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 I

Abstract 

Access to modern energy services derived from renewable sources 
is a prerequisite, not only for economic growth, rural development 
and sustainable development, but also for energy security and cli-
mate change mitigation. The least developed countries (LDCs) 
primarily use traditional biomass and have little access to commer-
cial energy sources. They are more vulnerable to problems relating 
to energy security, air pollution, and the need for hard-cash cur-
rency to import fossil fuels. This thesis evaluates sugarcane-
molasses bioethanol, a renewable energy source with the potential 
to be used as a transport fuel in Nepal.   

Sustainability aspects of molasses-based ethanol have been ana-
lyzed. Two important indicators for sustainability, viz. net energy 
and greenhouse gas (GHG) balances have been used to assess the 
appropriateness of bioethanol in the life cycle assessment (LCA) 
framework. This thesis has found that the production of bioetha-
nol is energy-efficient in terms of the fossil fuel inputs required to 
produce it. Life cycle greenhouse gas (GHG) emissions from pro-
duction and combustion are also lower than those of gasoline. The 
impacts of important physical and market parameters, such as sug-
ar cane productivity, the use of fertilizers, energy consumption in 
different processes, and price have been observed in evaluating the 
sustainability aspects of bioethanol production.  

The production potential of bioethanol has been assessed. Con-
cerns relating to the fuel vs. food debate, energy security, and air 
pollution have also been discussed. The thesis concludes that the 
major sustainability indicators for molasses ethanol in Nepal are in 
line with the goals of sustainable development. Thus, Nepal could 
be a good example for other LDCs when favorable governmental 
policy, institutional set-ups, and developmental cooperation from 
donor partners are in place to strengthen the development of re-
newable energy technologies.  

Keywords: Bioethanol, sustainability, life cycle assessment, net energy values, 
greenhouse gas (GHG) balances, sustainable development, least developed 
countries (LDCs), Nepal 
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Preface 

This thesis has been developed in the Division of Energy and Cli-
mate Studies (ECS), Department of Energy Technology at KTH – 
School of Industrial Engineering and Management, within the 
framework of the Global Energy and Climate Studies Program, 
supported by the Swedish Energy Agency. Research at ECS has an 
interdisciplinary character with a strong systems-based approach 
dealing with cross-cutting issues of sustainable energy systems, viz. 
energy, climate change and sustainable development. Research at 
ECS is currently focused on bioenergy systems, rural electrifica-
tion, and energy and climate policy.   

In this thesis, the sustainability paradigm of bioethanol production, 
with regard to environmental stewardship, economic prosperity, 
and social integrity is dealt with in relation to one of the world’s 
least developed countries (LDCs), Nepal. It is important to analyze 
the sustainability criteria of the renewable bioenergy systems when 
LDCs are living with energy and food poverty and myriad resource 
pressures, whilst endeavouring to sustain their livelihoods and 
achieve the goals of sustainable development.  

This Licentiate thesis has been written as part of an ongoing PhD 
program in the assessment of sustainable bioenergy systems at a 
regional and global level. The evaluation of bioethanol production 
with methodological improvements aimed at finding international 
common ground is the next step in the research. 
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Abbreviations and Nomenclature 
ADP    Anaerobic Digestion Process  
BEFS    Bioenergy and Food Security  
CDM    Cleaner Development Mechanism 
CH4    Methane 
CHP    Combined Heat and Power 
CO2   Carbon Dioxide 
CO2eq    Carbon Dioxide Equivalent  
COD   Chemical Oxygen Demand 
E10   10% ethanol and 90 % gasoline (v/v) 
E20   20% ethanol and 80% gasoline (v/v) 
E5   5% ethanol and 95 % gasoline (v/v) 
Ef   Lower Heating Value of Fuel ethanol 
Ei    Primary Energy Inputs  
ESCAP The United Nations Economic and Social 

Commission for Asia and the Pacific 
EtOH    Ethanol (>99.5% v/v), E100 or MOE  
ETP   Effluent Treatment Plant  
EU   European Union 
FAO United Nations Food and Agricultural Or-

ganization 
GHG   Greenhouse Gas   
GJ    Giga Joule  
GoN    Government of Nepal 
Ha   Hectare, also ha 
HC   Hydro-Carbon 
HHV    Higher Heating Value 
IAEA   International Atomic Energy Agency 
IEA   International Energy Agency 
IPCC Intergovernmental Panel on Climate 

Change 
ISO    International Standards for Organization 
K2O    Potash  
Kcal    Kilocalorie  
kg   Kilogram 
kgCO2eq  kg Carbon Dioxide Equivalent  
KJ/kg    Kilo Joule per Kilogram 
KL    Kilo-liter 
koe   Kilogram of Oil Equivalent 
ktoe    Kilo-tonnes of Oil Equivalent 
kW    Kilowatt 
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kWh   Kilowatt-hour 
L   Liter 
LCA   Life Cycle Assessment  
LDCs   Least Developed Countries 
LHV    Lower Heating Value 
LPG   Liquefied Natural Gas 
m-3    Per Cubic Meter  
m3   Cubic Meter 
MDGs   Millennium Development Goals 
MJ   Mega-joule 
MJL-1   Mega-joule per Liter 
MJ-1   Per Mega-joule  
MOE   Molasses Based Ethanol or EtOH 
MW   Mega Watt 
N   Nitrogen 
N2O   Nitrous Oxide  
NEB   Net Energy Balance or NEV 
NEi   Non-Renewable or Fossil Fuel Inputs 
NEV    Net Energy Value or NEB 

Nm3   Normal Cubic Meter 
NOC   Nepal Oil Corporation  
NREV   Net Renewable Energy Value or Balance 
NRs    Nepalese Currency Rupees 
OECD Organisation for Economic Co-operation 

and Development  
ON   Octane Number 
P2O5   Phosphorous  
PS  Pond Stabilization or Lagoon System 
SRSM    Sri Ram Sugar Mills Pvt. Ltd.   
Tonne   1000 kilogram (kg) 
TPES   Total Primary Energy Supply 
UNDP   United Nations Development Program 
UNFCCC United Nations Framework Convention on 

Climate Change 
US   United States of America 
USD ($)  US Dollar  
v/v    Volume by Volume 
w/w    Weight by Weight 
WECS   Water and Energy Commission Secretariat 
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1  In t roduc t ion   

1 . 1  B a c k g r o u n d  

The continuous depletion of limited fossil fuel reserves, the global 
agenda on climate change and threats to energy security have led 
to increased global interest in the exploration, production and uti-
lization of biofuels in the transport sector. Bioenergy systems have 
been drawn to the attention of policy makers since they reduce de-
pendence on fossil fuel, contribute to rural and sustainable devel-
opment, and are carbon-neutral. Reasons to promote biofuels in-
clude energy security, environmental concerns, foreign exchange 
savings and socio-economic well-being of rural dwellers 
(Demirbas, 2008). Rising oil prices and energy security issues are 
the source of serious concerns in developing and least developed 
countries (LDCs) while climate change has led to the development 
of a global agenda that is also promoting renewable energy 
(UNIDO, 2006).  

Modern liquid biofuels are seen as promising transport fuels in re-
lation to reducing environmental impacts and improving energy 
security. Today, the transport sector consumes about 30% of the 
world’s total primary energy consumption and is one of the major 
contributors to global greenhouse gas (GHG) emissions. Increased 
use of fossil-fuel-based motorized transportation in urban areas of 
developing countries has not only exacerbated problems of local 
air pollution, but also poses energy security threats and high eco-
nomic costs (Creutzig and He, 2009; Yan and Crookes, 2010). 
Least developed countries (LDCs), which basically depend on tra-
ditional forms of energy (e.g. biomass) and have little access to 
commercial energy sources (e.g. electricity and liquid fuels) for 
their economic activities, are particularly vulnerable to issues sur-
rounding energy security, air pollution, and the sustainability of 
their development. In addition, they cannot afford the cost of im-
porting fossils fuels.  

The least developed countries (LDCs) are characterized by low-
income, weak human resources/assets, and high economic vulner-
ability. Their populations suffer severe distress in the face of rising 
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food and energy prices (UNCTAD, 2009). To achieve the Millen-
nium Development Goals (MDGs), proper energy services need to 
be guaranteed for the poor (UNMCLDC, 2007). Indeed, access to 
modern energy services, sustainability (e.g. deforestation, land use, 
natural environment, and GHG emissions) and energy security are 
three areas that LDCs need to address to reach the MDGs (UN-
MCLDC, 2007).  

Traditional fuel consumption contributes 78.3% of the total energy 
in LDCs, while the figures for developing and OECD countries 
are 26.3% and 4.6% respectively (UNDP, 2006).  Commercial en-
ergy (coal, oil, and electricity) consumption in LDCs was only 67 
koe (kg of oil equivalent) per capita in 2004 while other developing 
countries consumed 718 koe (UNCTAD, 2008). In Asia and the 
Pacific (ESCAP), half of the countries, including LDCs, land-
locked developing countries and small island developing states are 
categorized as being more vulnerable with regard to energy securi-
ty and sustainable development. The total final energy consump-
tion of the least developed countries (LDCs) is only 47.02 thou-
sand ktoe, compared to a total of 2,992 thousand ktoe in the ES-
CAP, whilst the contribution of liquid fuels in LDCs is only 6.1 
thousand, out of a total of 912 thousand ktoe in the region (UN-
ESCAP, 2008). Moreover, LDCs have few resources for financing 
infrastructure. The average value of domestic resources available 
for financing governance and investment was only 41 cents per 
capita in LDCs compared to $3.2 and $36.4 in lower-middle and 
high-income countries respectively (UNCTAD, 2009).   

However, there is huge potential for developing modern bioenergy 
in LDCs. According to Batidzirai et al., (2006), there is a large bio-
energy potential in Mozambique that can be harnessed without 
compromising food demand and creating deforestation. FAO 
(2010) evaluated suitable pathways for developing biofuel produc-
tion in conjunction with food security and poverty reduction as a 
way of realizing the enormous potential of biofuels in Tanzania. In 
African LDCs, average commercial energy consumption per capita 
was only 30.4 koe compared to 313 koe (kg of oil equivalent) in 
Africa as a whole (UNIDO, 2008). Thus, LDCs lack a basic supply 
of modern energy services and the financial resources to invest in 
them. Although they still only constitute a limited market for 
commercial liquid fuels for transportation, and are the lowest emit-
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ters of GHGs, LDCs are highly vulnerable to global warming and 
its related consequences (Huq et al., 2003).  

Bioethanol has been used in the transport sector as a substitute for 
conventional gasoline. Bioethanol helps to reduce the use of fossil 
fuels, and to mitigate against climate change, while also promoting 
the socio-economic transformation of developing societies. Bio-
ethanol already contributes 90% of the total biofuel market in the 
world, and its production could be significantly increased, particu-
larly in sugar producing countries, where it can be used to replace 
fossil fuels (Balat et al., 2008; Balat and Balat, 2009). However, the 
production of biofuels has been debated in the context of envi-
ronmental performance, food versus energy security and land use, 
among others. 

Nepal, a least developed and landlocked country in South Asia, 
does not have fossil fuel reserves.  Nepal’s total primary energy 
supply (TPES) system is dominated by the use of traditional bio-
mass (87.71%), followed by fossil fuels (9.94%), hydroelectricity 
(1.82%), and renewable sources 0.53% (WECS, 2006). The 
transport sector is the largest consumer of petroleum products. 
Kathmandu Valley, the capital city alone, consumes about 70% of 
the total imported gasoline. This area is also the place where 56% 
of the total number of vehicles run. Vehicular emissions are a ma-
jor source of air pollution in the Valley, and its bowl-shaped to-
pography tends to exacerbate local pollution problems. The accu-
mulation of foreign debts for oil imports, at a rising cost, the fre-
quent shortage of transport fuels, public unrest due to rises in the 
subsidized price of petroleum products, and alarming air pollution 
have contributed to the initiation of discussions about alternative 
sources of transport fuel in the Kathmandu Valley.  Increasing for-
eign debts have also put pressure on the national economy as they 
divert money away from the scarce developmental budget of the 
country.  

As a result, the Government of Nepal (GoN) decided to blend 
10% ethanol with gasoline (in 2004), and formed a high level 
committee with the task of finding energy alternatives to reduce oil 
consumption (in 2008). One of the sugarcane factories, Sri Ram 
Sugar Mills Pvt. Ltd. (SRSM) has also constructed an ethanol plant 
in Nepal. However, the potential of ethanol production has not yet 
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been realized due to conflicting economic, technical and political 
issues, and a lack of promising trust amongst major stakeholders.  

Least developed countries (LDCs) have not yet harnessed their 
huge potential in producing ethanol from sugarcane systems. 
However, in recent times, they have been showing interest in the 
development and deployment of sugarcane bioenergy in an effort 
to reduce dependence on imported fuels and enhance domestic 
energy security, as is the case with Nepal. Both private and public 
sectors are willing to promote this commercial biofuel. Interna-
tional cooperation on the climate change agenda could also help to 
initiate work in sustainable sugarcane bioenergy systems in LDCs, 
such as the Bioenergy and Food Security (BEFS) program in Tan-
zania (FAO, 2010). Versteeg (2007) has evaluated the environmen-
tal sustainability of sugarcane-bioethanol production in Fiji, a small 
island developing state in the Pacific, estimating reductions in life 
cycle GHG emissions, net energy balances, and ecological foot-
prints in the context of sustainable development. The feasibility 
study focused on how to select LDCs to produce bioethanol in an 
effective and sustainable way, indicating that surplus cane sugar, 
dependency on imported fuels, and economic production potential 
are the key selection criteria (DSDG, 2005). UNDESA (2007) has 
also discussed the technical, socio-economic, and environmental 
benefits of small scale biofuel production as a means of promoting 
sustainable development in sub-Saharan Africa, focusing on the 
poor’s access to energy, the reduction of oil imports, income gen-
eration, rural development and the improvement of local environ-
mental pollution. However, detailed analyses of the production of 
bioethanol have not been carried out for LDCs in general, and 
Nepal in particular. This study aims to make a contribution to-
wards this, with an analysis of the case of Nepal using the life cycle 
perspective.  

This thesis uses three pillars of sustainable development to analyse 
sugarcane-molasses based bioethanol (MOE) production in Nepal. 
Sustainability criteria and life cycle assessment (LCA) provide the 
methodological framework for the study. It is the first of its kind 
in LDCs and assesses the sustainability criteria of bioethanol in the 
case of Nepal. The study provides useful information for decision 
makers, private investors, and other associated stakeholders, inter-
ested in developing ethanol production in Nepal. The example of 
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Nepal also serves the purpose of motivating the assessment of 
ethanol production potential in other LDCs. 

1 . 2  T h e s i s  o b j e c t i v e  

The main objective of this thesis is to investigate the net energy 
balance, GHG emissions of bioethanol from a life cycle perspec-
tive, and prospects for sustainable development in Nepal. The ob-
jective has been achieved in the following steps:  

1. Estimation of the net energy balance in the production 
of sugarcane-molasses-based bioethanol (MOE) 

2. Examination of greenhouse gas (GHG) balances in 
the production and use of bioethanol 

3. Evaluation of bioethanol production  for the purposes 
of sustainable development  

1 . 3  R e s e a r c h  q u e s t i o n s  a n d  h y p o t h e s e s  

The following research questions have been asked in the thesis:  

 Is bioethanol energy efficient; how much energy does 
it take to produce one liter of bioethanol?   

 How many greenhouse gas (GHG) emissions and sav-
ings occur in the production and use of bioethanol?   

 What are the direct benefits of bioethanol substitution 
in the transport sector? 

The first and second questions are life cycle assessment (LCA) re-
lated questions, and the third is concerned with the immediate 
benefits, and sustainability issues observed from the production 
and use of bioethanol in the transport sector. Addressing these 
questions, this study performs a sustainability assessment of the 
production and use of bioethanol in Nepal. The answers to these 
questions provide valuable insights into the production of molas-
ses-based ethanol in the least developed countries (LDCs) with re-
spect to energy security, climate change mitigation, and sustainable 
development. 

As per the research questions above, and based on reviews of pre-
vious literature on bioethanol conversion technologies, life cycle 
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assessment and aspects of sustainability, the following hypotheses 
have been tested:  

 The production of bioethanol requires a small amount of 
fossil fuel compared to its energy content.  

 Life cycle greenhouse gas (GHG) emissions from bioetha-
nol are lower than conventional gasoline.  

 Bioethanol contributes to improved socio-economic and 
environmental performance, and can be promoted in Ne-
pal in order to achieve sustainable development.   

1 . 4  S c o p e  a n d  l i m i t a t i o n s  

This thesis considers the full energy life cycle, material/waste 
flows, and carbon (GHG) flows involved in producing anhydrous 
ethanol (EtOH) from sugarcane molasses in Nepal. The system 
boundary covers local agricultural practices, the harvesting of sug-
arcane, cane milling, the ethanol conversion phase, through the 
fermentation, distillation and dehydration route, and waste man-
agement. Figure 1 provides a simplified schematic diagram of the 
sugarcane energy system in Nepal. Data sources relating to materi-
al, energy, and waste flows have been taken from an intensive field 
study visit made to one of the established sugar factories in Nepal 
– Sri Ram Sugar Mills Pvt. Ltd. (SRSM). SRSM is the only factory 
which has installed a molasses-based ethanol conversion unit, and 
associated ancillaries such as wastewater treatment plants with bio-
gas recovery. It is assumed that the factory operations for molas-
ses-based ethanol conversion at SRSM are the best available in 
Nepal. Energy and greenhouse gas (GHG) balances have been es-
timated from local inventory data for material and energy flows. 
The corresponding energy values and emission factors have been 
derived from regional and international studies. 

Solar energy inputs have not been considered in the analysis of the 
net energy balance. Energy inputs and GHG emissions from hu-
man labour have been considered. Energy generation and GHG 
emissions avoided by the commercial utilization of cane trash / 
waste have not been taken into account.  In addition, energy inputs 
and corresponding GHG emissions for raw materials (for industri-
al installations), and oil/lubricants/chemicals (for factory opera-
tions) have also been excluded from this thesis. Sensitivity analyses 
have been performed to scrutinize the impacts of the variation in 
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2  Sta te -of -a r t  t echno log ies  
in  b ioe thano l  p roduc t ion  
and  u t i l i za t ion  

2 . 1  B i o f u e l s  –  a n  o v e r v i e w  

Bioenergy is obtained from biomass, in the form of different solid, 
liquid or gaseous fuels. Food crops (sugarcane, corn, soybean, 
wheat, and sugar beet), hydrocarbon-rich plants, wastes (crop, 
food, and municipal), weeds and wild growths, and lignocellulosic 
biomass are the potential sources of biomass for bioenergy genera-
tion (Abbasi and Abbasi, 2010).  Biodiesel is obtained through the 
esterification of plant oils, whereas bioethanol is mainly derived 
from agricultural feedstocks. The use of biofuels in the transport 
and industrial sectors tends to be on the increase due to growing 
concerns about fossil-fuel reserves, climate change and sustainable 
development.  Liquid biofuels, namely biodiesel and bioethanol, 
are used in their pure or blended form (with conventional gasoline 
or diesel) in automobiles.   

Biofuels from biomass are obtained primarily through two produc-
tion processes: bio-chemical and thermo-chemical; bio-chemical 
processes may be further broken down into chemical and biologi-
cal conversion technologies (Abbasi and Abbasi, 2010; Sheehan, 
2009; Walter and Ensinas, 2010). With the thermo-chemical route, 
biomass is heated in the absence (or regulated/controlled concen-
tration) of oxygen, which includes pyrolysis, gasification, and Fish-
er-Tropsch processes. The Bio-chemical route consists of five al-
ternatives - fermentation, esterification, anaerobic digestion, pho-
tosynthetic organisms, and dark fermentation (Abbasi and Abbasi, 
2010). Fermentation and esterification produce bioethanol and bi-
odiesel respectively whilst anaerobic digestion creates biogas. Pho-
tosynthetic organisms and dark fermentation are part of the exper-
imental phase.   

Fermentation and anaerobic digestion are classified as biological 
processes, whereas trans-esterification and hydro-treating follow 
chemical processes, in terms of bioenergy conversion technologies, 
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cerns over land use, food security/prices, water scarcity, and de-
forestation. Second generation biofuel conversion technologies are 
complex, expensive and at an early stage of research & develop-
ment and commercialization. They are obtained from, among oth-
er things, lignocellulose (cellulose, hemicelluloses, and lignin – e.g. 
woodchips, straw and, cane bagasse) and feedstocks, through a 
conversion route which includes acid hydrolysis, followed by en-
zymatic fermentation.  

Second generation biofuels, produced from agricultural and forest-
ry residues, municipal solid waste, and other forms of lignocellulo-
sic biomass, can improve energy security, and reduce urban air pol-
lution (Wyman, 1994) in spite of increased concerns about changes 
in land use patterns (Brennan and Ownede, 2010). Third genera-
tion biofuels, derived from microalgae, could avoid land use 
changes since they can be grown in aquatic media i.e. water-
surfaces (Brennan and Ownede, 2010; Goh and Lee, 2010). New 
research has been initiated in the development of genetically modi-
fied crops/plants, and novel biofuels from non-food oil crops.  

At present, commercial biofuels are mainly derived from energy 
crops (e.g. sugarcane, corn) and oil feedstocks (e.g. palm oil, 
oilseed rape). The production of biofuels has increased significant-
ly in the past decade (GRFA, 2009). The reduction of greenhouse 
gas (GHG) emissions, achieving CO2 targets, the diversification 
away from commercial energy systems, favourable government 
policy and rural development are a few motivating factors in terms 
of encouraging biofuel production. Furthermore, biofuels can help 
to ensure energy security, reduce the environmental impacts arising 
from the transport sector, and create a conducive environment for 
economic growth in rural areas and the industrial sector at large. 
Nigam and Singh (2010) have highlighted energy security, econom-
ic stability and environmental gains as the main advantages of us-
ing biofuels. The key drivers of biofuel development in Asia are: 
(a) the security of the energy supply chain, (b) climate change, (c) 
land use changes and food security, and (d) rural development and 
poverty alleviation (Yan and Lin, 2009). Zhou and Thomson 
(2009) have also mentioned energy security, trade balances, foreign 
exchange, reduction in government expenditure, new markets for 
the principal agricultural products, employment in the agricultural 
sector, and climate change as being the driving forces, while defor-
estation, problems with water security, the sdanger of monocul-
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ture, biofuels and food prices are highlighted as some of the nega-
tive impacts of biofuels production in Asia.  Escobar et al., (2009) 
have assessed issues relating to environment, technology and the 
food security of biofuels. Debates surrounding the production of 
biofuel using the same raw materials for both fuel and food pro-
duction, and changing land use patterns have encouraged the as-
sessment of the sustainability of biofuels.   

2 . 2  B i o e t h a n o l  p r o d u c t i o n  

Bioethanol contributes more than 90% of the total liquid biofuel 
consumption in the world (IEA, 2007). Figure 4 shows different 
routes for the bioethanol production process. As can be seen in 
the figure, sugar/starch obtained from sugarcane/corn or cellulose 
feedstocks follows the process of fermentation, distillation, and 
dehydration in order to produce first and second generation etha-
nol respectively. It should be noted that molasses (also a sugar-
based product) is treated separately in the figure in order to make 
it distinct from other conversion routes. This thesis covers molas-
ses-based bioethanol. First generation bioethanol, obtained from 
sugarcane and corn feedstocks has so far dominated the bioetha-
nol market globally and other technologies are at an early stage of 
development.  In 2009, global ethanol production was about 74 
billion liters, a four-fold increase since 2000 and it has contributed 
to a reduction in GHG emissions by 87.6 million tonnes in a year 
(RFA, 2010). The United States (US) was the world largest pro-
ducer of bioethanol, accounting for about 52% (i.e. 38.5 billion li-
ters) of the total bioethanol production in 2009. Brazil was the 
largest bioethanol exporter and second largest producer with a 
share of 34% (25 billion liters). The EU produced 3.9 billion liters 
(5.3%) whereas two emerging developing countries, China and In-
dia, contributed 2.8% and 0.5% of the total bioethanol production 
respectively. Bioethanol production could surpass 125 million liters 
by 2020 with the development of new agricultural poli-
cies/programs along with the exploration of new feedstocks in 
America, Asia and Europe (Balat and Balat, 2009).  The primary 
feedstocks for bioethanol production are corn (US), sugarcane 
(Brazil, Thailand, India, Australia), and beet/grain (EU). Different 
bioethanol production processes are discussed by various authors 
in the literature (Kumar et al., 2010, Abbasi and Abbasi, 2010; 
Najafi et al., 2009; Nigam and Singh, 2010; Cardona and Sanchez, 
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nol from molasses which could be used in the transport sector in a 
blending ratio of 5 – 10%, saving US $ 200 – 400 million per year, 
bringing various environmental and health benefits (Harijan et al., 
2009).  Mozambique could extract 68 million liters of bioethanol 
from sugarcane by 2010 (Batidzirai et al., 2006). Nepal also has a 
sugar-molasses bioethanol production potential of 18 million liters 
per year (Silveira and Khatiwada, 2010). India could produce an 
abundant amount of bioethanol from its available molasses (Ku-
mar et al., 2010). However, policy needs to be focussed on the de-
velopment and use of bioethanol in order to realise such potential 
(Pohit et al., 2009).  

In recent years, there have been a number of concerns with regard 
to the environmental, social and economic sustainability of bioeth-
anol production. This thesis deals with the sustainability aspects of 
molasses-based bioethanol in the case of a sugar-producing least 
developed country, Nepal. Chapter 3 provides more details about 
the sustainability issues related to bioethanol production.  

2 . 3  B i o e t h a n o l  a s  a  t r a n s p o r t  f u e l  

Bioethanol is the most commonly used liquid biofuel in the trans-
portation sector, especially in Brazil and the US, and its global use 
is growing quickly due to increased interest in both developed and 
developing countries. Pharmaceutical, cosmetic and beverage items 
are also obtained from the use of bioethanol. Thus bioethanol is 
not limited to the transport sector (EUBIA, 2005). However, the 
largest share of bioethanol (more than 80%) has been used to fuel 
automobiles and it is expected to represent a 4% share of the 
world’s motor gasoline consumption in 2010 and 6% in 2020 
(IEA, 2005). 

Vehicles can be fuelled either by pure or neat hydrous bioethanol 
(i.e. 95% ethanol v/v) or by a blend of gasoline and anhydrous (i.e. 
99.5% v/v) ethanol – the most common blend ranges from 5 – 
25% (Costa et al., 2010). It has been found that bioethanol as a 
fuel additive improves engine performance and reduces exhaust 
emissions in addition to increasing braking power and thermal and 
volumetric efficiency (Al-Hasan, 2003). Niven (2005) has exam-
ined five important environment impacts of the ethanol enrich-
ment of unleaded gasoline, viz. air pollution, subsurface contami-
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nations, greenhouse emissions, energy efficiency, and sustainabil-
ity.  Automobiles with 5 – 10 % ethanol blended fuels do not re-
quire any engine adjustments or modifications while minor modifi-
cations are needed for a 10 – 25 % ethanol blend (IEA, 2005).  

Rising international oil prices, limited fossil-fuel reserves, envi-
ronmental and climate change concerns, energy security, and di-
versity of energy sources are the major driving forces behind the 
desire for developed countries to produce biofuels. Biofuels may 
also help to save foreign currency, improve access to commercial 
energy, and generate local employment. However, the biofuel 
agenda has not yet had any major impacts in the least developed 
countries (LDCs). One important reason is that development do-
nors have not prioritized bioethanol production. In addition, 
proper government policies are still lacking, even though the po-
tential for bioethanol production is high.  

At the same time, there is increased apprehension about energy se-
curity and climate change in both developing and developed coun-
tries. Biofuels could contribute towards the mitigation of green-
house gas emissions while also promoting development. Energy 
security concerns and climate threats for the least developed and 
land-locked countries are extremely high since they are too weak 
economically to invest in new domestic technologies, require agri-
cultural land for a growing population, in order to produce food, 
and cannot afford imported fossil fuels. This study is an attempt to 
assess the sustainability of bioethanol in the case of a land-locked, 
least developed country, Nepal. The study not only highlights the 
potential which exists, but also the opportunities to enhance the 
potential further and actually contribute to addressing a large 
number of national and global questions simultaneously. 
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3  Sus ta inab i l i t y  c r i t e r i a  and  
l i f e  cyc l e  a s sessment  –  
conce pts  and  f rameworks  

3 . 1  O v e r v i e w  

In this chapter, the concept of sustainable development, sustaina-
bility criteria, and life cycle assessment (LCA) are defined. Sustain-
ability aspects of biofuels are presented and relevant criteria are 
developed for assessing bioethanol production, based on literature 
reviews, and existing local conditions. Issues related to the integra-
tion of sustainability and LCA are also discussed. The life cycle as-
sessment (LCA) tool is used to address the sustainable develop-
ment of biofuels. Indeed, a life cycle based system approach serves 
an important role in addressing the economic, social and environ-
mental integrity of any production system.  
 
This thesis uses a LCA methodology to evaluate the net energy 
and greenhouse gas (GHG) balances of molasses-based bioethanol 
(MOE) from cradle to grave. The case of Nepal, in terms of the 
production of bioethanol from sugarcane-molasses is realized and 
explained. Other general aspects of sustainability, such as the 
economy, local air pollution, and hard currency savings are also 
dealt with.  

3 . 2  D e f i n i n g  s u s t a i n a b l e  
d e v e l o p m e n t  a n d  
s u s t a i n a b i l i t y  

In general terms, sustainability covers the realms of environment 
(planet), society (people), and economy (prosperity). By sustainable 
development, we actually mean that the environment, comprising 
the earth and its ecosystems, biodiversity, scarce resources and cul-
tures, needs to be sustained, while people (survival, life expectancy, 
education, equity and equality), economy (wealth distribution, con-
sumption), and society (institutions, social capital, states, regions) 
need to be developed (Kates et al., 2005)   
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The concept of sustainable development and its underlying three 
pillars of sustainability have become important in dealing with the 
prosperity of developing and least developed countries (LDCs).  In 
finding indicators for sustainable energy systems, the current state, 
economic and social systems, driving forces, and the responses of 
the institutional set up should be dealt with, and their interconnec-
tion considered, in order to determine the current situation regard-
ing the sustainability of the energy system as shown in Figure 5.  
Economic prosperity, social development and environmental in-
tegrity are well connected and involve trade-offs between their 
varying objectives. Thus it is very difficult to deal with these fac-
tors in isolation. The three pillars always reinforce each other (He-
diger, 2000). For instance, environmental pollution always involves 
economic costs/activities. Poverty, equality and social justice are 
also intertwined. Moreover, institutional strengthening i.e. net-
working, collaboration and cooperation between stakeholders, and 
political stability are also vital in order to enable sustainable devel-
opment in developing and least developed countries (LDCs). Sus-
tainable development aims to keep the integrity of the overall sys-
tem. Economic sustainability includes investment, benefits and the 
availability and mobility of scarce national resources. Environmen-
tal sustainability is the ability of the natural environment to sustain 
human life. Social sustainability covers issues of equity and justice 
in wealth distribution, for example job creation, and human rights. 
Likewise, sustainable development of the bioenergy (biofuels) sys-
tem is also very significant in terms of creating economic prosperi-
ty, and putting in place social and environmental safeguards.  

Energy security, rural development, and the climate change agenda 
motivate the production and utilization of biofuels derived from 
energy crops. Sustainability criteria are needed to justify the appro-
priateness of these energy systems. Interaction between the three 
pillars of sustainable development are crucial,  as well as being 
complex and multidimensional throughout the production chain, 
which includes types of feedstock, land use, conversion technolo-
gies, material and energy flows, pollution, and geographical condi-
tions.  
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Smeets et al. (2006) have assessed sustainability criteria viz. The 
ecological, economic and social impacts of sugarcane-based etha-
nol production in Brazil, compared using the Dutch sustainability 
criteria. GHG balances, competition with food & energy supply, 
biodiversity, wealth, welfare and the environment were used as de-
termining criteria. These criteria might also be useful to establish a 
product certification system for the international market.  Envi-
ronmental or ecological impacts cover water use, water pollution, 
land use, forest protection and biodiversity, soil erosion, green-
house gas emissions and energy balance. On the other hand, socio-
economic criteria might include competition with food production, 
number of jobs, income distribution and land tenure, wages, work-
er rights, child labour, social responsibility and benefits (Smeets et 
al., 2006).  

Goldemberg et al. (2008) have discussed the sustainability of etha-
nol production from sugarcane, considering air quality improve-
ment, rural development, biodiversity, deforestation, soil degrada-
tion, water source contamination, food vs. fuel production, and la-
bour conditions in the fields. They have also discussed sustainabil-
ity aspects of ethanol production, namely environmental and social 
factors, along with the following sustainability criteria, as suggested 
by the Cramer commission (Cramer et al., 2006): (a) energy bal-
ance, (b) environment aspects, such as gaseous emissions from 
sugarcane and ethanol production, or due to sugarcane burning), 
water (water availability, water pollution - organic pollutants, inor-
ganic pollutants), land use (expansion of sugarcane, land competi-
tion - ethanol versus food crops), soil, biodiversity; (c) social as-
pects and social impacts such as labour conditions, jobs creation, 
wages and income distribution, land ownership, working condi-
tions. Zhou et al. (2007) have selected four sustainability indicators 
for assessing biofuels - economics, environment, energy, and re-
newability. The energy indicator represents how much energy is 
required to produce biofuel and renewability is evaluated using the 
rate of exploitation of natural resources, such as fuel-wood.  

In this way, there is great concern over the sustainability of biofuel 
in both developed and developing countries.  For the Least devel-
oped countries (LDCs), whose main primary energy source is tra-
ditional biomass, issues of sustainability are quite high on the 
agenda, since rural populations live in conditions of utter poverty 
and do not have enough resources for economic growth. 
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3 . 3    D e f i n i n g  l i f e  c y c l e  
a s s e s s m e n t  ( L C A )  

Life cycle assessment (LCA) is a concept used to evaluate the envi-
ronmental performance of a product or service during its entire 
life span. LCA is an holistic systems approach and takes into ac-
count the inputs and outputs of the entire production system, viz. 
raw materials, energy and waste, at every stage, from resource ex-
traction (raw materials acquisition) to the final utilization and dis-
posal of the product. LCA has become important since it encom-
passes all the processes and environmental discharges during the 
production phases of the product, thus avoiding the shift of envi-
ronmental problems from one place to another along the produc-
tion chain (USEPA, 2006). The results of LCA have increasingly 
been used as a decision-making policy tool for the selection of 
products, and for environmentally friendly product-certification.  

Rebitzer et al. (2004) and Pennington et al. (2004) have elaborated 
on LCA application and practices. ISO 14040 - standards/series 
(ISO, 2006a and 2006b) also uses the LCA concept and methodol-
ogies. LCA comprises four phases: goal and scope definition, in-
ventory analysis, impact assessment, and interpretation (see Figure 
6a). Goal definition and scoping describe the objectives of the 
analysis, the production processes and system boundaries. The 
purpose of the study is measured as a functional unit. In the inven-
tory analysis, the material inputs/outputs are identified and quanti-
fied, for example, natural resources (energy, land, water etc.) and 
environmental releases (e.g. emissions or wastes). Human and eco-
logical effects that occur due to resource usage/consumption or 
emissions/waste released into the air, water or soil are taken into 
account in the impact assessment.  This phase reveals the contri-
bution made by different impact categories, for example: resource 
depletion, climate change, eco-toxicity, human and ecological 
health, acidification, and eutrophication.  Following the inventory 
analysis and the impact assessment, the interpretation of the LCA 
is ultimately carried out to select the product or service based on 
the envisaged environmental performance and in order to comply 
with the objectives of the study. Thus, LCA provides a compre-
hensive environmental overview of the product, from cradle to 
grave. 
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There are lots of applications of the LCA concept in evaluating re-
newable and sustainable energy systems. The LCA concept and 
methodologies have been widely applied in developing bioenergy 
systems. Liquid biofuels are increasingly seen as potential substi-
tutes for gasoline and diesel in transportation. It is, therefore, im-
portant to assess the environmental performance of biofuel pro-
duction and consumption, and also to compare them with conven-
tional fossil fuels. Several LCA studies and reviews have been con-
ducted to investigate the impacts of the life cycle resource con-
sumption and environmental burden of bioethanol production 
from different feedstocks, and they are primarily focused on the 
life cycle net energy balance and GHG balances (see, for example, 
Shapouri et al., 2004;  Macedo et al., 2008; Dai et al., 2006; Nguyen 
et al., 2007a/b/c, 2010; Blottnitz and Curran, 2007; Gnansounou 
et al., 2009; Cherubini et al., 2009;  Hoefnagels et al., 2010; 
Xunmin et al., 2009).  In this thesis, the life cycle energy and 
greenhouse gas (GHG) balances have been investigated for molas-
ses-based bioethanol (MOE). Molasses are a low-value by-product 
resulting from sugar production. The definition of system bounda-
ries, local sugarcane growing practices, harvesting, factory opera-
tions and waste management, and allocation methods in LCA are 
some of the key features of the sustainability assessment of bioeth-
anol carried out for Nepal.  

3 . 4  I n t e g r a t i n g  s u s t a i n a b i l i t y  a n d  
L C A  

LCA conventionally covers environmental sustainability, but ef-
forts have been made to extend the concept to cover the three pil-
lars of sustainability, including economic prosperity and social in-
tegrity. The future of LCA is likely to encompass all aspects of sus-
tainable development, and the life cycle costing will provide policy 
decision-makers with information on investment and return, while 
social aspects might include indicators of millennium  develop-
ment goals (MDGs) in a holistic approach (Hunkeler and Rebitzer, 
2005).  LCA analyses have been carried out for the sustainability 
assessment of various products/services during the last decade. 
For example, Heller et al., (2000) have scrutinized economic, social 
and environmental dimensions of the US food system, taking into 
account the interaction between LCA and sustainability through-
out the life cycle. Zhou et al. (2007) have analysed single- and mul-
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assessment and sustainability assessment of biofuel production 
(see Figure 6). Moreover, Zah et al., (2009) have recently outlined 
an idea for the standardization and simplification of life cycle as-
sessment, as a driver for more sustainable biofuels, using a web-
based sustainability check-list for benchmarking sustainability cri-
teria. This should help developing countries conduct LCAs of bio-
fuels when product-certification schemes become mandatory.   

3 . 5  D e v e l o p m e n t  o f  
s u s t a i n a b i l i t y  c r i t e r i a  f o r  
b i o e t h a n o l  p r o d u c t i o n  

The literature has been reviewed to find out more about the sus-
tainability indicators of bioethanol production. Yan and Lin (2009) 
have mentioned energy security, climate change, rural development 
and poverty alleviation as the driving forces of sustainable biofuel 
production. The energy and food security debate is crucial when 
discussing the sustainability assessment of bioethanol since agricul-
tural land is used to produce feedstocks, and these same feedstocks 
can alternatively be used for food production, such as sugarcane 
and corn. Biofuel and food prices have become an important fac-
tor in Asia when considering biofuel production, due to their con-
flicting nature, in terms of price, which could subsequently lead to 
political instability (Zhou and Thomson, 2009). Sheehan (2009) 
has mentioned that LCA is used for assessing the sustainability of 
biofuels not only when it comes to net energy balance or the car-
bon footprint, but also expanding it to include global land and wa-
ter resources, global ecosystems, air quality, public health and so-
cial justice. As he has shown, analytical frameworks for LCA and 
sustainability assessment for biofuel have received increased atten-
tion in recent years. Research on the topic 'biofuels and sustaina-
bility' and 'ethanol and life cycle' have increased six-fold and three-
fold respectively from 2006 to 2008 (Sheehan, 2009). Smeets et al. 
(2008) have evaluated the environmental and socio-economic im-
pacts of the production of ethanol from sugarcane in the state of 
Brazil for the purposes of product certification. Phalan (2009) has 
given an overview of the social and environmental costs and bene-
fits of biofuels in Asia, and the major factors identified were land 
use, feedstocks used, technology issues and scale. According to 
Schubert and Blasch (2010), bioenergy can only play an important 
role in greenhouse gas (GHG) reduction when it is produced in a 
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sustainable way, thus the biofuel-pathways with minimum envi-
ronmental and socio-economic problems should be promoted.  In-
itial subsidies could also be instrumental in promoting environ-
mentally benign biofuel promotion processes. Government poli-
cies, such as mandatory blending targets, tax exemptions and sub-
sidies are the driving forces for biofuels production in many coun-
tries (Sorda et al., 2010). The development and selection of the 
sustainability criteria for bioenergy depends on feedstock charac-
teristics and different production pathways. Buchholz et al. (2009) 
have also screened 35 sustainability criteria from a survey of ex-
perts, which are grouped into three pillars of sustainability. Regard-
ing the experts’ views, which were based on attributes of relevance, 
practicality, reliability, and importance, only two criteria, namely 
energy balance and greenhouse gas balance, were found to be the 
most critical, and local social parameters such as compliance with 
laws, food security, participation, human rights and social cohesion 
were ranked lower down. Competition between food and bioener-
gy production, and deforestation were two of the sustainability cri-
teria used in the potential assessment of modern bioenergy sources 
in one of the least developed countries (LDCs) in Africa - 
Mozambique (Batidzirai et al., 2006) 

3 . 5 . 1  I d e n t i f i c a t i o n  o f  s u s t a i n a b i l i t y  i n d i c a t o r s  
f o r  b i o e t h a n o l  i n  N e p a l   

Within the context of the sustainability assessment criteria for bio-
ethanol production in the least developed countries (LDCs) such 
as Nepal, the scarcity of commercial transport fuels, the flow of 
hard currency, with state-subsidies on the imports of petroleum, 
and local air pollution in urban cities are motivating factors for us-
ing a blend of bioethanol in gasoline. Energy security and the di-
versification of transport fuels, along with issues of food security 
(i.e. sugar), environmental problems, such as water pollution, and 
GHG emissions, play a vital role in the sustainability of bioethanol. 
Employment generation in sugarcane cultivation and industrial op-
erations, and the use of domestic resources for economic growth 
at a local and regional level are to be assessed when evaluating the 
sustainability of bioethanol. The technical viability of bioethanol 
production is also important. Empowering local communities, 
strengthening institutions among the concerned stakeholders and 
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political stability are all necessary for sustainable development of 
bioethanol in Nepal.  

Thus there are many different and important criteria to be consid-
ered in this context. This thesis focuses on some of the most im-
portant sustainability criteria. An overview of the indicators identi-
fied is presented in Table 1. The indicators marked with an asterisk 
(*) are the focus of the present study. Many of the other criteria 
have been discussed from a sustainability point of view, but more 
as a means of analysing and defining the problem, thus lacking the 
necessary depth for arriving at major conclusions. 

Table 1: Selected sustainability criteria for evaluating the appro-
priateness of bioethanol production and use in transport 
– the case of Nepal  

Environmental  

Fossil fuel substitution * 
Life cycle energy balances * 
CO2 emissions from fuel substitution in automobiles * 
Life cycle GHG balances  * 
Local air pollution  * 
Wastewater management * 
Change in land use pattern  
Soil pollution   
Utilization of natural resources  
Protecting forests (avoiding deforestation)  

Economic  

Investment (costs and benefits analysis)  
Savings on oil imports * 
Availability of resources (Capital)  
Industrial growth  
Agriculture growth  
Energy security and diversification  * 
Improved trade balances  
Economic instruments: subsidies/tax exemptions  
Carbon trading (under CDM)   

Social  

Food vs. energy security  * 
Employment generation, and wages  
Rural and local development  
Trade union, workers' facilities  & safety  
Poverty reduction  
Equality, equity and cultural sovereignty  

Others 
Institutional   
Technical   
Political   
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Two important sustainability indicators: net energy and greenhouse 
gas (GHG) balances have been analysed in the life cycle frame-
work.  The economic and social factors of biofuel production, 
which play a key role in determining the sustainability of bioetha-
nol production, are also discussed so as to justify the research 
questions and hypotheses of the thesis. However, this study is lim-
ited to evaluating the direct economic and social benefits. The life 
cycle assessment of economic and social sustainability and the op-
timization of relevant sustainability indicators could possibly be the 
scope of future analysis.   

3 . 5 . 2  D e f i n i n g  n e t  e n e r g y  a n d  g r e e n h o u s e  g a s  
( G H G )  b a l a n c e s   

Two important sustainability criteria – energy efficiency (net ener-
gy balances) and greenhouse gas (GHG) balances have been de-
fined along the entire product-chain. The actual net energy and 
GHG balances of bioethanol production in Nepal can then be es-
timated. 

a. Net energy balance  

Energy balances primarily deal with the life cycle energy efficiency 
of bioethanol and the savings in non-renewable fossil fuels com-
pared to bioethanol in the entire product-chain. There are defined 
terminologies for dealing with energy balances. The net energy value or 
balance (NEV or NEB) of bioethanol (EtOH) is the difference be-
tween the energy content of the bioethanol produced and the total 
primary energy inputs (fossil plus renewable) in the entire fuel 
production cycle. 

NEV =  EF  EI 
where,  EF is the energy content (lower heating value) of 
ethanol, EI is the total amount of primary energy inputs   

Net renewable energy value/balance (NREV) is calculated as fol-
lows: 

NREV = EF  NEI where, NEI is the non-renewable energy or fossil fuel in-
put.  
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The energy yield ratio is defined as the ratio between the energy con-
tent of bioethanol and the total fossil energy required to produce 
it. 

energy yield ratio= 
energy content in ethanol

fossil energy input
 

NREV and the energy yield ratio provide essential information 
necessary to assess the contribution of biofuels to energy security. 
The threshold limit is NREV > 1, while NEV gives and analysis 
of the total input/output of energy, including renewable inputs. In 
this study, energy recovered from by-products within the system, 
i.e. excess bagasse and biogas are also incorporated into estimates 
of NEV, NREV, and energy yield ratio.  

b. Greenhouse gas balances  

Total net emissions of greenhouse gases (GHG) are estimated 
from greenhouse gas balances, including both release and absorp-
tion through the life cycle. The main GHGs considered in the 
analysis are: carbon dioxide (CO2), methane (CH4), and nitrous ox-
ide (N2O). The effect of these gases is measured using Global 
Warming Potential (GWP), expressed in CO2 – equivalent (CO2eq.). 
The estimation of GHG emissions is carried out by taking account 
of the direct consumption of fossil fuels, the production of ferti-
lizers/chemicals, activities taking place on agricultural farm land, 
operations in industrial premises, and the ultimate combustion of 
fuels.  

This thesis uses the life cycle assessment (LCA) methodology to 
evaluate greenhouse gas (GHG) balances and avoided emissions 
compared to conventional gasoline. Material and energy inputs, 
and their GHG emissions in sugarcane farming (fertilizer applica-
tion and irrigation), transportation, milling, fermentation, distilla-
tion and the dehydration processes are considered in the analysis. 
The system boundary covers local agricultural practices, the har-
vesting of sugarcane, cane milling, the ethanol conversion phase 
(through the fermentation, distillation and dehydration route), and 
waste management.  

The functional unit in LCA is a measure of quantified performance 
of products or services, and it enables comparison between the 
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products / services under consideration. GHG emissions in terms 
of the kgCO2eq m-3 (also, in kgCO2eq MJ -1) functional unit are eval-
uated without considering the mechanical efficiency of the end us-
er of bioethanol as the transport fuel. Material and energy flows in 
the sugarcane bioenergy systems are normalized to this functional 
unit.  

Avoided emissions in the production and combustion/use of bio-
ethanol (as the gasoline substitute) are estimated using the follow-
ing equation, considering energy equivalencies of gasoline and bio-
ethanol i.e.  1 GJ of bioethanol replaces 1 GJ of gasoline.  

Avoided life cycle GHG emissions %  

= 
GHG emissions in gasoline - GHG emissions in bioethanol

GHG emissions in gasoline
x 100 

3 . 5 . 3  R e a l i z a t i o n  o f  a  c a s e  s t u d y  –  s e n s i t i v i t y  
a n a l y s i s  a n d  d e v e l o p m e n t  o f  s c e n a r i o s  

Sugarcane is one of Nepal’s cash crops, and 2.6 million tonnes of 
sugarcane was produced from 64 thousand hectares of land, giving 
an average yield of 40.6 tonnes per hectare in 2006/07. The trend 
has been towards an increase in production, cultivation area, and 
productivity since 1999/00. Nine sugar mills are operational with a 
total installed capacity of 17,050 cane-tonnes per day, and are lo-
cated in different districts of the fertile plain land of the South.  
The sugar industry produces low-value molasses (4 - 5% of the 
cane-stalk, w/w) as a by-product, which can be used for bioetha-
nol production. At present, an ethanol plant with a production ca-
pacity of 30 m3 per day has been installed to produce molasses-
based ethanol at Sri Ram Sugar Mills Pvt. Ltd. (SRSM).   

In order to evaluate sustainability aspects of bioethanol production 
in Nepal, a field case study was carried out at SRSM. Field data 
based on material, energy, and waste flows (inputs and outputs) in 
both agricultural practices and industrial operations are considered. 
Figure 7 provides details of energy and material flows, including 
emissions and waste at each stage along the ethanol production 
chain in Nepal.  

There are actually two main by-products in the sugar milling pro-
cess: molasses and bagasse. Bagasse is used as the fuel input to 
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boilers. The steam from bagasse-fired boilers is used in power tur-
bines to generate electricity, and the exhaust steam is utilized as the 
heat required for the process of sugarcane milling, distillation and 
dehydration. Molasses are converted into anhydrous ethanol fuel 
(EtOH) via the route of hydrous ethanol (95% (v/v) ethanol, 
called rectified spirit). The fermentation of molasses and the sub-
sequent process of repeated distillation generate rectified spirit. To 
produce anhydrous ethanol (99.5% v/v), rectified spirit (95% v/v) 
is passed through a typical molecular sieve dehydration col-
umn/plant and following this the anhydrous vapour of EtOH are 
condensed and cooled down to produce the final bioethanol.  

Distillery waste water effluent (spent wash) is treated prior to dis-
posal since treatment is essential from an environmental point of 
view. An anaerobic effluent treatment plant generates biogas, 
which is later used as a fuel, which is input into the boilers. Ba-
gasse, which is used to generate steam for electricity and the heat 
production, is considered as a source of renewable energy input in-
to the system. Thus, bioethanol is only produced from low-value 
molasses in Nepal at this point. Sugar juice is mainly dedicated to 
the production of sugar.    

In LCA, economic allocations are used to divide the resource con-
sumption (primary energy), and environmental burdens (GHG 
emissions) in upstream operations when we get co-products (sugar 
and molasses). The market prices of sugar and molasses determine 
the division of energy consumption, and greenhouse gas (GHG) 
emissions between these two products. The average allocation ra-
tio was found to be 22.2:1. 

Figure 8 (a-j) shows actual field conditions in agricultural practices, 
transportation of feedstocks, and factory operations, including the 
generation of the co-products. SRSM is the only plant in Nepal 
which has an installed molasses-based ethanol conversion unit, and 
associated ancillaries such as wastewater treatment with biogas re-
covery. Therefore, factory operations for molasses-based ethanol 
conversion in SRSM are considered to be the best available ethanol 
plant in Nepal.  

In order to cover the effect of variations in input parameters, such 
as fertilizers, diesel consumption for irrigation, allocation ratio (i.e. 
the prices of co-products), and agricultural yields, sensitivity anal-
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yses have been performed for estimating both net energy and 
GHG balances. Scenarios have also been developed at the plant 
level to evaluate the consequences of adopting different 
wastewater treatment processes, with or without biogas recovery, 
and selling surplus bagasse electricity to the grid.   
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4  Resu l t s  and  Discuss ions  

4 . 1  O v e r v i e w  

In this chapter, the findings of the research and case study are dis-
cussed. The results of the evaluation of the net energy balances, 
energy yield ratios, and GHG balances are presented for the case 
of Nepal. Sensitivity analyses are performed taking into account 
economic allocation, material inputs, energy consumption, and 
sugarcane yield. Different scenarios for the treatment of 
wastewater and the case of surplus electricity derived from bagasse 
are also dealt with for the purposes of evaluating GHG balances. 
Finally, important sustainability aspects of the production of mo-
lasses-based bioethanol are discussed and summarized. The vari-
ous steps taken in the calculations are explained in detail in the fol-
lowing papers: Khatiwada and Silveira (2009), Khatiwada and Sil-
veira (2010), and Silveira and Khatiwada (2010) which are annexed 
at the end of this thesis.   

4 . 2  L i f e  c y c l e  n e t  e n e r g y  b a l a n c e s  a n d  
t o t a l  e n e r g y  y i e l d  r a t i o  

In the case of sugarcane farming in Nepal, the primary energy con-
sumption (per hectare) is 45,371.6 MJ (see, Table 2). The share of 
fossil fuel and renewable energy inputs are 67.5% and 32.5% re-
spectively. Out of the fossil fuel inputs, diesel used for irrigation 
contributes 43.2% and fertilizers/chemicals comprise 45.7%. Since 
transportation is mainly carried out using animal-driven carts, it 
has only a small share, that is to say 5.9%, of total fossil fuel in-
puts. In the factory operations, 737.3 tonnes of bagasse is generat-
ed per day, which has a heating value (HHV) of 7,036.5 GJ. Ba-
gasse and biogas supply energy for the plant’s processes. The sum 
of the primary energy requirements of the different processes gives 
the total energy demand. 
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Table 2: Primary energy requirement of one hectare of sugar-
cane farmland in Nepal (40.61 tonne/ha) 

Activities Fossil fuel inputs 
(MJ/ha) 

Renewable 
energy inputs 
(MJ/ha) 

1. Sugarcane farming 

Fertilizers 

Phosphorous 
(P2O5) 382.1 - 
Potash (K2O) 387.8 - 
Nitrogen 7,883.7 - 

Pesticides/Insecticides  4,761.4 - 
Herbicides  586.7 - 
Diesel (irrigation) 13,227.7 - 
Human Labor 1,625 14,723.5 
2. Diesel (Transportation) 1,793.6 - 
Sub-total (fossil and re-
newable) 30,648.1                           14,723.5 
Total   45,371.6  MJ/ha 

Table 3 shows the primary energy balance in all the processes. The 
sugar milling process consumes a large amount of primary energy 
(73%). It should be noted that surplus bagasse amounts to 17%, 
and is also taken into account in the calculation.  

To produce one liter of anhydrous bioethanol (99.5% EtOH or 
MOE), the life cycle energy input analysis shows that the renewa-
ble energy contribution amounts to 91.7% (31.42 MJ/L) since 
most of the operations are run using bagasse, biogas and non-
motorized transportation. The only exceptions are the application 
of fertilizers/chemicals and irrigation. Fermentation/distillation 
consumes 12.63 MJ/L, which is the most energy intensive part of 
the process, followed by sugar milling which consumes 10.46 
MJ/L (see Figure 9).   
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Table 3: Primary energy balance of sugar milling in Nepal  (in-
cluding distillation, dehydration and ETP) 

Processes Sectors GJ/day 

Primary energy required 

  Sugarcane milling 
Power (including elec-
tricity to facilities) 990.3 

  Heat 4,600.0 
  

Fermentation/Distillation 
Power 73.8 

  Heat 240.2 
  

Dehydration 
Power 78.1 

  Heat 54 

  
Effluent treatment plant 
(ETP) Power 32.8 

  

Lighting in the distillation, 
dehydration, ETP plus 
electricity in their facilities 

Power 54.5 

  Total primary energy required 6,123.7 

Primary energy supply 
  Bagasse primary energy input 7,036.5 
  ETP biogas input 319.3 
  Total primary energy input 7,355.8 
Excess bagasse   1,232.1 
% excess bagasse   16.75 % 

 
Taking the energy content of anhydrous bioethanol (EtOH) to be 
21.2 MJ/L, the net renewable energy value (NREV) is positive 
(18.36 MJ/L) but the net energy value (NEV) is negative ( 13.05 
MJ/L). The higher positive value of NREV shows that the amount 
of fossils fuels used in the production cycle of bioethanol is quite 
low. In fact, the ratio between the energy content of bioethanol 
fuel to fossil fuel inputs (energy yield ratio) is 7.47. However, the neg-
ative value of NEV shows that more energy is required to make 
EtOH than there is in its final energy content. In any case, low 
quality biomass feedstock, i.e. molasses (in terms of market and 
energy values), is converted into a high quality commercial energy 
carrier - bioethanol. 
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Table 4: GHG emissions from sugarcane farm land per hec-
tare in Nepal (sugarcane yield: 40.61 tonne/ha) 

Particulars Emissions 
 (kgCO2eq Ha-1) 

% share  

Production of fertilizers/ chemicals 1013.34 27.9 
Application of N-fertilizers  982.45 27.1 
Human labour (fossil fuel inputs) 142.12 3.9 
Use of diesel (irrigation and transporta-
tion) 1082.72 29.9 

Cane trash burning (dry trash) 228.43 6.3 
Returned residues  176.20 4.9 
Total kgCO2eq emissions  per hectare 3625.27 

Table 5 shows the results of the estimation of GHG balances. The 
life cycle greenhouse gas (GHG) emissions from the production of 
1 m3 of molasses-based anhydrous bioethanol (EtOH) are 432.5 
kgCO2eq, considering the best available molasses-based ethanol 
conversion plant at Sri Ram Sugar Mills Pvt. Ltd. (SRSM), Nepal.  
The net avoided emissions come out at 1418.4 kgCO2eq m-3 ethanol, 
compared to conventional gasoline (of an equivalent energy 
amount) which is a 76.6% reduction in the life cycle GHG emis-
sions (see Table 6).  Moreover, the life cycle emissions of EtOH 
measured as a functional unit, per MJ, is 20.42 gCO2eq MJ-1. 

Fossil fuels used in the production of fertilizers/chemicals, diesel 
combustion (in water pumps and trucks/tractors), and human la-
bour contributes 51.9% (224.4 kgCO2eq) of the total emissions. Soil 
emissions from fertilizer-application and returned residues is the 
second largest source with a share of 26.8% (116.1 kgCO2eq). 
Emissions from boilers as a result of bagasse/biogas combustion, 
trash burning, and combustion of ethanol in vehicles all corre-
spond to small shares.   

Total life cycle GHG emissions have been calculated to be 1251 
kgCO2eq m-3 ethanol when all the sugarcane is used to produce bio-
ethanol (without sugar), considering that 1 tonne sugarcane pro-
duces 80 liters of ethanol. It should be noted that the allocation 
has not been made here since bioethanol accounts for the entire 
GHG share in this case. Avoided emissions are 599.7 kgCO2eq m-3 
ethanol or a 32.4% reduction in the life cycle GHG emissions 
compared to gasoline, thus much lower than the case of molasses-
based ethanol. 
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Table 5: Life cycle GHG (CO2eq) balance of  molasses-based eth-
anol (MOE, EtOH) fuel in Nepal 

Activities and constituents  Emissions 
(kgCO2eq m-3) 

Fertilizer production  
  Phosphorous (P2O5) 5.95 
  Potash (K2O) 3.89 
  Nitrogen (N) 48.92 
Chemical production  
Insecticides/pesticides 38.66 
Herbicides 4.16 
Diesel (irrigation): production & combustion 95.57 
Diesel (transport): production & combustion 12.96 
Fertilizer application  
  N2O from fertilizer N-application 76.11 
  CO2 from fertilizer N-application 22.37 
Human labour (fossil fuel inputs) 14.25 
Cane trash burning 22.90 

Returned 
residues  

N2O (spent wash/stillage) 1.06 
N2O (filter cake/mud) 9.13 
N2O (unburned trash) 7.48 

Bagasse combustion in boilers (for heat & power) 35.57 
Biogas combustion in boilers 8.56 
Sub-total (emissions along the ethanol production 
chain)  407.53 

Emissions from combustion of 1 m3   ethanol 
(EtOH) in vehicles 25.00 

Total life cycle emissions (production & combus-
tion of EtOH) 432.53 

 

Table 6: Life cycle comparison of GHG emissions, ethanol 
(EtOH) and gasoline 

Equivalent fuels (EtOH and gasoline)  Emissions 
(kgCO2eq) 

Emissions from production and combustion, 1 m3 
ethanol (EtOH)  432.53 

Emissions from production and combustion, 0.658 
m3  gasoline  
(= 1 m3 of EtOH) 

1850.95 

Net avoided emissions (kgCO2eq  EtOH) 1418.42 

% reduction in life cycle GHG emissions 76.63 



 

4 . 3

Sensi
creas
mola
the w
It sh
be th
price
10.88
844.7
cycle
The 
ethan
an all
not e
pal.  

Figur

. 1  S e n s

 Variat

itivity analy
se when the
asses. Figure
whole range 
ould be not

he normal b
e of molasse
8 (keeping 
7 kgCO2.eq m
e GHG emi
full trade-o

nol are the 
location rati
economically

re 12 : Sensi
avoide
tion ra
(Note: 
emissio
location

s i t i v i t y  a

tion of alloca

sis shows h
e market pri
e 12 depicts 

of sensitivi
ted that the
base case fo
es increases 
the market 

m-3 ethanol w
ssions comp

off situation
same as tho
io of 4.43 (b
y viable to p

itivity analys
ed emission
atios for sug
Dots on the p

ons and % avo
n ratio, i.e. 22.

42

a n a l y s i s  

ation ratio re

how the life
ices change 
the result of
ity from the
average allo
r analysis, w
two-fold, t
price of su

which is a 5
pared to gas
, i.e. when 

ose of conve
break-even p
produce mo

sis for life cy
s (%) as a fu
gar and mola
primary and se
oided emission
2:1 (molasses:

( G H G  b

elated to molas

e cycle GHG
towards a h

f GHG emi
e allocation r
ocation ratio
was 22.2. W
the new allo
ugar consta
54.4% redu
soline (also,
the life cyc
entional gas

point). Below
olasses-based

ycle GHG em
unction of d
asses 
condary y-axis

ns respectively 
 sugar)  

a l a n c e s )  

sses price 

G emissions
higher price
issions, cove
ratio of 24 t
o, considere

When the ma
ocation ratio
ant) would 
ction in the
, see Figure 
cle emission
soline, occur
w this point,
d ethanol in 

missions an
different allo

s represent the
at the base ca

s in-
e for 
ering 
to 4.  

ed to 
arket 
o i.e. 
give 

e life 
12). 

ns of 
rs at 
, it is 
Ne-

 

d 
ca-

e total 
ase al-



 

With
consu
tion),
rame
from
It can
gen-f
of die
nitro
level 
appli
and 4
sugar
the li
in the
of 40
m-3 e
83.5%
Nepa
prove

Figur

 Alterna
yield 

h a variation
umption of 
, the life cyc

eters have be
m the present

n be observ
fertilizer has
esel and pes
gen-fertilize
of 506 kgC

ication of pe
452 kgCO2eq
rcane yields 
ife cycle GH
e cane yield 
0.61 tonnes/
ethanol (14.
% compared
al. Therefor
ements. 

re 13: Sensit
puts

ation of m

n in the thre
pesticides, n
cle GHG em
een varied fr
t value.  Figu
ved that the
s a higher im
sticides.  For
er will lead t

CO2eq m-3 etha
esticides wo
q m-3 ethanol
 are improv

HG emission
(i.e. 71 tonn

/ha could re
4 gCO2eq M

d to gasoline
re, there is

tivity analys
 and sugarca

43

material/ener

ee importan
nitrogen-fert
missions hav
rom a 75% r
ure 13 show
e production
mpact on GH
r example, a
to an increa
anol, while d

ould only inc
l respectively
ved, there is
ns (see also 
nes per hect
educe GHG

MJ-1) and av
e.  Cane yield

plenty of

sis for variat
ane yield in 

rgy inputs, 

nt input para
rtilizer, and d
ve been esti
reduction to

ws the results
n and appli
HG emissio
a 50% increa
ase in GHG
diesel consu
crease the e
y. On the ot
s a significa
Figure 13).
tare) from th

G emissions 
voided emis
ds are curren
scope for 

tions in mat
Nepal 

and sugar

ameters, nam
diesel (for ir
imated. The

o a 75% incr
s of the anal
ication of n
ons than the
ase in the us

G emissions 
umption and
emissions to
ther hand, w
ant reductio
A 75% incr
he present v
to 306 kgC
sions would
ntly quite lo
immediate 

terial/energy

rcane 

mely 
riga-
e pa-
rease 
lysis. 
itro-

e use 
se of 
to a 

d the 
480 

when 
n in 

rease 
value 
CO2eq 
d be 
w in 
im-

 

y in-



 44

4 . 3 . 2  A l t e r n a t i v e  s c e n a r i o s  a n d  s y s t e m  
e x p a n s i o n  

 Alternative scenarios in wastewater treatment plants  

GHG emissions from wastewater (effluent or spent wash) treat-
ment plants at the factories/distillery plants are quite significant, 
and are related to the types of treatment process used. The Anaer-
obic Digestion Process (ADP, a biological digester) and Pond Sta-
bilization (PS, also called the lagoon system) are two common 
treatment practices for the treatment of wastewater from sugar and 
distillery industries. The present scenario (at the plant level) in 
SRSM comprises the best available case in Nepal with wastewater 
treatment facilities treating 100% of the wastewater, using ADP to 
recover biogas, whereby no leakage of biogas is allowed into the 
atmosphere. Recovered biogas is fed directly into boilers as fuel. 
Given a scenario of 100% biogas leakage into the open atmos-
phere from ADP, the total amount of emissions would be 2602.1 
kgCO2eq (per hectare). The Pond Stabilization (PS) process releases 
1551.4 kgCO2.eq Ha-1 into the atmosphere. A close examination of 
the GHG emissions associated with each of these waste treatment 
options shows that the ADP treatment process, without any biogas 
leakage, is preferred. 

The results of emissions from ADP and pond stabilization (PS) 
treatment plants have been scrutinized. When 100% of the spent 
wash is sent through the pond stabilization process, the life cycle 
emissions may increase to 118% with a value of 4032 kgCO2eq m-3 

ethanol. When 50% of the spent wash is treated using PS and the 
remaining 50% fed into the ADP (with biogas recovery), there is a 
21% increase in emissions, compared with those for gasoline.  
However, if 25% of the spent wash is treated using PS and the re-
maining 75% with the ADP, the emissions are reduced by 28% to 
a level of 1332 kgCO2eq m-3 ethanol, as shown in Figure 14. Thus, 
the installation and operation of the ADP in sugar and distillery 
factories not only recovers energy but also reduces the life cycle 
GHG emissions.   
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4 . 4  C o m p a r i s o n  o f  r e s u l t s  w i t h  o t h e r  
s t u d i e s   

Several studies have estimated the life cycle energy and GHG bal-
ances of bioethanol derived from various feedstocks, such as sug-
arcane, cassava, corn and cane-molasses. Macedo et al., (2008) 
found that the energy yield ratio in the production phase of sugar-
cane was 9.3 in Brazil during 2005/06, taking into account the di-
rect consumption of external fuels and electricity, the energy re-
quired for the production of chemicals and materials, and the addi-
tional energy necessary for the manufacture, construction and 
maintenance of equipment and buildings. The total GHG emis-
sions for anhydrous ethanol production were 436 kg CO2eq m-3 
ethanol in the same period and could decrease to 345 kgCO2eq m-3  
for a conservative scenario in 2020 (Macedo et al., 2008). Cane 
productivity and ethanol yield were the most important parameters 
affecting the estimation of GHG balances.  However, the study 
has not dealt with wastewater treatment of spent wash. 

Nguyen et al. 2007a have calculated the NEV and NREV for cas-
sava-based bioethanol in Thailand with respective positive values 
of 8.8 MJ/L and 9.15 MJ/L. Shapouri et al. (2004) reported that 
the net energy balance (energy yield ratio) for producing corn eth-
anol in the USA was 1.67. The results of NEV and NREV for cas-
sava fuel ethanol, as reported by Dai et al. (2006), were 7.47 MJ/L 
and 7.88 MJ/L respectively, in the case of China. Nguyen et al. 
(2008b)’s life cycle analysis of sugarcane-molasses-based ethanol 
calculated the values of NEV (-5.67 MJ/L), NREV (5.95 MJ/L), 
and energy yield ratio (6.12 per MJ petroleum inputs) in Thailand. 
The study was quite similar to that of molasses bioethanol in Ne-
pal. However, the results contrast with the values of NEV (-13.05 
MJ/L) and NREV (18.36 MJ/L) found in the Nepalese case. In 
the Thai case, the plant’s energy requirements are not met by ba-
gasse alone; rice husks and wood wastes are also used as supple-
mentary fuels in the sugar milling process. Coal is a major fuel in 
the ethanol conversion process, and biogas is not utilized for pro-
cess energy. At the same time, excess electricity is sold to the grid 
as energy outputs. In the case of Nepal, the difference in NEV is 
due to higher total energy inputs (fossil fuel plus renewable) while 
favourable conditions for NREV occur, since energy requirements 
are mostly met by renewable sources. 
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Nguyen et al. (2007b) have analysed the life cycle GHG emissions 
for molasses-based ethanol in Thailand, demonstrating that there is 
a 31.3% increase in GHG emissions (per liter of ethanol) with an 
allocation ratio (between sugar and molasses) of 8.6:1. Emissions 
from anaerobic pond stabilization contributed the largest share, of 
54.1%. However, the study also showed that biogas recovery from 
100% spent wash could reduce GHG emissions by 60.6% com-
pared to conventional gasoline, and further improvements are pos-
sible, up to an 88.8% reduction. In comparison, a 76.6% reduction 
in total emissions per liter of ethanol is observed in the Nepalese 
case, assuming the best case currently available in one of the estab-
lished sugar factories.   

Greenhouse gas savings (tonnes of CO2eq per hectare) in sugarcane 
bioenergy systems have also been identified by Nguyen et al. 
(2010) in the sugar industry in Thailand. Electricity generation 
from cane trash/residues and excess bagasse, and energy extrac-
tion from stillage (wastewater) would reduce GHG emissions. 
When considering molasses as a feedstock for ethanol production 
in the average Brazilian mill, Gopal and Kammen (2009) found 
that the life cycle GHG emissions were 15.1 gCO2eq MJ-1 , and 
sugar and molasses prices play a key role in determining the 
emissions. In comparison, emissions of 20.4 gCO2eq MJ-1 of GHGs 
were found in the case of Nepal, for sugarcane-molasses-based 
ethanol. The life cycle emissions in the production and use of 1 m3 

of cassava-based ethanol were 964 kgCO2eq, which corresponds to 
62.9%  of the total reduction in emissions Nguyen et al. (2007c).  

Moreover, Blottnitz and Curran (2007) conducted a review of 
assessments of bioethanol as a transporation fuel from the net 
energy, greenhouse gas and environmental life cycle perspective, 
comparing energy yield ratios and GHG balances, though with 
differing assumptions and system boundaries. The values of GHG 
emissions and energy yield ratios differ significantly depending on 
the feedstock used and the production practices applied. Recent 
literature also points out that it is essential to distinguish between 
the bioenergy systems referred to, the energy conversion 
technologies used and the resultant energy and GHG balances, 
when contrasting LCA and sustainability issues for different 
biofuels (Gnansounou et al., 2009 ; Cherubini et al., 2009; Hoef-
nagels et al., 2010). These studies are important points of reference 
for the evaluation of biofuels, but an in depth comparison of the 
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energy values and GHG emissions of ethanol production methods 
is difficult without precisely defining the methodological approach, 
system boundaries, allocation methods, and specific feedstock 
characteristics, among other things. Thus, unified methodological 
procedures in the production of bioethanol are required globally, 
including LDCs.  

4 . 5  P r o s p e c t s  f o r  s u s t a i n a b l e  
d e v e l o p m e n t   

Nepal has great potential to produce molasses-based ethanol and 
for it to be used as part of a blend in gasoline-run vehicles. The in-
creased use of biofuels not only reduces dependency on fossil fuels 
but also reduces the greenhouse gas (GHG) emissions and local air 
pollution caused by vehicular emissions. In addition, the produc-
tion of biofuels can serve as a driver for improvements in agricul-
ture. The prospects for sustainable development are discussed in 
detail in Silveira and Khatiwada (2010). This section highlights the 
key issues related to the potential for ethanol to contribute to sus-
tainable development in Nepal. 

4 . 5 . 1  E t h a n o l  p r o d u c t i o n  p o t e n t i a l  i n  N e p a l  

With an installed production capacity of 30 m3 of bioethanol per 
day, Sri Ram Sugar Mills Pvt. Ltd. (SRSM) can produce 4,500 m3 

annually, assuming the plant runs for 150 crop days. If SRSM pur-
chased molasses from other sugar mills, then the production ca-
pacity reaches 8,760 m3, assuming that the ethanol plant runs dur-
ing the whole year at a plant utilization factor of 80%. 

Of the total sugarcane production in 2006/07 (i.e. 2.6 million 
tonnes), 70% was processed by sugar industries to produce sugar 
in Nepal. 78,684 tonnes of molasses were generated, assuming an 
average production of 4.3% of the sugarcane milling. Thus the bi-
oethanol production potential was 18,045 m3 for the same year.  

4 . 5 . 2  S u b s t i t u t i n g  g a s o l i n e  w i t h  E 1 0  a n d  E 2 0  i n  
t h e  K a t h m a n d u  V a l l e y  

The Kathmandu Valley consumes 71,338 m3 of gasoline (70% of 
the gasoline imported to Nepal) per year. 56% of the country’s au-
tomobiles run in the valley. Most light automobiles, such as cars, 
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jeeps and vans, and a huge fleet of two-wheeler motor-bikes use 
gasoline. Automobiles fuelled by gasoline can use E5-E20 blended 
fuel in the existing engine with only minor adjustments, and it also 
has a high octane number (ON) with better combustion efficiency.  

When considering the energy content or lower heating value 
(LHV), and the volumetric equivalency between the ethanol blend 
(E10) and pure gasoline, i.e. one liter of pure gasoline is equal to 
1.0354 liters of E10, it is found that the substitution of the gasoline 
presently used in the Kathmandu Valley adds up to a total of 
73,864 m3 of E10, which corresponds to a blend of 66,478 m3 gas-
oline and 7,386 m3 of ethanol. It should be noted that the LHV of 
anhydrous ethanol (99.5% v/v, EtOH) and gasoline are 21.183 
MJ/L and 32.192 MJ/L respectively. As examined by Silveira and 
Khatiwada (2010), The Kathmandu Valley could save 4,860 m3 of 
gasoline per year, which is a reduction in imports of 6.8% if gaso-
line automobiles went for E10. The demand for E10 could be met 
if SRSM purchased molasses from other sugar mills and ran the 
dehydration ethanol plant annually at a plant utilization factor of 
68% assuming other sugar mills were not equipped to produce an-
hydrous ethanol (EtOH).   

When the vehicles go for an E20 blend, a reduction of 14% in 
gasoline imports, i.e. an annual saving of 10,078 m3, is achievable, 
which corresponds to an ethanol requirement of 15,315 m3 in a 
year. This annual requirement is still lower than the total potential 
capacity of the sugar mills, given the availability of molasses for 
ethanol production.  

Looking at the economics of petroleum imports, Nepal Oil Cor-
poration (a state owned enterprise, NOC) accumulated annual 
losses of US$ 78 million in 2007/08, US$ 27 million in 2006/07, 
and US$ 55 million in 2005/06. With the introduction of ethanol 
blends, direct annual import savings of US$ 4.9 million (with E10), 
and US$ 10.1 million (with E20) can be achieved, given the current 
retail price of gasoline.    

4 . 5 . 3  E n v i r o n m e n t a l  g a i n s  o f  i n t r o d u c i n g  E 1 0  a n d  
E 2 0  i n  t h e  K a t h m a n d u  V a l l e y  

The Kathmandu Valley suffers from a severe air pollution problem 
due to increased vehicular emissions and its specific geographic lo-
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cation. Various international studies have shown that the use of 
biofuels not only reduces dependency on fossil fuels but also re-
duces greenhouse gases and local air pollution caused by vehicular 
emissions. In Nepal, the environmental life cycle analysis of an 
E10 and pure gasoline car shows that E10 fuel works better than 
pure gasoline with regards to greenhouse gas emissions, the release 
of carcinogens, and ozone layer destruction, although the quantity 
of substances causing acidification/eutrophication increases with 
the E10 (Khatiwada, 2007). A piece of research conducted to in-
vestigate the performance of E10 and E20 in automobiles in the 
Kathmandu Valley showed ethanol blends work better than con-
ventional gasoline (AEPC, 2008).  

The Kathmandu Valley consumed 71,338 m3 of gasoline, 46,003 
m3 of diesel, and 5400 tonnes of LPG in the transport sector in 
2006/07. The total CO2 emissions resulting from the consumption 
of these transport fuels were estimated to be 304,000 tonnes (pet-
rol:  54.4%, diesel: 40.3%, and LPG: 5.3%). The introduction of 
E10 could avoid 11,283 tonnes (7% of total gasoline emissions) of 
CO2 emissions, while E20 could contribute to the avoidance of 
23,397 tonnes of CO2 emissions, which is 14% of the total gaso-
line emitted in a year in 2006/07 (Silveira and Khatiwada, 2010).  

4 . 5 . 4  O t h e r  i m p o r t a n t  a s p e c t s  o f  s u s t a i n a b l e  d e v e l -
o p m e n t   

First generation bioethanol, derived from food crops such as 
corn/maize and sugarcane is often debated when it comes to food 
security and land use. In Nepal, the production of bioethanol oc-
curs from the low-value by-product of the sugar milling process: 
molasses. Without compromising sugar and other indigenous sug-
ar-based food products (such as Chaku and Shakhar), Nepal could 
today produce enough bioethanol to introduce an E20 blend for 
gasoline replacement in the Kathmandu Valley (Silveira and 
Khatiwada, 2010). Therefore, there is no trade-off between food 
and fuel in terms of bioethanol production in Nepal at its present 
scale. Our study has also shown that there is still a significant po-
tential to increase cane yields, which would guarantee a significant 
increase in ethanol production without the need to bring more 
land into cultivation.  
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Given the present conditions, sugar industries are self-sufficient in 
their energy requirements. Bagasse generates the heat and electrici-
ty required to run the whole plant.  Excess bagasse could be used 
to provide surplus electricity to replace diesel-powered electricity 
in the industrial corridor. Bioethanol derived from molasses could 
replace gasoline in the transport sector. Having made more effi-
cient utilization of bagasse and cane-trash, surplus bioelectricity 
could be generated to provide power for nearby industries or to 
provide lighting for the rural poor, with the help of rural electrifi-
cation in the countryside, where 61% of the population still lack 
electricity. Therefore, the development of sugarcane bioenergy sys-
tems would enhance energy security.   

Of the total land area of 14.72 million hectares in Nepal, cultivated 
land accounts for 21%, non-cultivated 7%, forest including shrubs 
39.6%, grass land 12% and water bodies and others 20.4%. Culti-
vated land is used for cereal/food products, cash crops, pulses, 
and fruit/vegetables. Cash crops consist of oilseed, potato, tobac-
co, sugarcane, and jute. The production of cash crops takes place 
in 13.2% of the total cultivated land, of which 14.5% is allocated 
for sugarcane farming. Thus, it can be observed that the area oc-
cupied by sugarcane is significantly smaller than the area dedicated 
to other cash or food crops. At present, sugarcane yields reach an 
average of 40.6 tonnes/ha, and could be improved with the help of 
regional experience and practice in sugarcane cultivation. Mechani-
zation of agricultural practices should also be considered in the 
medium term. This would enhance food production as well as that 
of energy products without the need for more cultivated land.  

Wastewater (spent wash), generated by bioethanol conversion 
units, is treated using an Anaerobic Digestion Process (ADP) with 
biogas recovery, and the final effluents are only discharged into 
water bodies, within acceptable limits, after the treatment has met 
the effluent standards set out by the environmental protection 
rules/regulations in Nepal. If the wastewater treatment plant is 
properly operated and maintained, there will be no significant wa-
ter pollution resulting from distillery operations.  

The institutional collaboration between concerned private and 
public stakeholders, including donor agencies/partners plays an 
important role in the sustainability of any development project. 
The institutional set-up and public-private-partnerships seem weak 
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in the case of Nepal. For example, government policy on the in-
troduction of the E10 blend was enacted in 2004 but has not yet 
been implemented due to institutional bottle-necks.   

Nepal is currently at the verge of a period of political transition, 
and internal conflicts still exist within the country, especially in the 
plains of the south, which affects sugarcane production and 
productivity. Proper renewable energy policy is required to boost 
the production and use of bioethanol, providing on the one hand 
incentives for sugarcane farmers and industries who want to make 
the investment in bioethanol production and, on the other hand, 
the proper institutional conditions to promote the switch to a new 
fuel.   

4 . 6  R e s u l t s  o f  s u s t a i n a b i l i t y  a s s e s s m e n t :  a  
s u m m a r y  s h e e t  

With the above discussion on the development of sustainability 
criteria, and the findings from the case of molasses-based bioetha-
nol production and use in Nepal, a summary sheet of sustainability 
criteria for bioethanol production is presented in Table 7. While 
Table 1 indicated a large number of important criteria in the con-
text of bioethanol production and use, Table 7 shows a summary 
of the most important messages derived from the in depth analysis 
carried out using some of these sustainability criteria. The second 
column summarizes the main contributions or arguments of the 
thesis, indicating what can be achieved in the short run. 

  



 55

Food vs. energy security 

C. Social 

E
nergy security and diversi-

fication 

Savings on oil im
port  

B. E
conom

ic 

W
astew

ater m
anagem

ent 

Local air pollution 

Life cycle G
H

G
 balances 

CO
2 em

issions from
 fuel 

substitution in autom
obiles 

Life cycle energy balances 

Fossil fuels substitution 

A
. E

nvironm
ental 

Criteria 

Table 7: E
valuating selected sustainability criteria for bioethanol production and  use in N

epal – Sum
m

ary of thesis 
results 

M
olasses, a low

-value by-product of the sugar m
illing process is used for bioethanol production w

ithout 
com

prom
ising the production of sugar and other indigenous sugar based food products (such as Chaku and 

Shakhar).  

N
ational bioethanol potential =

 18 m
illion liters.  Bioethanol can replace im

ported gasoline, enhancing do-
m

estic energy security. M
oreover, a com

bined heat and pow
er (CH

P) plant, fuelled by bagasse and recovered 
biogas, provides energy at the plant level, w

hile surplus bioelectricity can be sold to the grid.  

D
irect annual savings are U

S$ 4.9 m
illion (using E

10) and U
S$ 10.1 m

illion (using E
20) in the K

athm
andu 

V
alley  

E
xam

ination of the w
astew

ater treatm
ent processes show

s that it is essential to treat distilleries’ w
astew

ater 
(spent w

ash) using the A
naerobic D

igestion Process (A
D

P) w
ith biogas recovery. Biogas contributes 4%

 of 
total available prim

ary energy, and A
D

P (w
ithout biogas leakage) contributes to reducing life cycle G

H
G

 
em

issions.  

Bioethanol blends reduce air pollution problem
s in the K

athm
andu V

alley 

Life cycle G
H

G
 em

issions =
 433 kgCO

2eq  m
-3 (or 20.4 gCO

2eq .M
J -1.); net avoided em

issions =
 1418 kgCO

2eq 

m
-3 ethanol or a 76.6%

 reduction in the life cycle G
H

G
 em

issions com
pared to conventional gasoline 

11,283 tonnes and 23,397 tonnes of CO
2  are avoided by substituting E

10 and E
20 for gasoline respectively. 

N
et renew

able energy value (N
RE

V
) =

 18.36 M
J/L; N

et energy value (N
E

V
) =

 - 13.05 M
J/L; Total energy 

(fossil and renew
able) inputs =

 34.26 M
J /L; E

nergy yield ratio =
 7.47  

W
ith the use of bioethanol blends in the transport sector, the consum

ption of im
ported gasoline is reduced. 

G
asoline savings are 4,860 m

3 (for E
10) and 10,078 m

3 (for E
20) per year in the K

athm
andu valley. 

Contributions of the thesis



 56

5 Conclusions and 
future work 

5 . 1  C o n c l u s i o n s   

This study has estimated the net energy balance of the production 
of molasses-based bioethanol in Nepal, examined the GHG bal-
ances associated with the production and use of bioethanol in the 
country, and showed how bioethanol production and use can con-
tribute towards sustainable development. The thesis now turns to 
the three key questions that were asked at the beginning, as a way 
of putting the analysis into perspective and drawing appropriate 
conclusions.  

(a) Is bioethanol energy efficient i.e. how much energy does it take to produce 
one liter of bioethanol? 

The fossil fuel required to produce 1 liter of molasses-based bio-
ethanol (MOE or EtOH) is 2.84 MJ, giving a good energy yield ra-
tio (7.47). The net renewable energy value (NREV) is 18.36 MJ/L, 
and a higher value of NREV indicates the low amount of fossil 
fuels used in the production cycle of ethanol in Nepal. Thus, bio-
ethanol production is energy efficient in terms of the amount of 
fossil fuel used to produce it. The total energy (fossil fuel and re-
newable) requirement is 34.26 MJ/L, which is higher than the en-
ergy content of 1 liter of bioethanol (i.e. 21.2 MJ/L), giving a nega-
tive NEV ( 13.05 MJ/L). However, low quality biomass feedstock 
i.e. molasses (in terms of market and energy values) is converted 
into a high quality modern renewable transport fuel. In addition, 
there is plenty of room for significant improvements in the short 
term. 

The life cycle renewable energy contribution amounts to 91.7%, 
required to produce 1 liter of EtOH, since bagasse, biogas and 
non-motorized transportation cover most of the operations with 
the exception of the application of fertilizers/chemicals and irriga-
tion. There is huge potential for energy savings in sugar milling 
and ethanol production: a 10% reduction in energy consumption 



 57

helps to increase NEV by 33.5%. An improvement of 30% in the 
efficiency of the plant will result in a break-even situation for 
NEV, i.e. a point where the total energy input into the system is 
equal to the output in terms of the energy content provided by bi-
oethanol. This is fully possible with readily available technology. 
 
(b) How many greenhouse gas (GHG) emissions and savings occur in the pro-

duction and use of bioethanol?   

The total life cycle emission of bioethanol is 433 kgCO2eq m-3 (i.e. 
20.4 gCO2eq MJ-1), which is a 76.6% reduction in GHG emissions 
compared to conventional gasoline from a life cycle perspective. 
Thus, the production and consumption of bioethanol saves 1418 
kgCO2eq m-3 of GHG emissions when an equivalent volumetric 
amount (i.e. 1 m3 ethanol = 0.658 m3 gasoline) of   gasoline is re-
placed by ethanol as the transport fuel in Nepal.     

(c) What are the direct benefits of bioethanol substitution in the transport sec-
tor?  
 

The direct benefits of bioethanol substitution in the transport sec-
tor are: replacement of gasoline fuel, enhancement of energy secu-
rity, diversification of energy products, improvement of local air 
quality in the Kathmandu Valley, saving hard foreign currency, and 
a reduction in GHG emissions.   
 
The variation in the price of molasses has a significant effect on 
the net energy values, energy yield ratio, and GHG balances. When 
the market price of molasses doubles, the energy yield ratio is re-
duced to 3.88 (a 48.8% reduction). NEV and NREV also decrease 
by 90.2% and 14.7% respectively. On the other hand, the life cycle 
GHG emissions would be 844.7 kgCO2eq m-3 ethanol given a two-
fold increase in the price of molasses. 

The analysis of scenarios concerning the choice of wastewater 
treatment plant, from either Anaerobic Digestion Process (ADP) 
or Pond Stabilization (PS), shows that ADP with biogas recovery 
significantly reduces GHG emissions, particularly if leakages are 
avoided.  The pond stabilization (PS) treatment process contrib-
utes to an alarming increase in GHG emissions. The expansion of 
the system, with the sale of surplus electricity obtained from the 
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combustion of excess bagasse, could also help to reduce GHG 
emissions.  

This thesis has identified a number of opportunities for improve-
ments to the net energy balance and GHG emissions along the bi-
oethanol production chain. Improvements can be achieved 
through: (a) improvement in cane yields, with the help of the mod-
ernization of agricultural practices, (b) cane bagasse and 
trash/wastes being used efficiently to generate bioelectricity, and 
(c) the technological upgrading and optimization of industrial op-
erations. However, it is difficult to compare and benchmark these 
improvements with similar studies carried out elsewhere due to a 
lack of methodological coherence in evaluating bioethanol produc-
tion globally.  

In spite of the international debate on biofuels, bioethanol produc-
tion in Nepal does not pose any threats to food security since the 
feedstock is a low-value industrial by-product obtained from the 
sugarcane milling process. Nepal can produce 18 million liters of 
bioethanol annually without compromising the production of food 
products, and savings of US$ 10 million could be possible through 
the implementation of the E20 blend in the Katmandu Valley to 
replace conventional gasoline. Vehicles running on ethanol blends 
(E10 or E20) also release less air pollutants compared to pure gas-
oline.  

It is envisaged that favorable governmental policies, such as man-
datory bioethanol blends and incentives/subsidies for sugarcane 
farmers and private investors, will be put in place to explore the 
bioethanol potential in Nepal. Proper institutional mechanisms and 
coordination amongst concerned stakeholders, including both pri-
vate and public sectors, are required for the production and com-
mercialization of bioethanol in Nepal. Both political and institu-
tional concerns have become the most urgent issues to address at 
this stage, when mature conversion technologies are already avail-
able and accessible in the region. The insight provided using the 
example of this country could also motivate the assessment and 
production of bioethanol in other LDCs.  
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5 . 2  F u t u r e  w o r k s  

(a) This research is focused on the direct economic and envi-
ronmental benefits, along with the life cycle energy assess-
ment and GHG balances of bioethanol production in Nepal. 
The generation of bioelectricity from bagasse and cane 
trash/wastes has not been discussed in detail.  There is a 
huge potential, not only to generate bioelectricity in order to 
improve net energy balances and efficiency, but also to 
trade-off entire GHG balances in the sugarcane systems of 
Nepal. Therefore, life cycle economic and social sustainabil-
ity, and the optimization of relevant sustainability indicators, 
such as net energy and GHG balances and the utilization of 
cane trash/wastes for electricity generation is another step 
worthy of investigation.   

(b) The development of life cycle case studies for sustainability 
assessment, and the optimization of sugarcane-based com-
mercial energy sources (i.e. bioelectricity and bioethanol) are 
important for many least developed countries (LDCs). In 
this regard, a similar case study in one of the African LDCs 
would be interesting to investigate. After the compilation of 
field data from the production chain of bioethanol in differ-
ent LDCs, the modelling of climate, energy, land use, envi-
ronmental performance, and the consumption of other natu-
ral resources, such as water, could be carried out.   

(c) Last but not the least, in order to allow a comparative analy-
sis of the sustainability assessment of bioethanol production 
from sugarcane feedstock, methodological coherence and 
unification should be established and benchmarked globally 
in the context of the evaluation of sustainable bioenergy sys-
tems for product certification, and international trade from 
the life cycle perspective. Therefore, the evaluation of sugar-
cane bioethanol, with methodological improvements to-
wards international common ground, is the next step of this 
research work.  
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