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For abating climate change, there are many mutes. The most direct mute is through the 
mitigation of climate change by using energy efficient technologies in different sectors or 
carbon neubal technologies or reducing or avoiding carbon emissions from economic activities. 
Adaptation is another means of reducing the adverse impacts of climate change, but that process 
is long and drawo-out, such as adaptation of cultivators which are resistant to drought and high 
temperaMs. But such adaptation &If involves considerable research studies snd a long-term 
process. Deciding the suitability of such adaptation measures requires careful scrutiny and 
country-driven policies. There are many instances of adaptation measures turning to 
misadaptation and mating more economic problems for the country than solving the issues, 
whereas mitigation is a more direct and economically viable measure to address to climate 
change. 

The Louis Berger Group, Inc. (LBG) Global Environment Team is cumntly iiqkmenting the 
"Greenhouse Gar Pollution Prevention Project - Climate Change Supplement (GEP-CCS)", a 
program of the United States Agtacg for International Development/lndh Mission (USAlD). 
The program aims to build I d  capacity and cnatc a forum to foster dialogue and cooperation on 
widespread clean enagy issues between U.S. and Indian government, financial, private, and non- 
govanment stakeholders. 'Ihesc initiatives will, in due cause, lead to an integrated assessment and 
subsequent implementation of actions that nduce the rate of growth of penhouse gas emissions 
(GHG). 

'Ihe GEPCCS Roject includes a number of outreach activities designed to m t e  awareness 
among stakeholders and win provide idomation that can be used for awareness building. To 
implement the latter, GEPCCS is commissioning a series of 'Yraming" papers on those critical 
climate change issues in India The papm have been prepared by eminent M a n  iwxdem who 
have led the overall design of the research work. The research papers have endured an extensive 
intanationd review pocess by those institutions intimately involved in climate change refated work 
or maintain a key intaest in India related activities. The papers address the economic, social, and 
envimnmcntd implications of climate change in India and also address technologies and approaches 
for mitigating the growth of GHG emissions in India. 

Over the next few pages, a synopsis has bem provided for all of the research papers. The full 
research p a p  are included, in their entirety, in the following sections of this compendium. 

A. India's Vnlncrabilitg to Climate Change 

Climate change can advasely imjma on tke types of cultivators and crops; can impact on 
groandwater tables and supply, and m y  adversely affect imgation systems. Some of the Indian 
mearchers have shown significant effect on wheat yields, as well as on the rice production with 
the rise in temperature. 

There can be consideraMe economic and welfare impacts due to India's vulnerability to climate 
change, particularly along the cDisgts and on islands, due to inundation of m y  coastal areas and 
displacement of people and consequent dis~ption of the coastal economy. 
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B. Economic Growth, Poverty and COz Emissions in India 

In a country like India, where a large percenfage of population live below the poverty line, them 
is a need for rapid economic growth to address poverty eradication and impmvement in the 
quality of life of this people. In the pfixxss, the total emissions from India are bound to rise. At 
present India is contributing 4% of the total CO2 emissions in the world, though per capita 
emissions are still very low. It is necessary to examine the impact of COT emission reductions on 
economic growth and poverty using an economic model and various options. The emissions 
can be reduced by reducing the levels of different economic activities. This, however, has a 
direct effect of reducing income, consumption and a loss in the social welfare. The other options 
are changing the composition of production in favor of less COz-intensive activities. This can be 
done in various ways, l i e  changing the smctwe of trade or changing the smchm of 
consumption or by reducing the share of COfintensive goods in the total demand. In addition, 
technology optiom are also available for reducing C02 intensity, thus reducing C@ emission 
without any significant loss of output. 

Large annual reductions in carbon emission become possible by diverting substantial resources 
for this purpose and growth is adversely affected. As the world community is moving toward 
reduction of such emissions on an urgent basis, it also understands the need for the developing 
countries under the Rotocol to not have any binding GHG reduction commitment. Emission 
reduction imposes costs * terms of lower GDP and higher poverty. India cannot have any 
obligation to reduce its carbon emission for quite some time without sacrificing its basic 
development activities. Technological @om such as low-cost and large-scale solar and wind 
ge-neration, if and when these become available, may open up non-carbon energy options and 
carbon reduction at the lower cost than what is estimated to support the country's sustainable 
development program. 

C. Assessment of the Role of Renewable Energy Technologies 

India has d - l e  renewable resources which are being h d  for the generation of 
power using solar, wind, hydropower, and biomasslagrowaste technologies. Besides these, there 
is potential for tidal, ocean thennal energy conversion and wave energy. The Ministry of Non- 
Conventional Energy Sources recently formulated a renewable energy policy, which t a r e  10% 
of the additional generation capacity (by 201 1) in the country using renewable energy sources. 

An -men1 of renewable enagy technologies (RETs) in India on wind, small hydro, solar 
photovoltaic and thermal, biomass combustion. cofiring, co-gemtion, gasification and biogas 
brings out that India is the fifth largest wind power producer in the worfd with the present 
capacity of 1,267 M W ;  so far, 26 project sites have k e n  developed in high-potential states like 
Andhra Radesh, Gujarat, Karnataka, Rajasthan, Maharashtra and Tamil Nadu. The capital cost 
of wind power projects nmges from Rs. 4.0 - 4.5 crore per MW, and the cost of generation is 
estimated to be Rs. 2.0 - 2.5 per kwh; these costs compare favorably with conventional power. 
Targeted capacity for the next five years is about 1,000 MW, requiring an investment of Rs. 
40,000 million. The Govenunent of India (&I) has provided fiscal and financial incentives, with 
wheeling, banldng facility, third party safe and buy-back facility by SEBs. The Indian Renewable 
Energy Development Agency (IREDA) is playing a significant mle in the promotion of 
renewable e n m  in India. Small bydromwer (UP to 25 MW capacity) (SHPs): sector has 
grown four &-from 63 MW to 226-MW;n the l i i  10 years. ~ol&~ho&vAlta ics ' (~~~) :  most 
environmentally friendly: particularly, thin film solar cell is renarded as the technolorn for the 
future; a compiete PV sol& system has a PV array and an energy storage system, alongwith the 
necessary electronic, electrical and mtchanical subsystems. India's solar potential is enomrnus. 
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D. Carbon Mitigation for the Indian Power Sector 



The per capita electricity cortsutllption becomes three times the present value in the next 35 years. 
Coal dominates in the long-term electricity generation scenario. Advanced coal technologies like 
Super-critical Pulverized Coal (PC) technology and the Integrated Gasification Combined Cycle 
(IGCC), penetrate in this sector. There are. energy security implications for increasing the use of 
natural gas, as most of the gas requirement has to be supplied by imports due to limited domestic 
reserves. At present, the nuclear power industry in India operates at very low capacity utilization. ' 
Large hydro capacity is projected to double in the next two decades. The capacity of other 
renewable technologies-including small hydro, cogeneration, biomass-based power generation, 
wind and solar-increase their capacity by more than three times in the next decade with a three 
and a half percent share in the capacity mix &rn the present 1%. Due to rising emission trends, 
it may be necessary to introduce policy-induced mitigation measures such as a carbon tax. 

Inatia of existing technological stock in the energy system prevents significant fuel substitution 
in the near future for meeting carbon mitigation targets and thus coal continues to dominate the 
enaay system. Analysis of carbon mitigation scenarios provides some useful insights regarding 
emrgy supply and demand side contributions to emission remtctions, but the supply side 
c o n t r i m n  to emission reductkin inrreases gradually o v a  the years and reaches a three fourths 
shsn in 2035. The ineztia of supply side technology turnover is high investment and longer 
infmt~cture development. Long-term options include penetration of carbon-free technologies 
like nuclear and renewable technologies. India's participation in the global carbon market will 
depend upon the mitigation costs and the global carbon prices. The power sector has a significant 
conhibution in the o v d l  energy sector emission mitigation. India has gained considerable 
experia~x in the operation of conventional coal technologies. However, a barrier remains in the 
adoption of advanced coal technologies like Sub-critical Pulverized Coal (PC) technology that 
has high technical and economic potential. However, mitigation of carbon emissions leads to a 
rise in electricity costs, especially in the long-term. Policies targeted at recycling the revenue 
generated from emission reductions back to the sectors contributing in emission reduction can 
assist in the lowering of mitigation costs and ensure the sustainability of the regime in the long- 
term. 

E. Energy and Emissions at Global Levels in Urban Transport 
in India 

Mnnagiog the transport sector while minimizing externalities like local pdluth ,  congestion ud 
globd pollution is a major challenge. India has witnessed a tremendous growth in nrbaoition 
since independence. with the urban popidation increasing from 62.4 million persons in 1951 to 
217.2 miIlion in 1991. a growth of nearly 35 times. During 1980, the share of mass transport in 
total passmgcr traffic was kss than 55%. The composition of personalized vehicles in the Indian 
cities is very high, patticularly in the four major cities (Kolkotta, Delhi, Mumbai & Chemai), 
whae they form nearly 83% of the total. Metropolitan cities account for about one third of the 
total vehicles. An analysis of energy consumption for transport in India during 1988 to 1997 
indicates that pe4mIeum products account for the major fuel consumption in this sector. An 
analysis of energy use in different types of vehicles - 2 wheelers, 3 wheelers, d j e e p s ,  taxis, and 
buses shows that vehicle composition determines energy intensity of a city in terms of energy 
PKM. The more the share of public buses, the less energy needs for meeting the unit have1 
demand (PKM) - least in Mumbai, Bangalore and highest for Kolkata. 

Air pollution due to road transport is of high significance in terms of the quantity of pollutants 
emitted. In India it is estimated that vehicular emissions of CO, HC, NOx, SO, and TSP alone 
account for about 60% of the total pollution from all sources. 
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F. Municipal Solid Waste Marcrgenent for CZinete Cheuge 
Mitigation 
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Figore - Funetiwnl Elewnts of a MSW Management System 
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Transformetion d solid waste 

Sowre : k i d  on Mmiriprrl Sdid Wnatr Manqemenl, Mmisny of Urban Dcvelapmnt, Cmrml Acblic Health ~d 
Ermnnmmd Engineering O~anuafion (CPHEEO), WI, New Drlhi, Jonrtory 20W 

G. Sus&ainable Practices for Construction Sector in India 

nte cMlsrmction sector is the driving force behind the Indian economy and it accounted for 
36.5% of gross domestic income and contributed 5.6% of the total GDP in 19%-97, when both 
the direct and indirect emissions which were consided consauction and the most carbon- 
inteosive sector in the economy, as it required energy-intensive materials such as aluminium, 
steel, bricks, glass, cement, plastics and so on. 

Figwe - Dirert and Indirrct Cnboo Emissioas : 1989-90 

In analyzing Sustainable Practices for the 
Construction Sector in India, the following 
two aspects: (a) estimating the future 
requirements of building materials and (b) 
analyzing the possibility of substitution 
among building materials toward less 
emission- intensive materials, have been 
examined. Another important aspect that 
needs to be considered is that the 
proportion of pucca houses has gone up 
significantly, both in rural and urban areas, 
almost by 8% during 1981-91. Despite the 
quantitative and qualitative improvements 

Top Tea Contributing ktm (By Find Demand) in housing stock in India, the housing 
shortage persists. The Planning 

Commission (1992) estimated tfK buskg h i t a g e  at about 18.5 million units in 1991. Demands 
for building materials in housing arise from two factors: construction of houses and maintenance, 
extension and repairs of existing houses. India's National Agenda for housing has set a target of 
constructing two million houses every year. The cost of various inputs for new houses during 
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The c-on sector in India is also responsible for considerable emissions and there is a need 
to look forward to new technologies which are environment-friendly, have considerably less 
gnenhouse gas emissions, and are of low cost. 

There is also a scope for India to abate climate change through wlnrrability studies and 
-on measures, particularly in the areas of water resources, agriculture and food production, 
and coastal zone managements. In the agriculture sector, there is a need to take up research for 
finding out cultivators which are not only temperatureldrought resistant but should not necessitate 
any change in the present agriculturaYiigation practices. For example, most of the rice paddy 
cultivation is carried out during monsoon "season. The new cultivators should have similar 
sowing time and other requirements. Otherwise, a cultivator tested in a laboratory may fail in the 
fieM and may become a midaptation. A similar argument holds for new cultivators for wheat 
crops in India, as well. 

India has a long coastline and some of the coastal areas are already vulnerable. The projected sea 
level rise due to global warming will have considerable impact on the life of the people and the 
coastal economies. Constructing dykes to prevent sea level rise impact is an option. but 
unfonunately this is economically not acceptable to the developing countries, due to the very high 
cost of the construetion of dykes. It is therefore necessary in developing countries to have a 
baseline of such vulnerable coastal areas. We should have data on the existing populations' 
livelihood, their agricultural practices and the type of dwellings they use, so that in the event of 
sea level rise causing inundation a d  displacement, the resettlement and rehabilitation measures 
do wt pose any serious problem to the cwntry. 

The GEP - CCS research wquts wiH have considerable influence among the scientists, policy 
makers and civil society in India to understand the implications of the impact of climate change 
and the need for mitigation without taxing India's scarce resources. Such mitigation measures 
will not only pave the way for the transfer of clean technologies from developed countries, but 
also will bring financial resources. 
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of Ma, and the millions who live nea~ the sea and depend on m a d  eu~~ysIems for their liveliocd, 
may also be highly vulnerable to climate change. It is thus important to assess India's vulnerability, for it 
can provide guidance for policy actions both at national and international levels. 

B. Vulnerability Concepts 

In any multi-disciplinary area of study, there is a danger that people use common terms with a different 
meaning in mind. It is therefore necessary to clearly define at the beginning what is meant by some 
commonly used terms such as sensitivity, adaptive capacity and vulnerability. We repduce the PCC 
definitions in Box 1. Other terms that need to bedefined at the beginning relate to confidence levels and 
state of lmowledge. Box 2 from the IPCC shows these. 

Box 1: Climate Change Sensitivity, Adaptability and Vulnembility 

Sensirivi@ is the degree to which a system is affected, eitha adversely or bseekiaily, by climata 
related stimuli. Climate-related stimuli encompass all the elements of climate change, including 
mean climate characteristics, climate variability, and the freqwncy and magnitude of extremes. 
The effect may be direct (e.g., a change in crop yield in response to a change in the mean, range 
or variability oft ) or indirect (e.g., damages caused by an increase in the hqwncy of 
coashl flooding due--1 rise.). 

Adaptive upmi@ is the ability of a system to adjust to climate change, inchding climete 
variability and extrems, to modenrte potential damages, to take advantage of oppomtnities, or to 
cope with the consequences. 

Vulnembilify is the degree to which a system is susceptiile to, or unable to cope with, adverse 
eff- of climate change, including climate variability and exti-emes. Vulnerability is a function 
of the character, magnitude and rate of climate change and variation to which a system is 
expod,  its sensitivity, and its adaptive capacity. 

Box 2: Cwfidence Levels and State of Knowledge 

I Quantitative Assessment of Confidence h l s  I 
In applying the quuntitative approach, the authm of the report assign a confideace kvel that 
represents the degree of belief among the authm in the validity of a conchion, based on their 
wilective exp& judgment of observational evidence, modeling results, and theory that they have 
examined Five confideace levels are used In the tables of the Technical Summary, symbols are 
substituted for words: 

v, High (*****) 
High (****) 
Medium (***) 
Low (**) 
very Low (*I 

95Y~ or greater 
67 - 95% 
33 - 67% 
5 - 33% 
5% or less 

Qualitative Assessment of the State qffiowledge I 
In applying the quulitotive approach, the authors of the report evaluate the level of scientific 
mdemtmding in support of a conclusion, based on the amount of sqpoaing evidence and the 
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11. CJAMA'lE V- AND CEANGE: BASgLINE AND SCElYAlllOs 



A. Climate Characteristies and Trends 

The climate in the Indian subcontinent, as in most of tropical Asia, is dominated by the the monsoon 
seasons - the southwest Monsoon, from June through September and the Nottheast Monsoon, from 
November through Mmh. The monsoons bring most of the region's precipitation and are the most 
critical climatic factor for the provision of drinking water and water for rain-fed and irrigated agriculture. 
The Indian subcontinent is also home to some of the largest river basins in the world, includiig those of 
the Ganges, Brahmaputra and Indus. A significant proportion of the Indian population and economic 
activity is concentrated in the deltaic regions of the major rivers of the subcontinent, such as the Ganges, 
Godavari, Mahanadi and Kaveri. 

Over the last 100 years, mean surface tempcrstun has increased by 0.3 - 0.8 degrees C over the tropical 
Asian region (IF'CC, 2001). In India, Rupa Kumar et al. (1994) have demonstrated that mean maximum 
temperam have increased by 0.6 degneJ C for a period from 1901 - 1987. They also observed a 
demase in mean minimum temperature of 0.1 degrees C; however, this decrease was not stat&ically 
significant. In another study, S r i w v a  et at. (1992) found an increased warming trend in the iast two 
decades (1971 - 1980, 1981 - 1990) as compared to previous decades. Figure 2.l(a) plots the annual 
average maximum temperature over a 90-year period, from 1901 - 1990. For comparison, the monthly 
avexage maximum temperature is also plotted for the hottest month of the year (May). Figure 2.1@) plots 
similar data for the annual average minimum tempe-mhn'e, including, for comparison, the minimum 
tempe-mture in the coldest month of the year (January). 

In addition to average temperature, it is also impoxtant to examine temperahue extremes. Jndeed, heat 
waves during the summer and cdd waves during the winter are important routes for the manifestation of 
climate-related impacts. As an example, Figure 2.2 plots the mortality associated with tempaature 
extremes. They are also good examples of the role of multiple stresses. For example, mortality during a 
heat wave is often due to a combination of heat and water stress - heat waves typically occur during the 
summer months, which are also months of water stress and shortage. The interaction of air quality and 
heat stress is also important. 

The themo-hygromehic index 0, whiih combines temperahue and relative humidity is a commonly 
used discomfort index (Besaucenot, 1990). In temperate countries, values of the THI in excess of 28.5 C 
are considered to be highdscomfort situations. In most parts of India this Mfue is exceeded f a  a large 
percentage of the time. As a result, there is already a p t e r  susceptiiility to heat-related health 
maditions in India The IMD typically regards a heat wave as o c c d n g  if the daily tempaature exceeds 
t h e n o r m a l m w i r m u n b y 3 4 d e ~ a n d i t i s ~ t o b e a s e v e r e h e ; l t w a v e i f t h e t e m p e r a t u r e  
exceeds the normal maximum by 5-6 degrees. The average annual mortality due to heat waves has been 
estimated at 153 (Sinha Ray et al. 1999). F i m  2.3 plots the incidence and mortality associated with heat 
waves over a period from 1978 - 1999. As may be expected, the mortality resulting from a heat wave 
depends significantly on the so&-ccoltolnic conditions of the exposed population. For example, during 
the 1978 - I999 period, while the number of heat waves was roughly equal in Punjab and Orissa (17 and 
15, respedvely), the mortality in Orissa was more than four times that in Punjab (1 14 as compand to 
529) ( C h a m  et al, 2000). Further cross-sectional and longitudinal analyses of impacts associated with 
heat waves are likely to provide useful insights into the role and effectiveness of adaptation and adaptive 
c w t y .  
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Figure Z.l(b): M i  temperature 
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Figure 23: Heat Waves: Incidence and Mortality 

India receives its rainfall through two distinct monsoon seasons - the Southwest monsoon that lasts fmm 
June September and the Noaheast monsoon, which OCCUR during the winter months, and is 
significant particularly in the Southern part of the country. With regard to mmuner monsoon rainfall, 
Wlthasarthy et al(1993) have shown that there are no significant increasing or decreasing trends over the 
last 100 years, although there is significant hteramual and interdecadal variability. Figure 2.4 plots the 
All-India Summer Monsoon Raiifall (AISMR) series, which uses data from an almost uniformly 
distributed network of 306 stations across the country to obtain an area-averaged estimate of the total 
monsoon I-ainfall in the count$. This is widely regarded as a reliable index of summer monsoon activity 
over the Indian subcontinent. Years in which the AISMR exceeds 1 standard deviation above the mean 
are regarded as "flood" years, while ycsls in which the AISMR is 1 standard deviation below the mean 
are regarded as "drwghtn years. Bssed on this classification, there eppear to be 19 flood and 21 drought 
years in the period from 1981 to 1997. Interdecadal time-scale variability in the monsoon is seen clearly 
6-om Figure 2.4, for example it appears that there have been alternating periods extending to 3 4  decades 
with less and more frequent weak monmms over India. 
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Figure 2.5: Average annual number of wet spdls 



& ~ a ~ t o a C . t c g a y 1 ~ r n t b t ~ 4 ~ ~ t h * b ~ A ~ I p ; o d ~  
hi system in the Na& AtLrdc OFaa Fa 8 106ym pewd (1891 - 1990) ramd 914 

T h e ~ o o a l d ~ t h d n o s i ~ E h a y l e s m t h e ~ , ~ , a ~ o f  
~ c y c l c m c s o r ~ m b n n b & n o b s e m d m t b c N a t b a n ~ O a P e y d m e ~ ( B . J r d  
~ m d A n b i m S e s ) o w t b t p & 1 0 0 y m q t h h o q g h ~ r a r l y s i r ~ v r i . b i l i y m 8  
~ o f ~ F a & G . d g i l ( 1 9 9 5 ) b r r r h o r n ~ V a ~ ~  
dmiag19XL75~8dcchbg.hcndrinath;ltbimb-md . . .. SiqSh rL (2000) =wt cyda d- 

the W inpatlmt 2-5. 10, 13 md 29 -, the ir 
withrrgrrdtotbc~fmmtheokervldioollfraard,rrSrivrrEmUrL(2000)rSgrtthttlaA 
i s a ~ s i g n i h c m t ~ h c n d i n t b c f r t c l e m c y o f r t a r m w b c n c r r k r r t d m 8 @ &  
1891 to 1997TortbeBay0fBeog.l.~smc~car~tbdtfgeiriw,f~tnmdrbrnare 
exrnoincseyckmicdiphlrbmasrraabdc 



2. Floods 

Riverine flooding is perhaps the most critical climate-related hazard in India. Flood control has been a 
key element of national policies for water resource management. There are a vmMety of types of floods, 
including flash floods, single event floods, multiple event floods and seasonal floods, all of which are 
typically caused by heavy rainfall. In addition, there can also be coastal floods caused by stonn surge, 
floods due. to dam failure and floods. In this section we will focus on rainfall-induced floods of 
rims At present there are about 120 major and mdium rivers in India that are broadly grouped under 12 
major liver basins: Indus, Ganga-Brahmaputra-Meghna, Sabannati, Mahi, Tapi, Bmhmani. Mahanadi, 
Nannada, Krishna, Godavari, Cauvery and Pennar. Flood and river discharge data is collected through a 
network of about 340 gaugddischarge sites locared on the major and medium rivers of India. The rivers 
are said to be in flood when the water level crosses the Danger Level @L) at the particular site. Major 
floods are defined as events when the DL is exceeded by 1 meter and most mere floods are events where 
the DL is exceeded by 5 meters. For a period from 1987 - 1997 the most flood prone states were Assam 
and Bibar, followed by Uttar Pradesh and West Bengal. A good source that describes the all-India 
disiribution of flood hazard is the Vulnerability Atlas of India, from the Building Materials Technology 
F%omotion Council @MTFC, 1997). The maximum number of flood events are experienced in the month 
of August. 

A large psrt of the Indian subwn-t is exposed to annual floods and dmughta The ocmmnce of 
floods and droughts is close& linked to the summer monsoon activity. Variations in heavy rainfall and 
meteorological floods have beem analyzed by Chowdhury and Mhasawade (1991), who have used rainfall 
data to develop a flood iadex. The average annual flood covers vast areas throughcn~t the region; in India 
and BangMsh alone, floods cover 7.7  ha' and 3.1 Mha, mpctivelly (GOI, 1992; Mirza and Ericksen, 
1996), while the total flood-prone6 area in India is of the order of 40 Mha, or about 12% of the total land 
area of 329 Mha 

Floods cause significant damage in India. Aveqe flood damage over the period fkom 1953 - 1987 has 
been estimated at Rs 298 crores annually, with a mortality rate of around 1,318 per year (Roy. 1998). 
Figure 2.7 describes the trends in flood damages for a period from 1953 - 1987 (CSE, 1991). As the 
Figure indicates, the flood damages have increased steadily over a period of time. This is only partly due 
to changes in the hazard itself - a much larger contribution is perhaps due to the increased exposure to the 
hazard. 

Floods mt only cause immediate coasequenns such as loss of life and pioperty, but are also importrnt in 
teams of the damage to publii hlk&whm and utilities. This damage in hm hi& to a loss of overall 
d c  activity that depends on the availability of the infmtmchue and the utilities. For example, the 
deslrudoo of roads, bridges and other transpoa/wmmunication infrastructrae needs to be considered 
carefully while evaluating impacts. 

Flood dameges have rism over the years, as described above (Figure 2.7). The d a y  on flood pmtedon 
has also increased cmshntly, as have the expenditures on relief and recovery. All of these suggest a 
pattern of M g  whmbility, which might worsen as a result of climate change. The increase trend 
in flood damages is suggested even when the data are adjusted to a common year (constant Rupees). This 
is described in Figure 2.8, which displays average annual damage in different plan periods (including 
some years when there were only annual plans). 
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While a part of the increase in damage might be attnitable to the overall incrtase in the area exposed to 
1 
& 

the hazard (flood-affected area), it is important to analyze the degree to which systems are also becoming 
more resilient, particularly in the case of factors such as mortality which can be reduced through a number . 

of policy interventions and adaptation strategies. Figure 2.9 provides a first at&empt at addressing this 
question by plotting the scaled mortality and damages (i.e. the ratio of total mortality to the total flood 
a f f d  population, and the ratio of total economic damage to the total flood affected area). While scaled 
mortality does not appear to have any clear trends, scaled damage does seem to increase in a fashion 1 
similar to the overall damage. This suggests that there is perhaps increased concentration of housing, 
public hfk&u%m and other capital stock in flood-prone areas. Impact data like those shown in Figure 
2.8 and 2.9 could be used to foxmulate damage functions for use in climate change impact assessment. 

Figure 29: Scaled Mortality and Scaled Damages I 
It Scaled mortality t Scaled damage / 

r 600 

C. Projections of F a r e  Climate Change 
I 

Sckamios of future climate change are generated starting from projections for the emissions of 
gmdmme gases. Complex three-dimensional models of the atmosphere, ocean, cryosphae and 

I 
biosphere are used to evaluate the eff& of the changes in radiative forcing associated with increased 
concentdons of greenhouse gases. These modeis also include the effect of factom such as sulfate 
aerosols. A varieiy of approaches are then lgbd to develop regional and local scenarios for changes in 

I 
climate variables. These include, for example, nested models, statistical downscaling and related 
techniques. Before using a particular c b t e  model for developing regional sc-os of future climate, it 
is necessary to assess the degree to which that model simulates the nment climate conditions, including 

B 
current paffnns of climate variability. This is particularly important, as impacts are o h  most sensitive 
not to the climate variables best simulated (such as regionally or globally averaged surface temperatun), 
but to variables such as precipitation or higher order climate statistics, such as exceedences over a 
threshold, or nms (series) of exceedences (such as a heat wave or a cold wave in the case of temperature). 

I 
For example, many models do not capture the inhaseasonal and spatial variability in the summer 



Tabk 21: A r r c c A v ~  S d  Air Tcqcrrhrr QuLc (8cgca 4 b 

As Table 2.1 indicPteq wamim# h e x p a d  ova tht ladim abfodarrS rirh gear 
arPmdsgmtbewin ta th tnmtbe- .Thcd i rs t&of~kmok.c l r to~ theeddd 
~ ( n e g r t i v e ~ ~ H ~ , a i t b ~ t o ~ r p l f d . a o o l q p e r s ~ p o d p c e a  
d c m e f f & 1 ; i t d b D l a d t o a h m p k p i t l t i o n d h t h m . 1 1 i t l a a r c h * t h e  
i n c h p i o n O r a a o a d f a c i q B ~ . c l m I l y c h m g e t b e ~ o f t h e e x p & r t d c ~ h n ~ i  
p u i p i i t o a ~ ~ r c i m t i f i c ~ a r h u t h e I N D O M p r u j c c t t h r l m v e ~  
s i ~ f i a n a m t a m s o f ~ ~ a p a b i E & f a r t h e ~ r P b r  LTbcinpl iaa ioPd 
c l i m r t e c b a n p k r t & t b c ~ h b s w ~ M b y S q h n m a . L O .  

~ b ~ k s t ~ ~ f ~ ~ k r t b e ~ ~ ~ ~ - ~ r m r r i o i r ~ o f i t o ~ ~ r r a r ~  
s o l l t b A s i s n ~ b y t h C y m 2 0 3 0 .  Thcpkipit l t ica~ovaSodhAsiaprl ikdytoiDaas 
~ t b c l c g i o e ~ 5 b D 1 0 K m t b c a m a m e r , w f d k ~ ~ p r e r p c a d ~ ~ r i a h .  
T h c ~ i ; l l g e a t ~ 0 f > 3 ~ ~ ~ t b e a a t h r a f ~ ~ ~ d  
adj&i@.rar RdBvelyni$fambof  - - d y 2 5 L C o a a c m r b o c ~ ~ ~ n b m S a  
d ~ J h y o f ~  T b e m o s t ~ g r ~ c p k b m d ~ - t h e t b c d I k  
l a d i a r t r P b c o e t i e m t i s ~ t o b e ~ t b e ~ s e a s a t .  The ' ' -  1 c f P s B e r i . d  
a s w e l l ~ d a r f w e ~ o v a t h t e n t i r r ~ ~ p r r o u d ~ b t r r d r c i a n y ~ ~ t  
at r 95% cmfidmee kvel? 



India's Vulncmbili@ lo Climate Chenge 
- 

With regard to extreme climate events, there is significant uncertainty about the nature of the expected 4 
changes. The possibility of increased heavy rainfall events has been suggested (IF'CC, 2001). Increased 
heavy rainfall events could lead to in-ed pbbabilities of flash floods and floods overall. The intensity I I 
and fiquency of cyclone storms in the Arabian Sea and the Bay of Bengal could also be affected under d 
changed climatic cunditions. While early work (Haarsma et ai, 1993) suggested that, in the case of the 
North Indian Ocean, the average number of tropical disturbance days could increase from 17 to 29 per 
year in a doubled C a  scenario, the current evidence is still inconclusive. Bl 

ii 

A. Importance of Agricabre 

The importance of agriculture in India is manifold More tban 28 percent of GDP was genefated in 
agriculture in 2000-01. More than 60 perant of the workers have their primary employment in agriculture 

I 
as per the census of March 2001. Agriculture provides the bulk of the consumption economy of India's 
people. Tbe bottom 50 percent of India's population spends two thirds of their consumption expenditure 
on food Thus, when the agriculhual production system is disturbed it affects everyone in India. It 
disnrpts the livelihood of the poor. It threatens their food k t y .  It agenvates the depth of poverty and 

it 
enlarges its extent as high food prices push those on the margin of poverty l k ,  below the line. 

Indian agricuhve has made d@cant progress in the last four decades. Irrigated area has expanded fmm 
38 million hectares in 1970 to 83.6 million hectares in 1998. Thus, it is now less vulnerable to variability 
of w e . .  This, however, does not mean it is less vulnerable to climate change. Climate change can 
change suitability of different crops, can disrupt groundwater tables and supply and also stnface water 
flows. This may change the effectiveaess of irrigation systems. I - 
The changes in monsoon activity and level of carbon dioxide (CQ) affect the pmdwxivity of 
crops. A higher comxntration of CQ can increase the rate of photosynthesis and crop yields (Cure and 
Acock, 1986; Kimball et al, 1993). Rscent research suggests that beneficial effects of CQ fertilization 
"may be greatex under Certain sh.essful conditions, including warmer temperatures and draught" (IPCC- 
TS of WGII Report). W e  this is "well established for some crops under experimental conditions, 

I 
lmowlcdgc about them is incomplete in sub-optkid conditions of actual forms". Acute water shortages 
c o m b i i  with thermal stress should adversely affect wheat and more severely, rice productivity in India 
even Mder the positive effects of elevated CQ in the future. 

I 
Other ttneats to agriculhual productivity slise due to increased incidence of pests and diseases, g m t c ~  I 

of floods and draughts, increased frequency of other extreme events such as cyclones, greater 
soil emsion dut to increased intensity of rainfall and stronger winds. I 
An early global shdy by Rmmzwcii and Parry, 1934 showed that agh~lture in developing countries 
could suffer a larger disadvantage than developed countries due to climate change. 

I 
~resu l t s~c l imatemodeIs~c t theaverag t t cmperahae iohdta tochange  
between 2.3 to 4.80C fobwing a doubling of ambient concentration of carbon dioxide 
(Ca) hm their pre-Jmbriel revolution lwels (Lonergan, 1998). The climate models 
atso predict higher monsoon activity over the Indian sub-continent. The changes in 
tentperature, pipitation, and ambient concentration of carbon dioxide (~9)" 
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wheat, which covered the @ortaut rice rtnd wheat growing areas in the country. The T h e l  is then used 
# 

to generate yields under climate change scenarios generated by different global circulation models. 
- - - 

The normal climate c a q m n d q  to the period 1930 - 1960 is used as the base climate. The climate J 
change scenarios are generated using the results from the equilibrium e-ts codncted at Goddard 
Jnstitute of Space Studies (GISS) (Hausen et al., 1988), Geofluid Dynamics Laboratory (GFDL) (Manabe 
and Wetherald, 1989, and United Kingdom Meteorological Office (UKMO) (Wilson and Mitchell, 
1987). These were the only climate projections available when K. Kumar and J. Parikh catried out their 
study. They differ from the scenarios given in Chapter 2 that use more recent information. Nonetheless, 

II 
while assessing the vulnerability of Indian agriculture to climate change, the newer scenarios would not 
make much difference. e 

The predicted changes in climate from these scenarios are expected to manifii by the year 2060. The 
output from these three scenarios varies substantially, with the UKMO scenario projecting maximum 
tenpmture change and GFDL Scenario projecting minimum change. The avaage tempemhae change 

I 
across India projected by these scenarios ranges from 2.3 to 4.8'C. All the scenarios project the 
temperature rise in Northern India to be higher than that in Southern India Though all the scenarios 
predict higher precipitation during monsoon season, the projections vary significantly across scenarios. 

U 
Their estimated impacts on wheat and rice yields are shown in Table 3.1 and Table 3.2. 

'Fable 3.1. Perceobge Change ie Rice Y i  
at Different Sites under V-us Climate Change Scenaries 

- Yllms lld RnW 12Mlb) 

T.We 3.2 feseu&ge Change in wI#.t Y W  
at Different Sites under Varions Climate Change SEeavios 

Figure 3.1 from Kumar K and Jyoti Paritih (2001b) shows the sensitivity of EPIC model to changes in 
ciimate. 



Rice 
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We can summarize their findings as shown in Table 3.3. These changes are large and can have significant 
impact on human conditions. 

Tabk 33: Range of Impaet on Wkat  and Rice Yidds over Scenarios fer Selected Cities 

The national averages are obtained by averaging the proportions of irrigated and r a M  areas. These are 
shown in Table 3.4. 

average bmpmhm 
Same as above with C 9  
fertiliion 

Table 3.4: Change in Wheat and Rice Yields: Alt India A v m  

Witbut C 9  fertilization 
With C 9  fertilization 

-5 to -34 - 

C. Economic and Wdhre Impaetr: Vulnerability 

To assess the m a c r o d  and welfare conseqmces of changes in yield levels, namely for 
produdon, relative prices, incomes, consumption and welfare levels of different groups of people, Kumar 
and Parikh have used the geaeral equilibrium model, AGRM, developed by Narayana N.S.S., Parikh, K 
and Srinivasaa T.N. (1991). 

+2 to -24 

AGRIM can study as many as 25 cmps (16 major and 9 minor crops). Asslrming climate change to a&ct 
only a few crops would not be appmpxkte. Hence, out of the 25 crops, the ones under the rice group have 
been d to experience similar yield changes as expected for rice, and similarly for the ones under 
the wheat group. The crops that do not fall into either of these groups are clubbed into two groups - 
a r k s  and d l  millet group. The yield changes for these two groups are assumed to he 7.5 and 12.5 
percent lower than the average yield change estimated for rice and wheat. 

The average yield c h q e s  obtained thmugb the EPIC model represeat shifts in yield-input relatiwships, 
i.e., they show by how much the yield would be lower for a given level of inputs. The actual levels of 
inputs applied will depend on relative prices. AGRIM determines cropping patterns and input levels 
endogenously and thus reflects some adaptation by farmers. 

-8.5 to -38 

K- and Parikh generate scenarios with AGRIM covering the period 1990-2060. The climate change 
scenarios are compared with a base scenario. Table 3.5 compares some major macro indicators for the 
terminal year, viz 2060. As the climate change-induced yield changes in crops are assumed to manifest 
fitlly over the long nm, it would be appropriate to study the impacts for the terminal year in the simulation 
period, viz 2060. 

+6.6 to -22 



Tabk35:PemabgeCLangcOpCrB.yScsukhVuiaaM.cr,ul 
Wdfare hdk8tsrt a d a  Vdems climate Solruk. 
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Table 3.6: Proportion of People Across Inceme Groups 
Under Various Climate Change Scenarios 

Note: The expenditure classes are defined in 1970271 prim and relate to rupees per person per month. 
The exehange nte in 197&71 was Rs 7.50 to 1 US $. The figures wmspond to the tenninal period of 
tbe simulation. 

One should emphasize that the Kumar and Pad& analysis has not hlly acmmted for many other threats 
to a g i a k e .  h m  climate change. Thus, the damage due to land loss, irrigation capacity loss and higher 
incidence of droughts and floods has not been factored in. 

IV. COASTAL IMPACFS OF CLIMATE CHANGE 

A. Basic Characteristics 

The coastal zone is an important and critical region for India, which is endawed with a ccurstLne of over 
7,500 km. 3 of the 4 major lndisn -litan areas are located in the eosstal region (Mumbai, Kolkata 
and Chennai). The total area occupied by coastsl districts is around 457,000 sq. km, with an avemge 
population density of 425 persons I sq. km, which is almost twice the national average of 267. Table 4.1 
provides the population density for the coastal states in India. 

While the average decennial growth rate over the 1981 - 1991 period was similar for the coastal zone as 
eonpared to the country as a whole (26.4% vs 23.86%), this hides a significant asymmetry behueem the 
East and West coasts. According to the data from the 1991 census, there are 21 cities in the coastal zone 
with a population in the range of 100,OO - 500,000, 7 in the range from 500,000 - 8 million and two 
(Mumbai and Kolkata) with a popdabon exceeding 10 million. 

The Indian coastal zone &'bits a number of geomorphologic featuns, inchding sharelines with coastal 
cliffs, dune and beach ecosystem, coastal wetlands and estuaries. Coastal cliffs are prominent in many 
locations, for example, Chilka Lake in Orissa, Timchendur and Nagercoil in Tamil Nadu, all on the East 
Coast; extensive parts of the shoreline m t h  of Trivandrum, and the Konkan coast in Maharashtra, all on 
the West Coast. 
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well known. These are threatened by various activities related to industrial production (effluents), new 
constnrction (dredging) and sedimentation. Virtually all the rivers flowing into the Arabii Sea, including 
the Narmada, Mahi, Tapti, Sabannati and others have extensive mud tlats and salt marshes. Extensive 
-grove forests are found in the Sunderbans, as well as on the Orissa coast, North Andhra Pradesh 
coast, and Southern Gujarat. Many of these ecosystem regions are under severe prcsswe as a result of 
rapid development of the coastal mne. Climate change is likely to lead to further deterioration of the 
ecosystems. 

Salinizatio~t: Salinization of agricultural land is commonly associated with tmpical cyctone occunence on 
the East Coast Districts that are particularly affected include: Sundarbans, South24 Parganas, Balasore, 
Puri, East & West Godavari, Krishna, Ongole a d  Nellore. Many coastal regions also suffer 'om longer- 
term d i n e  intrusion into coastal aquifers and groundwater, including the coastal districts of Nellore and 
Prakasam in Andhra F'radesh, Northern Tamil Nadu and the Saurashtra region of Gujarat. 

C. Sea Level Rise 

Sea level rise at a particular location is the combination of both global (or -tic) sea level rise and locd 
trends. Global sea level rise is due to the glacial melt from mountain glaciers and the ice caps, as well as 
thermal expansion of the water eOtum0. It is e m e d  that global sea level rise will range 6um 9 to 88 cm 
by the year 2100 (IPCC 2001). The range of projections for global mean sea level rise are provided in 
Figure 4.1 (source: lPCC Working Group I). 

Figure 4.1: Sea Level Rise h d j h a a  

However, in many coastal regions where subsidence or uplift are inpntant, local factors can often 
dominate the global signal. Therefore, while assessing the impacts of sea level rise, it is important to 
account for the long-term local sea level trends. Traditionally, observations of local (or relative) sea level 
are made using tide gauges, and there are around 24 stations on the Indian coast for which relative sea 
level data fkom tide gauges are available. Studies of historical rates of relative sea-level rise in the South 
Asia Seas region, reported by Gable and Aubrey (1990), indicate an average annual relative sea-level rise 
of 0.67 mmlyr (or 6.7 cm wa a century). In addition, during the past half-century or so, relative sea-level 
changes in the region have ranged thin a fall (i.e., land emergence) of 1.33 mm/p to a rise (i.e., land 
submergence) of 2.27 d y r .  Relative sea level trends as inferred from these tide gauges on the Indian 
East coast are d in Figure 4.2. These trends indicate a relative sea level rise throughout most of 
the coast, excepting in the South. 





Table 43 Effect of 1-lp Sea-Level Rise (source: JNU, 1993) d 

Andaman and 
l~i~k &lands I 0.8251 0.0061 0.721 01 01 
11ndia 1139.5941 0.5711 0.411416.741 7.11 1.681 

Figure 4.3: Historical Trends in LandfaIng Storms 
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Engare 45: Trepieal Sterm Mortality (AadBn W a h )  

A stody by Holland (1997) indicated that tropical cyclones are unlikely to be more intense than the worst 
stomrs cxpericnced u m k  --day climate conditions, althotlgh some potential exists for changes in 
cyclone intensity in tropical oceanic regions, where sea-surface temperature (SST) is bctwen 26°C and 
29°C. According to Henderson-Sellars and Zhang (1997), recent studies indicate that the maximum 
potential intensities of cyclones will remain the same or undergo a modest increase of up to 10-2m; they 
add that these predicted changes an small compared with observed natural variations and fan within the 
mcertahty range in nnrent studies. La1 et al. (1995a), in their ECHA~'-TIO~ expeximent, found no 
si&cant change in the number and intensity of monsoon depressions in the Indian Ocean in a warmer 
climate. Sdar ly ,  likely changes in the ENS0 phenomenon under enhanced conditions and 
their possible impact on the interannual variability of the summer monsoon are not known. 

A India's Vulnerability to Global Warming 

The wlmrability of the Indian sub-continent to the impact of c l i  change is most relevant in the 
tropics, for the majority of people in India and its neighboring countries depend on agriculture for their 
livelihoods and agricultural p k f i o n  depends a great deal on the Asian Summer monsoon and its 
variability on a variety of time scales. 

Water is essential for hmmn civilization, living organisms, and natural h a b i i  It is used for drinking, 
ckaning. agricuhre, bmpbtion, industry, recreation, and animal husbandry, producing electricity for 
domestic, i n M  and commrcial use. Due to its multiple benefits and the problems created by its 
excesses, shoaagts and quality deteaioration, water as a resource requires spcial attention. Table 5.1 
ikha tes  the land and water resource of India On a global scale, the total quantity of water available is 
about 1600 million cubic krn. The hydrologic cycle moves enonnous quantities of water around the 
globe. Howwer, much of the world's water has little potential for human use because 97.5% of all water 
on earth is d m e  water. Out of the remaining 2.5% freshwater, most of which lies deep and frozen in 
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3. Ground Wotcr 

India's rechargeable annual groundwater poteatid has been d at around 431 BCM in aggregate 
terms. On an all-India basis it is estimated that about 30 percent of the groundwater potential has been 
tapped f a  irrigation and domestic use. The regional situation is very different, and large parts of India 
have already exploited almost all of their dynamic recharge. Haryana and Punjab have exploited about 94 
percent of their groundwater resources. Areas with depleting groundwater tables are found in Rajas* 
Gujarat, most of western Uttar Pmbh and m all of the Deccan states. 

Occurrence of water availability at about 1,000 cubic meters per capita per armum is a common threshold 
for water indicating scarcity (UNDP). Investment to capture additional surface nm-off will become 
increa&gly more difficult and expensive m the hiture. Over time, both for surfece and groundwater 
nsounes, H situation where resources were ~1bstantially under-utilized and where considerable 
development potential existed, has transfonmd in little more than a generation to a situation of water 
scarcity and limited development options. 

India faces an i d g l y  urgent situation: its finite and fragile water rcsourccs are sa-cscd and 
depleting while various sectoral demands are growing rapidly. Historically, relatively plentiful water 
leso- have been primarity for irrigated agriculture, but with the p w t h  of the Indian economy and 
industrial activities' water demads, the share of water is changing rapidly. In addition, increases in 
population and rapid urbanhtion also put an additional demand on water resources. Summing up the 
various seetoral projections reveals a total annual demand f a  water increasing fkom 552 billion cubic 
meters (BCM) in 1997 to 1,050 BCM by 2025 (Fig 5.1). 
Under current sectoral trends, precious little water will remain for envbnmental and other needs. This is 
untenable. 

At Indcpcndcmce, the  population .m b tbPt 400 million and per capitn anter a v d a b i i  over 5.000 
cubic meters per year (m fyr). W~th the population above the 1 billion mark, water availability has mien 
to about 2,000 m3/yr per capita By the year 2025, per capita availability is projected at only 1,500 m3/yr, 
or 30.h of availability levels at Indepaxhce. 

Figure 5.1: Sectonl Water Demand Trends 

Note: Govenumnt projections; Iocreasing ~ r a l  demands planned to be met thrwgh new comtmctioa 
Sours: Go1 (19974. 
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both surface and gmmdwater, water conserving crop patterns and irrigation and production technologies. 
The National Water Policy in its present form appears to be a statement of intentions as it is not supported 
by any legislation and does not have an action component. The NWP is mdergoiig revision. . 

# 3 

The existing Constitutional pmvisions and legislation in India do not provide an appropriate framework to 
deal with water sharing issues between states, sectors and individuals. In the present setup, (i) primary 
powers are vested at state levels which do not correspond to river basin boundaries; (ii) surface water 
rights are not clearly defined and such rigbts cannot be commercially hansfemd; (iii) ground water rights 
are purely private; and (iv) environmental lam have not been comprehensively opationalized and 
regulatory standards are either not enforced or do not exist. 

I 
@ 

The legal and absolute right to pundwater rests with the owner of the overlying land, irrespective of the a 
social and environmental cwsequences. 

The present institutional arrangements in India, including central, state and local institutions, and both 
formal and i n f d  sttucture.~, do not eneble comprehensive water allocation, planning and management 
The main problems that exist are: (i) inadequacies in necessary institutions for comprehensive wakr 
allocation, planning and management, particularly at the state and basin levels where they are fnquently 
absent, (ii) lack of coordination between institutions, duplication of responsibility and accountability 
gaps; (iii) inadequate fostering of grass-roots institutions; and (iv) lack of involvement of civil society, 
i.e., local wnmnmities, NGOs, the bushes sector and academia. 

II 
I 

The mechanism for c o d k t  mmh&em in matters of the sharing of water resomees and their utilization I 

is weak and needs to be looked into and shm- at various levels. 
I 

In the matters of water raources management the civil society has a c r u d  role to play, but unfomrrmtely I 
its a m t r i i o n ,  and the c o n h i i n  of the business sector, have been greatly neglected. A substantial 
reason for their limited involvement to date is the limited efforts of government to infmm the public on 
issues pedning to water remuces. In particular, outreach to women has been neglected, yet women am 
the most intemted and involved in rural water supply, domestic urban water consumption, and he& and 

I 
sanitation issues, and are at least as concerned as men in matters of agricultural production. iP 
Being a vital resource f a  the tins a d  livelihoods of all Indian citizens, and having conbiited 
significantly to India's economic growth since indepndence, water sector inv- have rightly been 
accorded a high priority in India's development plans. 

I 
SIP 

With a massive rescrurce w " t for irrigation since in- of Rs. 576 billion, the gross Si 
irrigated erca has increased four-fold from 23 minion hectares in 1951 to about 90 million ha in 1997, 
substantially inmasing and stabilizing the incomes of millions of farmers throughout the country. 
Significant achiexnmmts in drinking water wwxage have also been realized. About 85 percent of India's 
llrban population have access to public water supplies and over 75 percent of the naal population are now 

II 
provided with public water supplies. It should be mentioned here that more than 1,000 million people in 
India, about 70 percent, live in the rural areas. 





degradation, local eeoQtg have h fwed  to migrate. The i@mdw€b of a piped water 
supply raised hopes about quality water becoming easily available and in s&lcient quantity, but both the 
quality and the quantity of water fell short of the expectations of the community. 

Local amonmities took initiatives to fmd bdtm sototions to the chmnic drinking ahiagcs. Local 
communities m the villages of Rajpur, M i n e ,  Mdmdevpwa and Khun in the Dbamthufka block were 
quite divided among men and wo~nen on the foremost reason for migration of people h m  the area. Men 
cited the 'unpdwtive di wastelaad' as the llgia reason, while women insisted that the severe 
drinking water problem was the foremost reason for all di&culties in the area. The 1 4  communities 
were of the view that the water resources must be augmented at common property by desilting existing 
ponds and building new ones for drinking purposes to benefit the whole village. Villagers suggested the 
use of some sort of lining mated on the bed and inner walls of new ponds to p m m t  salinity seepage 
from below and to the harvested rainwater in the pond. 

V ~ c o n h i b o t h i n t c r t n s o f l a b o r a n d o t h e r r e ~ .  Thewteassofthcprojectinsphrd 
vihgers to put forth new propods to the Gujarat Water Supply and Sewuage Boecd (GWSSB) for 
obtaining support for such ponds, sowing the seeds of a long battle. The demonsttation of lined ponds in 
these villages has resulted in the setting up of a Samiti, a people's oipnbtion comprising villagers from 

. various organizations who help in promoting such ponds. Some 50 percent of the 94 members were 
women. 

Conmamities h m  650 villages took the initiative to rejuvenate about 3,000 traditional water hsmstiag 
structmes (TWHS) called 'Johads'. Johads are small earthen check dams that capturr and conserve 
rainwater, improving percolation and punshater recharge. The results have been spectacular, raising 
the gmmdwater level by six meters and increasing for& cover by 33 percent The most spectacular 
e m  has been on the five rivers that used to go dry immediately following the monsoon. They have now 
become-. 

For every Rs 100 mvested in Johnds, the agricultural production has risen by Rs. 400 per capita per 
amnnn, income of the nnal population has i n m a d ,  annual migration of the male population to cities in 
search of livelihood practically stopped, and the people are in a position to address issues like health and 
cducatioa. At the core of this success lies the emergence and proper functioning of popular and local 
instiadions Wre the gram sabha at village levels. 

This is awtber example how a c d t y - l e v e l  effort can tackle problems like weter scarcityhhught 
and ecological degradation, to bring back water in the rivers and forest cover that had completely 
d i m  

Thcse cmmmuhy-level activities were inspired by an Alwsr-based organization called T a w  Bharat 
sangh P S I .  

In rejuvenating about 8,000 ~~ w&er hamdng structures, no qualified eeghrsers were involved 

All the d o n  w o r k - ~ ~  to site selection, design and execution of about 3000 Johads- 
wasandeaalrenbythevillagersthenrselves,andthemostresssun'ngfactisthatallthe~~are 
working fine, and none have collapsed. 
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E. C-nity-Levd C.tc %biity k Decut Phteau : Anmtapltr Wstrict, Ilryrla Seem if 

Region, Andhra Pradesh" 
= 

O o t o f t h c e i g h t ~ e t s d e c M s ~ - p f i r n e i n A n d h r a M f 8 e f o e r ~ o f ~ L  J 
Ananhpr,  CMdapab and and, a population 110 laW, comprise tfLe Rilyakmm region. 
Located in the rain shadowzone, Rayalseema has been facing droughts almost every alternate year for a 
d y  a century. About 50 perm& of the average rainfall of 550 mm is m i d  over only 5-7 days and fa 
the nmnber of rainy days with 25mm and above is less than 10. Nearly 75 percent ofthe population is 
engaged in agriculture despite the inadequacy of rainfall coupled with infertile land and the poor moisture 
retention capacity of the soil. The only ~ivers arepennar, originating in the Nandi Hills of Karnataka, and 
Chivathi. The rainfall in the district is meager, untimely and erratic and the entire area is drought 

- 
To deal with the situation, local communities in the district had devised traditional water harvesting 
systems to meet drinking water nosdj, and to a certain extent irrigation needs. These include watw 
harvesting system in the district community tanks (1,091), spring channels (1,221), river channels (243) 
and welb (58,483) in the district as edkctive property. These community activities have greatly 
improved the water availability in the region and thus improved their aconomic level. 

1 
sa 

F. Community-Level- Stndy in the Eastern Ghat Region: S a o n  Rills of Orlssr 

Saaas,omoftheoMtsttribesin~hervan~nwatertotumstreambedsintopaddyfieldsandthur 
an inhospitable envinwmat into a habitable one. The Saoras who live in the Saora hills of Origp. 

I 
prsetice terraced paddy cultivation. Consewation of rainwater and improvement of the water regime in 
hill slopes are the main objectives of terracing. Using stone-packed contour bunding, saoras lay out d l  
terraced fields on the hilly slopes and paddies. By means of water channels they regulate water flow from 
natural hill streatns and imgate the terraced fields. As flow irrigation is not possible in an undulating 

I 
topography, the nmoff water is stopped at different levels and allowed to soak deep into the soil. This 
results in the availability of adequate moisture at root levels, which helps in better crop production. I 
G. CommadtyLevd Case *dies in the Ceotral Highlands : Jhabua MsMet, MadLya 

Prrdesh 1 
Jbabua is an upland region of western Madhya F'radesh. Once a heavily forested a m ,  Jhabua has lost its 
nstmaf wealth over the last 45-50 years. Almost 80 percent of its fond is severely degraded. The 
rersolrr are clearing of forests by contractors for ~~ activities and 

I 
poplation pmsure. As the= used for cultivation without t-ing, the humus and fertile 
layer of soil was lost and soil erosion accelerated. Free grazing further accelerated the loss of vegetative 
cover. The district was dotted with exposed rock hillocks. The intensive cultivation on uplands led to an 

I 
ecological disaster, resulting in loss of land productivity, decline in employment opportunities and 
distress and out-migration of people. I 
The hation changed in the mid - w6ce tbe Madhya FYadesh gowmmnt hmckd the Rajiv ~ 
Gandhi watersid Development project (RGMWD) in October 1994. A deccntdized and time-bound 
missiq it started with the objective of improving 1.2 million kctam (mha) of land and s e v d  

8 
watemkb by the year 2000. It en- gteening more than 2.9 mha-approximately one percent of - s .- 
the country's total land area-spanning 6,691 villages through 5,024 watersheds. - 

uii 

e 

In with Nahue : KOdl W h m  BCadf, S i h k b x k v a  Ray Univcniiy, A n i U b p  m Waking Water 
E-s BuJims", Eds : Anil Agsrvni, Sunita Wain md b d b  Khurana, March 2001. 
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The case study made it clear that well recharging activity is becoming popular in and per capita 
and household water consumption are increasing with better availability of water resources. 

Fermers are b d y  optimizing yields by using stored water during poor monsoon seasons or failure of 
monsoons. This has increased their per capita income, as evinced by i n d  use of fertilizers and 
pesticides. 

a) The present shdy and -1ysis have clearly shown that developing countries like India are most 
vulnerable to the impacts of climate c h g e  due to resource conshaints, lack of capacity and 
inadequate knds. This vulnerability is further exacerbated due to large-scale poverty in these 
countries. 

b) The case shnjies bring m!t tb ai lbey  erfcimmmity-level respasm to aam water smtity. The 
c d t y - l e v e l  responses can be channelized and further strengthemd, by creating an enabling 
envinmment in the country/societv through the development of sustainable livelihood m a d a s  
and mtqmmmhips am& the beople-4 society. such practices will not only i n c k e  the 
capacity of the community to cop with, and iacmase their resilience to. such n & d  cal-ties 
as-dro;ghts, floods, cycl&s etc.; but will cheek the migration of people to other statedregions. 

c) The traditional wnmndy-kvfd piactioes to cope with situatiotts 1ik-e droughts m water- 
~ I Q o u g h t - p r o n e  - can be ietegreted mto Govermmat Policies and R q m m e s  
to cope with such calamities and for adaptation to hydrological -es in India 

d) Commlmity-level efforts me4 be atcounged by govemmcnts to start activities like Graaan 
BanWcoqaative Banks on a co-operative basis by all the stakeholders. Such met* can 
provide small loans to the affeaed communities to enable them to cope with the adverse 
s i d o n s .  Such mechanisms will also help in community-based adaptations to water reso- in 
water-scarce areas. The Cooperative Banks initiated from small contributions from communities 
increase the community resilience to face such climatic vagaries and extreme weather events. 

e) Technological rrspoaeai to adapt to climate change are most a l e  for rich =tries. Such 
adaptetions m developing countries, however, may h e  technology transfer barriers, finand 
barrias, and capacity-building barriers. Solutions to such barriers must be put in place in 
developing countries before adopting technological options to adapt to climate change. Such 
solutions must be found from a participatory process among the communities and nut 
transplanted from other countries I regions. 

The consensus of the s c i d c  awmglnity is that the available observathal evidence indicatca that 
regional changes in climate, particularly increases in temperalure, have already affected a diverse set of 
phys i i  and biological systems in maay parts of the world. Many human systems are sensitive to climate 
change. The impact of climate change on these systems can have a severe adverse impact on human well- 
being in India. Thus it is h p t a n t  to assess India's vulnerability. 

India m y  be pkticukrly vulnerable to climate change as a poor and tropical sub-weal cotmtry, highly 
dependent on weather for its agricultural output. For India, its freshwater systems, rainfall, rivers and 
groundwater are critical for its agriculture and food security. Disruptions, droughts and floods induced by 
climate change can cause great hardship and impose large costs. Similarly, given the large coastline of 
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It is eahated that a ]-meter rise coutd lead to a l a d  loss of 6,000 sq. bn and displace over 7 million 
people. An increased frequency of tropical cyclones could lead to that much more loss. Moreover, it is 
estimated by one study that they will be more intense than the worst stoms experienced under present 
day c l i  conditions. 

India's hshwater nsourees are limited and scam even today. With populatio~ growth the searcity will 
iacrease. It is projected that under current trends only 6 percent of water would he left for envimnmental 
and other uses by as early as 2025. The impact on climate change could aggravate the problem. Salinity 
ingress with sea level rise could affect groundwater supply. Increased wency and intensity of flooding 
would mean more nmoff and less water for use, apart from the damage due to flood. The possible 
iacrease in d a l l  may not compensate for this; it will depend upon its geographical and.spatial 
distribution. 

In India, community-level water hsrvesIing efforts in regions vulnerable to droughts/sevem droughts due 
to lack of adequate rainfell and infwsBuchac for storage of rainwater during the rainy season has made 
tbe waw h v d n g  pnwzss a very p m l i d  technolog~r for an e M v e  adaptation at the community 
level to cepe with such natural disasters which may be exacerbated due to human-induced climate change. 
Though adequacy of rakhll is a very important factor to consider in discussing impacts of droughts, it is 
bpmtant to remember that it dus not msttca how much rain a place gets. If there is no inhshmm to 
captlne rain water, the place will still be too shoa of water. It is unbelievable that Cherrapunji, which 
gets 1 1,000 mm annual rainfall, still has Serious drinking wata shortages, but it occurs 

A nw&r of case shdies of show the vast scope and c f f c c t i ~  of 
deslingwithissUesofwatexandIlrrkingit gofmther. 

71Vhat kind of policy conclusions can one draw from theses? 

(a) Even when India is not responsible for the threat of climate change it is quite vulnerable. 
India has the right to seek adequate cmpnsation. 

@ It would be in htdia's intaw to work to reduce the W ef cb&e  elpttltlfc. 
(c) Meanwhile, India should consider taking certain adapative steps. It m y  not went to initiate 

steps that involve additional costs, until it is compensated for them by those responsible. Yet 
there may be many no regret options which are worth pursuing even in absence of climate 
change. 

(a) Like any good developmmt.l pro+, smeb mrrsures should have adequste b e a e f i t a  ratios 
and he consistent with the needs of various stakeholders, not cause socio-cultural d i i o n ,  
and tbe losers should be adequately compsated. 

(e) Such mtaslms, just as in the case of other developmental = more likely to be 
successful if community-based, bottom-up processes are used in planning and 
implementation. This requim consultative and participative processes which are hwparent. 

(0 To ensure food secwity, Indis should promote research to develop more chate-toleraat crop 
varictics 

(g) Water cumemation and use techniques should be followed. 
(h) Deve1opmmt in flood plains and coestsl regions may be contmlkd 
(i) Groundwatex recharge thmqjh community participation should be encomaged and be a 

national program, as it also has many short-nin benefits. 
(i) India should step up its economic growth to reduce its depe&me on agriculhue and acquire 

the ability to import as much food as needed. 
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I n r c c r m y e a n , t h a t h a s b c e n a w o r l d w i & a ~ l c a n r b o u t d i m n e ~ d u e t o ~ o f ~  
hwsc grses (GHGs) that block Rdiation of d g h t  It is bckved tha emissioac of GHGs craed by 
a n ~ f a e r ~ l f a s s o d u c d w i t h h u r m o d n t i a . r r m r i a l y ~ b k f o r m C ~ d v l y c  
poMemmetfresmraLinhAmcotioohasbecndinacdparticulPriytocarbondioridc(C4)cmisdoar 
fromthcburningoffosiihKkthclsrgcstswrccofimahmpogcll icGHGs.WhiLthc~ 
~ t y ~ u e s t o d e b a t c r b o u t c l ~ d r m p d m t r i s k s i n v o f v a d i n i t . t b a e b . r h r b m d  
coosensus amoog tbt conmnmity of nations for c x p l o r s h  dpmprbk measures to rrbcc erbm diDxidt 
( C 0 3 t m i s d o a s . l h i s i s i e f l e c t o d i n t b c U a i t e d N . t i m s F R m e w a d r ~ A m C L i r m t c ~  
~ i n 1 9 9 2 W t K R S i ~ n a t i o n s s g r c e d t o p l e v c a t ' ~ . a t t m p o g c l a c ~  . . with 
mt climate system'. The convention raqaired &I nations. devckqxd .ad dcdo@& to maimin 
rammbing and q o d n g  of anissiom and anmuage cnvimammdly friadly rtiviPia. At tk trmc 
time, it rrcognizcd the of 'common but diffaeathtcd mspahsibiiitid, m tk 
&velopllcnt levels of thc nations. Ibe Kyoto Rotocd sigoed in 1997 took fintha aeps in tbis ditcaim 
a o d ~ ~ z c d ' ~ I ' c o u m i e s t o r r d u c e r t r i r t o u i a n i s s i a o s o f ~ m d ~ C ; W G 5 m  
5% below thc 1990 l e d  by 2008-12. It arcludcd developing axmtries fmm any biding amnhwt m 
redwe GHGs emissions 

C Q ~ o n t a L ~ ~ p l r e a m c a w t ~ f o s P i l f u c l s t i L c c o l t , ~ d g r s w h i e h r r ~ m d ~  
rawmatcriaismthepmductioapnmsesofvrriousgoatSandsaviccz~mmomicgoWmmPrUy 
involves CQ anisions, wbme raduction would mmn an ddiW amfniDt on Ipowm. Sucb a 
eoastraiot might imply a lower economic growth d a  doptioa of bata techniques d p d a c t k .  
Befm deciding upon an appmpiatc policy f a  dealing with CQ emissions a policy nmku wadd fitt m 
know. if a particular poky wac followed, how much growth would be affeacd a how mrh rddiPiolnl 
inveament would be nuckd to adopt bc&r echmlogy. In thc context of d c v d q i q  coennia. 
pcvakaaof-povaryisabasiciguetb.1fi~higb~tlrir~dwcdtocxmiDc~ 
e f f c a s o f m v i r o a m m u l c o a a r i o a o n t h c ~ d p a d / . ~ i h e w f i d c , w d m h o l * ~  
matcgic tradmffs betwzcn &vclopalmt d covironmcnt. 

Tabkl shows~brsiccammicdsaiaiiadiatarsfalad*in~to~d.rwCilam 
d m l o p d  awuxks. Mia's pr capita income, m rbOut $450. is less d m ~  olr-tmm oi tJIC d avuqs 
andnw-fiffiethdthatofmthigbimomeolmtrics.Givenarhabinxnrkvrlpovsr).pasisorr 
high kvel. India has abwt 40% of its people living below &c poverty line &final a an iriuunc kvd of 
Slpa~npadpy.Lagcdiff~carldbeobsavalbeCmea~ladtbcdcvelopdcouaaiesm 
tbcpafrrm~nrxiodicamdsocirlssurJLilre~andeduatiaa.too.ladiabasaloaganytopin 
miming infant momlity and illitaacy. L must caotiaue to luvc high sooamic growth to take crrr of 
povatyandmp~ovi&bataheclltbandothadPavima,itspmpk 

I b e & v c ~ e o ~ n i c J h v c n o t ~ i n a ~ ~ t o ~ m m u l r t i m o f  QKkhhq 
about a quarter of tbt W s  population. living in the &developed couaaitf bas rrkrrcd rbollt three- 
quarters of thc accumul~ted C@ emissions. while developing camtries d not have a fixed 
commitment to nduee C G  emissions, as rsognipd in thc Kyoto F'mtomi, it is llso feh tb W 
needs to be given to emissiom taking place in sam of tbc I+ developing canbia. Ibe obvious 
u a m p I s m s t e c m u o p m t h i s ( x ~ ~ t ~ e ~ m d I a d i r . ~ r r s p c * i v e l y  rxouatforlbom 14 
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Table 2: C@ Emissions in India, China and World a 
Bi 

Tabk 3: Per Capita COZ Emissions 
(Tonnes C@) 

Emissions from ~uei~ombustion" 



whichusercduadformaplationswimout~dctrilsaodtbe~pdicierbcbind~bemrrmdD 
unckar.Aaothcr#ofmgdowomodcliagisthecoolpltsbkgmrnl~(CQ)qporh 
whaeequil i~mpricaandqu~ntit iesarecompdedforoaeperiodandrqrucd~CorEevcnl 
periods. TIIC main choice of the axooomic agents ismcntially of sMic amnc coafirwd a, mas 
o c c u r r i n g i n a s i a & p r i o d w i t h a f t p / ~ g ~ f m f a ~ ~ i . b a a a e t f r r m o a e p r i o d m  
another. Botb aowmctric and CGE models ofan assume a high subsMutiaa elatieity, which mrtcs it 
easy and relPtively d t s s  to adjust to C G  d t s .  Ibt activity analysis lpparh we b.n rdopcd 
hat permits the easy incorpontion of a s i m u l m  choice of ecoaolaic mkblcs for scvcnl periods in 
a dynamic setting. It provides &c consistency and incarponm spcdfie t dmok@d aphms 
with limited substitution possibilities. This mahod can be viewed as cnr that k&gdcs bah mt top 
d o w o a o d t h e b o m l m u p ~ 2 .  

Inthispppa.wusem.ctivityrartysisfnmcarorttocumincthe~of~rmirriaarcdpaia,m 
tbc national earnmy. ~ m o d c l ~ i n M t u t h y . M a o d ~ ~ ~ ~ e x p l o n t i a a d  
altanuin tslmologies to mc* a cwariats from a long-tam dynamic e v e  Wim ihaa*ivt 
activities rcprrscnting diffacat techno- oae cam permit substitution of wiaur Liedr ad irwapare 
non-linearities in such models. TIIC model a social wIfm fuacth specified as the pcsea! 
discounted valueofutility ~ ~ g t o t h e p a a p i t a a r a s u m p c i o n d m a v e n g c o ~ a m r r .  
given tk resourm available to it and tk vPrious tc&mbgM p o s s i w ' i  fa using them. la prindplZ 
thetimhaizonoftkmodclmustwtndtoiafinity.Empiricatmodckhoama.worLwimafisitcbirtr 
horizon of kngth, say. T time periods d y  (taken be 35 years in wr case), as it is 
impassible to work with an infinite number of tim periods. Instead, thy aummt for tbc post-lmnid 
period in other ways. 

Mdy,PandoaodpariLhJ.(1997a)~tbcePrboacmitsiaacafficieotsfatbc~ccoaoloy 
Pad cany out various experimeots using the inpnaqmt fnmwort to idcllhify tbe major 
sectors, ba& dirretty, h g h  a seaor's own producoioll poccs. and indirrcrly, dnwgb tbe dcrmnd for 
various ioplts. In awther paper, M d y .  M aod PsriLh J(1997b) cakuhc tbe crbol, cminioa 
cocffi~eaafarsixdi&rmtiacomeclrssesmMPIPadmbrnarcssudfiadoothwderminioa 
takes place in the poduaioa of goods and savices anmmal by differan hcmw chvxs. Whik tbc 
carbon emission coefficients gtimatcd in these papers have bm, used hat with s*oMc rggegtaa d 
sectors the model sbuctum extcsds from Coagiseacy analysis of rhc ~~ maids KI 
considerations of optimahty in a gwnl equilibrium fnmcwork. 
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ofWsC~crahsioosocaainthisscaa.ndpolie]r+hcrraccdtobe~.odcnmb 
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popllrtimandspccifiedLarcnzratio.'Ibcpmiooofthepopllnimbclongiagm&~ 
urpmditme c l a s  is E ' * d in tbe model. Tbuh the co~npositioll of ammm@m 
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clrss lhis pumits substitution rross commodities when relative prices ebuy. Tht class badmy d 



Economic Growth P m n y  and CO? Emission in India 

the bottommost class corresponds to the poverty line and persons belonging to this class are classified as 
poor. 

Ideally, income distribution should be linked to production structure and techniques used in the 
production process. Unfortunately, adequate data on income generated by such activities and how they are. 
distributed to different income classes are not available. However, empirically, income distribution as 
reflected in consumption expenditure has remained very stable, with slow and miniscule changes in the 
Lorenz ratio. National Sample Survey (NSS) data show that it varied with minor fluctuations between 
0.3417 in 1956-57 and 0.3202 in 1992 [see Panda (1999)l. Thus, an assumption of a constant Lorenz ratio 
over a long period of time is justified for India. 

The constraints in the model include the following: 

a) Commcdity balance to ensure. that demand does not exceed availability; 
b) Reduction requires fixed capital, which, once allocated to an activity, cannot be shifted. Capacity 

constraints ensure that production dces not exceed the capacity created by investment in each activity; 
c) Capital accumulation constraints that restrict capital stock in each activity to increase by net 

investment in each activity; 
d) Domestic production of oil is restricted to reflect the small oil reserves in India 

On the nade side, we impose a balance of payment constraint. There is also a wedge between export price 
and import price to reflect international trade and transport margins. Some restrictions are imposed on 
exports and import growth rates by sectors to keep the model realistic. Thus, import of agriculture is 
restricted to reflect a self-sufficiency requirement for a large country which is considered necessary for 
food security. We also restrict import of services, as not all services can be imported. Export bounds are 
introduced to account for fall-offs in export price and profitability consequent to large exports by India. 

A savings constraint is imposed to restrict the marginal savings rate to 30 percent. Rogramming models 
often give high investments and implied savings rates. Such rates are not realistic, as governments in a 
democratic developing poor country are not able to force the savings rate beyond a limit. Finally, though 
the model is run for a period of 35 years, the post-terminal future has to be taken care of. This is done by 
assuming that a stationary state would prevail in the future with the composition of output, consumption, 
investment etc. fixed and growing at a prescribed rate. This translates into a larger weight for the terminal 
year consumption in the objective function. 

C Q  is emitted when fossil fuels such as coal and oil are burnt in production and household activities. For 
a given fuel, the amount of emission is directly pmportional to the quantity of fuel burnt. The C@ 
emission coefficient of a fuel depends upon its carbon content. We account for these emissions in two 
different ways: flows and stocks. The emissions from the production sectors are computed by considering 
the scalar product of the activity vector and the emission coefficient vector that indicates the amount of 
emissions per unit level of activity. The emission coefficient for an activity is derived by considering the 
fuel-specific emission coefficient and the fuel input coefficient. Apart from the production activities, 
emissions are also caused by the private and public consumption of fuels like kerosene, LPG and motor 
gasoline. We account for these by considering emission coefficients attached to each consumption 
activity. 

The cumulative emission of C Q  at the end of any period is computed by adding the emission flows 
during the current period to the cumulative emissions canied over from the previous period. C@ 
emissions are known to accumulate and reside for long durations in the atmosphere. leading to an increase 
in C Q  concentrations. 



In themodc l .~cmig ioascanbenduad~awmrbcro fanys .F in f thyc l l lberrdpadby~  
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a loss in the social welfare. The sccoad mcthod is to change the a q o s h n  of p d u a k  m the 
economy in favar of less -ntcmive activities. This can be done cithw by changing the mudme d 
tndesotb~themrrr ~ v e p o d u c t s r r e i n p m e d o r t h e s m r a n e o f w ~ ~ d ~  
f i n a l d u r r P n d m a y b e c h e a ~ b y n d u c i n g t h e b u d g a s b a + o f r O , ~ ~ m m C i o l . l f i a r l  
demand This leads to an indirect loss of cumm twcifarc as the mMstor sad caaumcr chDim get 
distorted. 

I n a d d i t i m , a c h m ~ o p t i o a r n c a l s o a v . i l . b k f a ~ g h ~ i ~ o f r d v i t y i c v d s .  
These have the virtue of reducing emissions witboat any significant loss of OUQUL Thae r ra.rblhr 
o u o s u c h o p t i o m : ( a ) R c d u a t h e a m ~ l a t o f ~ r t i o g a # g y i a p l t c ~ b y d i f i a c D l ~  

. .. 
additiooll investment may be raquiral to instnll cquipmmt tbot can opcntc thac pocma i b i g b  
enagy effhcncy; and (b) switch to kss a r b o n - i i v e  hvlr For exrmpk. imk.d of a c d  baed 
power plant, we may install a CCGT power plant, a inged of numing MusIh I  h i m  ad. vc m y  
usoil .  T h e C q c m i s J M o ~ t v ~ r n r s s t h e M s . ~ g h i ~ f o r c o r l ( 2 6 O , f d l a d  
byoil(21 t~andloanstfanaanalgns(14.7ICIGI).Thup.oifanaanalgacansttbai~farml 
andtowaCqcmissions. 

- 
f& the Indian &momy. First, the model & rpscific tcdmdogical opt& ritb ehdec of 
a l d v e  activities (a a awnbkdon of them) fa podociag a commodity. Second. it lmccs ardhc 
e f f c a s f o r ~ l o w - i n a w e ~ b y w r a r n i n i o g t h e i a c i d c m r o f ~ p o ~ h h ~  
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III. SCENARIOS 

We use the model desnibed in the esriier seaion to evaluate the impact on ca#iotnic growth and other 
related variables corresponding to several alternative C 9  reduction scenarios over a reference scenario 
during a period of 35 years from 1990 to 2025. 

Reference sEeoario: The reference scenario is a 'Maess-as-usual' BAU) smario in which the pattern 
of growth of various variables is determined by the model in the absence of any emission constraints. 

Emiaioa Reduction Sewsrios: We then develop scenarios in which there are restrictions on the amount 
of C& emissions. These restrictions are appiied i~ two different forms: 

(a) reduction of 10%, 20% and 30% in nundative C02 emissions (CEMr) over 35 years (these three 
scenglios are labeled C10, C28 and CJB respectively); 

(b) annual reduction of 10%. 20% and 30% in C02 emissions (EM,) in each year of the 35-year time 
horizon (these three scenarios are labeled AlO, A20 and A30 respectively). 

Thus, we have six different scenarios of emission restrictions for comparison wifh ltte BAU scenario. 

We now discuss the results of our experiments as designed above. Tables 4-6 show the values of some 
important macroeconomic variables and alternative activity levels for selected years for the BAU 
scenario, as well as various scenarios involving cumulative and annual emission reduction. Some 
characteristics of the BAU scenario are as follows: The economy gmws at an average annual rate of 6.3% 
over 35 years. This growth rate is about the same as the average of above 6% achieved since 1991, when 
India started a series of major economic refom measures to liberalize trade and industry. It is more than 
the average growth rate of the 1980s (5.5%). but lower than the government's target of 7-8% average 
growth over the next 10-15 years. The BAU Scenario thus is not overly optimistic, and it reflects the 
acceleration noticed in the Indian economy in the 1990s. The number of poor in the BAU scenario in the 
year 2000, at around 26 percent, is also close to the 1999 estimate from the National Sample Survey data 
It falls considerably over the next 20 years as a result of sustained economic growth. Poor households are 
defined as those whose per capita income falls below an absolute income level; it is only natural that the 
number of 'poor' would decline in a growing economy if the distribution factor remains stable. Such a 
BAU scenario is again consistent with the past experience of India, insofar as a fast decline in poverty has 
been observed in periods of high per capita income growth4. The carbon emissions grow from 157 mtc in 
1990 to 1421 mtc in 2025. Of these emissions, 61 mtc are from electricity generation and 53 mtc from 
industrial production in 1990. and 659 mtc and 397 mtc, respectively, in 2025. The annual emissions are 
plotted in Figure 1. The cumulative emissions over the 35-year period amount to 20353 mtc. 

Table 4 gives the effects of C 4  ndoction on aggregate GDP and per capita consumption. Enforcing a 
1046, M even a 20%. cut on cumulative CQ emissions has virtually no impact in the short run (3"' or 5* 
year) or medium run (I@ year), as can be seen from column C10 or C20 of Table 4. The GDP and 
consumption levels fall only marginally. In the long run (30" year), however, the effects of emission 
restriction an more visible. In the 306 year under the C20 scenario, for example, GDP and consumption 
per capita fall by 1.36% and 1.85%. respectively, compared to the BAU scenario. Hence, the number of 
people below the poverty line increases by 5.94% (Table 5). 

With an average population growth of 1.8% per annum, 6.3% GDP growth mnslates to 4.5% pa capita income 
growth. 
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As the emission restriction level is tightened from 10% to 20% and further to 30%. the effects on long run 
GDP and welfare become increasingly adverse. Thus, GDP falls by 0.53%. 1.36% and 4.06% and the 
number of poor increases by 2.1%. 5.9% and 17.5%. in the 30* year for 10%, 20% and 30% cumulative 

I 
carbon emission restrictions, respectively (Tables 4 and 5). The flexibility of the economic system gets i 3 
reduced, as emission restriction becomes tighter. Also, note that the loss in GDP and consumption is id 
nonlinear, i.e., loss rises at an increasingly faster rate than emission restriction. For the case of a 30% 
restriction, even the short run effects (up to 5 years) are noticeable: GDP and per capita consumption loss 
is about 0.2% and incidence of poverty is higher by 0.3% compared to the BAU scenario. Furthermore, 
the losses are more severe toward the end of the target period (30* year) than near the beginning of the 

k 
restriction period. The model tries to postpone the economic losses due to two reasons: it discounts the 
future consumption flows and it also enjoys the facility of attaining an emissions reduction target over a 
35-year period rather than in just one or two years. Consequently, emission reduction also gets postponed 

I 
to the last years of the time horizon in the cumulative reduction scenarios (such a flexibility does not exist 
in the case of annual reductions). Figure 1 very clearly reveals this for the C30 scenario. 

Table 5: Poverty Effects of Carbon Emission Redoction in India 1 

BAU: Business as usual 
AlO,A20,A30: Annual reduction of CO2 emission by 10%. 20%. 30% over BAU 
CIO,C20,C30: Cumulative reduction of C02 emission by 10%. 20%. 30% over BAU 
Source: IGIDR Model results 

Next, we consider the impacts of imposing annual reduction targets for C@ emissions. A 10% annual 
reddm target over each year of the 35-year period (scenario A10) achieves the same reduction over the 
period as the 10% cumulative reduction scenario (C10). But the economic losses are larger under the 
annual reduction scenario than the cumulative reduction of the same order. The impact differences 
between annual and cumulative emission reduction scenarios turn out to be particularly large with a 
higher order of reduction. For example, in the 20% restriction case, annual constraints lead to a GDP fall 
of 3.66% in the 3@ year as coinprcd to 1.36% forcumulative constraint. The GDP is lower by a 
whopping 10.7% for the 30% annual reduction case (Table 4). A large annual reduction in carbon 
emission becomes possible by diverting substantial resources for this purpose, and growth is adversely 
affected given the constraint on total resource availability. Annual constraints are more restrictive than 
cumulative constraints because they deprive the economic system of its freedom to choose an adjustment 
path over time, though the terminal period cerbon stock level is the same under both types of constraints. 

The ~hort-lun effects arc also large for the case of annual constraints. GDP losses in the 3& year vary from 
0.47% in the case of 10% annual emission restriction to 11.86% for the 30% restriction. The increase in 
the number of poor is a large 20.67 percent increase, even in the short run, and in the 30* year the number 
of poor increase by nearly 50 percent, for a 30% annual reduction, which indicates a significant short run 
burden on the lower income segment of the population (Table 5). 
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techniques in electricity generation as well as in energy use in industry. The quantitative dimension of the 
GDP fall could vary from about 0.5 - 0.7% in the case of a 10% reduction in emission to as high as 12% 
in case of a 30% annual emission reduction. Cumulative emission reduction targets are preferable to 
annual reduction targets and a dynamically optimum strategy can help reduce the burden of emission 
reductions. Even cumulative reduction targets increase poverty by a larger percentage, in the range of 2.1- 
17.5% as compared to GDP reduction of 0.5 - 4.1%. in the 30* year. GDP loss of this order is not 
negligible in the long run. 

Thus, emission reduction imposes costs in terms of lower GDP and higher poverty. India cannot have any 
obligation to reduce its carbon emissions for quite some time without sacrificing its basic development 
objectives of GDP growth and poverty removal. If India were to reduce its carbon emissions for the sake 
of the global good, it should have sufficient built-in compensation or incentives for such an action. The 
'flexible mechanisms' of the Kyoto Protocol, like international emission trading and clean development 
mechanisms (CDM), could provide such incentives to developing counhie?. 

At the end, we might turn to some major limitations of the present exercise and indicate a scope for 
further work. Fmt, we have not considered uncertainties in this exercise. We note that the model used 
here is a policy model and not a prediction model. We have adopted the BAU scenario as the most likely 
future path as per our judgment and considered "if-then" type comparative static exercises. It is possible 
that the economy would take a different path than the one depicted in the BAU scenario, even in the 
absence. of any policy action on carbon reduction. This is the reason why we have put emphasis on 
deviations from the BAU scenario. As long as the BAU scenario broadly represents the path the economy 
would take, both the BAU and the policy scenarios would change in a similar manner and 'deviations' 
would be more or less representative. Even then, big uncertainties cannot be ruled out in the context of the 
long time horizon. In such a sirnation even the policy responses may differ. Given the limited time and 
resources available for this study, experiments with alternative BAU scenarios were not possible. 

Second, we have experimented with known and feasible technological options. It is possible that new 
technological opportunities in the coming decades would help to significantly increase reduction of 
carbon emissions. In particular, low cost and large scale solar and wind energy generation, if and when 
these become available, would open up non-carbon energy options and carbon reduction could be feasible 
at a lower cost than what is estimated here. 

' k several inmesting papers in Toman (M01) in this regard. 3 
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The model's objective is to maximize a social welfare function W given as the present discounted value of 
utility streams (U,) corresponding to the per capita consumption (PC,) of an average consumer over the 
time horizon 1,2, ...., T. The social discount rate chosen is p. 

W = 
Maximize 

2 "' 
,=I (I+ P)'-' where U, = log(PC,) (1) 

The maximization is subject to several constraints. In the description below, we have omitted what is 
obvious, that constraints have to be specified for each commodity or each activity and for each period. 
The first constraint refers to material balance. The total supply of each commodity i, domestic production 
(Y) plus imports (M), must be no less than the total demand which is the sum of intermediate demand, 
private consumption (HI, public consumption (G), investment (N) and exports (E).  AU these are real 
variables evaluated at base year's prices. 

wbae [a] is the input-output matrix with i commodities and m activities, X is a vector of activity levels 
a d  (g) is the vector of public consumption budget shares. G, is specified exogenously while 
determination of H,, in relation to the per capita consumption (PC,) is discussed below later. The input- 
output matrix need not be square as we distinguish between the set of commodities and the set of 
activities that produce them. In general, more than one activity is capable of producing a given 
commodity. A make matrix [u] links each production activity to the commodities they produce. 
Additionally, this allows the possibility of joint production: an activity may produce more than one 
output. There is one column vector corresponding to each activity in this matrix and it represents 
numerically the commodity-wise composition of its gross output. 

The income generated by each production activity is proportional to their respective level (X) and is equal 
to the value of the output less the cost of the inputs. Aggregation over all activities gives the gross 
domestic product (GDP) at market prices. 

The consmints in equations 5 to 9 describe the capacity and investment relations in the economy. All 
activities must operate within the available domestic capacity. 

where Kj., is the capital stock avaiteble for activity j in period t and bj is the incremental capital output 
ratio (ZCOR) for activity j. The production capacities abailable in different sectors at the beginning of the 
first period are specified as a part of the initial conditions. 

Takea horn Mm7hy N. Satyanaraym Manoj Panda and Kirit Parikh (2000): " 0 2  Ernissi- Ratuction S m g i e s  and . - - 
Eanomic Development of India". IGIDR. Mumbai. An earlier version of the model appears in Parikh, Panda and Munhy 
(1995). . 
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solution and iterations could be carried out within the loop such that the value of the SLN function 
converges. We have taken advantage of this facility. 

Emissions Inventory 

The emissions from the production sectors are computed by considering the scalar product of the two 
vectors: the activity levels { X I  and an emission coefficient vector {ex ] .  Apart from the production 
activities, emissions are also caused by the private and public consumption of fuels like kerosene, LPG 
and motor gasoline. We account for these by considering two other emission coefficient vectors, (6) and 
(eC). The total emissions in period t is therefore given as: 

EM, = e x  X ,  + e C ~ ,  + e ' ~ ,  (2) 

The cumulative stock of C02 emissions CEM, at the end of any period t is computed by adding the 
emission flows EM, during the current period to the stock CEM,., carried over from the previous period. 

CEM, = EM, + C E M , - ,  (24) 



4 
1 ) 1 0 n b k [ a ] i ~ f r o m ~ 6 L b m 0 ~ m a i x ~ f r o m ~ ~  ' ' (1991). 
2)~talcarr.m;lrrixisobrrincdbynkiDgmceompodoimof' dCllPDdfnm11989-90111mS1ix 
d d g l ~ ~ ~ g ~ h ~ ~ w n ~ m l ~ & b y ~ a n ~ .  
3) Base Year capital stodr is the poduet of ICOR d base year OUQUL 
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Table A2 -- 

M a d  Parameters Related to ComnmMes a 

1) Budget shares in private consumption classes are from Parikh, Panda and Murthy (1994). 
Variations in budget s h a m  are permitted around these base values as discussed in the text. 
2) Government budget shares are from 1989-90 1-0 matrix. 
3)Impoas and exports bounds appear only for some sectors indicated above. 
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Renewable Energy T c c ~ g i e s  in India - Chapfer I 
id 

This paper assesses the role of renewable energy technologies (RETs) in the Indian power sector. 
quantifies the mle they can play in the next 20 years and reviews the barriers to RETs and policies 
required for accelerated diffusion. 

-9  . . 

11. STATUS OF RENEWABLE ENERGY TECHNOLOGIES iJ 

Figure 1 shows the share of the installed capacity of diffmnt sources in the Indian power sector. It is seen 
that wind energy accounted for about 1% of the country's installed power capacjty in 1998 [3,4]. The 
aggregate data does not include some of the renewables, viz. biomass and dispersed options. Small hydro 
is also not separately accounted for. If these are included, the share of renewable energy was about 2% 
in 1998. 

The renewable energy installed capacity was 205.5 MW in 1993 (104.6 MW small hydro, 39.9 MW 
Wind). This increased to 2978 MW in 2001 (as on 31Y March 2001) and accounted for almost 3% of 
India's installed power capacity. The growth rate of instdled renewable power capacity during the period 
1993-2001 was 39% per year. huing (January 1) 2000-2001(March 31n), the installed capacity 
increased from 1,600 MW to 2,978 MW ( an annual growth rate of 49%). 

Figure 2 shows the installed capacity of different renewable energy technobgies [S]. The major 
contributors are small hydro (< 25 MW), which accounts for 1,341 MW (45%). and wind, which accounts 
for 1,267 MW (42%). The insralled capacity in biomass-based power generation is 308 MW (10.3%). 
with most of it coming from bagasse-based cogeneration. 

I 
Both wind and small hydro are technologies that are commercially available. Potential sites have been 
mapped and there is likely to be a steady growth in the capacity. However, these are only applicable at 

I 
some sites where there is sufficient wind or water flows and heads. Figure 3 shows a listing of the options 
for power generation from renewables. The solar energy route has a variety of configurations possible, 
based on either solar thermal or solar photovoltaic technologies. These will be assessed in detail in this 

i 
report. Wind and small hydro are commercially available technologies that will also be covered in this 
report I 
m. TIDAL, OTEC AND WAVE ENERGY I - 
'ihc remaining process routes are restricted to only a few regions near the coast. This report will not 
cover tidal, Ooean Thermal Energy Conversion (OTEC) and wave energy in detail. Of these technologies, 
power generation from OTEC is only at a prototype stage. There have been experiments at the Natural 
Energy Laboratory of Hawaii (NUHA, USA). Power generation is based on utilization of the 
temperature differences existing in the ocean. Since the temperature differences are small (20°C). the 

I 
cycle efficiencies are poor (approx 3%). A mini OTEC closed cycle (ammonia working fluid in a Rankine 
cycle) of 50 kW was installed in 1979 in NELHA with a 10 kW net power output. A 210 kW gross 
output open cycle plant (working fluid - sea water) was operated between 1992-98 with a net output of 40 

I 
kW. These technologies are in the prototype/development phase and are not yet commercialized. A 1 MW 
demons@aiion unit is being planned off the coast of Tamil Nadu. This is being funded by the Department 
of Ocean Development and implemented by the National Institute of Ocean Technology with a 

I 
consortium of private companies. 4 

1 
India has experimented with a 150 k w  wave energy system at Thimvananthpuxam (Kerala) . This is 
based on an oscillating water column with a Wells turbine and an electrical generator [7]. The system's 
average output was 25 kW during December-March and 75 kW during April-November. The average 
wave emrgy available is 10 kW per m of the oceanfront. The estimated cost of electricity is 9-10 &Wh 

I 
(Rs. 4-4.50IkWh). However, though prototypes have been built and some operating experience obtained. 
this is not yet a commercially available technology. 
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Table 2. Renewable Energy Power Generation Potential 1101 
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Administration, US Dept of Energy, International Statistics, Washington DC,USA. 
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MNES at IIT Bombay, 6h August 2001. 
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B. Resources Assessment 

The W i d  Remmes Assessment Programme (WRAP) carried out in India to reassess the wind potential 
was one of the largest programs of this kind in the world, covering about 900 wind monitoring stations 
and mapping stations in 24 states and union territories. WRAP has so far identified 192 potential sites in 
13 states. States with high wind potential are Tamil Nadu, Andhra Pradesh, Kamataka, Kerala, Madhya 
F'radesh and Mahmshtra. 

Wind energy potential in India has been estimated at 45,000 MW (at 50-m h& height), however, the 
technical potential is estimated at about 10,000 MW assuming 20°% grid penetration. This is expected to 
increase with the augmentation of grid capaciv in the potential states. State gross and technical wind 
power potential is shown in Table 4. 

Tabk 4 : Wind Power Potential 

Tamil Nadu I 3050 I 1220 
A s n  A<n I 

I Total 45195 9985 
Source : MNES Annual RepoIt 2000-2001 

C. Technology 

Wind electric generators ranging from 55 to 750 kW in rating have been developed and manufactured in 
the country. State-of-the-art wind power technologies are now indigenously available in India Wind 
tuhines in the megawatt scale are envisaged to enter the Indian market in the near fimue. An annual 
production capacity of 500 MW has been established. Wind electricity generators of up to 750 KW unit 
capacity are now being manufactured. The rotor blade, a crucial component of wind turbines, is 
manufachned in India Nearly 80 percent indigenization has been achieved. 

1. Research & Dc~ebpatent Effom 

State-of-the-art wind RBiD centers and field-test stations have been established 
Ekdmnic Research and Development Centre (ERDC), Thimananthpmm has fabricated an 
Intelligent Power Controller for wind electric generators to maximize generation and to reduce 
reactive power requiIIments. The Controlier is under field-testing. 
Electronic Research and Development Centre (ERDC), Thiruananthjwam is also preparing 
guidelines for integration of wind turbines with weak grids. 
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Other public sector undertakings are also in the process of diversifying into the wind sector, and a few 
have already initiated developing large wind farms. The following fiscal and promotional incentives are 
available from the Central Government: 

Concessional import duty on specified wind turbine parts 
100 percent accelerated depreciation in the first year 

r Sales Tax, Excise Duty relief 
Loans through IREDA 
Five-year Income Tax holiday 
Sales Tax incentives in certain states 

Fourteen states have introduced policies based on MNES guidelines: 

2 per cent Wheeling charges 
Banking up to one year 
Third Party Sales at remunerative prices 
Buy-back facility at minimum price of Rs. 2.25 per kwh 

r 5 percent annual escalation in tariff 

In the case of state government projects, 60 percent of the wind turbine equipment, mainten= spares 
and ereetion and commissioning costs (subject to a benchmark cost of Rs. 3.2 crore/MW) would be borne 
by the Central Government. ,411 other costs will be met by the state government. 

lREDA loans for wind power projects are available uader different schemes, as follows: 

Project financing 
Equipment financing (up to 1 MW per party per financial year for grid-co~ected projects) 
Manufacturing equipment. 

Financing norms of IREDA have been given in Table 6. 

Small hydro projects (SHP) are an environme.ntally benign and economically viable source of energy and 
are very useful for remote and hilly areas where extension of the grid is not possiile or is unec~nomical. 
The envimunental and social constraints involved in large hydro projects are not concems in small hydro 
projects. These projects have a short gestation period. Small hydro projects have received sharp focus in 
recent years. Due to preferential policies and incentives given to this sector by the Ministry of Non- 
conventional Energy Sources, it has p w n  four-fold from 63 MW to 226 MW in the last 10 years. Small 
hydro power projects of up to 25 MW capcity have now been brought under the purview of MNES. 

There is a m e d  interest among many state governments to exploit their SHP potential and 13 states 
have announced their policies to encowage private sector participation in commercial SHP pmjects. 

These are Himachal Pradesh, Uttar F'radesh, Punjab, Haryana, Madhya Pradesh, Karnataka, Kerala, 
Andhra Ptadesh, Tamil Nadq Orissa, West Bengal, Mahamhtra and Rajasthan. 
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about 10,071 MW for projects up to 25 MW. There lies a potential of about 15,000 MW of small hydro 
power in India 

The nmber of projects set up 1 ongoing in different states and their capacity has been given in Table 7. 
So fat, India has set up 387 small hydro power plants of up to 25 MW capacity totalling 1,341.05 MW. 
170 projects of 25 MW with a total capacity of nearly 498.28 MW are under implementation. Most SHPs 
are grid connected However, there are a few pmjects being managed by local community organizations 
or NGOs. MNES has recently shted a program of development and upgrade of water mills to enable the 
direct use of mechanical power for different ues. MNES has also launched a demonstration project to 
study the performance of portable micro-hydel sets under field conditions. Fifty portable micro-hydel 
sets of 5-15 kW capacity have been provided to local bodies 1 communities in seven states. 

C. Research & Development 

India has a wellestablished manufactwing best for a full range and type of SHP equipment. However, R 
& D is required to improve the efficiency and reduce costs of equipment. The main objectives of R & D 
efforts are: 

simplieation and optimjzation of the system and equipment designs and engineaing practices 
reduction in the cost of different elements 
improvement in equipment reliability 
development of techniques for speedy construction in order to reduce gestation period 

New concepts such as rubber dams, COANDA systems, the SCADA system for w m p u t 4  project 
monitoring etc. are being tried out in various demonstration pmjects. 

D. Economics and Polides 

Aims and Targets: The Government of India is encouraging private sector participation for setting up 
SHP projects. All the states have suitable policies in this direction, to be achieved through: 

a nationwide SHP resource assessment 
Enwuqement to commercial SHF's 
Suecial incentives to northeastern states to exdoit Small Hvdro Power uotential 
Projects aggregating 65 MW under the renovation and modernization program 
Demonstration projects based on wmmercially viable and environmentally sound technologies . Upgrading of 160 existing water mills to multi-purpose units 

Cmt Economics 
Engineerhg procurement and construction cost of a small hydro project is USS 1,WMcW 
Evacuation cost is about USS4,OOO I Km 
Totalprojectcost 

Fiical and Promotio~I Incentives: The facilities available in the states include wheeling, banking 
attractive buy-back rate and facility for Third Party Sale, among others. In order to accelerate 
development of SHP power in the country, MNES is providing incentives for. 

W e d  survey and investigation 
Detailed project report preparation 
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applications. It is useful for rural remote areas, urban domestic and commercial establishments as well as li 
for specialized applications such as in railways and telecommunications. 

Solar cells are semiconductor devices, which convert sunlight into electricity directly without involving 
any moving parts. Wafers sawn from mono- or nrulti-crystalline ingots of high-grade silicon are the most- 

ii 
used semiconductor materials for making solar cells today. Thin film solar cells are being regarded as the 
technology for the future. A complete PV power system has a PV m y ,  an energy storage system and 
necessary electronic, elect~ical and mechanical subsystems. 

India receives about 300 clear sunny days in a year. This is equal to over 5,000 trillion kwh. year, which 
is far more than the total energy consumption of the country in a year. The daily average solar energy 
incident over India varies from 4-7 kwh/m2, depending upon location. Table 9 shows the potential of PV 
in different states on a scale of 1 to 4. 

Table 8 : IREDA'S Financing Norms for Small Hydro (2806.2$01) 

FINANCING I 
Eydre Energy (upto 25 MW 
Station Cnpociry) 
Mini ~ y & o  I .  
(i) Upto 1 MW 13.50 10 3 20 Upto8O%ofw.lprojsteost. 
CaDaCiW 100% of cliejblc auiDmat 

cost 9tGofeih1'eost 
lirnlted to a maximum of BOK I 

project sanaional limn 
intematiooal funds 

Source : IREDA Nms 
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MNES is implementing two major schemes forthe deployment of stand-alone PV systems in the country: 

Lighting systems, stand-alone power plants and other specialized systems 
Water pumping systems for agriculture and related urn 

Prominent regions where SPV homelighting systems and power plants are in demand are West Elengal, 
Rajasthan, the hilly regions of Uttar Pradesh, Laddakh, Lakshdweep, Andaman and the Nicobar Islands. 
Eleven power plants of 250 kWp aggregate capacity have been installed in %gar Island in West Elengal. 

Target achievements of S W  in the Eighth Five Year Plan period are shown in Table 10. In the last two 
decades, the cost of PV has gone down by more fhan 10 times, increasing accessibility for dispersed rural 
applications. 

Table 10: Target Achievements of SPV in the Eighth FivcYear Plan Period 

Source : Tata Energy Data Directory & Yearbook 2000-2001 

A i m  rmd Targets: An all-India SPV progntm to develop cost-effective PV technology and its application 
for large scale diffusion in different sectors, especially in rural and remote areas, is under implementation 
by MNES. Major components of the PV program include: 

Raearch and development 
Demonstration and utilization 
Testhgandstandardization 

+ Industrial and promotional activities 

C. Promising W Technologies fer Terrestrial Use 

MonoqsaWk silicon technology is the oldest and most enduring workhorse of all PV technologies. 
While laboratory efficiencies have reached 25%, manufactured efficiency is in the range of 15.3 to 17.5% 
(14-16% module level). PV module efficiencies which are close to 15% at present are expected to 
increase to 22% by 2010. The prices are also expected to come down to SUWp by 2010. The basic raw 
material is sand (quamite or silicon dioxide), which is reduced to metallurgical grade silicon and tkm 
purified to semiconductor grade (99.999% pure.). Monocrystalline Si technology is of the 'indirect band 
gap' type with very poor absorptivity. The minimum thickness of silicon material required for absorption 
would be on the order of 100 microns or so. Today, single crystal wafers of 250 microns thickness are 
available. Ingot pulling is energy-intensive and wafer slicing wastes material (Kerf loss) up to 40-5W. 
Ogtieal enhancement of incident light ent- the solar cell is achieved by various techniques including 
anti reflection coating, texturing of the surface and laser grooved buried contact design and PERL 
(passivated emitter rear locally diffused) structure. 

Silicon Film: Today, quite a few companies like Astropower are growing silicon film epitaxially on low 
cost surfaces (like ceramic). The thickness of material would be on the order of 50 microns or less. The 
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a) Highabsorptivity. 
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substrate is heated to about 400' Centigrade. Films deposited at lower temperatures (not in 
stoichiometric ratio) can be heated to create the single phase stoichiometric compound. 

c) Because of b) above, it is amenable to many deposition technologies such as closed space 
sublimation, chemical spraying, screen printing, sputtering, spray pyrolysis, galvanic deposition, 
CVD, atomic layer epitaxy etc. 

d) Module efficiencies which are 6-8% today are expected to increase to 14% by 2010. Prices are 
expected to come down to S1.25AVp by 2010. 

Copper Indium D i s e W  CIS or CIGS, i.e. copper indium gallium diselenide, is another promising 
&m film technology that uses CdS as a window layer. Sometimes gallium or sulfiur are also added 
GIGS cells are self-repairing. They are stable and long-lived. The material probably tends to repair itself 
because of the natural tendency of copper atoms to distribute themselves evenly and at great speed They 
spread into damaged spots and cany out the repair. 

Grab1 dl or Dye-sensitized Tie2 cells The Grarzel cell (also referred to as dye-sensitized mono- 
crystalline T i 4  or photo-chemical solar cell) is a new type of PV cell, a photochemical device that is 
based on dye-sensitization of thin (10-20 micro-meter) nano-crystalline films of T i 4  nanc-particles in 
eontact with a non-aqueous liquid elactrolyte. 

tkw@me&ofnystattine~t8ittfilmlayersandlowcocb~%ndepoeitioaof~ 
Development of large size solar cells /modules based on crystalhe silicon thin fihns 
Development of multi-junction amorphous silicon solar cells /modules, pilot plant demonstration 
Development of devices based on new materials such as TiOz, carbon cells etc. 
Improvement in solar cell efficiency to 14-15 percent at commen:ial level and >20 perant at 
research level 
I m p r o m  in W module techmIogy, higher packing density, suitability fbr solar K I O ~  etc. 
Development of light-weight modules for use in solar lanterns and similar applications 

Improvements in system design for PV lighting systems, including development of a new design 
of electronics used in solar lanterns 
Development of high efficiency invertom, charge controllers and power conditioning units 
Developnrent of spill-proof tabular plate lead acid batteries 
Development of maximum power point trackers 
Development of high efficiency water pumps and motor pumps and water pumping systems 
Development of integrated power conditioning units 
Development of new PV systems 
Reliability and performance studies of technologies and inshumeats 
Development of solar roof system and e l m n i c s  used in solar roof system 

P V R w k m :  Solar lanterns, home lighting systems / solar home systems, street lightkg systems, stand 
alone PV power plants, refrigeratom for medicines and vaccines, solar PV water pumping sys tea~ for 
agriculture and related uses, and other applications of PV technology, including new applications. 
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Fig. 4 Technology Options for Solar Power 
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organic raaking cycle with working fluids like methyl chloride, tolumc or refrigerants like R-1 I. The 
overall cycle efficiency is low. The high capital cost ($6000 kW) and the low capacity factor (25-30%) 
makes this unviable. Two concepts have been proposed in order to reduce the cost - solar ponds and a 
solar chimney. A 5 MW solar pond based power plant was set up in 1984 in Bet Ha Arava in Israel with 
an area of 250,000 mZ (50,000 m2hW). Though this has been shown to be technically viable, it is not a 
commercial techaology. In India there has been some experience with solar ponds for thermal 
applications (hot water for a dairy) ope-rated by TERl in Bhuj, but there has been no attempt to use a solar 
pond for power generation. 

An alternative concept that has been demonstrated is a solar chinmey power plant [3,4]. In the solar 
chimney plant, a transparent cover glazing is provided over a circular area around a tall chimney (Figure 
5). This glazing is maintained above the ground by a metal frame. The air trapped in the enclosed circular 
area gets heated and a natural convection system gets established with the hot air getting drawn up 
through the. chimney. This hot air is replaced by fresh air from the edges of the circular glazing. A solar 
chimney plant of 50 kW capacity was built in Spain in 1983 with a 195m high, 10.3m diameter chimney 
and a glazing 2m above the ground covering a radius of 126m[1,2J. A solar chimney plant with a ikm 



chinmcyrad 1 0 0 m i l l i o a m ' o f e d k d o r ~ g e n e n t i q g 2 0 0 M W ~ p h m c d m ~ [ 3 ] .  
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available with 354 MW ( 9 plants) of grid connected power plants in operation in California. The plant 
ratings vary from 4 to 80 MW. The collector area for the 80 MW plant is 464,340 m2 ( 5,800 m2 /MW ). 
The cost for the 80 MW plant is estimated to be $2,90O/kW. 

A 50 k W  solar power plant has been in operation in the Solar Energy Centre at Gurgaon. Due to 
maintenance problem, the unit has been derated. 

A 35 MW solar power plant in an Integrated Solar Combined Cycle (ISCC) plant of 140 MW is planned 
in Mathania, Rajasthan with GEF funding. Figure 7 shows a schematic of the proposed ISCC plant. The 
total collector area is about 219,000 m2 . The parabolic collectors heat a heat transfer fluid to 391°C. This 
fluid is used to generate steam (103 bar, 371" C) in a heat exchanger. This steam is superheated to 500012 

Fig.7 Schematic of the Proposed ISCC PIsnt 
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Table 9. Comparison ~?!%tar Titerma1 Power Generation Technologies a 
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VI. BIOMASS 
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I Mathania 
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Fueiwmd, agricultural residues (rice husk, sugarcane hash, coconut shells) and animal waste are the main 
biomass k l s .  The advantage of biomass fuels is that they are available throughout the country. Different 
biomass so- are available in different regions. Biomass accounts for about 40% of India's primary 
energy use [8]- mainly fuelwood (about 20%). crop residues and cattle dmg. The present biomass usage 
is mainly for cooking in chulhas (wokstoves) with poor efficiency. 

C 

29°/0@ 

DDemonslration 

Aggregate estimates of biomass axailability can be made &om the rrop production data and the residue to 
product &, Using this apprmch, -91 estimated the biomass prodaced in India in 1997-8 to be 
545 million tons. Of this, about 150 million tons is expected to be available for power generation. This is 
estimated to be made up of 23% rice straw, 18% wheat straw, 16% other straw, 15% bagasse and 1Ph 
plant stalks. These residues are estimated to have a generation capacity of 16,000 to 18,000 MW with a 
plant load factor of 68.5% (6,000 hours per year). The MNES estimates a potential of 3,500 MW from 
Bagasse-based power generation and an additional 16,000 MW from other biomass that is already 
available [lo]. 

Rs 200,000 
(S4mw) 

Demo unit 20 1 D Rs 150,000 

In addition to residues that are available, it is possible to have dedicated plantations on waste land or 
degraded lands that are not normally used for agriculture. In social forestry programs, sustainable yields 
of 7-8 tonskctareJyear have been achieved [ll]. The waste land available in the country has been 
estimated to be from 66-130 million hectares [9]. Using an average productivity of 5 ton&ectare/year 

- 
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12-18% kW near I 
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Rs6kWh 
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been set up in Tamil Nadu [10,12]. Five grid colmected projects accounting for a total capacity of 24 I 
MW were commissioned during 2000-2001. An additional 29 projects with a total capacity of 135 MW 
are under implementation (average project capacity of 4.6 MW ). i .= .- 

Y 
The net power cycle efficiencies that can be achieved are about 23-25%[5]. Most of the boilers used are 
of the spreader stoker (moving grate) type. The boiler efficiency is expected to be around 70%. The use of 
a biomass dryer is likely to help improve the boiler efficiency. The advantage of the combustion mute is 
that the technology used is similar to that of a thermal plant based on coal, except the boiler. In order for 

ii 
this technology to be economically viable, it is necessary to have larger plants (5 MW and higher). This 
will require biomass collection and transport over a larger geographical area. It is preferable to link these 
power plants with dedicated biomass p1antations:A 5 MW power plant operating for 6,000 hours per year 
would require a biomass plantation spread over 7,500 hectares (with an average yield of 5 tonslhectare). 

I 
The actual generation from these plants and their operating experience needs to be repoited to help decide 
f&m policies. The capital cost is expected to be about 1,500$kW (Rs 60,000 -70,000kW). 

Tecfmologies are commercially available with Indian manufacturers like BWEL, Themax, Trivcni. 3 s  -- 

if 
B. Biomass Cofiriag 

Cofxing of biomass along with coal in thermal power plants is another option which has been adopted in 
som European countries and the US. This has not been tried in Indian coal plants. This has been 
developed by utilities as a response to portfolio standards and developing markets for green power. 
C o f i ~ g  results in i n c e d  greenhouse gas emissions (since biomass is almost carbon neutral) and 
reduced local NOx and SOx emissions. Reviews by Tillman [I31 and Hughes [14J provide an overview of 
c o w  experience in the US, in terms of economics and policy. 

Biomass cofiring tests have been carried out in the US in coal power plants of rating between 32 and 700 
MIN. Cofiring has been attempted for both pulverized coal and cyclone boilers. The biomass used in 
cofxing has been wood /sawdiist. Tests show that cofiring at a level of 7-104C @y heat input) results in a 
drop in boiler efficiency by 0.3-1.0%. The Net Station Heat Rate (NSHR) increases with cofiring (by 
about 1%) for a 10% biomass contribution by heat input. The NSHR for the cofired biomass component 
1131 works out to 11,000 BTU/kWh (1 1.6 MJkWh), which is 10% higher than the NSHR of coal only 
operation [I0000 BTUlkW6 ( 10.5 MJ/kWh) ] . Apart from the deteriontion in the heat rate, there is a 
change in the properties of the ash. It must be ensured that the ash is acceptable as an input to the cement 
process- 

Cofiring can be done by a) blending biomass with coal or b) firing biomass separately. The capital cost of 
modification is lower for blending ($50-SlOoikW of biomass capacity) than for separate biomass firing 
($175-$2OO/kW of biomass capacity). The cost is about Rs 9,000ikW of biomass capacity. This has been 
fomd to be the most cost-effective way to increase the biomass share in the power generation mix and 
reduce carbon dioxide emissions. Cofiring does not increase system capacity. Hence, the capital cost 
comparisons are not appropriate with new generation facilities. The economics depend on the differential 
between the coal price and biomass price and are unlikely to justify the incremental capital cost in the 
absence of any credits due to reduced local and global emissions. It is suggested that a few pilot cofiring 
experiments could be tried in India to evaluate the economics and gain operating experience. 

- 

Cogeneration in sugar factoris using bagasse is a viable option. Cogeneration is the simultanmus 
generation of power (&Chi~ity or motive powerfshaft work) and process heat (steam). The process steam 
respired in sugar factories is at low pressures - most of the steam is required at 2 ata, a small portion is 
required at 6 ata Traditionally, sugar factories have been designed to meet most of their power 
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Fig. 10 Schematic of e Typkrl existing Cogeneration CoribEprstion in 
a 2500 tcd Sugar Factory 1151 

r 26Th 

B 
1 
.- ==? 

P 
7 MILLING I 

PRDS 
I 

6 ata 1 
I 
I 

Steam turbine 
Condensate 1, 1 

2 ata I 
I 

7, 2 i ~ h  
7 

- - 
22 ata 
330°C 

1 
Feed water - BOILER 

, 45Th - 
BAGASSE 

0.5Th I 

fipm 



Rammb&mr-*Y.--t 

Fig. 11 ScLclllrtie or Optloll (c) for a 2500 tcd Smg8r PIcbrJr [lq 

Fecd watn BOILER - 
BAGASSE 
(Altwmb? fiul) 

PROCESS 

BFF' 



R n r m p e k E a s t g V T ~ ~ ( i n I a d i a - ~ t a 2  

Table fa Cempmison dMffereut O p t k s  fer a 2540 tcd Plant. 

+ 

MNES provides an interest subsidy on term loans for cogeneration in sugar. The interest rate reducrion is 
E3 

3% for 80 ata and above, 2% for 60-80 ata and 1% for 40-60 ata Most state governments have a n n d  
policies that fix buy back rates, permit wheeling and banking [lo]. To encourage co-generation in s 
cooperative and public sector mills, a joint venture1 Independent Power Producer model has been Fi 
proposed by MNES in the major sugar-producing states. Capital subsidies are available for the first 
projects of these types in each state. 

. . 
hfmy of the sugar factories-are in the v t i v e  sector. They are t rxhod industries with limited 
technical capability. Often the sugar factory does not have the confidence to operate high- steam- 
based power plants. The capital investments are significant, about Rs 300 million for a 2,500 tcd plant, 
and the sugar factories are hesitant to make these investments. At present boilers and turbines are 
available in India from suppliers like BEJEL, Theamax, ISGEC, and Triveni. Grid interconnection and 
recovery of dues from the State Electricity Board is a problem. As an example, in Maharashtra, the 
Mabarashtra State Electricity Board (MSEB) is reluctant to stgn fresh Power Purchase agreements with 
sugar cogenerators in the context of the Dabhol Power Corporation controversy and the MSEB financial 

I 
situation. There are also difficulties in obtaining off-season fuel that will permit all year operation. I 
D. Biomaw Gasification I 
Instead of combustion, it is possible to convert the biomass into pmducer gas by gasification (partial 
camhaion). Thermochernical gasification involves burning the biomass with i d c i e n t  air so that 
complete combustion doesn't occur but a gascous product is obtained. Producer gas is a mixture of 
carbon monoxide and hydrogen. Gasifiers are classified as updraft or downdraft, depending on the 
direction of flow of the biomass and the producer gas. In a downdraft gasifier the biomass and the gases 

I 
flow in the same direction (downwards). These are also known as cocurrent gasifiers. Updraft gasifiers 
have the product gas flow mt-t to the biomass flow. Figure 12 shows a schematic of a 
downdraft gasifier 1181. Gasification can also be classified based on the medium used as air, oxygen or 

I 
hydrogen gasification. These gasifiers are also known as fixed bed gasifiers and operate at atmospheric 
pressures. Moving bed and fluidized bed gasifiers are other technology options. The updraft gasifier is 
more efficient than the downdd gasihr, but the producer gas has a greater amount of tar and 

I 
particulates that might create prdtkms in the engine operation. Updraft gasifiers are preferable for - - - - 

thermal applications. 2 
In a typical do& gasifier, the biomass is fed from the top. It passes &rough the gasifier and 
undergoes the following sequence of processes: drying, pyrolysis, oxidation and reduction. These I 

processes are controlled by the wne tentperaturcs. A controlled amount of ak is passed through the @ 
tuyeres at the oxidation zone. The gas formed is passed through a cooling and cleaning sub-system that 
usually consists of a cyclone for particulate removal and a scrubber for cooling and cleaning the gas !d 
(removing the tar). Some ash is formed from the oxidation reactions. The ash moves through the @ 
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Biomass gasifiers typically have been developed either for wood or for rice-husk. Other fuels that have 
been used are cotton stalks, coconut shells, saw dust, palm shells, and corn cobs. Installations range from 
3 - 500 kW capacity. The biomass input required ranges from 5-500kghour for electrical outputs ranging 
from 5-500 kW. The largest installation size 1s 500 kW in Gujarat that is being connected to the grid. A 
500 kW (5x100 kW) rural electrification system has been installed at Gosaba in Sunderbans (West 
Bengal). A 100 kW rice husk based gasifier has been installed in a rice mill in Andhra M e s h .  Almost 
all gasifier systems installed are stand-alone. Most installations use diesel engines in the dual fuel mode. 
The economics of a gasifier power plant depend on the load factor, extent of diesel substitution, price of 
diesel and biomass. There are a number of manufacturers: A n h  Scientific (Ascent, Baroda), Netpro, 
Cosmos (Raipur), AEW and Tanaku Four Gasifier Action Research Centers haw been established at the 
Indian Jnstitute of Technology (IIT) Bombay," Indian Institute of Science ( IISc) Bangalore, Indian 
Institute of Technology (IIT) Delhi and Madurai Kamaraj University (Tamil Nadu) to provide technical 
support to the gasifier program. Decentralized Energy Systems India (DESI Power) has set up six projects 
as hdependent nual power producers (IRPP) in various parts of the country. The first installation was at 
Orckha in Madbya M e s h  ( 100 kW rating - 2 units of 50 kW each). DESI power estimates that a 100 
kW IRPP will directly employ 11 persons and create another 56 downstream jobs in new small-scale 
industries @cause of the availability of electricity). 

The cost of a biomass gasifier engine system is Rs 45,000- Rs 50,000 per kW of installed capacity. Using 
a coosumr discount rate of 12%, the price of electricity ranges from Rs 3kWh (at a load factor of 70%) 
to Rs 4.3ikWh (at a load factor of 30%) for 70°% substiMion and a diesel price of Rs 16 per liter and 
biomass price of Rs 1000/tonne. At the higher discount rates that are normally prevalent for companies 
(30%), the prices increase to Rs 3.7 -5.7/kWh at the respective load factors. The electricity supply price 
is sensitive to the diesel price and the substitution. 

A more viable option is likely to be a dedicated producer gas engine, as there is no diesel cost. There is 
some experience in 11% Bangalore with a dedicated producer gas engines. There is an inter-university 
collaborative project funded by the UN foundation with Carnegie Mellon Univ, IISc Bangalore, IIT 
Bombay, National Aeronautical Laboratory and TEN that is planning to install a dedicated producer gas 
engine of 100 kW med using biomass in a milk chilling plant in Karnataka. 

The gas turbine mute is potentidy more efficient, but there is no experience with the Biomass Integrated 
Gas Turbine Combined Cycle (BIGCC) in India. International experience in BIGCC is limited and the 
technology is still in the demomfmtion phase. The BIGCC systems are in the MW range and have higher 

I 
efficiencies, but are costly and not yet proven. Figure 13 shows a block diagram of the different 
components of a BIGCC plant. A BIGCC demonstration plant has been set up at Vamamo, Sweden [20] 
using a circulating fluidized bider operating at 22 bar. The power plant cogenerates heat and power and is 

I 
rated to produce 6 MW of electricity and 9 M W  of heat. The plant cost was 539 million in 1993. The 
plant opemtes on wood powder fium forest industry waste and has an electrical efficiency of 32%. 1 
There is a wide variation in eost estimates of the different technological routes for power generation from 
biomass. Research on convmion of biomass into liquid products by pyrolysis is a relatively new 
technology which might be worth expking especially with high biomass prices [21& I 

Biogas plants,both family and c d  sizes, use biochemical digestion by anaerobic bacteria. Biogas 
hss a higher calorific value than the producer and can be directly used in a diesel engine or a dedicated 
gas engine. Biogas consists of 45-70% methane (Ch), with the remaining bemg carbon dioxide (CQ). 
Figure 14 shows a schematic of a floating dome biogas plant. The digedor is a well containing the 

a 
animal waste slurry. The dome floats on the slurry and acts as a gas holder. The spent slurry is sludge I 



Fig. 13 Schmatk of ur IGCC ph.t 
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Fig. 14 Settenintic of a Floating Drum Biogas Plant 1171 
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The nment capita1 cost for a biogas plant connected to a diesel engine-generator is estimated to be Rs 
50,00060,OOO/kW. The cost of electricity depends on the load factor. It is estimated to be Rs 6.5/kWh 
for 5 horn a day operation. Tbis can redwe to about Rs 4kWh at load factors of about 70°/0. Capital 
subsidies are available for biogas plants from MNES and concessionai loans are available from IREDA. 

About 3.1 million biogas plants have been installed in India through March 2001. This is about 25% of 
the estimated potential of 12 million plants. About 3,000 community biogas plants have been installed. 
Most of these installations are only for heating and lighting. 
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The following technology demonstration projects w d d  be useful for deding fuftne alternatives: 

a) Tidal power plant - 3-5 MW range 
b) OTEC - already in progress - 1 MW 
c) ISCC- 35 MW - In addition to this, there is a need to develop capability to manufacture parabolic 

concentcatom for steam generation. 
d) Biomass gasifier N N I ~ R ~  B gas e n e  of about 1 MW range 
e) Cofiring of biomass in a cod-based power plant 
f )  Bagasse dryer installation in a sugar factory with a condensing extraction steam turbine 
g) BIGCC for a sugar factory - This would result in a significant increase in the surplus power 

generation from bagasse. However, the technology needs to be tested at least at a pilot scale for a 
suger factory. 

h) Biomass gsifier/Biogas based mkmturbiae operation 
i) Power generation from a lage scale municipal waste biogas p h t  
j) Hybrid Renewable Systetns - A combination of one or more renewabks with a diesel backup is 

l i l y  to be a viable option for remote off-grid applications. Demonstration projects for wind- 
gasifier-diesel, wind-PV systems should provide useful inputs for future renewable systems. 

A target of 10.h &In iry 2011 is not going to happen in s b&sws-wd scenario. Several 
policy changes are required to facilitate &is. A few policy issues and directions am d i d  here. 

a) Externalities - Most renewables have the benefit of being clean, green fuels. They have significantly 
lower local and global emissions. Fossil fuel based power generation technologies have adverse health 
impacts due to local emissions of sulfhur dioxide, nitrogen oxides and particulate matter. Studies in 
Europe have shown that most of the external social costs of energy supply and use are due to the health 
impacts. There is a need to devise metrics and techniques for incorporating externalities in the social 
choice of deciding appropriate power generation technologies. 

L i e  Cycle Assessment or fuel cycle analysis techniques can be used to determine the total emissions and 
impacts associated with a particular option. The need to stabilize and control greenhouse gas emissions 
globally is providing a new impetus for the development of clean fnels. Tabk I I shows the carbon 
dioxide emissions per kwh of electricity generated by different technologies. 

Table 11. Carbon Dloxids Emissfons from Power T e c ~ ~  in @kWb [I] 

A lie cycle analysis of a biomass gasification combined cycle (BIGCC) plant [2] revealed net carbon 
dioxide emissions of 46 gikWh. This consists of 28 g/ kwh associated with the feedstock production, 6 
glkwh with transportation and 12 g/kWh with power plant construction. The net carbon dioxide 
emissions from this biomass route is only 5% of the carbon dioxide emissions fmm a conventional coal- 
based power plant. 
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II. CARBON MITIGATION FOR TEE INDIAN POWER S E ~ R  

Tbe emqg c1msmqtion in India is rapidly rising due to growing i m h l r i a l i i  ridqg hrama. 
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electricity sector, where consumption has doubled over the last decade (CMIE, 2000). in the past two 
decades, electricity consumption has grown at a rate higher than the GDP and energy (Figure I), and this 
trend has become remarkably pronounced in the present decade. Electricity demand, growing at 8.7% 
annually during the present decade, has outstripped the economic growth rate of 6.2% (Economic Survey, 
1990-2000). Electricity consumption per person, which was 90 kWh in 1972, increased to ahmst 400 
kWh in 2000 (TEDDY, 2000). However, on a global scale, this is still very low, six times below the 
global average, 5% of that in the U.S.A., and nearly a half of that in China (WRI, 2000). 

F i r e  1. Growth of Energy, Electricity, Emissions and the Indian Economy 

/ G D P  E n e r g y  - - Electricity 1 

S o m :  Government of India, Ministry of Finance. Economic Surwy (1990-1998). 

1. Growth Tnn& in Cupace and Generution 

Growth in power generation capacity (figure 2), which increased by ahnost sevenfold between 1970 and 
2000, was accompanied by a greater diversity of technology mix (CMIE, 1990 to 2000). The present 
capcity mix (2000) includes a substantial share of coal (61%) and a significant but declining share of 
large hydro (24%). Almost all the coal plants use sub-critical pulverized coal technology. Gas-based 
power, which has come up mainly during the nineties, has gained an 8% share. Nuclear power has a 2% 
share and renewables around 1.5%. In the last decade, generation capacity grew at 4.4% annually, 
whereas electricity generation has grown at 7%, due to improved plant utilization (CMIE, 2000). There 
has been a decline in the hycbtherd ratio fm power generation. Thermal power's share expanded, due 
to a shorter lead time relative to hydro plants, increasing opposition to large hydro projects on social and 
environmemtal grounds and higher political risks of hydro pmjects due to inter-state disputes on power 
and wate~ sharing. This has added to the peak power problem. India has a hydro potential of 84 GW and 
only about one third of it has been exploited so far (CEA, 1997). 

Gas-fired power has grown from almost nothing to one-twelfth of the total power generation in the last 
decade (CMIE, 2000) due to the low risk associated with lower capital requirements, shorter const~ction 
periods and higher efficiencies. Compared to the use of coal for power generation, gas use has much 
lower environmental impacts. With an increase in private participation in the power sector, plants are 
being built in coastal areas near ports with terminals capable of handling liquefied natural gas (LNG). 
However, inland use of imported LNG remains expensive compared to coal, so natural gas is co-e in 
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steel, and fertilizer have invested in on-site power generation, which is growing at an annual rate of 8% 
(CMIE, 2000). Captive power generation has grown from about 1.6 GW in 1970 to almost 14 GW in 
2000 with almost half being coal-based. Many captive generating plants have excess capacity that could 
supply power to the grid, given the right policy incentives. Some steps have been taken in this direction 
regarding wheeling of power and allowing third party sale. 

I 
4. Transmission and D ~ u t i o n  Sptem fl 

Tmnsmission and distribution (T&D) loses now m u n t  to over one-fifth of generated electricity (CMIE, 
2000). Commercial losses from theft, non-metering and non-billing account for about onequarter of these 
losses. The government still maintains a monopoly over power transport. Power quality suffers from 
widening frequency and voltage fluctuations and frequent grid disruptions. Inadequate capacity, 
inefficient operations, insufficient maintenance, the predominance of low voltage lines (low to high line 
ratio is above 16) and technological obsolescence cause these problems. High losses cripple the financial 
viability of the state-owned power transport system, resulting in a persistent lack of funds for expanding 

I 
and improving the nehvork. css =2E 

iii 
5. Inter-Regional Transfer of El~&i@ and  rid I n  fegration 

E 

The country is divided into five regional grids with very little trading among the regions. Regional 
distribution of power generation in India varies significantly, due to uneven electricity demand and 

1 
endowment of resources across the country. Balancing the economic advantage of transporting fuels 
versus the transmission of electricity has therefore m i n e d  an important issue for national planners. 
There are opportunities for the latter through regional grid integration, which will help in shifting the 
power supply from surplus to deficit regions. This will help reduce T&D losses, peak shortages and 

I 
overall capacity requirements by better load management among regions. Despite coordination and 
financial and technical bottlenecks, grid strengthening is already underway, with plans for the wrnpletion 
of the national grid by 2012 (CEA, 1999). Power trading with neighboring countries like Nepal, Bhutan, 

I 
Pakistan and Bangladesh is also assuming increasing significance (IE, 1999a and 2000a). I 

< E 

The sector consumption profile has undergone substantial change in the past two decades. The 
agricultural and household sector consumption has grown over 12% annually, while total power use grew 

I 
at 8.6% (Figure 3). Industry's total share of power use over the period therefore fell from almost 60% to 
just under 45% (TEDDY 1995196 to 2000101). The phenomenal rise in energy consumption from 
agricultural activities is due to greater irrigation demand by new crop varieties, the very low price of 

I 
electricity for farmers, and booking some T&D losses as agriculture sector wnsumption to show better 
T&D performance by state utilities. 

I 
The electricity tariff stmdwe in India is the main cause of investment disincentives and widespread 
demand-side inefficiencies. The average tariff has remained below the average cost of supply by almost 
20%, d t i n g  in a net main on public funds (TEDDY, 2000101) (Table 1). The gap mainly arises from 
subsidized rates to agricultural and domestic consumers. In 1997, the electricity subsidy to agriculture and 
domestic sector consumers amounted to over Rs. 200 billion, which was the equivalent of nearly half of 

I 
the new investments in the electricity sector in that year (TEDDY 199811999). Nearly 8 W  of this subsidy 
goes to agriculture, with industrial consumers cross-subsidizing half of the total subsidy. The abnormally 
high rates for industrial consumers erode their competitiveness. Early rationalization of the tariff 

P 
structure should therefore be an important agenda of the reform process. 
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choices have to take into consideration all these aspects to be consistently integrated within the long- term 
sustainable national development strategy. 

Coal used in Indian power plants has an average ash content of 40% (ESMAP, 1998; B i m ,  2000). This, 
coupled with low combustion efficiencies of around 33%, generates large amounts of ash, particulate, 
sulfur dioxide (Sa)), nitrogen oxides (NOx), carbon dioxide ( C a )  and heavy metals. Social and 
environmental impacts of hydro projects have been a cause of major controversies and have led to 
massive delays in project completion. Dam constmction has caused resettlement and rehabilitation 
problems (CBIP, 1998b). Managing environmental and social impacts has therefore drawn considerable 
attention in policy-making, project development and operations. 

Govermnent has assumed a predominant role ia electricity supply, with more than 50% of the generation 
under the state electricity boards (SEBs) (CMIE, 1999, CEA, 1995b). There are a few central utilities like 
National Thermal Power Corporation (NTPC) and National Hydro Power Corporation (NHPC). SEBs in 
particular are wide open to political infiuence and tariff distortions. Their performance is far h m  
satisfactory, with most of them having huge losses. Recent power sector reforms are aimed at changes in 
the institutional structure. Rising power shortages, declining efficiencies, poor financial performance and 
investment shortfalls spwted the reform process. Misrepresentation of agriculture consumption, over- 
reporting subsidy impacts md arbitrary depreciation norms are also important reasons f a  the. poor 
financial perfsmnance of SEBs. 

The accompanying institutional changes can be broadly categorized into: corpnettzatlon 
. . 

. . of SEBs, private 
sector participation, u n b u d h g  4 regulatory changes. Corporahzatlon is txpected to increase 
professionalii reduce political interference and enhance financial accountability. The Regulatory 
Commissions Act set up the Central Electricity Regulatory Commission (CERC) in July 1998. The 
proposed functions of CERC include proposing tariffs for central government-owned utilities and other 
generating companies selling power to more than one state, regulate inter-state hansmission, aid and 
advise the central government in tariff policy and arbitrate in disputes between generation and 
transmission entities. Regulatory changes have also been undertaken by the states, with most of the states 
having already set up or in the process of setting up SERCs (State Electricity Regulatoty Commissions). 
The Commissions' functions include tariff setting, regulation of power purchase and procurement for 
transmission utilities, investment, approval and arbitration of disputes, issue of licenses for T&D and 
regthiing working of licensees, setting quality, continuity and reliability standads and promotion of 
competitiveness and private sector participation. 

B. Power Sector Future 

The future assffsment of the Iudk p w r  sector is based on the current o m a l  policies of the 
government and expm forecasts of macrwconomic, demographic and energy sector indicators. It does 
not attempt to precisely pred~ct the future course of the Indian power sector; rather, it indicates a general 
trend under the bushes-as-usual scenario. The reference case is a dynamic representation and includes 
many pro-environmental measures, such as structural changes in the Indian economy, technology 
hprovements, increased penetration of cleaner technologies and fuels, development of renewable energy, 
and adoption of end-of-the-pipe environmental technologies (e.g. flue gas de-sulhrization). Some of 
these measures are already visible on the ground and the reference scenario merely assumes the dynamics 
toproceedasusual in future. 

1. Methodology 

The analysis presented here spans four decades and examines a reference scenario and a few carbon 



1 

- ~ 

ii 
~ 

ill 
-.  
% 3 

U 

I 
I 
I 
I 
I 
I 
ill 
1 
i 
1 
1 
., - =~* -~, 

Y 

d 
M 

~ t m , '  l l t s P o w a ~ ~ f o r m r b t y p u t ~ f t h e i d c g n t e d n p l v r i r ~ f t b e ~  
e m g y s y s t e m . b o t h o n t h e ~ ~ s u p p l y * T b a e f o r e . . n ~ m o & t i R g f n m R o r t f i r t h c  
Indian eeomnmy, enmgy, electric power and c m b h s  malys* is llrrd (Gag d 4 2001). Thir 
mmarorlrhrs~omduluintegntingteniedepmdmtmodclp:~topdwmDddStbebo(tQp.lp 
models and otha modcls ( F i m  4). Tk models m soft-linked thm@ md simiIw bac 
~ a ~ ~ a u d t a l k i n g b e t w k e t h e m o d c l s . M P i t i p k ~ * ~ ~ t b e  
m o d e t s t o e n s u r r c o n s i s t c a c y o f r c s u l t J a n d p o l i c y ~ F a ~ p ~ ~ ~ r c ~ l r s c t b e  
results fiom the b0tmm-q module (Figme 5). It htcptea fne  individarl modch: 

scdarl*.. - -- ~l&tomodelromtceaead-tlrekctas, 
iiii ~ d e m a m i m o d e I a m i c h ~ d a a m d r f o r & ~ f t h e ~ - e n d - p r e b  
iv) Stohsic MARKAL &i for imeat.iaty Ws. 
v) P o w a r w a a l i a m r ~ g ( L P ) m o d c l f o r ~ . o l l y r b .  

Cool:Coplct i n t h e ~ ~ ~ a p r i t Y ~ b i t r p r ~ ~  
~ b l e w i l h c h e o a l t c c b n o l o g y p e a c n t W n T k d ~ r b a e ~ ~ ~ h a p  ' in 
its performame enables it to maintain a high share in genedon Advanced coal t ahnobgk  Wrc Slpa- 
n i t i e P l P u h r a i z e d C o a l ~ t e e I m o l o g y ~ ~ ~ m C a m b i m d * k o ~  
in the mcdium(2MO) and long-tam(2035), h t t h c i r d  rban in t b e c o l l a p d t y d ~  10 

" FCtcehdogypcactntaarithFlneGas~ '* - -- paaot in 2035. C o a d d  Sub-cnbd 



Cmban Maipetcion for the Mion P o w  Sector 

(FGD) units, lowering local pollutant emissiens tiom coal powfx plants con&k%bly. Jn the medium- 
term, around ten percent of the Pulverized coal plants are fined with FGD, with their share increasing to 
as high as 60 percent in the long-term. 

Figure 4: Soit-Linked Integrated Modeling Framework 
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01rbon Mitigation for the Indian Power Sector 

Natural Gar: There is an already existing peak demand gap in the power sector. Advancements in gas 
technologies and rapidly rising peak power requirements increase gas penetration in the medium-term. 
The low investment costs for plants employing combined cycle gas turbine (CCGT) technology, coupled 
with high conversion efficiencies and availability, make base load power generation using gas 
c o w t i v e  with coal at locations far away from the pithead (example, coastal locations) where 
inadequate coal linkages exist and coal transportation costs are high. There are energy security 
implications f a  increasing use of natural gas, as most of the gas requirement has to be supplied by 
imports due to limited domestic reserves. The gas pipelines from Oman, Iran and Turkmenistan have been 
under consideration for quite sometime now. The recent gas findings in Bangladesh could also have a 
natural market in India. In this context, building of gas supply infmtmcture, such as the development of 
ports for imported compressed natural gas, and setting up of reliable and secure hansnational and 
domestic pipeline networks are important issues for India. The foreign exchange requirement for total 
natural gas imports in 2020 is projected to be about US$ 10 billion', with the power sector having a 50 
percent share in the total consumption. Gas penetration slows down in later periods (beyond 2020), due to 
lowering of the growth rate in peak demand due to better load management practices and an increase in 
system reliability, due to a large peak reseme capacity buildup. Beyond the medium-term, gas share 
lowers in base load generation with the rise in natural gas prices and increasing competitiveness from coal 
technologies due to advancements in their technological stock and better operating and management 
plactices. 

Nuclem: At present, nuclear power plants in India operate at very low capacity utilization, mainly due to 
highly unstable grids that necessitate frequent shutdowns. The competitiveness of nuclear power plants is 
very sensitive to the plant load factor due to a very high fixed cost wtnponent and low variable costs. 
Expectations about improved performance of nuclear plants due to indigenous technological 
adv-ts, and better grid management practices leading to substantial increase in their capacity 
utilbtion, will increase nuclear penetration from the present 2 to 5 percent in the long-term. There will 
be a nine-fold increase in its capacity in the next 35 years, with socio-political and environmental 
considerations restricting further capacity increase. 

large H+: Large hydro capacity doubles in the next two decades, and reaches about 90 percent of its 
present estimated economic potential in 2035. Despite the high competitiveness of large hydro 
technology, its share is restricted to about one-fifth of the total capacity due to the large risks associated 
with hydro projects caused by long gestation periods, uncertainties in site identification and testing, socio- 
-tal and political conshaints. 

Orher Renmwbles: Other renewable technologies, including small hydro, cogeneration, biomass-based 
power generation, wind and solar, increase their capacity by more than three times in the next decade, 
with a three and a half percent share in the capacity mix from the present I penznt. In the long-term, their 
capacity share increases to 6 percent. Among these renewable technologies, small hydro, cogeneration 
and biomass technologies are highly competitive and penetrate rapidly, mainly as decentralized power 
options. Penetration of wind-based power generation in the initial years will depend upon a technology 
push policy, targeted at attracting investments, development and strengthening of local manufacturing 
capabilities. These push policies, in the initial years, will enhance technology competitiveness in the 
medium- and long-term. Internalization of the environmental costs associated with fossil he1 based power 
genedon will give wind a competitive edge over these technologies. On the other hand, solar 
technologies pen- in the medium-term due to capacity building through demonstration projects that 
enhance learning experiences, but long-term penetration will depend largely on international reduction of 
costs, lowering of their capital intensity and establishing institutions for co-operative R&D and 
technology tlansfers. 

' The cost of inhhuchm is not included in it. All cost figures in this paper are in 2000 prices and assume an 
exch~n~e'rate of Indian Rs.47 per US $ 
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substi~ed for by natural gas in the power sector. While nahnal gas exhibits early &on, renewables 9 
penetration is late due to their high initial inv- costs. Due to the rising gas prices with higher use of gas 
in later years, the renewable energy penetration becomes higher with rising mitigation targets. Comparing the 
SQ elasticity of carbon emission reduction across mitigabon scenarios also reflects this. It first increases and 
then reduces for each carbon mitigatton target since gas emits no sulfur, while biomass does emit sulfur. 

3 

Table 3: Results of CliBnnte Chomge Policy Scenarios for Indian Energy System 
M 

# Percentage changes over the reference scenario wnsumption 
* Elasticity of SQ reduction with respect to carbon reduction (over the reference case) 
** Marginal Cost indicates carbon tax ($/ton carbon) 

The Global GHG mitigation regimes would have implications f a  India's energy system. As the power 
sector has a very large share in the total energy consumption and has almost 50 percent contribution to the 
total carbon emissions, its energy and technology mix is likely to be altered under the carbon mitigation 
targets. Figure 6 shows the power sector carbon emission trajectories under the mitigation scenarios, 
along with the reference (base) scenario emissions. 

2. Demand and SnppIy Side M i a t i o n  @vnomics 

Analysis of carbon mitigation scemtk provides some useful insights regarding energy supply and demand 
side c o n t r i i m  to emissions reductions (Table 4). In the early periods (2005-2015), the demand sectors 
show more flexibility than the supply side by contributing more to carbon emission reduction since end- 
use demand sector technological stock turnover is faster due to their relatively shorter lifetimesz. But in 
later periods, the supply side contrhtion increases, finally reaching a th-fourths share in the total 
mitigation in 2035. These, however, include emission reduction due to lower power generation 
requkments as demand side energy efficiencies improve. The inertia of supply side technology turnover 
is due to their much longer lifetimes, high investment requirements and longer gestation periods for 
i d m s h d m e  development. The suppFl side mitigation options are prirnarily d t e d  with fuel switching 
from coal to natural gas. Lmg-tenn optiom include penetration of carbon-b technologies like nuclear and 
renewable technologies. Judged from a market perspective, there are large inefficiencies on the demand 
side due to capital shortages, risk, high transaction costs and weak financial markets. The supply side is 
better M.ganized and has lower inefficiencies. 

Supply side contribution increases in the medium- and long-term with the retirement of existing capacities 
and buildup of progressively new capacity. Table 5 shows the technology shares in electricity generation 
v i t y  in the reference and carbon mitigation scenarios. 

The demand side includes all end-usc demand tedmologies tbat consume elatricjl, liie efectric arc furnaces for 
steel making and fluorescent lamps for lighting. The supply technologies a n  the electricity generation technologies. 
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emission reductions back to the sectors contributing in emission reduction can assist in the lowering of 
mitigation costs and ensure the sustainability of the regime in the long-term. 
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Energy ond Emirrim m Clobol &Ls in Urbmr Tnmqmn in India 

A gradual transformation from rail-dominsced ksuspm to msklominated nsnspon has aF wimesscd in 
the last few decades. As can be seen in Table 1, the share of railways has decreased from 32.9% of the 
total Passenger Kilometas in 1970.71 to 20.0% in 1996-97. During the same period, the share of 
railways for freight bansport (Ton-Kilometers) declined from 65.5% to 40.096. Note that the values do 
not sum to unity, the remainder being the share of domstic air mqxnt. Almough figures for the recent 
part are not available, the broad trend is the message. These are estimated periodically using assumptions. 

The total passenger kiiomesm 0 and Ton Kilometers (TIW) by Indian railways were 404.1 and 
281.5 billion. r e s ~ v e l y ,  in 1998-99 (Table 2). The growth rate in rail passenger bansport during 1980 
94 has reduced to nearly half of the growth rate of 1970.80, whereas the rate has nearly doubled for freight 
haffic. However, the growth rates have increased in 1993-98. Bulk commodities (dominated by coal) 
have constituted about 85-90% of the total revenue originating tonnage on railways. 

Suburban rail haffic has grown at a slightly higher rate than the non-subdm segment during the 
Seventies and Eighties. Suburban rail have1 in Mumbai constitutes more than 68% of this WIG, while 
other -litan cities, namely, Calcutta, Chennai (formerly Madras) and Delhi constitute abwt 25%. 
6% and 0.6%. respectively. 

Table 1 : Trends in relative rail and rasd traffic 197M1 to 1996197 

1 PKM~ 
Sauna: 1. CMF-Basic Statisties Relating to Indian Economy, 

2 Ministry of Railways 1998..Statm p a p  on I d a n  Railways. 
3. Ministry of F i  1999 Economic Survey. Govemmnt of India 
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which use reduced form equations without structural details and the implied policies behind them remain 
unclear. Another approach of topdown modeling is the computable general equilibrium (CGE) approach, 
where equilibrium prices and quantities are computed for one period and repeated sequentially for several 
periods. The main choice of the economic agents is essentially of static nature confined to events 
occuning in a single period, with a few linking equations for capital or labor stock from one period to 
another. Both econometric and CGE models often assume a high substitution elasticity, which makes it 
easy and relatively costless to adjust to C q  constraints. The activity analysis approach we have adopted 
here pennits the easy incorporation of a simultaneous choice of economic variables for several periods in 
a dynamic setting. It provides macroeconomic consistency and incorporates specific technological options 
with limited substitution possibilities. This method can be viewed as one that integrates both the top- 
down and the bottom-up approachesz. 

In this paper, we use an activity analysis framework to examine the effects of C 4  emission reduction on 
the national economy. This model. reported in Muthy, Panda and Parikh 12000). uermits exvloration of 
alternative technologies to meet C& eonstraints f r k i  long-term dynamid &ti=. ~ i t d  alternative 
activities m t i n g  different technologies, one can permit substitution of various kinds and i n c o m t e  
non-linearit& in such models. The model maximized a social welfare function specified as the present 
discounted value of utility streams comxpnding to the per capita consumption of an average consumer, 
given the resources available to it and the various technological possibilities for using them. In principle, 
the time horizon of the model must extend to infmity. Empirical models, however, work with a finite time 
horizon of length, say, T time periods only (taken to be 35 years in our case), as it is computationally 
impossible to work with an infinite number of time periods. Instead, they account for the post-terminal 
period in other ways. 

Murthy, Panda and F%ikh, J. (1997a) estimate the carbon emission codficients for the Indian economy 
and carry out various experiments using the input-output framework to identify the major emitting 
sectors, both directly, through a sector's own production process, and indirectly, through the demand for 
various inputs. In another paper. Murthy, Panda and Parikh J(1997b) calculate the carbon emission 
c&cients for six different income c h  in nnal and urban areas and futd out how much emission 
takes place in the production of goods and services consumed by different income classes. While the 
carbon emission coefficients estimated in these papers have been used here with suitable aggregation of 
sectors, the model structure extends from consistency analysis of the input-output models to 
considerations of optimality in a general equilibrium framework. 

We represent the whole economy with seven commoditiedgoods, some of which can be produced in more 
than one way. In particular, elecbicity can be produced by coal, oil, gas ( d i n e d  cycle gas turbine, 
CCGT) and others (hydro and nuclear). We foeus on specific options for the power sector, as a large part 
of India's C@ emissions occur in this sector and policy options here need to be clearly understood. 
Industrial output can be produced by two alternative activities that use coal-boiler and oil-boiler 
technologies. Technical progress and energy efficiency gains over time are prescribed exogenously. These 
remain the same across all scenarios. 

Income distniution is endogenous and depends on the total consumption, exogenously projected total 
population and specified Lorenz ratio. The portion of the population belonging to each consumption 
expenditure class is determined in the model. Thus, the composition of aggregate consumption changes 
nonlinearly as the economy grows and people move from one income class to another. Fifteen alternative 
consumption bundles are provided for each class to represent approximately the indifference curve of the 
class. This permits substitution across commodities when relative prices change. The class boundary of 

2 The model usd here 'mtegmtes' topdown and bottom-up kowmie models with proper mvinmmcntal =counting. In this 
snse, the bmn "integrates" differs here fmm m a s&oi~ of Ule climate change literatun w k  it is used to refer to integration 
of popolation, sconomie and climate change modules. 
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B. Cartton Reduction Options 

In the model, C Q  emissions can be reduced in a number of ways. First, they can be reduced by reducing 
the levels of different activities. This has the direct effect of reducing income and consumption and hence 
a loss in the social welfare. The second method is to change the composition of production in the 
economy in favor of less C@-intensive activities. This can be done either by changing the structure of 
trade so that the more C@-intensive products are imported, or the structure of consumption and other 
final demand may be changed by reducing the budget share of C02-intensive goods in the total final 
demand. This leads to an indirect loss of current welfare as the investor and consumer choices get 
distorted. 

In addition, technological options are also available for reducing thi CQ intensity of activity levels 
These have the virtue of reducing emissions without any significant loss of output. There are essentially 
two such options: (a) Reduce the amount of' Ca-emitting energy inputs required by different activities; 
additional investment may be required to install equipment that can operate these precesses at higher 
energy efficieoc~ and @) switch to less carbon-intensive fuels. For example, instead of a coal based 
power plant, we may install a CCGT power plant, or instead of running industrial boilers on coal, we may 
use oil. The C@ emission coefficient varies a m s s  the fuels, being highest for coal (26 tUGJ), followed 
by oil (21 tUGJ) and lowest for nahual gas (14.7 tUGJ). Thus, oil or natural gas can substitute for coal 
and lower C Q  emissions. 

To sum up, the model used here belongs to the dynamic optimization category in a multisectMal and 
intertemporal hunework with particular options for technology. It maximizes an objective function which 
is the discanted sum of utilities fi-on~ consumption. The dynamic framework permits examination of 
optimal in- choices. Them sre some specific features we might wish to highlight in this model 
for the Indian economy. First, the model incorporates specific technological options with a choice of 
alternative activities (or a combination of them) for producing a commodity. Second, it traces welfare 
effects for the hew-income groups by examining the incidence of absolute poverty in the population. 
Third,  the^ are large differences in commptkm petterns among different income classes in a developing 
country, which are qmsmted in our model. In this context, we also specify several alternative 
consumption bundles for each income class, from which the respective representative consumers can 
choose. Thus, we permit consumer purchases to be sensitive to the relative shadow prices of commodities 
in our programming model. Endogenous income distribution is important because it will have 
considerable impact on the structure of consumption demand in the economy, as population in a lower 
income class today will move to a higher income class in the future as income growth takes place. F i y ,  
we impose terminal conditions on stock variables in our model. With the inclusion of natural resources 
among the stock variables, the terminal conditions can be interpreted as sustainability constraints. 

C. Data 

We have empirically implemented the model by using recent data for India to estimate the various 
parameters and initial values of different vaiiables included in the model strvchrre discussed in th 
previous section. Input+- coefficients and capital-output ratios for various activities form the core of 
the model. This data is available from published sounxs for most sectors.) In some cases, like the capital- 
output ratios for the generation of electricity using alternative tech-, we have based our estimates 
on statistics published by the Centre for Monitoring Indian Economy (1995) on the ongoing and proposed 
power projects in India. Future projections of government consumption levels and of the upper and lower 
b o d  for exports and imports (where relevant) are specified in terms of growth rates. The database for 
operating the model is listed in the Appendix Tables. The model is solved using the GAMS p m ~ ~ g  
tool developed by Brooke et al. (1988). For endogenous income distribution consistency, we iterate over 
optimal solutions, changing distribution parameters between iterations till they converge. 

' Details are available in Parikh et al. (1995) 
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F i g u r e  1:  A n n u a l  E m i s s i o n  in M i l l i o n  tC 

Table 4: Income and Consumption Effects of Carbon Emission Reduction in India 

usual 
AlO&?O,A30: Annual reductioe of COZ emission by lo?/, 2P/, 30% over BAU 
CIO.C2O.C30: Cumulative reduction of CO2 emission bv 100/0.20%. 300? over 

Cumulative 
Emhioms (mtc) 
BAU: Business as 

~BAU ' 

Swnr: WIDR Model re.sults 
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The model results for alternative activity levels for the 5'h and 30* years are presented in Table 6. These al 
results clearly illustrate that, when a C02 emission constraint is active, India would shift away from coal- 
based electricity to oil- and gas-based electricity and from coal-boiler based manufacturing to oil-boiler 
based manufacturing. There is, however, no change+ver to a new technology in the short run, when a fi 
cumulative restriction of 20% or less is affected. 

Table 6: Effects of Carbon Emission Reduction on Selected Activities in India 

Sou% IGIDR Model results 

The c l i i t e  change problem due to csrbon dioxide emission from ' ~rrttrees in the indushial 
age has athacted the attention of &any nations. Even as the world c=moving toward reduction 
of such emissions on an urgent basis, it also understands the need for the low income developing 
countries to attain a decent standard of living. Hence, it is recognized, as in the Kyoto Protocol, that a 
global CQ emission reduction strategy must safeguard the developmental objectives of the developing 
countries. It is for this reason that India has rightly been excluded from undertaking any binding 
commitmemt to CQ emission reduction. 

However, the two largest c o u n h i d h i n a  and India-might contribute significantly to incremental 
carbon emission in the coming decades. They need to explore whatever possible emission reduetion 
measures they can take without compr~&&g their income growth and poverty reduction objectives. In 
this paper, we have attempted to examine the impact of alternative levels of carbon dioxide reduction 
measures from a 'business as usual' scenario on growth and poverty in India. 

The results from the scenarios suggest that annual emission reductions impose costs, in terms of reduced 
GDP and higher poverty, both in the short and the long run, through distortions in the choice of 
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Typically, in the literature, a two-parameter standard lognonnal probability density function (SLN) 
underlies the distribution function j: The two parameters are the Lorenz ratio (LR) and the per capita 
expenditure (PC). We calculate the proportion, pop,,,, of people in the p-th class using the value of PC, 
chosen optimally by the model and the class expenditure boundaries (8' and 8) for thepth class and the 
value of the Lorenz Ratio (LR), each specified exogenously. The magnitude of population in thepth class 
is given as 

POP,, = POI: .popp, where pop,, = f (pc,;LR,eP)- f ( P C , ; L R , ~ ~ ' )  (17) 

where SLN(z) = (18) 

me that eo = 0 and 2 = - which yields f (PC, ; LR,O) = 0 and f (PC, ;m,-) = l .  

The average consumption expendihtre PCC,, of classp can be computed as: 

A repmentative consumer of the@ class is allawed to choose a linear combination of R di-t types 
of commodity bundles. Her consumptiat expenditure budget (PCC,,) is allocated across the R bundles in 
each time period t so that the following identity holds. 

PCC,, = 2 PCB,,,, 
r=l 

(20) 

Each conrmodity bundle is composed of difhent eontmodities in fued proportions. For exanzpfe, &, is 
the expenditure share of commodity i in the r-th bundle available to a consumer of classp and this d u e  
remains fued in the model. Nevertheless, the consumer achieves a degree of substitution between 
d i b t  commodities by choosing the combination of different bundles and the amounts she spends on 
each of them. The consumption vector (C) of each class as the aggregate over the set of R consumption 
bundles. 

The economy-wide consumption vector {H) is then represented by the sum of consumption vectors 
correspoading to the individual classes. 

Since the distriition parameter (LR) is fixed in wr model, poverty alleviation requires growth in 
consumption, which is chosen optimally in the model subject to the constraints. I 
Another point to note in this co~ect ion is that we have used the GAMS program to solve the model. 
GAMS however, does not permit equations with standard lognonnal functions, SLN(.) above. It, 
however, permits a loop where the SLN function could be computed before obtaining the optimization 
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Table A2 
Model Parameters Related to Commodities 

Variations in budget shares are permid  a d  these base values as discussed in the text. 
2) Government budget shares are h m  1989-90 1-0 matrix. 
3)lmports and exports bounds appear only for some sectors indicated above. 
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Table 1 : Global Estimated Sources of ~ethane'  

Table 2 : MetLsne Emissions from Human AetMtks in 1edia4 

I: I Biomass burning 
Solid Fuels 

1 4 1 Enteric Fermentation I 7563 I 

I 8 I Solid waste disposal on land (landfills) I 334 I 

I s i & i & A s r ~ t  qf Cbimv - ~ I R m e I  m~ Climate Chaw (lPC9,1990. 
'lnciion domestic livwfoekpopuhton incrwsedfrom 450 million in 1978 to 467 million in 1992, ep?cled& incrase to 

625 million in 2020. 
3 m h c p o d d y ~ e d m a o u 4 2 . 3 2 n k r m ~ - h g t n m A s i o .  
4 Asia h~# GrrenhouJe Gcu Abalonenf Swmegy : India (ALGAS). 1998 

9 
10 

Domestic and connumiat waste water 

~ a l a g s t c w r t c r  
49 

2,905 





Municipll Solid Waste Mmgementfor Clinmte Change Mitigation 

m. MUNICIPAL SOLID WASTE GENERATION IN INDIA 

M m i i p l  solid waste is dcfuad as refise from households, waste from cmmnemial e s t a b l ' i t s ,  
refw from institutions, market waste, yard waste and street sweeping (World Bank, 1994). The 
quantity of MSW generated by a city depends upon a number of factors such as food habits, standard 
of living and degree of cormmrcial and i n d d a l  activity in the city. 

In 1982, a study was conducted by the World Health Organization on 'Rapid Asw&ment of Sources 
of Air, Water and Land Pollution'. As per the study, per capita municipal solid waste gerterated in the 
lowest income areas in South East Asia is 0.4 kgtday. The National Environmental Engineming 
Resea~~h -Me (NEERI), Nagpur, through its surveys, has reported that in cities like Bombay, 
Calcutta and Hyderabad, the generatton of solid wastes varies h m  0.33 kg 1 capita 1 day to 0.5 kg 1 
capita I day. 

A similar study, oondacted by t8e Envimment Rotection Training R e s d  Iostitute ( E m ,  
Hydedmd, has shown that in W a n  towns and cities the per capita wastes generated range between 
0.3 kg I day to 0.6 kg I day. India has about 300 class I cities and towns. A raent survey by the 
MinisQy of Non-Conventiod Energy (MNES) indicates that about 56,900 mctric tons per day of 
solid waste is gexmated firom the citiedtowns in India. 

A. Qmantnm of Wastes Generated 

The genaation of solid waste is directly dated to mnmmption paltans. W i  India, there is a large 
intercity variation as far as per capita waste generation is concemcd. According to the Central 
Pollution Control Board (CPCB, 1995), the daily per capita g-tion of solid waste in s d l ,  
medium and large cities'towns is about 0.1 kg, 0.3 to 0.4 kg and 0.5 kg, rrspectively. Twenty-three 
m=mplhn cities, which contain as much as 32.5 percent of the d e n  pswlation sccording to the 
1991 Census, are the major contributors to the total waste generated in the country. Table 3 shows that 
23 cities together generate 37.7 thousand tons out of 65.37 thousand tons of solid waste generated 
every day in urban areas of the country. In view of these facts, management of soti waste is primarily 
an urban issue in India 

Tabk 3 : Quantity of Solid Waste Generated in MehPpolitan Cities 

( Total 1 37,666 
h e :  Centml PoIhrion ConhOl E d ,  1995 





Temperature 
Wam kmpedwe in a landftn speeds up the growth of methane producing bacteria The 
tempemhue of waste in the landfill depends on landfill depth, the number of layers covering the 
landfill and climate. 
PH 
Methaue is produced in a neutral environment (close to pH 7). The pH of most landfills is 
between 6.8 to 7.2. 

G. Ikgradation of MSW 

Anaerobic decomposition of MSW in landfills starts sometime after the dunping of the waste. This 
proass consists of several phases. These are : 

Aerobic phme 
In this phase, the oxygen present in the landfill is co~~~umed in the ( d c )  degradation of 
orpuic compounds. This phase is relatively short (several days to several weeks), since the 
quantity of oxygen presmt is limited 
Hyddysisphme 
In this phase, the large organic molecules are converted into small soluble molecules such as 
lower fatty acids, simple sugars and amino acids. 
Acidwenic ohme 
UndRanaekhic c c d i t i m  (ahsence of oxygen), hydrolizcd conpounds are degradad by bcteria 
into fatty acids. In this way, the acidity level (pH) is reduced. The gases that an fonaed in this . 
phase are mainly hydrogen (HZ) and carbon dioxide (CQ). 
Mdhanogenicphare 
haingthemethaaogenesisphs&,thefattyac&fmncdinfhelcidDgaricpbastan~ 
mainly into methane (a) and carbon dioxide (CQ). The methamgem& can sometimes take 
several months to y e m  before methane is formed. In contrast to the microorganism in the 
acidification phase, the methane-forming bacteria are s d t i v e  to suddw changes in the 
en-tal condition. It is, therefore, important that during the mtbanognic phasc the 
lendfill remains under anaerobic conditions. 

Because a landfill is highly M e q y x m s ,  the stages -bed above will occur simultaneously in a 
landfill. 

The rate of degradation is dekmined mainly by the tempahue and moisture content of the wastes. 
The kanpmbm in the landfill m n a i ~ ~  initially rather high as a result of heat released in the aerobic 
aegradation (tempsdture rises to 30-50'~). Due to beat 1- to the e n v i m  the kmpatwe fatls 
aRa a pcriod of time, to values which result m a far slower growth of methane-forming bacteria This 
MI in temperaton occurs OVR a period of several years. Ultimately, the temperature will reach a 
level W a r  to the knpxmm of the envimnment 

Mobilityoffireewatainthe~body~~g)easumthattrtymesaad~~prescntinthe 
~obtainaccesstothealgnicmatcrial,whichhassofarnotbtendegradcd Theslowmovement 
of water is me of the msom that the fommtion FUCCCSS of landfill gas can take many years. 

IV. MUNICIPAL fbLiD WASI'E MANAGEMENT m C T I C E S  IN INDIA 

With .bout 300 class 1 cities aad hvns, India prohurs nearly 56,900 mhic tcnr3 of nnmieipal solid 
wa%bs pa day. In urban areas, the responsibility of solid waste management lies exclusively with the 
llrbsn local bodies, that is, municipal goveimmts. However, the municipalities in most states in India 
are not statutorily respmsible for cdlscting garbage from the households. They usually perform the 
third and fourth stages of the SWM function 

The Gov~mmnt of India has brought out Gazette Notification in September, 2000 on "The Muaicipal 
Wastesa (Management and Handling Rules, 2000). These rules shall apply to every municipal 
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The higbest rank of the Int- Solid WIlste Managemnt (ISWM) is waste mininxhtion or 
reduction at source, which involves reducing the amount of wastes produced Reduction at source is 
the first in the hierarchy because it is the most effective way to take care of all the issues related to 
solid waste and its nranagem~~~t, the environmental impacts and the cost associated with its handling. 

The second highest tank in the hierarchy is recyc1'in& which involves (a) separation and sorting of waste 
materials; (b) prepamtion of these materials for reuse or reprocessing; and (c) reuse and reprocessing of 
these materials. Recycliing is an important factor, which helps to reduce the demand of resowws and 
the amount of wastes requiring disposal by lan&llkg 

The third in rank is waste processing which involves alteration of wastes to recover conversion 
pmducts (e.g. compost) and energy. The processing of waste materials usually results in the reduced 
use of I&ll capacity. Shredding and compaction may also be undertaken to reduce waste volume. 
Moreover, such an ISWM has other associated benefits that include reduced public health hazards, 
reduced surface and ground water pollution, air pollutiw, and production of compost material for use 
as fertilizer etc. 

Landfilling I dumping is the last in the hierarchy and involves controlled disposal of MSWs on or in 
the earth's surface. 

A. Primary Collection of Garbage h r n  Honseholds and its Transportation to 
Collection Points 

The task of dlecting garbage from hmschdds and taking it to a collection point primarily is an 
activity perf& by the households the-mse1ves. In many cases, where the residents are 
econanically better off and hygienically collscious with active resident welfare associations (RWAs), 
efforts are made to organize the collection of garbage 6om each household and !mmport it to the 
collection point These efforts, although still nascent, are now visible in many cities in India 

Instam;es of finding door-t& collection of gerbage are more urmmon in group hLdng Societies, 
ptople staying in high-rise ap&ments and RWAs in colonies of individual houses. In most of these 
cases, safaiwallas (cleaaas) are employed privately who collect garbage from every household and 
tramport it to a common collection point from where the municipality picks it up. In fact, in Delhi, in 
the residential colcmies w d  by the Delhi Development Authority (DDA), it is stipulated that 
RWAs have to be formed to p v i d e  these facilities, since neither the DDA nor the municipality 
provides the facility of doo~-todom collection of garhage. In Mumbai, in many highise apartmmp, 
the garbage from all the flats is c d l d  and placed in large bins at the entrance to each apartmmt. 
The municipality pickup vehicle oomes at a predecided time to collect this garbage. In many areas, 
the pick-up vehicle announces its arrival by ringing a large bell or blowing a horn. This method of 
wllection prevents the accumulation of garbage at round-the comer collection points. In Mumbai, a 
major nuisance is thus avoided, since the humidity in the atmosphere causes the garbage to degrade 
very fast, leading to dygicnic  caditiom. In cities l i e  Delhi, the collection points do kmmc an 
eyesme, espbcially if the municipality does not collect garbage regularly. The garbage is seen to spill 
out on the adjacent road attracting cattle, flies and other stray animals. 

g he pctice of garbage w~ection hmsho~~'asscs in most llnp~amed and una* 
satlemcnts. 'Ihe mqmsib*ty of taking the garbage to a collection point is with the residents. As a 
dt, the garbage is thrown anywhere along the road or in a vacant plot, and sometimes even in 
parks. In such places, garbage is swept away by the safai karmacharis. 

2. Segregation of WiPfr end Resource Recovrry 

A stage between the collection of garbage and its disposal is that of resource recovery. The 
muuicipality in any city in India does not do segregation of garbage into biodegradable and non- 
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C. Actnnl Disposal of Waste 

That are a variety of methods for the disposal of the refuse collected from different collection points 
in a municipality. According to CPCB (1994), the prevailing technological option$ for municipal solid 
waste disposal include: 

SanitPryladill 
Incineration 
Ananobicdigestion 

Fuelpelletization 

The prevsilmg techological Cprtiats being fobwed for Municipal Wid Waste (klSWf dispossl in 
our country are (mcientiftc) land filling, burning in the open and composting. The wastes are 
normally brought to a designated landfin site, mmnally a low-lying area on the outd&s of a city. The 
choice of a site is more a matter of what is available than what is suitable. Only a few cities follow 
such good practices as organized tipping of wastes, using mechanized equipmm for leveling and 
compacting the wastes, and cover@ the top layer with earth before conpacting it further. In small 
towns and cities very often the garbage is dumped in ponds or on the banks of a river. In hill townq 
the garbage is dumped along the hillside on the outskirts of the town, which amrtcts monkeys and 
vario~ls other animals. Collection of recyclable items like plastic, paper, etc. and traasporting it to 
large towns for recycling is not an economically sound option. Efforts are required to organize the 
collection of these recyclable mterial iium hill towns or else t h e  towns will be enveloped by waste. 

T h e l a e k o f a s c i e n ~ a n d ~ M ~  Solid WabteM?-t ~Wk4)spteminmostof  
the cities and towns poses a mious health and envimnmmtal problem Therefore there is an urgent 
noed to improve the M W  by capacity building of the municipal managers to modernize (i) 
milection, (ii) bmqmhtion and (iii) disposal systems with a view to waste minhhtion and 
Rdnction of methane emissions. Such a MSWM system must reduce the local and global 
envimmmtal impacts of municipal wastes andshould operate at a cost acceptable to the c o d t y .  

Thc Ministry of E n d t  and Forests, Government of India, through the Gazelte Notification of 
25 Septemba, 2000, has brcught into force the Municipal Solid Wastes (Management and Handling) 
Rule, 2000, applicable to every municipal authority responsible for the collection, segregation, 
anage, e o n ,  processing and disposal of municipal solid wastes. As per the wtification, the 
municipal authorities are nquirrd to frrrnish an annual compliance repat to the State Government a 
the Distrid Magishate on or before 30 June w ~ y  year and the State EXmds and the Committees have 
to prepare and submit to the Go1 an annual report with regard to the implementation of these rules by 
1 5 s e p t e m b ~ ~ e r y ~ e a r .  

The Rule stipulates detailed cmrplianx aiteria and procedures for rbe r m m a m t  of municipal 
solid waste by the muni+aUies in India. 

Under the provisions of maaagancnt of MSW by the municipalities, detailed co~npliimce criteria for 
(I) collection, (2) segregatjon, (3) storage, (4) -tion, (5) promsing and (6) disposal of MSW 
have been outlined under Schaduk II of the Notification. Under Schedule 111, 'Specification f a  
Landfill Sites' has been brou&t ont, psrticularly under 'Site' Selection', 'Facilities at the Site', 
'Specification for Landfilling', 'Ponution F'revention', 'Water Quality Monitoring', 'Ambient Air 
Qnality Monitoring', 'Planting at Landfill Site', 'Closun of Landfill Site and Post-care' and 'Special 
Care for Hilly Areas'. Each of the specifications for landfill sites is further discussed briefly. For 
details, one should refer to the original Notification of the GoI. 
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G. CIosore of Laadfflt site and Post-Care 

As per the notification, postclosme care of a laadfill site has to be condwkd for at least fifteen yeara 
A long-term monitoring or care plan should consist of the following : 

maintaining the integrity and effectiveness of final cover on the landfill site 
monitoring leachate collection 
monitoring ground water as required undcr the provision 
maintaining and operating the LFG coileaion system to meet the standard 

The Notification stipnlates eompiiance critexia for the municipalities as follows : 

Landfining must be restricted to m-biodegradable, inert waste and otbcr wastes tImt .we not atitabIe 
e i k  for recycling a for bi- praxssiag. Landfilling also has to be carried out f a  residues of I 
waste pmcdng  Lcilities as &ll as pre-pmce&ng facilities. 

By 31-12-2003 
Once in six months 

By 31-12-2001 or earlier 

By 31-12-2002 

1 

2 

3 

4 

VI. TECHNOLOGICAL OPTIONS FOR METAANE EMISSIONS REDUCTH)~ 

Setting up waste processing and disposal facility 
Mooitmhg the performance of waste processing and 
dispossl facilities 
hnprovement of existing landfill sites as per provision of 
tbcsc mles 
Identification of landml sites for future use and makmg site 
(s) reedy fa operstim 

T h t p r o b 1 a n o f w a s t e m i s ~ c s n b e a d m c s s e d t h r 0 ~ ~ t h e ~ o n o f ~ o v c d m t h o d s  
of colhtion, transportaton aad scientific and enviromnmtally friendly technologies for the treatment 
and processing of waste before it is disposed of. 

A. Resource Rceevery &F%+#I Waste Processing 

Processing of MSW may provide energy (electricity) or rich compost, depending upon the 
technology adopted. It has bezm estimated that there is a potential of generating about 1,000 
MW of power fim~ urban and municipal wastes and about 700 MW 6vm indmtxial wastes in 
the country. The total hnfiaa~ market for Municipal Solid Waste treabnent and disposal 
technologies (excluding collection and transportation) in 1997 is estimated at USS270 
million7. The market is projeed to grow at an average annual rate of 20 percent dining the 
next 3 years. 

B. Advantage of Reeevrrp dEnergy  from MSW 

C " of energy 6om MSW hss certain distinct advantages, such as: 
Tht total quality of waste gets re&ced substantially 
The quality of ldtover waste, from the point of view of causing environmental degradation, is 
iqrnved 
DemandforlnodBor~ofwsstesisreduced 
Carriage cost is reduced, as garbage need not be carried to a faraway place for dumping 

7 FieM !histry of Norrrmv8nfionty Energy Sauces. M w  Delhi 
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There are at least seven domestic c x m p n k  offering technologies d o r  Avnlrqr project services for 
implementing municipal solid waste treatment and disposal projects in the country. Of these 
companies, only one has been able to suc-fully implement projects to produce cornpost based on 
the aerobic process. Excel Industries Ltd. has an almost 60 percent share of the mupcsting 
technology market in India at present. The company has developed the low cost mupcsting 
techwlogy indigenously and bas bem able to make an impact on the market, cnating more demand 
for its technology. The main reason for the company's success has been its ability to partially fund 
these projects, and also provide assistance in marketing the end product - wmpost. However, a 
n u m k  of projects under implementation by the different municipalities are using newer, more 
capital-intensive technologies such as Biomethanation and Sanitary Landfilling. 

This market was M y  non-exbtent until a few years ago. Several key factas and pressing 
envimnmental concems led to the creation of this market, which has bien growing at a fast pace. The 
major factors8 that will lead to market growth and are likely to play a dmtinant role in the f i  are 
as follows : 

Strict envimnmental regulatiom enforad by the Cenirai Pollution Control B d  and the Ministry 
of Enviromrmt and Forests. 

J u d i c i a l ~ t i i o n b y t h e S o p r e m e C w r t o f I o d i a , d i n d i e g ~ ~ / ~  
Lacai Bodies to ensure bener municipal solid waste management 
F i a l  and fiscal incentiva offend by the Ministry of NonConmtionaI Somcm to 
encourage the promotion of waste-to-energy projects based on municipal solid waste. 
74th Constitutional Amendmmt Act empowe&g the urban local bodies to make independent 
decisions on pmtmting municipaf solid waste disposal and treatment projects. 

Emphasis on privatization and allowing private entrepreneurs to promote sucb projects an a 
Build-Own-Operate and/or Wtild-Own-Operate-Trimsfer basis. 

V& tdmologies are available for u t i l i i  MSW profitably and these can be classified mxier the 
following heads : 

Bidogled option (a w wMmmt the aid of o m n )  
9 
9 Biometbmion 

nmmd option 
9 Pyrobis 
9 Gasification 
9 Incineration 
9 Plaslna rm: 

AU these optio~~s of waste processing and recovery of energy and other usaid products are dirPcussed 
one by one. Their eonparative advantages and limitations have also been highlighted. 

corn- 
Co~lposting can be defiaed as the biological decomposition of the organic cci~~tituents of 
wastes under wntdled conditions. lhis process can take place in the presence or ab- of 
oxygen, that is, aerobic or anaerobic composting. Aemhic composting, if efficiently canied out, 
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(about Wh), cubondimkk (about MY) and andl quantities of NH, and HzS. It has a 
calorific value of about 5000 kcallcu.m Depending upon the waste composition, the biogas 
production ranges from 50-150 cu.m/tw of wastes. This biogas can be utilized either for 
cooking or heating applications or for generating power or electricity through gas engines, gas 
& b k s  or steam turbines. The sludge from anaerobic digestion, after stabilization, can be used 
as a soil conditioner or mure. 

Pdktintion 
Pelletizatiw is the production of fuei pellets from solid waste. The process is esseatially a 
method that caadeases the waste or cbr*lges its physical form and eneicbcs its organic content 
through removal of inorganic materials and moisture. Pellets can be used for heating plant 
boilers and for the generation of electricity. They also act as a perfect substitute for c d w o c d  
used in hdin-.  Petletization offers the possibility of decentralized garbage treatment 
facilities. 

Pell&tion of MSW invohres the proasses of segregating, crushin& and mixing high and low 
heat value organic waste material and solidifying it to produce fuel pellets or briquettes, also 
rcfmed to as Refase Derived FMl (RDF). This can be cwvmiently stored md t m q o ~ W J  
aud used as a supplementary fuel for combustion pnwxsses and utility boilers. The cal* 
value of RDF is about 4,000 kcaykg and it depends upon the content of a m h t i i l e  organic 
materials in the waste, additives and binder materials, if any, used in the process. 

Tabk 8 : E v h t i o n  of PeltetiPtion 

supplementary fuel for combustion 3. The process cmwmes more energy than the 
process and boilers biological process, such as conposting 

of hi& calorific value &kts 
2. Pellets can be conveniently stored 

and m e d  
3. Pellets can be used as a 

4. UMxmtrolled burning of pellets may lead to 
h a r m f u l e m i d  

5. Even a mace amnmt ofplastic content in the 
pellets can be harmful 

- 
op&-ted d-;ri;lg rainy seasar , as the &ge is 
too wet 

2. High moisture content of Indian MSW 
increasesthecost ofdrying 

G&ation 
Gasiication is the pmces% involving partial combustion of a carbonaceous fuel to generate a 
ccdwti i le  fuel gas rich in carbon monoxide and hydrogen. A gasifier is actually an 
incinerator opersting under reduced conditions. Heat to sustain the process is derived from the 

I 
exothermic reactions, while the mnbustiile conpnmts of the low-energy gas are primarily 
gemerated by the endothermic reactions. The kinetics of the gasification pcess are quite 
complex and a subject of considerable debate. 

I 
111 

When a gasifier is aperated at ammqheric pressure with air as the oxidant, tBc end pcdu& of 
the gasification process are a lowcaergy gas typically containing 10?4 CQ, 20% CO, 15% H2 

@ 

and 2% CH, (by volume), with the balance being N2 and a carbon-rich char. Because of the 
diluting effect of nitrogen in the mput air, the low-energy gas has an energy content in the range 
of 52 to 6.0 hU/m3. When p m  oxygen is used as the oxidant, a medium-energy gas with 





b. . Proposed Power G e m t i o n  Capacity 

a) Installedcapacity 5.4 MW (generation) 
b) Auxihy C-on 0.75 MW 
c) Net generation capacity utilization (in %) 

I* Year 600%. 25.66 MKwh 
2* Year 65% 27.80 MKwh 
3d Year 75% 32.08 MKwh 

a) Nearest subsmion of MSEB Wahda 
e) Utilization of power generated 

i. Captive use 0.75 MW 
ii. Sale to third perty 4.0 MW 

c. Statm of Dippod of Wastewater after Power Geaerntion 

The, wastewates generated will be disposed off after proper biological Weahnenf according to Nagpur 
MmicipalC-h 

This project has b&n taken up irs pilot study, but due to operational problen~, the project has been 
abandoned 

The Lucknow project would tnst MSW using BIMA ( Biogas Induced Mixing Armngement ) 
digestors. This technology has been developed by M/s Entec of Austria. Their technical wllaborato~s 
in M - a  are M/s Enlrean EogiaeeR Pvt Ltd, a Chemai based environmmtel mgirrecring company. 
The plant w d d  treat 350 TPD of MSW in the ftrst phase and generate 5 MW of power. The 
Entech technology is suitable for high-BOD waste materials having aom sulfate content. The 
digestor converts the waste materials into biogas and 75 tons of sludge. 

The BIMA dig& is an anaerobic digestion system. The salient featares of the BIMA system are 
as follows: 

There are no moving parts for mixing; so this reduces installation, service and maintenance costs 
There arc no narrow pipes inside the digestor; so clogging does not occur 
The main chamber of the digestor am take wastes with a dry matter content up to 1P/0; resolting in 
shata resideace t i m  , d l e r  volumts aad a reduction in invemnmt costs 
No short passes are possible in the cham& system and hence there is a plug flow effect 

BIMA digestors can be operated at msophilic (15-35O C) or thennophilic (55-65' C) 
mnges, d e p d n g  on the type of subatrate and the pnw;ess requirements. 

It is also possible to design a two stage aaaaobic digestion if required. The me* content of the 
gsS is 6065%. 

The BIMA digestor is divided into three sepn?te seclions, and inten:onnccted to mvide passage for 
flow of liquids and gas. The three chambas sre the main chamber, the upper chamber and the central 
tube to which the feed pipe is wnnected In the central tube, pre - hydrolysis of the subshate takes 
place. Most of the biogas is gmerated in the xnain chamber through the decomposition of organic 
materials. By closing an automatic valve in the gas pipe between the two chambers, the gas produced 
in the main chamber stays there, which in turn displaces an equal amount of digested substrate to the 
upper chamber. This builds a level difference. When the required level difference is achieved, the 
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eonsartia in the gmaulai shidge degiade 90% of the organic mstter pttseat in the fed kschate and 
convert it to a high calorific value M, i.e. biogss. The gas formed constitutes of 70-75% methane, 
20-25% of carbon dioxide and traces of hydrogen and hydrogen sulfide. Treated leachate can be 
nxycled back to the acidification reactor for sprmkling. Thus, the use of water is minimal, unlike in a 
conventional biogss plant. 

W I .  CONCLUSION 

Municipal d i d  waste and its improper handling and disposal methods pme a seriolg tlueat to human 
beings and their environment. A large part of the total waste generated in India is simply dumped m 
open dump-yards, giving rise to unhygiexuc surroundin@, health hazards, contaminators of ground 
water, an unclean look to the cities and generation of methane-which contributes to global 
warming-and other obnoxious gases. A proper municipal solid waste management system is a major 
challenge in the protection of the local and global environment. 

A number of techndogical optiints exist to minimize municipal solid wastes and reduce canissioas of 
mtbane. The municipal maaagers need to be given adequate exposme to and training with thesc 
technological options for application in their municipalities to minimize wastes and reduce methane 
emissions. At present, most of the municipalities are amstmined due to a lack of financial resolrmcs 
and idhskucture facilities to introduce modem municipal waste management to the municipalities. 

Keeping in view the T-@g problem of solid waste ~ 0 0 ,  its nraaagement and associated 
impacts the Minishy of Environment and Forests has brought out a set of guidelines for the 
municipalities for Managanent and Handling of Municipal Solid Wastes. These guidelines concern 
(i) collection, (ii) segmgation, (iii) storage, and (iv) disposal of municipal solid wastes in sanitary 
landiilling. The notification makes it obligatory for the municipalities to restrict landfilling to non- 
biodepdable inert waste, and other w;rstes that are not suitable either for recycling or for biological 
promsing. With this in mind, the guidelmes also prohibit dumping of the biodegradable component 
of the waste into the landfills, thereby avoiding a chance of methane generation. 

Underthepresent ' , and in view of the Gd Notitication on the disposal of municipal 
solid wastes, there is hardly any scope for recovery of mthane from landfills for reyse for ewgy 
purposes. Tbe best technological options to reduce methane dss ions  for such wastes is to adopt an 
efficient solid waste management system to reduce wastes and adopt the technological options h d y  
well known in the country for dealing with wastes to wealth. Options like biomethmtion, however, 
offa opportunities for waste to energy recovery and avoidance of methane genmtioe A city, 
howewer, needs a huge amount of fmaneial resources to adopt any of the techologies mentioned 
above for handling its d i d  waste. To address the problem, the involvement of the private sector is a 
must and government policy shoutd provide support for this. 
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Suminable Preetkcr for Corutnrction MOT in India 

Table 1: Construction Component of Investment in Key Sectors 

Agriculture I 34 
Rural development, Poverty alleviation 40 

Railways 42 
Communication, information and broadcasting 40 
Industries 30 
M i  and mining 42 
Education and culture 25 
Social welfare 30 
HcaIth 37 
Urban development, water supply, sanitation, 70 
city level services 
Civil aviation 42 
Tourism, hot& and hospitality indushies 60 
Sounxs: NICMAR, 1998 and Ow estimates 

Table 2 shows the energy requirements of building materials in the units of megajoules (MJ) per kg. 
These are very high for aluminum, plastics, copper and steel. The table also gives materials with low 
energy contents. Moreover, the constntction sector is a major provider of employment. 

Usinn an inout-outmt table for 1989-90. Parikh Jvoti et al. (1995) showed that when both the direct and " . 
indirect emissions are considered, c o d o n  was the most.carbon-intensive sector in the economy, as it 
remid en- intensive building materials such as aluminum, steel, bricks, glass, cement, plastics and 
soon (see ~ i &  1). It is for thisnsson that we undertake a special study on & c o k o n * s e c t o r .  

Ihe objectives of this pape~ are two-fold: (i) to estimate the fuhue mquknents of building materials and 
(ii) to analyze the possibility of substitution among building materials toward less emission-intensive 
materials. 

We have adopted the following procedttre: 

Step 1: We project the total construction investment based on the data from NiCMAR (1998) and India 
Inhstwture Report (1996). 

Step 2: We project key building materials based on their current trends. 



Medhnewrgy 
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Step 3: We estimate the relative shares of key construction components and use them to estimate the share El 
of different construction activities. 

Step 4: Using our technical models (Tiwari, Parikh and Parikh 1999 and Tiwari, 2001). we project the 
build@ materials requirements for new construction. The new construction consists of d o n  of 
houses, indushies, roads, ports, bridges etc. However, in this paper we will focus on housing and 
indushial building construction only. Besides housing construction activity maintenance, upgrading and 
remodeling of existing houses is also one of the major activities in India. Though it is not easy to estimate 
the activity involved in the maintenance, upgrading and remodeling of housing, we have adopted the 

I 
following elimination approach to estimate emissions due to maintenance, upgrading and remodeling of 
existing houses, etc. Each year, govemment policies target to construct 2 million new houses. We assume 
that this is the level of new housing activity in India. The cement industry estimated that in 1999, of the 

i 
95 million tons of cement production, nearly 60% went to housing. We computed the cement 
requirement for 2 million new houses; it is around 14 million tons. The remainder we tried to account for 
upgrading, maintenance etc. (it did not match exactly but, comes very close). We believe that in India, the 

B 
upgrading activity is quite significant due to incremental housing approach that households adopt. 
Households build part by part as they accumulate iteances. In our informal observation, it's quite common 
in India that households add another floor or room or upgrade their katcha houses to pucca in an 

i 
taf way. This approach, we thought, would be necessary to balance the final figures on materials 

and investment at the macro level. 

Step 5: F i y ,  we estimate the possibilities of reducing emissions by substituting alternative techniques. m 
As a first step, we estimate the value of proposed construction, which is given in Table 3 based on a II 
simple line projcc~ion of the data from NICMAR (1998). The table indicates that the conshuction 
investment in 2000-01 is Rupees 1,669.9 billion and will grow to Rupees 4,073.3 billion at current prices. I 

Tabk 3: Annual Estimated Value of Proposed Construction (BilBon Rupees) I 

Somce: India infmbwme rewrt 19% 
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A. Housing 

I. Housing Sector in India 

The aggregate picttlre of the housing situation in India can be judged from the relative quantitative and 
qualitative improvement in the total residential houses, vis-a-vis the household growth rate during 1981-91'. 
From the data presented in Table 6, it is seen that the growth during 1981 -91, in the total residential houses, 
has been higher than the household growth o v d l  and separately for nnal and urban areas. Qualitatively, 
also, the dwelling units have exhibited significant improvements. The proportion ofpuccd houses has gone 
up significantly, both in nual and urban areas, by almost 8 percent during 1981-91. 

Despite the quantitative and qualitative improvements in housing stock in India, the housing shortage 
persists The Planning 'Commission (1992) estimated the housing shortage in 1991 at 18.5 million units 
(Table 6). The growth in housing supply has always lagged behind the demand as shown in Table 7. During 
the last census decade (1981-91), there have been slight improvements in the growth rate of housing supply, 
but there already exists a huge umnet demand. 

2. Buikhg Motrrial RepircmcnlP in Housing 

The demand fur building materials in housing emmates from two fUctors: (i) comhwtion of new houses, and 
(ii) maintenance, extension aud repair of existing houses. It is possible to have an idea about the planned 
commah of new houss through Government policy documents, but estimating the construction activity 
for maintenance, extension or repairs is not possible. To project building materials in house construction, we 
adopt the following procemne. 

1. Weestimatethebuitdmgmaterialsqukmentforthenewhowe~onactiVity. 
2. We guesstimate the amount of maintenawe, lepairs and extension from the total investment in housing 

construction minus the investment required for new house construction, 
3. We use material required per billion Rupees of investment in new housing its a norm and apply this nom 

to estimate building materials mpked for maintenance, repairs etc. 

a BUM@ Mai&a& fvrNcw Housing ConsaPuaion 

The Indian Govanmenf ttnatgh its 'National Agenda', has set a target of constructing two million bou~es 
evay year &histry of Urban Affairs, 1998). For the pu~pose of this paper, we will focus on the target of two 
million houses every year and would analyze the building materials nquired to meet this target under the 
Ebhes-as-Usual scenario. Table 8 presents the dishibution of households according to the number of 
roolas. The proportion of each type of house that would be conshucted is assumed according to Table 8. 

B a s t d o n t h e ~ m o d e l ~ i w s r i , P a r i k h a n d ~ , 1 9 9 9 , ~ A p p e n d i x I ) , w e e s t i m a t c t h e l l g t e r i a l s  
r q  t f a  the consmction of two million new houses every year. Since the number of houses to be 
constructed is two million each year during the period under consideration (2000-lo), we have quoted in the 
following tables the cost, carbon dioxide emissions and building materials m p k m n t s  for 2000-01. 

We have based our discussion on the 1991 Indian Census data. The data collected dmbg the 2001 Census is not 
available. &I 

'Plcea houses: Houses with wall and roof made of permanent materials. Material ofwall can be burnt brick or otber I 
metal sheets, stone, or cement conm&. Roofs can &e lmde of tiles, slate, shingle, iron, zinc or othrr metal sheets, 
bricks, lime and stone, stone and reinforeed concrete. 
Kutcha: Houses witb wall and m f  made of temporary materials. Wall may be made of grass, leaves, bamboo, mud. 
mburnt kcks or wood. Rook may be made from grass, leaves, bamboo, thatch, burnt brick or wood. 
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Swiainabk Rrrctimfi Chsmylion Seelor u, India 

Table 9: Cost of YMWS Lnguts for New Houses 

The requirements for building materials are given in Table 10. 

Table 18: Building Materials Requirements fn Each Year (BAU Case) for New Houses 

cement w t )  13.99 

Bricks@illion) 36.1 

Coarse sand (Million m3f 34.7 

Fine sand (Million m3) 8.13 

Stone aggregate (Million m3) 30.4 

Steel (thousand ton) 529.2 

To estimate the total building materials required for maintenance, repair and extension, etc., we use 
materials intensity per billion Rupees in investment in housing as a norm and we apply the same materials 
intensity to the available invfftment for this purpose. Table 11 presents the material intensity for the 
housing sector. 

Table 11: Material Intensity for Building Construction in the Housing Sector 
-- - (Mt) 0.05 1 

Bricks(biion) 0.13 

Coarse sand (Million m)) 0.13 

Fi sand (Million m)) 0.03 

stone @&&n~ m)) 0.12 

Steel (thousand ton) 1.91 

Using the m a t d  intensity of Table 11, we have projected the materials required for maintenance, repair 
and extension every year. Table 12 presents the building materials requirement for this activity. 





Sustainable hv2hhcaJ&r CarDufnon Sector in I& 

C. Carbon Dioxide Emissions from Housing and Industrial Building Construction 
under BAU Scenario 

We can now pull the number together to get total C02 emissions &om the construction sector. These are e-4 

shown in Table 14. Note that this accounts for only 60% of the construction sector. 

Table 14: Carbon Dioxide Emissions from Construction Seetor: BAU Scenario W 

The Cq emissions for housing repairs look large compared to construction. It may be noted that since the 
same coefficients are used f a  new construction and maintenance, the split between the two does not 
matter for the estimate of +n dioxide emissions. I 
V. ALTERNATIVE TECHNO LOG^ TO MITIGATE EMISSIONS AND MATERIAL 

REQ- FOR HOUSING E 
As we have discussed earlier, housing activity involves two types of construction activities: (i) 
construction of new houses and (ii) repairs, maintenance and extension of existing houses. It is possible to 
use alternative energy-efficient technologies for both these activities, but the technological possibilities 

I 
are rather limited for existing housw. For example, for an existing house, it would not be possible to 
replace an existing brick wall with a mud block wall. In this section, we have therefore restricted 
ourselves only to the new construction houses. 

I 
In the Business-As-Usual scenario, we assume that the houses are constructed as usual with bricks and 
cement, the commonly used building W a l s  in India. Using our technical model (Tiwari, Parikh and 

I 
Parikh, 1999), we introduce various dtanative construction technologies. Let's say we need to construct 
houses which are cost effective and are also energy eficient. There are many technologies, which can be 
used to caoshuct houses. To simplify, the house considered for analysis is me& in units of a room of 
hypothetical size (3.5 x 3.5 x 3.14 m). A house may be assumed to be a combination of such moms, 

I 
which can exist anywhere in the building up to three floors. Up to three floors, the minimum wall 
thickness is one brick and beyond this, the minimum wall thickness increases (Khanna 1992). However, 
in normal construction practices, the walls in a building taller than three floors are actually load bearing. 

I 
Generally, a kmework of columns and beams is constructed which is load bearing and the space in 
between is filled with non-load-bearing brick walls. The energy estimatm for buildings above three floors 
will be slight undemtbates, since emissions due to columns are not accounted for. The model is an 

1 
activity analysis model. It accounts for various engineering constraints (for example, wall types and 
fimndations have to be related) to ensure that the selected set of technique, make engineering sense. 
Appendix I provides technical details of the model. The model is solved with an objective to minimize 

I 
cost and a constraint on carbon dioxide emissions. Some technical definitions are required before 
presmting the scenarios. f 
A. Alternative Materials and Techniques 1 
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fed Am4 Rwftrg (Sriraman, Jain, 1992) 
'This is basically a flat roofmg system, formed of shallow segmented arches over precast RC. beams This is 
used for rooting. 

P 
Funicuicrr S M  (Jain, 1992) 
'Ibese are doubly cwved thin membranes which use very little materials and yet are very strong, 

Morrm~ (Sriraman) 
The cost of moptars can be reduced by substimting.the cemenVlime by flyash. 

PIpdas (Niazi, Scott and Revi) 
Thevati~~~typesoflowco~floweaergyp~whichmaybeused~colllpromisingthel~ty 
and@- of earth walls. 

Using the above materials and technological possibilities, we have conshucted three carbon dioxide 
reduction scenarios for wmmon practices and two carbon dioxide reduction scenarios for low cost 
technologies. The alternative materials considered, 43 in all, are listed in Appendix II. The list of 
teehaigues which are evaluated in this pirgec is presented in Appendix 111. There arp three technologies for &I 
the foundation bed construction under load bearing and partition walls, technologies for foundation tl 
wnstmaion, 136 technologies for load bearing wall construction, 64 technologies for partition wall 
const~&on, 13 technologies for mof construction, 14 technologies for floor constmction, and 12 
technologies for external and internal plastering, evaluated in this paper. These techniques are suitable for 
India and we design the mom according to Indian building code IS 456. 

I 
'Ibe aomenelature for various scenario5 is given below: I 
B. Common Practice and Improvements Seenarioa I - 
CP-BAU: In this common practice - business as usual scenario, there is no carbon dioxide -on 
constraint and this replicates the current construction technological scenario. 
CP-5: In this scenario we impose a wnstraint that the construction would have to choose those 
technologies that reduce carbon dioxide emissions by 5% from the base case level. 
CP-10: This scenario imposes a constraint that the comtmction would have to c h m  those technologies 

I 
that reduce carbon dioxide emissions by 100h from the base case level. 
CP-20: This is similar to the above two scenarios, except that the level of carbon dioxide emi$siom 
reduction is by 2 W  from the base case level. 

I 
I 

I. cost ~ c t b e ,  e n q p  & ~ i m t  teck~oktgies (EE) B 
For the low cost technologies we wnskuct three scenarios: I 
EE-BASE: There is no carbon dioxide &u&m constraint in this scenario. 

EE5: There is a constraint to reduce carbon dioxide emissions by 5% from the EE-Base level. 

EE-10: There is a constraint to reduce carbon dioxide emissions by 10% from the EE-Base level. 

We could not construct a 20Y4 reductia scenario for the low cost technologies because the model became 
i 

infeasible with the present set of low cost technologies. 

The above model is solved using the optbization module of GAMS software (Brooke et al. 1995). 
I 
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Susmimbk Pmcrimfi Canmmfion SCW in Indio 

Table 16: Final Input Requirements 

The d t s  may appear d k .  If there is such a large scope for cost reduction, why are not such I 
techniques fobwed? There are mjlny baniers to the adoption of such techniques. Land may not be available 
for single storied buildings in wban areas and financing may not be available in naal areas. There are. 
however, many otherbaniem. I 
For different types of c&w, the decision-making is done at different levels, with different criteria 
For example, the decisions concerning housing are made by ordinary citizens with the help of 
professionals. Prime criteria are cwts, safety and prestige. On the other hand, the decisions concerning 

I 
other sectors, such as highways and indmhies, are made by professionals and with a lot of technical 
r e q k t s .  We t h e r e f o r e d i i  each type w t e l y .  1 
Table 20 demonsha@ that, with the implementation of low energy, low cost technologies, it is possible 
to reduce emissions up to Wh for new construction of houses. The low cost technologies, as discussed 
above, use locally available building materials. One of the problem with the use of conventional building 
materials for house wnshuction is a very high reliance on bricks. One of the studies by Development 
Alternatives indicates that there will be a brick production saturation level at 46.5 billion. In India, then is 
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Surroinable Pracbaesfor Consmrtion Secmr in India 

C. An Approach for Implementation 

An approach to involve the users directly; delinking the development from government rigidities; 
coordination of the efforts of government officials, voluntary organizations and technologists; and 
judicious channeling of available reso- would help in promoting low cost technologies. The Indian 
Bureau of Standards should ensure quality, standards and specifications for cost-effective building 
materials and formally incorporate them in the building design codes. 

Low cod technologies require skilled labor during both the production of materists and the conshuction 
To combat the shortage of skilled labor familiar with cost-effective construction technologies, skill 
upgrading programs should be organized in masomy, carpentry, plumbing, electrification, landscaping, 
interior design etc. Print a d  electmnic media, as well as seminars, workshops, conferences and 
demonstrations, should be used to disseminate the suitability of low cost technologies. 

D. Existing Programs 

The Government of India, through Housing and Urban Development Corporation (HUDCO), gives 
financial assistance for housing by way of an initial seed grant or subsidy as a one-time. strut-up 
d b u t i o n .  After this initial assistance, supplementary support is given in the form of soft loans for 
equ@ment, machinery and wodcing capital. To promote the spread of building centers, where the low-cost 
technologies can develop and spread, the government has given fiscal incentives, such as an exemption of 
excise duty and a reduction of customs duty for the production of various building elements and 
=mw'='~- 

The achievements of the Building fh&m Movement, an NGO effort, has had modrrate success: 

the use of cost-effective, envimment-friendly technologies has led to solutions with 15-40 
percent savings over conventional technologies; 
the network of building centers has spread to 385 locations throughout India; 
over 55,000 masons, carpenters, bar benders, p l u m b  and other construction artisans have bcen 
trained to use innovative and cost-effective technologies; 
women construction workers have been imparted training on skills and can earn equal wages as 
their male counterparts; 
construction worth over 2 billion Indian Rupees has been completed using the innovative 
technologies; 
innovative technologies have been used in building social amenities and khskwture buildings, 
lending crediility to the use of such technologies for all applications; and 
the production of building materials and components required in the application of the 
technologies has conmiuted to the development of micro-enterprises. 

HUDCO has demonstrakd the use of cost eff& technologies in housing construction. HUDCO's 
diverse application of appropriate and cost-effective technologies in different states of hdia is 

A in the table below. 

e massive weaker section housing program of about 200,000 houses each 
ear. The centers are used for construction of lowcost sanitation units. t I 

I hool buildings and community centers. The special feature of this 
h is the cyclone-resistant housing schemes in 9 coastal districts. I t 
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Suminable P m e h f o r  ConrDUction Secior in India 

The -ties for akemative coz&uction materials and techniqws and the range of savings that can be 
rmde are also explored It is found that such materials and techniques can reduce wsts by some 42 percent. 

Cf 
This is an upper bound, but does show promising possibilities. At the same time, C 9  emissions are also 
reduced by 66 percent for new construction. Such an attractive win-win option, however, faces many barriers. 
Theseiachde: 

- paucity of land in urban areas 
- lack of financing in d - 
- a mindget for oskntatious homing 
- a mindset that equates low-cost with cheap and inferior 
- vested interests in existing techniques . 
- vestedinterestsinthehighcostof~on 
- lack of right kind of training of architects and engineem 

The most important action needed relates to change of mindset One needs to persuade elites in the society to 
build and take pride in iimctional lewd combcha 
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The house considered for analysis, is measured in units of a room of hypohtical size (3.5~3.5~3.14 m). A 
house may be assumed to be a combination of such rooms, which can exist anywhere in the building up to 
three f l m .  Up to three floors, the minimum wall thickness is one brick and beyond this, the minimum wall 
thickness increases (Khanna 1992). However, in nonnal conshuction practices, the walls beyond the third 
floor are rarely load bearing. Generally, a framework of columns and beams is c o n d  which is load 
bearing and the space in between is filled with non-load-bearing brick walls. The energy estimates for 
buildings above three floors will be slightly undemhated, since emissions due to columns are not 
accounted for. 

A model has been developed in this paper, which is an extension of earl& works by Tiwari et al. (1999). A 
building can be constructed using a number of technologies. A builder will optimize his choice of 
technology based on the cost, carbon dioxide emissions and available technology. The choice of technology 
requires a combination of materials and labor, which are conshained by their availability. The construction 
of a building consists of the following ten stages: stage 1 - f d t i o n  bed under load bearing wall; stage 2 - 
fom&ion bed undex putition wall; stage 3 - foundation for load bearing wall; stage 4 - foundation for 
partition wall; stage 5 - wall construction; stage 6 -partition wall conamction; stage 7 - roof construction; 
stage 8 -flooring; stage 9 - external plastering; stage 10 - internal plastering. 

The model identifies technologies at different stages of construction (viz, foundation, wall, etc., as defined 
below) to meet output levels for various activities mquimj at each stage to conshct the room. Besides 
resource availability, there are stmctural design wns!mints (discussed later in more detail) which also 
h c t  the combination of technologies at differeat stages. The process of building consbudon has three 
types of activities, as shown in figure A. 1: activities related to primary resources required to produce the 
intermediate and final inputs to be used for con&uction of the stntchrre, and activities related to various 
technological alternatives of cwstruction of each stage of the building. Rimary resources inchtde fuel 
(electricity, coal), limestone, gypsum, etc. which are requued in the pduction of cement, bricks, lime, 
steel, etc. which can be either directly used in construction (final inputs) or can be used in manufachning of 
finaf inputs such as concrete blocks, which are used in building construction. The detailed list of inputs is 
given in Appeadix 11. Input prices are calibrated at 2000-01 prices. If the resources are used to manufactllie 
inputs, which are used in construction and are not used directly in building conshuction, they are referred as 
intermdate inputs. 

In this model, different technical specifications that provide the same outputs (a h o w  with a codbation 
of limctional room of the size defined earlier) are considered. The levels of resources and production 
activities are dekmid at that the overall wst of construction of the specified house is at a minhm. 
The notations for different sets appearing in this model are: 'p' is the set of primary inputs; 'i' is the set of 
intermediate inputs; 'j' is the set of production-activity levels; 'q' is the set of different wage classes; and 
' . .  g 1s a set of different stages in construction. The optimization process will choose those techniques, 
which minimize the overall cost of con&udon. 

TWO of techniques4 are considaed for analysis: common pssctices and low cost techniques. The list 
of tedmiques wbich are evaluated h this paper is presented in Appendix III. There are three technologies for 
the foundatibn bed construction under load bea!ing and partition wall, sixteen technologies for foundation 
coostruction. 136 technologies for load bearing wall construction, 64 technologies for partition wall 
tmimmion, 13 technologies for roof construction, 14 technologies for floor tmimmion, and 12 

4 T b x  groops of technologies are defined in this model. Common practices are those teehlogies, which are 
commonly used in M a  These technologies primarily use materials like cement, bricks, concrete, steel etc. Low 
cost technologies are those, which include building materials such as stabilized mud blocks, jack arch roofing, tile 
roofing and technologies like rat trap brick bond for walls. There are many low wst technologies available in 
building wnshuction. 
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Ail levels of activities h m  G stages taken together are qxesented as 

(~l.Y&.-.~j. . . .k) = X'. 

For detailed list of xj refer to Table 4. aij is the requirement of final inputs to produce unit output of jth 
activity, i.e. 

Final inputs 

requirements 5 availability. 

The element fi is the total aunnmt of the ith final input required to run the ploduaion activity at a level X. 
The element gives the m t  of the pth primary input to produce unit output of the ith final inplt, 
i.e. 

Primary inputs 

re- I mailabi l i~ .  

wheie t, @=I$') is the total amount of the pth primary inputs required to p n h c e  the intermediate inputs rs 
Combining Eqs.(7) and (8) yields 

I 
Primary inputs I 

The model faces two resource constIllints: (i) final inputs (Eq.7) and (ii) primary input c d t s  (Eq.9). 

Direct a d  Indirect Employment 

4 is the qth type of direct labor required for the jth activity. This is the labor that is required at the 
conshuction site and is iseonshained by the availability of conshuchon workers Dlq. g are the indirect labor 
~quiremmts of the qth earning class to produce the ith intermedrate input. The direct and indirect labor 
quirement for each wage class is - 

i 





If klxl is the length for which the foundation is built by using XI, and kzxZ the length for which the wall is 
built by technique XZ,, then x2 depends only on XI, so that klxl should be at least equal to k2x2, i.e. 

The cd6cknt.s of and xi become the %. 

Envho.aeabl Coustrrint 
In this model, the envinmn~ental constraints appear as 

XtP EP < - TC . 
P 15 

co2 emissions 5 Upper limit on Cot. 

Only indirect C@ emissions due to production of the primary inputs are considered E, is a vector of the 
C@ emission-coefficients for p primary inputs. The total requirements of p primary inputs to meet the 
levels of intermediate-input requirements are calculated. When multiplied by emission coefficients 
associated with each of the p primary inputs and aggregated over p, we find the total C 4  emissions 
related to construction. TC is  the upper limit on C 4  emissions. 

We mn the above model for varicus alternative scenarios of emissions (CP-BAU, CP-5, CP-10, CP-20, EE- 
Basc, EE-5 and EEIO). The imposwf cm&ai& lead to changes in technologies, at Vsrious stages. We bave 
not presented the changes in technologies in the main text to avoid technical details. However, we present 
them here and table A2 reports the changes in technologies. 
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Primary Inputs 
Coarssand 
Fine sand 
Quarry stom 
coal 
Electricity 
Limestone 
GYP- 

Water 
- .  
Dolomite 
Ssndstwc 
Man- 

I R ~ U ~ S  
Cement 
Bricks 
Coarsesaad 
Fine saud 
Stone aggngstc 
Unslaked lime 
Surkbi 
Stone at quarry 
Thrwgh stone 
sand stone 
Steel 
Msnglon tiles 
UP. tiles 
Hortrdis 
B i i  
nYffh 
Asphd 
Sodium silicate solution 

Find Inputs L.bor W.gedrol4  
cement Rs. 040 
Bricks Rs.41-50 
coinsesaud Rs5l-60 
Fine sand Rs.61-70 
Stone aggregate Rs.70-80 
Unslaked lime Rs.>80 
Surkhi 

.Stone at quwy 
Through stow 
Sand stone 
Steel 
Balram 1-10 



I FOUNDATION BED UNDER LOU) BEARING WALL I FOUNDATION BED UNDER 

FOUNDATION AND BASEMENT1FOUNDATK)N FOR PARTmoN WAUl PARTmON 
W W  

Brickw~xk 1 

FOUNDATION AND BASEMENT I FOUNDATION FOR PARTITION WALL 

Lime- (12) 
I 

B l o e L w o r w b i o d r ~  

Rceast 

LOADBEARING WALUPARrmON WALL 



- 

PARrnON WALL 

Soil cement blocks 

Cementcoarsesand (1:3),(1:2),(1:4),(1:6) 

Cernent:Si:sand (1:1:6),(1:2:9),(1:1:8),( 1:l:l) 

Lime:surkhi.sand (1:l:l) 

I Mud bricks I I 

Hollow umcrete blocks 

cementcoarsesand (1:3),(1:2),(1:4),(1:6) 

Lime.surkhi:sand 

Cement:flyash:sand 

E d  Blocks 

Compressed earth blocks L 

(1:l:l) 1 
(1:3:6),(1:4:8) ! 

i 

ceme&lime:sand 

Lime:surkhi:sand 

Cemnt:flyash:sand 

Rat trspbondingbricw 

(1:1:6),(1:2:9),(1:1:8),( 1:1:3) 

(1:l:l) 

(1 :3:6),(1:4:8) 1 
I 

Cemeat:coarsesand (1:3),(1:2),(1:4),(1:6) 

Cement:lime:sand (1:1:6~~(1:2:9),(1:1:8),( 1:1:3) r 



- - - - 

-w 
ROOFmOOR 

Flat RCCbnlmeed 

1 FLOOR I I 

- 

(1:3:6),(1:4:8) 

(124),(1:15-3),(1:12),( 
136) 

FhtRCCowreidord  

Flat R C C n d a n i n k d  

Filler dab witb 2 M9. tiks 

Reastbamwithhounfis 

F i l k r d a b w i t i I ~ i i k 3  

- 

40nnnthickcanentaecrete 

Brick floaing 

Cgamtnwmr 

~ ~ d 6 0 c B c d I ~ * I l c d  

Caantmorta - 

(1 2 4 )  

(1 24) 
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