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Abstract | Sustainability in the living environment requires a paradigm 
transition to environmentally conducive habitats based on judicious 
energy and resource use to foster a community that is happy, harmonious, 
healthy and productive. Habitats, or the living environment, comprise the 
built- and the natural environment. The built-environment is responsible 
for the single largest share of resource and energy consumption and 
demand. This paper provides an overview of sustainability in the context 
of human settlements with a focus on imminent material resources and 
energy challenges for buildings in India. Basic arguments on sustainability 
and well-being in human settlements, and the role of community attitude 
and behaviour have been highlighted. The paper discusses imminent 
impacts attributed to unbridled dependence on mined material resources, 
emissions and pollution due to energy expenditure in buildings, and 
particularly draws attention to implications of unperceived modernizing 
rural transitions.

Rural habitations, in India have thus far lived off the land with negligi-
ble demands on energy and process-intensive materials for sustenance. 
With a booming economy, increased affordability and exposure to urban 
lifestyles, the aspirations of rural habitations is now akin to middle-income 
urbanites. As rural habitations respond to the modernising aspirations of 
its inhabitants, an unrecognized but steady transition is evident from tra-
ditional local-materials based buildings to non-local high-process material 
based dwellings, viz., zero-energy to high-energy. The consequence is an 
unperceived but significant resource and energy footprint, that requires to 
be carefully discerned and regulated for sustainability. Key avenues for 
promoting sustainability in the built environment include effecting mini-
mum alteration to (exhaustible) natural material, recycling non-organic 
solid waste into building products, adopting renewable construction mate-
rials and regulating energy and emissions in buildings.

1  Introduction
The concept of sustainable development is indis-
putably desirable for humanity1 and should support 
economies that cause no irreparable damage to the 

environment.2 Habitats, or the living environment, 
comprise the built- and the natural environment. 
The nature of systemic interactions between the 
built- and natural-environments determines the 
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state of the environment that sustains life (and 
there by sustainability).3 So far, these interactions 
have been increasingly disruptive, and human 
civilization currently stands at a juncture wherein 
a paradigm change in the built-environment is 
needed for sustainability.

Rapid industrialization based modernization, 
and globalization, have seen the growth of buildings 
that carry an international appeal, but becoming 
increasingly unsuited to local climatic and environ-
mental conditions and insensitive to local availabil-
ity of building materials and traditional building 
skills (that are potentially low-energy and resource 
sustainable). Buildings (construction, operation and 
maintenance) account for the single largest energy 
and ecological footprint. Globally, buildings con-
sume one third of the world’s resources,4 including 
approximately one third of primary energy supply.5 
An estimated 20–25% of India’s total energy demand 
is attributed to the manufacture of materials for 
the building sector, with an additional 15% attrib-
uted to the running/operation of buildings.6 While 
India’s total Green House Gases (GHG) emissions is 
the third largest in the world (1.8 billion tonnes of 
CO

2
 in 2010), its per-capita energy footprint is one 

of the lowest at 1.5 tonnes.7 The predominant share 
of India’s GHG emissions is characteristically repre-
sentative of the urban habitations which accounts 
for just 35% of the total population.8

Globally, the general breakup of energy con-
sumption in buildings is 16:84 the former being the 
percentage attributed to manufacturing, construc-
tion, material transport and maintenance (including 
renovation) of a building, while the latter includes 
the energy share attributed to appliances and space 
conditioning and operation.9 It is crucial to note that 
this assessment is valid primarily for highly evolved 
urban areas, and may not apply to cities in progres-
sive nations. However, energy efficiency and utiliza-
tion of renewable energy in buildings offer extensive 
options tying sustainability with GHG reduction. 
The most critical of these for progressing and lesser 
developed countries includes safe and efficient cook-
ing stoves, which in addition to cutting GHG emis-
sions also supports a clean indoor living environment. 
Amongst highly urbanized (and developed) regions, 
retrofitting buildings for energy-efficient perform-
ance can yield significant result in regulating GHG 
emissions.10 Thus far, in published literature, most 
strategies for energy-efficiency in building includ-
ing retrofitting are primarily for buildings in colder 
regions of Europe and USA. Studies in the recent 
decade are evaluating low-energy and sustainable 
performances in naturally ventilated (vernacular 
dwellings) and inadequacies of modern building 
forms in urban areas around the world. Moreover, 

the phenomenon of rural transitions in progressing 
nations and economies in transition (EIT) is yet to 
be recognized for its potential significant impact on 
building CO

2
 contribution.11

Following a systematic study into modern tran-
sition in rural India, the authors estimate that rural 
dwellings adopting modern building materials have 
a clear potential to increase by 8.5 to 10% projected 
2031 GHG emission figures estimated between 7.3 
to 4.0 billion tonnes of CO

2
-eq12 respectively. This 

range is significant in terms of climate-change miti-
gation. Thus far, rural habitations have adopted cli-
mate-responsive building practices relying on local 
resources (with minimum embodied energy) and 
energy (for comfort and quality of life). These habi-
tations, many of which can actually be called zero-
energy, hold potential answers to enable transition 
from high-energy urban habitations to zero/low 
energy habitations. With increasing access to mod-
ern amenities (television, mobile phones, internet), 
rural habitations now aspire for a quality of life 
(and habitation) akin to urban areas. These aspira-
tions are resulting in transitions from local-resource 
dependent habitations’ to non-local resource based 
high-energy urban-style habitations. Further, these 
transitions are resulting in the habitations becom-
ing increasingly unsuited to the local climatic con-
ditions with increasing discomfort, ill-health, CO

2
 

emissions and environmental disruption.
The following sections discuss sustainability 

in the context of human settlements including the 
role of community attitude and behavior, followed 
by specific discussions attributed to buildings 
(and construction) in India and the significance 
of resource and energy use on sustainability. The 
terms ‘material’ and ‘resources’ have been used 
interchangeably in the current paper and essen-
tially imply natural resource based materials used 
for buildings. The final section presents salient 
results and likely resourced-energy implications 
attributed to rural transitions in India.

2  Sustainability in Human Settlements
According to the 1976 Vancouver Declaration 
on Human Settlements,13 “Human settlements 
involve the totality of the human community—
whether tribe, village, town, or city—with all 
social, material, organisational, spiritual and 
cultural elements that sustain it”. Sustainability 
of human settlements is vital to support human 
development. The living environment must 
support quality of life, including basic human 
needs of food, clothing, shelter, water supply and 
sanitation, waste removal, health care and pri-
mary education.14 According to the UN General 
Assembly resolution 44/228,15 human settlements 
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sustainability relates to seven main issues in the 
living environment:

    i.	Protection of the atmosphere
  ii.	Protection of the quality and supply of fresh-

water resources
  iii.	Protection of oceans and coastal areas
   iv.	Protection and management of land resources
   v.	Environmentally sound management of 

wastes
  vi.	Improvement of the living and working con-

ditions of the urban and rural poor
vii.	Protection of human health conditions

The fundamental sustainability challenge to 
human settlements lies in restoring, maintain-
ing and enhancing the health of the natural envi-
ronment, besides managing human-settlement 
resource demands and the waste generated. This 
would imply that human settlements adopt a 
framework for the conservation and recycling of 
non-renewable resources, the introduction and 
development of technologies for efficiently utilis-
ing renewable resources, and the management of 
the natural environment such that its life-support 
systems are restored, maintained and preserved 
for future generations. Particularly, in the con-
text of future generations, consideration should 
be given to the usage of three different kinds of 
planetary assets:13

a.	 Finite stock of non-renewable resources (e.g. 
fossil fuels, minerals, etc.).

b.	 Renewable resources (e.g. solar energy, wind 
energy, forest produce, etc.).

c.	 Capacity to absorb pollutants/by-products of 
human development (e.g. toxic chemicals, plas-
tics, chlorofluorocarbons (CFCs), etc.).

The well-being of people is commonly defined 
in terms of their health, comfort and happiness, 
which corresponds with Vitruvius’s firmness, 
commodity and delight.16 Health and happiness, 
in the recent decade are gaining much attention 
as a measure of a country’s/community’s progress. 
Most findings have revealed the poorest of nations 
to be the happiest, with India ranked among the 
top five globally.17 Further, more quantitative 
studies have indicated two extremes of correlation 
between happiness/contentment with life and eco-
logical footprint. Poor nations with the lowest levels 
of ecological footprint were just as happy (satisfac-
tion with life) as nations with the highest ecologi-
cal footprint: Bangladesh 5.6/10 satisfaction with 
life at 0.5  global hectares (gha)/capita ecological 
footprint; India 5.4/10  satisfaction  with life at 

0.7 gha/capita; UK 7.2/10 satisfaction with life at 
6.5  gha/capita; USA 7.5/10 satisfaction  with 
life at 9.8 gha/capita.18 An average home size in the 
US is 200 m2 while that for India is 40 m2; further 
energy use for buildings (residential) in the US is 
around 3.4 TWh (2003) while those for India (res-
idential) is around 0.5 TWh (2003).19 Per capita 
energy consumption in India in 2006 was 510 kgoe 
(kilograms of oil equivalent) while that for high 
income countries was 5416 kgoe. Per capita CO

2
 

emissions for India in 2005 was 1.3 MT while that 
for high income countries was 12.6 MT.20

A distinction must however be made between 
luxurious living and cultural development. Cul-
tural development implies a positive societal devel-
opment, when the community has time beyond 
that required for basic survival, and the time is 
devoted towards art, architecture, literature, music, 
and other activities involving the betterment 
and refinement of human intellect and skills.2,21 
A luxurious life, on the other hand, need not be sus-
tainable, as it does not necessarily imply a positive 
societal development. Crime, drugs, and violence 
are indications of an affluent society going wrong. 
A two-way flight from Delhi to Washington equals 
to as much energy as 35 km of daily car travel for 
a year; further, a single 35 km daily travel by car 
equals to an LED based single-dwelling lighting for 
an entire year.22 Both freedom of choice and access 
to travel (by air and/or by car) and rural electrifi-
cation are acceptable development outcomes; how-
ever the scale and order of impact of the former is 
incomparable to that of the later, with the former 
being impossible to equitably make available for 
every individual on the planet.

It has usually been found that the resources 
required to fulfill a community’s luxuries are far 
greater than the resources required to fulfill basic 
needs.8,23 To meet resource requirements, every 
modern human settlement depends on an area 
much larger than that actually occupied by the set-
tlement itself.18,24 Also, the waste and other outputs 
generated are dispersed over an area far beyond the 
settlement limits and boundary. The total com-
bined area required to satisfy these inputs and out-
puts is described as the ecological footprint for the 
human settlement under consideration. Measuring 
or judging the ecological footprint of a settlement 
is a well-accepted indicator of the sustainability 
of the community. The larger the ecological foot-
print of a particular community, the more is the 
threat to its sustainability. When considering the 
global human settlement, it has been estimated 
that human societies occupy approximately 2% 
of the planet’s surface area, but consume 75% of 
the planet’s resources.25 Nearly 40% of world’s 



Monto Mani and B.V. Venkatarama Reddy

Journal of the Indian Institute of Science  VOL 92:1  Jan.–Mar. 2012  journal.library.iisc.ernet.in148

consumption of materials translates to the built 
environment, and 30% of energy use is attributa-
ble to housing.5 Rising living standards results into 
more energy demand for heating, cooling, lighting 
and communicating. Building heating and cooling 
are the most energy intensive, followed by energy 
for lighting and appliances. With global urban pop-
ulation expected to grow from 47% share in 2000 
to 70% share in 2050,26 the envisaged resource and 
energy demand would be mindboggling.

Recent ideologies of a sustainable habitation, 
though currently limited to the urban settlements, 
are zero-energy and low-carbon/ecological foot-
print habitations. Zero-energy in the context of 
modern buildings represent buildings that gener-
ate and satisfice their own energy requirements. On 
the other hand zero-energy in the context of tribal 
(and most vernacular) habitations requires no 
active energy, whatsoever, at all. Carbon/ecological 
footprint are an assessment of the global envi-
ronmental (geographical) coverage attributed to 
habitation resource and energy demands. Another 
recent approach to a sustainable living is The 100-
Mile Diet27 wherein the community resolves to 
sustain on food available within 100 miles of their 
habitation. This is primarily to reduce the fuel 
consumption involved in transporting exotic food 
resources from distant places.

Another dimension that has been completely 
unaccounted for is the transition in rural habita-
tions, particularly in India (and other progressive 
nations and economies in transition including 
China), mimicking urban habitations. This is char-
acterised by adoption of exotic modern building 
materials and moving away from near-zero energy 
vernacular architecture and practices. Accompa-
nied by these transitions is a loss of physiological 
resilience towards prevalent climatic variations 
and increasing dependence on power (electricity) 
for maintaining indoor thermal comfort.28

3 � Sustainability—Community Attitude 
and Role of Behavior

There exists a strong relation between the kind of 
lifestyles pursued by a community and their sus-
tainability, and as a community’s attitude deter-
mines its lifestyles, there is a very strong connection 
between community attitude and sustainability. 
Noe and Snow29 noticed an emerging change in 
people’s attitudes, from the then dominant social 
paradigm of progress, development, science 
and technology, to the environmental paradigm 
involving issues such as limits to growth, steady-
state economy and natural resource preservation.

Button30 and Camagnia et al.,31 assert that 
change in personal lifestyles is one of the lesser 

known but very strong policy interventions to 
achieve sustainable development, particularly in 
the context of modern urban settlements. Sustain-
ability is, above all, a mental question and reflects 
our understanding of hierarchy of needs and of 
who is responsible for whom and for what in mak-
ing sure that the world functions in a productive, 
effective and sustainable way. Tradition of ethics 
of sustainability is to be seeded, changing stead-
ily patterns of action, rules, values, and norms 
and creating a new ethical, moral and sustainable 
society—very different from the current one.32

Levine et al.,10 acknowledge occupant behaviour, 
culture and consumer choice and use of technologies 
to be major determinants of energy use in build-
ings that play a fundamental role in determining 
CO

2
 emissions. In developing countries (and econ-

omies in transition) safe and high-efficiency cook-
ing devices and high-efficiency electric lighting 
would not only abate substantial GHG emissions, 
but would reduce mortality and morbidity due to 
indoor air pollution by millions of cases world-
wide annually. Research has demonstrated that 
occupants are more comfortable when they have 
increased freedom of choice to adapt their condi-
tions in a straightforward and intuitive way, which 
prevailed in vernacular dwellings unlike extensively 
automated modern dwelling. Further more dra-
matic differences in physiological comfort33 and 
resilience are visible in passively regulated dwell-
ings. A transition from vernacular to modern first 
vitiates the resilience of the inhabitants to withstand 
prevalent climatic conditions, leading to a compel-
ling dependence on active energy for comfort.

Steemers and Manchanda16 concur that low 
energy designs have potential to achieve highest 
levels of occupant satisfaction, further stress the 
fact that ‘perceptions of control, contact with nature, 
general pleasantness, are important for the overall 
well-being of the occupants’ and sustainability of 
the habitat’. As inhabitants and dwellings evolve 
together, the bond between the two should be 
reviewed in pursuit of green buildings. As on today 
green building assessment still have no measure to 
assess the connect between inhabitant’s and their 
living environment, and primarily aim to assess 
the level of automation in achieving energy effi-
ciency in the built-environment alone.

Despite availability of high-efficiency technol-
ogies and practices, energy use in buildings con-
tinues to be much higher than necessary, pointing 
to occupant/user behavior related consequences. 
Despite application of various policies aimed at 
reducing building related CO

2
 emissions in many 

developed countries and despite growing interest 
in key developing and transition economies, 
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global CO
2
 emissions attributed to energy use in 

buildings have increased at an average 2.7% per 
year (1999–2004). CO

2
 emissions for residential 

buildings grew at 1.7% annual for residential 
buildings, with the largest regional increase being 
from buildings in Developing Asia (42%).10

Sant22 recommends a three-pronged strategy 
to avert economic hardship and climate-change 
mitigation, viz., replacing conventional energy by 
renewables, adoption of super-efficient appliances, 
vehicles and buildings, and curtailing unabated 
energy-intensive activities, including improved 
urban habitats that reduce commuting distance, 
and improving social interaction (for harmony). 
Green buildings are the new paradigm, with energy 
efficiency, low-embodied energy, low-carbon 
building materials and environmental conducive 
designs being the new mantra. The WBCSD iden-
tifies buildings as one of the five main users of 
energy where megatrends are needed to improve 
energy efficiency to reduce CO

2
 emissions. While 

there is significant awareness, there is a reluctance 
in the adoption of green buildings (India: 64% 
Aware; 13% Consider; 5% Involve).34

4 � Sustainability: Role of Material 
and Energy in buildings

There are five modes of energy consumption 
attributed to buildings, viz., embodied energy, 
energy for transport (grey energy), energy for 
construction (induced energy), energy for opera-
tion and maintenance, and finally energy for the 
demolition and recycling/disposal.35 With regards, 
building materials, manufacture of construction 
materials requires two essential resources: raw 
materials and energy. The raw materials include 
soil, stone, sand, variety of minerals and chemicals, 

and biomass apart from water. Except biomass 
and water, all other raw materials are limited in 
quantity and are mined. Hence, these materials are 
exhaustible.

Todorovi 36 states that energy-related impacts 
of buildings must be considered through their 
life-cycle and environmental analysis focusing on 
factors that affect energy consumption: facades 
concepts/building envelope alternatives, glazing 
and fenestration, types of building thermal 
mass and insulation, natural and artificial 
lighting, natural versus mechanical ventilation, 
energy-recovery opportunities, indoor and out-
door air quality and environmental protection.

Targeting low-hanging fruits for immedi-
ate measures to abating GHG emissions through 
energy-efficiency carries the risk of a rebound 
effect37 and also limited applicability in EITs as 
energy efficient gadgets tend to be priced higher. 
Rebound effect can be attributed to the energy 
efficiency improvements lowering the effective 
cost of using energy and actually encouraging 
greater consumption. Both direct and indirect 
rebound effects could actually result in an over-
all increase in energy consumption rather than 
energy saving.10,37 It is crucial to note that while 
many reports acknowledge the reality of rebound 
effect, a clear estimate (energy or emission) attrib-
uted to the same is yet to be made. Between 1971–
2004 CO

2
 emissions for commercial buildings 

increased at 2.5% per year and at 1.7% per year 
for residential buildings.10 In India the effective 
household energy per person increased by fac-
tors of 1.4  in urban areas and 1.2  in rural areas  
(between 1990–2003).38

Table 1 gives the annual consumption of con-
struction materials consumed in bulk quantities 

Table 1:  Annual consumption of materials consumed in bulk quantity.

Sl. no Material

Annual consumption (tonnes)

SourceIndia Global

1 Burnt clay bricks   450 × 106  3300 × 106 39, 40

2 Cement   210 × 106  3400 × 106 41, 42

3 Steel a 72.2 × 106  1527 × 106 43

4 Aggregates b 1.20 ×109 16.50 × 109 estimated

5 Plywood/timber etc. c 10.4 × 106      74 × 106 44, 45

6 Glass c 1.22 × 106      42 × 106 46

7 Aluminium    1.7 × 106      44 × 106 47

8 Paints 0.61 × 106    105 × 106 48

9 Ceramic tiles c   6.0 × 106    143 × 106 49

Total consumption (tonnes)   2.0 × 109      25 × 109

aWorld steel association estimates (total in all sectors);
bAssumed a ratio of 1:5/6 (cement:aggregates);
cVolume/area converted to weight.
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in India and the world. It is very difficult to obtain 
the exact data on the quantum of construction 
materials produced and the related material 
resources consumed. Annual consumption of 
construction materials in India is in excess of 2 bil-
lion tonnes, which amounts to per capita annual 
consumption of 1.8 tonnes. The global consump-
tion of construction materials is in excess of 25 
billion tonnes amounting to annual per capita 
consumption of 3.6 tonnes. The world average is 
much more than the Indian average. It is alarming 
to note that aggregates used in concrete and mor-
tar account for 60% of total construction mate-
rials consumed and are derived from river beds 
and rocky outcrops. This places a heavy environ-
mental price on aggregates, which is usually not 
accounted for.

Mining raw materials for the construction 
has disastrous consequences on the environ-
ment leading to conflicts among various sectors 
attributed to depletion of natural resources. For 
example agriculture/forestry and construction 
sectors are in conflict as the basic resources, 
viz., soil, stones and sand get exhausted due to 
indiscriminate mining. Another specific exam-
ple is the requirement of fertile soil for burnt 
clay-brick making and agriculture. It is alarming 
to note that 300 mm depth of fertile top soil in 
India will be consumed for burnt clay brick pro-
duction in about 60 years.39 Exploitation of natu-
ral stone for the aggregates can wipe out rocky 
outcrops or create large craters. This will further 
stress already dwindling natural resources and 
biodiversity.

Major problem with the consumption of raw 
materials for the manufacture of construction 
products is permanent changes occurring to the 
mined raw materials. Basic raw materials undergo 
permanent structural or physical changes dur-
ing the processing and manufacture of construc-
tion materials. One typical example is the case of 
burnt clay products. Burnt clay bricks/blocks, ter-
racotta and ceramic products represent some of 
the burnt clay building materials. Generally, soils 
with high clay content (fertile soils) are used for 
the production of such building products. In such 
products clay minerals present in the soil undergo 
structural changes during the firing process 
(800–1000°C) resulting in the formation of water 
insoluble bonds among the sand and silt particles. 
Transformed clay minerals are the binding mate-
rials in such products.

The life cycle of burnt clay product is illustrated 
in Figure 1. Soil and clay minerals are formed due 
to the weathering of rocks over millions of years. 
Considering the geological time scales, the soil 

reserves on the earth are limited. Soils support the 
plant life and in turn the entire ecosystem on the 
earth is dependent on plant life. Fertile soil when 
used for the manufacture of burnt clay products 
gets transformed into a nearly a rock form. Recov-
ering clay minerals from the burnt clay product 
again needs millions of years of natural weath-
ering. Therefore, depletion of soil resources can 
threaten the plant and animal life on earth.

4.1  �Raw materials extraction/
management

Utilization of mined raw materials from the earth 
for construction, can never lead to the construc-
tion sector becoming sustainable. Over exploita-
tion of raw material resources and widespread use 
of energy-intensive materials can drain the energy 
and material resources and can adversely affect 
the environment. Some of the possible options for 
addressing issues on depleting materials wealth 
due to the manufacture of construction materials 
are as follows.

4.1.1  Effect minimum changes to natural mate-
rials during production processes:  Discarded 
materials should go back to their native state 
with minimum environmental costs. Simple 
example is the use of soil based materials like 
rammed earth, cement stabilized soil blocks, lat-
erite bricks, etc. where the soil is not fired/burnt, 
thereby conserving the natural clay minerals in 
the soil. Such products when discarded after the 
end of life of the product can easily be recycled 
as natural soil.

Figure 1:  Life cycle of burnt clay building products.
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4.1.2  Recycle non-organic solid wastes into 
building products:  Recovering and recycling 
of non-organic solid wastes may not be attrac-
tive and essential due to the assumption that raw 
materials (to produce construction materials) are 
abundantly available. Depletion of raw materi-
als is imminent as the raw materials are mined to 
produce construction materials. The value of the 
raw materials shoots up as they become scarcer. 
Therefore, it becomes essential to explore alter-
native resources to satisfy the demand for raw 
materials. In this context recovery and recycling 
of non-organic solid wastes becomes absolutely 
essential.

Industrial and mining activities generate huge 
quantities of non-organic solid wastes. Global 
production of solid wastes is 12 billion tonnes per 
annum.50 Investigations of Asokan et al.,51 reveal 
that 390 million tonnes of non-organic solid wastes 
are generated annually in India. These include pul-
verized fuel ash, mine tailings, coal mine wastes, 
slag, marble dust, kiln dust, red mud, construction 
and demolition wastes, etc. Apart from the annual 
production of wastes, there are huge quantities of 
wastes accumulated over several decades (wastes 
from thermal power plants, coal mine wastes, ore 
tailings of several mines, etc.). Recycling of non-
organic solid wastes into construction products 
can mitigate the pressure on depleting raw materi-
als resources due to mining. Investigations by Ullas 
and Reddy,52 Xuping Li,53 Robinson et al.,54 Padmini 
et al.,55 Khalaf and DeVenny56 are some attempts 
in this direction. Non-organic solid wastes can 
become the resources in future for the manufac-
ture of construction materials across the globe.

4.1.3  Construction products from renewable 
materials:  Biomass is a renewable and carbon 
neutral resource. Biomass is available in woody and 
non-woody forms. Bamboo, timber, poles, twigs, 
etc fall under the category of woody biomass. Agro 
residues, variety of grasses, leaves, straw, etc come 
under the category of non-woody biomass. Apart 
from timber and fodder value, biomass is mainly 
a source for energy. Sheshagiri et al.,57 estimate the 
annual biomass production (in India) to be about 
700 million tonnes, out of which the agro biomass 
is about 500 million tonnes. Traditionally, biomass 
in various forms have been successfully used for 
the construction of buildings. Processed timber, 
glue laminated timber, glue laminated bamboo, 
plywood panels, wood based composite panels, 
bamboo mat, bamboo and wooden poles, etc. rep-
resent different forms of woody biomass used in 
the construction sector. Except thatch and straw 
bale construction, there is hardly any application 

for non-woody biomass in construction. There is a 
great challenge in developing structural materials 
using non-woody biomass as well as agro residues. 
Biomass based construction materials are the real 
renewable and green materials. Such materials can 
be grown without threatening food security. There 
is an urgent need for rigorous R&D efforts to uti-
lize biomass for the manufacture of construction 
materials for both structural and non-structural 
applications.

4.2  Energy, emissions and pollution
Energy is expended in all stages of the produc-
tion chain in manufacturing construction materi-
als. Various stages in the life cycle of construction 
materials include raw material extraction, trans-
portation, processing and production, carting to 
the point of usage, construction, dismantling and 
safe disposal. Apart from embodied energy (EE) in 
the materials, energy is spent for the assembling of 
materials and construction. It is difficult to accu-
rately assess the EE of buildings. EE of residential 
and commercial buildings compiled by Ding58 
from several sources indicate 3.6–8.76 GJ/m2 for 
residential buildings and 3.4–19.0 GJ/m2 for com-
mercial buildings.

Energy expenditure incurred in the built 
environment has two components: (a) embodied 
energy and (b) maintenance energy. EE is 
the primary energy incurred for the material 
manufacture, transportation and construction of 
buildings. It is a one time investment with minor 
maintenance-energy expenditure during the life-
cycle of the building and infrastructure. Mainte-
nance energy is required to cater to the lighting, 
ventilation, space conditioning, repairs and refur-
bishment, etc., during the life cycle of a building. 
Quantum of maintenance energy spent is greatly 
dependent upon the climatic conditions of the 
region. Figure 2 represents the trends of EE and 
maintenance energy spent over the lifecycle of the 
buildings. EE can be either less than or greater 
than the maintenance energy during the life cycle 
of a building. If the building spaces are highly 
conditioned through artificial means, the mainte-
nance energy during the buildings life cycle can be 
more than EE.

Energy expenditure is always associated with 
unwanted emissions and pollution. Carbon emis-
sions can be estimated from the energy data and 
the type of energy source. Total carbon emissions 
from the built environment are 140 million tons 
and 10 billion tons of CO

2
 eq. in India and the 

world respectively.59,60 It has been estimated that 
30% of GHG emissions is contributed by the con-
struction sector in India.39
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4.3  �Energy impact of transitions in rural 
(vernacular) dwellings

According to a UN report, with world population 
expected to reach 9 billion by 2040 the 3 billion 
increase in middle-class consumers would put an 
unprecedented demand for energy and material 
resources.63 A significant impetus to this would 
be the rural transitions to middle and upper 
middle-class lifestyles with consequent alteration 
in the built environment, a trend which has yet 
not been accounted for in global energy/material 
demand estimates. This transition is inevitable in 
India given the fact that 50% of its population is 
below the age of 25, and more than 65% below 
35 (expected average age in India in 2020 is 29).64 
The interpretation one needs to appreciate is that 
this age group represents the most productive and 
aspiring with their expectations matching those 
of modernism and development. India’s average 
annual income has also increased (doubled) from 
Rs. 27,131 in 2005–06 to Rs. 53,331 in 2010–11.65 
Economic growth of the most developed coun-
tries is based on technologies and consequently 
resource exhaustion.36 With lesser developed 
regions (and economies in transition) following 
suit in developing improved lifestyles, resource 
scarcity brings in special significance as it directly 
threatens its sustained availability for the already 
developed regions. A disaggregated study involv-
ing thirty thousand household on the elasticity of 
electricity demand in urban Indian households 
reveals that electricity demand is income and 
price inelastic in all three seasons, indicating that 
energy consumption patterns are unlikely to be 
influenced by pricing policies.66

To reiterate, 20–25% of India’s total nati
onal  energy demand is attributable to material 

manufacturing for the building sector, with an 
additional 15% towards running the buildings.67 
Globally, approximately 29% of projected base-
line GHG emissions by 2020 can be avoided 
cost-effectively through mitigation measures in 
the residential and commercial sectors. Further 
studies suggest a global cost-effective mitigation 
potential of 31% by 2030  in the building sector. 
Estimates reveal a reduction of 3.2, 3.6 and 4.0 
billion tonnes of CO

2
-eq in 2020 at zero, 20US$/

tCO
2
 and 100 US$/tCO

2
, respectively. While occu-

pant behavior, culture and consumer choice as well 
as use of technologies are also major determinants 
of energy consumption (and CO

2
 emissions) in 

buildings, the potential reduction through non-
technology options are yet to be assessed.10 This 
includes strategies for regulating rural transitions 
and reinterpreting vernacular passive designs 
adopting local resources and skill for modern 
lifestyles.

In India, the effective household energy con-
sumption (and consequent CO

2
 emission) per 

capita (between 1990–2003) was found to have 
increased by a factor of 1.4 in urban areas and 1.2 in 
rural areas.38 Current penetration of appliance use 
in developing countries is still comparatively low. 
However with a dynamic and rapid increase in 
GDP the consequent steep rise in appliance satu-
ration, particularly in urban areas, would demon-
strate their importance in the developing world.68 
This in conjunction with rebound effect37 would 
further exacerbate global GHG levels, with the pos-
sible consequence of the North blaming the South 
for pursuing development models of the North.

Measures to reduce GHG emissions from build-
ings fall into three categories, viz., reducing energy 
consumption and embodied energy in buildings, 

Figure 2:  Varying embodied and operational energy scale in rural and urban buildings (Adapted from 
Yohanis and Norton,61 Nakagami et al.,38 Reddy and Jagadish62).
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switching to low-carbon fuels including renewables, 
and reduction of non-CO

2
 GHG gases.10 A fourth 

unrecognized category would to review and pre-
serve low-energy vernacular buildings adopting 
local building materials and skills. Towards this end 
it is crucial to regulate the ongoing transition in 
rural habitations.28 Among the not widely adopted 
avenues for abating GHG emissions in buildings 
includes passive solar-design, high-efficiency light-
ing and appliances, natural ventilation and cooling 
systems, solar water heaters, high-reflectivity build-
ing materials and multiple glazing. Amongst the 
existing building stock the largest portion of carbon 
saving by 2030 is in retrofitting buildings and replac-
ing energy-using equipment.10 However, the impact 
of a reverse trend of solar-passive designs giving way 
to modern (climate unresponsive) structures has nei-
ther been explicitly acknowledged nor assessed.

5  Rural transitions
Rural habitations account for nearly 70% of India’s 
population, with an estimated rural housing short-
age of 47.43 million units by end of 2012.69 Rural 
habitations have predominantly evolved over time 
adopting local-materials and skills in response to 
prevalent climatic and environmental conditions. 
Most settlements are scattered and until the past 
few decades lacked grid-power supply and hence 
were sustaining on local energy sources, prima-
rily firewood. Only 60.2% of rural households 
use electricity as the primary source of lighting.70 
Energy requirement for conditioning the dwelling 
for thermal comfort is negligible as these vernac-
ular dwelling have evolved over time and amaz-
ingly regulate the indoor thermal environment for 
comfort and productivity. The building materials 
adopted required very little processing and the 
actual construction was a community-involved 
activity. With the booming economy, increased 
affordability and increasing exposure to urban 
lifestyles’, both in India and China, the average 
rural household now earns for an urban-like life-
style. This has also been reinforced by government 
housing programmes which specify adoption 
of standardised cement and steel intensive con-
struction. Such practices dissuade the use of local 
materials and skills. Further, government sup-
ported schemes of subsidised (often free) power 
supply and widespread distribution of TV sets is, 
in all likelihood, reinforcing the earning for an 
urban-like developed lifestyle. In response to this, 
rural (and tribal) habitations are now exhibiting a 
strong transition towards urban-like high-process 
material dependent, climatically un-responsive 
shelters (thereby further increasing the demand 
for power to provide for building comfort).

The likely resulting impact of these transitions 
on global CO

2
 contribution and resource consump-

tion still remains unperceived. The following sec-
tions discuss salient results from two case-studies 
dealing with transitions in tribal/rural villages 
in West Bengal and Karnataka (India), including 
an assessment into the nature of ensuing CO

2
 

contributions.

5.1  Energy impact of rural transitions
The material-energy impact of rural transitions 
is based on two case-studies. The first is a tribal 
village Banskuti in West Bengal and the second 
is Suggenahalli in Karnataka (India). The former 
case-study involved a detailed investigation into 
the resource and climatic-response impact of 
transitions while the latter involved a detailed sur-
vey to ascertain the aspiration of the community 
towards adopting modern building materials and 
design. Conservative estimates have been estab-
lished on the rate of transition (from vernacular to 
modern) based on population and demographic 
data.37,70 Assumptions on the dwelling size, material 
resources required, energy demand for operation 
and lifestyle (appliances) have been established 
through house-hold surveys conducted, meas-
urements and published literature. Both resource 
and energy demands attributed to modern transi-
tions have been represented as an energy impact 
(embodied energy and operational energy).

Case-study—I: Banskuti, West Bengal 
(India)
This study is based on an integrated sustainabil-
ity assessment into earthen dwellings in a tribal 
village Banskuti in West Medinipur district in 
West Bengal, India.28 The earthen structures of 
rural West Bengal have evolved over generations 
(see Figure  3). Orientation, height of the build-
ing and preparation of materials all follow simple, 

Figure  3:  Traditional two-storied tribal shelter 
(earthen walls, thatch roof).
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well-established rules in response to local climatic 
conditions. All building materials used are locally 
available and produced by the community itself. 
These include thatch, earth and bamboo.

Preliminary assessments revealed that the 
houses respond well to local extremes (winters 
reaching as low as 13°C and summers a scorching 
45°C) of climate and provided adequate occupant 
comfort without the need for modern amenities 
like fans and heaters. Figure  4 illustrates a typi-
cal building climatic-response typology rendered 
feasible through the adoption of local building 
materials and passive solar architecture. Despite 
external diurnal temperature variation rang-
ing between 10–15°C indoor temperatures are 
maintained within a range of 3°C, with this range 
occurring well within physiological resilience of 
the community. This resilience is typically charac-
teristic to tribal/rural dwellers and in recent days 
subject to extensive research. Urban dwellers are 
physiologically unable to exhibit such resilience.

Over the past decade transitions in their dwell-
ings facilitated through improved economic viabil-
ity is apparent, primarily in the building materials 
adopted (building form still remaining the same). 
The transitions can be observed in three progres-
sive phases, (see Figure  5) viz., Phase-I involves 
the replacement of traditional thatch roof by 
either a corrugated asbestos/cement (AC) or tin 

sheet roof; Phase-II involves adoption of burnt 
clay brick (procured from nearby town) wall with 
mud mortar replacing traditional earthen walls; 
Phase-III, though less pronounces, involves a total 
transition to burnt clay brick walls with cement 
mortar and corrugated tin sheet roof. A recent 
satellite image of the village reveals the extent 
of transition with the adoption of corrugated 
asbestos/cement (AC) sheet roofs distinctly disen-
able from the others (see Figure 6). Thus far sig-
nificant alterations in the basic form of the shelter 
have not been observed, though this is expected to 
be the next significant phase. Besides, a unanimous 
response of increasing discomfort in the altered 
dwellings, both during winters and summers, the 
tribal community is still inclined towards further 
adopting these modernising transitions.

Not only did these modern transitions make 
the dwelling less responsive to regulate climatic 
extremes, they also vitiated a closed-loop (cradle 
to cradle) local resource cycle that was sustain-
able (see Figures 7). All resources required for the 
dwelling is procured within a mile of the local-
ity, with crop varieties chosen such as to provide 
thatch for the roof, adopting locally honed skill 
and wisdom. With modern transitions, the role 
of external market and alien skill becomes pro-
nounced which not only vitiates (see dotted lines 
Figure  8) the earlier close-looped resource cycle 

Figure 4:  Typical building-climatic response (external vs internal temperature variations).
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but also disrupts practices that foster community 
integrity. Further, the integration of alien materi-
als into vernacular designs, results in the dwellings 
becoming increasingly unequipped to maintain 
comfortable indoor conditions. This leads to the 
community either spending time outdoors (under 
the tree) during extreme summer months and/or 

demanding for electricity connection to power and 
install fans. A detailed LCA study also revealed an 
increase in Ecological Footprint from 0.5 gha (pri-
marily attributed to the agricultural field owned by 
the dwellers) to 1.5 gha.28 Further study including 
embodied energy values62 revealed a 6 T CO

2
-eq 

contribution attributed to transition Phase-III.

Transitions to
AC sheet roofs

Figure 6:  Satellite image revealing modern transitions—Banskuti, West Bengal (courtesy Google maps).

Figure 5:  Transitions in vernacular architecture—Phase—I → Phase—II → Phase—III.
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Case-study—II: Suggenahalli, Karnataka
Suggenahalli, is an agricultural settlement situ-
ated 90 km north-west of Bangalore, Karnataka, 
and comprises vernacular dwellings that have 
evolved over centuries and carries a characteris-
tic pattern in terms of spatial layout, orientation, 
natural ventilation, courtyard and roof, and mate-
rial use. The local geology has a strong influence 
on the building materials adopted, as most exter-
nal walls comprise stones collected from nearby 
hillocks (see Figure 9). While a few dwellings are 
in dilapidated condition, most of them are still 
well-maintained and lived-in as vernacular life-
style, barring minimal intrusion of electricity for 
TV and lighting.

Modern transitions akin to Case-study-I are 
clearly visible in adopting conventional/modern 
building materials, viz., cement, brick and concrete. 
A detailed survey of 155 dwelling (of various ages) 
revealed strong preference of the community 
towards adopting modern building materials. 
Figure 10 illustrates the actual transitions observed 
in the adoption of modern building materials with 
reference to the actual age of current dwellings. 
What is evident is that more recent dwellings are 
clearly exhibiting preference (around 60%) to adopt 
modern building materials, as this is perceived 
(through access to televisions) as a move towards 
a developed society and shunning the stigma of 
being called tribal/rural. A  detailed investigation 

Broken Links

Links with Nega�ve Impacts

Links with Nega�ve
Health/Comfort Impacts
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Figure 8:  Altered (vitiated) resource cycle involving adoption of modern building materials.28

Figure 7:  The closed-loop (cradle to cradle) resource cycle for vernacular dwellings.28
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into the transitions in adopting modern materials 
for various components of these dwellings 
(Figure 11) clearly reveals an increasing trend, viz., 
80% adoption of cement based flooring and roof; 
50% adoption of burnt clay bricks, 10% and rising 
adoption of reinforced cement concrete.

5.2  �Likely impact of modern rural 
transitions

Based on the insights gathered from transition 
studies in two different rural/vernacular case-
studies in India a conservative rate of transition 
of 2.5% has been estimated. There is also a natu-
ral increase in the number of rural households,70 
which invariably are built adopting conventional 
or modern building materials. An average of 
40 m2 has been considered as the built-up area for 

rural dwellings.71,72 Based on this an estimate of 15 
T CO

2
-eq was arrived at as the embodied energy 

contribution per dwelling attributed to new rural 
constructions and 6 T CO

2
-eq for transitions per 

vernacular dwelling. An extremely conservative 
figure (11.16  kWh/month/capita—50% of that 
in urban areas70) has been assigned as electricity 
consumption (attributed to operational energy 
for maintaining comfort in buildings and mini-
mum lifestyle appliances—viz., TV, refrigerator, 
computer) in these (new and in-transition) rural 
households. As per MoEF,12 projected GHG emis-
sion figures for India in 2031 is estimated between 
4.0–7.3 billion tonnes of CO

2
-eq. Figure 12 illus-

trates the likely CO
2
 contributions (2011–2031) 

attributed to rural building transitions and new 
rural dwellings combined. These emissions have a 

Figure 10:  Community preference to adopting modern building materials.

Figure 9:  Traditional single-storied dwelling (stone walls, clay-tile roofs).
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clear potential to increase projected MoEF12 GHG 
emission estimates by 8.5–10%. Figure  13 illus-
trates the expected increase in electricity demand 
towards operational energy (comfort and mini-
mum lifestyle) attributed to these transitions and 
lifestyle aspirations of the community.

It is important to state that the authors view is 
not to criticize the aspirations of rural households 
in pursuing and effecting such transitions, but to 
bring-forth the imminent significance attributed to 
these unperceived transitions. These transitions are 
a reality and amongst other imminent challenges, 

Figure 11:  Actual transition-trends in adoption of conventional building materials.

Figure 12:  Likely contribution (2011–2031) in CO2 emissions attributed to new and rural building 
transitions.
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society must be also prepared to appropriately 
address these challenges if sustainability of human
settlements at large is to be realized.

6  Concluding Remarks
The current paper provides an overview of sus-
tainability in the context of human settlements, 
with specific emphasis on a hitherto unad-
dressed dimension of rural transitions imminent 
in India, an economy in transition. While, the 
built-environment is responsible for the single 
largest share of resource and energy consumption 
and demand, this impact may not represent the 
entire spectrum of buildings, viz., urban and rural, 
but would be more representative of urban (and 
industrial) settlements. Construction materials 
and the built environment are always associated 
with the use of mined materials from the earth 
and a lion’s share of energy resources. Anything 
mined is unsustainable and energy expenditure 
causes pollution. Hence, immediate attention is 
required to find renewable alternative materials 
for construction and minimizing energy expendi-
ture in the construction sector in general and 
built environment in particular. The challenge 
is to develop techniques to convert solid wastes 
and biomass (both woody and non-woody) into 
construction products with minimum energy 
expenditure.

Sustainability of rural settlements is important 
especially in a fast growing economy like India 
due to modern/urban influences and consequent 
transitions in the built-environment and lifestyle 
aspirations. Further, modern transitions in rural 
habitations is a slow and steady unrecognized phe-
nomenon which can potentially amplify current 
energy and resource demands attributed to build-
ings/construction. Estimates for these have been 
assessed based on two rural case-studies, one in 
West Bengal and the other in Karnataka (India). 
GHG emission increase attributed to mod-
ern transitions in the rural built-environment 
could range between 8.5–10% of projected 2031 
national emissions. Since majority of India’s the 
population is rural, as in most other economies in 
transition, any transition in these communities is 
likely to have a pronounced impact. While these 
transitions are inevitable, modern society must 
be prepared to also appropriately address these 
challenges if sustainability in human-settlements 
is to be realized. Further, unrestrained trends 
towards adopting green buildings based on energy 
efficiency alone, may fail to address the complex 
issues pertaining to the living environment, and 
carries the risk of amplifying the envisaged boo-
merang effect. It must also be realized that the 
highest energy-efficient lifestyle (such as in Japan) 
would still not be feasible, from a resource and 

Figure 13:  Likely electricity demand in rural habitations (2011–2031).
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energy point of view, to equitably provide for every 
household on the planet. Judicious (effective) use 
of material and energy resources is crucial and 
underlies Mahatma Gandhi’s most quoted state-
ment ‘...the earth provides for every man’s needs...’. 
Modern building designs need to understand and 
learn from the passive climatic-response exhibited 
in vernacular designs and appropriately integrate 
measures (energy efficient lighting and cook-
ing devices, low-carbon building materials, local 
water security, etc.) to substitute drudgery (char-
acteristic of rural/tribal habitations) and set forth 
a perception of development that is truly amena-
ble to both urban and rural aspirations.

Received 16 March 2012.
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