing estate or office precinct; and the macro level to
whole urban districts or cities. This book provides sections addressing each
of these levels, with examples illustrating concrete solutions, scientific
research, and overarching planning or policy questions.

On the micro level we present examples of individual buildings that
reduce environmental impacts including the need for cooling, and a chapter
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discussing research and policy processes on a national basis towards energy
efficient buildings. Our meso level section includes a research study on
creating cooler city microclimates using vegetation, an example of a
climate-adapted residential neighbourhood, and a concept design for a
dense urban development that aims to integrate all three aspects of building
design, planning layout and energy supply system. On the macro level,
finally, we again present examples from different perspectives: climate-
adapted sustainable city design, scientific research into cooler city layouts,
and macro-scale energy solutions for hot climate cities with their policy
implications. The interconnections between these three levels are
emphasised throughout the book.

A good cross-section of Asian countries is represented: China, Thailand,
India, Sri Lanka, Malaysia and Singapore. Whilst the examples are selected
from Asian hot climate cities, they are largely relevant for other hot climate
contexts too. For a comparative perspective, we also draw on European
state-of-the-art experience. Vernacular traditions are noted, for they contain
evergreen wisdom, which we can, and indeed should, apply in new ways. A
big challenge lies in identifying solutions that suit local cultural and gover-
nance conditions; technically excellent solutions in one country may be
totally inapplicable in another. We face the questions: how relevant is recent
temperate climate research for hot climate cities? What lessons are transfer-
able? What particular opportunities can be found in hot climate developing
countries? In our concluding chapters we, therefore, add reflections on
types of city, on the dynamics and barriers to sustainable solutions, and a
few key recommendations.

xii ABOUT THIS BOOK
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CHAPTER 1

Introduction

Ali Cheshmehzangi and Chris Butters

THE ENVIRONMENTAL CHALLENGE OF OUR CITIES

With rising affluence and rapid urbanisation, the energy and climatic, as well
as, health impacts of cities are of increasing importance. Much of this
intensive urban growth is in the hot climate developing countries, not
least in Asia. The quest for ‘sustainable’ cities has led to innovative and
successful solutions that offer better living quality along with greatly
reduced environmental impacts. Due partly to a lack of resources, less has
to date been done in developing countries and hot climates. The largest
energy and climatic challenge in these cities is that of cooling.

Our urban environment determines indoor climate and wellbeing, as
well, as outdoor comfort and public health. Whereas tackling the issue of
heat in cities is our focus, sustainable development is essentially about
quality of life, for both people and for the environment, both now and in
the future. Seen as a whole—which it must be—the aim is a good balance
between all three areas of ecology, economy and society. In the real world,
however, economic and socio-political factors often weigh more heavily in

A. Cheshmehzangi (*)
The University of Nottingham Ningbo China, Ningbo, China

C. Butters
University of Warwick, Coventry, UK

1© The Author(s) 2018
A. Cheshmehzangi, C. Butters (eds.), Designing Cooler Cities,
Palgrave Series in Asia and Pacific Studies,
https://doi.org/10.1007/978-981-10-6638-2_1



decision making than environment. This represents missed opportunities,
where growing cities are locking themselves into poor health as well as huge
future energy and climate burdens. Yet many sustainable solutions exist
already, and do not even necessarily cost more. This applies equally in the
field of cooling.

Hot-climate cities are increasingly problematic due to congestion, pol-
lution and deteriorating microclimates, not least growing urban heat island
(UHI) effects (Santamouris 2007). As is well known, inner city tempera-
tures are commonly several degrees hotter than the surrounding country-
side; leading to increased energy needs for cooling, as well as heat stress and
indeed mortality. Global warming and rapid urbanisation both exacerbate
overheating in cities. In this book, we focus on case studies from Asian hot
climates because projections suggest they will be subjected to more land
degradation, population displacement and economic disruption from cli-
matic changes (including sea level rises) than any other part of the planet
(Anthoff et al. 2006; USAID 2010). Our selected region is thus the most
vulnerable to climate change and temperature increase. A megacity like
Manila in the Philippines has already reached the danger level of 2 �C
increase in its urban core—the increase to be avoided as part of the 2015
Paris climate agreement. Hence, we face a major challenge for both existing
and new cities, and particularly for the urban poor who cannot afford better
living environments or cooling amenities.

There is abundant research, as well as experience, about energy, trans-
ports, pollution, green buildings and other specific urban environmental
topics. Much of it is addressed by specialists, one issue at a time. Our aim is
to highlight the whole picture and address the issue of urban cooling in an
interdisciplinary way not often found in practice but essential for sustainable
outcomes. This book is, therefore, addressed to a wide readership of designers,
urban planners, energy planners, city authorities and policymakers. It high-
lights a multidisciplinary perspective and the potential of integrated methods
towards urban cooling.

Millions are moving to live in often mediocre or poor urban conditions.
These new city dwellers comprise three main groups: those at the bottom of
the pyramid in informal settlements, slums or low quality urban housing; a
large, upwardly mobile low- to middle-income group; and a small well-off
group at the top. Whilst all are important, it is in this large middle group that
energy use is rising very rapidly, as they acquire amenities including air
conditioning (and cars). In addition, in developing countries the buildings,
vehicles and amenities these households obtain are seldom of high
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efficiency. Therefore, there is an ever-growing need to inform policy
makers, developers, planners, designers and consultants of related sectors.

Today’s rising climate emissions correspond broadly to rising energy use;
this coupling will continue as long as energy supplies are largely fossil fuel
based, and most projections suggest that, in 2050, two-thirds or more of
global energy use will still be oil, coal and gas (US Energy Information
Administration 2016). Three main solutions are available to us: conversion
to renewables, energy efficiency, and downscaling or behavioural changes.
Downscaling is most applicable to the rich, and is directly energy and cost
saving; but people in developing countries are relatively poor and still need
more, not less, basic energy amenities. Energy efficiency is often the
cheapest technical option, but is not easy to achieve in developing countries
due to lack of technology, resources, institutions or all three. Renewables
for their part are spreading, but not fast enough to mitigate climate emis-
sions alone. Whilst all three avenues are important, this book focuses on the
task—which is preventative, and largely free—of environmentally skilful
planning of cities and their overall energy systems. We do not address details
of the many specific technologies, such as air conditioning or desiccant
cooling. Technology is—if anything—the easier part. Sustainable design
of cities can greatly reduce their needs for energy, whatever the technology;
including for cooling.

Existing cities face the huge task of restructuring for sustainable devel-
opment; new megacities have the opportunity to ‘get it right’ first time. But
their rapid growth combined with a lack of resources often leads to poor
solutions. Rapid growth is problematic in itself, frequently being at the
expense of local environments and of living quality: ‘Hong Kong’s first
large-scale sustainability research initiative (Barron and Steinbrecher
1999) has revealed the astonishing deterioration of the environment. The
main environmental problems are associated with over-concentration due
to high-rise and high-density development, and include poor air quality,
water depletion, noise, and excessive waste production’ (Zhang 2000). It
often implies hasty, poorly prepared and controlled urban development.
The field of energy is one example; even in countries, such as, Thailand and
China, where adequate skills and planning systems exist, it has often been
seen as too early to impose strict requirements for energy efficient build-
ings—which might hamper growth. To do so, in poorer regions of Asia, or
Africa, is even less realistic. Hence, many cities are heading for huge future
energy use and emissions, as well as, hot and unhealthy living environments.
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CHAPTER 2

Cities, Climate and Cooling

Chris Butters and Ali Cheshmehzangi

CITIES AND CLIMATE

For the first time in history, since 2007 over half the world’s populations live
in cities (Laski and Schellekens 2007); clustered together in communities,
neighbourhoods, districts and cities that may consume as much as 75 % of
global energy (Asif et al. 2007; Lehmann 2015), although occupying only
3 % of the global land surface (UNEP 2012). Buildings alone account for
40–50 % of the world’s energy consumption. Developing countries have
lower climate emissions per capita due to generally lower energy use, but
they are set to overtake developed nations, as urban population increase will
predominantly be in developing countries (Jiang and Tovey 2009). This
book addresses cities, where the main energy need for indoor comfort is
cooling. There are other contexts where much of our discussion is relevant.
In many climates, there is some need for winter heating even if the require-
ment for most of the year is for cooling. Many inland continental cities, for
example in central Europe and the US Midwest, have both extreme heating
and extreme cooling seasons. Yet sustainable city planning and building
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applies similar principles in all climates, if with opposite solutions—for
example keeping heat out as opposed to keeping it in, or maximising
cooling breezes as opposed to avoiding the chilly effect of cold winds.
There will always be local or regional particularities: local weather con-
straints, such as, smog, rain or inversions; local opportunities, such as,
prevailing breezes, water bodies and local renewable sources of energy.

There is a fundamental difference between hot-dry and hot-humid cli-
matic conditions. Most Asian cities have hot-humid climates, whereas the
Middle East and many African regions have a dry climate. In general, the
hot-dry context is easier to address. In hot-dry climates, where there are
often cooler nights, massive buildings help to maintain lower temperatures
and this can be aided by evaporative cooling and other traditional measures;
there are few such options in hot-humid climates. But in both hot-dry and
hot-humid climates the two key principles for keeping cool are the same:
solar protection and maximising air movement. These two apply both to the
design of individual buildings and to the layout and design of streets and
outdoor spaces. Whilst using these natural or ‘passive’ strategies can con-
siderably reduce city temperatures, in the tropics they are often not suffi-
cient alone and added ‘active’ cooling technologies are needed.

The main sources of energy use, and hence, of both heat and greenhouse
gas emissions in cities are buildings and vehicles. We touch on transports
only insofar as urban layout influences transport requirements. Energy for
buildings—and for urban infrastructures—includes both the energy needed
to operate them with cooling, lighting and so on and, importantly, the
energy used to produce them. This embodied energy forms a very signifi-
cant part of the overall picture; increasingly so as operational energy
becomes ever more efficient. We return to this below. Space cooling in
hot climates represents the largest energy need in buildings, often over half
the total.

Energy needs are influenced by many physical factors including city
density, layout, green space, building design and technology. Three main
approaches to reducing them are: improved design, such as, passive cooling
and low embodied energy materials; improving technological efficiency, such
as, for lighting or air conditioners; and addressing energy behaviour. All
three can be partly solved at urban rather than individual scale. Urban layout
and building design can improve local microclimates, reducing ambient
temperatures and hence cooling needs. District energy systems for cooling
are technically much more efficient than individual ones. Planning and
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transport solutions as well as city management can promote energy saving
and reduce travel, again reducing unwanted city heat.

Cooling in hot climates was traditionally achieved by vernacular solu-
tions, which often demonstrate extremely intelligent ‘design with nature’,
both for buildings and for town location and layout. Today, the universal
trend is to mechanical air conditioning (AC); mostly with individual AC
units in each building. Each unit ejects waste heat into the environment,
thus just heating up its neighbours and increasing the energy load and urban
heat island effect even more. Apart from its cost, AC can have drawbacks
including noise, health risks, and the fact that it requires high quality
(exergy) electrical energy. Improving the efficiency of AC is, thus, only a
part solution, and helps little if, as in many cases, the volume of AC is
increasing so rapidly that it outstrips the efficiency gains.

Good urban planning and building design provide free, passive cooling
and reduce or even eliminate the need for added mechanical cooling.
Passive solutions, discussed more in our examples, are the top priority.
There are many reasons for this: first, to minimise the energy needed;
second, they tend to be cheaper than energy supply; third, because passive
solutions are robust since they are ‘the building itself’; whereas all technol-
ogy, renewable or not, is susceptible to lower than expected performance,
incorrect use, and breakdowns. An energy efficient window is usually more
cost-effective and lasts longer than a solar panel; the shading and cooling
effect of trees is cheaper and longer lasting than cooling supplied by an
AC unit.

Whereas technical efficiency is important, it does not solve the key issue
of the urban heat island (UHI). Essentially, what is needed is to remove the
sources of heat from the city environment. The key is to address cooling not
at individual building level but at an urban scale instead. District energy
systems, which are not yet widespread, are discussed in Chap. 11; district
cooling is almost the only solution to UHI in hot-climate cities.

The role of green spaces and vegetation in moderating the urban micro-
climate is important too. They have been shown to considerably lower city
temperatures, in addition to other environmental benefits, such as filtering
air pollution and reducing noise. This field has been widely studied; several
of our chapters provide examples of research in the Asian context. Location,
layout and design of a city’s green infrastructures can reduce temperatures,
as well as providing outdoor wellbeing, biodiversity, leisure and social
spaces.
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WHAT KIND OF CITY?

A worldwide tradition of living in low-rise housing is giving way to life in
urban apartments. This brings huge socio-cultural changes. Our paradigms
of urban form include European city typologies, modernist zoning, dense
high-rise, garden cities and suburban sprawl; with widely differing economic
and social, as well as ecological characteristics. Whilst many argue for ‘human
scale’, others praise the dynamic qualities of megacities, although few would
deny that their scale and complexity imply strenuous administration and
governance, including for infrastructures, transport, energy and other ser-
vices. The popular ‘compact city’ paradigm offers advantages especially in
terms of urban transport efficiency, but also a ‘compact’ concentration of
negatives: high land prices, congestion, air pollution and noise.

Principles for sustainable building and cities are well known, but are
seldom applied in a rush for development; coupled with a rather uncritical
trend towards high-rise, or outdated zoning models from the modernist era.
In addition comes the free rein given to private cars, with their impacts on
the environmental as well as social characteristics of cities. High-rise devel-
opments are a common model, especially in the emerging economies; not
only for business districts but also for residential areas. By contrast,
European cities, such as London or Berlin, have pockets of high-rise but
consist largely of low-rise, medium density urban fabric. At the other
extreme lies the very low density ‘sprawl’, widespread not only in North
America. It is notable, however, that high population densities can be
achieved in quite low-rise cities, such as those in Europe (LSE/Eifer
2014). We have discussed elsewhere how dense high-rise entails far higher
embodied energy, debatable economies of scale and few energy efficiency
advantages, in addition to the many positive social qualities of low-dense
type towns (Cheshmehzangi and Butters 2017). Many people believe that
high-rise is a necessity in order to house growing populations, but this is not
the case.

Rapid growth combined with a lack of resources often leads to poor
solutions. The fast pace of development in countries, such as China, can be
illustrated by the following: ‘almost 80 % of the residential construction
projects in Xiamen Island were built after 1990, whereas only 6.7 % of the
construction was built before 1980’ (Ye et al. 2011). Such rapid growth is
problematic, often being at the expense of local environments and of living
quality. It often implies hasty urban development. The same rapid growth
applies to energy use: in Thailand, household energy use is projected to
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double by 2030, and over 70 % of this is in the urban sector
(Chirarattananon et al. 2014); in Chinese cities like Ningbo, air condition-
ing (AC) in households has been increasing by 10 % per year (Ningbo
Annual Statistics Yearbook 2013).

Most of the above points have particular relevance for low-income
contexts, which are prevalent in many developing country cities. Whilst
energy and climate emission aspects are our focus, here again we must
‘join the dots’ and think holistically: for example, about economic and social
arguments for low-rise, including classic qualities relating to identity, secu-
rity, human scale and conviviality. Dense high-rise urban environments
require infrastructures and buildings of a high standard in order to be
liveable and avoid environmental problems such as pollution, noise and
UHI. In low-income contexts, which includes much of the planet, con-
struction quality is frequently poor, which also argues against dense high-
rise typologies as an appropriate model. For, whereas high quality compact
cities may provide satisfactory conditions, low cost high-rise can often lead to
little better than ‘vertical slums’.

Over half of the world’s population now lives in cities, in overall densities
above 4000 persons per square kilometre; half of these live in cities of over
one million inhabitants; and more than half of the largest urban areas are in
Asia (Demographia 2016). We do not discuss the overall size of cities here,
but regardless of size, the shaping of all cities has a large influence on energy
use and climate emissions. In addition, as compared to individual buildings,
which can more easily be modified or replaced, the overall city layouts and
infrastructures have a very long lifetime, rendering future energy or emis-
sion improvements far more difficult. Hence, the added importance of long-
term planning. City ideals have long been debated; but today’s focus on
energy and climate adds urgent new dimensions to planning choices. It is
certainly useful to revisit known city concepts, some of which are advanta-
geous when seen in the new light of sustainability. What layouts and spatial
patterns can provide the coolest environments? The widespread paradigm of
high-rise, compact cities needs to be questioned. We return to this question
in the concluding section of the book.

COOLING

Heating, ventilation and air conditioning (HVAC) systems typically con-
sume 30–50 % of the energy in domestic and commercial buildings (Gruber
et al. 2008). In areas of high temperature and humidity, ventilation is one of
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the primary cooling tools for improving thermal comfort (Givoni 2011;
Dawodu and Cheshmehzangi 2017). High energy consumption, shortages
of conventional sources of energy and escalating energy prices have
prompted a revaluation of conventional air-conditioning, HVAC, and
design practices. There is renewed focus on passive energy design tech-
niques to reduce energy consumption and improve thermal comfort and
health whilst reducing environmental impacts (Geetha and Velraj 2012; Dili
et al. 2011; Dawodu and Cheshmehzangi 2017). This view of passive
design stretches beyond buildings and pertains to the entire urban environ-
ment from a neighbourhood scale (meso level) to city scale (macro level).

Factors of human wellbeing including physiological comfort are partly
subjective. It is well recognised that comfort is both individual and culturally
variable (Nicol 2004; Kwong et al. 2014). In the tropical regions, temper-
atures of around 29–30 �C are widely perceived as quite comfortable.
Scientific studies build on this knowledge using tools, such as the predicted
mean vote (PMV) methodology. It is also recognised that occupants feel
more comfortable in spaces where they can control their indoor tempera-
ture, as opposed to automated AC environments. This can also lead to lower
energy consumption. But excessive temperature and humidity cause both
discomfort and ill health, especially when combined with city air pollution,
and in extreme cases mortality, which is foreseen to rise in future given both
rising UHI effects and global warming. Access to natural environments and
green space is also recognised as important for health (Hahtela and Wolgate
2013; Hanski et al. 2012). In addition, comes reduced productivity, a major
issue for workplaces including offices and not least in the many thousand
factories in the Asian economies.

Both space heating and cooling involve small temperature differentials:
we need to raise or lower the ambient temperatures by typically only
10–30 �C. It is, however, easier to tolerate high temperatures than it is to
tolerate cold for any length of time. For thermodynamic reasons, heating is
often easier technically than cooling. Available sources of free or nearly free
heat in the environment are relatively plentiful; they include solar energy,
waste heat from industries and geothermal (underground) heat. In cold
climates, the free heat generated by lights, cooking, appliances and human
bodies is also a useful source—whereas such indoor heat gains are
unwelcome in hot climates. Available natural sources of cold, on the other
hand, are far more limited; they can include cooler air available at night, and
cool water from rivers, seas or lakes.
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The physical difference between heat, work and power—thermodynamic
energy quality—is central in energy planning. Power, that is electricity or
motive force, is high-quality (high exergy) energy and can be simply
described as highly concentrated energy; hence, more difficult to achieve.
The high-quality energy available from fossil fuels in our times has enor-
mous value. By comparison, the energy of human labour, a large compo-
nent of both costs and time in developing country construction, is almost
negligible when compared to most energy inputs. For example, one kilo of
plastic water pipe contains around 90 MJ of energy, which corresponds to
roughly 200 hours of human labour. The energy needed to construct a
small timber house is around 100,000 kWh (Venkatarama Reddy and
Jagadish 2003). This corresponds to around 500 years of human ‘work’—
a telling reminder of how incredibly useful energy is to us.

The city as a built environment is itself a cause of the heat island effect,
due to its form and the hard surfaces that trap solar radiation. This is where
vegetation, lakes, green roofs, reflective surfaces and other passive measures
all provide cooling effects. Cities also greatly hinder the other key means of
natural cooling, wind, due to the dense layout and barriers to air movement
formed by the buildings. Ways to address this are discussed in several
sections of the book. However, the core problem with today’s predominant
energy solution, mechanical AC, is that in cooling individual spaces it rejects
waste heat into the city air; thus increasing the overall heat in the city.
Hence, there are three generic options. The first is that of climate-adapted
‘design with nature’, both on the level of individual buildings and that of
urban layouts; in the best case this can eliminate the need for cooling for all
or most of the year. The second is technological efficiency, reducing the
amount of energy needed by appliances such as AC to deliver a given
comfort level. The third option is to remove unwanted heat production
from the inner city altogether. This solution, district cooling, presented in
Chap. 11, is at the macro level, the only way to not only stop increases in city
heat but to reduce it. It can be added that the same applies to the other
major source of city heat, namely vehicles; to reduce this, one must remove
the source of the heat from the inner city, either by reducing the volume of
traffic or by replacing it as far as possible with electric and other non-heat
producing transport modes.

Both passive design and natural ventilation are fast developing fields
today; as is that of district cooling. In short, solutions exist but they are
not widespread. The urgency of this is well recognised in Asia including
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within major organisations such as ASEAN; again, the main challenges are
not technical but ones of resources, policy and implementation.

ENERGY AND CARBON

For readers less familiar with this field, we include brief notes here on energy
versus carbon and operational versus embodied energy (OE, EE). In this
book we refer generally to energy; the carbon (or climate) impacts of built
environment correspond broadly to those of energy since energy supply
systems are largely fossil-fuel based. A reduction of the carbon impact with
significant decoupling occurs only when our energy supplies become largely
renewable.

Energy is both a cornerstone of our lives and important due to its costs
and impacts. Energy reductions generate cost savings, for people, and
greenhouse gas savings, of global benefit. Energy is used in creating build-
ings and cities and again in operating them. The carbon angle is important
due to climate change; carbon saved now is more ‘valuable’ than carbon
saved in 100 years’ time, by which point one assumes the climate issue will
have been solved (or else it is too late anyway!). Energy is a permanent
challenge, but even more today due to its correlation with the climate
question. The energy footprint of buildings and other products should
diminish over time as production processes become more efficient and as
our energy is more and more from renewable sources. In the context of
buildings and city infrastructures a major exception to this is the case of
Portland cements, where the chemical process of production (calcination)
emits more CO2 than the production energy, and is a large factor in the
lifetime footprint of many constructions. This one material is the source of
roughly 5 % of global carbon emissions (Worrell et al. 2001). For sustain-
able building, we must in addition, consider toxicity to humans or the
environment; this includes, substances that may not be important in terms
of energy or climate (including SO2, NOx, VOCs, formaldehyde, synthetic
mineral fibres, lead, asbestos and the like).

Until recently, in colder climates, such as Europe, the energy used to heat
buildings was by far the largest item. With recent low energy buildings, heat
loss has been reduced to a fraction; electrical appliances, including, lighting
are also now far less energy consuming. Since the operational energy is thus
greatly reduced, the embodied energy to produce the materials becomes a far
larger part of the total. This picture has only emerged over the last
15–20 years. The part played by the materials assumes great importance.
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The fields of OE and EE are well established but complex. Methodolo-
gies, assumptions and contexts require careful handling. The prevalent
approach is life cycle analysis (LCA), which also has variants; adopted
boundaries may be cradle-to-gate, cradle-to-grave or cradle-to-cradle—as
well as limitations; for example the post-use phase does not account satis-
factorily for residual energy/carbon (Sassi 2008). The focus of such studies
also depends on the purpose; the perspective (and goals) of a manufacturer
is different from that of a product designer, and different again from that of
a climate scientist.

For buildings, and to a large extent for other products too, OE is most
commonly accounted in terms of MJ or kWh, measured per area of build-
ing, to which one may add per year of lifetime or per whole lifetime. It is
notable that building lifetime is often assumed to be 50 years, both in legal
standards and for cost-benefit calculations. This, in our opinion, is too short
to be called ‘sustainable’. The lifetime assumption obviously has a big
impact on the result. EE is similarly accounted in terms of MJ per kg of
building material, eventually aggregated as MJ per unit area of building. For
carbon, corresponding units are normally kg CO2e per unit area or per kg of
product. All other greenhouse gases (GHG) being converted to CO2

equivalents; for example, 1 kg of methane has the same greenhouse effect
as about 21 kg of CO2. One thus arrives at an overall figure for a building’s
performance, which can be compared to other buildings, used to set up
benchmarks or, in the design stage, to evaluate initial concepts and develop
more favourable options.

Embodied energy and carbon figures vary widely. For example, alumin-
ium made using renewable hydropower in Norway requires the same pro-
duction energy per kg but has a much lower embodied carbon impact than
aluminium that is produced in China using fossil fuels. If we use a database
containing figures based on ‘EU average’ for aluminium production, we
cannot directly compare to a building where the aluminium is produced
using energy from oil or coal. Similarly, in developing countries, factory
efficiencies may be much lower than those in, say, Europe. Hence, one must
often revert to a detailed consideration of the primary energy picture.

Operational energy is the energy needed to run buildings. OE includes
space climatisation, cooking, hot water, lighting and other appliances. In
low-income contexts, it is very important because it requires a cash flow. In
some developing countries cooking forms the largest home energy demand.
In the rapidly urbanising low- to middle-income sectors, space cooling
forms the main growth in energy use. As noted it can to a large extent be
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ensured by good building design using passive means, less easily in
hot-humid climates, and not in polluted cities where outdoor air is unde-
sirable. Being free, passive solutions are a priority.

Embodied Energy (or carbon) has received less focus. In low-energy
buildings, the EE may constitute over half the total lifetime energy. A
building’s life has three main phases: construction, recurrent maintenance
or modification, and final demolition. EE is the total energy used over the
building lifetime for manufacturing its components, transport, assembly on
site, lifetime maintenance and final post-use disposal. Production of the
materials normally accounts for the bulk of the EE. Vernacular building
uses natural materials like earth, stone, timber and other vegetal products.
These have environmental advantages, such as low energy intensity, local
availability and biodegradability. With energy and climate in focus, the
traditional materials are regaining interest.

Means of reducing EE include selecting less energy-intensive materials,
using less material, increasing the efficiency of material manufacture and
extending building life. In hot-dry climates, heavy materials are often
favourable, but lightweight solutions in hot-humid climates. Lightweight
means generally less material and lower EE: an inherent carbon advantage.
But urban buildings today are increasingly of heavy materials, such as
concrete and steel. Looking ahead, the challenge of reducing EE is equally
relevant for less developed contexts, since urban construction is following
similar energy—and carbon-intensive trends all over the world. One can
fairly easily reduce EE by up to 50 % in both hot-dry and tropical climates
through use of lower EE materials. For many though not all purposes,
revitalisation of traditional low-energy materials, in improved forms, is
advisable, including non-cement-based masonry and new plant-based
biomaterials.

INTEGRATED SOLUTIONS

Since mitigation of energy use and climate emissions is only partly about
individual buildings but equally about the overall city planning and energy
supply systems, there is a great need to link engineering and architecture
with landscape design, urban planning and energy planning. Sustainable
solutions demand whole thinking and integrated planning processes. To
simplify, one may say that the architect is looking at the individual building,
the urban planner only at the overall layout and the energy planner only at
issues of energy supply. In energy planning, demand side management
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(DSM) receives increased attention today, but there is still little consider-
ation as to which of our three levels offers the best solutions, or in what
combination. Not only the skills but the focus and interests of the actors in
these fields are often divergent or even conflicting. We refer to the issue of
integration at several points in the book.

There are many synergy effects to be achieved by seeing building, urban
layout and city energy system in conjunction. And we should not confine
our view to the city limits. As has been illustrated in an Ecocity Master Plan
developed by GAIA architects for another Asian context, Taiwan, there are
synergy effects to be realised by integrating a city and its hinterland (Butters
2013; Bokalders and Block 2007). In regard to city cooling, it is mainly
environments outside the city itself—air, river or others—that are the
recipient or heat sink for the large quantities of waste heat that arise when
producing energy including district cooling to the city. The surrounding
countryside, our source of food, energy, water, wastes treatment and rec-
reation—and cool fresh air—must be understood and revitalised as integral
part of a total eco-social system. This must be the paradigm for sustainable
human settlements. There is really no such thing as a ‘sustainable city’, a
term which we argue is in some ways an oxymoron (Butters 2013;
Cheshmehzangi 2016).

This is another reason why we have combined design practice, research,
planning and policy in this book. The specialist approach often leads to
missed opportunities. The relatively new area of ‘Industrial Ecology’ is an
example of holistic planning, where industries and other functions are
co-located and planned so that both the by-products and waste energy
streams from each part are used as resources in others. As will be shown in
Chap. 11, some district energy systems in countries like Malaysia are exam-
ples of this integration.

SOME UNDERLYING ISSUES

Sustainable city development demands broad vision; the topic of urban
cooling ties in with several quite complex and interconnected questions.

Energy and Poverty

As noted, it is the low-income groups who risk being especially disadvan-
taged in the hot megacities. There is some conflict between two equally
valid policy goals: reductions of energy use and climate emissions on the one
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hand, and poverty alleviation on the other. Absolute reductions in energy
use or climate emissions cannot be demanded of the poor. The rich can
reduce their footprint, by efficiency gains and reduced consumption; but
the poor need access to more energy—more cooling as well as more space,
lighting, transport, and public services. The greatest growth in energy use
and climate emissions is in the low- to middle-income segment of the
upwardly mobile urbanising populations. This tendency is worldwide and
likely to persist; hence, our topic is of growing relevance in the near future
for less developed countries too. Must the new urbanising millions follow a
conventional development path, in unhealthy conditions in conventionally
designed cities, towards the excessive energy and resource use of the rich?
Can we reduce this coming growth in energy use? Our energy/climate goal
must be largely preventative; not absolute reductions, but avoided future
impacts of these cities.

Context, Technology and Behaviour

Second, energy including space cooling is relative to socio-economic fac-
tors. Whilst the rich in all countries tend to have similar energy amenities,
low-income groups may still have no energy amenities at all. Hence, our
focus will depend on the particular city context, both climatic, socio-
economic and cultural. In terms of needs and equity, the poor are most
important. Priorities for energy policy, planning and buildings depend on
specific socio-economic conditions in the urban districts in question. Sim-
ilarly, there is wide recognition today that energy is not just a technical
matter, but a socio-technical one. Energy behaviour—such as the much-
discussed rebound effect, and even ‘prebound effect’ (Sunikka-Blank and
Galvin 2012)—is increasingly in focus; many energy-efficiency programmes
are not achieving the calculated results due to behavioural factors. Poorly
chosen solutions may result in high energy use due to such factors despite
being technically very efficient. This signals the need for a major shift in
energy-policy approaches, to a better balance between the technical and
sociological aspects; again a question of cross-disciplinary understanding
and integration.

Defining Comfort

Third, indoor environment and thermal comfort are defined in differing
ways. It is well known that ‘advanced’ norms and standards, such as those of
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the World Health Organisation (WHO) or the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), most
of which were developed in the West, are not always applicable in hot
climate cultures—where higher temperatures and humidity may be per-
ceived as comfortable (Wang et al. 2010). Those are ‘high end’ norms,
which imply high energy use and will, in addition, be unrealistically costly to
achieve in many developing country contexts. Given the lack of resources in
much of the Asian context, if we insist on absolute norms then the poor are
likely to stay as hot and uncomfortable as they are for many years to come.
In the poorer cities or typical slum contexts, which have neither energy
access nor money, our primary goal should rather be a pragmatic one: to
improve indoor (as well as outdoor) thermal conditions significantly, but
without added costs; not necessarily to achieve the unrealistic goal, at least
in the short term, of absolute standards or absolute reductions in climate
emissions.

RESEARCH AND THE REAL WORLD

Finally, there exists a large body of scientific and research literature on cities
and urban energy. However, many of the specialist scientific publications
are not open access and are seldom read outside academic circles. Knowl-
edge on passive cooling has been around for several decades but is seldom
being applied in contemporary city planning. This underlines a frequent
disconnect between research and reality. Much research is very theoretical
too, whereas there are quite simple principles and solutions available,
requiring little more than awareness and knowledge, which can be applied
today by city authorities and planners. Hence the need for a pragmatic
approach; ideal solutions are seldom attainable in the real world of cities.
The need is not so much for technical innovation as for dissemination and
delivery of tried and known solutions.

We now turn to nine selected case studies across the hot climate zones of
Asia, three on each level of micro, meso and macro considerations towards
cooler cities.
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PART I

Case Study Chapters: Micro Level

In this section of the book we present three cases that address the micro
level of individual buildings. The first is an example of ongoing applied
research in a state-of-the-art building in China. This is followed by a design
study of a climate-responsive building in tropical Sri Lanka, where we also
highlight vernacular or traditional approaches to creating cooler indoor
environments. The third chapter in this Part addresses the topic of national
policy and regulations towards energy-efficient and cooler buildings, taking
the case of a project led by the editors’ research colleagues in Thailand.



CHAPTER 3

Reducing Cooling Loads in Hot-Humid
Climates: A Best Practice Research Building

in China

Ali Cheshmehzangi and Linjun Xie

INTRODUCTION

In this chapter we discuss a project that epitomises the research required to
find sustainable solutions and create comfortable environments at the micro
scale of individual buildings, the IBR centre in Shenzhen, China, which was
a research project in itself and continues to be a focus of ongoing research,
experimentation and monitoring. The knowledge base ranges from the
sciences of climatology, human comfort and behaviour to those of building
physics, energy systems and advanced engineering; the challenge lies in
integrating these diverse fields. Whether at micro, meso or macro level,
the common cause is the application of advanced design and science to
solutions in practice of our overarching challenge: warming environments,
both at the local level of cities and that of the planet.

Since the Kyoto protocol of 1997, most countries have committed to
reducing fossil fuel consumption and greenhouse gas emissions. Buildings
outweigh both industry and transport and account for some 40 % of the
total picture (WBCSD 2007), with further increases due to rising world

A. Cheshmehzangi (*) • L. Xie
The University of Nottingham Ningbo China, Ningbo, China

23© The Author(s) 2018
A. Cheshmehzangi, C. Butters (eds.), Designing Cooler Cities,
Palgrave Series in Asia and Pacific Studies,
https://doi.org/10.1007/978-981-10-6638-2_3



population and standards of living (Pérez-Lombard et al. 2008; Kamal
2012). With global emissions from buildings predicted to reach 42.4 billion
metric tons by 2035, 43 % more than in 2007 (USEIA 2010), energy saving
and efficiency in buildings has become a primary policy (Yilmaz 2007). Many
variants of green or sustainable building illustrate the advances made in
design, technical and managerial terms. With a variety of assessment tools
now adopted to guide green building design and construction (Leadership in
Energy and Environmental Design (LEED) in the USA, Building Research
Establishment Environmental Assessment Method (BREEAM) in the UK,
Green Building Council of Australia (GBCA) in Australia . . .), energy effi-
ciency is one of the key criteria (Zuo and Zhao 2014).

The HVAC (heating, ventilation and air conditioning) systems in build-
ings are the largest energy user amongst all energy services (Pérez-Lombard
et al. 2008). Heating and cooling loads are the ‘measure of energy needed
to be added or removed from a space by the HVAC system to provide the
desired level of comfort’ (Burdick 2011, p. 1). In the hot-humid climate
zone, cooling needs dominate.Main factors contributing to the cooling loads
are heat gains through opaque and glazed external surfaces and internal heat
gains (Aktacir et al. 2010; Wang 2000). External sources are principally solar
gain and infiltration of hot outdoor air; internal sources are principally from
people, cooking, lighting, and electrical appliances (ibid.). The architectural
and physical properties of buildings such as their design, thermal mass and
materials largely determine the cooling needs (Aktacir et al. 2010). With
buildings being both the thermal enclosure towards the outdoors and a
source of internal heat, measures to reduce cooling load are closely linked
to the improvement of building design and components (Burdick 2011).

REDUCTION OF COOLING LOADS IN HOT-HUMID CLIMATES

Techniques to reduce the cooling load are well known. Protection from the
sun and maximum air movement are the two most basic ‘defensive’ strate-
gies; in addition to minimising internal heat production. The appropriate
use of thermal mass—materials that can absorb, store and release heat—can
reduce the cooling load (Yang and Li 2008; Balaras 1996) especially when
combined with night ventilation to cool the building fabric (Kolokotroni
and Aronis 1999; Yang and Li 2008). Design-enhanced ventilation is a
primary and low-cost technique to provide thermal comfort, in addition
to a healthy indoor environment (Blondeau et al. 1997). Hui (2007) states
that passive cooling by induced natural ventilation is a most effective
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approach in hot-humid climates. At the same time, it is well known that
human thermal comfort varies in different climate conditions and cultures
(Givoni 1998). Hyde (2000) notes that the basic philosophy of climate-
responsive design lies in optimisation of building performance in relation to
local climate; hence the need for a full understanding of climatic influences.

Hot-humid climates pose unique challenges due to the combination of
internal heat, intense solar conditions and high relative humidity, rendering
conventional methods of reducing energy use difficult (Parker et al. 1997).
For example, extremely humid conditions can affect the insulating layer and
increase the rate of heat transfer through the building envelope, increasing
the cooling loads (Wang 2000). In an analysis of thermal comfort in
residential buildings in Malaysia, Zain et al. (2007) highlight the character-
istics of the solar radiation and the building envelope as well as ways to
improve the microclimate in the surrounds of buildings. Bojic et al. (2001)
found that even in hot-humid regions, thermal insulation on the outside
walls can reduce the annual cooling needs as well as peak cooling demand. A
similar conclusion is found by Aktacir et al. (2010) in a case study on the
performance of building thermal insulation in Turkey.

Characteristics of Hot-Humid Climate Zones in China

China’s hot-humid climate zones occupy one-third of the country including
the southwest, the middle and lower reaches of the Yangtze River and the
south, with the Sichuan Basin, part of the Guizhou region, and 21 provinces
and regions (such as Guangdong, Chongqing, Fujian, Hunan, Hubei,
Jiangsu, Zhejiang, and Anhui provinces) (Fig. 3.1) (Deng and Li 2016).
This climate features high annual rainfall, humidity and temperature, strong
sunlight, and violent lightning (Xie and Liu 2006; Sun et al. 2014). Average
temperature is around about 27 �C whilst relative humidity is 80–90 % for
most of the year (Sun et al. 2014). Research studies show that traditional
buildings in these parts of China exhibit distinct features and effective
design responding to the climatic conditions (Xie and Liu 2006; Wang
2011). Deng and Li (2016) summarise the natural ventilation strategies
adopted by these traditional dwellings. For instance, the buildings are
usually small-scale, well shaded, with a large roof to facilitate ventilation
and cooling, and using materials with good permeability maximising cross-
ventilation. These strategies continue to inspire architects and engineers and
are applied in modern building design (Sun et al. 2014). Research on
buildings in the Chinese hot-humid climatic zone includes general design
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Fig. 3.1 IBR headquarters building in Shenzhen, south façade (Source: The
Authors)
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principles (Fang and Cheng 2016; Sun et al. 2014), detail design such as the
optimisation of residential peripheral structures (Liu et al. 2015), and
HVAC design (Liang and Huang 2005).

THE SHENZHEN IBR BUILDING IN SOUTH CHINA

The Shenzhen Institute of Building Research (IBR) is a well-known
research institute in the city of Shenzhen, Guangdong Province. Since its
establishment in 1982, IBR has completed many local projects and cutting-
edge research with international collaborators. In recent years their focus
has been on the ‘green life concept in China’ addressing green development
and lifestyle. Their new headquarter building is itself a ‘green experiment’
(Malone 2010). Located in the Futian District of Shenzhen, it is often
highlighted as a model for China’s future. Construction was completed in
2009. Occupied by over 400 persons, main activities are design and research
including several floors of offices and research labs, open spaces at various
floors, servers for energy data, an auditorium, meeting spaces, an under-
ground car park, a nursery, recreation and lifestyle facilities. With a total cost
of $12.9 Million USD, the building has 12 floors above ground and 2 floors
of basement functioning as part of the building’s R&D platform. The gross
floor area is approximately 18,000 m2. The building has an overall vertical
layout with optimised air circulation and environmental quality (Fig. 3.1).
The design includes more than 40 sustainable technologies and many
passive cooling strategies.

A relatively low-cost and very low-energy building, IBR HQ has achieved
many distinguished honours and awards, which underline its achievements
and performance as evaluated from many points of view. (see later).

In a climate where cooling is normally needed for over six months per
year, the building’s integrated green features and innovative sustainable
technologies decrease emissions by some 767 tons of CO2 annually,
corresponding to over 400 tce (tons coal equivalent) (Cao et al. 2014;
Diamond et al., ASHRAE Report 2014). An assessment conducted by
ASHRAE (2014, in Diamond et al. 2014) indicates an annual energy use
of 63 kWh/m2, which is little more than half the average of other recent
office buildings in the region. This figure, incidentally, is comparable to that
of ‘passivhaus’ type low-energy buildings in the cold climates of Europe.
Based on post-occupancy evaluation (Diamond et al. 2014), these results
are mainly due to the building’s use of cooling strategies such as natural
ventilation and integrated daylighting design. We now discuss some of the
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key design principles integrated into the building that lead to its exceptional
cooling performance.

SUSTAINABLE FEATURES AND TECHNOLOGIES IN IBR BUILDING

The development of the design for IBR is strongly based on local climatic
analyses, focusing on natural ventilation and daylighting principles specifi-
cally for Shenzhen’s hot summer and warm winter climate. The team then
conducted computational modelling to optimise the location, size, shape
and building envelope; considering where and how to optimise direct
airflow through openings and interior spaces. The most prominent aspects
of the integrated design strategy are as follows:

Layout and Orientation The overall building design is largely based on
computational fluid dynamics (CFD) simulations of Shenzhen’s main
prevailing wind directions, south-east to north-west, with emphasis on
cross-ventilation and maximisation of airflow in all floor spaces. The most
visible design feature is the intentionally asymmetrical façade which both
steers and enhances air flows into the building’s main core and open spaces;
especially in function of the South-East breezes that are predominant
during the hottest season. The focus on air flows also provided an oppor-
tunity for attractive and functional open spaces on all floors. Three key
design features are: a large central open space dividing the building layout
into two wings; a setback of the south wing, which directs more airflow into
the central space; and a thinner south wing specifically designed to deviate
more of the airflow coming from the south-east in the hot season. Figure 3.2
demonstrates how these features are integrated in the building layout.

Building Envelope In the vicinity, a rapidly growing business quarter is
reshaping the existing urban fabric, with many mid- to high-rise office
buildings in the area. IBR has significant differences. Unlike most it does
not have a fully glazed façade on the lower floors but has operable windows
and balconies, and a setback to reduce direct sunlight into the indoor
spaces. Whereas most buildings are the same on all sides, the design team
focused on detailing of windows and curtain walls so that each façade has a
different strategy for the optimisation of fixed and operable windows (Dia-
mond and Feng 2014). For instance, the building’s western façade includes
a layer of solar photovoltaic (PV) panels, which reduces afternoon direct
sunlight and provides renewable energy production (ibid., p. 48). Similarly,
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the rooftop is covered by PVs and provides shading for the outdoor atrium.
Through computational modeling (CFD), climate strategies where simu-
lated for each façade, with shading devices and overheating reduction
measures. Moreover, IBR HQ has a different thermal envelope on each
façade. To maintain enough shading, different window-to-wall ratios
(WWR) are applied for different areas and façades. For instance, the lower
floors have a WWR value of 0.3 for the south, east and north façades whilst
the upper floors have a WWR value of 0.7 (ibid., pp. 23–24). The former
reduces daylight impact on meeting rooms, auditorium and lab spaces,
whilst the latter maximises natural daylight for office spaces. Shading devices
are also integrated in the exterior wall finishing, which again differs from
lower to upper floors. With high performative thermal integrity, the build-
ing façades are constructed with aluminium cladding and insulation mate-
rials, creating an energy-efficient building envelope.

Fig. 3.2 Schematic diagram of building layout at upper floors of IBRHQ building
(The Authors, adapted from Cao et al. 2014)

REDUCING COOLING LOADS IN HOT-HUMID CLIMATES 29



Spatial Use The strategy behind the building’s indoor spatial arrangement
adds significantly to its cooling performance. The combination of a raft
foundation (unlike the common practice of pile foundations in Shenzhen)
and underground spaces enhances the overall airflow from the building’s
basement spaces. A major climatic feature of the building is the greening
and plantation strategy at multiple levels, highlighting native species, verti-
cal plantation on certain areas of façades, the planted roof space (sky
garden), and a planted space in the middle part of the building. Another
major feature of the building is its open plan with open walkways at various
levels, functional open spaces for meetings, eating and interaction, as well as
an open lobby area facing the summer wind direction. These air flow and
layout strategies minimise indoor pollution and risks of condensation and
fungal growth (Diamond and Feng 2014, p. 22). The main features such as
the sky garden (Fig. 3.3 top), planted balcony spaces (Fig. 3.3 bottom), and
flexible indoor spaces with moveable walls, create mostly daylit and naturally
ventilated workspace environments.

Ventilation In addition to its integrated design strategies, IBR benefits
from energy efficient features, including its natural ventilation, HVAC
systems, and sustainable technologies; The horizontally pivoted windows
maximise direct airflow into the building; the central atrium constitutes a
large open ‘breathing space’ between north and south wings, whilst most of
the less favourable western side of the building is utilised for services, open
corridors and circulation. This layout also maximises cross-ventilation from
east to west, vital for the cooling performance. Both the open lobby area
and the atrium provide optimal natural ventilation to offices, reducing the
use of air conditioning. As a result, most service areas, toilets, elevators and
balcony spaces rely exclusively on natural ventilation (Diamond et al. 2013).
Unlike many office buildings in the region, mechanical cooling is kept to a
minimum and is only partially used when outside air temperature reaches
above 25 �C. Based on a comfort-assessment study, conducted by Diamond
et al. (2013), the level of occupants’ satisfaction (identified as ‘comfortable’)
was 88 % for thermal comfort and 75 % for indoor humidity, in the naturally
ventilated mode.

Besides the natural ventilation strategies, the building’s HVAC system,
located in the basement and first floor is also different from other offices in
the region. The lower floors use a water source heat pump (WSHP) for
summer cooling when energy use reaches its peak, doubling from
3000 kWh/day in winter to 6000 kWh/day in summer (Diamond et al.
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Fig. 3.3 Top: Green spaces i of the sky garden. Bottom: planted balcony spaces on
upper floors (Source: The Authors)
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2013). The closed loop condenser of the heat pump is positioned next to
the landscape water pool outside the building and exchanges heat directly
with the pool. The upper floors use water chillers with solution-based
dehumidification air handling units (ibid.). Mechanical cooling is in partial
operation for around half of the year.

Discussion: Design and Practice

In practice, IBR can be regarded as a living green laboratory; a building with
advanced sustainable technologies, contemporary design approach and ade-
quate energy-efficient techniques. Such integrated design benefits greatly
from the CFD modelling studies, to optimise overall building layout, func-
tional zoning, structural design, façade design and window shapes and
locations. This enables the designers to perform comparative studies. Not
only that CFD is ‘an effective tool for simulation and calculation of part of
the environmental performance in the built environment’ (Cheshmehzangi
2016, p. 1086), but it also provides a set of valuable information at the
pre-assessment phase and can be utilised as an analytical tool (ibid.).

The figure cited above of annual energy use, around 63 kWh/m2, offers
an interesting perspective. This figure is very comparable to the performance
of state-of-the-art low-energy buildings in the temperate and cold climates,
such as the ‘passive house’ type that is fast spreading in Europe. In essence,
these advances are very similar. The component of energy use for space
climatisation (either cooling or heating) used to be the major part of total
energy needs; in both cases it is this part that is being dramatically reduced.
The other main parts include the energy needed for lighting and electrical
appliances; these are becoming far more efficient, such as LED lighting,
although the number of appliances is increasing. The internal heat produced
by the occupants is now also a significant factor in low-energy buildings.
Whereas the heating need in colder climates has been dramatically reduced
by thicker insulation, insulating windows, heat recovery systems and other
features, the cooling load in hot climates is dramatically reduced by better
passive design as well as more efficient cooling technologies—as in the IBR
building. Further, the low remaining need for energy is then covered as far
as possible by renewable energy production on site, such as PV solar
electricity, in the case of buildings in both hot and cold climates. One
therefore arrives at ‘net zero energy’ buildings. In both climates, the
embodied energy (or carbon) of the construction materials is also receiving
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much attention. Indoor comfort and environment is in both cases the core
objective; whether keeping warm or keeping cool.

Providing cooler building design (not only aesthetically) through better
performance and energy efficiency, may in some cases appear costly but
should be seen from the perspective of the long-term benefits, such as
energy use reduction, quality design, better thermal comfort, and not least
better health and higher productivity. IBR achieves these in practice. As a
pioneer in the context of south China, IBR’s cooling performance indicates
the success of the design methods, technology and application of these in
practice.

CONCLUSIONS

Between 2007 and 2011, the prominent nationwide programme ‘100
Demonstration Projects of Green Buildings and 100 Demonstration Pro-
jects of Low-energy Consumption Buildings’ was conducted by the Chi-
nese Ministry of Housing and Urban-Rural Development (MOHURD).
Since then, MOHURD has taken a lead in green building evaluation and
certification, applying both national and international labelling programmes
such as Green Star, BREEAM, LEED, CASBEE, etc. Although new for
China, in this period a total of 271 buildings were awarded with a green
building label (Shui and Li 2012). IBR was one of the first that was
evaluated and was recognised as one of the most successful early models.
Since then, green building practice has been spreading, and has become or
soon will be compulsory in many Chinese cities. In Shenzhen it is already
compulsory for new public buildings; a move that has changed current
practice for new building projects.

This building is in many ways a live research laboratory. Even as the
building is in use, different facades are being tested in various modes on an
ongoing basis, as are control and indoor environment management tools.
New approaches have been greatly facilitated by the development of
advanced simulation techniques. In this way, future solutions to global
broad policy goals are being developed and are hopefully to soon become
widely applied building practice. In specific terms, the case of the IBR
building highlights the effectiveness of integrated methods of cooling,
especially passive design strategies with natural ventilation and innovative
design.
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Notes
The IBR building has achieved the following awards and honours:

First Grade Distinction (highest score) First place in the National top
100 Green Building demonstration Projects (China 2010), 2010 Hong
Kong Building Award (Merit Level), 2011 China Human Settlement Pat-
tern Project Award (2011), highest National Green Building Award (3 Star,
China 2010), First place in the National Demonstration Project of Renew-
able Energy Application (China 2010), 2011 National Excellent Engineer-
ing Design Award (First prize, China), FutureArc Green Leadership Award
2011 (by BCI Asia), 2013 World Green Design Project Product Award
(Golden Prize by International Design Federation), DNA Energy Efficiency
Award 2013 Nomination, Asia-Pacific Award by World Green Building
Council (WGBC), as well as, the third Biannual top Architecture in the
Public Building Category, Green and Ecological Design Award, the third
Biannual China Award for ‘Good Design is Good Business’, and Best Green
Design Award (by Business Week and McGraw-Hill Construction) (Dia-
mond et al., ASHRAE Report 2014).
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CHAPTER 4

In Tune with Nature: A Low Energy Office
Building in Tropical Colombo

Upendra Rajapaksha

INTRODUCTION

Nikini Automation is a multi-level medium size urban office building com-
pleted in 2008. In tune with nature, the office building harmonises its three-
dimensional geometry with its microclimate as a solar defensive building
form for heat gain control and thus energy conservation. Both its form and
the placing on the site contribute to a dynamic feel. The open podium at the
entrance subtly connects the building to the road creating a forecourt. The
forecourt combined with the building’s cubic form and sleek horizontal
lines generate a lively atmosphere for its occupants.

The building is located in a tropical urban setting in Colombo City, Sri
Lanka. Colombo is located at latitude 6.5 �N with an average temperature
of 27 �C and daytime maxima reaching 33–34 �C. Nikini Automation sets
an innovative design trend for environmentally sustainable architecture in
Sri Lanka. The design illustrates climate control plus engineering systems
for on-site energy and efficient integrated automation technology. The
climate control interventions aim at reducing heat in and around the
building and heat transfer from outside to inside. The architectural design
theme centres around a daylight-sensitive layout but solar-defensive built
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form, including a lightweight double skin to the east and west facades,
reducing cooling loads and then meeting the balance of demand through
building-integrated solar energy.

CHALLENGES WITH THE CLIMATE IN COLOMBO

Colombo is hot and humid all year round. The potential for interior
overheating was considered as a main challenge at the initial design stage
and possible interventions were considered. The site building is west-facing
in a busy suburb, making the ‘building–climate’ interplay more challenging.

Hot-humid tropical climates are found in the region extending 15 �

north and south of the equator. Sri Lanka has this climate and little seasonal
variation in temperature (Figs. 4.1 and 4.2).
Mean monthly temperatures range from 27 �C in November to 30 �C in
April; relative humidity varies from 70% to 80% during a typical year. The
daily temperature range in the dry season (September to November and
March to May) is 7–8 �C.

The main characteristic of hot-humid climates, from the human comfort
and building design viewpoint, is the combination of high temperature and
high humidity. Givoni’s psychrometric chart (Fig. 4.2) depicts indoor ther-
mal conditions of buildings relative to outdoor conditions and highlights
increased air movement to improve indoor thermal comfort. However,
ventilation can create a heat gain in buildings in hot climates; and diffuse
radiation is high in these climates too. This results in a conflict between
attempts to control overheating and the role of natural ventilation. Thus,
reducing the radiant heat in the incoming air is a high priority in naturally
ventilated buildings. Controlling radiant heat at the microclimatic level, just
outside a building, by good shading can reduce the heat load on the
building.

The work of Humphreys (1978) and its continuation by Auliciems and
Szokolay (1997) gives the optimum neutral temperature for human com-
fort as a function of monthly mean outdoor temperature. The neutral
temperatures for Colombo are within the range 27.3 �C to 28.5 �C. A
closer look at the ambient conditions during a typical year reveals that
daytime temperatures remain above the extended upper limits of dry bulb
temperature for most daytime hours (Fig. 4.1). Therefore, a strategy to
reduce the daytime maximum indoor air temperature is the key in a climate
responsive design approach.
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Fig. 4.2 The psychrometric chart applied to Colombo, Sri Lanka, 6.5 �N and
15 m above sea level (Source: Adapted from Givoni 1991)

Fig. 4.1 Typical daily pattern of climate in respect to thermal comfort need in
Colombo (Source: The Authors)
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A climate-responsive design approach in the tropics focuses on heat gain
control and heat dissipation in order to improve the indoor thermal com-
fort, with low or nil energy consumption. The psychrometric chart
(Fig. 4.2) indicates that cooler night ventilation can help to increase the
heat sink effect of thermal mass and then contribute to reduce the elevation
of indoor air temperature the following day, provided the building is closed
to airflow from outside. However, the efficiency of this technique (thermal
mass and night ventilation) is limited due to the small diurnal temperature
range in tropical climates; whereas in moderate climates it is more effective
due to the larger diurnal temperature differences (Rajapaksha 2003).

LIMITATIONS OF COOLING EFFECT OF AIRFLOW

From the collective evidence of 11 different studies, Szokolay (1997, 2000)
compared the cooling effect (extension of the comfort zone) of different air
velocities and proposes a reasonable medium of cooling effect associated
with air velocities up to 2 m/s. This work suggests that the cooling effect of
air flow may diminish above this velocity level. Similarly, the work of Givoni
(1991) suggests that, in the absence of solar or internal heat gains, the
indoor air temperature closely follows the outdoor level with daytime
ventilation. It also confirms that an air velocity of 1 m/s is capable of
extending upper limits of acceptable dry bulb temperatures by 3.7 �C
under warm humid conditions, in a situation where occupants wear light
clothing and with low activity level. The evidence indicates a linear function
of the cooling effect with air velocities up to 1 m/s but with diminishing
effect above that.

Hence, indoor air movement of 1 m/s can extend the upper limit of the
comfort zone in Colombo up to around 31.7 �C, without causing sensible
thermal discomfort during summer. At the highest level of applicability, an
air velocity of 1.5 m/s can extend the comfort zone by up to 5 �C, that is to
33 �C. A closer look at ambient climatic conditions for a typical summer day
in this climate reveals that that daytime dry bulb temperature remains
around 33–34 �C or higher. Given daytime humidity around 80% and
slower air velocities, often no more than 1.0 m/s, there is a need for
added indoor cooling. The Nikini building is designed for a conditioned
indoor environment but is designed so that need for mechanical air condi-
tioning is kept to a minimum.

A recent study in 2016 for Colombo (Jayathilake and Rajapaksha 2016)
shows that nearly 90 % of current multi-level office buildings overheat
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during the daytime. Compact and core-dependent forms are designed to
increase spatial and structural efficiency but are not designed with climate in
mind. Although in the tropics the imperative is to prevent heat gain, and
promote heat loss, office buildings in Colombo are very energy intensive
due to poor climate responsiveness of the architectural design. This inves-
tigation revealed that ‘low levels of building-climate interplay’ result in
susceptibility to overheated microclimates just outside the buildings and
indoor overheating, from 3 �C to 4 �C above ambient levels, which resulted
in a 30–50 % increase in the space cooling energy load.

Energy for building operation in Sri Lanka, in particular for offices, has
been increasing for years; The Sri Lanka Sustainable Energy Authority
(SLSEA) of the Ministry of Environment states that the average in typical
offices in urban areas is as high as 260 kWh/m2/year. Therefore, there is a
high need for improving demand side energy efficiency in office buildings.
Energy-efficient building design—the architecture—is considered as a first
order priority, if the integration of second- and third-- order interventions
such as PV panels is to be successful (Rajapaksha et al. 2015). The Nikini
building highlights this approach to climate responsive design.

SCOPE AND DESIGN

In order to achieve a reduction in both energy use and its associated carbon
emissions, an integrated ‘design-plus-system’ approach is required. This
focuses on the various components of energy use in buildings. Interventions
based on standards in the context of bioclimatic design have been consid-
ered as a priority for sustainable operation of the building. Moreover, the
floor area of 948 m2 comprises mainly typical commercial office functions,
with a basement, ground floor and two upper floors. The top floor houses a
residence and the covered rooftop is a solar deck for recreational activities.
The west-facing site has a natural slope, which has been retained and used to
create a sunken courtyard in front of the building.

The compact, envelope-dependent form of Nikini was designed to con-
trol environmental heat gain. For benchmarking thermal and energy per-
formance of this office building, the following three priorities were defined:
(a) Integration of architectural design interventions for climate response as
the first order priority during the initial sketch design stage—this helps to
increase the efficiency of the thermal performance of the building and
reduce the demand for space cooling and artificial lighting;
(b) Integration of high efficiency engineering systems as the second order
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priority; and (c) Integration of renewable energy generation with the build-
ing design as the third order decision (Fig. 4.3).

As a result of the above decisions the building maintains 2–3 �C lower
indoor temperatures than the outside microclimate in non-air-conditioned
mode. The main specific design components of the building are:

• Sunken courtyard in the section on the west, which creates a shaded
microclimate in front of the building, reducing the development of
radiation at ground level on the western side of the building facing a
busy road with heavy traffic flow throughout the day – also mitigating
anthropogenic heat from vehicles, another contributor to outdoor
heat;

• Cantilevered floor plates on the building, shading the windows of the
floor levels below;

• A double skin envelope with automated solar-sensitive lightweight
horizontal louvres providing buffer zones for solar defence on east
and west facades, in the morning and afternoon respectively;

Fig. 4.3 Left: The aerial view of Nikini building with the roof PV panels and
shading devices. Right: Front elevation of Nikini building (Source: The Authors)
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• Daylight-sensitive building form with both plan and sectional geom-
etry designed to optimise daylight without environmental heat gain;

• A solar roof as an ‘umbrella’ shading the upper floor and providing a
power plant at the site;

• A minimalist approach to interiors, with daylight penetrating through
the internal partitions and with healthy timber furniture.

The double skin façade of Nikini is a priority and an interpretation of the
verandah concept in order to create shading around the building; particu-
larly, on the façades facing direct sun, the east and west. In colder climates,
the fairly recent introduction of systems with double façades serves several
purposes, mainly related—but not only—to energy. A well-designed double
façade in temperate climates serves to prevent wind chill, reduce heat losses
and preheat incoming ventilation air, as well as providing significant noise
reduction in urban contexts. In a hot climate, on the other hand, the
principal function is to avoid unwanted heat gain by reducing solar inci-
dence on the building facades. The function of reducing noise is important
too. The louvre elements in the Nikini building also direct breezes on to the
space within the double skin and help to avoid stagnation of hot air, thus,
contributing to less heat transfer through windows. Furthermore, the dou-
ble façade elements are of very light materials, and thus, add little to the
carbon footprint of the building.

Air temperature readings taken in the sunken courtyard and buffer zones
in the double skin envelope during hottest periods show the control of
environmental loads by sectional and envelope characteristics (Fig. 4.4).
Results from Hobos found that air temperatures inside the buffer zone
created by the double skin just outside the glass windows are around
28–29 �C during peak daytime. This is 3–5 �C lower than the external
microclimate. East façade readings indicate a reduction of 3 �C in the
morning and 5 �C in the afternoon.

The façade louvres are adjustable according to solar angle. Whilst
maximising solar protection, they simultaneously reflect dayight into the
building, which is spread by reflection off the white ceilings, providing
excellent indoor daylighting. Interior partitions are mainly of glass, thus
again, maximising the spread of daylight inside. Here again, one building
element is designed to fulfil several environmental functions. This integra-
tion of functions is a key factor in reducing building costs in environmental
architecture. The best example of integration in green architecture today is
probably that of solar photovoltaic roof tiles; as opposed to earlier solar
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panels, which were additions on top of or beside buildings, these panels
actually replace the roof tiles—the energy producing element becomes the
roof itself.

In hot climates, flat roofs exposed to the sun are a major source of
overheating of the top floor. The solution of a PV array on top of the Nikini
building, thus, serves as double function of shading, for users of the roof
terrace, and of converting the incident solar heat into useful electrical
energy. A covered garden terrace on the roof also benefits from maximum
local breezes and is a much-appreciated space for the users. In addition, the
integration of the following efficient systems further reduces the environ-
mental footprint:

• Motion sensitive active and task lighting systems;
• Variable Air Volume (VAV) air conditioning systems;
• Rainwater harvesting;
• Energy management system to monitor the performance of the

building.

The third-order intervention of renewable energy generation (PV roof)
reduces the final energy demand even further. This was a key objective, and
it is now clear that of the total energy requirement of the building (about

Fig. 4.4 The sectional drawing of Nikini building with spatial arrangement and
landscaping features (Source: The Authors)
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60 kWh/m2/year) nearly 50 kWh/m2/year is covered by renewable
energy generation on site with a grid-connected PV system. The roof has
180 photovoltaic panels which form a building-based power plant and
produce 130 kWh per day on average. Since the energy demand is low,
excess energy produced on sunny days is fed into the national grid. Total
solar electricity generation since commissioning is nearly 300,000 kWh and
total carbon saving is 174,304 kg (at 0.6 kg/kWh).

The Nikini building is the first of its kind in Sri Lanka. Operation with
near-zero emission status started in 2008 with the approval of Ceylon
Electricity Board (CEB). The CEB now promotes the net metering concept
as a national target for Sri Lankan building owners. The SLSEA has
recognised the project as the office building with the lowest energy foot-
print in an urban context. Nikini Automation highlights benchmarking
standards for building design professionals for energy efficiency and inte-
gration of on-site renewable energy generation.

FROM TRADITION TO SUSTAINABLE MODERNITY

In addition to Szokolay and Givoni noted above, many authors, from
Rudofsky (1970) to Hassan Fathy (1986) and Paul Oliver (1997), have
pointed out and marvelled at the wisdom of traditional builders in adapting
their shelter to local climate and resources. This chapter in fact recalls one of
those authors, Ian McHarg (1995), whose classic book, Design with
Nature, first appeared in 1969. The Nikini office building in Sri Lanka is
an example of how modern, environmentally aware designers are
reinvigorating evergreen principles—aided by modern scientific under-
standing, technology and design tools. One of the main goals is to create
cool living and working environments in very demanding hot climates.

Whilst there are fundamental differences between hot-dry and
hot-humid climates, the latter being the focus in this book, there are
common principles. These can be found applied in different creative ways
in hot climates all over the world. Over the past 20–30 years, hundreds of
research projects and pilot buildings have investigated, analysed, improved
and tested many of these techniques. But they are still only rarely applied. A
few of these traditional or vernacular principles for ‘staying cool’ can be
mentioned briefly, providing a contextual and cultural background to the
design of this modern building in Sri Lanka.

The two first principles for providing comfortable temperatures in hot
climate environments, are solar protection and air movement. The first can
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be seen in the many ways of shading buildings, with orientation that
minimises solar gain, ample roof overhangs, vegetation and other means.
This principle is fully applied in the Nikini building, as described, but
including new technical advances such as the double facade approach. So
is the second: maximising cross-ventilation and using permeable facades as
well as interior partitions to allow air flow. Modern research, often aided by
detailed local wind data and computer modelling now enables us to select
the placement, shape and construction of overhangs, balconies, windows
and other elements so as to maximise air flows into and through buildings.
An air speed of 1 m/s produces the same perceived comfort effect as
lowering the temperature by around 3 degrees. This is particularly impor-
tant in humid tropical conditions.

A third general principle in the hot-humid climates is to use lightweight
materials, which do not store heat or, equally important, humidity. This
principle does not apply in the hot-dry climates—such as in North Africa—
where heavy materials can exploit the cooler night temperatures and keep
the building cool the next day. In modern cities this is not always applicable
given the use of concrete and masonry. Modern research however shows
that thermal insulation of heavy buildings is useful in these tropical contexts,
if applied appropriately.

A fourth general feature of vernacular climatic buildings is that they were
controlled by humans. Many of the most effective and cheapest solutions—
opening and closing shutters for example—are simple manual operations,
determined by occupants from one hour to the next according to their
perceived needs. These operations have now largely been automated. Yet as
we note elsewhere, control by the users of their indoor environment is a key
quality and also leads to higher satisfaction and lower energy use. One
should therefore approach ‘smart technology’ with a dose of scepticism,
to achieve a sensible balance between the very efficient technical means now
available, and human participation. For, ultimately, technology is only an
aid, and there cannot be a ‘sustainable’ world without intelligent and
resource-conscious people. Energy behaviour is not least cultural and can-
not be ignored; the colonial culture of European-style office clothing is
probably alone still responsible for more cooling than the combined energy
production of several developing countries.

Creating shading outside buildings has been one of the most common
approaches in vernacular building forms in Sri Lanka. This is visible in
traditional courtyard buildings that are often also adapted for wind-induced
cross-ventilation. The courtyard layout acts as an air funnel. To avoid heat
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penetrating to the interiors, perimeter openings are protected with heavy
shading, in most cases using wide roof eaves and intermediate spaces such as
verandas. Vernacular buildings with courtyards and other hot-climate fea-
tures minimise direct solar radiation. Verandas, transitional spaces from
outside to inside and to the courtyard, are sometimes partitioned with
lattices or blinds, as multi-functional spaces used for circulation, eating,
sleeping, relaxing, entertaining as well as sheltering and shading.

In addition to modern knowledge about global climate, energy and
ecosystems, what we also have today is far more detailed knowledge about
local climatology as well as about human physiology and comfort–which
varies within cultures and climates. In addition, some modern tools such as
life cycle analysis (LCA) and computational fluid dynamics (CFD), men-
tioned often in this book, which allow designers to optimise solutions in a
way traditional builders could not.

Many other specific traditional cooling techniques can be found, often
particular to a specific region; from evaporative cooling and solar chimneys
to humidity buffering or wind cowls, these too have been extensively
researched and have been given modern applications. It can be noted that
these vernacular solutions apply both on the micro level for individual
buildings but can be seen at the meso level in the design of village patterns,
and indeed on the macro level too in the climate responsive location and
layout of the small human settlements that are the forerunners of today’s
large cities.

Naturally, not all of these vernacular approaches can be relevant today.
For example, in a modern dense urban context it is not possible to select
climatically favourable locations to build, nor is it possible to maximise air
flows as one might be able to in a country village. Polluted city air is not
desirable for natural ventilation. Trees cannot shade tall multi-storey build-
ings. Use of water bodies as cooling elements is very limited on small city
plots, although a small cooling pond is indeed integrated into the design of
the IBR building (Chap. 3).

The common goal of all the passive design solutions is to make a building
as comfortable as possible, even in the hottest seasons, by intelligent and
climate-responsive design, without the use of added technology with its
associated capital and energy costs—for installation, running and mainte-
nance—and the possibility of technical breakdowns. In very hot and espe-
cially in hot-humid climates, passive design solutions alone may not be
sufficient to ensure modern comfort standards all year round. There is,
therefore, the need for added technology, which is selected so as to be as
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energy efficient as possible and if possible powered by renewable sources.
This again is addressed in the Nikini building.

NEAR ZERO EMISSION BUILDING CATEGORISATION

On sunny days the building’s thermal performance meets the Net Zero
Carbon Dioxide emission targets. This is an example of a net zero emission
building (NZEB) since the accounting of renewable and fossil fuel energy
takes place on site. The arrangement with the utility company is a gross tariff
system where renewable energy is offset against non-renewable. More
importantly, calculations for source, cost and emissions have been made
and are documented for the inherent benefits of the renewable energy
fraction. Major achievements of this project, include, demonstrating carbon
saving in building practice, and creating a strong awareness amongst pro-
fessionals and decision makers. The building has contributed to setting
standards for low energy practice in Sri Lanka.

The embodied energy of materials used in construction was a concern
during design of Nikini. The use of concrete for the structural frame and
masonry brick for the outer envelope contributed to minimise transport
energy as they are available locally. The lightweight panels of the windows
and external frame of the double skin envelope are easily fixed on the main
frame and can be recycled if necessary. Timber furniture throughout con-
tributes to emission-free indoor air; and no synthetic polymers (plastics)
have been used in the building’s interior.

POLICY SUPPORT FOR NET ZERO EMISSION BUILDINGS

The future is promising for NZEB buildings in Sri Lanka with the Govern-
ment embracing sustainable development (based on reports of Sustainable
Development Knowledge Platform by the United Nations, available at: h
ttp://sustainabledevelopment.un.org/memberstates.html). The Energy
Conservation Fund was established in the mid-1980s to coordinate activi-
ties in the electricity sector. Development of an energy-efficient building
code primarily focusing on engineered systems was introduced in the early
1990s (Wijayatunga et al. 2003), focusing on commercial buildings, which
consume nearly 21 % of total electricity production. Energy performance
standards for buildings have been in place since 2006 for commercial and
office buildings. SLSEA is the primary institution that delivers building-
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related standards. Promoting energy efficiency and conservation has
become a priority.

The National Energy Policy and Strategies (2008) of the Ministry of
Power and Energy envisages the gradual increase of non-conventional
renewable energy to meet demand which is growing at around 8–9 %
annually (Deheragoda 2009). Increasing renewable-energy-based electric-
ity in the grid is a key strategy in a broad-based energy mix to provide clean
and affordable energy to all sectors whilst minimising environmental
impacts and greenhouse gas emissions. Given the decreasing percentage
contribution from hydropower sources, biomass, solar and wind have been
identified as sources in this regard (Fernando 2005).

CONCLUSIONS

Climate-responsive building form and integration of on-site renewable
energy with PV panels are the main aspects of innovation to reduce energy
demand and provide cool living and working environments. The sectional
form with double skin envelopes and shallow depth plan form are major
interventions to the architecture. The building formminimises environmen-
tal heat gain, optimises daylight, and thus, reduces cooling as well as lighting
demand. Supply of renewable electricity from the building’s roof with net
metering to the national grid is the first of its kind in Sri Lanka. The building
has already set a practice guide on how to implement multi-level urban
office environments. These strategies can be applied to other and more
complex situations if the basic thermal performance characteristics are
known.
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CHAPTER 5

Towards Cooler Buildings: The Case
of Thailand

Chris Butters and Pattana Rakkwamsuk

INTRODUCTION

One of the most important tasks facing hot-climate cities is cooling. The
objective of the ELITH research program (Energy and Low-Income Trop-
ical Housing, ELITH webpage 2013–2016) in which the editors of this
book took part, was to reduce energy use and climate emissions in the built
environment. With a particular focus on low-income housing in hot-climate
developing countries, this included issues of sustainable design and city
planning as well as energy systems and policy. In the area of policy, a key
action, in all countries, is to develop standards, codes and building regula-
tions for energy efficiency (and/or carbon emissions; both approaches may
be adopted). This was addressed for the case of Thailand where our ELITH
partner was the Joint Graduate School of Energy and Environment
(JGSEE) in Bangkok (JGSEE webpage 2016). This chapter describes pro-
cesses, methods and challenges involved in introducing and implementing
energy-efficiency policies in national building regulations and practice. After
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describing very briefly the context of Thailand, its buildings, energy use,
trends, institutions and existing or recent initiatives in energy efficiency, we
review the JGSEE research. The role of local organisations and institutions
is highlighted. In the last section, we discuss broader issues and the rele-
vance of these experiences for other countries.

This project addressed the micro level of individual buildings as defined
in our introduction. As illustrated throughout this book however, creating
cooler cities also demands measures at the meso level of the planning and
design of cities, and at the macro level of their overall energy systems. In
hot-climate developing country cities, the major energy-related challenge is
that of reducing the needs for space cooling.

JGSEE developed benchmarks and tools for energy-efficient housing in
Thailand after extensive background research and studies of existing hous-
ing, regional building traditions, recent initiatives and energy trends in
buildings in both rural and urban Thailand. These are the necessary prelim-
inary stages in such a process. Surveys were also conducted of energy
behaviour, thermal comfort and perceptions of indoor environment. Cur-
rent and alternative construction materials were studied in order to identify
ways to achieve reductions in embodied energy. Case studies were collected
from similar climates. The relevant agencies and authorities, in particular the
public bodies responsible for housing and for energy in Thailand, were
brought into the research process, these being the institutions responsible
for implementation as well as subsequent development of such measures.

ENERGY EFFICIENT BUILDINGS

In temperate and cold climate nations, such as in Europe, building regula-
tions have in recent years adopted increasingly stringent energy require-
ments. These have recently been taking major strides forward due to two
main factors: on the one hand the focus on climate change, and at the same
time the emergence of extremely low energy ‘passive house’ type solutions.
Whilst initially aimed at reducing the need for space heating, using increased
insulation and similar measures, solutions now focus as well on the embod-
ied energy/carbon in construction, on electricity consumption, and on a
holistic life-cycle-based view of buildings. The added focus on materials is
not least because when operational energy for heating or cooling has been
reduced to a minimum, the embodied energy to construct the buildings
becomes very significant, up to or even more than half of the total lifetime
impacts. An additional focus of recent years has been on increased
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integration of renewable energy supplies, solar in particular, in building
design. This may be solar thermal to provide hot water, photovoltaics to
provide electricity, or both. The universal trend is now towards buildings
with near zero impacts, variously defined with terms such as zero energy,
carbon neutral or even carbon positive buildings.

Objectives in hot climates are the same, but many developing countries
have as yet not yet achieved major advances and indeed some still have no
energy efficiency requirements for buildings at all. As discussed in our book,
this is often because knowhow and financial resources are lacking, as well as
institutions capable of planning, let alone enforcing, new practices.

In all climates, there is broad agreement that ‘passive’measures—design-
ing so that the buildings need as little energy as possible—are the priority.
Added ‘active’ technology is the second order priority. This order of prior-
ities is illustrated in our case of the Nikini building in Sri Lanka (Chap. 4).
Passive measures include intelligent and ‘climate responsive’ design that
makes maximum use of natural energy flows such as cooling breezes,
water bodies, daylighting, solar heat, ground source cooling and similar.
The technological focus, such as developing more efficient cooling systems,
is naturally important too.

THE CONTEXT

Thailand is a country with ample resources and knowhow. Available statis-
tics and data are quite extensive, which is not the case in some countries.
Most of Thailand has a tropical (hot-humid) climate, but with significant
regional variations and local building traditions; background studies, data
and surveys are available on the ELITH web site. As in many tropical
climates, a general feature of traditional buildings is lightweight construc-
tion that does not accumulate heat, with good cross-ventilation and solar
protection. It can be noted that such buildings have an inherent advantage
compared to cold climate buildings with their many layers of insulation,
double glazing and weatherproofing: being much lighter, they typically
have less materials use and thus lower embodied energy. Modern buildings
however, particularly in urban areas, are now mostly of heavy masonry
materials such as concrete. In cities, good cross-ventilation is more difficult
to achieve, as is solar shading especially in tall buildings. Hence the need for
space cooling increases. Given rising affluence, air conditioning is experienc-
ing explosive growth of over 10 % in some cases (Chirarattananon et al.
2015b). The prevalence of other heat-producing appliances—for lighting,
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cooking and other amenities—is also increasing rapidly. And the urban heat
island effect is further aggravated by increasing traffic.

There exists a serious concern in Thailand about the increasing climate
emissions due to rapid growth based largely on fossil fuels, serving to boost
the industrial economy. The urban population is now over 40 %. Policies for
low-carbon development are part of the official framework in Thailand,
formulated in Five Year Plans by the National Economic and Social Devel-
opment Board (NESDB) (World Bank and NESDB, 2011). Thailand has
been pursuing energy and climate policies quite actively. For instance, a new
2009-version of building energy codes was enacted. It enforces energy
efficiency when retrofitting commercial buildings having floor areas of
2000 m2 and above to comply with a set of minimum performance stan-
dards for the building envelope, lighting and air-conditioning systems and
promoting more use of renewable energy resources. Of particular interest is
the fact that Thailand implemented a very large programme of low-income
housing for a number of years, the Baan Eau Athorn programme, which
produced several hundred thousand homes, discussed further later. The
designs drew on local vernacular solutions and, whilst they cannot be
described as advanced energy designs, they do incorporate several climate-
responsive features, such as good shading and increased cross ventilation
(Fig. 5.1).

STAGES OF THE PROCESS

In approaching the task of improving building practice at a national level,
four key stages can be discerned.

Stage 1: Data and Background Studies

The Thai research team conducted extensive surveys on designs, materials
and types of housing in the various regions of the country. Necessary
climatic information includes temperature, humidity, rainfall and wind.
The team gathered a large amount of data on housing energy use, needs
and trends, plus surveys on indoor conditions and energy behaviour. Day-
lighting was also studied (ELITH webpage 2016, publications T01, T02,
T06.). In the case of Thailand, much of the required data are already
available in national and other statistics, as well as previous architectural
and historical studies of regional building traditions. In other developing
countries, such as our two ELITH partner countries Uganda and Tanzania,
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such data may be scarce and, where available, also unreliable, necessitating
much more groundwork. Alongside the above, information was gathered
from other countries on relevant experience and best practice. Once assem-
bled, this compilation of knowledge from present and past formed the basis
for work on future solutions.

Stage 2: Benchmarks and Tools

Energy-specific benchmarks, methodologies and software are available now
in many countries. There is much work in this field not least in Asia. The
research team studied a number of systems such as BREEAM (UK), LEED
(USA) and CASBEE (Japan), as well as various building regulations, in
order to develop suitable solutions for the Thai context. Requirements for
thermal comfort and indoor environment are to some extent culturally
specific; it is well known for example that the US ASHRAE standards are
not always applicable in tropical contexts, where perceived comfort may vary

Fig. 5.1 Traditional house, northern Thailand (Source: Chirarattananon et al.
2015a; also available on ELITH website)
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considerably (Kwong et al. 2014). Similarly, international databases for
embodied energy and carbon, such as ICE (Hammond and Jones 2011)
may provide useful and in some cases sufficient approximations but are often
not applicable since industrial production processes for materials as well as
primary energy mixes vary widely in different countries. For example,
aluminium produced in Norway with renewable hydropower will have far
lower carbon emissions than aluminium produced in China using coal.
Similarly, the efficiency of cement production in different factories may
vary from 800 to over 2000 kWh per ton of cement. Here again, fresh
research is often needed in order to provide solid enough base data. The
Thai team devoted particular attention to developing the methodologies for
calculating the thermal performance of buildings; in most countries there
are now one or several accepted methods of calculating energy flows and
requirements in buildings, which designers must use to submit building
proposals to comply with the requirements for energy performance.

Stage 3: Testing and Pilot Projects

Whilst the ELITH work focused mainly on the above two stages, the
relevant authorities were involved, these being principally the National
Housing Authority (NHA) (see www.nha.co.th) and the Electricity Gen-
erating Authority of Thailand (EGAT) (see www.egat.co.th/en). Discus-
sions were held around testing the proposals plus the need for a programme
of pilot buildings. This stage also requires consultation and feedback from
the building industry, as well as preparing them for coming requirements. It
is common experience that establishing dialogue and constructive engage-
ment with the building industry may be difficult. This tends to be culturally
specific; it has for example been easier to achieve in the Nordic countries
where a large degree of consensus and cooperation exists. During this stage,
dissemination and capacity building for planners and public officials as well
as amongst design and build professionals is also important. Results on
energy performance from pilot buildings may require several years: as will
an assessment of calculation methodologies, costs, durability and user
response.

Stage 4: Implementation

All such processes require quite a long period of development, testing and
subsequent refinement. The move towards more energy-efficient building
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practice has almost everywhere started through individual initiatives and
pioneering, followed by voluntary guidelines and recommendations
(Loewenstein 2009). When these have proved their worth, they are incor-
porated into official, binding standards and regulations. Public awareness
and support follows, if slowly. The objective in Thailand was the develop-
ment of standards and tools for the energy performance of housing in
particular; once achieved for housing, these advances can then be adapted
for other types of buildings, for example schools, offices, hotels and so
on. This has been the case with the BREEAM system in the UK. Over
time these standards themselves are improved and made stricter—based on
what is achievable in building practice in the specific country. Given the
right incentives, examples and demands, building practice in Europe has
been shown to be amenable to quite rapid change.

THE THAILAND CASE

In Thailand there are around 21 million households and, as in most coun-
tries, the number of persons per household is decreasing and is now around
3.2. Some 77 % of households live in detached dwellings. With increasing
urbanisation the number of apartment type buildings is however on the rise.
(Bureau of Social Statistics 2014). More than half of all dwellings are now
made largely of heavy materials such as brick and concrete. The advantages
of lightweight buildings in a hot climate have been documented extensively
(Gerilla et al. 2007). The embodied carbon of Thai residential buildings has
been researched (Aneksaen 2011) and there are national guidelines for
carbon intensity of buildings (Thailand Greenhouse Gas Management
Organization 2011). In the urban areas, not least in the capital Bangkok,
the urban heat island effect is compounded by rapidly increasing vehicle
traffic and this is leading to as much concern about health as about rising
energy use for cooling in particular.

Whilst traditional houses in Thailand, as in other hot countries, demon-
strate intelligent adaptation to nature and climate, modern buildings are
increasingly reliant on technology in order to stay cool. Hot conditions
affect the poorest households in particular. Thailand has however devoted
great attention to the low-income sector and there are few remaining ‘slum’

type areas (Usavagovitwong 2012). In 2002, the government mandated the
National Housing Authority (NHA) to provide a very large programme of
‘Baan Eau Athorn (BEA)’ low-cost housing. Given the low-income focus,
space efficiency was a key concern, and reducing space use is indeed the first
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and best way to reduce overall resource use and environmental impacts.
Four housing types were developed (Figure, one or several types in collage):
detached houses, twin houses, row houses and four-storey condominium
apartments. The sites are in various locations but with over half in the
Bangkok area. The government subsidised about a quarter of the cost of
each unit. Eventually nearly 300,000 units were built (National Housing
Authority of Thailand 2015). The floor sizes range from 31 m2 to around
48 m2. These units have slightly lower or similar energy use to other Thai
houses, and the embodied carbon is also similar to other mainly heavy
buildings in Thailand, between 100 and 170 kgCO2e/m

2 of which, again,
around 90 % is from the concrete and steel components (Ibn-Mohammed
et al. 2013)—whereas traditional lightweight Thai houses have much lower
embodied carbon. For comparison, the figures in typical highly insulated
passive houses in Europe can be well over 200 kgCO2e/m

2 (Fig. 5.2).
This programme carries useful lessons. On the one hand, developing

functional housing designs with modest space needs and costs is a natural
goal. On the other, these houses present a fairly similar picture to conven-
tional building practice in Thailand as regards both operational and embod-
ied energy or carbon. They were developed prior to today’s focus on climate
and energy. Whilst they do incorporate some features of passive cooling,
these can be enhanced, and the embodied carbon in particular can be
greatly reduced through the use of alternative materials, not least by incor-
porating low carbon concretes and more lightweight components
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(Sirorangsee 2015). Since the programme included four different housing
types it also offers an opportunity to develop benchmarks for cooling
performance targets in typical housing types. This would be in line with
the European case, where very low energy houses are expected to require
for example a total 60 or 80 kWh/m2.year, depending on country climate,
of which only a small part (15 kWh/m2.year in the ‘passivhaus’ case) is for
space heating or cooling; and with similar benchmark figures having been
developed and tested for other categories of buildings such as schools,
offices, hospitals and so on. This then provides the basis for national energy
requirements in the building codes.

The NHA was originally established in 1973 with the goal of alleviating
the shortage of housing for low income groups, including management and
financial assistance. Another key recent initiative of the NHA is the ‘Floating
Village’ project (estudioOCA 2016), which has a strong focus on vegeta-
tion, native plants, bioengineering, community gardens and flooding, a
major issue here as in other Asian cities, as well as a strong social and
community focus. Such projects address our ‘meso’ level and are also very
much part of a strategy for cooler cities.

The next step by the JGSEE team was to develop the calculation meth-
odology for energy performance. Although lightweight construction is
generally beneficial in hot climates, urban buildings are increasingly of
heavy materials. Research including by ELITH team members has studied
this more closely, and indicates that heavy constructions can in some cases
be quite favourable. In particular it was found that ‘thick walls may bene-
ficially help delay heat gain for spaces that are used during daytime, the same
effect increases cooling load for residential spaces that are used during night
time’ (Chirarattananon et al. 2012). This research is a significant pointer to
recommendations for future building practice in order to reduce cooling
energy needs. For the specific case of Thai housing, for example, where
these are to be constructed in heavy materials it points towards the use of
some insulation on the interior of external walls. Its interest reaches beyond
that of housing too, since it illustrates the need to develop benchmarks that
are specific for different functions of buildings—in this case showing how
the case of daytime use as opposed to bedrooms differs, and that of offices
from the residential case.

Similarly, the JGSEE team researched the energy consumption for
cooling that results from excessive use of glass or unshaded windows. For
example ‘reduction in annual cooling energy consumption of 5 % to 15 %
associated with reduction of solar heat input by 80 % to 90 % have been
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reported depending on the area and location of fenestration’
(Chirarattananon and Hien 2011). This again compares with energy-
efficiency guidelines in cold climates, which may recommend maximum
desirable areas of glass in order to achieve good energy efficiency—although
in the cold climate case this is to reduce heat loss as opposed to unwanted
heat gain.

This example further serves to highlight an important point in building
codes. Areas of glass, or insulation thicknesses, are not mandated in detail
because different approaches can work. Given other design strategies even a
glass building can, if with difficulty, be made energy efficient. European
building regulations therefore now follow the general rule that they avoid
specific requirements. One may use different solutions as long as the overall
energy performance is achieved. This is extremely important in order to
avoid unnecessarily detailed regulations—as well as to allow flexibility for
new, creative solutions.

Other factors researched included heat gains through roofs and the
influence of internal heat sources such as lighting, cooking and other
appliances, all of which have an impact on cooling needs. A further, complex
area of study is that of air-conditioned versus naturally ventilated buildings,
on which there exists a large body of research. The Thai team thus investi-
gated a broad spectrum of current knowledge, on building envelope per-
formance in particular, as well as different tools and methodologies for
calculating and simulating heat loss and energy flows (Fig. 5.3).

In their reports the Thai team recommended the rapid introduction of
voluntary guidelines for housing energy performance standards. This too is
in line with the European process, where a period of adaptation and expe-
rience is necessary before it is opportune to introduce obligatory, binding
regulations. The authorities in any country will naturally be reluctant to
introduce obligatory measures until a system has been proven to work and
to not entail unreasonable extra costs. This again is a question of creating a
process that is as rapid as possible yet pragmatic. Experience shows that the
building industry is generally reluctant to make changes, and this opposition
must be overcome by a combination of ‘carrots and sticks’—incentives and
restrictions. In Thailand there is already a statutory building energy code
(BEC) for commercial buildings, with a calculation procedure for the
exterior envelope of offices, department stores and hotels. Such methods
for commercial buildings, based on the OTTV method—overall thermal
transfer value—have been found to be suitable in some ASEAN countries.
The resulting OTTV proposal which was developed by JGSEE for Thai
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housing includes a range of calculations and modelling considerations
(Chirarattananon et al. 2015b); these are not discussed in depth here
since we are primarily addressing the processes towards energy efficiency
in order to reduce the needs for cooling.

The proposed OTTV for residential housing addresses the thermal per-
formance of an envelope enclosing air-conditioning areas. The OTTV is a
representation of cooling loads, summing up those due to conduction heat
gain and stored heat in opaque walls, heat stored in the interior room mass
due to absorbed transmitted solar radiation, and conduction heat gain
through glazing and resultant stored heat in the interior room mass.
These, in fact, depend to a very large extent on the thermal properties of
envelope construction materials, building orientation, window-to-wall ratio
and time of use. The aim of JGSEE is integrating the OTTV methodology
into a process of rating the energy efficiency of residential housing. It has
also been reaching out to collaborate with authorities such as NHA and the
Electricity Generation Authority of Thailand (EGAT) in order to imple-
ment the rating scheme.

Fig. 5.3 Test house for energy, indoor comfort, ventilation and daylighting,
JGSEE Thailand (Source: Chris Butters)
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CONNECTING THE MESO AND MACRO LEVELS

Whilst measures for the energy efficiency of individual buildings are very
important, many of the best and cheapest measures may be found at the
meso and macro levels. At the meso scale this means designing
neighbourhoods and urban layouts so as to create good microclimates and
minimise cooling needs; at the macro level it involves the energy planning
choices. It is important that these three levels are considered in conjunction.
For example, in inner city contexts the options for climate responsive design
are limited—natural ventilation may even be undesirable given polluted city
air—and in such cases, ensuring macro level district cooling energy may be
the best option. By contrast, where district cooling is less feasible more
attention should be given to the meso and micro levels (Fig. 5.4).

At the micro level of individual buildings, reducing cooling needs by at
least half is not an ambitious goal and does not require major changes in
construction practices. At the meso level of urban design and layout,
climate-responsive design can considerably improve the urban microcli-
mate, hence enhancing comfort as well as reducing city cooling needs. At
the macro scale, a district cooling system can further reduce the overall
energy and climate impacts of hot cities, and in particular the heat island
effect. Whilst all three levels can be addressed in new city developments, the
case of existing cities and buildings is far more demanding. Energy efficiency

Fig. 5.4 Typical street townhouses and multi-level traffic, Sukhumvit, Bangkok,
Thailand (Source: Photo taken by Ali Cheshmehzangi)
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regulations are now also increasingly applied as requirements when build-
ings are to undergo major modification or refurbishment. At the meso level,
it is very demanding to modify an overall city layout of cities but many cities
are making large efforts to improve urban climate, increase vegetation and
reduce pollution. At the macro level, similarly, there are major efforts to
make energy supplies more renewable as well as to introduce district energy
systems. District heating networks are increasingly common in temperate
climate cities; but district cooling is as yet less known or applied.

RELEVANCE AND CONCLUSIONS

There are many features of the Thai experience that have immediate rele-
vance for other countries with similar climates, albeit with necessary local
adaptations; as well as for other regions outside Asia that have a hot-humid
climate. Processes towards energy efficiency are much debated worldwide
and present many local complexities, well-illustrated in the case of Thailand
by a major Thailand/World Bank programme for Energy Service Compa-
nies (ESCOs), which whilst successful did not achieve widespread penetra-
tion in the market or the financial sector (Hansen 2009). There may be a
need for several more programmes and system trials before the best options
to achieve energy efficiency are identified. Nevertheless, specific standards as
well as tools are broadly similar in similar climates. This process has seen
considerable success in Europe, where the ‘passivhaus’ standards and spe-
cific building details, developed in Germany and Austria, were adopted as
basis for developing national standards, codes and details in other European
countries within a short period of time (Casals 2006). It may be added that
European experience has shown that introducing very considerable energy
efficiency improvements does not lead to large increases in building costs; of
the order of just a few percent.

The challenge of promoting energy efficiency and disseminating it widely
is first and foremost one of processes; the technical solutions exist. Thailand
provides a useful example in this field. Cooling accounts for over 40 % of
energy use in Thai households today; it is one of the major challenges that
are receiving much attention and are being addressed in Thai policy (APEC
2010).The importance of cooling cannot be overstated when one considers
that many other developing countries have as yet very little air-conditioning.
Since this is likely to increase very rapidly, there is in many countries a very
large opportunity for preventative action.
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Cooling is primarily a human issue of health and comfort. One may add
economic productivity, which, as is well documented, diminishes in hot
environments, both factories and offices. The advantages of cooler cities are
thus manifold. Almost all the most rapidly expanding cities are those of the
hot-climate developing countries. And, whereas the rich in those countries can
afford energy amenities such as air-conditioning, the growing heat island effect
affects the poor most of all. Energy efficiency and cooling can be and needs to
be addressed at all three levels discussed in this book; and it is imperative to see
the three levels in conjunction in order to find optimal solutions.
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PART II

Case Study Chapters: Meso Level

In this section we address the meso scale of designing cooler layouts and
environments for hot-climate cities such as residential and inner city blocks.
The first is an example of research from Singapore into the important
cooling effect of green infrastructures, in particular the role of trees. The
second, a design case, describes a clustered housing development in India,
which highlights the combination of building forms and landscaping to
create a cool and sociable community environment. The third chapter in
this section is a study by the editors for a large and partly high-rise urban
development in China, which aims to illustrate an approach that integrates
all three levels of micro, meso and macro considerations in a concept master
plan solution.



CHAPTER 6

Cooling with Green Infrastructures:
The Influence of Trees on Thermal
Conditions in Tropical Urban Parks

Yun Hye Hwang, Qin Jie Geraldine Lum,
and Li Xuan Cherlyn Lim

TROPICAL URBAN PARKS

Situated near the equator with average temperatures between 25 �C and
31 �C and relative humidity of 70–80 % (National Environment Agency
2015b), Singapore struggles with the issue of heat. This factor, in addition
to the steadily increasing temperatures accompanying rapid urbanisation
(Fong and Ng 2012), increases the urban heat island effect (Nieuwolt 1966;
Roth and Chow 2012). Under the national initiative ‘City in a Garden’,
vegetated settings are a common sight across Singapore, with a large num-
ber of public urban parks. There are large-scale plans to boost recreation and
biodiversity in the parks and to increase the quantity of, and accessibility to,
key outdoor gathering and activity nodes up to 900 ha by 2020 (Ministry of
National Development 2013). While green policies may increase functional

Y.H. Hwang (*)
Department of Architecture, School of Design and Environment, Singapore,
Singapore

Q.J.G. Lum • L.X.C. Lim
National University of Singapore, Singapore, Singapore

69© The Author(s) 2018
A. Cheshmehzangi, C. Butters (eds.), Designing Cooler Cities,
Palgrave Series in Asia and Pacific Studies,
https://doi.org/10.1007/978-981-10-6638-2_6



opportunities and indirectly benefit city-scale thermal conditions, it is
believed that the park users’ overall experience can be further enhanced
with the concurrent consideration of thermal aspects. Several studies have
stressed the significance of thermal comfort in urban park settings; parks are
considered representative outdoor spaces where people are exposed to heat
during recreation and leisure (Mahmoud 2011), and their thermal assess-
ments (positive or negative) of those spaces could impact their patterns of
behaviour (Thorsson et al. 2004; Yang et al. 2013).

Of all types of vegetation, trees are one of the most critical landscape
elements in reducing temperature. This reduction normally occurs by the
trees intercepting direct short-wave solar radiation, and filtering light and
radiation through their shade-providing canopies (Erell et al. 2011; Kotzen
2003) before reaching ground level. Furthermore, trees that generate rel-
atively large shade with extensive leaves and complex root systems effec-
tively contribute in cooling down the temperature by absorbing ground
heat through water evaporation process (Shashua-Bar and Hoffman 2000)
and maintaining soil moisture (Monteith 1981), whereas lawns and/or
shrubs may not do the same when there is a lack of shade. Some studies
on the cooling effect of trees and tree canopies in urban parks highlight how
employing tree clusters is more efficient than individual trees (Shashua-Bar
et al. 2010), as the effect of shading may be integrated with other landscape
elements such as water bodies (Müller et al. 2014). Many researchers have
shown that trees are an effective means of minimising heat gain for humans,
urban surfaces and buildings and have been studied in terms of building
energy use and savings (Akbari 1992; Balogun et al. 2014; Shahidan et al.
2010). In addition, tree shade may affect meso scale cooling within/beyond
urban parks (Bowler et al. 2010).

Given the thermal benefits of trees, it is encouraging to observe that
Singapore has an overall vegetation cover of 56 % (Yee et al. 2011). Local
studies have shown that these areas are likely to improve thermal conditions
at the macro-scale of the city (Chen and Wong 2006; Wong and Jusuf
2010) and reduce the indoor temperatures of buildings (Wong et al. 2002).
At the micro-level, field measurements from urban canyons and parks in
Singapore demonstrate that the presence of tree shade reduces outdoor
temperatures (Hwang and Tan 2013) and, consequently, improves thermal
conditions (Hwang et al. 2015). Given these promising findings, the Urban
Redevelopment Authority of Singapore has initiated thermal studies at the
macro-level, hoping to moderate urban heat in the larger city-state (Urban
Redevelopment Authority 2012).
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While these studies have reinforced a general understanding that the
presence of trees and shade can enhance outdoor thermal conditions,
there is still a lack of consideration of optimum quantities and qualities of
tree shade in the urban park settings or of optimal planting arrangements or
types of tree needed to achieve the required shade for the optimum thermal
comfort. This chapter discusses hypotheses that an investigation of the
micro-scale thermal and shade performance of single trees would be able
to determine the influence of shade and tree characteristics on heat in a
more general way. One of the goals is to determine reasonable design and
management strategies for the optimisation of micro-scale thermal condi-
tions that can be implemented with as few calculations and measurements as
possible. The specific objectives are:

1. To determine the thermal performance of a range of size of tree
canopies and tree shade densities;

2. To identify characteristics and planting configurations of trees achiev-
ing optimal shade conditions.

The second part of the chapter describes methods of quantifying thermal
conditions and shade characteristics. It also explains the tree specimen
selection and measurement procedures involved in the study. The results
section compares thermal conditions, shade and tree characteristics to
determine their relationship, laying the foundation for a list of design
considerations in the discussion section. Limitations and possible areas for
further study are described in the conclusions.

MEASURING THERMAL PERFORMANCE OF TREES

Measurement Variables

Trees are known to reduce radiation; however, unlike similar thermal
studies of trees (Kotzen 2003; Shahidan et al. 2010), this study does not
consider the radiation flux. Rather, the given focus is on thermal comfort.
To understand and quantify how a tree and its shade can alter the thermal
experience of a person standing or sitting under it, the study uses the
Predicted Mean Vote (PMV) model of thermal comfort as a suitable and
recognised index of human acceptance of thermal conditions. Initially
developed by Fanger (1972) for indoor environments, the PMV model is
referenced in thermal comfort standards (International Organization for
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Standardization 1994) and has been applied in outdoor studies (Jendritzky
and Nübler 1981; Yang et al. 2013). In one example, a survey of Thermal
Sensation Vote (TSV) in outdoor urban spaces in Singapore concluded that
about 80 % of people would be satisfied with a range of outdoor operative
temperatures from 26.3 �C to 31.7 �C (Yang et al. 2013).

As a result, the study uses operative temperature to quantify thermal
conditions calculated using air temperature, mean radiant temperature, and
wind velocity. Mean radiant temperature is calculated based on measure-
ments of globe temperature, an equation derived from ISO standards
(International Organization for Standardization 1998). This process is
conducted to account for the convective conditions in Singapore’s outdoor
tropical climate (Tan et al. 2013). In short, thermal conditions are quanti-
fied by measuring and calculating air temperature, globe temperature, and
wind velocity. See Table 6.1.

The characteristics of trees were measured and recorded to relate each to
the corresponding shade conditions produced. The size and height of the
tree canopies were expected to have a direct relationship with the area of
shade produced, while the canopy density, comprising branch density and
leaf cover was expected to affect the amount of light filtered under the
canopy (Brown and Gillespie 1995).

To ensure similar environmental conditions for the tree specimens, the
study looked at urban parks in Singapore with relatively open spatial con-
figurations and large flat lawn areas. It singled out solitary trees within open
grass lawns, with each tree some distance from the other and few or no
shrubs present to reduce variations in the trees’ environment (Fig. 6.1).
Ultimately, the survey selects six tree types representing the typical speci-
mens in an urban park, Clementi Town Park and Jurong Central Park,
basing selection on their size (small, medium or large) and canopy density
(sparse or dense).

Furthermore, the tree specimens were selected to have similar canopy
shapes to ensure a good basis for comparison. As shade quantity is inevitably
affected by the size of a tree, the study selects a range of tree sizes for
assessment: (a) small trees defined as 2–3 m tall, with a canopy width of
about 2 m; (b) medium trees, 5–6 m tall, and with a canopy width of 4–6 m;
(c) large trees, 10–11 m tall and with a canopy width above 10 m. The study
also considers two types of canopy densities, namely ‘sparse’ and ‘dense’, to
investigate the influence of shade quality on thermal conditions. Figure 6.2
demonstrates the selected six trees and their immediate surroundings.
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Table 6.1 Thermal variables recorded and equipment specifications

Variables Equipment Measurement
range

Accuracy

Air
temperature

Testo 445, with 3-function probe
(shielded air temperature probe)

�20–70 �C �0.4 �C from 0 �C to
50 �C

Wind
velocity

Testo 445, with 3-function probe
(wind velocity probe)

0.0–10 m/s �5% or 0.03 m/s
whichever is greater

Globe
temperature

Extech HT30 globe thermometera

(Ø ¼ 40 mm)
0–80 �C �2 �C

Lux TES1335 digital light meter 0–400,000
lux

�3 % of reading
�0.5 digits

aExtech HT30 globe thermometer has been compared to HOBO Thermocouple Data Logger, UX100-
014 M with Type-T Copper-Constantan thermocouple sensors and 40 mm diameter grey ping pong ball.
Note that the same instruments eq. (2) was calibrated for Tan et al. (2013). The amount of variation of tmrt

value was within a �2 �C difference under park conditions from 12 noon to 2 p.m

Fig. 6.1 View of a typical urban park in Singapore
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Field Observation Period, Procedure and Equipment

Measurements were carried out between 12 noon and 2 p.m. in the months
of April to May in 2015, the warmest time of the year with one of the
highest levels of solar irradiance (National Environment Agency 2015a). To
account for day-to-day variations in weather, each tree was measured on
three different days to obtain average readings for each point. Measure-
ments were made only when shade was visible; that is on sunny days with no
obstruction from rain or clouds.

The study mapped the shade cast by each tree specimen from 12 noon to
2 p.m. by demarcating points 1 m apart (0.5 m for small trees) north, south,
east and west of each tree, starting at a distance of 1 m (0.5 m for small trees)
from the trunk and stopping before the point at which no shade was cast

Fig. 6.2 Views of selected tree specimens and their immediate surroundings.
Scales vary (SS pongamia pinnata (W1.7 m H2.7 m), SD gardinia carinata
(W1.8 m H2.2 m), MS cratoxylum cochinchinense (W4.6 m H5.4 m), MD alstonia
angustiloba (W5.1 m H5.5 m), LS pongamia pinnata (W11.5 m H10.8 m), LD
samanea saman (W12.1 m H10.9 m))
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(Fig. 6.3). Once the measurement points were determined, the following
measurements were made:

1. Thermal variables (Ta, Tg and Vel) and Lux were measured at the
same time for each point, at the heights of 1.1 m and 1.5 m respec-
tively (Mayer and Hoppe 1987).

2. Measurements of Ta and Tg were logged only when shade was
distinct and after numbers on the equipment had stabilised before
moving to the next point.

3. The process was executed over 3 days for each tree during the 2-hour
period; the measurement time was consistent on all 3 days to avoid
changes in the position of the shade in relation to the tree.

Fig. 6.3 Measurement points for trees, for shade cast from 12 to 2 p.m.; ‘x’
represents a point where a temperature measurement was recorded
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The size of the trees affected the number of required measurement
points, with more points for the larger trees, so opting for a two-hour
period limited the data collection to one large or medium tree or two
small trees at a time. Thus, the entire observation period took a total of
about 14 days to complete.

As four variables had to be recorded at the same time for up to 96 mea-
surement points (8–28 points for each tree) within an hour, it was imper-
ative to select portable industrial-standard equipment, The types of
equipment and their function are listed in Table 6.1.

FACTORS THAT AFFECT THERMAL PERFORMANCE OF TREES

Overall Thermal Performance: Size of Tree Canopy

Based on the findings, the average temperature To ranges widely in the
shaded areas, from 37.7 �C to 44.3 �C, a difference of 6.6 �C. The overall
To ranges from 39.8 �C to 47.6 �C; the former figure corresponds to the
large dense tree and the latter to the small sparse tree, showing an increase of
7.8 �C. The large and medium trees performed better than the small ones.
The differences between the thermal performances of the large and medium
size canopy trees with similar densities were less significant, but the larger
ones had a better thermal performance.

To verify the thermal performance, spot measurements were conducted
for morning and evening periods. Morning and evening temperature
records generally mirrored the results recorded in the afternoon (i.e.,
12–2 p.m.). Table 6.2. shows the overall To performance of the selected
six trees and shaded areas.

Light Filtration: Density of Tree Shade

The average To performance has noticeable differences that could be linked
to the shade intensity. The average To of the large dense tree is 4.7 �C lower
than the large sparse tree from noon to 2 p.m., 4.1 �C lower for the medium
trees, and 2.0 �C lower for the small trees. The average To recorded in sparse
shaded areas ranges from 42.1 �C to 44.3 �C, and the average To in the area
of dense shade ranges from 37.7 �C to 40.7 �C. Thus, a higher shade
intensity with lower light filtration achieves up to 6.6 �C reduction in To

during the hottest period.
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Next, shades of different intensities and corresponding thermal perfor-
mances were compared for the entire day. Graph 6.1 indicates a positive
linear relationship between the two variables; as the graph shows, increasing
light filtration met with increasing operative temperatures in all cases. The
lower spectrum of the graph contains six points; all six are medium or large
trees measured in the morning or evening; and four have dense canopies. As
the graph suggests, shade intensity values or the level of light filtration can
be recognised as a gauge of thermal performance, based on the correlation
of Lux levels and temperatures recorded. More specifically, the two large
trees had average light infiltration values of 34.0 Klux for the sparser tree
and 9.7 Klux for the tree with a denser canopy. Overall, for all six trees, a
higher shade intensity (lower light filtration) of 50 % achieved average Tos of
36.5–41.3 �C (see Graph 6.1).

Cool and Hot Points: Edge Effect and Sun Orientation

Cool points were identified from the thermal values recorded during the
hottest time of the day. The coolest 11 points constituting the lowest 10 %
of temperatures recorded ranges from 37.1 �C to 38.0 �C. All these values
were identified for the large dense tree, whereas values for the other five
trees exceeded 38 �C.Many of the coolest points were located in the middle
of the shade, and cool points were generally located in the northwest
direction in the afternoon, which corresponds to the orientation of the
sun. The seven hottest points ranged from 51.0 �C to 51.9 �C. Most of
these values were observed for the small trees regardless of their shade

Table 6.2 Average To performance of the six trees and size of the shaded area

To (overall average) Ave. To

(shaded area) (�C)
Ave. To

(unshaded area) (�C)
Shaded
area (m2)

SS 47.6 (42.1a)(43.3b)(50.8c) 44.3 51.8 3.09
SD 45.6 (40.3a)(40.4b)(50.6c) 40.7 48.7 3.78
MS 45.4 (38.5a)(40.1b)(49.0c) 43.5 48.1 20.75
LS 44.5 (37.8a)(40.1b)(49.2c) 42.1 48.8 114.75
MD 41.3 (37.4a)(38.0b)(49.1c) 39.4 46.8 25.22
LD 39.8 (36.8a)(37.5b)(50.4c) 37.7 49.2 158.27

aMorning (8–10 am)
bEvening (4–6 pm)
cAve. To of the control point ranged 49.0–50.8 �C in the afternoon (12–2 pm)
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density, and all points were in the edge areas away from the shaded area
offered by the large dense tree (Fig. 6.4). Thus, larger areas of shade are
more effective at providing thermal comfort during the hottest time of the
day than are smaller areas of shade.

Suggestions for Designing Cooler Parks

For hot environments such as tropical climates, the mitigation of solar and
terrestrial radiation in landscape design is much more important than other
microclimatic factors (Brown and Gillespie 1995; Emmanuel 2005). This
study examined the thermal performance of trees in a tropical urban park,
looking specifically at aspects of the shade characteristics of trees, including
size and density. It found differences in the level of To performance amongst
six trees of varying size and canopy density. The following findings can be
applied to the planting and landscape design of tropical urban parks:

– An area of shade as small as 3.09 m2 can reduce To by 3.2 �C; an
increase of 25.22 m2 may reduce To by another 4.6 �C and an increase
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Graph 6.1 Operative temperature and light intensity in shade under canopy
(Note: Darker points (•) are coordinates of a tree with a dense canopy, and lighter
points (•) are coordinates of a tree with a sparse canopy. Points are labelled according
to their name and the time-period when measurements were recorded, where
m morning, a afternoon, e evening)
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of 158.26 m2 means a reduction of up to 10.6 �C. Although the
presence of low-intensity shade is better than the total absence of
shade, higher shade intensities are recommended as they can reduce
To by up to 4.7 �C. The findings can be applied to the selection of tree
shade characteristics.

– Depending on context variables, the shape and growth of solitary trees
can be altered by maintenance. Results suggest shade quality can be
measured by lux. This finding may be useful in tree management, for
example, to determine crown pruning and monitoring activities in
parks.

– Cool points found by this study tended to be located within 5 m west
of the trunk of the large dense tree, making this the ideal location of
intended functional areas. The finding suggests large trees should be

Fig. 6.4 Cool and hot points in surveyed trees on 12–2 p.m. The text in white
highlights the position and operative temperatures of the 11 cool points (lowest 10%
of temperatures recorded). The text in bold highlights the position of the 7 hottest
points in small dense trees (top right image) and small sparse trees (bottom right
image). Scales vary
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preferred over small trees, and saplings should be planted a maximum
of 5 m apart to achieve a preferred level of thermal comfort.

– Ideal locations to plant trees to create function areas may be deter-
mined by the orientation. The western orientation is preferable for
functional areas at noon, but considering the movement of the sun-
light throughout the day, it can be inferred that there will be more
cool points in the west orientation in the morning and the southeast
orientation in the evening. The finding may be used to design outdoor
spaces for different usage by time.

As the thermal influence of solitary trees was assessed, the study cannot
quantify the combined effects of groups or continuous stretches of trees;
and these may lead to even lower temperatures. A survey of micro-scale
thermal conditions in tropical urban parks in Singapore found temperatures
were lower in the middle of relatively larger quantities of shade (Hwang
et al. 2015). While quantification of the influence of larger areas of shade
would be beneficial, the outdoor spaces surveyed by this study did not have
a comparable range of varying shade quantities; thus, the effect should be
quantified by further simulation studies.

Based on the results of the study, larger trees are recommended over
smaller trees to optimise the outdoor thermal comfort. However, trees take
time to mature, and it is not always possible to transplant mature trees because
of difficulties in transport and establishment of the plant. Thus, the time taken
for the trees to reach maturity and develop the desired characteristics should
be factored into the design process. The planting distance from paths caused
by the root growth of the trees should also be considered. Finally, it would be
useful to explore the thermal perception of being in a group of trees, as well as
bodily adjustment to ‘flow’; for example, the experience of walking through
continuous shade as compared to dashes of shade.

The study’s findings should trigger further investigation of a variety of
other tree forms so that a more comprehensive range of planting strategies
may be recommended.
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CHAPTER 7

Designing Residential Microclimates: Malhar
Eco-Village in Bangalore, India

Ali Cheshmehzangi, Ayotunde Dawodu,
and Amir Cheshmehzangi

INTRODUCTION

Around half of Mumbai’s total population of 12 million today live in
crowded and unhealthy informal settlements (National Sample Survey
Organisation 2015). In India, as in many other developing countries,
thermal conditions are often extremely poor, both in the inner city and
especially in lower-income districts and slum-type informal settlements.
This applies to indoor conditions as well as outdoors where people also
live and work. Nevertheless, even amongst poorer groups, energy amenities
including air conditioning (AC) are spreading very fast. Wang et al. (2013)
note that the energy used for cooling globally could increase by 350 % by
2100. Studies in the United Arab Emirates suggest that cooling energy
there would increase by 23.5 % in the coming decade. AC in India is the
largest component of overall residential power consumption, and also cor-
relates to the highest peaks in electricity demand; AC sales are predicted to
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increase by 15 % each year. The estimated 4 million new AC units installed
in India by 2030 will lead to a requirement for 80–145 Gigawatt of
additional energy (Phadke et al. 2014). Creating cooler cities, with limited
resources, is very much a question of urban form and design. Compactness
is a key issue. This chapter describes a residential neighbourhood in India
that is designed to provide a comfortable microclimate with a minimum of
energy or technical means.

Buildings are the interface between the indoor and outdoor environ-
ment. In hot climate cities, where cooling is a main need for human
comfort, temperatures are rising, in addition to more frequent extreme
heat events (Fell 2012). Population increase, the spread of energy amenities
and vehicles, as well as global warming, all contribute to this. In addition,
the urban population spends an estimated average of 85–90 % of time
indoors (Tejero-González et al. 2016). This has especially severe ramifica-
tion in developing regions such as in Africa and Asia where there are many
countries with extremely hot climates; and even where people have suffi-
cient resources to pay for energy, there is often also an energy gap where
population growth exceeds the spread of electrification (Global Network of
Energy for Sustainable Development 2007; Barnes and Foley 2004). The
urban heat island (UHI) effect, noted throughout this book, is linked to
high stress levels, morbidity and increased mortality; for instance, Paris,
Melbourne and Moscow experienced increased mortality rates of 130 %,
62 %, and 60 % directly linked to extreme heat events (Norton et al. 2015).
Hence, cooling needs to be seen from a wider vantage point, that is on a
meso and indeed macro city level. There has been global interest for the idea
of ‘compact cities’, due to advantages of mixed use and public transport
optimisation (Burton 2000; Owens 1986). However, compactness can
worsen urban ventilation and air pollution. A study of 45 core cities in
China illustrated the impact of city compactness on various parameters such
as infrastructure efficiency, public transport, residential energy consumption
and environmental externalities (Chen et al. 2008). There are various effects
of compact development; of special note in our context are two key aspects:
(a) the impact on cooling energy consumption due to reduced ventilation
and increased air pollution; and (b) the impact of reduced green and open
spaces since these have significant cooling and pollution reduction functions
(De Sousa Vale 2008; Akbari et al. 2001; Tratalos et al. 2007). To under-
stand and optimise cooling strategies for urban development, seven poten-
tial socio-environmental problems of over-compact cities need
consideration (Chen et al. 2008):
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• Higher urban density implies less urban green or open space;
• Traffic congestion increases travel time, fuel consumption, UHI and

poor air quality;
• Compact buildings normally have poor access to daylighting and

natural ventilation cooling;
• High-rise residential blocks discourage community life and social

communication with negative effects especially for the elderly and
children;

• Overcrowding in compact neighbourhoods may result in escape to
suburbs and decentralisation;

• Compact city buildings typically require energy intensive materials and
technical services;

• High-density buildings may increase energy demand for lighting,
ventilation and refrigeration.

In this study of clustered housing in India, we discuss compactness and
green infrastructures in particular since these two parameters are keys to
significant cooling and energy savings (Ignatius et al. 2015). This case study
also highlights the importance of vernacular design and community setting.

ISSUES OF COMPACTNESS

Compactness is a key question since hot-climate developing countries
struggle with slums and informal settlements and many highly congested
city environments, both low-rise and high-rise (Sanaieian et al. 2014). Many
countries have informal settlements but they are widespread not least in the
Asian region (Degert et al. 2016). Countries like India are particularly
susceptible, having many highly clustered settlements lacking basic ameni-
ties (Roy et al. 2017). Studies have shown the effects of lack of access to
water, sanitation and energy with poor health, thermal discomfort and high
cooling needs (Ahmad and Puppim de Oliveira 2015; Degert et al. 2016;
Parikh et al. 2012). How does the physical form of cities affect energy
consumption and invariably emissions? On a community scale, urban form
includes design elements such as housing size and types, density, orientation
and building configuration, open space and landscaping (Jabareen 2006; Ko
2013; Næss 2001; Holden and Norland 2005). All these factors affect the
microclimate including solar radiation, humidity, shade, wind flow, day-
lighting and local heat island effect (Ko 2013; Sanaieian et al. 2014).
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In the 1970s and 1980s, factors such as, street orientation, density,
vegetation and ground coverage became important topics in US urban
planning (Holden and Norland 2005); and the term green infrastructure
(GI) was introduced. GI regulates microclimate, both indoor and outdoor,
by solar shading, modification of wind flows and the evapotranspiration
process, and began to be applied in order to temper UHI (Killingsworth
et al. 2011). A lack of GI is synonymous to increased temperature and air
pollution (Hildebrandt and Sarkovich 1998; McPherson and Rowntree
1993; McPherson and Simpson 2003). As is also discussed in Chap. 7,
trees in particular are noted to be cost effective with the added benefit of
removing air pollution and improving air quality.

A dense spatial configuration is directly linked to heat gains and conse-
quent high cooling demands, as well as poor air quality (Akbari et al. 2001;
Johansson 2006). Compactness reduces urban air convection and increases
heat absorption in cities, where air-conditioning (AC) often consumes
about 40 % of building energy (Sailor 2006). In the inner cities, compact-
ness means less open space and fewer or narrower streets or other channels
for urban ventilation. Excessive compactness, thus, has a strong negative
cooling impact, and there is a strong link between compactness and GI
(Doick and Hutchings 2013; Golany 1996; Ignatius et al. 2015; Jabareen
2006). The goal of compactness has increased city density, sometimes
backed by the environmental argument of reducing expansion into rural
land; urban ventilation and cooling energy have been low priorities but are
increasingly important (Dawodu and Cheshmehzangi 2017). Issues and
consequences of city density are discussed further in Chaps. 8 and 13.

CLUSTERED HOUSING AND BLUE-GREEN INFRASTRUCTURES

Despite issues of pollution, ventilation and UHI, the design of compact
settlements can still be greatly improved to create cooler cities. There is
extensive research, examples of which are featured in this book, on shaping
layouts and green infrastructures so as to provide the best response to
natural conditions in order to provide healthy living environments, both
indoors and outdoors, in our cities. Streets and pathways increase perme-
ability, to assist passage of prevailing winds (Hughes et al. 2011); linking
these and the open spaces as well as maintaining low-rise structures increases
ventilation and reduces cooling requirements (Ng 2009). Street and build-
ing orientation play a major role; Ng (2009) suggests a staggering
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arrangement of building blocks. Other research suggests main orientation
of streets within 30 degrees of prevailing wind conditions to maximise air
flow. Building heights should be varied from high to low towards the winds
(especially those prevailing during the hottest seasons) or else varying
heights to limit stagnation and wind blockages (Ng 2009). Other factors
include the geometry and air flow characteristics of street canyons (Shashua-
Bar and Hoffman 2003) and the Height to Width ratio of streets; wide
streets increase daylighting and solar radiation, which is needed for GI to
thrive (Ko 2013; Norton et al. 2015). The city blocks and building volumes
themselves should be as permeable as possible (Kamal 2012; Norton et al.
2015) with a maximum of openings near ground level, improving pedes-
trian thermal comfort and ventilating air pollution. Shading and reflective
materials on roofs mitigate the intensity of solar radiation on buildings
(Hughes et al. 2011; Okba 2005).

The use of GI provides shading and lower temperatures, especially
effective being broad trees with dense canopies (Shashua-Bar and Hoffman
2003; Jim 2004). Increasing vegetation and GI is often problematic in
hot-dry climates with water shortages (Gill et al. 2007), whilst others are
affected by periodic droughts (Hughes et al. 2009; Srinivasan et al. 2012).
Storage of storm water runoff for watering can provide a part solution, but is
expensive (Coutts et al. 2013). Open spaces should where possible be linked
together, to form wind corridors (Ignatius et al. 2015; Taleb 2014; Zhang
et al. 2005). A study of Melbourne street canyon geometry (Matzarakis
et al. 2010) found that east-west streets should be prioritised for trees.
Narrow streets hamper the benefits of trees, hence, green walls and facades
and ground level vegetation should be priorities. Not all plant species
tolerate high gusts of wind and this occurs more in tall, narrow canyons
(Norton et al. 2015).

CASE STUDY: MALHAR ECO-VILLAGE, BANGALORE, INDIA

Malhar Eco-Village is located in Kengeri, on the outskirts of Bangalore,
south India. Bangalore has a fairly moderate hot climate due to its elevation
but with intense solar radiation. The rapidly growing suburb is well
connected with recent infrastructure in the area including hospitals, schools
and other amenities which make it an attractive place to live. It has a good
water table and abounds with farms and orchards. It is easily accessible, yet
away from the pollution of the main roads. The project was designed and
built by GoodEarth Company, a local practice focusing on sustainable
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communities in India. Their team of architects and builders endorse sus-
tainable principles and construct environmentally friendly architecture.
They have been experimenting with alternatives and concepts of holistic
development integrating green-blue infrastructures, vernacular design and
sustainable materials. Malhar eco-village promotes passive architecture and
sustainable design by adapting to the site microclimate and topography, as
well as blending conventional architectural design with traditions from the
Bangalore tropical savannah climate (Fig. 7.1).

The project covers 20 hectares and is projected to accommodate families
in 500 residential homes when completed. It forms a low-rise, quite dense
pattern of clustered housing within a beautifully landscaped complex. It is
divided into five smaller communities of between 60–90 houses to enhance
human scale and manageability. Built in phases, some are already occupied
and others are in progress. The five communities are described below. There
are various house typologies including cluster homes, townhouses and
apartments to suit different lifestyles and budgets. Each of the five commu-
nities is designed to be self-sufficient in its services and facilities, whilst other
facilities are shared by all to enhance community interaction and to reduce
dependency on the city. The buildings include green construction practices,
vernacular techniques, natural materials and natural ventilation. The site
development in all five areas displays integrated sustainable design including
high biodiversity and use of indigenous species, rainwater harvesting,
groundwater recharging and an eco-friendly, non-chemical sewage treat-
ment plant. The building layout and orientation of all buildings is adapted
to the topography so as to achieve an optimum cooling effect, thereby
reducing energy consumption and providing comfortable conditions both
indoors and outdoors (Fig. 7.2).

Clustered housing has had wide popularity in many regions, including
Europe, for many reasons including economy and conviviality. It offers a
moderate density and, often, common facilities and a good amount of
vegetation and green space. Many clustered developments also have a
common administrative structure, such as, housing associations or
co-housing. In many cases, vehicle traffic is kept to the outside with garages
and parking around the perimeter, creating car-free and noise-free spaces
safe for play and recreation within the residential zone itself. In the follow-
ing, we focus on three major aspects of the project. These are building form
and layout as seen from the meso scale planning perspective; green and blue
infrastructures; and materials and vernacular architectural design.
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Fig. 7.1 The overall layout of Malhar eco-village in five phases (Source: The
Authors, adapted from GoodEarth website on Malhar Eco-Village)
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BUILDING FORM AND COMMUNITY LAYOUT (PLANNING

AND SPATIAL LAYOUT)

To provide an overview of the project’s achievements in terms of building
form and community layout, we describe all five community areas.

Good Earth Malhar-Footprints

Completed in 2014, Good Earth Malhar-Footprints was the first phase, and
has a cluster typology spreading over 3 hectares with 96 residential units of
two- and three-bedroom houses. The design arrangement within a network
of streets and landscaped courtyards provides a car-free environment. The
cluster of spaces and interconnecting paths form a pedestrian-only space,
safe for residents and for children. The cluster layout is based on groups of
9–16 houses around an open space like a large courtyard, with a shared
parking area near one corner. ‘The total open space in the project is 60 % of

Fig. 7.2 The clustered layout of housing communities of Malhar eco-village
(Source: The Authors)
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which the soft-scape comprises 48 % of the total site area’ (Goodearth
website). The sense of place is achieved through a hierarchy of spaces and
variation of levels and the relationship between them, creating interesting
transitions and avoiding monotony in the layout. The open spaces within
the clusters are designed to encourage multi-use by the residents. The fairly
dense layout provides shading for most of the walls, reducing heat absorp-
tion significantly. The pathways and openings between clusters draw
breezes into and through the site. The need for artificial light and for air
conditioning is eliminated for most of the year as the buildings are designed
with adequate day lighting and natural ventilation.

Malhar-Resonance

Malhar-Resonance completed in 2015 has a townhouse typology spread
over 4 hectares of land with 70 three- and four-bedroom units. The empha-
sis has been on street layout and interactive social spaces, with a pedestrian
loop around the neighbourhood and a large playground. Adapting to the
natural topography of the site, the spaces are on different levels. All units
include a courtyard (either open or covered), split levels, atriums and
verandas of different sizes. Early morning and winter sunlight are captured
by layouts that utilise east and south facades. Similarly, west façades and
entrance areas are designed to capture breezes from the west and to give
good natural lighting for the main interior spaces.

Malhar-Mosaic

Malhar-Mosaic, currently nearing completion, has a cluster typology
spreading over 2.3 hectares with 84 residential units consisting of three-
and four-bedroom units. The layout emphasises a car-free approach, with a
perimeter road that connects 15 clusters arranged around small parks. Here
too, spaces are located at different levels with a diversity of courtyards,
verandas, balconies and terraces. One cluster abuts a larger park that pro-
vides the community with a space for social interaction. In order to optimise
light and natural ventilation, all units include either an internal or external
courtyard, with an open floor plan facing gardens at both ends.
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Malhar Terraces

Malhar Terraces has an apartments typology with 63 units on 1.2 hectares.
Containing one-, two- and three-bedroom units, it is currently under
construction. This is the first low-rise apartment type development in
Malhar and accommodates different lifestyles and budgets. This area has a
sloping site where the layout had to provide for resilience to flooding. The
design incorporates receding terraces with small gardens staggered at dif-
ferent levels. Access to the blocks is by paths leading to the inner courtyards
or atriums. These are richly planted. There are set-backs recesses in all units,
to increase ventilation and lighting. The cross-ventilation is enhanced by the
design of bay and French windows in bedrooms and living spaces, which are
mostly oriented towards the gardens or balconies. The landscaped gardens
form a terraced pattern to augment air movement between site levels and
also act as a buffer against heat, dust and driving monsoon rain.

Malhar-Patterns

Malhar-Patterns is a townhouse typology spread over 5 hectares of land with
92 units consisting of three- and four-bedroom units, including four differ-
ent types: open plan home, garden courtyard home, corner home and
clustered home. This is also nearing completion. Most of the buildings are
designed around open spaces with a street ‘loop’, again connecting the
neighbourhood to provide interactive areas with limited vehicular traffic.
The spatial pattern and scale of the units are varied through the size and
orientation of buildings. There are rainwater collection and recharge zones,
plantation areas and conservation zones for local and indigenous species. All
houses are designed specifically in relation to the position and shape of the
allocated plot. They also include internal and external courtyards with an
open plan layout optimising ventilation and light. The courtyards or walled
gardens are enclosed on two or three sides by windows and verandas. This
area focuses on especially strong integration of greenery and trees. As in all
five areas of the eco-village, the low-rise high-density approach enhances
passive cooling and ventilation regardless of size and orientation of individ-
ual buildings.
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BLUE-GREEN INFRASTRUCTURES AT MALHAR

A very prominent feature of Malhar is its blue-green infrastructure, with
local species and high biodiversity. These features are central in all five
community plans and are accessible for various socialising functions. The
natural features of the site are maintained and exploited to enhance both
microclimate and the sense of community. Each community includes ‘blue’
features, either in the form of small ponds or areas of rainwater collection
and water recycling; some of these are utilised for irrigation and flushing. In
all zones, the landscaping and water bodies are designed for groundwater
recharge and rainwater collection (Fig 7.3).

Most surfaces are permeable, with a series of natural swales and percola-
tion pits designed for the soil to absorb water and allowing for more natural
environments within the sites. Tank structures and services are under hard
surfaces. The communities benefit from sub-surface aquifers that are utilised
to maintain the water table and ground water. There are thus many areas of

Fig. 7.3 A typical water feature of Malhar eco-village housing community
(Source: The Authors)
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water collection and discharge, which also provide the housing with cooling
effects from the water features in the area. Malhar also abounds with
existing mature trees and new plantations, providing shading in the public
areas and open spaces in particular; all housing units also have at least one
tree providing specific shading.

MATERIAL USE AND VERNACULAR ARCHITECTURAL DESIGN

As noted, all housing units of Malhar eco-village are designed for adequate
natural light and cross-ventilation. This includes key elements of passive
cooling design such as large windows, wide verandas, air channels for
circulation, skylights and jaalis (Indian latticed screens). Openings and
windows near skylights and stairwells assist upward discharge of hot air by
stack effect and increase the air flow through the internal spaces. In return,
the skylights bring natural light, creating bright and airy spaces. All house
plans are oriented with consideration to the solar angles and wind direc-
tions. The maximum use of soft surfaces and courtyards reduces heat island
effects and ambient temperatures. Verandas with different scale and pro-
portions also create transitional spaces between interior and exterior, whilst
protecting interiors from direct solar radiation and heat; best locations for
these being on west and south sides (Fig. 7.4).

Materials with low embodied energy were used as much as possible and
energy-intensive, less sustainable materials such as cement and steel were
minimised and replaced by earth, timber and stone. The main building
material is compressed stabilised earth blocks for which the raw material is
the soil from the site itself. Natural materials can be used in ways that require
minimal processing energy and offer good durability, low maintenance,
renewability, low cost and local availability requiring no transportation.
There are no hazardous emissions. They are also easy to repair and have
zero environmental impact after demolition. Compressed rammed earth
walls as well as blocks are used in improved versions of a millennia-old
tradition. The block production is on site with small machinery and organic
stabilisers. The blocks are strong, durable and can be used in loadbearing
construction. The base of many of the buildings is made of local stone. This
selection of materials also aims to ensure that interior spaces are warm in
winter and cool in summer.

Other materials include reinforced concrete for floor slabs, whilst stairs
are built with steel, concrete and wood. In all housing units, a double or
cavity roof is used to minimise solar heat gain. A lighter construction is used
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Fig. 7.4 The front view (top) and side view (bottom) of clustered houses with mud
blocks and shading from verandas and fast-growing trees (Source: The Authors)
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for roofing of semi-open spaces where shading is required. Terracotta tiles
are used for roofing, generally in a light orange-red colour with good
thermal qualities; they absorb heat but quickly release it, providing cooler
spaces below. Timber, being a sustainable material, replaces conventional
high-energy materials such as aluminium and steel for doors and windows as
well as some floors. The architects procured local timber from the surround-
ing community.

In general, great attention is given to local vernacular layouts and mate-
rial use, which reduces the embodied energy of the construction. This
vernacular architectural design not only respects and harmonises with the
local culture, but adds modern environmental value in terms of low embod-
ied energy, recyclability, better cooling performance, and healthy, comfort-
able living.

OTHER PASSIVE COOLING DESIGN FEATURES

Site microclimate is influenced by land form, vegetation, water bodies,
street widths and orientation, open spaces and built forms. Some of these
are discussed in more detail in the following sub-sections.

Orientation

In vernacular architecture, orientation is a major factor in regard to solar
radiation, heat gain and loss, daylight and natural ventilation. In Malhar
eco-village, street widths and building orientation are designed to reduce
direct solar radiation and maximise air flow in between and into the housing
units. Clustered type buildings can also limit solar radiation by casting
shadow on neighbouring buildings, as can be seen in many parts of Malhar.
The street orientation is mainly parallel to wind direction, and locating the
lowest buildings along wide streets also reduces barriers to air flow reaching
those behind.

In a tropical climatic context such as Bangalore, north facades receive
least solar radiation with minimum intensity, hence a north-south building
orientation is preferable. This minimises east and west oriented façades
which receive the most troublesome solar radiation in the hot summer
season. On the other hand, the south façade receives welcome solar radia-
tion in winter. In order to maximise natural ventilation, openings should
face prevailing summer wind directions and be shaped to direct air flow
indoors, such as with adjustable louvers, wing walls and other vernacular
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techniques. Inlet openings should be mainly situated on the windward side
at low levels and outlet openings on the leeward side at a higher level. The
overall placement and alignment of the buildings should allow wind flow
around and in to all the buildings, as can be seen in the building layouts in all
five areas of Malhar eco-village.

Building Envelope

There is a direct correlation between the thermal performances of a volume
of space inside a building and the envelope enclosing it. This, the surface/
volume ratio, is determined by the building form. Building form affects solar
access and wind exposure as well as the overall heat loss and gain through
the external envelope. A compact form receives less heat gain and has less
heat loss. In regions like Bangalore, compact buildings with low surface/
volume ratio are preferred, to reduce heat gains. The particular form also
determines the flow of air around buildings, influencing the air flow indoors
and thus also the cooling needs.

The buffering effect of heavy materials—high thermal mass—is exploited
in Malhar to achieve thermal comfort indoors. The construction in earth
blocks with their heat storing and heat conduction properties plays a major
role. Earth construction is heavy, but can be beneficial in hot climates given
good cross-ventilation and night cooling; in tropical climates it also has
better humidity properties than materials such as concrete.

Roof

In all housing units, good roof overhangs, especially to the west, provide
protection from solar exposure. Where natural light is needed, smaller
overhangs are designed, mainly on north and south sides. These again are
features of traditional architecture. Additional shading is provided by other
elements, such as added arch frames or roof-mounted solar photovoltaic
panels, which provide a second layer to the roofing, decreasing incident
solar radiation on roof surfaces. The reduction in indoor temperature with
the use of this double roofing system has been measured at around 4–5 �C.
Similarly, stack ventilation is enhanced with vented skylights.
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Evaporative Cooling

Evaporative cooling is used as a secondary cooling strategy to lower indoor
air temperatures. The sensible heat of air is used to evaporate water thereby
absorbing energy and providing cooling. Water bodies, ponds and fountain
areas in the landscape of many of the outdoor and public areas all help
reduce the air temperature around the buildings and reduce cooling needs.

Courtyards

In general, courtyards perform as heat sinks where temperatures in the
courtyards are lower than the outdoor or street temperature. They are
also a regional vernacular feature. Vegetation in the courtyards assists in
shading and evaporation. The use of courtyards throughout Malhar helps to
maintain air flows, as low-level cool air from the courtyards moves through
openings into the internal spaces. This simple but effective design feature
maximises daytime air flow into the units and inverts the process during the
night hours.

CONCLUSIONS

In Malhar eco-village we see a passive vernacular design responding to the
local climate of Bangalore and topography of the site; both of which
underline the value of sustainable design approaches, not least to reduce
the energy needs for cooling and provide a cooler living climate, both
indoors and outdoors, at the meso level of neighbourhood planning. A
series of features have been integrated into the design in order to maintain
low indoor temperatures without relying on mechanical air conditioning
systems. Site plan, buildings layout, landscaping, building design, construc-
tion materials and detail features all contribute to the same goal of sustain-
ability. It is notable that many of the features described are modern
applications of solutions, some of them ages old, from vernacular architec-
ture in the region. And beyond being environmentally responsive passive
habitats, the Malhar project also achieves a strong focus on sociable, har-
monious community living. The approach that revitalises vernacular archi-
tectural design, local materials use and traditional construction methods, is
much appreciated as a path towards more sustainable communities in the
context of India.
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Apart from the design approaches and cooling strategies discussed in this
study, this clustered type of housing development represents an effective
low-rise but quite compact typology with many sustainability advantages.
Similar approaches are naturally just as relevant in inner city areas, but as
discussed elsewhere in this book, are less easy to apply due to the microcli-
matic constraints of high urban density, high costs and the demands of high-
rise construction. In the context of developing countries, the many millions
currently moving to and living in extremely uncomfortable, hot conditions
in informal settlements and slums will not, for a long time, be able to afford
inner city high-rise type urban living places. In the hot regions of fast
developing Asia, relatively compact low-rise towns and clustered
neighbourhoods may offer some of the best solutions for low ecological
impacts and costs, as well as the coolest urban environments.
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CHAPTER 8

Integrated Urban Design: Study for a Housing
District in Ningbo, China

Chris Butters and Ali Cheshmehzangi

INTRODUCTION

This chapter presents a concept design study for a large residential city block
in Ningbo, south-eastern China. Developed by the authors, as part of the
ELITH research program described elsewhere, it is a case study on the meso
or intermediate level of urban planning. However, the approach was inten-
tionally holistic, aiming for the much-to-be-desired integration of solutions
on all three levels of micro, meso and macro. The concept design, therefore
also includes, if in concept form only, questions of buildings design on the
micro level, and the macro level of energy solutions; in this case, a district
cooling system for the project. The goal of our study was primarily prag-
matic; to show that even given current urban development models, with
which we do not necessarily fully agree, more sustainable solutions are
feasible. Current practice, in China as in many other developing countries,
is driven by rapid economic growth and is often characterised by large-scale
urban developments, often by private developers, with few or no environ-
mental requirements and with a drive for maximum profits. These private
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market forces typically do not have much interest in, or time for, research
and innovation. This study aims to suggest that even given this model of city
development, very considerable improvements could be made without
significantly reducing profits. The improvements we target are in the area
of ecological site planning, climate responsive design and construction,
energy efficiency and, overall, cooler city environments with improved
health and comfort for citizens.

The main challenge is that of space cooling. The rapid spread of air
conditioning (AC) represents the largest increase in energy use. Each
individual AC unit ejects more heat into the city air, thus increasing needs
for cooling as well as the urban heat island (UHI) effect, which is a major
health and comfort issue. This study, thus, includes what is almost the only
solution to combat UHI in hot climates: district cooling (DC), which in
addition to being far more efficient can offer large savings in primary energy
and climate emissions. The key is to address the problem of energy for
cooling, not with individual solutions of small AC units but at the urban
scale.

With well-designed bioclimatic site layouts and architecture, plus effi-
cient lighting, cooking and appliances, one can greatly reduce energy needs
in buildings. Adding renewable energy in the form of building-integrated
solar photovoltaics can further reduce the energy needs. Selecting simpler
types of construction and materials lowers the embodied energy as well.
This study does not illustrate energy efficient and bioclimatic design in
detail but focuses on integrated solutions at urban design level. The starting
point is that of typical large, high-rise residential city blocks. Whilst we
question that approach, lifetime energy and carbon footprint of typical
developments can be reduced by over half, using not advanced or experi-
mental solutions but recognised green principles.

TRENDS IN CITY DEVELOPMENT

The energy and climate impacts of urban development in the fast expanding
cities of countries such as China is a concern. In many countries, urban
development is not subject to energy efficiency or other environmental
requirements and is being planned and constructed following outdated
and energy-intensive models. This implies a huge energy and emission
burden for such cities in the future. In addition, many housing develop-
ments pose problems of quality including fragmentation, gated communi-
ties and social segregation.
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Many new city areas are planned with little consideration as to improving
urban microclimate, maximising local breezes or enhancing outdoor con-
ditions with the help of the layout, landscaping and vegetation. The high-
rise buildings themselves are often poorly oriented in regard to sun and
wind and have one-sided apartments with inadequate daylighting and little
or no cross-ventilation. In addition, most high-rise structures are very
carbon intensive (i.e. mainly concrete, steel and glass) and lack energy
efficiency measures. Some greener options are directly cost saving, and
others are inexpensive. These are missed opportunities where the only
major requirement is better awareness and planning amongst investors,
property developers and designers. Design guidelines and binding building
codes are, where feasible, very important drivers of change too. As is noted
elsewhere in this book, however, in many developing countries such plan-
ning guides and regulations are not in place and there are not as yet the
resources or governance mechanisms to implement them.

We discuss issues of urban form and density further in Chap. 12. Whilst
we do not address the issue of urban transports here, it is well known that
the overall urban layout and location of work/residential/service zones also
has a major impact on energy use in cities. Key principles as to mixed use
zoning and sustainable mobility are well established in recent ecocity expe-
rience, although difficult to implement as long as the private car remains
such a high priority. Our focus in this proposal has been of a local nature,
that is, to minimise vehicle traffic within the site itself, creating less polluted,
quieter and safer spaces as well as reducing local heat emissions.

CHOICES OF CITY DEVELOPMENT

It is well known, and lamented, that principles for good, sustainable urban
planning are seldom applied even though they have been recognised for a
long time. The barriers are many and range from financing and land policies
to conservative thinking or adoption of inappropriate paradigms—such as,
the ideals of the skyscraper city and equally that of the suburban individual
bungalow. There are basic questions to ask about what kind of city we
choose. Chinese and other developing cities often aim for a very high
density. But as many studies show, dense high-rise does not, in fact, neces-
sarily house more people, and has some considerable disadvantages espe-
cially in sustainability terms. This is discussed and referenced further in
Chap. 12. In this chapter, we refer to Floor Area Ratio (FAR) and Surface
Coverage (SC), two of the most common measures of density. FAR, also
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often termed plot ratio, expresses the total amount of floor area on a given
site, for example a FAR of 1.0 means 100 square metres of floor space per
100 square metres of plot. This could be a two-storey building with
50 square metres on each floor on a site measuring 100 square metres;
and thus, occupying half of the site, hence the SC would be 0.5, which
means the building footprint is half of the total plot area. Following an
analysis of various urban typologies and of cities elsewhere, we posit here an
overall density or floor area ratio (FAR) for our case site of around 2.5. This
is somewhat lower than some recent Chinese high-rise neighbourhoods,
but we consider that as a general rule, residential densities above FAR 3.0
can imply a range of environmental as well as social disadvantages. It is
notable, also, that traditional low-rise European cities often achieve this
density or even higher—up to FAR 4.0 in parts of Paris for example. There
is no inherent need to go high-rise in order to house large populations. We
have, therefore, chosen to illustrate an urban block layout that has elements
of high-rise as well as low-rise solutions. Whilst not ideal, this offers useful
comparisons, and illustrates significant climatic and energetic—as well as
economic and social—advantages of low-rise options.

High-rise is not cheap. It necessitates complex building structures as well
as infrastructures, which are particularly expensive in relation to factors, such
as, fire safety, ventilation, façade maintenance and, ultimately, demolition.
Many high-rise residential blocks are virtually gated communities (Fig. 8.1)

Fig. 8.1 Typical high-rise residential typology in the city of Ningbo, China
(Source: The Authors)
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and even where they have a few common facilities, these are often
underused.

As is often argued, high-rise does enable large areas at ground level to be
left open; but it can be noted that this additional green space is not a
‘natural’ environment; it is usually only a thin ‘green’ layer on top of large
concrete underground parking garages. These landscaped areas can be
attractive but of limited functionality; they often appear to be designed for
aesthetics rather than to create meeting spaces or improve the outdoor
microclimate. By contrast, the classic European city model has equal or
even higher population densities, but green open spaces are provided mainly
in the form of large (and fully public) urban parks, within a short distance,
which provide more functions and social meeting places as well as being
genuinely green and large enough to provide a cooler city microclimate at
the meso level.

PRAGMATIC CONSIDERATIONS AND RELEVANCE ELSEWHERE

The present study illustrates a proposal for a large city block in Ningbo,
China. Whilst our key focus is hot-climate cities, Ningbo is hot and requires
cooling for several months of the year but has some winter heating need
too. The principles embodied in our study have even more relevance in
hotter climatic contexts, such as many tropical Asian cities where cooling is
needed all year round. It may be remembered that even many temperate
climate cities, in Europe and elsewhere, also now have large cooling needs in
summer, and UHI in those climates is also leading to increasing issues of
public health including discomfort and indeed rising mortality during
extreme heat events. This is partly due to inappropriate design, such as,
heavily glazed buildings, but also due to rising comfort demands and
behavioural changes. It is further exacerbated by a warming global climate;
one of the widely documented features of which seems to be increasing
frequency of extreme weather events. Similarly, the environmentally con-
scious layout and design principles illustrated in our study are broadly
relevant to urban planning in other contexts. On the macro level of city
energy solutions, the district cooling system shown is in the Ningbo case
based on river water, but such DC systems can be even more advantageous
in tropical locations; especially, with a large heat sink such as near the ocean.
Large DC systems are found in several Asian cities.
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DESCRIPTION

On a riverside site of about 15 hectares in Ningbo, presently vacant—but
subject to near future development—we illustrate a layout comprising
around 370,000 sq. metres of residential building, containing some 4600
apartments, plus common facilities and, as is a widespread custom, some
commercial premises in low ‘podiums’ along the street perimeter of the site.
This equates overall to a FAR density of 2.5. There are extensive areas of
green space between the buildings and along the river bank which forms a
curve around the top end of the site. The layout is designed to maximise
prevailing local breezes, as well as to ensure access to sun in winter and solar
protection in the hot seasons. Developing the detailed site layout and design
will, however, always depend on more specific local studies and simulations
of seasonal insolation, wind and air movement, ways to maximise site
ventilation, selection of appropriate vegetation, design of permeable and
reflective surfaces, optimising stack effect, noise reduction and other
parameters.

About half of the apartments are in fairly high-rise towers; in contrast to
common practice, these are designed so that nearly all apartments have light
and ventilation from at least two sides. There are almost no units with
exclusively north-facing exposure, which commonly fetch considerably
lower prices. It is notable that many current high-rise developments do
not even adopt such basic measures that would not only improve the living
qualities and energy performance but offer higher profits. There are no
one-sided apartments which are facing only west or east either, orientations
that also cause unwanted overheating in respectively the evenings or the
mornings. Overhangs and balconies provide summer shading as well as
enhancing air flow; balconies can help to ‘capture’ more of the incident
wind and lead it into the buildings. Most of these are oriented to capture
prevailing summer breezes. Due to the provision of lighting and ventilation
from two sides, the apartments do not need the extensive glazing that one
often sees, needed to achieve daylighting in the very common one-sided
narrow apartments. In many current blocks one sees that the entire front
wall is of glass, inevitably causing overheating problems in summer.

The high-rises illustrated on the site are of up to 30 floors; they are
staggered with increasing heights towards the north end of the site, this
pattern of heights being to favour access to prevailing breezes from the
south. The high-rise part of the site requires large underground parking
areas, which extend far out under the site beyond the buildings themselves.
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This is in contrast, commented on below, to the case of the low-rise
typology on the other part of the site. Facilities, such as, common rooms,
gyms and so on, are located on the bottom floors of these towers, and a
kindergarten is provided near the centre of the site with access to play-
ground, gardens and riverside (Fig. 8.2).

The low-rise area, with apartment buildings, of 4–6 floors, illustrates a
simple and cost-effective building typology. Here, parking is only partly
below ground level, allowing through ventilation cooling the undersides of
the apartments. The parking is also very inexpensive since most of it forms
the necessary foundations and base walls of the buildings. Given this typol-
ogy, the parking area needed corresponds to no more than the footprint of
the apartment buildings themselves. In this low-rise solution, ground floor
apartments are raised around one metre above ground level, providing
privacy to the ground floor apartments and their balconies, but equally to
enable cross-ventilation through the garages (Fig. 8.3).

We underline that that this is a concept layout only, the main focus being
on the meso level of site layout not architectural solutions. The relatively
similar rows of low-rise buildings illustrated here would, at the detail design
stage, be provided with more interest and variation both in the way they are
grouped and in design detailing. However, the important underlying

Fig. 8.2 The aerial view of our proposed design for a large residential city block in
Ningbo, China (Source: The Authors)
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principle is that all apartments have access to sun, light and prevailing
breezes, and are spaced so that they do not impede sun and air movement
to those behind. Note that in this low-rise layout, there are almost no
façades that receive troublesome east or west sun. Similarly, such low-rise
buildings can be shaded (for free) by moderately tall trees, whereas this is
impossible for high-rises. Crucially, all apartments are cross-ventilated. This
enables natural ventilation, whereas in one-sided apartments, mechanical
cooling is an unavoidable necessity.

The low-rise typology provides apartments of various sizes and flexibility
for different tenants. The apartments are accessed by simple (but covered)
stairways. For the elderly and wheelchair users, access with lifts would be
provided in a small percentage of the buildings. The spaces between the
low-rise rows form semi-private ‘courtyards’ with social functions, not
unlike the tradition of small courtyards in Chinese villages, which are
much used outdoor spaces for gardens, childrens’ play, relaxation and
meeting (Fig. 8.4).

Studies in detail have been made of which (indigenous) species of trees
and shrubs are most effective for filtering air pollution. Another research

Fig. 8.3 Section through a typical low-rise typology of 4–6 floors (Source: The
Authors)
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study of this type is described in Chap. 7. The role of the low commercial
podiums along the street edge is an important topic, which is also addressed
in the research study in Chap. 10. These podiums are in general
unfavourable for cooling, since they form a barrier to air movement at street
or pedestrian level. At the stage of detail design, therefore, they need to be
designed carefully and with frequent openings. For example, such passages
through to the site can be shaped like ‘funnels’. Seen from the street side,
this provides increased shop window areas and at the same time focuses or
channels more air in through the passages. On the other hand, if a street is
very polluted it may not be desirable at all to funnel street air in to the site.
And whereas podiums may be unfavourable for air movement, they may be
useful for their barrier function as regards noise. This illustrates the com-
plexity of urban design issues.

Fig. 8.4 Perspective of low-rise courtyard and outdoor spaces for 4–6 floor hous-
ing units (Source: The Authors)
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ENERGY AND CARBON

The buildings themselves are designed using passive strategies whereby the
building design and construction leads to much reduced cooling needs.
This includes maximum cross-ventilation, a lightweight reflective ‘sun-
screen’ façade cladding, some lightweight materials, effective shading and
avoiding excessive glazing, and insulation on external walls to reduce diur-
nal heat gain. In the high-rises, the stairwells are, further, designed to
enhance stack effect ventilation and contribute to passive cooling of the
buildings. Having done this as the first order design priority, the next step is
to assist cooling by adding the simple technology of ceiling fans, which
consume very little energy and can further provide a cooling effect of about
3 �C. The final, remaining need for space cooling is then provided by cool
water circulated to the apartments from the district cooling plant, situated
near the bend in the river.

Undesirable internal heat gain in the apartments are also minimised. This
is achieved partly by selecting the most energy-efficient electrical appliances
and LED lighting, plus ensuring better natural daylighting than in typical
high-rises. The heat from cooking is a major source of indoor heat. In
addition, comes the energy consumption of kitchen air extractors for the
cooking heat as well as cooking odours and grease. In the low-rise blocks,
provision is made for balconies where some semi-outdoor cooking can be
done during the hot seasons. Sustainable solutions seek to identify and build
on local opportunities; features such as cooking practices are typically
culture-dependent. In countries, such as, Thailand it is quite common; in
other countries, less so.

Given improved daylighting as well as lighting and electrical appliances of
high energy efficiency, average household demand can be as low as
30–40 kWh per square metre of apartment. For a low-rise typology such
as this, photovoltaic (PV) solar systems on the south-facing roofs provide a
large part of the remaining low energy requirements for electricity, around
1500 kWh per apartment. Solar roofs on high-rises by contrast would only
provide a small fraction of the energy needs.

Regarding embodied energy (or carbon), it has been noted earlier that
this is an increasing part of the total energy/climate impact of buildings.
Choices of building materials can reduce this part of the resource footprint
of buildings. But it is easier to reduce this impact in low-rise structures,
where one can use construction materials with considerably less embodied
energy/carbon. In high-rises, it is difficult to avoid reinforced concrete and
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steel; and these two materials alone often constitute well over 75 % of the
total embodied carbon in large buildings. Even so, the embodied footprint
of the high-rises is also significantly reduced in this proposal compared to
current models. Note also that high-rise necessitates large areas of under-
ground parking and these structures, and the thick concrete decks above
them, are both very expensive and extremely carbon intensive. This little
noticed issue—the carbon footprint of site infrastructures—has been
explored by us elsewhere (see Chap. 12).

Other interventions can include planted ‘green roofs’ on the north slope
of roofs, reducing unwanted heat gain; these together with permeable
paving surfaces at ground level also reduce the load on city drainage systems
during heavy rains, and are indeed becoming mandatory in some cities.
Water bodies and ponds also ameliorate the microclimate. Hence, a range of
design features reduce energy needs and contribute to a comfortable micro-
climate in such areas of the city. The entire site design of landscaping,
vegetation, water features and overall layout maximises cooling, enhances
site ventilation and provides a minimum of hard paved surfaces which would
increase local outdoor temperatures. The design also has a minimum of
internal roads; and no surface parking except for services and deliveries, plus
some parking along the main street shopping zone—outside the residential
zone itself. The energy plant with the river-based cooling system is located
on the bend in the river.

DISTRICT COOLING

As described in more detail in Chap. 11, district energy systems can be very
favourable. District heating (DH) systems are common now in temperate
climates: in some cities there are district energy systems that provide both
summer cooling and winter heating. However, district cooling
(DC) systems are as yet not at all widespread. The source of cooling may
be sea, river or lake water or the underground; they use standard heat
exchangers, pumping and distribution technologies. It should be noted
that given good planning, rejecting the waste heat to the sea or a large
river normally has quite small ecological impacts at this scale.

With regard to energy and climate emissions, DC has four major advan-
tages: (a) the larger scale offers efficiencies double that of small AC units;
(b) the cooling source, such as, river water, is at a lower temperature than
the ambient air in the hot season, and this difference (‘delta-T’) again
provides an energy saving; (3) these systems offer much superior
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management and control than individual systems; (4), and not least, the
waste heat is rejected outside the city itself, in this case via the river, so that
there is no heat island effect as there is with thousands of individual AC
units; on the contrary, the system contributes to cooling the whole local
environment. This is a sustainable solution at the macro level. This unique
feature of actually reducing UHI is why district cooling is gaining much
attention now, and offers a central pillar of energy policy for hot climate
cities.

CONCLUSIONS

The expanding cities of hot-climate developing countries often offer
uncomfortably hot environments, and are the fastest growing source of
energy consumption and climate emissions. In addition to poor outdoor
conditions, much of what is being built today is of an outdated and ineffi-
cient standard. This represents a great missed opportunity; cities are locking
themselves into huge future energy and climate burdens in addition to poor
public health. Whilst only illustrated briefly here, the study suggests that
these can be avoided by better planning; and that this does not require new
knowledge, added costs, or advanced technical solutions.

High-rise city ideas are popular. This may be desirable for central busi-
ness districts, but for other districts and residential areas there are a number
of potential disadvantages, both social, economic and environmental. Fur-
ther, one may achieve equally high population densities with low-rise typol-
ogies. It is not difficult to plan and build more sustainable housing. The
potential energetic and climatic savings to the cities, to consumers and to
society as a whole are very large indeed. Given growing political commit-
ment to energy and emission reductions, it is urgent that solutions of this
kind be better understood and widely applied. Cooler cities in hot climates
are possible.
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PART III

Case Study Chapters: Macro Level

This final section addresses the macro scale of entire city districts. First we
present a research study from Singapore into city block structures and
building patterns in order to maximise urban ventilation in hot cities.
Then we provide an example of concrete planning measures that are now
being applied in several cities to coordinate green spaces, transport corridors
and other open avenues, as well as built volumes in order to ameliorate the
urban climate. The final chapter in this section gives an overview of the
important macro scale solution of district cooling systems for large urban
areas, with Malaysia as particular example.



CHAPTER 9

Modeling City Patterns for Urban Ventilation:
Strategies in High Density Areas of Singapore

Abel Tablada and Yueyang He

INTRODUCTION

By 2050, 70 % of the world population is expected to live in cities, nearly
half of these in the tropics (United Nations 2017). The current population
growth in tandem with the demographic transition from rural to urban has
two consequences: on one hand, a continuous expansion of existing urban
areas creating low-density suburbs of unequal quality of planning, infra-
structure and services; and on the other hand, the urban core areas suffer a
gradual process of land intensification, with increasing population and
building density. This process is particularly intense in several emerging
tropical and subtropical Asian cities.

For this huge number of tropical urban dwellers, one of the most
significant threats is thermal discomfort, caused by the relatively high tem-
perature and humidity as well as the exacerbation of warmer conditions
from the urban heat island (UHI) phenomenon (Wong and Chen 2008).
Further rising of average and extreme temperatures is expected due to
climate change. In the case of Singapore, the increase is expected to be
between 1 �C and 2 �C by 2050 compared to the period of 1986–2005
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(Stocker et al. 2014). However, even with more pessimistic scenarios, urban
planners and architects should still consider passive cooling means to reduce
as much as possible the use of air conditioners, to minimise the current cycle
of higher UHI effects, higher temperature, higher greenhouse gases (GHG)
emissions and more acute climate-change impacts. Fortunately, several
methods are proven to reduce UHI effects, to cool physical surfaces and
improve thermal comfort. Amongst them, natural ventilation has been the
most common cooling method in the tropics and is thought to remain one
with high efficiency under certain conditions, and with zero energy
consumption.

Singapore has a typical rainforest tropical climate, with mean daily max-
imum temperature and relative humidity ranging from 30 �C to 32 �C and
94 % to 98 % in the past 80 years (National Environment Agency 2016).
Under such conditions, wind is crucial to improve thermal comfort from
both physiological and psychological points of view. According to field
survey results in Singapore (Yang et al. 2013), over 70 % of respondents
felt thermal discomfort with low wind speed even though they were in
outdoor shaded areas. In contrast, according to another study by Givoni
et al. (2006), with higher wind speed of 1 m/s, people can tolerate higher
outdoor temperature of up to 32 �C in the tropics. According to previous
studies (Hong Kong Planning Department 2005; Building and Construc-
tion Authority 2010; Yang et al. 2013), a minimum wind speed of
0.8–1.5 m/s is required for achieving thermal comfort in shaded outdoor
environments. Besides, as Chatelet et al. suggested (1998), indoors should
be at least as comfortable as the outdoor climate when no mechanical
cooling is used. According to BCA (Building and Construction Authority
2012), a minimum wind speed of 0.6–1.0 m/s is required for good indoor
natural ventilation in Singapore.

Although wind speeds in unobstructed areas in Singapore are relatively
low (yearly-averaged 2.7 m/s at 15 m height for prevailing wind directions),
they are high enough to satisfy thermal comfort in most periods. However,
large-scale constructions and the extension of urban areas have a substantial
impact on the wind flow patterns, not only obstructing the cooler air from
entering the city, but also stagnating the warmer air in the urban canyons.
The most affected area in Singapore is the central business district (CBD),
where a maximum temperature difference of 4.01 �C from the non-building
areas was recorded (Wong and Chen 2005).

To make good use of natural ventilation, buildings and breezeways
should be arranged with careful strategies in high-density urban areas.
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Existing strategies mainly focus on: (a) building configuration; (b) street
canyon geometry; (c) building disposition; and (d) urban density.

Building configuration focuses on a small spatial scale and aims to
improve the indoor and immediate outdoor environment by adjusting and
refining the building design. However, some of the proposed strategies have
an impact at a larger scale. Building orientation according to prevailing
winds, building form and indoor layout are the most common design
guidelines in building codes to ensure minimum requirements for cross
ventilation. For high density and high-rise morphologies, Ng (2009)
recommended increasing the wind permeability by avoiding large scale
podiums and introducing air passages and setbacks inside a plot. Regarding
building forms, Li et al. (2013) found that rectangular buildings perform
better than H-shape buildings because of their higher resistance to the
surrounding airflow generated by complicated building shapes. However,
H-shape buildings may provide enough façade area to enhance cross
ventilation.

Street canyons also belong to the micro scale level but their different
geometrical features may also have an impact at the meso scale level. The
study of street canyons aims to optimise airflow by adjusting their height,
width and length for better ventilation and pollutants’ dispersion
(Cheshmehzangi et al. 2010). After analysing the urban morphometry of
some global cities, Oke (2002) found that the airflow pattern inside a street
canyon is actually related to its aspect ratios, namely the ratio of height to
width (H/W) and the ratio of length to width (L/W). Later, a more
complete mathematical model (Georgakis and Santamouris 2005) was
developed to predict the wind speed inside a street canyon by considering
the geometries of the canyon, the wind speed and the wind direction
outside the canyon.

At a medium to larger spatial scale, building disposition strategies aim to
benefit natural ventilation by adjusting the relative position of buildings in a
cluster or urban plot. Tsutsumi et al. (1992) showed that a staggered
building array is worse than an aligned building array for generating build-
ing ventilation. However, contrary to their results, Zaki et al. (2012)
suggested that the staggered patterns have better building ventilation
potential than aligned patterns. These contradictory results are probably
due to the different building intervals and aspect ratios that lead to different
sheltering effects on the buildings downwind. Rajagopalan et al. (2014)
suggested that step-up building configurations distribute wind evenly and
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allow the wind to reach the leeward side of each building on top of the
podium.

The final focus uses building density indicators to assess urban wind
permeability and the potential for natural ventilation at the urban scale.
Kubota et al. (2008) found that lower building densities tend to ensure
higher wind speed at the pedestrian level especially for neighbourhoods of
detached houses. Buccolieri et al. (2010) indicated that, in urban areas with
higher densities, more reverse flow and stronger vertical recirculation were
found inside deep street canyons. As a result, lower horizontal flow rates and
larger local mean age of air at ground level were found. At a large spatial
scale, building densities can be seen as the urban surface roughness and used
to detect air paths by identifying the high-density and low-density areas in a
city or region (Wong et al. 2010).

Although the abovementioned strategies and foci are relevant for plan-
ners and urban designers as a guide to achieving effective urban ventilation,
they often fail to describe the most influential features of the urban wind
behaviour. Therefore, in this chapter, new strategies related to the breeze-
way network patterns are assessed in terms of their contribution to the
cooling effect of urban ventilation in high-density areas. In contrast to the
earlier-mentioned strategies, those proposed here focus on the structural
features of breezeway networks. This is highly relevant taking into account
that road network patterns and morphological features are primary consid-
erations in the urban planning process and are crucial for the urban wind
behaviour.

Nevertheless, for effective cooling by urban ventilation, it is not only the
urban morphology that has to be adjusted. A necessary shift for the success
of passive cooling at the urban scale should include the reduction of threats
to natural ventilation in contemporary urban areas. Related problems like air
pollution and noise from motorised transport should be minimised by
implementing measures that favour walkability and clean transport modes.

Therefore, in a scenario of resilient buildings and neighbourhoods in
which mixed-mode ventilation is applied in residential, commercial and
office buildings, the assessment of urban ventilation and its cooling potential
should include the prediction of both outdoor ventilation at pedestrian level
and indoor ventilation at upper levels. Focusing on one while sacrificing the
other target could minimise the cooling effect of urban ventilation in dense
urban environments as well as lessening the effects of carbon footprint
reduction measures in tropical cities.
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NEW STRATEGIES AND METHODS

Strategies of Adjusting Breezeway Network Patterns

Singapore’s CBD is one of the most high-density urban areas in the tropics.
The selected built-up area (Fig. 9.1) is occupied by compact and large
building bulks with a very high gross plot ratio (GPR) of 12. The breeze-
ways are arranged in an orthogonal pattern with shorter breezeway spacing
aligned on a southeast-northwest axis.

Five strategies aiming to improve ventilation conditions at pedestrian and
upper building levels in urban areas with the same GPR were tested using
computational fluid dynamic (CFD) simulations. These five strategies are:
(1) reducing breezeway network densities, (2) varying breezeway widths,
(3) varying breezeway spacing, (4) staggering the blocks and (5) inserting
T-shaped junctions by merging two plots.

Urban Models and Computational Settings

Twelve urban models were created to assess the five strategies. As shown in
Fig. 9.1, two baseline models (A0 and B0) were first developed according to
the breezeway network pattern in the selected area. Their plots are occupied
by either separate blocks on top of the podium (type A) or separate blocks
on the ground (type B) with 40 % and 20 % building coverage ratio (BCR),
respectively. Subsequently, five other models were developed from each
baseline model (A1–A5 and B1–B5) by adjusting their breezeway network
patterns with the abovementioned five strategies. Meanwhile, the GPR and
BCR are kept constant.

Regarding the computational settings, the approached wind at different
elevation heights are estimated by a reference wind speed of 2.7 m/s at 15 m
height. This value corresponds to the yearly-averaged data from Changi
airport in Singapore. The wind profiles were estimated by using the loga-
rithmic law equation with roughness length of 1 m. The four dominant wind
directions in Singapore, recommended to be considered by BCA in CFD
simulations, are north (N), northeast (NE), southeast (SE) and south
(S) (Building and Construction Authority 2012). Turbulence is estimated
by the commonly used standard κ-ε model (Launder and Spalding 1974).
The computational domain and settings follow Franke et al. (2007), Archi-
tectural Institute of Japan (AIJ) (Tominaga et al. 2008) and Blocken et al.
(2016) recommendations for urban ventilation analysis.
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Fig. 9.1 Urban models for two types of plots and five strategies related to breeze-
way network patterns (BCR building coverage ratio, GPR gross plot ratio)
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Evaluations of Natural Ventilation

To comprehensively evaluate the urban ventilation conditions, this study
obtains wind data at both pedestrian and upper building levels. It is assumed
that the best urban ventilation should benefit both outdoor and indoor
activities.

Wind speed is commonly used to evaluate ventilation efficiency by urban
ventilation assessment systems as well as green building standards and
certification systems. It is easily understood by planners and architects and
more importantly, it is directly related to human thermal comfort. There-
fore, this study assesses outdoor wind conditions at pedestrian level (2 m
height from the ground). Specifically, it calculates the average pedestrian
wind velocity (U) at the selected area of each urban model. For indoor wind
conditions, however, the estimation of wind speed to assess the ventilation
potential is not sufficient since wind speed is affected by both outdoor and,
most of the time, unknown indoor environments. Therefore, this study uses
the difference of wind pressure on building facades to indicate the indoor
ventilation potential. Specifically, it calculates the average wind pressure
difference (Pd) of all buildings above podium level in the selected area. Pd
is calculated by obtaining the pressure (Pa) at opposite facades, where
operable windows are assumed to be installed (Fig. 9.2).

EFFECTS OF FIVE STRATEGIES

Coarse Breezeway Network

The first strategy reduces the number of breezeways parallel to NE wind
direction from 8 to 5. At the same time, the breezeway widths increase from
20 m to 40 m.

For pedestrian ventilation, compared with the baseline networks (A0 and
B0), the values of U obtained on cases A1 and B1 increase when wind
comes from an oblique direction (N and S); and they decrease when wind is
from SE. This trend is more obvious for the case with no podium structure
(B1). For building ventilation potentials, when wind is from SE, N and S,
evident increments of Pd are seen with decreasing breezeway network
density. However, for NE, where openings on facades are parallel to the
wind direction, Pd remains extremely low as for the baseline cases.

The results from this strategy clearly suggest that, although keeping BCR
constant, introducing a breezeway network with fewer but wider
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Fig. 9.2 Average wind velocity at pedestrian level (U) and average wind pressure
difference (Pd) for five strategies of adjusting breezeway network patterns
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breezeways is effective in improving both pedestrian and building ventila-
tion potentials for most wind directions. However, a wind-impermeable
podium structure should be avoided because it makes the airflow at pedes-
trian level less sensitive to the change of breezeway densities.

Unequal Breezeway Width

The second strategy varies the equal breezeway widths of 20 m to alternated
breezeway widths of 10 m and 30 m.

At pedestrian level, compared with equal breezeway widths (A0 and B0),
the values of U in the unequal cases (A2 and B2) increase when wind
directions are from N, S and NE while they decrease in the case of SE
wind direction for both plot types. Similarly, as with the previous strategy,
varying breezeway widths is less effective for buildings with podium struc-
tures. Regarding the indoor ventilation potential at higher building levels,
this strategy also tends to increase Pd. However, opposite to the situation of
pedestrian ventilation, the podiums of plot type A benefit the building
ventilation potentials.

The results suggest that varying breezeway widths should be an effective
strategy to improve overall urban ventilation. In fact, the existing long and
deep street canyons in CBD have a significant stagnation effect on the
passing airflow. By introducing unequal breezeway widths, on one hand,
more evident channelling effects are produced in wider breezeways. On the
other hand, the narrower breezeways hardly worsen their original poor
ventilation whilst enhancing larger pressure differences between opposite
facades.

Unequal Breezeway Spacing

The third strategy varies the original equal spacing between the central axis
of breezeways of 50 m to unequal alternated spacing of 42 m and 62 m. As a
result, the plot and building widths are varied whilst breezeway widths
remain constant.

At pedestrian level, with unequal breezeway spacing (A3 and B3), wind
conditions are slightly worse than those in baseline models in most cases
especially when wind is parallel to breezeways (NE and SE). For the upper
levels, the situation is even worse. A more dramatic reduction of Pd is
obtained for buildings with podium structures in all wind directions.
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Overall, varying breezeway spacing is not recommended. Natural venti-
lation at both pedestrian and upper levels become worse for both plot types
with most wind directions. The poor performance of the strategy is probably
due to the introduction of wider building facades, which generate more
stagnant areas near their leeward sides.

Staggering Blocks

The fourth strategy staggers the building blocks inside equal sized plots. In
this situation, the staggering configuration has SE orientation.

For pedestrian ventilation, the staggered patterns (A4 and B4) perform
much worse than the baseline cases that have aligned patterns. For most
wind directions, U decreases to less than half of its original values. However,
in the case of building ventilation potentials, staggered patterns create larger
pressure differences especially for the case without podium (plot type B).
This trend is more evident when wind comes from an oblique direction
(N and S).

Overall, the strategy of staggering building blocks weakens the ventila-
tion at pedestrian level whilst it increases the ventilation potentials of upper
levels. Therefore, considering that its negative effect on pedestrian ventila-
tion is much larger than its positive effect on building ventilation, this
strategy should not be recommended unless further refinement of the
staggering arrangement, especially by minimising wind obstruction at
ground level, is investigated.

T-Shaped Breezeway Junctions

The fifth strategy replaces two X-shaped junctions by T-shaped junctions
whilst breezeway width remains the same as in the baseline cases.

At pedestrian level, the creation of alternate T-shaped junctions (A5 and
B5) hardly affects the wind performance compared with the baseline cases.
The only obvious difference is that a significant reduction of U is obtained
for plot type A when wind direction is NE. At upper levels, however, the
T-shaped junctions increase Pd in every wind direction for plot type A whilst
slightly reducing Pd when wind is from SE, N and S for plot type B.

According to the results, when a small number of T-shaped junctions is
introduced among X-shaped junctions, urban ventilation conditions tend to
remain unchanged or even be slightly weakened when BCR is small (plot
type B). In comparison, for patterns with higher BCR and larger building
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bulks, T-shaped junctions tend to increase the building ventilation
potentials.

COMPARISON AND ANALYSIS OF THE STRATEGIES

The Best Compromise Between Pedestrian and Building Ventilation

As mentioned in the earlier sections, wind conditions at both pedestrian and
upper building levels should be considered simultaneously in order to have a
comprehensive evaluation of each strategy. Table 9.1 compares the effect of
the five strategies on natural ventilation and thermal comfort.

From the results of this study, strategy 2 is considered to be the best
compromise between pedestrian and building ventilation potentials. Vary-
ing the widths of neighbouring breezeways significantly increases the values
both of U (up to 136.4 %) at pedestrian level and Pd (up to 69.6 %) for
indoor ventilation potentials in comparison with the baseline patterns.
These figures are top amongst all strategies. As Ramponi et al. (2015)
reported, the introduction of wider breezeways should be the main reason
for better ventilation. Additionally, strategy 1 should also be considered as a

Table 9.1 Effect of five strategies in terms of natural ventilation and thermal
comfort in comparison with baseline cases

Strategy Percentage change
of pedestrian
ventilation

Percentage change
of building
ventilation

Percentage
difference of
outdoor area with
thermal comfort

Type A
(%)

Type B
(%)

Type A
(%)

Type B
(%)

Type A
(%)

Type B
(%)

1: Reducing
breezeway densities

�24.1 to
5

�26.7 to
37.9

�21 to
99.6

�16.6 to
23.6

�26.2 to
�2.6

�19.2 to
27.1

2: Varying
breezeway widths

�10.1 to
2.4

10.8 to
136.4

2.3 to 69.6 6.3 to
�46.3

�20.7 to
�6.9

�9.8 to
28.7

3: Varying
breezeway spacing

�29.7 to
2.5

�5 to 8.9 �28.5 to
�31.7

�10.8 to
37.1

�37.4 to
�3.5

�1.1 to
16

4: Staggering
building blocks

�61.0 to
15.6

�68.4 to
24

�25.7 to
12.4

�10.9 to
48.6

�42.7 to
9.7

�62.8 to
3.4

5: Inserting
T-shaped junctions

�36.6 to
�3.5

�4.3 to
8.7

9.6 to 22.3 �17.6 to
69.9

�39 to
�9.5

�0.9 to
13.1
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very effective strategy for improving urban ventilation. These generate up to
37.9 % and 99.6 % increases of U and Pd, respectively. The figure of Pd in
this strategy is even higher than that in strategy 2. However, it should be
noted that decreasing breezeway density also leads to higher floor areas and
deeper floor plans in each building unless further design refinement is
applied. Deep floor plans may worsen the cross-ventilation effects inside
buildings due to the probability of obstructive partition walls. Therefore, in
these cases, higher Pd may not necessarily lead to good indoor ventilation.

On the contrary, strategy 3 and 4 are the worst. For instance, strategy
3 generates up to 29.7 % and 31.7 % reductions of pedestrian and building
ventilation potentials, respectively. In fact the negative effects of varying the
breezeway spacing are more serious than what the wind pressure data
indicates. This is again due to the increase of building floor areas in larger
plots. Strategy 4 leads to the most significant reductions of all. Over 60 %
decrease of U is seen for both plot types when aligned building blocks are
replaced by staggered building blocks. Though the strategy improves the
building ventilation potentials with certain wind directions, it cannot com-
pensate the negative effects on pedestrian ventilation. The result is consis-
tent with Lin et al. (2014), who had reported that the staggered pattern
gives lower pedestrian ventilation efficiency than the aligned pattern under
the same conditions. They attributed this to the greater drag force produced
by the staggered pattern, which might also explain these results.

Finally, strategy 5 should not be rejected but careful considerations
should be taken due to the contradictory effects between pedestrian and
indoor ventilation potentials. The use of T-shaped junctions decreases
pedestrian ventilation whilst it significantly improves the building ventila-
tion potentials. This means that other design variants with the insertion of
T-shaped junctions should be further assessed to achieve an improvement
of pedestrian ventilation whilst keeping the positive performance in terms of
pressure differences and indoor ventilation potential. However, based on
the findings, deep floor plans should be avoided for more efficient cross
ventilation inside the buildings.

The Influence of Plot Types

An important consideration for urban planners is that breezeway network
patterns and building typologies should be analysed in an integrated way.
Both the effects of the evaluated strategies and of plot types on urban
ventilation are significant.
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Comparing the effects of plot types A and B (Table 9.1), at pedestrian
level, buildings without podium structures tend to have better pedestrian
ventilation regardless of the strategy applied. The largest difference amongst
plot types with respect to the baseline cases can be seen when strategy 2 is
applied, where the value of U is up to 136.4 % higher for plot type B and
only up to 2.5 % higher for plot type A. For the other strategies, the
difference is still evident. For example, the negative effects observed from
strategies 3 and 5 on pedestrian ventilation is less pronounced for plot type
B without podium structures.

At upper levels, plot type B also has better building ventilation compared
to plot type A when strategies 3, 4 and 5 are applied. The most extreme
difference between plot types is found when strategy 3 is applied, where
type A experiences large reductions of Pd whilst increments of up to 37.1 %
are obtained for type B. The serious reduction of Pd for buildings on
podiums is mainly due to collisions of airflow caused by the unequal
alternated building facades. However, when strategies 1 and 2 are applied,
plot type A performs better than type B. The poor performance of plot type
B is the result of the introduction of wider breezeways which disturb the
original strong channelling effects along southeast-northwest axis. On the
other hand, the wider breezeways in type A enhance the air ventilation
along northeast-southwest axis.

To strike a balance between pedestrian and building ventilation poten-
tials, buildings with large podium structures should be avoided. Though the
plot with podium has good building ventilation at above-podium levels in
some of the cases, it significantly worsens the pedestrian wind environments
unless the podium becomes more permeable to the wind flow. This is
consistent with the recommendations given by Ng (2009; 2010).

The Influences of Five Strategies on Outdoor Thermal Comfort

One of the major contributions of urban ventilation in Singapore’s high-
density areas is the improvement of thermal comfort conditions. By using
the five strategies related to breezeway network patterns, different degrees
of thermal comfort can be obtained. In this study, the proportion of urban
areas at pedestrian level that obtain the minimum wind speed of 0.8 m/s is
used as the indicator to explain the effect of the five strategies on outdoor
thermal comfort. For indoor thermal comfort, further definition of interior
spaces is needed to predict indoor air velocities.

Overall, due to the weak wind conditions in Singapore, thermal comfort
for outdoor areas cannot be fully achieved by adjusting breezeway network
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patterns whilst keeping the high GPR. However, by applying a proper
breezeway network pattern, building orientation and plot type, outdoor
areas achieving thermal comfort can considerably increase. According to the
data in Table 9.1, strategies1 and 2 obtain the largest increase of over 27 %;
hence achieving over 50 % and 70 % outdoor areas with thermal comfort in
total, respectively. These results confirm they are the most effective strategies
in this study as discussed in section “The Best Compromise Between Pedes-
trian and Building Ventilation”. Although strategy 3 can also obtain a high
increase of comfort areas (up to 16 %), it cannot be considered as a good
strategy for the following reasons: first, it gives lower average wind velocities
than the baseline cases, meaning the remaining areas have very poor thermal
conditions; and second, its low values of Pd and wide building blocks with
deep floor plans should result in relative poor indoor thermal conditions.

BCR becomes a good indicator when the breezeway network pattern is
kept constant. When BCR decreases from 40 % (plot type A) to 20 % (plot
type B), urban areas that achieve thermal comfort can increase by 10–40 % in
most breezeway network patterns. The only exception is seen when strategy
4 is used. This phenomenon further suggests that although staggered build-
ing blocks may be used for higher ventilation potential at building levels, the
design of the towers should be decoupled from the ground level by providing
more porous and linear breezeways at the pedestrian level.

CONCLUSIONS

This chapter explores the effects of a number of strategies related to breeze-
way network patterns on optimising urban ventilation and urban thermal
comfort in a high-density and high-rise district in Singapore. The results
suggest that the best improvement on urban ventilation at pedestrian and
building levels is achieved by varying the breezeway widths in an alternated
way. The five strategies were tested on two plot types, considering plot type
B (without a podium structure) as the preferable one for most of the applied
strategies. Further investigation is needed to evaluate the impact of a
number of modifications on the models representing the best strategies as
well as on plot types. A more promising compromise between pedestrian
and indoor ventilation is expected to be achieved by adjusting breezeways
dimensions and building forms.

The study of breezeway network patterns is an indispensable complement to
the existing studies on urban ventilation. First, it offers a method of obtaining
better urban ventilation without sacrificing density indicators in high-density
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areas in the tropics. Second, it gives guidance for planners to distribute plots
with different land use. In fact, when road and landscape planning is
conducted, planners should consider not only the traffic situations and land-
scape aesthetics, but also the airflow patterns; especially in hot and humid
climates. A poorly ventilated breezeway network pattern may have a long-
term negative effect since it is difficult to adjust in subsequent urban develop-
ments. To turn the dream of carbon neutral cities into a reality, whilst providing
thermal comfort to inhabitants, urban ventilation should be placed at the
forefront of urban policies and planning, especially in the tropical Asian cities.
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CHAPTER 10

‘Summoning’Wind for Urban Cooling: Urban
Wind Corridor Projects in China

Dong-Li Hong and Shiuh-Shen Chien

INTRODUCTION: GOVERNING THE URBAN CLIMATE

Over the past century, urbanisation and industrialisation have had a dra-
matic global impact on climate. Urbanisation has drastically altered land-
scapes, covering huge areas in concrete and asphalt surfaces. Human activity
has released tremendous amounts of pollutants and waste heat into urban
atmospheres, resulting in air pollution, smog and the urban heat island
(UHI) effect. The management of climate change has emerged as a major
challenge for architects, planners, urban scholars, city officials, private indus-
try and civil society (Emmanuel 2005).

Urban-planning studies and practices seek to respond to these chal-
lenges. Under the state-centred developmentalism approach to economic
growth, urban planning is very focused on land use changes and industrial
zone planning to promote investment and production (Chien 2008; Wei
and Leung 2005). Urban planning later began to emphasise environmen-
talism to remedy industrial land and water pollution created by unregulated
economic activities. Recent years have seen progress on urban responses to
climate change such as heavy flooding, air pollution, smog and UHI.
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In terms of planning strategies to manage urban climate and weather
environments, most existing literature focuses on adaptive solutions, includ-
ing greenification projects to create more urban parks and green roofs, and
sponge city projects that increase capacity to deal with heavy rain and
flooding. Actively interventional solutions are also explored, including a
rain-enhancement experiment conducted in Tai Lake in China’s Jiangsu
Province for the reduction of local temperatures; thus also inhibiting
cyanobacteria growth which can cause eutrophication and damage water
quality. Results from the Tai Lake experiment have shown that air temper-
ature decreased by 1–2 �C with the rain enhancement by weather modifi-
cation (Wang and Chen 2015). However, while the experiment
demonstrated the potential to control short-term weather, it had no long-
term effects on the urban climate problems such as managing directions of
wind for urban cooling or controlling smog.

Wind is a key factor in determining urban thermal environments (Morris
et al. 2001). It boosts the circulation of air and heat and decreases apparent
temperatures for human comfort. Projects to establish urban ventilation
corridors to improve wind flow through cities are under development in
Asian countries including Japan (Ashie et al. 2006; Akashi 2008; Chen et al.
2009) and South Korea (Cha et al. 2007). China is developing large-scale
ventilation corridor projects, with feasibility studies completed in at least a
dozen cities (see Table 10.1), with land-use and building-regulation policy
initiatives currently in process in Guiyang, the provincial capital of Guizhou,
located in south of China. These provide an opportunity to scrutinise how
planning strategies can be implemented for ‘summoning wind’.

The rest of this chapter is divided into three main sections. The first
section briefly describes the role of wind planning in architecture and urban-
planning-studies literature and the use of various computer models in wind
planning. The second section discusses the promotion of urban ventilation
corridors in China, with Guiyang’s urban ventilation corridor plan as a
central case study. The third section discusses social tensions and other
issues arising from such projects.

URBAN WIND PLANNING AND COMPUTATIONAL MODELLING

Wind has long been recognised as a critical element of planning the urban
built environment. The ancient philosophy of ‘feng shui’, literally translated
as ‘wind-water’, can be traced back to the Zhou dynasty of China (about
1050–250 BC) and reflects traditional Chinese insights into spatial
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arrangements designed to strike a harmonious and healthy balance between
built and natural environment. As urban climatology emerged in the early
twentieth century, planners started noticing the effects of urban land-use
and landscape patterns on the micro-climatology (Hebbert 2014). How-
ever, while some factors such as the spatial pattern of the UHI effect were
easily captured and measured, other variables, like wind, were hard to
observe and analyse thoroughly due to its rapidly changing and non-linear
characteristics (Mills 2014).

Without proper research and design tools, urban planners can only
consider and use climate information unsystematically (Eliasson 2000)

Table 10.1 Selected urban wind corridor studies and planning projects in China

City Project Research
period

Direct related to wind ventilation corridors
Wuhan Study of planning and management of Wuhan urban air path

[Wuhan chengshi fengdao guihau guanli yanjiu]
2012–2013

Changsha Technical guide for urban air ventilation in Changsha city
[Changsha shi chengshi tongfeng guihua jishu zhinan]

2010

Making natural ventilation corridors in cities with high seasonal
temperature variation [Xiare dongleng diqu chengshi ziran
tonggeng kangdao yingzao moshi yangjiu]

2010

Hangzhou Urban air path study [Chengshi tongfeng langdao guihua yanjiu] 2013
Guiyang Study of urban ventilation corridor planning methods based on

Guiyang [Chengshi tongfengdao guihus sheji fangga yanjiu]
2013

Layout plan of ventilation corridor below about 200 meters in
downtown Guiyang [Guiyang shizhongxin chengqu 200 gongchi
yixia jindi tongfeng langdao buju guiahua]

2013

Overall wind environment planning studies
Wuhan A study of the relationship between the layout of urban building

planning and its surrounding climate environment [chengshi
jianzhu guihua buju yu qihoiu guanxi yangjiu]

2005

Langfang Langfang’s wind environment [Langgan chengshi fenhuanjing de
chengshi guihua yangjiu]

2011

Xi’an Planning for ecological isolation mechanisms in the Xi’an region
[xian shiyu shengtai geli tixi guihua]

2013

Shenyang Green space control in urban spatial structure planning in
Shenyang [Shenyang chengshi jiegouxing ludi kongzhi guihua]

2014

Nanjing Air pollution protection plan in Nanjing [Nanjing
shi daqi wuran fagzhi xingdong jihua]

2015

Source: Adopted from Ren et al. (2014)
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either to depict existing conditions or give general recommendations for
microclimate analysis and planning (Erell 2008; Ebrahimabadi et al. 2015).
Thus, urban climatology knowledge, especially regarding wind, had very
limited impact on planning processes in the twentieth century. In 1953, a
pioneering urban trial on wind was done in Stuttgart, a German industrial
city with problems of air pollution due to a combination of its valley location
and low wind speeds. Guided by considerations of the natural wind paths,
the urban plan in Stuttgart connected green spaces and discouraged devel-
opment that would disrupt local air circulation (Hebbert and Webb 2012).
The Stuttgart case demonstrated the possibility of combining the concern of
wind and urban planning instructions, though hard without proper tools
and knowledge to bridge the gap between urban climatology and planning
processes. It was not until the development of modern computational
modelling of micro and meso scale wind, which allows for more precise
forecasts, that the possibility of wind planning emerged. Two kinds of
modelling can be identified.

The first is small-scale modelling that works to predict air circulation
surrounding one building or a group of buildings. A related issue is
skyscraper-affected airflows. Improvements to construction techniques
allow skyscrapers to be narrower and taller, and these structures can create
street level wind hazards through downdraughts and wind tunnels (Liu
1990; Wells 2005). The former happens where moving air hits a building
and is forced up or down, creating strong winds at street level. The latter
refers to wind acceleration created by air passing through narrow channels
between skyscrapers and nearby buildings. The complexity of these phe-
nomena requires micro-climate analysis during architectural programming
and construction. Researchers have used small-scale models to capture the
flow and diffusion patterns of pollutants and energy in urban environments
(Mfula et al. 2005). The computational fluid dynamic (CFD) model, for
example, is commonly used to simulate and demonstrate small-scale wind
environments. CFD applies fluid mechanics along with numerical analysis
and algorithms with a set of physical models to simulate better the interac-
tion and diffusion of liquids, gases and heat within boundary conditions.
Due to its site-specific characteristics and limited computational resources,
CFD and other small-scale models are often used to enhance the accuracy of
monitoring and simulations at street and district levels (Cheshmehzangi
2016). For example, Akashi (2008) discussed changes in wind environment
and mitigation of UHI in Tokyo after deconstructing a wall-shaped har-
bour-front building. Similarly, Ashie et al. (2006) discussed the UHI within
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a 10 km2 area in central Tokyo using CFD. Although the small-scale model
can simulate wind environments for architectural design, its computation-
ally intensive nature makes it difficult to apply to city-level planning.

The second category of model focuses on simulating large-scale air flows
and how they respond to land-use patterns, based on GIS data. These
models divide urban surfaces into grids and assign each block a value for
‘roughness’ to calculate large-scale air flows in urban environment
(Grimmond and Oke 1999; Mirzaei and Haghighat 2010; Ng et al.
2011; Gal and Unger 2009). Using simplified assumptions and numerical
approximations to estimate roughness parameters (including zero-plane
displacement height, roughness length, plan area density, frontal area
index, average height weighted with frontal area, etc.) the large-scale
model can provide appropriate simulations for urban scale wind flows.
Previous efforts have combined these models with meteorological models
to improve the spatial resolution of wind flow simulations, providing addi-
tional details for planning urban wind corridors (Chen et al. 2011; Hsieh
and Huang 2016; Zhou et al. 2015).

From around 2005, cities in China have applied different models to the
development of urban wind corridors (Ren et al. 2014). These efforts raise
questions including: How can computational modelling results be effec-
tively used for wind planning?; What are appropriate planning strategies to
regulate land use patterns and building designs for creating urban ventila-
tion corridors?; What social tensions take place beyond the wind corridor
plans that attempt to improve the urban thermal environments? In the
following section, we examine these issues in the context of a wind corridor
being planned in the City of Guiyang.

CASE STUDY ANALYSIS: WIND CORRIDOR PLAN IN GUIYANG CITY

Planning of urban wind corridors first emerged as an important issue in
China in the early-2000s, with institutions and administrations in various
cities researching the feasibility of achieving aims including mitigation of air
pollution, smog, and UHI (see Table 10.1). At least a dozen cities, includ-
ing, Beijing, Shanghai, Jinan, Fuzhou, Huangshi, Wuhan, Hangzhou,
Guangzhou, Zhengzhou, Xian and Hefei are either doing wind ventilation
corridor feasibility studies or proposing wind ventilation corridor projects.1

Guiyang helped pioneer wind corridors through establishment of a
relatively substantial and comprehensive development plan. With a popula-
tion of around 4.5 million, Guiyang is located at the eastern edge of the
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Yungui Plateau and consists largely of mountainous and hilly land with an
average elevation of around 1100 m above sea level. The high altitude and
low latitude results in relatively calm weather patterns with an average
annual temperature of 15 �C, with southern winds in summer, shifting to
north-east in winter. However, this good climatic environment is now
facing certain challenges due to Guiyang’s relatively compact urban built
environment, which significantly reduces local wind speeds to an average of
2.49 m/s in some areas, such as the old city centre. It is, therefore, unable to
‘naturally’ tackle smog pollution and urban heat environmental problems.
The city government started a project in cooperation with Huazhong
University of Science and Technology for a wind corridor plan in order to
ensure more comfortable, healthy conditions for the citizens.

Guiyang’s planning used a meso-scale meteorological model (the
Advanced Research Weather Research and Forecasting Model, WRF-ARW)
to simulate the wind environment, incorporating additional data such as the
average height of city blocks and street widths to adjust the single-layer urban
canopy model to capture better the detailed local characteristics (Zhou et al.
2015). The model not only allows researchers to simulate the current wind
environment, but also make adjustments to examine the impact of various
wind corridor parameters. Simulation results were incorporated into the
‘Layout Plan of Ventilation Corridor Near 200 Meters in Downtown Gui-
yang’ document, submitted by the Guiyang Urban and Rural Planning
Committee in 2014, including: (a) establishment of three level wind corri-
dors; and (b) regulations and limitations of corridor zones (Fig. 10.1). This
plan was then incorporated into the ‘Guiyang Blue Sky Protection Project
(2014–2017) (Guiyang lantian baohu jihua)’ announced by the Guiyang
city government as a key strategy to mitigate urban air pollution and the
urban heat island (UHI) effect.

Establishment of Three-Level Wind Corridors

In addition to the planning foundation provided by the computer-
simulation results, the plan also considered other local spatial factors and
conditions. Natural terrain features, such as, valleys were selected for use in
the Level-1. Existing transportation infrastructure, including railways, high-
ways and main roads, with orientations matching prevailing wind, are used
as ventilation corridors. Third, urban spaces, such as parks, were designed to
improve air circulation. Fourth, regulations were implemented to promote
non-uniform building heights to create air paths for ventilation corridors.
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Finally, old town regeneration and relocation of industrial zones are
regarded as another two opportunities to change large-scale land use pat-
terns in order to install ventilation corridors in the urban transformation
process.

Fig. 10.1 Planning of three wind corridors in Guiyang (Source: Adopted from
Guiyang Urban and Rural Planning a Design Institute 2014)
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The resulting plan included multiple corridors at each of the three levels:
3 for Level-1, 16 for Level-2, and 30 for Level-3. The Level-1 corridors
were established parallel to the main direction of Guiyang’s prevailing winds
with a corridor width ranging from 100 to 300 metres. The Level-1
corridors linked existing green belts and water bodies including rivers,
reservoirs, and wetlands to form a wide and linear natural wind path.

Connected to the Level-1 corridors are 16 Level-2 corridors ranging from
50 to 300 metres width to form a ventilation network for the city. In addition
to natural wind paths, the Level-2 corridors incorporate various artificial paths,
including railways, highways and major roads. These artificial infrastructures
create continuous channels for airflow through the city, and their intersections
with the Level-1 corridors form an effective air diffusion network. Human
activity within these channels is one of the main sources of air pollutants and
waste energy. A network of well-connected wind corridors can decrease the
density of air pollutants emitted by cars, and lower the thermal effect from
concrete or asphalt pavements. The combination of Levels-1 and-2 forms the
main wind corridor system for diffusing pollutants and heat.

In addition to the Level-1 and Level-2 corridors, 30 Level-3 corridors with
narrower controlling areas of 30–100 metres are planned in the zones sur-
rounding the major corridor network for further wind diffusion. Areas that
are roughly parallel to the main orientation of the main wind corridor system
with lower building heights and densities were assigned as Level-3 corridors.

Urban Planning Control for the Wind Corridor

Feasibility studies for the Guiyang project require its integration into
China’s overall urban planning system, which is composed of three kinds
of statutory plans: masterplan [zongtixing guihua], regulatory plan
[kongzhixing guihua], and detailed plan [xiangxixing guihua]. The
masterplan controls the general spatial arrangement of the overall urban
area, and serves as the foundation for urban land-use and development.
Based on the masterplan, the regulatory plan provides relevant regulations
to constrain various land use patterns, including the intensity of develop-
ment, the limit of building coverage ratio and floor area ratio,2 and permis-
sible building heights. Finally, a detailed plan is established for each building
project to guide design and construction.

The paths of the corridors for all three levels are first identified as part of
the masterplan. Urban planning strategies and development constraints are
then formulated for the regulatory and detailed plans to regulate and
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control areas included in the wind corridor control zones. The range of the
zones follows the widths of the corridor levels. In addition to the width of
the control zones, constraints are made on development intensity, particu-
larly for building heights. For example, within the Southern Hua Stream
Level-1 ventilation corridor, to be established along with a 300-metre-wide
wetland park, new buildings are restricted to a height of 12 m (Fig. 10.2).
By contrast, buildings in the construction control zone of the Xintian
Boulevard Level-2 ventilation corridor can be as high as 36 m.

In addition to regulatory plan restrictions, effective ventilation requires
regulation of building forms and shapes (e.g. minimising large slab-style/
longitudinal buildings). Simulations suggest that implementation of the
proposed regulations can increase wind speeds in central Guiyang by 10 %
(Zhou et al. 2015), with the most significant increase (up to 1.5 m/s) in the
high-density old city area, which also features the greatest concentration of
pollutants and the most significant heat island. Simulations also show the
proposed corridors can lower urban temperatures by an average of 0.3 �C,
and 0.65 �C in the old city area.

CHALLENGES OF URBAN WIND PLANNING FACING CHINA

Cities in China have devoted considerable resources to studying the feasi-
bility of urban wind planning in general and wind corridors in particular.
Guiyang is pioneering the development of relevant land-use regulations and

Fig. 10.2 Section view of the Southern Hua Stream Level-1 ventilation corridor
(Source: Author compiled data, and adopted from Guiyang Urban and Rural
Planning & Design Institute 2014)
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planning laws. The experience of Guiyang and other Chinese cities can
provide a useful reference for the impact of urban wind planning on local
populations and social conditions, and the challenges facing urban author-
ities in instituting required regulations. In this respect, four kinds of chal-
lenges are particularly identified.

First, at the policy-implementation level, China’s current planning sys-
tem features a gap between regulatory planning and detailed planning. The
regulatory plan is too generic to guide construction at the block level, but
the detailed plan is too specific to provide overall adequate building design
patterns for wind corridors. An intermediate step for urban design that
requires examining principle spatial patterns and arrangements before the
announcement of a detailed plan must be introduced to fill this gap.
However, urban planning policy makers in China are still debating how to
develop the urban planning regulation structure and it may take a long time
before urban design officially incorporates urban wind corridor plans.

Second, wind planning and climate change research rely heavily on
computational modelling. Although climate-related modelling has made
substantial progress in recent years, projections still suffer from a high
degree of uncertainty. At least three inter-related dimensions complicate
improving projection accuracy, including: (1) In theory, the urban rough-
ness index should include detailed information about most buildings and
objects along the frontal area. But in the context of rapidly changing urban
environments, as in China, keeping an updated urban roughness index can
be time and energy consuming; (2) Improved forecasting of surface wind
directions, strengths and sources requires additional local basic and long-
term meteorological data. Most cities lack sufficient weather monitoring
resources; and (3) Additional indexes and data increase the computational
loading required for modelling, which entails significant costs.3

Third, wind planning focuses on improving average seasonal or annual
climatic conditions. However, public perception focuses on time and
location-specific conditions, such as heavy smog. It may be reasonable for
residents to question whether wind corridors are practicable in cities where
the winds generally do not blow from a single general direction. Unfortu-
nately, some urban leaders promote the concept of wind ventilation corri-
dors because it is a trend rather than because the physical environment of
their cities are suitable.

Fourth, effective implementation of any urban ventilation corridor plans
requires land-use restrictions that either prohibit high-density development
in specific areas or involve demolition of existing structures if necessary.
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Certain possible results are particularly noted. Any restriction of high-den-
sity land use development is certainly against the financial profitability of
land, which is a very basic motivation for local cadres’ behaviour in the
current political context (Lin 2011). On top of that, any demolition can
often result in significant social disruption and resistance, which local leaders
are keen to avoid. In addition, given the high degree of uncertainty that
characterises current climate and wind pattern modelling, building wind
ventilation corridors is seen as a passive solution. More sustainable solutions
could focus on slowing economic development and reducing emissions.
However, more sustainable solutions that cannot generate better gross
domestic product are not attractive as priority policies to most local leaders
in China.

CONCLUSION

Through the case of urban planning of the wind corridors in Guiyang city in
China, this chapter illustrates a newly rising concern about wind in the
practice of urban planning. With different scales of computer modelling,
urban planners can both capture the patterns of air flow at both micro and
meso scale, and also simulate the effects on wind speed and thus effects on
temperature as well as air pollution, of different land-use patterns. Hence,
computer modelling is implemented as a tool to bridge the urban climatol-
ogy and the urban planning practices. However, the case of China also
shows that the socio-political consequences of urban wind corridors needs
to be further examined.

In a broader sense, the urban plan of wind corridors matches with the
rising trend in many Chinese cities in terms of adaptation to climate change
by introducing new concepts and technology. For instance, the concept of
sponge city, referring to absorbing precipitation through permeable pave-
ments, rain gardens and wetlands, has been promoted widely in many
Chinese cities. The cases of sponge city and wind corridor certainly show
that some Chinese local officials are willing to take urban climatology and
lower density of land use into consideration in order to deal with the
challenges of climate change and problems of urban heat. However, the
introduction of these ideas is just beginning in China, and we need more
research on how these climate change adaptation strategies are actually
implemented without too seriously compromising concerns of local land
finance.
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NOTES

1. News source: Beijing and other cities plans to introduce wind ventilation
corridors to curb PM 2.5 (Ch. Beijing deng duoge chengshi niguihua
‘chengshi fengdao’ shusan PM2.5). https://read01.com/7B04Jz.html,
accessed 31 December 2016; and Effectiveness of multiple cities planning for
ventilation corridors to curb smog needs further reviews (Ch. duochengshi
mouhua ‘chengshi fengdao’ zhimai xiaoguo daigu) http://www.1000plan.org/
qrjh/article/56856, accessed 30 November 2016.

2. Building coverage ratio and floor-area ratio, two indicators for the land use
area of buildings and volume and height of buildings, are a zoning guidance to
prevent tall buildings from obstructing too much light and air.

3. News source: Urban ventilation corridors: wind passing through the
city [chengshi fengdao chuanchengfeng nengfou chuisan zhongguo de wumai],
http://www.storm.mg/article/97745, accessed 31 December 2016.
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CHAPTER 11

District Cooling: A Key Solution for Hot
Climate Cities

Chris Butters, Adzuieen Nordin, and Danny Tam Hong Khai

INTRODUCTION

This chapter addresses district energy solutions at the urban scale, princi-
pally though not uniquely for cooling. Whilst district heating (DH) systems
are widespread, district cooling (DC) is less well known, although DC
systems have existed for some years in both hot-dry and in hot-humid
climates. There are major efforts today to spread awareness of DC, not
least in Asia. After a brief overview of the development worldwide and scope
of district energy systems, we focus on Malaysia, which is a leading example.
We also highlight a little discussed conflict between the level of individual
buildings versus that of urban energy planning. Which level should be
prioritised and under what conditions?

In the rapidly growing cities of developing countries, millions are moving
to dense urban environments, often of mediocre quality and with few or any
energy-efficiency measures. Temperatures are typically 2–4 degrees hotter
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in inner city areas, and rising. The fraction of the world’s 30 largest cities
that lie in the tropics is forecast to rise from 40 % in 2000 to 60 % by 2025
(UN 2014). Typically, heat from vehicles accounts for between 20 % and
30 % of the anthropogenic sources of heat in large cities, whilst the energy
use in buildings accounts for 60–75 % (Stewart and Kennedy 2015). The
common cooling solution is still small-scale air conditioning (AC) units in
individual buildings. Each one exhausts heat to the outdoors, hence heating
up the city even more. Thus, ironically, cooling is itself one of the major
causes of heat in the city. In addition, small AC units are inefficient, not
always healthy, and are expensive to run. Larger urban scale solutions offer
much higher technical efficiency as well as advantages as to energy sources,
costs and management. And not least, district energy solutions offer one of
the only ways to counteract the urban heat island (UHI) effect.

Better technology can help, but the fundamental challenge is to remove
the sources of heat from the city. This is what DC systems offer; the unique
feature of reducing UHI, thus impacting positively on environment as well
as on comfort and public health. District cooling is a key to future urban
planning and energy policy in hot climates.

DISTRICT ENERGY SYSTEMS

The term district energy systems is applied quite broadly to solutions at a
scale ranging from that of a housing neighbourhood or industrial park to
that of entire city districts. Many provide electricity as well as cooling in
combined heat and power (CHP) systems. They can be developed and run
by the public or private sector, and can provide winter heating, summer
cooling or both; many cities in quite cold climates now have a large summer
cooling need too.

Space cooling is the largest energy need in buildings with modern
comfort levels and is also (along with traffic) the fastest growing source of
emissions and UHI in hot climate cities. In contrast to electricity supply, DC
systems supply low temperature energy, which normally constitutes a larger
fraction of end-use needs than the electricity needed for lighting and
appliances. A key advantage is thus that the energy is supplied in the
end-use form required. Electricity is as we know a high-quality energy
carrier (exergy) which unless generated by renewables implies high green-
house gas emissions.
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With DC, the energy production and resultant emissions of waste heat
are moved outside the city, removing both pollution and heat from the
urban environment. On the downstream side, various heat sinks—the air,
rivers, or the sea—can be used to dissipate the waste heat. Ecosystems will
be significantly affected only where very large energy plants eject heat to a
relatively small recipient. The challenges of DC are not primarily technical
but ones of energy policy, urban planning and financing. DC requires
standard technologies of pumps, piping and heat exchangers. Whilst many
of today’s DC systems operate with gas (Fig. 11.1), the energy source can
also be switched in future from fossil fuels to renewables. In large systems,
ice storage is often added, to reduce peak load demands and to exploit
cheaper night time energy tariffs. Yet another advantage is that DC provides
cooling without vibrations or noise as compared to many mechanical ven-
tilation and cooling systems.

The first DH system dates back as far as 1877 in New York. The first DC
was built in Colorado in 1930; in Europe, the first were built in Paris and
Hamburg in the 1960s. An initial wave of interest in seawater cooling
systems (SWAC) occurred in the 1970s (Argonne National Laboratory
1977). The focus then was energy security, before the concern for climate
emissions. Interest waned as oil prices eased, although interest continued in
locations such as California and Hawaii (Radspieler et al. 1999; State of
Hawaii 2002). DH has been quite widespread in northern Europe for some
30 years. But UHI is becoming a major issue in colder climates too; a recent
study of Paris found that city temperatures could increase by a further 2 �C if
the amount of AC is doubled, as is projected (Munck et al. 2013). DC
systems are few and far between. Sweden is an exception with around 25 %
of cooling already supplied by DC (Dalin 2012), but in Europe as a whole,
the market share of DC is under 2 % (European Commission 2015).

NATURAL SOURCES FOR DISTRICT COOLING

Most conventional small-scale AC takes air at ambient outdoor temperature
and cools it; but cooling becomes simpler if a natural source is available that
has lower than ambient air temperatures. Even a few degrees lower temper-
ature improves efficiencies significantly. Whilst many DC plants use con-
ventional energy sources such as gas, including most of those in Malaysia,
others exploit natural sources of cooler air or water where available. These
include rivers, deep water bodies and the underground.
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Rivers are generally some degrees cooler in summer than the air, and are
often used since many cities are situated on rivers. In Paris for example, a
large district energy system has been gradually expanded using the Seine
river both for summer cooling and (combined with other sources) for
winter heating. It now provides over 400 GWh of cooling, with GHG
emissions of only 35 KgCO2e/MWh of cooling (GDF-Suez 2014;
ClimEspace 2013) (Fig. 11.3).

An extremely interesting variant, seawater-based air conditioning
(SWAC) fetches cold ocean water at depths of several hundred metres,
using large diameter pipes with lengths up to several kilometres. Tempera-
tures of around 6C can be obtained at 600–700 metres depth. Cool fresh
water in a secondary circuit is then distributed in piping networks (Makai
Ocean Engineering 2016). Many coasts have shallow continental shelves
that render SWAC unfeasible; but there are a considerable number of cities
with deep ocean water in proximity. This includes many oceanic islands. In
northern latitudes, the sea is cold at much shallower depths, and large
SWAC systems exist in major Baltic cities including Stockholm, Helsinki
and Tallinn (Riipinen 2013; Hani and Koiv 2012).

Deep lakes are a good source for cold water; such systems exist in the
Great Lakes region of North America and in Toronto (Enwave 2010).
Lakes being fresh water offer the added advantage that the pumped water
can provide city drinking water. The warmer return water on the down-
stream side can have useful applications for preheating, aquaculture or
industry. Lakes also have stratification profiles that may offer cold water at
shallow depths (Fig. 11.2).

An example is the DC system of Cornell University in the USA which
supplies cooling to the campus (Peer and Joyce 2002; Cornell University
2010). Engineered by CHA Consulting/Gryphon Engineering with
Hawaii-based company Makai Ocean Engineering, it has operated since
2000. Cold water at a temperature of around 4 �C is pumped from a depth
of 76 m from Lake Cayuga through an HDPE intake pipe that is 1.6 m in
diameter. This intake water absorbs heat through a bank of plate and frame
heat exchangers from a separate closed loop that collects heat from about
100 campus buildings (8.6 million gross square feet) The DC system has a
capacity of around 55MWth (16,000 tons). Efficiency is as high as 0.1 kW
per ton of cooling delivered to the buildings and the annual coefficient of
performance ranges from 23–29 (varying each year based on the stratified
summer deep water temperature). Compared to conventional cooling, the
project reduced electricity requirements by no less than 87 %, over
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25 million kWh, annually and reduces peak electric demand by a total of
15 MWe. It enables annual CO2, sulphur oxide, and NOx reductions from
grid electric plants based on their mix of fuel types and eliminated the need
for about 40 tons of CFC refrigerants.

The Cornell system illustrates the key considerations for good feasibility
of DC: proximity of a large natural cold source; economies of scale giving
high cost efficiency; supply to many buildings thus evening out the load
demand; and a strong desire to reduce long-term costs. In addition, these
solutions offer the bonus of having few environmental impacts. Impacts on
lake or marine ecology are normally minor. They are reduced in particular
by isothermal return—releasing the warmer return water to a layer of
corresponding temperature in the lake or ocean. On the other hand, if a
very large number of users extract energy from a relatively small river or lake,
local ecosystems may be significantly affected.

Aquifers and the underground are also useful since the underground
offers a temperature differential and can serve as a source of both cold and
heat. It can be artificially cooled, as in central Berlin which has a large
seasonal storage system. Cold water is pumped down to cool a large area
underground during winter, in order to provide a source for summer

Fig. 11.2 Cornell University campus, USA: the Cayuga lake based DC (Source:
Cornell University/IDEA 2010)
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cooling, and similarly, heat is pumped down in summer to another part of
the underground to form a heat store for the following winter (Sanner et al.
2005).

District energy solutions are, notably, omitted in the well-known
McKinsey curve for reductions of global greenhouse gas emissions
(McKinsey 2009). But there is now a major drive for district energy,
supported by the European Union (EU Euroheat 2006), the International
Energy Agency (IEA 2012), the United Nations (UNEP 2014) and

Fig. 11.3 Deep seawater intake pipes being laid out to sea for SWAC cooling at
Kawaihae by Makai Ocean Engineering, Hawaii (Credit: Makai Ocean Engineering)
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industry organisations such as the International District Energy Association
(IDEA 2016).

DC is found in both hot-humid climates as in Asia, and hot-dry climates
such as Abu Dhabi and Dubai (Berbari 2009), where many of these are
high-cost if not luxury projects, such as Jumeirah in the UAE (www.empo
wer.ae). There has been considerable research on DC in China (Gong and
Sven 2014); a proposal for a seawater combined heating and cooling system
for the coastal city of Dalian (Zhen et al. 2007) concluded with high
profitability for such contexts. Studies encompass both water-based and
underground cooling (Song et al. 2007; The Star 2013). In the
hot-humid tropics there are large systems in Hong Kong and Singapore
(Lo et al. 2014; Koon et al. 2007) as well as Malaysia. Singapore has one of
the most ambitious DC systems covering to date around 3 million m2 of
buildings with several hundred MW capacity (Kee 2010; Mulchand 2013).
Our concept study in Chap. 8 for a large residential area in the city of
Ningbo, China, includes a DC system.

ADVANTAGES, REQUIREMENTS AND BARRIERS

Interest in urban energy systems is spreading. One may add that the need
for cooling is partly a result of poor planning and building design, including
excessively glazed buildings. In hot climates, cooling needs can, as noted
throughout this book, be reduced by better architecture, at the micro scale,
as well as at the meso scale by street layouts and vegetation; but in the
hot-humid tropics these ‘passive’ measures will often be insufficient to
achieve comfort temperatures for parts of the year. Some form of mechan-
ical cooling cannot be avoided.

The economic feasibility of DC depends on energy prices and specific
urban contexts as well as issues of energy security, robustness and environ-
ment. DC already compares favourably to many conventional solutions.
The large size of DC systems provides considerable economies of scale, both
in technical efficiency and for the load management of a large number of
customers; a DC system can reach an efficiency much higher than tradi-
tional local electricity-driven cooling. Given this factor alone, the applica-
tion potential is very wide. Some systems supply customers such as a
university campus or a tourist complex; this suggests that economies of
scale whilst a factor do not necessarily exclude projects of a modest size. DC
systems can also offer a longer life than small AC units, 25–30 years as
opposed to 10 years. Typically, these large systems offer 15–40 % lower
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overall energy use (and hence climate emissions) than conventional
AC. Where available, SWAC systems in particular offer large advantages
with primary energy use reduced by up to 90 %.

Another factor for DC profitability is naturally the end-use energy den-
sity; low density suburbs require long piping distances distributing relatively
little energy per kilometre. The geophysical context and city layout are also
keys to feasibility, clearly best being simple street layouts in geologically easy
terrain. Due to high capital costs, it is normally mandatory for all buildings
within a DH/DC area to connect to the system. This implies a conflict
between urban planning and building planning, discussed further later.

Although DC systems offer large savings over time, the initial capital
costs are high and this is often a barrier in developing countries where cities
lack financing (Fig. 11.4). But given the right conditions they are attractive
for private sector investment, and can be financed and run by Energy Service
Companies (ESCOs). For example, in a large development in Oslo, Norway
(Arbeidsgruppe for Geotermisk Energi 2010), the private developer saw
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maintenance) (Source: Makai Ocean Engineering)
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that building the energy supply based on underground heat and then
running it as an ESCO offered a new business opportunity. Given rising
energy prices and climate emission restrictions, the feasibility of many forms
of DC is almost sure to increase rapidly in the coming years.

A notable advantage of DC systems is that they save considerable space
and costs for the individual buildings, which do not need to construct or pay
for expensive equipment and plant room. Customers also receive energy
that is fully managed by the DC supplier and thus require very little internal
energy management. A further very significant advantage is that DC offers a
level of quality in operation and maintenance which is often lacking in
developing countries, where AC equipment is seldom operated and
maintained in an optimal manner.

In the developed economies, most cities are not expanding much; intro-
ducing DHS or DCS in existing cities involves digging up streets and
reconfiguring the energy systems of connected buildings. This is very
expensive, yet it is spreading fast, indicating that even at high cost, DC is
becoming favourable. But DC solutions have especial relevance for devel-
oping countries where cities are expanding rapidly. In such cases DC
infrastructure can be integrated from the start. Regrettably, urban planning
and energy planning are seldom coordinated. Not integrating DC into these
expanding hot-climate cities represents very major missed opportunities.

THE CASE OF MALAYSIA

Malaysia is one of few tropical countries with significant amounts of DC,
providing cooling to urban districts, airport terminals, campuses and indus-
trial parks. However, although the Petronas Twin Towers (KLCC) in Kuala
Lumpur has had DC technology for some 17 years, DC solutions are still
the exception. The Asian Development Bank (ADB) reported that Malaysia
could triple its DC industry (Siron and Haron 2015); this is probably an
underestimate.

Malaysia has a fast-growing economy driven by the government’s policy
on industrialisation and commitment to becoming a developed nation by
2020. As a result, the energy sector has strong growth; in 2013, energy
consumption rose by 4.6 % (Malaysia Energy Commission 2013), mainly
due to increased consumption in the transportation sector. Progress
includes new supply capacity as well as extending grid-connected networks
in West (Peninsular) Malaysia (Basri et al. 2015; Khor and Lalchand 2014).
As of 2016, total power capacity was 29,974 MW and total electricity
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consumption was 128,330 GWh (Malaysia Energy Statistics Commission
2016). The main energy sources are crude oil, natural gas, coal and hydro-
power. Malaysia also exports gas. Renewable energy has been incentivised
but is still very limited. Hence, over 90 % of primary energy in Malaysia
today is oil, gas and coal (Foo 2015), indicating a strong dependency on
fossil fuels for many years to come. Demand is expected to continue to rise,
in line with Gross Domestic Product (GDP). According to Fazeli et al.
(2016), every 1 % growth in GDP can be associated with a 1.2–1.5 %
increase in energy demand; but in recent years, energy intensities have
been decreasing due to energy-efficiency measures, leading to a relative
decoupling of energy growth from GDP growth. At the COP15 global
climate summit, Malaysia pledged 40 % reductions of CO2 emissions by
2020 relative to the baseline year 2005. Given this difficult challenge,
energy cogeneration systems are a key measure.

COGENERATION AND DISTRICT COOLING

Since 2015 the Energy Commission has issued 32 licenses to cogeneration
plants with an overall capacity of 1066 MW; nearly 90 % of these are fuelled
by natural gas, the remainder by agricultural wastes or industrial waste heat
(Peninsular Malaysia Electricity Supply Industry Outlook 2016). Shaaban
et al. (2011) conducted a study on opportunities and barriers to cogenera-
tion in Malaysia. They reported that due to existing gas pipeline networks in
Peninsular Malaysia, projects in urban areas are likely to be accelerated. It
was also found that Malaysian energy policy with its pricing subsidies makes
it necessary to maintain a good differential between gas and electricity to
reflect the relative production costs. Hence cogeneration is an attractive
option under the existing electricity tariff policies in Malaysia. The energy
efficiency achievable with DC should become a national priority. A
gas-fuelled system has many appealing features such as low capital cost,
compact size, short construction time, high flexibility and reliability, fast
starting and loading times, no start-up and shutdown costs, no transition
costs between partial loading and full loading, lower manpower operating
needs and better environmental performance (Azit and Nor 2009).

DC is often produced by cogeneration utilising the waste heat from gas
turbines generating electricity for the grid. The waste heat is converted to
steam and then to chilled water in a steam absorption chiller. The chilled
water is distributed to cool buildings at 6 �C and returns at around 13 �C.
Compared to small AC cooling units, the efficiency can be 35–40 % higher.
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Many of Malaysia’s DC plants also employ thermal energy storage (TES) in
ice or cold water. This helps to even out energy loads, and is a particular
advantage if, as in Malaysia, there are off-peak tariffs for electricity at night.
The process enhances the efficiency as well as reducing waste heat to the
environment. A research study estimated that one such DC system reduces
greenhouse gas emissions by around 28 % (Nordin et al. 2013).

DC was first introduced in the 1990s due to the abundance of natural gas
reserves in peninsular Malaysia and Sarawak; however, between 1995 and
2005 only three DC plants were developed, at Kuala Lumpur City Centre
(KLCC), Kuala Lumpur International Airport (KLIA) and Putrajaya. The
KLCC plant provides cooling as well as power to an area of 40 hectares,
including the Petronas Twin Towers, the Kuala Lumpur Convention Cen-
tre and a large number of high-rise towers, hotels, shopping and residential
complexes. This plant includes brine chillers and four units of ice storage,
the brine chillers being used to charge the ice storage tanks. The pipeline
distributing the chilled water network to the buildings has a 4 km loop.
Another DC plant, at Universiti Teknologi Petronas in Tronoh, Perak,
supplies both chilled water and electricity to the university campus. In
operation since 2003, it has a capacity of 8.4 MW electric and 4000RT of
cooling, and is planned to more than double to meet future demand. It is an
example of a smaller, local DC plant that can be connected to the public
utility for power supply in case of breakdowns or maintenance stops.

DC plants in Malaysia can be broadly categorised as follows:

1. Cogeneration DC using natural gas as primary fuel;
2. DC with cool Thermal Energy Storage (TES), powered primarily by

electricity.

Cogeneration DC is made feasible by the availability of gas resources and
the extensive gas piping network in Peninsular Malaysia. Cogeneration
holds the promise of yielding 70 % to 80 % primary energy efficiency (Roslan
and Othman 2009) together with reductions in Green House Gas emissions
and other pollutant gases. This efficiency helps to reduce the energy
demand thereby enhancing the nation’s energy security. By generating
power on-site, cogeneration also reduces the demand on the national
power grid which helps to improve the resiliency of the grid. Additionally,
on-site power generation avoids the transmission and distribution losses
which are as high as 8.5 % (Suruhanjaya Tenaga 2017). A good example of a
Cogeneration DC is the plant supplying chilled water and electricity to the
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Kuala Lumpur International Airport. Completed in 1997, it has a capacity
of 40 MW from gas turbine generators and a cooling capacity of up to
30,000RT using steam absorption chillers (Haron 2016). On-site power
generation enhances the reliability and security of the Airport’s energy
system by providing it with two alternatives of power supply, the other
being from the power grid.

The conventional electrically powered DC plant is usually equipped with
some form of cool TES to take advantage of the peak/off-peak tariff
structure offered by the power utility as part of its demand side management
(DSM) strategy to encourage the shifting of air conditioning electricity
consumption from peak hours to off-peak hours. For the power utility,
effective DSM reduces the peak demand which in turn allows the deferment
of capital expenditure on expensive peaking power plants. The strategy also
cuts down on the requirement to operate inefficient peaking power plants
and increases the load factor for the base load power plants, meaning higher
efficiency. The DC plant serving the Kuala Lumpur International Airport
2 (KLIA-2) is a good illustration of a DC which effectively utilises cool TES
(Fig. 11.5). Completed in 2012, it provides 18,000RT of cooling capacity
with only 12,000RT of installed chiller capacity and 60,000RTH of chilled
water TES. The use of chilled water TES in the KLIA-2 plant provides the
following benefits:

1. Reduction in installed chiller capacity by 33–36 %, yielding substantial
capital cost savings;

2. Reduction in utility cost by increasing chiller operation during
off-peak hours, taking advantage of the lower electricity tariff;

3. Reduction in utility cost by lowering the maximum electricity
demand during peak hours thus minimising the punitive maximum
demand charges;

4. Improvement in energy efficiency by shifting the cooling load to
night time during which the lower ambient temperature is more
conducive to efficient chiller operation.

Health and comfort are important aspects of DC. The hot and humid
climate makes indoor air conditioning more of a necessity for health,
comfort and productivity, rather than a luxury. In Malaysian factories,
typically 40 % of total power consumption is consumed for cooling, which
is needed all year round.

DISTRICT COOLING 163



The Malaysian experience also reveals obstacles that are typical in many
areas of sustainable development. Building consultants, M&E contractors
and facility management contractors may not be receptive to the idea of DC
due to lack of familiarity with DC technology, lack of financial incentives to
adopt DC technology; subscription to a DC service will inevitably reduce
the building construction contract as well as the scope of building operation
and maintenance (Hisham 2015). Hence these major stakeholders in the
building industry may find it more to their advantage to have in-building
chiller plants as compared to DC. This attests to the wide gap that often
appears between good policy initiatives, and constraints in the real world.

URBAN LEVEL VERSUS INDIVIDUAL BUILDING SOLUTIONS

There are potential conflicts between cooling individual buildings versus
solutions at the level of the urban district. Which level should be prioritised?
Micro, meso and macro levels involve differing interests, decision makers
and stakeholders. There is a little discussed trade-off between efficient
buildings and efficient large-scale supply systems such as DC. Since DC
delivers a certain amount of energy per metre of expensive distribution
networks, profitability is best at high city densities—and where the buildings
are not energy efficient but have high energy demands. If buildings have low
energy needs, DC profitability decreases. A general guiding principle is to
prioritise DC in high density areas, versus individual and even self-sufficient

Fig. 11.5 District cooling plant at Kuala Lumpur Airport KLIA (Source: Danny
Tam Hong Khai)
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off-grid energy solutions in suburbs. Consequently, where district energy is
favourable there is less point in very high energy efficiency standards for the
buildings. Applying both approaches in the same district will mean that the
one competes with the other. This signals a key policy issue; the need to
integrate the three levels of energy planning, urban planning and building
design.

Hence, a little discussed consequence is that district energy systems may
have the effect of dis-incentivising low energy buildings. This was illustrated
whilst consulting on a waterfront development in Bergen, Norway (Butters
et al. 2003–2004). The district energy company was intending to extend its
network to this part of the city; at the same time, we were advising the
developers to build very low energy buildings. In discussions with the
energy company, the developers’ message was: build your piping network
right past our area, because we won’t need you. With the reply: why add
expensive triple glazing and extra insulation when we are bringing you
cheap district energy?

In essence, this is a question of demand side versus supply side energy
policies. Beyond the above simplified principle, there are naturally many
complex considerations in energy planning. Local geological conditions and
urban structure influence feasibility; as do the presence or not of effective
energy efficiency codes. Local planning and property constraints may favour
or hinder the alternatives. In the case of existing cities, a specific consider-
ation is the age and type of the building stock. Some building types are easy
to retrofit; others, especially historic buildings, are far more difficult to
retrofit for energy efficiency. In such areas, a supply side option of district
energy is even more preferable.

The potential conflict, or trade-offs, between individual versus urban
scale can also be illustrated by cases such as the Western Harbour ‘sustain-
able district’ in Malmo, Sweden (Dalman et al. 1999). This pioneering
waterfront area of some 30,000 inhabitants was acclaimed as the first in
Europe to have 100 % renewable energy. In practice, what one sees is a
variety of small energy solutions, chiefly solar technology on individual
buildings; but over 90 % of the renewable energy is supplied by large-scale
wind power located outside the city. The solar technologies pose constraints
on the architecture—sometimes resulting in exciting designs, sometimes
not—and are in many cases rather expensive. Hence the question: are such
constraints worth it, in order to supply only a few percent of the energy?
This example is not unique; some cities are now requiring individual build-
ings to produce a percentage of their energy with on-site renewable energy.
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Most commonly this results in solar PV roof systems. Whilst this is positive
seen in isolation, the ‘missing policy link’ is still the question of whether the
energy would be supplied more efficiently and cheaply at urban scale rather
than individually.

There are various design options using natural or ‘passive’ means to
create a comfortable indoor climate, but as discussed in this book, the
options are fewer in the hot-humid climates (Butters 2014); passive strate-
gies both in city layout and individual building design can reduce but not
fully eliminate space cooling needs. For cooling especially, the supply side
remains important, and DC is a very high priority, not least due its unique
feature of mitigating UHI in hot cities.

ISSUES FOR URBAN PLANNING AND ENERGY POLICY

A critical issue is thus the lack of coordination between the three levels of
buildings, urban plan and energy plan. Architects and building engineers
have one focus, urban planners another; and few address the field of energy
systems. Energy planners for their part have had little influence on urban
planning. The energy policy implications of DC pertain on three levels.
First, integration of urban planning and energy planning; second, integrat-
ing the levels of individual buildings and urban planning; and third, energy-
efficiency requirements that are differentiated in different contexts.

The first of these involves integrating two disciplines that traditionally
have had little contact; the urban planners and the energy planners. City
layouts have a large influence on energy requirements. Specific layouts will
be more or less favourable for district energy, in function of densities, street
configurations and not least location of new urban developments near useful
sources and sinks for heating and/or cooling. There are also ‘industrial
ecology’ options whereby developments can be sited close to sources of
industrial waste heat. Most commonly an urban plan is made first and the
energy sector is then asked to provide the ‘supply’. The energy plan must,
instead, be developed at the same time as the urban plan.

Second, the shaping of cities, in particular new ones, needs to include
energy considerations in the spatial layouts in order to facilitate energy
efficient design of the individual buildings. A recognised if rare example
of this is ‘solar access’, the earliest application of which was probably in
Davis, California in the 1970s; regulating the orientation of streets and
heights of buildings so that all have access to sun for solar technologies on
roofs. In hot climates, streets should be oriented so that all buildings receive
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minimum sun, and can utilise prevailing local winds for passive cooling.
These considerations are appearing in recent ‘eco-city’ design.

Third, policies for individual buildings—codes, guidelines, incentives—
might, rather than applying throughout, be based on zonally differentiated
requirements—analogous to regional climatic zones. Where DC is
favourable, energy efficiency standards for the buildings might be lower
since the supply side is particularly advantageous. The extreme energy
efficiency required for passivhaus and similar, bears a cost penalty that may
not always be justifiable in contexts where the supply side is cheaper. This
applies in contexts where one has a policy choice between either enforcing
very expensive retrofitting, or implementing district energy.

Cogeneration of heating, cooling and electrical power in fairly small units
was pioneered by amongst others Japan. Also termed ‘polygeneration’, this
can be very favourable especially where there is both a summer cooling and a
winter heating demand, and is quite widespread in Japanese residential
developments. This illustrates good integration in the planning of our
three levels of buildings, neighbourhoods and energy systems.

CONCLUSIONS

District cooling systems, in common with district heating and combined
DC/DH systems, offer a range of advantages including reduced primary
energy use and climate emissions. They can apply to business and industrial
districts as well as residential ones. They are important not least in order to
ameliorate urban living qualities for low-income groups, who often live and
work in poor conditions and cannot afford energy amenities such as
AC. Given that much of the population is now living in urban environ-
ments, this should be given more attention in hot climate cities. At the same
time, the little focused conflict between urban scale versus individual energy
solutions needs to be addressed.

Energy policy should be directed more towards solutions at the district or
urban scale. This applies particularly to developing countries where urban
growth is very rapid. Large opportunities for sustainable development, in
particular cooler cities with lower energy use and climate emissions, are
being missed by DC not being integrated into new city areas.

Cities, especially in the hot climate developing countries, are rapidly
growing sources of energy use and climate emissions. Efficiency improve-
ments in buildings or in AC technology does not stop, and at best only
slows, the growth of energy use and emissions. UHI should be a major
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factor in future energy policy decisions. In addition to reducing energy
needs and climate emissions, there is an increasingly strong argument in
favour of DC in order to remove the sources of heat from the city environ-
ment. District cooling offers almost the only path towards reducing the
urban heat island effect. It is thus, a key to long-term improvement in
deteriorating living environments in hot climate cities.
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CHAPTER 12

Cooler Cities: What Kinds of City?

Urban Form, Climate and Wellbeing

Chris Butters

INTRODUCTION

How can we ensure cooler cities, in hot developing countries in particular?
Our focus has been on Asia, home to most of the fastest growing cities in the
world, many of them in extremely demanding tropical climates. Cities have
been formed in many ways through the course of history. Perhaps we need
new city paradigms for the future; or can some tried and trusted solutions,
given modern methods, perhaps provide the best answers? Do some con-
clusions emerge about what type of cities we should choose to build?

In former times, towns did develop on the basis of simple environmental
factors, such as favourable climatic sites, natural resources and availability of
water, in addition to factors including defence and proximity to trade
routes. But the basic physical, environmental parameters, such as location,
terrain, climate, energy or water have been largely secondary considerations
in the growth of our recent cities. Major city planning decisions in the real
world are seldom made with environmental grounds as a high priority, but
on a wealth of pragmatic considerations such as land availability, land prices,
existing infrastructures and market interests, or on grounds related to
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national and regional policies, prestige and much else. However, we do see
that environmental considerations are gaining in focus, as witnessed by the
efforts of hot climate cities to improve their microclimate—even to the
extent of restricting development densities, that is to say the ‘bottom line’
of profit. One might see in this a shift back towards a more centrally planned
approach to planning, which has been out of fashion in neo-liberal econo-
mies; but with the rationale now being partly environmental rather than
economic or ideological. Nevertheless, we can approach the question of
urban form from a principally environmental point of view. Seen in purely
physical terms, what kinds of city can provide the coolest environments in
hot climates? In this chapter we discuss some of the environmental argu-
ments for and against different city paradigms.

Several ideals and paradigms for cities coexist today. These include dense
high-rise cities, compact cities, traditional European-type cities (which are
found all over the globe), garden cities and low-dense cities. These are
variously championed as being advantageous in terms of economy, social
qualities, environment and more (Jabareen 2006). It goes without saying
that cultural traditions and preferences play a large role too. More recently,
‘eco-city’ visions and projects around the world have emerged, which
broadly follow one or other of these paradigms, or indeed mixed elements
of several. In the large cities of the hot-climate developing countries, and
perhaps especially in Asia, the paradigm of dense high-rise development is
certainly predominant.

We have argued that creating cooler cities in hot climates, and mitigating
their energy footprint and climate emissions, requires good solutions on all
three levels of individual buildings, urban layouts and overall energy supply.
This demands that we link engineering and architecture with landscape
design, urban planning and energy planning. Although we may identify
the best solutions on each level, at least equally important is to determine
which level it is most sensible to prioritise in varied contexts, and the
interactions between levels. This renders a ‘science’ of eco-friendly form
and design much more complex. For example, in the specialised field of
ventilation and air movement for design of cooler buildings or streets, our
co-authors have noted the many variables that even advanced computer
models and CFD (computational fluid dynamics) struggle to handle. There
are hundreds of studies in the field of passive cooling design, but it is difficult
to provide a comparative basis of which combinations of solutions are best in
a given context, or on which level of micro, meso or macro it is best to apply
our efforts. To add to the complexity of the task, that word ‘best’must also
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include cost and social considerations. Nevertheless, in this chapter we note
some of the major environmental and microclimatic considerations regard-
ing our choice of city paradigms, and where these appear to offer significant
advantages or disadvantages for cooler cities.

Fig. 12.1 Urban green infrastructures are important parts of city environments to
combat the UHI effect. They provide breathing spaces: places to socialise, relax and
do various exercises. Here we see a good combination of blue/green spaces,
local people socialising in their urban community park, and visitors enjoying the
scenery in a hot climate. ZhongShan Park of Ningbo City, China (Source: Ali
Cheshmehzangi).
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LOCATION

This first key to cooler cities hardly needs further elaboration; general
considerations for cities in hot climates include choosing convex locations
rather than concave ones (heat traps), sites facing prevailing breezes, prox-
imity to water bodies, and green surrounds. Location may make a difference
to the city environment of several degrees. Due to land pressures, existing
cities often densify or expand into climatically unfavourable areas, such as
poorly ventilated valleys or polluted zones. This is even more the case with
low-income and informal settlements. Traditional settlements often chose
very favourable locations; but climatic location is hardly considered today
when cities are choosing where to expand. In practice, there is not often
much choice; since new areas of urbanisation usually form an expansion of
existing cities, where existing infrastructures and other pragmatic factors are
paramount.

LAYOUT

The meso level of city planning and layout has been addressed in several
contributions in this book. Overall layout should be fairly compact so as to
facilitate public transports (as well as walkability); street layouts and orien-
tation should enable all buildings to minimise incident solar radiation and to
use local breezes for maximum urban ventilation. The urban structure
should also be designed with an economical layout for district scale energy
as well as the other infrastructures, such as water supply and sanitation.
Furthermore, other factors such as building volumes, heights and setbacks
should be determined so as to facilitate passive cooling design, good natural
daylighting and maximum cross-ventilation.

As we return to later, not only the streets and buildings but the open
spaces and green-blue infrastructures also play a large role in city tempera-
tures as well as living quality, and these elements must be seen together.
When well-located and designed within the overall layout, the urban parks
and green spaces can lower the temperature in surrounding city blocks
considerably. In common with the above, these are evident considerations,
but encounter many barriers in the real world, due to factors such as existing
property boundaries and street layouts as well as profit maximisation by
developers.
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DENSITY

This third point is central to our ideas of how we think cities should be. The
ideal in many of the fast-expanding economies of Asia today, as in the
Persian Gulf States and other world regions, is still a rather uncritical
trend of high-rise concepts and an outdated zoning approach from the
modernist era. In addition, comes the free rein still given to private car
transport with its effect of heating up the city. Naturally, the concept of
‘compact cities’ has a range of interpretations (Burgess 2000). Dense, high-
rise cities offer some advantages in terms of sustainability, but have consid-
erable downsides too. Extreme density certainly increases congestion and

Fig. 12.2 China’s remarkable Tulou houses represent some of the best examples
of vernacular architecture. These structures represent several dimensions of sustain-
ability: social (by creating strong local communities), environmental (by using local
materials and enhancing passive cooling), and economic (by durable construction
methods with low costs and maintenance). Fujian Province, China (Source: Chris
Butters).
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pollution, as well as aggravated heat island effects. An evident basic fact is
that the denser the city, the more heat it produces in a given area.

A key reasoning behind dense, high-rise development is often thought to
be the need to house large populations in a small area. This argument is not
strictly true; high population densities are achievable with quite low-rise
cities. Table 12.1 provides density comparisons from various sources show-
ing typical figures of Surface Coverage (SC) and Floor Area Ratio (FAR),
two principal measures of urban density (see Chap. 8), as well as building
heights in number of floors. Note that these are densities within the site
limits themselves, excluding adjacent areas of roads, parks or other spaces.
Typical FAR figures range from below 1.0 in suburbs to above 4.0 in some
inner-city areas. The FAR in quite dense low-rise districts seldom exceeds
2.0. FAR above around 2.5 can be considered as high-density. It is notable
that inner city areas in many typical European cities have a FAR of over 3.0
and even 4.0. These traditional cities actually have a higher population
density than the high-rise ‘superblocks’ in many Chinese and similar new
cities.

As illustrated, there are, thus, various city types that achieve high popu-
lation density. It may also be noted that overall city population densities—
including, the roads, green spaces and so on are not very different in old

Table 12.1 Urban density comparisons

Urban typology SC—Surface
coverage

FAR – Floor area
ratio

Average
height

1. Europe, detached housing 0.10–0.30 0.2–0.7 1.5–2.5
2. Europe, row/terrace
housing

0.15–0.35 0.5–1.0 2.0–3.0

3. Ningbo low-rise traditional 0.50 1.4 2.4
4. Ningbo 6-storey block
1990s

0.23 1.2 5.0

5. Jinan low blocks 1980s 0.34 1.8 5.3
6. Europe modernist high-rise 0.10–0.25 1.0–2.5 8.0–14.0
7. Jinan superblock 1990s 0.22 2.0 10.1
8. Ningbo high-rise block 0.17 2.6 15.5
9. Europe compact city block 0.35–0.55 2.0–4.0 4.0–6.0

Notes:
1. Average height (number of floors) is less than the high-rises themselves due to some low-rise commercial
and other buildings on most sites. For example, the high-rises themselves in example 8 are around 30 stories
2. Figures are indicative. Sources: Ningbo cases (Cheshmehzangi and Butters 2015), Jinan cases (Yang
2010), Europe cases (LSE Cities/Eifer 2014)
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European cities and in modern Chinese or other new high-rise cities; most
of the highest overall population densities are to be found in crowded low-
rise Indian and similar cities (Demographia 2016). Hence, there is little
reason in terms of population pressure to adopt dense high-rise models.

LOW-RISE AND HIGH-RISE

As regards height, measures and perceptions vary too. The term low-rise is
used here to mean up to about six floors (possibly up to around eight floors
in parts of an area). This corresponds to typical traditional European cities,
as well as being chosen in quite many recent ‘sustainable city’ projects. The
term high-rise, thus, refers here to heights ranging from around eight floors
to extremely high-rise solutions of 30 and more floors, which are now not
uncommon in the world’s growing megacities. Common classifications also
often include mid-rise typology, which we do not use here. These defini-
tions vary quite widely from country to country.

In hot climates, any form of high density aggravates UHI, thus increas-
ing the need for cooling; but high-rise brings specific climatic disadvantages.
They are for cost reasons normally quite deep buildings, leading to apart-
ments with one-sided ventilation and poor daylighting, hence poor comfort
as well as greatly increased energy use for lighting and mechanical cooling.
In low-density areas by contrast, there is often sufficient—and free—natural
ventilation. In large high-rise buildings, many apartments or offices are also
of necessity unfavourably oriented, facing for example only towards trou-
blesome east or west sun, again increasing cooling needs.

Furthermore, in high-rises, many of the well-recognised passive solutions
for cooling are not possible. Solar protection, a key to cooling in hot
climates, is difficult since much more of high-rise facades are exposed
(Jianlei 2004). High-rise buildings cannot be shaded by trees, whereas
low buildings can be; one cannot use courtyards and similar vernacular
solutions for passive cooling; lightweight materials, favourable in
hot-humid climates, are less feasible in high-rise.

In addition, detailed studies such as those in Table 12.1 show that high-
rise urban typologies are, in terms of thermal energy performance, not
better than low-rise. Operational energy efficiency can be just as good in
low-rise; and generally better than what is achievable in very dense high-rise
areas.
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Fig. 12.3 ‘Informal settlements’ or slums are almost universal in hot climate
developing countries. Usually characterised by overcrowding, haphazard design
and few comfort amenities or green spaces, their inhabitants also often suffer the
most from urban heat events. Informal settlements in Bangalore, India (Source: Ali
Cheshmehzangi).
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GREEN SPACE

Achieving a good urban microclimate is a key factor for reducing energy use
and cooling needs. UHI, being a serious issue in hot climates, is also very
much an issue of public health and comfort (Sakka et al. 2012). A city’s
green-blue infrastructures—trees, parks and water bodies in particular—
contribute greatly to cooling the built environments, as well as filtering
noise and pollution and providing wellbeing (Zhang and Wang 2015). City
temperatures can be several degrees lower in the vicinity of parks (Yu et al.
2006). Many cities are making major efforts in this field.

There is a key difference between typical new high-rise areas and tradi-
tional European-type cities. The former have considerable green space
between the high-rises, but these are often privatised and little used areas;
the European city blocks have only small green spaces locally but large
urban parks nearby. In addition to being truly public and accessible to all,
these parks are often also large, enabling higher biodiversity, more activities
and socialising than the often gated spaces between high-rise blocks. It may
be added that in dense inner cities, the many urban infrastructures also
represent major land use interventions on almost the whole area, leaving
little room for undisturbed natural areas. In high-rise city developments, the
seemingly ‘green’ areas between buildings often consist only of a thin green
layer on top of extensive engineering works, such as underground parking
and infrastructural engineering works.

Cooling also has an important equity aspect. It is the poorest groups who
often suffer most the effects of high urban temperatures, since they must
more commonly commute and often work outdoors, in addition to lacking
cooling amenities in their homes and workplaces. Whilst business districts
can at least afford to pay for cooling, UHI is most disadvantageous for
low-income contexts. This is the situation for millions in the expanding
cities of the emerging economies. Hence, the outdoor city environment is as
important as the indoor solutions for cooling.
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ENERGY AND RENEWABLES IN THE CITY

As noted in Chap. 11 on District Cooling, the fundamental challenge for
cooler cities is to remove the sources of unwanted heat from the city. This
applies especially to vehicles and to air conditioning (AC) in buildings,
which are the two major anthropogenic sources of city heat. More efficient
cooling technology, including heat recovery systems, is a part-solution;
however, the rapid spread of AC, that is to say the sheer increase in volume
of cooling, outweighs the efficiency gains in many cases.

Buildings have many other needs for energy including for lighting,
cooking and appliances. It is broadly accepted policy that future buildings
should where possible produce their own energy with renewable sources—
solar in particular. This raises more questions as to the type of city.

Fig. 12.4 Grey versus Green is a major debate in urban planning. Phnom Penh city
in Cambodia is an extreme case of the trend of disappearing green and blue areas in
cities, where new housing and commercial projects are replacing existing lakes, water
corridors and open green spaces. The figure is from the waterfront park which is
almost the last remaining publicly accessible green space in Phnom Penh, Cambodia
(Source: Ali Cheshmehzangi).
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Renewable energy supplies (RES) integrated into roofs and facades in the
form of both thermal and photovoltaic (PV) solar systems are spreading,
and can cover the entire energy demand when it is as small as in passivhaus
type buildings. ‘Plus-energy’ buildings that produce more energy than they
need are already well known (Disch 2017). In contrast to AC, these do not
significantly produce unwanted waste heat to the urban environment. In
this way, a town can become its own ‘power station’. But this is only possible
in low-rise typologies of up to around four floors. In tropical latitudes where
the solar angle is high, solar panels must be close to horizontal to achieve
good efficiency; in other words, primarily on rooftop surfaces. A PV roof on
a skyscraper might be enough to power the lifts and little more. In dense
high-rise areas, the tall buildings also tend to shade each other more than in
low-rise, limiting ‘solar access’ for neighbouring buildings. Compact city
forms are, on the other hand, advantageous for district cooling systems,
which are an absolutely key solution wherever they can be implemented.
However, as we have noted these presuppose financial and governance
capacity that is not available in many cities in less developed countries.

Some futuristic proposals have included wind turbines on buildings. This
is little more than symbolic ‘eco-bling’ (Liddell 2013), and does not make
much sense for several reasons, including noise and vibrations, in addition to
the fact that relatively small wind turbines produce little energy per swept
area and that the inner-city location is very seldom where available wind
speeds are high. On the other hand, large industries, as well as some urban
waste streams such as bio-effluents and solid waste contain large quantities
of waste energy that can be converted to cooling; but this again normally
happens outside the city limits, thus not adding to UHI. Natural ventilation
cooling by stack effect is in principle advantageous in tall buildings since the
height provides greater air pressure differences. However, the generally
polluted city air in dense inner cities makes this option undesirable. In
extreme cases, already today, the outdoor air in cities is so polluted that
far from wanting natural air flow indoors, one needs to filter the outdoor air
or keep it out altogether.

In summary, low-rise types of cities are advantageous for renewable
energy production; as well as for application of free, passive cooling tech-
niques, such as solar chimneys and evaporative cooling. These should be
priorities at least in the parts of a city that can be fairly low-rise.
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TRANSPORTS

Vehicle use typically accounts for around one-third of the total energy use
(and unwanted heat production) in cities (Steemers 2003). Whilst we do
not focus on transport, it is evident that cooler cities require both reducing
traffic by better public mobility systems, as well as solutions such as electric
vehicles where the production of the electricity with its associated waste heat
is, again, moved outside the city itself. In order to reduce urban heat from
transport—pollution being obviously just as important—this also involves
our choices of what type of city. Well-known planning approaches include
transport-oriented development (TOD), which aims to minimise needs for
movement of citizens, goods and services by shaping the city in efficient
ways. Further, the key eco-city principle of mixed use co-locates homes,
workplaces and services in order to reduce the needs for travel. These are
strategies on the meso level of city layout planning.

Mobility is a main sustainability issue for energy, economy and society.
Megacities require extensive and extremely costly multi-level transport solu-
tions (underground, surface and elevated). Despite these, vehicle speed is
often little above walking speed; congestion multiplies heat emissions and
pollution (Baker and Steemers 2000). At the other extreme we have subur-
ban sprawl, which is extremely inefficient in terms of transports. Between
those extremes: ‘Interestingly, historic European cities, such as Paris, lie at a
national “optimum”—achieving moderate energy use for modest densities—
whilst sustaining a rich urban life. It is not evident that moving towards
increasing urban density will lead to reduced car traffic—in fact, in the
short-term the opposite is likely to be the case. In the absence of extra
capacity in the form of effective integrated public transport, increasing the
density will inevitably increase traffic’ (Steemers 2003). This, again, suggests
how densification is often not positive in planning practice.

Proposals as in some eco-city concepts for transport on multiple levels,
separating all vehicle traffic from pedestrian areas—often illustrated with lots
of attractive vegetation and trees on the upper pedestrian levels—are far
from new. Apart from metro systems, unavoidable tunnels and occasional
‘sky gardens’, they are seldom implemented to any extent for the simple
reason that this is prohibitively expensive. The costs and environmental
effects are evident in a few cities that have had to resort to elevated multi-
level highways in the inner city, such as Bangkok.

A car-oriented city may have somewhat lower overall population density
due to the large areas of streets and high vehicle density—at a high price of
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pollution, noise and fuel use. An advantage of a more ‘car-free’ city is that one
can achieve higher population densities, as well as environmental quality. This
also carries a business argument: in a car-free district, a higher proportion of
the extremely expensive urban land can be capitalised instead of devoted to
cars or parking. But there are conditions for a city to achieve lower vehicle
use: it must have mixed-use zoning (homes, work, services and leisure not
separated by long distances), it must be fairly small (short walking distances)
and have good public transport facilities. In cities such as Freiburg or Oslo,
people do not need cars for most activities, and many do not have cars at all
(Nielsen et al. 2007). To achieve compact mixed-use, a city cannot be a ‘car
city’. In addition to the above, roadways, parking spaces and transport areas
take up a very large part of city land and these are hard surfaces that absorb
solar radiation and greatly increase UHI.

Fig. 12.5 TheMarina Bay project in Singapore is one of the largest district cooling
projects in the world. It illustrates integration of sustainable urban energy systems
into large urban design and architectural projects. Marina Sands Bay, Singapore
(Source: Ali Cheshmehzangi).
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EMBODIED ENERGY/CARBON

Embodied energy (EE) or carbon is, as noted in our introduction, a large
and growing component of overall energy use in the built environment
(Ibn-Mohammed et al. 2013; Sartori and Hestnes 2007). This EE does not
produce unwanted urban heat since almost all materials are produced
outside the city, except for the heat produced on construction sites and by
trucks bringing materials, and in maintenance (recurrent energy inputs).
But EE does comprise large climate emissions, which contribute to GW;
and thus indirectly worsen city climates. This again is influenced by what
type of city we choose to build, and so does merit a brief word too.

To reduce EE with its concomitant contribution to climate emissions
and global warming, we must replace energy-intensive construction mate-
rials. As shown in Table 12.2, many studies show that the largest EE items in
a building LCA (life cycle analysis) are often cement products and steel;
these two alone often comprise 70–90 % of the total EE. Other energy-
intensive materials include various metals, glass and plastics. EE will almost
inevitably be higher in dense, compact and high-rise cities due to the need
for energy-intensive materials, such as concrete, steel, glass, aluminium, fire
protective materials and so on. This is a disadvantage of compact high-rise
types of city, which many may see as minor; but the part of EE in the total
picture will become significantly greater in coming years since the opera-
tional energy required to run and cool buildings is a much smaller part in
tomorrow’s low-energy buildings.

It has been little noted that the above applies not only to city buildings
but also to the vast urban infrastructures—flyovers, subways, underground
parking areas, piping, culverts, and so on—necessary in dense cities. These
almost inescapably have to be in energy-intensive materials, such as concrete
and steel. We have noted elsewhere (Butters and Thomas 2017) that in a
high-rise type city development, these may embody half as much again of

Table 12.2 Embodied carbon of typical modern buildings

Embodied carbon: materials

In many buildings, concrete and steel comprise by far the major part of the total carbon
footprint
Concretes þ steel:
Sweden, 4-storey offices 81 % Source: Wallhagen et al. (2011)
Italy, 6-storey apartment block 76 % Source: Our analysis, from Blenghini (2009)
China, high-rise office building >70 % Source: Zhang and Wang (2015)
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EE as all the building works above ground—some one-third of the total.
The site works and infrastructures are a little perceived part of the picture.
Again, this relates to our choice of city paradigm.

Another common argument in favour of compact cities is economies of
scale. But the presumed economies of scale in high-density infrastructures
have been seriously questioned: ‘Other empirical studies have consistently
found that lower operating costs in the suburbs more than offset the higher
initial capital costs of installing new infrastructure’ (O’Toole 1996). Simi-
larly, it is also shown that ‘the cost increase from the low to the medium-
density scenario is nearly 100 %, while the cost increase from the medium to
the high-density scenario is just over 50 %’ (Barter 2000). These are strong
arguments against the common belief in high density and economies of
scale.

OTHER PARADIGMS

The ‘Garden City’ paradigm, initiated by Ebenezer Howard (1902) as a
response to miserable conditions in nineteenth-century industrial cities—
not unlike conditions in parts of today’s Asian cities—was conceived to
provide comfort and health for working classes by bringing fresh air and
green spaces into the city combined with fairly low building densities. This
concept has found renewed interest in recent years. The example from India
in Chap. 7 illustrates such a residential neighbourhood. The FAR in garden
city developments may reach up to around 1.3; whilst therefore not appro-
priate where high population densities are unavoidable, it remains a valid
approach for smaller towns and allows for ‘design with nature’ including the
full range of passive design measures to maximise natural cooling.

‘Eco-city’ goals include all three areas of environmental, economic and
social sustainability, such as energy efficiency, low carbon footprint, mixed
use, walkability, public health, economic and social diversity. There are also
important ‘new’ conversations concerning urban governance, resilience and
sustainable consumption. It is notable that many of the most successful
urban eco-districts of recent years in Europe have been low-dense develop-
ments. In these, the FAR may be around 2.0 as a maximum, with building
heights of typically 5–6 floors and quite plentiful green space. This is partly
made possible by mixed use along with excellent public transport and
sustainable mobility solutions that really reduce traffic, as well as reducing
roadway areas. The Vauban District in Freiburg, Germany is a leading
example with around 20 years of experience (Butters et al. 2010). The
social qualities of such districts are a main attraction. With this type of
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low-rise paradigm, it is also possible for the buildings themselves to provide
their own energy with PV roofs, as well as applying all available passive
design techniques—whether for heating as in the German context or for
cooling in a hot climate context.

Amongst the more futuristic concepts for eco-cities, many rely on
advanced technology, rather than natural means, to provide cool condi-
tions. One must retain some scepticism as to whether these visions really
offer ‘sustainable cities’, since they may have an impressive array of
eco-technical hardware but often lack a real economic basis or a sustainable
social community. Multi-level transport has been mentioned; another is the
sheer cost of inappropriate locations, such as deserts, both for economic
activity and for basic needs such as food production and fresh water. The
required eco-technology is available but massive, and too prohibitively
expensive for such visions to be a model for developing countries.

Whilst dense high-rise may be appropriate for Central Business Districts
(CBDs), the UHI effect plus energy use, as well as health and social issues
are arguments that weigh somewhat against dense, high-rise city models;
although naturally, there are also other, positive factors in the picture. In
addressing developing-country contexts, it should be recalled that
low-income urban areas tend to be especially disadvantaged. We have
discussed elsewhere the equity implications of dense cities with rising
UHI effects (Thomas and Butters 2017). In developing countries, where
resources are often limited, dense high-rise city environments planned and
built to a high level of quality may be comfortable, but mediocre quality
high-rise ones may provide little better than ‘vertical slums’.

Between the extremes of compact high-rise and suburban sprawl, how-
ever, there lies a range of options for hot climates that, given good solutions
on all three of our levels, can all offer resilient, efficient, sociable and
comfortably cool cities.

CONCLUSIONS

In addition to the question of cooling, we must remember the broad energy
considerations related to our choices of city form; since any urban form that
leads to higher energy needs is almost inevitably a hotter city, due to the
waste heat associated with energy use. Besides considerations related to
environment and cooling, there is evidence suggesting that moderate size,
low-dense cities offer reduced complexity, lower costs, resilience and a
range of social advantages compared to large, compact high-rise cities.
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In an ideal world, urban policy aims for a good balance between ecolog-
ical, economic and social criteria. In the real world, however, urban plan-
ning and policy decisions are normally far more heavily influenced by
financial, political and pragmatic factors. What kinds of city offer the best
opportunities for cooling? Dense high-rise as compared to low-rise is prob-
lematic in relation to urban heat island, pollution and other impacts of high
energy density. Perhaps the advantages of low-rise, and somewhat lower
density, outweigh the arguments for dense high-rise. This would seem to be
the case except where dense high-rise can be of a high quality and with
sustainable design on all three of our levels. Especially important for cooler
cities are sustainable, non-UHI producing energy supply systems, such as
district cooling. However, in many cities of developing countries, it will be a
long time before such solutions are achievable. These require a multi-
dimensional understanding of development processes, policy frameworks,
regulations and, not least, political will. The passive-design solutions on
micro and meso levels are both simplest and cheapest and should be a
natural priority if resources are limited. In the real world of hot-climate
developing-country cities, the task of creating cooler cities is still a big ask.
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CHAPTER 13

Conclusions and Recommendations

Ali Cheshmehzangi and Chris Butters

A BRIEF SUMMARY

We have argued that solutions for cooler cities in hot climates must be
addressed on all three of the levels discussed in this book. Urban cooling,
with its associated high energy use and climate emissions, is influenced by
building design, city form and green infrastructures, and overall urban
energy systems. Choice of low-dense or high-rise is a key factor, which in
addition impacts on embodied energy and carbon. Urban density and
structure also have a large influence on transport needs, not discussed
here; and all the above aggravate the growing urban heat island effects in
many parts of the world. Our Asian cases present some contemporary
research and innovative strategies that offer promising precedents for
others. There are great challenges for city planners, policy makers and
developers in cities of developing countries. Addressing the issue of cooler
cities requires action across sectors and stakeholders in order to achieve
comprehensive and integrated strategies.
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Solutions exist, and many of them are not significantly more costly.
Whereas traditional principles for ‘staying cool’ in hot climates have long
been known, modern science, data and research are enabling designers to
develop a range of new solutions, both at micro, meso andmacro levels. Not
least, our knowledge of climatology and of human comfort enable us to
understand human needs for healthy urban environments. In view of global
warming, growing urban heat production and urban heat island effects, this
question is of increasing urgency for millions, especially lower income
groups, and especially in the large cities of regions such as Asia.

BROADER RELEVANCE

However as noted, this book is not only relevant to Asia, nor only to
hot-climate developing-country cities alone. In the rich countries, and
even in cold climates, city cooling in summer is, in many cases, already a
major issue too, with increasing heat island effects and extreme heat events.
And there are other hot-climate world regions that are as yet less developed
than many of the Asian economies. In those regions, such as in Africa and
Latin America, there are as yet fewer large cities; and in the poorer cities
there is as yet less vehicle traffic, air conditioning and other urban heat
sources. But many of these regions are likely to follow the same trends as in
Asia: towards more compact and higher-rise cities, with less and less green
space, more vehicles, more heat sources, and deteriorating living conditions.

Such regions thus have the opportunity to look ahead and make choices
of direction for their cities that will have major consequences in the future,
both for urban comfort as well as overall costs, energy use and climate
emissions. The potential savings – avoided future impacts—of preventive
action are without doubt very large. Unhappily, in the poorer cities, it is
often difficult—if not impossible—to make long-term, sustainability
focused plans for urban development; due to a lack of skills, resources,
governance, political will or many other pragmatic factors.

FROM THE LOCAL TO THE GLOBAL

It is not difficult to design low energy, low emission and low-cost buildings,
in hot and in cold climates. Solutions have existed for many years. The first
nearly zero energy buildings were built and tested over 30 years ago. The
same applies to urban solutions. Vernacular and traditional examples indi-
cate that good approaches existed long ago, even without access to the
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modern technologies and methods that are available now. This implies an
architecture in evolution, as opposed to one where technology has tended
to replace natural principles and, in many cases, common sense. Local
solutions for cooler cities improve quality of life at the same time as they
mitigate the global issues of rising energy use, pollution and global climate
change.

We venture to add that the climate agenda sometimes appears to be a
diversion, with many reports and global conferences but little action. Over
the years, ‘sustainability’ has become a very diffuse, misused and one might
well say polluted, concept. In our view, most of the advisable actions for
pleasant, cool, low-carbon cities would be good policy and good common
sense, with or without a climate problem. Such qualities as traffic free streets,
less traffic noise, less air pollution, better indoor environments, less defor-
estation, more green space, more recycling, healthy building products and
low or even zero energy bills for consumers, are all good solutions regardless
of global climate concerns.

TECHNOLOGY AND BEHAVIOUR

The technology part of the task is, if anything, the easier part. What is more
difficult is delivery in the real world; especially at the rate that is needed in
order to improve both the living quality of urban millions in the fast-
expanding cities of hot climate developing countries, and to safeguard our
global climate.

We do not address the equally important behavioural and lifestyle issues
but these must be brought into play for a sustainable future. There is
growing awareness—with research findings to support it—that the typical
technological focus in research and policy is insufficient and even mislead-
ing. The performance in real life of low-energy buildings is often far less
than was calculated in theory. This puts policy leaders in the position of
making unrealistic promises, and building owners in the position of having
far longer payback times than expected. Reasons for this are human error,
inefficient management, incorrect installation and above all poor user
awareness and behaviour. If this is the reality of people, it highlights the
inadequacy of theoretical technical efficiency. These ‘soft’ barriers are cul-
turally specific. The way forward cannot rely on technological innovations
alone; planning processes, social awareness and behavioural issues are
recognised as being equally important for results. Similarly, key reasons
why innovations spread so slowly are not technical or even economic, but
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human factors such as weak communication, conflicts of interest, poorly
designed incentives and policies, as well as consumer fashions that lead us in
the opposite direction of unsustainable consumption.

THE DYNAMICS OF CHANGE

If the solutions for cooler cities, and more sustainable cities in general, exist,
why is this not spreading? The difficulty is to deliver them, in the real world.
There are many barriers, often cultural and institutional. Delivery—not
technological innovation—is the real challenge.

What policy instruments, legislative, economic and cultural, work in
different countries? What can be learned from regions where energy effi-
ciency has been successfully introduced and spread? What are the drivers
and dynamics of change towards sustainability? Countries are at very differ-
ent stages of development; opportunities, drivers and barriers vary widely.
Examples such as the passive house movement in Europe highlight the local
and cultural nature of the contextual dynamics involved. Another relatively
successful story is that of building certification schemes such as BREEAM in
the UK, LEED in North America, CASBEE in Japan and others in both
developed and developing countries. Despite some inherent weaknesses and
a certain ‘box-ticking’ tendency, these have greatly advanced awareness of
energy and associated issues in the building industry. Although started
slowly, some of them have now become mandatory or are becoming part
of national legislation. What can be done to make these processes of change
more rapid?

The four main potential agents of change in this field are government,
the construction industry, building and design experts, and the public. All
four are essential. The initial drivers behind green design were pioneers in
North America and Europe—a bottom-up, voluntary process amongst
designers and a small public. But green solutions remained very much a
minority interest until the goal of sustainable development arose following
the 1987 Brundtland Report and the 1992 Rio conference. Thereafter,
energy, and in the 1990s climate change, came into focus. In this phase,
the third of the above four agents, namely the authorities and public policy,
come into play. Coming slowly into play now is fourth of the above
agents—the market itself. Business and the construction industry are pri-
marily concerned with profitability, but there are increasing win-win oppor-
tunities in green business. The broader goal, which includes corporate social
responsibility, is—in the US expression—the ‘triple bottom line’ of people,
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planet, prosperity. However, experience in Europe shows clearly that the
market for sustainable solutions does not emerge by itself, without sufficient
science and public support as well as strong public policies. This complex
field encompasses perceptions, technologies, market forces, policies and
cultural dynamics of many kinds.

Sustainable development and good planning are difficult anywhere; in
many developing countries, planning and governance capacity are weak or
absent. Alongside gradual capacity building, only quite pragmatic approaches,
attuned to local context, can succeed. Sustainable solutions are available, but
success is a question of quite long processes. European experience has shown
that there are win-win opportunities where environmental and social ambi-
tions can be raised whilst maintaining the ‘bottom line’ of profitability. Green
building is often hardly more expensive once established—though incentives
are needed to achieve initial market penetration—and it is good for everyone’s
pockets, both individual and public finances. There is also a great dynamic in
community processes of participation. Sustainable building and urban devel-
opment almost everywhere has identified and pursued four difficult but
essential processes—summed up as follows:

– from segregated spatial zoning of cities to mixed-use districts;
– from specialisation to integrated design and planning, also a key to

lower costs;
– from uncontrolled construction to voluntary guidelines to mandatory

standards and codes for environmental quality;
– from private-public contradictions to a win-win modus with better

cooperation.

All of the above have been the subject of very major efforts and important
shifts in policy, planning and practice in industrialised countries.

A FEW KEY RECOMMENDATIONS

To sum up some of the above remarks and issues highlighted in this book,
we state a few key recommendations. These again are not only relevant to
the context of Asia, but also to cities in other hot regions of the world.
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Compact City Planning

As regards types of city, compact low-dense cities offer environmental,
climatic and social advantages compared to high-rise cities, making it easier
to provide cool environments, yet can also accommodate fairly high popu-
lation densities. Cluster-type layouts and compact urban patterns can better
utilise passive cooling strategies than large scale urban blocks. Compact
layout does not necessarily require a high-rise typology.

Green-Blue Infrastructures

Overall urban planning of green-blue infrastructures is a key to an improved
local microclimate, thus improving both outdoor conditions and building
cooling loads, as well as reducing energy needs. It is important to consider
both availability of green spaces and their accessibility for residents. Higher
priority must be given to open space, green landscaping, vegetation, water
bodies and wind corridors in future policies and planning in hot-climate
cities.

Climate-Responsive Design

Buildings as well as city layouts should make maximum use of climate-
responsive, passive-cooling design; adding the most efficient renewable
energy technologies for cooling where needed. This requires a mindset
that is aware of those basic principles of regional ‘design with nature’. In
addition to cultural or aesthetic considerations there are many scientific and
climatic grounds for this. Climate-responsive strategies evidenced in tradi-
tional hot climate design can often be applied in modernised versions.

Urban and District Scale Cooling Systems

District cooling (DC), like district heating, is a proven technology; but DC
is still only occasionally applied in new urban areas of the many hot-climate
cities in Asia or elsewhere. There should be a major move towards urban and
district scale cooling systems, both for higher efficiencies and especially to
remove urban heat and mitigate the urban heat island effect.
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Low Carbon Cities

In addition to the buildings themselves, the civil works and infrastructures
required in compact high-rise cities make up a large part of the total energy
and carbon footprint of such cities, thus adding significantly to global
warming; this aspect has been little discussed to date. Whilst dense high-
rise may be appropriate for central business districts, it renders the task of
low-carbon design more challenging. Embodied carbon, whilst only an
indirect contributor to warming cities, requires increased attention as cities
become our major form of habitat.

Integration Across Disciplines and Levels

There is great need for integration between the three levels of building
design, urban design and energy systems design, as well as between the
specialists within the three levels discussed. Lack of integration quickly
leads to suboptimal solutions, as well as to larger disparities between various
stakeholders and implementation barriers to sustainable development.

Long-Term Planning

Cities exist for centuries. A long-term planning view is ever more essential.
The balancing of pace and scale of development is essential for rapidly
growing cities; short-term solutions create negative impacts on city envi-
ronment and well-being and imply large future costs for energy and health.
Rising temperatures in the cities of the hot-climate developing countries is
one of the major challenges these cities face.
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