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Abstract

The transition to a sustainable energy system is a crucial part of India’s future development.
In order to shape this transition, it is vital for energy planners and policymakers to rely on
profound knowledge of potential energy pathways. This work deals thoroughly with the ex-
ploration of energy demand and transport sector pathways in India.

As part of a broader research effort to build a comprehensive long-run energy system model
for India, a framework for energy demand projections is developed to generate and explore
future energy demand pathways. It is implemented based on different methodologies and is
spanning all demand sectors of the Indian energy system. A first analysis highlights common
trends and diverging characteristics of future energy demand across different societal scenarios.
Based on the Open Source Energy Modeling System (OSeMOSYS), a transport sector model
is developed as a tool to analyze future pathways of the sector. First results emphasize the
carbon dependency of the Indian transport sector and the importance of a sustainable modal
split on the way towards a decarbonization of the energy system.

This thesis establishes valuable groundwork for further modeling efforts as part of a sound
energy planning process in India.
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Kurzfassung

Der Übergang zu einem nachhaltigen Energiesystem hat einen entscheidenden Anteil an der
zukünftigen Entwicklung Indiens. Um diesen Übergang gestalten zu können sind Energieplaner
und andere Entscheidungsträger auf ein umfassendes Verständnis von zukünftigen Energiesys-
tementwicklungen angewiesen. Diese Arbeit beschäftigt sich tiefgehend mit der zukünftigen
Entwicklung der Energienachfrage und des Transportsektors in Indien.

Als Teil eines Forschungsvorhabens zur Entwicklung eines Energiesystemmodells für Indien
wird ein System für Energienachfrageprojektionen erarbeitet um Energienachfrageszenarien zu
generieren und zu untersuchen. Die Berechnungen basieren auf unterschiedlichen Methodiken
und umfassen alle Nachfragesektoren des indischen Energiesystems. Eine erste Analyse zeigt
gemeinsame Tendenzen und unterschiedliche Ausprägungen der zukünftigen Energienachfrage
in verschiedenen gesellschaftlichen Szenarien. Basierend auf dem Open Source Energy Mo-
deling System (OSeMOSYS) wird ein Modell des Transportsektors entwickelt, um mögliche
zukünftige Entwicklungen des Transportsektors analysieren zu können. Erste Ergebnisse un-
terstreichen die Kohlenstoffabhängigkeit des indischen Transportsystems und die Bedeutung
einer nachhaltigen Verkehrsmittelwahl auf dem Weg zu einer Dekarbonisierung des Energie-
systems.

Die Arbeit bildet eine wichtige Grundlage für die weiteren Modellierungsbestrebungen im
Rahmen einer gründlichen Energiesystemplanung in Indien.

Schlagwörter: Indien, Energienachfrageprojektionen, Transportsektormodell
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1 Introduction

The transition to a sustainable energy system is one of the decisive challenges India is facing
at the moment. From global warming to local pollution, the drastic implications of current
human activities become more and more apparent and demand a transformation of the global
economy. As a major source of greenhouse gases and pollutants, the energy system stands at
the core of a shift towards an environmentally benign development path [1]. At the same time,
the energy system in India is attributed a key role in facilitating general developmental aims
[2]. Eradicating energy poverty and providing universal access to modern energy are crucial
parts of a transition to a socially and environmentally sustainable energy system in India.

In order to shape this complex transition and achieve a desirable development path, it is vital
for energy planners and policy-makers in India to be able to make well-informed decisions.
Strategic choices are necessary in numerous areas and are often closely related to the achieve-
ment of various goals. Providing access to electricity in remote rural areas can be based on
different electrification options, from grid extensions to mini-grids, while also creating the op-
portunity to harness local renewable energy sources for power generation [3]. In the transport
sector, investment decisions in long-lived infrastructure are crucial to satisfy universal trans-
port needs as well as to reduce greenhouse gas emissions over the next decades [4]. As part
of a comprehensive energy planning process, a diverse set of tools is required to provide the
necessary knowledge and insights to support fact-based decision-making towards a preferable
energy system pathway in India.

One of the vital tools contributing to the energy planning process are long-run energy system
models, which are of crucial interest for policy-makers to explore and analyze future pathways
of the energy system and their implications. In order to contribute to the energy system
planning efforts in India, a collaborative research project of the division of Energy Systems
Analysis at the KTH Royal Institute of Technology in cooperation with Indian governmental
and non-governmental organizations revolves around the development of a long-run energy
system model for India. In a first phase, the focus is to establish a power and transport sector
module based on the Open Source Energy Modeling System (OSeMOSYS). The model is meant
to facilitate, among others, the exploration of transport sector decarbonization pathways and
the optimization of power sector expansion plans over the next decades.

In the context of this research effort, this thesis contributes in two ways to the overall project.
First, as a vital input to the long-run energy system model and also a crucial factor in the en-
ergy system planning process itself, this work considers the future evolution of energy demand
in India. Here, the specific objective is to develop a framework and implement methodolo-
gies to facilitate scenario-based energy demand projections spanning all demand sectors of the
Indian energy system. Based on the framework, a first analysis with respect to different soci-
etal pathways is conducted. Second, a transport sector model as future part of the envisaged
comprehensive energy system model is developed to provide a useful tool for energy planning
in India. For a first analysis, the model is used to explore decarbonization pathways of the
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transport sector.

The research falls in line with various other research efforts considering future energy demand
and transport sector pathways in India [5–10]. Based on the commercial modeling framework
MARKAL, The Energy and Resources Institute (TERI) has previously built a comprehen-
sive energy system model to examine future Indian energy scenarios and their implications
until 2036 [5]. It is driven by a framework for energy demand projections and also includes
a representation of the transport sector. NITI Aayog, a Government of India think tank, has
introduced a spreadsheet-based scenario generator facilitating the creation of energy demand
and supply pathways for India [6]. A comprehensive MARKAL-based optimization model of
the Indian energy system, including a detailed representation of transport vehicles, has been
built and used to analyze, among others, co-benefits of a decarbonization of the Indian trans-
port sector [7, 8]. As part of the overall research effort, this thesis aims to complement existing
research work by contributing to the creation of powerful, yet free and open-source tools for
the energy planning community.

The remaining part of this thesis is structured as follows. Chapter 2 gives an overview of
the Indian energy and transport system and related future challenges, while Chapter 3 briefly
introduces energy planning and underlying energy models relevant to this work. Standing at
the core of the thesis, Chapters 4 and 5 explain the methodology and data basis behind the
developed demand and transport sector model, respectively. Based on scenarios introduced in
Chapter 6, a first set of future demand and transport sector pathways is shown and analyzed
in Chapter 7. The analyses outlined in these chapters are, hereby, also capturing crucial
factors for the understanding of the model limitations, the data requirement and its influence
in shaping the model structures. Chapter 8 concludes the work and outlines future steps.



2 The Indian Energy and Transport System

In order to provide a brief background for the modeling efforts in this work, this chapter
shortly discusses some major characteristics of the Indian energy and transport system. First,
the primary energy consumption in India is used as a starting point to bring up main traits of
the current energy system. Moreover, key aspects of the Indian transport sector with respect
to its modal split and energy use are discussed before summarizing overarching challenges for
India’s energy system in future.

Figure 2.1 shows the composition of primary energy consumption in India in 2013. The over-
all consumption of 32.4 EJ constitutes 5.7 % of the global demand but given the almost 18 %
share of the world’s population living in India, per capita energy consumption stands only at
around one third of the global average [11]. A similar situation applies to electricity, often
singled out as a vital final energy carrier connected to general societal development [12]. In
fiscal year 2015-16, per capita electricity consumption in India was around 1075 kWh, once
more just around one third of the global average [12]. This low per capita energy consump-
tion in India is accompanied by a large increase of the consumption of primary energy as
well as electricity over the past years [11]. It draws a picture of an energy system in a phase
of profound development and expansion to meet the energy needs of a rapidly emerging nation.

Considering the split of energy carriers in Figure 2.1, a large share of primary energy in India
is provided by biomass. This is mainly due to the widespread use of traditional biomass for
cooking. Around two thirds of the Indian population have been estimated to rely on biomass
for cooking. The collection of biomass frequently results in environmental degradation and its
combustion in often simple stoves can cause severe indoor pollution and, thus, health issues.
At the same time, around 20 % of the population are estimated to lack access to electricity.
The lack of access to modern and clean energy carriers is a vital issue for further development
and alleviation of poverty in India.[6, 11]

Moreover, Figure 2.1 shows that around 73 % of India’s primary energy consumption is met
by fossil fuels. Here, coal with 44 % and oil with 23 % constitute the main shares whereas
natural gas with 6 % of the consumption currently plays a minor role. The reliance on fossil
fuels results in a high carbon intensity of the Indian energy system and consequent greenhouse
gas emissions. Furthermore, the often inefficient use of fossil fuels, especially coal and oil, is
a significant source of air pollution in India where air quality is a major issue in many areas
[11]. For the Indian government, the high share of fossil fuels is also a concern with respect to
India’s energy security. Given limited domestic reserves and production capacity for natural
gas and crude oil as well as a development of coal reserves falling short of domestic needs,
31 % of primary energy was imported in 2012 with an increasing share expected for the next
decades.[12]

As one of the demand sectors of the Indian energy system, the transport system is partly
subject to similar characteristics and consequent ramifications as outlined in the previous
paragraphs. Per capita transport performance of motorized passenger and freight transport is
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Figure 2.1: Composition of the primary energy consumption in India in 2013 by energy car-
rier. Adapted from [11].

on a low level in comparison with more advanced economies but is quickly increasing driven
by economic development [7]. Both passenger and freight transport is currently dominated
by road-based vehicles. In fiscal year 2011-12, an estimated 90 % of passenger mobility was
provided by road transport and around 10 % by trains, whereas a negligible share was met by
air-based and other transport vehicles [13]. Passenger road transport is largely characterized
by bus travel as well as by a considerable utilization of 2- and 3-wheelers. The use of private
cars is still limited as the ownership of cars, 29 per 1000 inhabitants in 2010, is much lower
than the world average [7, 11]. Moreover, a considerable amount of short distance travel is cov-
ered by non-motorized transport modes, e.g., bicycles. Road-based transport also constitutes
around 67 % of the total freight transport in 2011-12 where other major shares are provided
by rail and to a lesser extent by water-, pipeline- and air-based transport [13].

Final energy consumption of the transport sector stands at 3603 PJ and constitutes only 15 %
of the total consumption in 2015 [14]. It is dominated by oil products, with a high share
of diesel, making up 95 % of the transport energy [11, 14] and 47 % of the overall use of oil
products in India [14]. Around 91 % of the final energy consumption of the transport sector
is allocated to road-based transport. The reliance on the combustion of fossil fuels to power
vehicles makes the transport sector a major source for air pollution and greenhouse gas emis-
sions in India [15, 16].

The previous paragraphs only touch upon the complex and diverse structure of the Indian
energy and transport system but they expose some key features defining future overarching
challenges in India. Low per capita consumption and prevalent energy poverty are demanding
a rising supply of energy services in future, both as driver and consequence of future socioe-
conomic development. Despite potential efficiency improvements, this suggests a need for a
drastic expansion of relevant parts of the energy system. At the same time, the energy system
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is a major contributer to local pollution and greenhouse gas emissions necessitating a transi-
tion to an environmentally benign system. Altogether, the future development of the Indian
energy system will be characterized by the challenge to manage and meet future demand for
energy services in an equitable and sustainable manner.[11]





3 Energy Planning, Demand and Energy
System Models

This chapter provides a brief, non-exhaustive overview of energy planning and relevant energy
demand and energy system models as useful tools in the planning process. It shortly discusses
characteristics of various major modeling approaches relevant for this work.

The often long-lived and complex nature of energy systems and their interactions require
strategic decisions to control their evolution in a desired manner. Especially in light of the
necessary transitions ahead, this requires profound and diverse energy planning processes at
different levels guiding the decision making of involved social actors at various stages. At a
national level, long-term integrated energy planning incorporates a wide range of economic,
environmental, social and other aspects with respect to the extraction, transmission, distribu-
tion, storage and use of energy. It can, among others, include integrated assessments, life-cycle
assessments and integrated resource planning. The process relies on the application of analyt-
ical tools to support profound and comprehensive energy planning.[17]

One crucial element of energy planning is the consideration of future demand. Demand for
energy services is driving the entire energy system and its satisfaction is the ultimate ob-
jective of the energy system. Therefore, the evolution of energy demand is a vital factor in
defining the requirements for a future energy system. At the same time, this development is
based on complex interactions of the energy system and socioeconomic, behavioral, techno-
logical, climatic and other factors [18]. Despite their limitations and remaining uncertainties,
mathematical demand models can serve as useful tools to accomplish the challenging task of
providing energy demand projections. A wide range of energy demand models based on a
variety of methods is currently used for different projection purposes [19]. The approaches
increasingly rely on a combination of different methods and cannot easily be attributed to a
specific category of models [20]. Following [20], one major, non-comprehensive categorization
of models distinguishes between econometric, engineering-economy or hybrid models combin-
ing both approaches.

Econometric approaches originate from economic theory. They derive a quantitative relation-
ship between a dependent variable and one or more chosen independent economic quantities
based on a statistical analysis of past data. This relationship can be established through a sin-
gle equation or a complex set of equations taking into account a variety of correlations. Based
on assumptions for the future evolution of the independent variables, it can then be applied to
derive projections for the specified dependent variable. In contrast, the engineering-economy
approach relies on a profound analysis of different end uses and relevant social, economic and
technological factors to derive quantitative relationships for the projection of energy demand.
Hereby, it is not constrained to replicate historic trends but can capture future structural or
technological shifts. Both approaches are often combined in different ways to form an overall
approach and can be used in conjunction with a set of scenarios to analyze different future
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pathways.[20]

To support a comprehensive energy planning process, long-term demand considerations have to
be embedded in profound analyses of the entire energy system and potential future pathways.
In this regard, a variety of modeling approaches with diverging characteristics with respect to
their structure, capabilities, data requirement and purpose exists to aid policy-making [21].
Energy system models are commonly classified as so-called top-down or bottom-up models.
Conventional top-down models tend to be concerned with the entire economy, considering the
energy sector in an aggregated fashion through, e.g., production functions in the wide-spread
computable general equilibrium models [22]. In contrast, bottom-up models generally strive
for a detailed technological representation of the energy system but often neglect relevant in-
teractions of, e.g., economy and energy system [22].

Particularly widely used bottom-up tools underpinning energy planning with relevant insights
are long-run energy system optimization models. Based on a detailed characterization of
technologies, the models minimize the cost of an energy system to meet the specified demand by
optimizing the future deployment and operation of available technologies. The optimization is
subject to different constraints ensuring technical conformity or, e.g., compliance with imposed
environmental limits. The models often assume perfect foresight and the standpoint of a social
planner while optimizing the system performance. Thus, they generate idealistic pathways
which can yield valuable insights for policy-makers. Underlying modeling frameworks are for
example MESSAGE [23], TIMES [24] or OSeMOSYS [25].[26]



4 Framework for Energy Demand Projections

The approach for scenario-based energy demand projections derived in this thesis is developed
separately for various demand sectors and is based on different methods. After introducing
the overall framework, its aim, and background, this chapter provides detailed explanations of
the methods and underlying assumptions used for the energy demand projections of each sec-
tor. First projections, respective scenarios, and data sources are discussed in Chapters 6 and
7. The framework is implemented as spreadsheet model using the free, open-source software
LibreOffice Calc. The model files can be found on the attached CD.

As stated in Chapter 1, one goal of this work is to implement a valid approach for providing
energy demand projections as input for bottom-up energy system models as well as a potential
direct input to the energy system planning process in India. The specific objective is to en-
able long-term projections considering a yearly time resolution and the country-wide, spatially
aggregated demand. Moreover, the demand is to be derived separately for different demand
sectors and energy carriers as outlined in the next paragraphs. Although the implementation
of the framework and the different methods is partly guided by the current application to pro-
vide projections for India, it can easily be used in other contexts if respective data is available
and potentially necessary methodological adjustments are undertaken.

In order to achieve this goal and provide a flexible framework for future applications, the
demand projections are based on a generic two-step approach as shown in Figure 4.1. In
general, the projections originate from a set of variables, so called energy demand drivers or
simply drivers, which exhibit a strong correlation with the demand for energy services. These
energy demand drivers can be macroeconomic, sociocultural, climatic or other parameters.
Their scenario-based future evolution is exogenously defined and can be based on other models
or own scenario assumptions. The evolution of the drivers is linked with the development of
the energy demands through quantitative relationships. The derivation these relationships
and, therefore, also the identification of relevant drivers, are based on theoretical or empirical
analyses as described in Chapter 3. In a first step, relevant drivers are used to calculate the
energy service demands or proxies thereof (in the following, the term energy service demand
also refers to its proxies). This first step can be expressed through the simplified formula

ESDs(t) = fs(D(t),P), (4.1)

where ESDs(t) is the energy service demand for a specific demand segment s, i.e., end use
or (sub-)sector, in year t, D(t) is a vector consisting of the drivers in year t, P is a vector
of constant parameters and fs is a function correlating drivers and energy service demand
for segment s. The energy service demand itself can be the basis for crucial analyses or, if a
respective demand sector model is implemented, a vital input to a bottom-up energy system
model. If further analysis or modeling effort require demand projections of the final energy
demand for different energy carriers, these are derived in a second step. The energy service
demands are then multiplied with intensity parameters representing the usage of energy carriers
to provide a specific energy service. The evolution of the parameters is defined exogenously
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Energy demand driversEnergy demand drivers
Population

Energy service demand (proxies)
Useful energy demand for cooking

Parameters

Final energy demand
Biomass demand for cooking

Bottom-up energy system model
Power sector module

Transport
sector

module

Intensities

Figure 4.1: Sketch showing the general framework for the energy demand projections. Non-
bold phrases indicate examples.

over the projection period. The following equation illustrates the concept of this second step
of the energy demand projections

FEDs,c(t) = ESDs(t) · Is,c(t), (4.2)

where FEDs,c(t) is the final energy demand of segment s for energy carrier c in year t and
Is,c(t) is the respective intensity parameter.

In the current work, this framework is implemented and applied based on different methods
for all energy demand sectors in India. Based on [14], the residential, industry, agriculture
(including forestry), service (including commerce and public services) and transport sector are
considered. The sectors are defined so that the entire energy demand is captured. Although
great effort is taken to consistently follow this approach throughout all demand segments, the
complex and diverse concept of energy services and the limited availability of data for India
make it necessary to adapt the concept to enable projections of specific demand segments.

For the residential, industry, agriculture and service sector, the demand projections include
both steps in order to obtain final energy demands used as input for the power sector model. In
contrast to the other sectors, the energy demand projections for the transport sector are only
derived on the level of energy service demands, which are used as an input to the transport
demand sector module to be introduced in Chapter 5. In order to ensure that the scenario-
based projections of all sectors are based on consistent scenario assumptions, they depend on
a common set of major drivers and, where appropriate, sector specific drivers and parameters.
Table 4.1 shows the common and sector-specific drivers. The correlation of the drivers with
the energy demand of specific end uses or (sub-)sectors and, therefore, also the rationale to
include them are outlined for each of the sectors in the following sections.
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Table 4.1: Symbols, units, and descriptions of the energy demand drivers.

Symbol Unit Description

Major drivers

Pt - Total population
GDP USD2010 Gross domestic product

Sector specific drivers: Residential sector

Pu - Fraction of the total population living in urban areas
HE USD2010 Average annual per capita household expenditure
HER/U - Ratio of rural to urban average per capita household

expenditure
HSR - Average number of household members in rural areas
HSU - Average number of household members in urban areas
CDD ◦C · d Average country-wide cooling degree days
HDD ◦C · d Average country-wide heating degree days

4.1 Residential Sector

The energy demand projections for the residential sector are based on a bottom-up, engineering
methodology as introduced in Chapter 3. The development of a simplified bottom-up model
allows for the special interest allocated to the residential sector within the overall research
project while also enabling the projections to better capture structural changes expected in
the sector. The bottom-up model considers the residential energy demand for five different end
uses, i.e., cooking, space & water heating, lighting, space cooling, and appliances. Moreover, in
order to capture the distinct nature of rural and urban areas, both are considered separately for
the analysis. As outlined for the general framework in the beginning of this chapter, relevant
drivers and parameters serve as basis for the calculation of energy service demands. While
drivers for all sectors have already been introduced in Table 4.1, constant parameters relevant
for the residential sector are summarized in Table 4.2. The energy service demands for the
residential end uses are calculated as the useful energy needed to provide the specific energy
service. For this analysis, the useful energy demand of lighting is specified in luminous energy,
whereas for space cooling and other appliances, whose overall demand is closely related to
respective ownership rates and unit energy consumptions, it is defined as the final electricity
demand of the respective appliance. After introducing a general subdriver relevant for several
end uses in the next paragraphs, correlations between drivers, subdriver, and useful energy
demand for all residential end uses are derived in the following subsection. The overall approach
is based on [9] while elements are simplified and adapted for the current purpose. It has to be
noted that despite the implementation of a bottom-up methodology, the model is not based
on or meant to provide a comprehensive and profound analysis of current energy demand in
India but rather serves as a simple tool to derive long-term demand projections. Therefore,
the correlations derived in the following paragraphs do not consider all potential linkages
in a profound manner but rather rely on a limited set of drivers and parameters to reduce
complexity and conform with the limited data availability.
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Table 4.2: Symbols and descriptions of parameters used in the energy demand projections of
the residential sector.

Symbol Unit Description

ISH
MJ

m2·◦C·d·a Useful energy intensity for space heating per floor area, heat-
ing degree day and year

IWH MJ/d Useful energy demand for water heating per capita and year
IC MJ/d Useful energy demand for cooking per capita per day

IL,EL
lm·h
m2·a Luminous energy intensity per floor area and year for house-

holds using electricity-based systems

IL,KS
lm·h
m2·a Luminous energy intensity per floor area and year for house-

holds using kerosene-based systems
UECF kWh/a Annual unit energy consumption of fans for air ventilation
UECWM kWh/a Annual unit energy consumption of washing machines
UECR kWh/a Annual unit energy consumption of refrigerators
UEC T kWh/a Annual unit energy consumption of televisions

4.1.1 Energy Service Demand

A Subdriver: The Residential Floor Space

Residential floor space is commonly used as an indicator for residential energy use [27]. It is a
major influencing factor of energy demand for lighting, space heating and cooling in residential
buildings [9]. Given the strong influence of the indicator on various end use applications, the
residential floor space per capita F is introduced as a subdriver in this analysis. In contrast
to the overall drivers, it is endogenously calculated based on an econometric relationship with
the main drivers of the model.

The observed average residential floor space per capita can significantly vary between different
rural and urban areas and among countries and is the product of a wide range of cultural,
economical and other factors [28]. On an aggregated level, per capita income is widely identified
as correlating well with per capita floor space considering data for different cities and countries
[28–30]. Here, residential floor space per capita F is linked to another, income related factor,
the per capita household expenditure HE . The correlation is derived based on India-specific
survey data from the National Sample Survey Office (NSSO) [31] on household floor space for
different expenditure classes in rural and urban areas. Following [9], the reported data points
serve as basis for a regression analysis with a Gompertz curve. It can be written as

Fz = F sat
z · exp(−mz · exp(−nz/1000 ·HE z)), (4.3)

where Fz is the per capita residential floor space with z ∈ {rural, urban}(= {r, u}), F sat
z is a

saturation parameter and mz and nz are fitting parameters. The saturation values F sat
z are

assumed to be F sat
r = 40 m2 and F sat

u = 30 m2 based on reference values chosen from [28].
Figure 4.2 shows the underlying data and fitted curves for rural and urban areas. Relevant
statistical indicators for this and all following fits can be found in the data files of the open-
source statistical package gretl on the attached CD.
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from [31], the lines show the fitted Gompertz curves with mr = 2.44187,
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−1, mu = 2.23250 and nu = 0.805 272 USD2010
−1.

Cooking

Whereas cooking activities constitute a small ratio of the residential energy consumption in
many countries in Europe or North America, they make up a large share in other regions
including India [32]. Average useful energy consumption for daily cooking activities per capita
in India and other countries reported in the literature were analyzed by [9]. The data exhibit
a wide dispersion but no clear correlation with income, household size or location was found.
Based on [9], a constant per capita useful energy intensity for cooking IC = 2 MJ/d is chosen
for the calculation of the annual cooking energy service demand

ESDC
z = Pz · IC · 365 d/a (4.4)

where the population Pz = Pt · (1− Pu) for z = rural and Pz = Pt · Pu for z = urban.

Space & water heating

Energy consumption for space and water heating in residential buildings in India is currently
rather low [9, 29]. The useful energy demand for space heating is largely depending on climatic
conditions, building characteristics and occupant behavior [33]. Following [29], the useful
energy demand for space heating is estimated as

ESDSH
z = Pz · Fz ·HDD · ISH (4.5)

where Pz ·Fz represents the occupied floor space, the heating degree days HDD are the relevant
climatic parameter and ISH incorporates both structural building characteristics and occupant
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behavior. A constant space heating intensity ISH = 0.13 MJ
m2·◦C·d·a is adopted from [9] for this

analysis.

Average per capita energy consumption for water heating is estimated to currently be around
IWH = 0.5 MJ/d in India. Although energy intensity is expected to increase with growing
income [9], suitable data to allow for the derivation of a reasonable quantitative correlation is
not readily available. For this reason and the expected limited share of water heating in the
overall energy demand, energy intensity is assumed to approximately stay at current levels for
this analysis. Thus, the country-wide useful energy demand for residential space and water
heating is calculated as

ESDSWH
z = ESDSH

z + Pz · IWH · 365 d/a (4.6)

Lighting

The energy service demand for lighting is considered as luminous energy ESDL in lumen
hours (lm · h/a). Its correlation with the drivers is based on a simplified engineering approach.
Here, the luminous energy demand depends largely on the lit area, the lighting level to be
achieved and the usage pattern. The average lighting level achieved strongly varies depending
on the usage of electricity- (EL) or kerosene-based (KS ) lighting systems, which are still
used in many households in India. Therefore, separate lighting intensities for both kind of
systems are introduced and energy demand is estimated considering the actual usage share of
the technologies and residential floor space. Assuming simplistically the entire floor space is
evenly lit, the energy service demand is calculated as

ESDL
z = Pz · Fz · (ECSL

z,EL · ILEL + ECSL
z,KS · ILKS ) (4.7)

where ECSL
z,EL and ECSL

z,KS = 1 − ECSL
z,EL are variable shares of the population using

electricity- and kerosene-based lighting system, respectively. ILEL and ILKS are the respective
lighting intensities which incorporate both usage patterns and achieved lighting level. They
are calculated as

ILc = Ev,c · u · 365 d/a (4.8)

where Ev,c with c ∈ {EL,KS} are the achieved illuminances for electricity- and kerosene-
based systems and u are the daily usage hours. For Ev,EL, the lower end of the range for living
rooms 100 lm/m2 given in [34] is considered as an average for the entire residential floor space
lit using electricity. For households using kerosene, an achieved illuminance of 6 lm/m2 is taken
considering the upper end of the range given in [35], assuming an increasing prevalence of more
advanced kerosene technologies. Considering an estimated average usage time of u = 2.5 h/d,
the intensities are ILEL = 127.8 · 103 lm·h

m2·a and ILEL = 7.7 · 103 lm·h
m2·a .

Space Cooling and Appliances

The satisfaction of the end use functions space cooling and appliances is reliant on the usage
of electrical appliances and is considered together here. The energy service demand for both
end uses is, hereby, closely related to the number of households owning respective appliances
and their usage pattern [36]. It can be written as
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ESDSC
z =

Pz

HS z
·

∑
a∈ASC

Oa,z ·
UEC a

EF a,z
(4.9)

and

ESDA
z =

Pz

HS z
·
∑
a∈AA

Oa,z ·
UEC a

EF a,z
, (4.10)

where HS z is the average household size in rural or urban areas, the sets ASC and AA represent
appliances included for the respective end use, Oa,z is the ownership rate of appliance a in
areas z, UEC a is the unit energy consumption of appliance a and EF a,z the efficiency factor
of appliance a in areas z.

The demand for space cooling is met by various electric devices and there is a wide range
of other appliances used in households. Following [9], washing machines, refrigerators and
televisions are chosen as the three major, representative appliances to be included in the set
of appliances AA = {WM ,REF ,TV }. For space cooling, electric fans and air conditioners are
considered for ASC = {FAN ,AC}. Air coolers are not explicitly included but are, as in the
underlying data set from NSSO, considered together with air conditioners while assuming an
equal consumption pattern.

The ownership rate, i.e., the share of households owning a certain appliance, is the product of
many factors but is often found to correlate closely with household expenditure [9, 36]. For
this work, a correlation is derived based on ownership data for different expenditure classes
reported by NSSO [37] and, following [9], a Gompertz curve. It can be written as

Oa,z = Osat
a,z · exp(−ma,z · exp(−na,z/1000 ·HE z)), (4.11)

where Osat
a,z is the saturation level for appliance a in rural or urban areas and ma,z and na,z

are fitting parameters.

Historic ownership saturation levels have been observed to increase over time, suggesting
decreasing prices as one of the influencing factors [9]. While anticipating further increasing
ownership levels, future saturation levels are set constant but at increased levels of 0.9 for
televisions and 1 for all other appliances. Table 4.3 gives the values of the fitting parameters
while Figure 4.3 shows data points from [37] together with the fitted Gompertz curves. It
can be seen that there is partly a considerable discrepancy at higher expenditures, mainly due
to assumed constant but increased saturation levels. The curves are, thus, not to be seen as
best fits for data points at higher expenditure levels only to be reached in future. Instead,
they incorporate an expected future development of ownership patterns, and thus different
ownership rates at higher expenditure levels as suggested by historic data points.

Next to the overall number of households and the share of households owning a specific ap-
pliance, Equations (4.9) and (4.10) also incorporate the energy service demand UECa

EFa,z
for a

specific appliance if used in a household. Here, UEC a is the unit energy consumption of appli-
ance a. For electric fans, washing machines, refrigerators, and televisions, constant values are
chosen based on reported values in the literature and are outlined in Table 4.4. For fans, the
figure implicitly includes multiple ownership by assuming an average of 1.2 fans per household
owning one or more fans. The unit energy consumption of air conditioners is not based on a
single device but is derived by considering the useful energy demand for space cooling with air
conditioners. The correlation is based on [38], where a relationship of useful energy demand for
cooling and cooling degree days for Europe based on US data is derived. Assuming a similar
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Table 4.3: Values of fitting parameters for Gompertz functions linking ownership rates of
appliances to scaled annual household expenditure per capita.

Appliance a ma,r na,r ma,u na,u

Unit − USD2010
−1 − USD2010

−1

FAN 2.68982 3.17579 0.874941 3.14699
AC 4.24569 0.549131 2.26375 0.294618
WM 6.06149 0.679345 2.91458 0.429776
REF 4.71305 0.949566 2.9591 1.10451
TV 4.12777 3.40636 2.19411 4.23113

Table 4.4: Value of unit energy consumptions UEC a of appliances a ∈ A. Values are adopted
from [9].

Appliance a UECa

Unit kWh/a

FAN 174
AC variable, see text
WM 190
REF 500
TV 150

relationship for India while taking into account the India-specific European Seasonal Energy
Efficiency Ratio (ESEER) from [39], UECAC is calculated as

UECAC ,z = HS z · Fz ·
0.051 · CDD

◦C · d + 1.483

ESEER
· kWh

m2 · a
, (4.12)

where ESEER = 3.58. Despite the availability of a correlation on the level of useful energy, the
ESEER is used to accomplish a consistent level for the energy service demand of all appliances,
i.e., useful energy demand equaling final energy demand.

Whereas the unit energy consumptions UEC a are based on a specific baseline efficiency of the
devices, the variable efficiency factors EF a,z in Equations (4.9) and (4.10) allow for assumptions
on a generic efficiency improvement of space cooling and other appliances in rural and urban
areas over time. The trajectories of EF a,z are part of the scenario assumptions and are further
considered in Chapter 6.

4.1.2 Final Energy Demand

Within the overall research project, the residential demand sector is currently not modeled
explicitly within a bottom-up energy system model. Therefore, the energy demand is to be
projected at the level of final energy in order to provide input for further analysis and a
developed power system model. The demand of space cooling and other appliances derived in
the previous section is already calculated at the level of final energy so no further processing
is necessary. Following Equation (4.2), the final energy demand of the remaining end uses is
calculated as
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Figure 4.4: Results of the residential sector bottom-up demand model (solid) for the years
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spreadsheet model file. Values for energy carriers have partly been summed up to
match energy carrier categories reported by IEA. IEA data for biomass include
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FEDs,c,z = ESDs,z · Is,c,z = ESDs,z ·
ECS s,c,z

EF s,c,z
(4.13)

where ECS s,c,z is the share of the rural or urban population using a specific energy carrier c to
fulfill the particular energy service demand of segment s and EF s,c,z is the average efficiency of
devices deployed in rural or urban areas in segment s and utilizing energy carrier c. For space
& water heating and cooking, EF s,c,z represents the standard energy conversion efficiency,
i.e., useful energy output divided by energy input, whereas for lighting it gives the average
overall luminous efficacy in lm/W. Both energy carrier shares and efficiency factors are part
of the scenario assumptions and are further explained together with implemented scenarios in
Chapter 6.

4.1.3 Model Validation

Due to the bottom-up structure of the residential demand model it is necessary to investigate
its validity. This is done by testing the model performance for the years from 1995 to 2010
and comparing the results to reported data for the final energy consumption of the Indian
residential sector from IEA [14]. As can be seen in Figure 4.4, the model output corresponds
well with the consumption data while showing a slightly higher trajectory for most of the energy
carriers. The deviation can be based on various reasons. The data reported by IEA are partly
uncertain themselves, as, e.g., the use of traditional biomass is not consistently monitored.
Furthermore, the model calculates the overall demand, whereas IEA data refer to final energy
consumption and thus, do not include unmet demand. In the power sector, load shedding
currently leads to a considerable power deficit [11], while its reported magnitude varies, e.g.,
from 10.6 % [40] to 24.75 % [41] in fiscal year 2009-10. Considering the 14 % lower electricity
consumption reported by IEA as compared to the model results for the corresponding calender
year 2009, the power deficit can be a major factor in causing the divergence of the data for
electricity. However, given the simplistic nature of the model, primarily designed for demand
projections, and the uncertainty and sensitivity related to its input parameters, it inherently
cannot capture all aspects of the residential demand in a complete and accurate manner.
Nevertheless, the comparison shows a reasonable accordance of the model with past data and,
thus, allows its application for demand projections.

4.2 Industry, Agriculture, Service and Transport Sector

In contrast to the residential sector, the energy demand projections for the remaining sectors,
i.e., industry, agriculture, service and transport sector, are based on a top-down, econometric
approach as outlined in Chapter 3. This approach reduces the data requirement while facili-
tating consistent projections for the diverse set of sectors. Where appropriate and if necessary
data are available, econometric correlations are developed separately for different subsectors
or segments of the respective sector. Table 4.5 gives an overview of the implemented segments
for all sectors and respective energy service demand proxies. For the industry sector, major,
energy-intensive subsectors have been chosen based on [5] and data from [14]. The remaining
industrial demand is attributed to an Others sector. The agricultural sector is split in de-
mands for irrigation and land preparation, similar to [5] and [36]. Other agricultural demand
is not separately considered but implicitly included in both other segments. Due to the diverse
nature of the service sector and the unavailability of consistent data, the sector is not further
broken up. The transport sector is separated into a passenger and a freight transport segment.
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Table 4.5: Demand segments considered for the industry, agriculture, service and transport
sector and their respective energy service demand proxy

Abbreviation Segment Energy service demand proxy

Industry

IS Iron & steel Quantity of steel produced
CHE Chemicals & petro-

chemicals
Quantity of major chemicals & petro-
chemicals produced

NFM Non-ferrous metals Quantity of aluminum produced
NMM Non-metallic minerals Quantity of cement produced
PP Paper pulp & print Quantity of paper & paperboard produced
OT Others Averaged quantity

Agriculture

IRR Irrigation Area irrigated by wells & tubewells
LP Land preparation Numbers of tractors in use

Service

SER GDPService

Transport

P Passenger Passenger transport performance
F Freight Freight transport performance

The respective quantity defined as energy service demand proxy for each segment is given
on the right side in Table 4.5. The selection of demand proxies is strongly influenced by the
availability of historic data needed for the econometric analysis. For the industry subsectors,
the energy service demand proxy is defined as the demand for the major product of the subsec-
tor. Here, demand refers to the production (target) within the subsector and not to domestic
demand or consumption of the product within the economy. For the Others sector, the energy
service demand proxy is an arbitrary quantity. It is normalized with respect to the base year
and linked to the average growth rate of all other industrial subsectors. For the agricultural
sector, the energy service demand proxy for irrigation is the area irrigated using wells and
tube wells, while the number of tractors in use is the demand proxy for land preparation. Due
to aforementioned difficulties in developing a profound representation of the service sector,
the sectoral gross domestic product is taken as its energy service demand proxy. The energy
service demands for the transport sector segments are defined as the transport performances,
i.e., distance traveled by passengers or tons of freight, respectively.

4.2.1 Energy Service Demand

In order to project the previously defined energy service demands, quantitative correlations
between demands and scenario drivers are derived based on simple econometric models. The
econometric equations are chosen in a way to fit past values as well as to exhibit a reasonable
future development. For the industrial segments, a linear model linking service demand with
the gross domestic product are found suitable. It can be written as

ESDs = ms + ns ·GDP (4.14)
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where ms and ns are fitting parameters for segment s. Assuming a generic GDP growth,
future values are calculated and compared to, where respective data are available, current
values reported for the People’s Republic of China in order to check the reasonability of the
model. The irrigated agricultural area is derived as

ESDs =
Isat

1 + exp (−(ms + ns ·GDP))
(4.15)

where Isat = 79796 · 103 ha is a saturation value assumed half of the total agricultural area in
India as reported for fiscal year 2010-11 in [42]. The number of tractors in use is projected
as

ESDs = os +
Lsat − os

1 + exp (−(ms + ns ·GDP))
(4.16)

where os is another fitting parameter and Lsat = 4760000 is a saturation level chosen as number
of tractor used in 2003 in the US, a country with a comparable agricultural area as India [43].
The correlation for the service sector is based on following equation

ESDs = GDP · Ssat

1 + exp (−(ms + ns ·GDPpc))
. (4.17)

Where GDPpc is the per capita GDP and Ssat = 0.8 is an assumed saturation value for the
share of the service sector GDP. Following [7], the per capita energy service demands ESDpc

s

of the transport sector are linked to the per capita GDP, although a different logistic model
is derived

ESDpc
s =

ESDs

Pt
= ns +

T sat,pc
s − ns

1 + exp (−(ms ·GDPpc))
. (4.18)

Here, T sat,pc
s is the per capita saturation level for transport segment s. The saturation levels

T sat,pc
P = 20 000 pkm and T sat,pc

F = 8000 pkm are adopted from [7].

As outlined in the following chapter, the bottom-up transport sector model requires energy
service demands ESDsT for all its different segments sT , i.e., vehicle categories. The vehicle-
wise projection are derived by implementing the mode share MS sT of each transport segment,
so that

ESDsT = ESDs ·MS sT . (4.19)

The evolution of the mode shares MS sT are exogenously defined scenario parameters and their
reasoning and use are further explained in Chapters 5 and 7.

The regression analyses are based on past data from [51] for GDP and population. The historic
values for energy service demands are derived from a wide range of sources. Table 4.6 gives the
sources and comments on the data, necessary processing steps and assumptions. Figure 4.5
shows the data points and respective fits for the industry, agriculture and service sector, while
the analysis of the transport sector is shown separately in Figure 4.6. The resulting values of
the fitting parameters can be found in the spreadsheet model on the attached CD.
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Table 4.6: Sources of historic data and comments for the energy service demand proxies of
all segments.

Segment Sources Comments

Industry

IS [44–47] -
CHE [48, 49] -
NFM [50] -
NMM [50] -
PP [43] -

Agriculture

IRR [42] -
LP [43] -

Service

SER [51],[52] GDP from World Bank, sectoral share
from Central Statistics Office.

Transport

P [53, 54], [53–58],
[59]

Calculated as summation of data reported
for road, rail and air transport. Road: lat-
est reported data seem unreasonable high
and were not considered. Rail: Estimates
for metro trains performances are added
to data reported for the Indian Railways.
Air: Only scheduled services are consid-
ered, data for unscheduled services are not
consistently available and not least be-
cause of their limited share neglected.

F [53, 54], [53–58],
[59], [13, 60]

Calculated as summation of data reported
for road, rail, air and estimates for water-
and pipeline-based transport. Road: see
above. Air: Only scheduled services are
considered, data for unscheduled services
are not consistently available and not least
because of their limited share neglected,
latest reported data seem unreasonable
high and were not considered.
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Figure 4.5: Historic data points and fitted regression functions for energy service demands
of the industry, agriculture and service sector demand segments. The varying
number and frequency of data points is due to different data sets available for
each segment.
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4.2.2 Final Energy Demand

As with the residential demand sector, the energy demand for the industry, agriculture, and
service sectors is further processed to the level of final energy in order to provide input for
further analysis and the developed power system model. Based on Equation (4.2) introduced
in the beginning of this chapter, the final energy demand of the sectors is calculated as

FEDs,c = ESDs · Is,c (4.20)

where Is,c is the energy intensity of segment s considering energy carrier c with respect to the
energy service demand proxy of the segment. The intensities are exogenously defined scenario
parameters and are further explained in Chapter 6. It has to be noted that the intensity
does not necessarily equal the real energy intensity of the specific product or service chosen as
demand proxy because other products or services might be provided within the same segment.

In contrast to all other sectors, the transport demand sector is modeled using OSeMOSYS
and, therefore, the demand projections are only derived on the level of energy service demands,
which serve as an input to the bottom-up model.
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This chapter explains the approach used to model the Indian transport sector within the
framework of a long-run energy system model as introduced in Chapter 3. The transport sector
model is meant to be merged with a power sector model developed within the overall research
project. After briefly introducing the underlying structure of the modeling system OSeMOSYS,
the representation of the Indian transport sector within this structure is discussed in detail.
Moreover, the development of the necessary data basis is outlined following the description of
the structure of each of the model parts. The model has been developed using the open-source
interface Model Management Infrastructure (MoManI). Both OSeMOSYS and MoManI are
freely available through http://www.osemosys.org/. The model files and a spreadsheet file
containing all input data and underlying calculations can be found on the attached CD.

5.1 OSeMOSYS - A Modeling System

As introduced in Chapter 3, OSeMOSYS is an open-source, linear optimization modeling sys-
tem for long-term energy system planning. It minimizes the net present cost of a system to
satisfy the exogenously specified demand of energy carriers while meeting established con-
straints. It consists of two main materialistic elements, energy carriers and technologies. Here,
energy carriers are broadly defined and also include energy services or proxies of both. The
energy system is represented by technologies which consume or produce energy carriers or do
both. These can be power plants generating electricity based on a fuel, e.g., biomass, pipelines
transporting biofuels, or an electric car using electricity to generate an energy service. The
technologies are characterized by a wide range of physical, technical, economic and other pa-
rameters. They are deployed and operated so that they meet the exogenously specified demand
as well as the intermediate use of energy carriers by other technologies.[25, 61]

5.2 Model Implementation

Based on the previous paragraph summarizing the general structure of OSeMOSYS, the con-
crete implementation of energy carriers and technologies to build up the transport sector model
is discussed in this section. The overall model structure can be represented by a reference en-
ergy system (RES), in which lines or arrows represent energy carriers and boxes indicated
technologies. Due to its size, the comprehensive RES for the developed transport sector model
is not included here but can be found on the attached CD. Figure 5.1 shows a simplified,
exemplary RES depicting the vehicle technologies and fuel chains for battery electric and
gasoline-powered cars and 2-wheeler motorcycles, which will serve as an example to introduce
the general methodology in the following sections.

5.2.1 General Model Structure and Energy Service Demands

Starting on the right side of the RES in Figure 5.1, the energy service demands or rather their
satisfaction is the ultimated objective of the entire energy system and also a crucial factor

http://www.osemosys.org/
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Figure 5.1: Simplified excerpt of the reference energy system showing exemplarily the vehi-
cle technologies and entire energy carrier supply chain for gasoline-powered and
battery electric cars and 2-wheeler motorcycles.

defining the main characteristics of the model. The energy service demands, as the entire
model, are based on a temporal resolution of one year while considering India as a single,
spatially aggregated model area. Here, the model considers the Indian fiscal year, spanning
from the beginning of April to the end of March of the next calendar year. The demands
are distinguished into passenger and freight demands, which are given in passenger-kilometers
(pkm) and tonne-kilometers (tkm), respectively. The exogenously given demand is specified
separately for all different motorized transport segments. Non-motorized transport is not
included in the model, but its potentially changing role can be exogenously considered by
defining varying demands for motorized transport. For passenger transport, the demand seg-
ments are car, 2-wheeler motorcycle (2W), 3-wheeler motorcycle (3W), bus, passenger train,
and passenger airplane. Freight transport is separated in the light goods vehicle (LGV), heavy
goods vehicle (HGV), freight trains, and freight airplanes segment. As necessary data is not
readily available, water- and pipeline-based freight transport is currently not included in the
model. Taken together, they currently constitute only around 1 % of the total final energy
consumption of the Indian transport sector [14]. Furthermore, other minor segments, e.g.,
cable cars, are not considered.

The current specification of the transport service demands has major ramifications for the
entire model and its understanding is vital for its usage and the interpretation of optimiza-
tion results. The fixed, exogenously specification of the demand as required by OSeMOSYS,
generally prevents any endogenous feedback between demands and other parts of the model.
Moreover, the separate specification of service demands for different transport modes or seg-
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ments implies that there is no competition between these segments within the model. Be-
havioral changes, e.g., mode shifts, are identified as vital part of a transition to a sustainable
transport system and its endogenous implementation in bottom-up energy system models can
be a valuable part of relevant analyses [62]. Nevertheless, the inclusion of mode competition
in spatially aggregated energy system models is challenging, as the underlying consumer be-
havior is based on a variety of factors, e.g., travel time or comfort. As energy system models
often solely consider cost, the cheapest mode would tend to be chosen to cover all demand.
Although first efforts have been undertaken to include mode competition, e.g., in [63], current
generation bottom-up energy system models mostly specify separate service demands in view
of these major difficulties [62, 63]. Given this complexity and the focus of the current work to
establish a first, extendable model version, mode competition is currently not included. Yet,
acknowledging the importance of mode shifts, its influence can be included in analyses within
the current framework by considering different scenarios for the exogenously specified demands.

A wide range of different vehicle types are currently in operation in India. The aforemen-
tioned vehicle segments try to establish the major vehicle categories while various specific
vehicle types often existing within the segment are merged and substituted by an average or
representative vehicle. For example, the passenger train segment incorporates both metro as
well as long-distance intercity trains and the car segment assumes a homogeneous car market
based on an average sized Indian car. Although further disaggregation of the vehicle and
demand segments in, e.g., small and large cars or short and long distance travel, can provide
further insights [64], this is not implemented here as necessary data are not readily available.
The vehicle segments used in this work are similar to other Indian modeling efforts [5, 6].

Energy service demand data used for the different scenarios is outlined in Chapter 6 and is
based on the methodology of the energy demand projections derived in Chapter 4. A discount
rate of 5 % is assumed for the entire model.

5.2.2 Vehicle Technologies

The energy service demands of the transport sector have to be met by vehicle technologies.
These technologies make use of final energy carriers in order to provide energy services. In the
model, vehicles of specific technologies are built in form of their transport capacity in billion
passenger- or tonne-kilometers per year derived based on their assumed performance char-
acteristics, e.g., average annual mileage or occupancy. The vehicles are assumed to operate
throughout their lifetime, i.e., the vehicle capacities in the model are always utilized fully. For
each of the demand segments, there is a separate set of vehicle technologies which compete
within the model based on their varying characteristics. In the RES in Figure 5.1, battery
electric and gasoline-powered vehicles are shown representatively as competing technologies
for both the car and 2-wheeler motorcycle segment. As the model decides solely on the basis of
cost, other vehicle characteristics, e.g., comfort level or driving range, are inherently assumed
to be equal among all different technology alternatives. The relevant vehicle characteristics,
e.g., cost and fuel efficiency, of all alternative technologies of one segment are, therefore, de-
rived assuming similar vehicles, which only differ in their type of powertrain. An exception
to this approach is the assumed driving range for battery electric vehicles (BEVs), which is
shorter than for other powertrains. For this reason, the use of BEVs is limited to a specific
market share for each segment. This is further discussed in one of the following paragraphs.
Moreover, the enabling transport infrastructure, e.g., roads or rail tracks, is not considered
in the model, but their consistent built-up is part of potential scenario assumptions on the
demand level and modal share and, therefore, the transport performance of each segment. In
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Table 5.1: Summary of powertrain technologies and their availability in each of the vehicle
segments. For trains and airplanes, the same technologies are available for both
passenger and freight versions and are, thus, not separately represented in the
table.

Vehicle Availability in segment s
technologies t

Car 2W 3W Bus LGV HGV Train Airplane

SIEV
√ √ √

-
√

- - -
SIE-HEV

√
-

√
-

√
- - -

SIE-PHEV
√

-
√

-
√

- - -
CIEV

√
-

√ √ √ √ √
-

CIE-HEV
√

-
√ √ √ √

- -
CIE-PHEV

√
-

√ √ √ √
- -

SIEGV
√

-
√ √ √ √

- -
BEV

√ √ √ √ √ √
- -

FCV
√

-
√ √ √ √

- -
GEV - - - - - -

√
-

GTV - - - - - - -
√

the case of trains, the omission of infrastructure cost leads to a bias towards electric trains as
additional cost for electrifying tracks are currently not considered.

There are numerous different transport fuels and powertrain technologies in various specifica-
tions, which could potentially play a vital role in a future sustainable transport system [64].
Nevertheless, for this work, a basic set of road vehicle technologies is adapted from [65] and
common technologies are chosen for trains and airplanes. Table 5.1 gives an overview over
the technology alternatives implemented for each of the vehicle segments. For road transport,
it includes spark-ignition engine vehicles (SIEVs) and compression-ignition engine vehicles
(CIEVs) running on gasoline and diesel or equivalent biofuel blends, respectively. For both
engine variants, hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs)
exist which have an electric powertrain including batteries. While HEVs have a very small sized
battery, which is only charged by the vehicle engine or regenerative breaking, PHEVs have
larger batteries and also use electricity as an input fuel. Moreover, the model includes, spark-
ignition engine gas vehicles (SIEGVs), battery electric vehicles and fuel cell vehicles (FCVs)
using compressed natural gas (CNG), electricity and hydrogen for propulsion, respectively. In
addition to CIE vehicles, the rail sector entails grid-connected electric vehicles (GEVs) while
the air transport sector is based on gas turbine powered vehicles (GTVs). Further explanations
on the categorization and technology definitions are available in [65].

For the road transport segments, each vehicle technology is represented by five different vin-
tages incorporating the development of vehicles available on the market starting from the
vintage years 2010, 2020, 2030, 2040 and 2050. Vehicles of a specific vintage are only avail-
able to be built until the next vintage is available, e.g. from 2020 to 2029 for vehicles of the
vintage year 2020. Having a longer operational life and a higher potential for retrofits, rail
and air based vehicle powertrains are included as one technology with changing characteristics
representing the average attributes of all respective vehicles in use.
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A wide range of different parameters is necessary to properly characterize vehicles and define
the respective model technologies within OSeMOSYS. The major characteristics relevant for
the modeling purpose are current and future capital cost, operation & maintenance (O&M)
cost, fuel efficiency and operational life. Vehicle emission characteristics for particulate matter,
NOx, SOx, and others are currently not explicitly considered in the model. CO2-eq emissions
are calculated based on fuel-wise emission factors. In order to calculate the parameters with
respect to the transport capacity of vehicles, the average annual mileage and the average
occupancy or payload are additionally needed. Moreover, the residual capacity, i.e., the vehicle
fleet in use at the beginning of the model period, of each vehicle technology is another necessary
model input. Data gathered for this work are based on various publications, previous modeling
efforts and bottom-up estimates. Given the number of different vehicle segments and available
powertrain technologies, a vast data set is developed based on a large number of sources and
various assumptions. In the following paragraphs major methods, sources and assumptions
underlying the data set are explained. In view of the different approaches taken for road and
rail and air transport, the road sector is considered separately. The complete data set and
processing steps can be found in the model data spreadsheet on the attached CD.

Road transport

In order to ensure a level playing field for the different powertrain technologies within a vehicle
segment, a consistent approach is necessary to derive vehicle capital cost. Here, capital cost
equal the purchase price of the vehicle and are based on bottom-up estimates. The estimates
are based on a profound analysis of the British vehicle market by [65], while being adapted
and simplified to serve the current purpose within an Indian context. It has to be noted that
a specific analysis of present and future vehicle cost in India would be desirable but is not
readily available and out of scope for this work.

The road vehicle capital cost are calculated as

CCosts,tv = BCosts,tv ·
1

1−MDMargin
· PLFactor (5.1)

where CCosts,tv are the vehicle capital cost for vehicle technology t of segment s and vintage v ∈
{2010, 2020, ..., 2050}, BCosts,tv are the respective basic vehicle cost and MDMargin = 0.243
[65] is the total margin of manufacturer and dealer, also including logistics and marketing cost.
The price level factor PLFactor = 0.29 is based on [66] and is a measure of the general price
level difference between India and the United Kingdom. Its introduction is necessary due to
the current implementation of the basic vehicle cost and is further discussed in the end of this
subsection.

The basic vehicle cost are calculated as the sum of the costs of major powertrain components
PTCosts,tv , the energy storage ESCosts,tv and the glider, i.e., the rest of the vehicle, GLCosts

used for each of the different technology options. It can be written as

BCosts,tv = PTCosts,tv + ESCosts,tv + GLCosts (5.2)

where the powertrain cost are

PTCosts,tv =
∑
p∈P

EMFCostsv,p · PPowers,t
p + m ·ATCostsv + n · EPCostsv. (5.3)
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Table 5.2: Value and source of the ICE peak power of the reference powertrain technology for
the vehicles of each segment. The figures are own assumptions on representative
values guided by numbers given in the respective source.

Segment Reference powertrain Peak power Source
Unit kW

Car SIE 40 [67]
2W SIE 7.1 [68]
3W SIE 5.7 [68]
Bus CIE 92 assumed equal to HGV
LGV SIE 33 [69]
HGV CIE 92 [70]

Table 5.3: Peak power of different components and driving ranges using a fuel tank (FT) or
battery (BAT) for all powertrain technologies of the car segment.

Vehicle Peak power Driving range
technologies
Unit kW km

SIE CIE SIEG EM FC FT BAT

SIEV 40 0 0 0 0 500 0
SIE-HEV 37 0 0 12 0 500 2
SIE-PHEV 37 0 0 12 0 500 30
CIEV 0 40 0 0 0 500 0
CIE-HEV 0 37 0 12 0 500 2
CIE-PHEV 0 37 0 12 0 500 30
SIEGV 0 0 40 0 0 500 0
BEV 0 0 0 34 0 0 160
FCV 0 0 0 34 34 500 2

Here, P = {SIE ,SIEG ,CIE ,EM ,FC} are the scalable powertrain elements (EM: electric mo-
tor, FC: fuel cell), EMFCostsv,p are the respective cost per peak power considering vehicle
segment s, PPowers,t

p is the peak power of component p required for vehicle technology t in
segment s, ATCostsv are the after treatment cost for vehicles powered by an internal combus-
tion engine (ICE) and EPCostsv are the costs of the remaining electric powertrain elements.
The parameters m and n are m = 1 and n = 0 for pure ICE vehicles, m = 0 and n = 1 for
electric vehicles and m = n = 1 for hybrid vehicles.

The energy storage cost are calculated as

ESCosts,tv =
∑
e∈E

SCostsv,e · SSizes,t
e + l · BCCostsv, (5.4)

where E = {LHC ,CNG , H2,BATHYB ,BATBEV } are the different types of energy storage for
liquid hydrocarbons (LHC ), compressed natural gas (CNG), hydrogen (H2) and batteries for
hybrids (BATHYB ) and BEVs (BATBEV ). SCostsv,e are the respective cost per energy stored
for segment s, SSizes,t

p is the storage size of type e required for vehicle technology t in segment s
and BCCostsv are the battery charger cost with l = 1 for PHEVs and BEVs and otherwise l = 0.
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Figure 5.2: Capital cost of cars for all powertrain technologies and vintage years. The dotted
line at 10 000 USD2016 serves as guide to the eye.

The cost of the vehicle components and glider are mainly derived from [65] and can be found
in the transport data sheet on the attached CD. In order to calculate the overall capital cost,
it is necessary to further specify the aforementioned representative vehicle of each of the seg-
ments to derive peak power and storage size for each of the powertrain technologies. The ICE
peak power of the reference powertrain technology, i.e., SIE or CIE vehicle, is chosen based
on various India-specific sources giving information on current engine sizes. The values and
sources are outlined in Table 5.2. For the remaining powertrain technologies, the peak power
of powertrain components is calculated based on the peak power of the respective reference
technology and the relative sizing of the components of other powertrains as given in [65].
The energy storage size is calculated assuming similar driving ranges as given in [65] while
taking into account the fuel efficiencies to be discussed in following paragraphs. As the relative
sizing of powertrain components and the assumed driving ranges, except for 2-wheelers, are
equal for all vehicle segments, Table 5.3 representatively gives the vehicle characteristics for
cars. Figure 5.2 shows the resulting capital cost. Although the bottom-up estimate is based
on India-specific vehicle characteristics, the component and glider cost are rather related to
the British or European market and do not account for the potentially divergent component
cost and non-powertrain vehicle configuration. In the absence of consistently available India-
specific cost data, a price level factor is incorporated as shown in Equation (5.1) to account for
aforementioned factors. Although changes in the relative cost levels are anticipated, no clear
trend in the past data for the price levels can be identified and, thus, the factor is assumed
to be constant. The figure shows a slight cost increase for some conventional technologies and
a sharp decrease of cost for BEVs and FCVs over time resulting in converging price levels
towards 2050. A similar pattern can be seen for the other vehicle segments.
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Table 5.4: Real-world fuel efficiency of SIE and CIE vehicles for each segment. The data are
based on [71]. The SIE value for LGV and the CIE value for 3W are calculated
assuming the same SIE to CIE efficiency ratio as for cars.

Segment Powertrain Fuel efficiency
Unit MJ/km

Car SIE 2.62
CIE 2.85

2W SIE 0.66
3W SIE 1.70

CIE 1.85
Bus CIE 10.70
LGV SIE 6.81

CIE 7.41
HGV CIE 13.76

Apart from the energy carrier cost, all O&M cost are assumed to be fixed annual cost. The fixed
O&M cost FOMCosts,tv are calculated as a ratio of the capital cost. They include maintenance
as well as insurance cost and are derived as

FOMCosts,tv = CCosts,tv · (MCost t + ICost). (5.5)

Here, MCost t and ICost are the maintenance cost and insurance cost relative to the capital
cost. Their values are derived based on data from [72] and own assumptions.

In order to derive fuel efficiencies consistent with the previously discussed cost, the fuel efficien-
cies for all vehicle technologies are also based on a bottom-up estimate following a simplified
approach of [65]. Here, the fuel efficiencies of SIE and CIE vehicles of the current vintage
v = 2010 for the different segments are based on India-specific, real-world fuel economy data
from [71] and are given in Table 5.4. The fuel efficiencies of the remaining vehicle technologies
FE s,t

v=2010 are calculated with respected to the particular reference technology SIE or CIE for
each technology, following the equation

FE s,t
2010 = FE s,r

2010 ·
1 + REU s,t

1 + REU s,r · (1− EI s,t). (5.6)

Where REU s,t = [on-road fuel efficiency]s,t

[reported test-cycle fuel efficiency]s,t − 1 is the real-world efficiency uplift for tech-

nology t in segment s and EI s,t = 1− [reported test-cycle fuel efficiency]s,t

[reported test-cycle fuel efficiency]s,r is the respective efficiency
improvement over the reference technology r. For PHEVs, the fuel efficiency consists of two
elements, the use of hydrocarbon fuel and electricity per distance traveled. It is calculated
based on the efficiency of respective HEV and BEV while assuming a share of distance traveled
on each of the energy carriers given in [65]. The values for REU and EI are also based on
[65].

The fuel efficiencies of future vehicle vintages v ∈ {2020, 2030, 2040, 2050} are estimated taking
into account the efficiency of the current vintage 2010 and the anticipated efficiency improve-
ment anticipated for its components. They are calculated as

FE s,t
v = FE s,t

2010 ·
∑

c∈Ct EF c
2010∑

c∈Ct EF c
v

, (5.7)
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Figure 5.3: Fuel efficiencies of cars for all powertrain technologies and vintage years. The fuel
efficiencies shown for PHEVs includes both the use of fuel as well as electricity.

where c ∈ Ct are the relevant components of technology t, e.g., the electric motor, the electric
powertrain and batteries for BEVs, and EF c

v is the efficiency of component c in vintage v.
Future fuel efficiencies of PHEVs are again calculated based on respective HEV and BEV effi-
ciencies. A representative overview of the calculated fuel efficiencies of cars is shown in Figure
5.3. It can be seen that the efficiency of conventional powertrains in the model stays constant,
whereas the efficiency of rather new technologies is partly decreasing.

As mentioned in the beginning of the section, an upper limit is introduced for the share of
the transport performance provided by BEVs. This is due to the incorporated driving ranges
for BEVs, which are lower than for other vehicle technologies and are assumed to make the
technology unviable to cater to parts of the demand, e.g. long-distance travel. The limits for
the BEVs of all road vehicle segments are assumed based on presumptions on the share of
long-distance travel and other factors. They are shown in Table 5.5.

The operational life, annual mileage, and average occupancy or payload are assumed to be
equal for all vehicle technologies within one segment. Their values for all segments and re-
spective sources are given in Table 5.6.

The residual capacities, i.e., the vehicle capacities in bpkm/a or btkm/a at the start of the
modeling period, are derived based on the demand for each segment and the share of each of
the vehicle technologies of the segments. Hereby, the residual capacity of a vehicle segment is
assumed to be equal to the demand of the segment in the first model year. The share of the
different vehicle technologies are adopted from the base year shares used in [6] and are shown
in Table 5.7.
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Table 5.5: Upper limits for the share of the transport performance provided by BEVs in each
of the road vehicle segments. The values are based on own assumptions.

Segment Upper limit
Unit -

Car 0.25
2W 1.00
3W 0.80
Bus 0.25
LGV 0.80
HGV 0.25

Table 5.6: Operational life, average annual mileage and average occupancy or tonnes carried
assumed for each segment. Assumption on operational life and annual mileage are
based on [71], assumptions on average occupancy and payload are based on [5].

Segment Operational life Avg. annual mileage Avg. occupancy or payload
Unit a 1000 km - or t

Car 16 9.85 2.5
2W 16 8.60 1.2
3W 10 28.77 2
Bus 13 44.70 50
LGV 16 24.06 1.7
HGV 16 45.50 8

Table 5.7: Share of vehicle technologies in each road vehicle segment in the base year 2014.
The values have no unit. Due to rounding, the shares may not add up to 1.

Vehicle Share in segment
technologies

Car 2W 3W Bus LGV HGV

SIEV 0.795 0.998 0.470 - 0 -
SIE-HEV 0 - 0 - 0 -
SIE-PHEV 0 - 0 - 0 -
CIEV 0.184 - 0.422 0.988 1.000 1.000
CIE-HEV 0 - 0 0 0 0
CIE-PHEV 0 - 0 0 0 0
SIEGV 0.021 - 0.098 0.012 0 0
BEV 0 0.002 0.010 0 0 0
FCV 0 - 0 0 0 0
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Rail and Air Transport

In contrast to the road transport sector, no comprehensive data collection was undertaken for
the rail and air sector. Instead, this work relies on data of previous modeling efforts [6] by
the Indian government think tank NITI Aayog. As a profound documentation and underlying
sources of the data are not available, it is acknowledged that a thorough review and own data
collection efforts are necessary steps for the development of future model versions. For this first
model version, data are adopted from [6] and corrected if potential data errors are identified.
The data can be found in the data spreadsheet on the attached CD.

5.2.3 Supply, Transmission and Distribution Technologies

Apart from the vehicle technologies itself, the supply chain of final energy carriers used in
the vehicles, as exemplary shown for gasoline and electricity in the RES in Figure 5.1, is a
vital and decisive part of the transport and overall energy system. As no previously developed
OSeMOSYS energy system model for India is available as a base for the transport sector
module, the entire supply chain is modeled in this work. It has to be noted that a profound
and comprehensive representation of the supply chain requires an extensive analysis, which
has not been undertaken for this initial model version. Instead, a simplified representation is
developed while attention was payed to consistently include costs across all energy carriers to
ensure a fair competition between different vehicle technologies. All technologies are introduced
based on their levelized cost and no investment or built up of capacity over years is considered.
Although included through representative technologies in the model, no comprehensive analysis
of biofuels and hydrogen was undertaken and both are, therefore, not considered as vital parts
of future pathways analyzed in the following chapters. After introducing the structure of the
supply chain, this section outlines the data assumptions.

The structure of the supply chain for all energy carriers is shown in the RES in Figure 5.4. The
technologies representing the import and domestic extraction of energy carriers are depicted
on the left side of the RES. Apart from electricity, all primary and secondary energy carriers
are available for import while domestic extraction is considered for crude oil and natural gas.
The primary energy carriers are processed in the conversion sector consisting of three distinct
sectors. The hydrocarbon and biomass processing comprises four different technologies. Flexi-
ble refineries process crude oil to freely selectable splits of gasoline, diesel and aviation turbine
fuel (ATF). Although future international gas pipelines projects are on the way [73], these
are not considered in the model but Indian gas imports are, as currently the case, based on
liquefied natural gas (LNG)[41]. Imported LNG is processed in regasification facilities while
domestically extracted gas is handled in a natural gas processing unit. The production of
biodiesel and ethanol can be based on a variety of raw materials and processes [74]. In India,
ethanol is currently mainly derived from sugar molasses and biodiesel is, to a limited extent,
produced from used cooking oil and others [75]. In the model, biofuel production is represented
by a flexible biorefinery producing biodiesel and ethanol. The technology does not consider
an input fuel, i.e., biomass, but instead its levelized cost include the purchase of raw material.
Due to this simplified representation and the omission of the limitation of the biomass supply,
biofuels are not freely available to the model vehicles but are blended in the respective liquid
hydrocarbon fuel assuming a constant blend rate at current levels. A potential large-scale
hydrogen production for transport systems could be based on a wide range of distributed and
centralized production technologies [76, 77]. For this initial model version, only centralized
alkaline water (AW) hydrolysis is introduced, whereas future, potentially cheaper and more
efficient technologies are not considered. The transport sector module is meant to be combined
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Figure 5.4: Excerpt of the reference energy system of the transport sector model showing the
energy carrier supply chain. Grayed out technologies and energy carriers flows
are shown for illustrative purposes and are not part of the model.
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Figure 5.5: Evolution of the import prices for all fuels over the modeling period. Data sources
are given in the text.

with a power sector module developed in parallel within the overall research project. Until
a hard link between the models is established, the power generation as well as the transmis-
sion and distribution grid is represented by a single technology providing electricity to the
transport system. Filling stations, transmission and distribution facilities are introduced as
single technology for each diesel, gasoline, aviation turbine fuel, biodiesel, and ethanol. These
technologies connect the secondary energy level to the final energy level available to vehicles.
As mentioned above, transmission and distribution of electricity is included in its generation
technology, while the cost of charging stations are added to the vehicle capital cost.

As discussed in the beginning of this section, most supply chain technologies are mainly char-
acterized by their variable cost, which are set as the levelized cost of the process, and, where
appropriate, the process efficiency and operational constraints. Cost and efficiency data are
often site-specific and difficult to obtain. Thus, estimates are derived using indications from
various sources. If not indicated otherwise, the cost and efficiencies are assumed to be constant
over the modeling period.

The cost of fuel imports of the two first model years are based on actual Indian import quan-
tities and costs reported by [75, 78], while the future growth rate is derived based on World
Bank crude oil and LNG price forecasts [79] as well as OECD/FAO biofuel price forecasts
[80] and is assumed constant after the forecast horizon. The large uncertainty in future world
market prices is reflected in the sensitivity analysis presented in Chapter 7. Figure 5.5 shows
the baseline trajectories of the Indian import prices over the modeling period. The cost of the
domestic extraction of crude oil and natural gas are estimated based on upstream cost given
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Table 5.8: Domestic extraction cost and production potential for crude oil and natural gas.
The production potential increases linearly between the given values and is as-
sumed constant after 2040. Values are derived based on [81] and [12].

Fuel Extraction cost Production potential
Year 2014 2022 2040
Unit 106 USD2016/PJ PJ/a PJ/a PJ/a

Crude oil 3.30 1641.23 1842.19 2260.87
Natural gas 3.49 1741.81 1683.26 3439.71

Table 5.9: Emission factors for all energy carriers. Values are derived based on [51, 82, 83]
and own assumptions.

Energy carrier Emission factor
Unit ktCO2-eq/PJ

Crude oil 69.8
Natural gas 51.3
Gasoline 66.6
Diesel 69.9
Aviation turbine fuel 68.4
Ethanol 0.0
Biodiesel 0.0
Electricity 272.0

by [81] for, among others, the Asia-Pacific region. The annual domestic extraction of fuels is
limited to the respective production potential as reported by [12] under the business-as-usual
(BAU) scenario. Both costs and constraints of all technologies are summarized in Table 5.8.

The CO2 emissions of the model are linked to the import and local extraction of fuels as well
as to the electricity consumed. The emission factors of the fuels are based on [82], whereas
the carbon intensity of consumed electricity is based on generation-level emission factor from
[83] and grid losses from [51]. The emission factor for biofuels is set to zero for this analysis.
Consequent emission factors are given in Table 5.9.

The cost of refineries is estimated based on investment cost for an India-based project and
other parameters from [84] and [85]. The variable cost as well as the efficiency is assumed to
be equal for all combinations of output fuels. It is set to the average efficiency reported for the
US in [84]. For natural gas processing plants, costs are estimated based on data reported in
[86], while the cost for regasification terminals is approximated by regasification charges from
[87]. The efficiency of both technologies is assumed to be 1. The biorefinery technology does
not have an input fuel and its cost include expenses for raw material. It is approximated by
respective market prices reported in [75] and [88]. Cost and efficiency data for centralized alka-
line water hydrolysis plants are based on values reported in [77], where a linear interpolation is
applied between current and 2025 data. The levelized cost of electricity is estimated based on
[89] and [51]. The data input for the conversion sector of the model is summarized in Table 5.10.

The representation of energy carrier distribution in spatially aggregated energy system models
can be difficult as, e.g., spatial characteristics can be decisive for the cost of pipelines [90].
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Table 5.10: Cost and efficiencies of the conversion sector facilities. Underlying sources are
outlined in the text.

Facility Levelized cost Efficiency
Unit 106 USD2016/PJ -

Oil refinery 1.00 0.91
NG processing plant 0.48 1.00
LNG regasification plant 0.62 1.00
Biorefinery (Ethanol|Biodiesel) 28.51|16.68 -
Alkaline water electrolyser (2014|2025) 4.17|1.80 0.74|0.89
Electricity sector 40.35 -

Table 5.11: Cost of the energy carrier distribution facilities. Hydrogen distribution cost de-
crease between 2014 and 2040. Underlying sources are outlined in the text.

Energy carrier Levelized distribution cost
Unit 106 USD2016/PJ

Gasoline 1.80
Diesel 1.63
Aviation turbine fuel 1.63
CNG 9.51
Ethanol 2.44
Biodiesel 1.79
Hydrogen (2014|2040) 79.64|20.55
Electricity -

For this thesis, the distribution costs are mainly derived from values for Germany assembled
by [91]. Table 5.11 gives the cost associated with the distribution of each fuel. The efficiency
is assumed to be 1 for all technologies. While no biodiesel is used in the model, gasoline
is assumed to be blended with ethanol. Hereby, ethanol is making up 2 % of the energy
content of the blended fuel, similar to the current average blend rate reported in [75]. As
mentioned above, electricity transmission and distribution cost are included in the electricity
supply technology whereas charging stations are added to the vehicle capital cost. Based on
[90] and aforementioned price level factor, additional cost for charging stations per vehicle are
calculated as 761 USD2016 for PHEVs and 1361 USD2016 for BEVs.





6 Scenarios - Defining Future Pathways

The methodology for deriving energy demand projections and the transport sector model
introduced in the previous chapters are to be used to explore and investigate future pathways
of the Indian transport and energy system from 2014 to 2054, i.e., fiscal year 2014-15 to
2054-55. For this purpose, first scenarios representing the baseline of various potential future
pathways are presented and discussed in the following sections, whereas results are discussed
in Chapter 7.

6.1 Energy Demand Scenarios

In this work, different possible futures of the energy demand in India are explored with respect
to distinct evolutions of society. The scenarios are based on the shared socioeconomic path-
ways (SSPs) developed by the climate change research community as part of a joint effort to
provide consistent scenarios for analyses of, among others, climate adaptation and mitigation
challenges and strategies [92]. The five basic SSPs represent distinct pathways of society and
ecosystem while assuming no enactment of climate-related policies [93]. Table 6.1 gives sum-
maries of the qualitative narratives of the SSPs as described in [94]. In order to develop energy
demand projections for the different pathways it is necessary to quantitatively describe rele-
vant key characteristics, i.e., energy demand drivers and parameters as discussed in Chapter 4.

In line with the qualitative descriptions of the SSPs, quantitative characterizations of key sce-
nario drivers for each of the SSPs have been developed by the research community [95–99] and
are available through the SSP database (https://tntcat.iiasa.ac.at/SspDb). For this the-
sis, population projections of the model IIASA-WiC POP [95], urbanization trends of NCAR
[96] and GDP growth of IIASA GDP [97] are retrieved from the SSP database. In order to
establish common values for the base year 2014 of this analysis, these are adopted from [51]
while the evolution is based on decade-wise growth rates of the respective projections. Figure
6.1 shows the evolution of these key drivers over the modeling period of this work. Apart
from these major influencing factors of the future energy demand, the evolution of remaining
drivers of the residential sector, as outlined in Table 4.1 in Chapter 4, are derived as follows.
For the average annual per capita household expenditure HE the base year value is taken from
[51] while its evolution is assumed to exhibit the same growth rate as the per capita GDP. The
ratio of rural to urban average per capita household expenditure is derived from past values
given in [37] and own assumptions for the future evolution. In line with the rising equality in
SSP1, a linear increase from 0.53 in 2014 to 0.8 in 2054 is assumed for this scenario, whereas an
increase to 0.6 is assumed for SSP2 and SSP5. For the remaining SSPs, a constant ratio is an-
ticipated. [100] identifies a declining average household size as demographic trend throughout
different world regions. Here, the evolution of the average household size in rural and urban
areas is based on past data from [101] and a similar trajectory as derived by [100] for India.
This implies a decrease from base year values of 4.8 and 4.5 to 3.5 and 3.4 for rural and urban
households, respectively. It is assumed to be equal across all scenarios. Despite the varying
challenge to climate change adaptation implicated in the SSPs, heating and cooling degree
days as climatic variables are assumed to exhibit a similar behavior across all SSPs over the

https://tntcat.iiasa.ac.at/SspDb
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Table 6.1: Qualitative narratives of the shared socioeconomic pathways. Adopted from [94].

SSP1: “Sustainability - Taking the Green Road”

“The world shifts gradually, but pervasively, toward a more sustainable path, emphasizing more inclusive devel-
opment that respects perceived environmental boundaries. Management of the global commons slowly improves,
educational and health investments accelerate the demographic transition, and the emphasis on economic growth
shifts toward a broader emphasis on human well-being. Driven by an increasing commitment to achieving develop-
ment goals, inequality is reduced both across and within countries. Consumption is oriented toward low material
growth and lower resource and energy intensity.”

SSP2: “Middle of the Road”

“The world follows a path in which social, economic, and technological trends do not shift markedly from historical
patterns. Development and income growth proceeds unevenly, with some countries making relatively good progress
while others fall short of expectations. Global and national institutions work toward but make slow progress in
achieving sustainable development goals. Environmental systems experience degradation, although there are some
improvements and overall the intensity of resource and energy use declines. Global population growth is moderate
and levels off in the second half of the century. Income inequality persists or improves only slowly and challenges
to reducing vulnerability to societal and environmental changes remain.”

SSP3: “Regional Rivalry - A Rocky Road”

“A resurgent nationalism, concerns about competitiveness and security, and regional conflicts push countries to
increasingly focus on domestic or, at most, regional issues. Policies shift over time to become increasingly oriented
toward national and regional security issues. Countries focus on achieving energy and food security goals within their
own regions at the expense of broader-based development. Investments in education and technological development
decline. Economic development is slow, consumption is material-intensive, and inequalities persist or worsen over
time. Population growth is low in industrialized and high in developing countries. A low international priority for
addressing environmental concerns leads to strong environmental degradation in some regions.”

SSP4: “Inequality - A Road Divided”

“Highly unequal investments in human capital, combined with increasing disparities in economic opportunity and
political power, lead to increasing inequalities and stratification both across and within countries. Over time,
a gap widens between an internationally-connected society that contributes to knowledge- and capital-intensive
sectors of the global economy, and a fragmented collection of lower-income, poorly educated societies that work
in a labor intensive, low-tech economy. Social cohesion degrades and conflict and unrest become increasingly
common. Technology development is high in the high-tech economy and sectors. The globally connected energy
sector diversifies, with investments in both carbon-intensive fuels like coal and unconventional oil, but also low-
carbon energy sources. Environmental policies focus on local issues around middle and high income areas.”

SSP5: “Fossil-fueled Development - Taking the Highway”

“This world places increasing faith in competitive markets, innovation and participatory societies to produce rapid
technological progress and development of human capital as the path to sustainable development. Global markets
are increasingly integrated. There are also strong investments in health, education, and institutions to enhance
human and social capital. At the same time, the push for economic and social development is coupled with the
exploitation of abundant fossil fuel resources and the adoption of resource and energy intensive lifestyles around the
world. All these factors lead to rapid growth of the global economy, while global population peaks and declines in
the 21st century. Local environmental problems like air pollution are successfully managed. There is faith in the
ability to effectively manage social and ecological systems, including by geo-engineering if necessary.”
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Figure 6.1: Quantitative evolution of key scenario drivers of the shared socioeconomic path-
ways over the model period of this analysis. Per capita GDP is a derived quantity
based on GDP and population projections. With respect to urbanization, SSP1,
SSP4 and SSP5 exhibit the same trajectory. Underlying data are retrieved from
the SSP database, Version 1.1 (https://tntcat.iiasa.ac.at/SspDb), and [51].

https://tntcat.iiasa.ac.at/SspDb
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Table 6.2: Base year energy carrier shares for the residential sector derived from [102]. Due
to rounding, shares may not add up to 1 (EL: Electricity, NG: Natural gas, LPG:
Liquefied petroleum gas, KS: Kerosene, CL: Coal, BM: Biomass, BG: Biogas, S:
Solar).

End use EL NG LPG KS CL BM BG S

Rural

S&W heating 0.012 0.012 0.214 0.022 0.027 0.702 0.012 0.000
Cooking 0.012 0.012 0.214 0.022 0.027 0.702 0.012 -
Lighting 0.838 - - 0.162 - - - -

Urban

S&W heating 0.002 0.002 0.747 0.047 0.020 0.179 0.002 0.000
Cooking 0.002 0.002 0.747 0.047 0.020 0.179 0.002 -
Lighting 0.991 - - 0.009 - - - -

projection period for the calculation of energy demand in this analysis. Both trajectories are
derived through linear interpolation between a historic, modeled population-weighted Indian
average and a projected value for 2100 given in [29]. This entails a decrease of heating degree
days from 99.8 ◦C · d to 71.5 ◦C · d and an increase of cooling degree days from 3240.3 ◦C · d to
3896.4 ◦C · d during the model period. The exact trajectories for all drivers are given in the
energy demand spreadsheet model on the attached CD.

In order to derive projections for the final energy consumption of different energy carriers,
and partly also the useful energy consumption of specific end uses, it is necessary to delineate
the intensity parameters as defined in Chapter 4 for all scenarios. Whereas a comprehensive
analysis of the respective sector would be necessary to derive profoundly reasoned and con-
sistent evolutions for the parameters, the trajectories for this analysis are developed based on
simplistic assumptions to explore simplified societal pathways. The exact assumptions and
underlying data can be found in the demand projections spreadsheet model.

For the residential sector, the intensity parameters consist of the energy carrier shares ECS
and the efficiency factors EF . For cooking and lighting, the base year energy carrier shares,
i.e., the share of the rural or urban population using a specific energy carrier to satisfy the
demand for a particular end use, are derived from household survey data of NSSO [102]. No
respective data are readily available for the current use of energy carriers for space & water
(S&W) heating. As cooking equipment is widely used for space and water heating among
low income households [9], base year values are approximated by the energy carrier shares for
cooking. Table 6.2 indicates the energy carrier shares of the base year for each relevant end
use in rural and urban areas. The future evolution of the energy carrier shares for cooking is
based on linear trajectories to values for the year 2054 derived from [6] and its data on the
usage of cooking technologies under various scenarios. Here, correlating scenarios are chosen
based on narratives given in Table 6.1. Similar trajectories are assumed for space & water
heating while a varying share covered by solar water heaters is added for each of the scenarios.
The energy carrier shares derived for the final modeling year 2054 for each of the SSPs are
outlined in Table 6.3. For lighting, a linear phase out of kerosene in rural and urban areas
until 2025 is assumed across all scenarios.
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Table 6.3: Energy carrier shares of space & water heating and cooking in the year 2054 for all
scenarios. Values are based on scenario data given in [6]. Due to rounding, shares
may no add up to 1 (EL: Electricity, NG: Natural gas, LPG: Liquefied petroleum
gas, KS: Kerosene, CL: Coal, BM: Biomass, BG: Biogas, S: Solar).

End use EL NG LPG KS CL BM BG S

SSP1
Rural

S&W heating 0.265 0.055 0.274 0.000 0.000 0.151 0.105 0.150
Cooking 0.312 0.065 0.322 0.000 0.000 0.178 0.123 -

Urban

S&W heating 0.166 0.390 0.294 0.000 0.000 0.000 0.000 0.150
Cooking 0.196 0.458 0.346 0.000 0.000 0.000 0.000 -

SSP2 & SSP5
Rural

S&W heating 0.264 0.037 0.329 0.000 0.000 0.183 0.086 0.100
Cooking 0.293 0.042 0.366 0.000 0.000 0.203 0.096 -

Urban

S&W heating 0.182 0.347 0.371 0.000 0.000 0.000 0.000 0.100
Cooking 0.202 0.386 0.412 0.000 0.000 0.000 0.000 -

SSP3 & SSP4
Rural

S&W heating 0.169 0.022 0.385 0.000 0.000 0.300 0.074 0.050
Cooking 0.177 0.024 0.406 0.000 0.000 0.316 0.078 -

Urban

S&W heating 0.139 0.361 0.450 0.000 0.000 0.000 0.000 0.050
Cooking 0.147 0.380 0.474 0.000 0.000 0.000 0.000 -

Table 6.4: Base year efficiency factors for the residential sector derived from [103] and [104].

End use Unit EL NG LPG KS CL BM BG S

S&W heating - 0.75 0.60 0.60 0.35 0.15 0.15 0.60 [1.00]
Cooking - 0.75 0.60 0.60 0.35 0.15 0.15 0.60 -
Lighting lm/W 25.00 - - [0.21] - - - -
Space cooling - 1.00 - - - - - - -
Appliances - 1.00 - - - - - - -
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Table 6.5: Base year energy carrier intensities for all segments of the industrial, agriculture
and service sector based on data from [14], energy service demand proxies derived
in Chapter 4 and own assumptions. The energy service demand proxy for the
industrial Other (arbitrary proxy normalized to 1 for the base year) and the land
preparation segment (number of tractors in use) have no units (EL: Electricity,
NG: Natural gas, OP: Oil products, CL: Coal, BM: Biofuels and waste).

Segment Unit EL NG OP CL BM

Industry

IS TJ/kt 2.70 0.00 0.30 23.45 0.00
CHE TJ/kt 6.00 0.00 7.63 2.93 0.00
NFM TJ/kt 30.82 0.00 1.99 4.97 0.00
NMM TJ/kt 0.25 0.00 1.67 2.89 0.00
PP TJ/kt 1.82 0.00 0.00 3.24 0.00
OT 106 · TJ 0.97 0.28 0.20 1.24 1.29

Agriculture

IRR TJ/1000 ha 10.88 0.00 2.95 0.00 0.00
LP TJ 0.00 0.00 0.06 0.00 0.00

Service

SER TJ/106USD2010 0.22 0.02 0.04 0.16 0.21

Apart from the energy carrier shares, the efficiency factors EF , as introduced in Chapter 4,
are decisive for the evolution of residential energy demand. The base year efficiency factors
are based on various sources and given in Table 6.4. Their future evolution is based on simple
assumptions on the annual efficiency improvement of the device categories and is, as the base
year factors, assumed to be equal for rural and urban areas. Values of devices, for which no
further improvement is assumed across all scenarios, are given in brackets in Table 6.4. For the
remaining technologies, an annual increase of the efficiency factor of 0.002 for space & water
heating and cooking, 0.5 lm/W for lighting and 0.005 for space cooling and other appliances is
assumed for SSP1 considering a strong effort to foster the uptake of more efficient technologies.
For SSP2 and SSP5, considering a slower but steady increase of efficient devices, the efficiency
improvements are assumed 50 % of the respective improvement in SSP1, while for SSP3 and
SSP4, no efficiency improvement is considered.

The intensity parameters of the industry, agriculture and service sector are derived for each
energy carrier and demand segment separately and constitute the consumption of the specific
final energy carrier per unit of energy service demand proxy provided. Thus, their evolution
incorporates both the efficiency development as well as shifts towards the use of different en-
ergy carriers. The base year intensities are developed using the final energy consumption of
a particular energy carrier in a demand segment as given by [14] and the base year value
of the energy demand proxies as derived in Chapter 4. They are given in Table 6.5. Here,
the evolution of the intensities is derived in a very simplistic manner considering potential
efficiency changes, the uptake of additional devices and fuel shifts in the respective scenarios.
The trajectories are assumed to be similar for all segments. Considering the limited biomass
potential and its partially unsustainable usage, the biofuels & waste intensity is assumed to
decrease by 70 % in SSP1, 60 % in SSP2 and SSP5, and 50 % in SSP3 and SSP4. For SSP3
and SSP4, anticipating no strong efficiency improvements or fuel shifts, the other intensities
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Table 6.6: Transport sector modal share of the base year and final years of different scenarios.
Base year shares are based on the transport performance derived in Chapter 4 and
[6]. Future modal shares are derived from correlating scenario data in [6]. Due to
rounding, shares may not add up to 1.

Vehicle 2014 2054
segment Baseline Sustainable

Passenger

Car 0.09 0.23 0.09
2W 0.11 0.08 0.03
3W 0.03 0.07 0.03
Bus 0.63 0.44 0.63
Train 0.13 0.15 0.20
Airplane 0.01 0.03 0.02

Freight

LGV 0.05 0.12 0.09
HGV 0.52 0.44 0.37
Train 0.27 0.28 0.38
Airplane 0.00 0.00 0.00
Ship 0.05 0.05 0.05
Pipeline 0.11 0.11 0.11

are assumed to stay constant. For SSP2 and SSP5, efficiency improvements are assumed to
result in a 5 % decrease of the intensity by the end of the modeling period for all other energy
carriers except electricity, for which a constant intensity is assumed due to, e.g., a shift to effi-
cient, electricity-based technologies. A similar but more pronounced development is assumed
for SSP1, resulting in an increase of 1 % and decrease of 10 % by 2054 for electricity and the
remaining energy carriers, respectively.

For the scenario-based energy demand analysis of this work, the transport sector is only
considered with respect to the aggregated energy service demand for passenger and freight
travel. Nevertheless, for the transport sector analysis, a separate set of scenarios is introduced
in the following section, which is based on assumptions on transport demand trajectories for
each vehicle category. In order to calculate the transport demand for specific modes and vehicle
types it is necessary to define the evolution of the respective mode shares for different scenarios.
The mode share in the base year is derived based on data on the transport performance of the
road, rail and air sector discussed in Chapter 4 as well as data on road vehicle performance
in [6]. Their future evolution is based on a linear trajectory towards values assumed for the
final year of the modeling period of each scenario. Water- and pipeline based freight transport
is not considered in the analysis and its share is assumed constant over the modeling period.
Apart from a baseline pathway, a scenario with a more sustainable mode share, i.e., a shift
to rail and road based public transport, is considered for the analysis. The data for the base
year and the final year of both pathways are given in Table 6.6, whereas their consideration
for the transport scenarios is discussed in the following section.
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6.2 Transport Sector Scenarios

The transport sector model described in Chapter 5 can be used in various ways to explore
and analyze future pathways of the Indian transport sector with respect to, e.g., a potential
decarbonization, import dependence or, if respective emission factors are added, local pollu-
tion. This first analysis focuses on the influence of specific aggregated policy efforts towards a
decarbonisation of the transport sector. Therefore, the pathways are not based on a compre-
hensive policy analysis but rather on simplistic assumptions on general policy directions. The
scenarios do not try to capture the most likely or optimal pathways of the Indian transport
sector, but, instead, serve as exemplary pathways illustrating the influence of respective policy
efforts. The Technological Shift (TS) scenario entails efforts to increase the use of low-carbon
vehicles. As the supply chain of biofuels and hydrogen are currently not profoundly modeled,
this analysis focuses on the uptake of battery-based electric vehicles. In addition to technology
oriented efforts, the Technological and Modal Shift (TMS) scenario involves a political com-
mitment towards a more sustainable share of transport modes as compared to the reference
scenario. In order to single out the effects of both policy scenarios towards each other and
a baseline scenario, the overall transport service demands are derived from SSP2 for all sce-
narios. Although a reduction of the motorized transport demand, e.g., through redesigning
the built environment [105], can play a substantial role in CO2 emission reductions, it is not
further considered in this analysis. Table 6.7 gives an overview over the implemented scenarios
and the respective modeling assumptions.
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Table 6.7: Short narratives and modeling assumptions for the transport sector scenarios.

BAU: Business As Usual

No specific transport policy efforts are undertaken and the sector evolves along historic
patterns, general socioeconomic and technological development.

Modeling assumptions: Based on the data set derived in Chapter 5 and the baseline mode
share given in the previous section.

TS: Technological Shift

The implications of carbon emissions are acknowledged and its cost are increasingly valued
and considered in the policy-making process. While a decarbonisation of the electricity
sector is on the way, transport policies focus on the uptake of low carbon vehicle tech-
nologies through, e.g., purchase incentives, whereas no substantial efforts are undertaken
to influence the mode choice behavior.

Modeling assumptions: Apart from BAU assumptions, a carbon tax of 13 USD2016 is
introduced in 2020 and increases linearly to 200 USD2016 in 2045, similar to the Copenhagen
pathway of the carbon tax in [106]. Moreover, the carbon intensity of the electricity sector
is assumed to decrease by 50 % from 979 gCO2-eq/kWh in 2014 to 490 gCO2-eq/kWh in
2054.

TMS: Technological and Modal Shift

In addition to the political commitment of the TS scenario, measures are implemented
to foster a more sustainable mode share. Investments are increasingly directed towards
public transport infrastructure and incentives for their use are realized.

Modeling assumptions: Apart from TS assumptions, a mode share trajectory based on
the sustainable share presented in the previous section is introduced.





7 Results and Analysis - Exploring Future
Pathways

Based on the modeling methodologies outlined in Chapters 4 and 5, the scenarios outlined in
the previous chapter are analyzed in the next two sections with respect to the future energy
demand and a potential transport sector decarbonization.

7.1 Energy Demand Pathways

As mentioned in the introduction, one aim of this thesis is to implement a methodology to
derive energy demand projections for India as input to the energy system planning process,
in particular for the bottom-up energy system models of the transport and power sector built
within the overall research effort. Based on the scenarios introduced in Chapter 6, the devel-
oped methodology is applied to establish first scenario-based projections to be used for the
long-run energy system models. In the next subsections, the projections of different sectors
are presented and shortly analyzed. Except for the transport sector, the analysis is done with
respect to the final energy demand, which can serve as input to the power supply sector model.
For the transport sector, the energy service demand is considered as it serves as input to the
demand sector module introduced in Chapter 5.

7.1.1 Residential Sector

Despite the development of a bottom-up model based on various residential energy end uses,
this analysis considers mainly the aggregated residential demand, as a definite end use analysis
should be based on a thorough calibration and verification of the respective model elements.
Figure 7.1 shows the development of final energy demand of the residential sector over the
modeling period for all scenarios.

Several common trends can be identified in all scenarios. Final energy demand, driven by
economic development and growing population, is increasing throughout all scenarios. More-
over, when looking at the demand for specific energy carriers, two major trends influencing
the trajectories can be identified. The demand for electricity, in absolute and relative terms,
is increasing drastically in all scenarios. This can be explained by a fuel shift towards elec-
tricity and, more important, a substantial diffusion of equipment for space cooling and other
electric appliances. In contrast, the demand for biomass is decreasing, whereas the need for
alternative fuels, i.e. natural gas, electricity, and partly LPG, is increasing. This development
is due to a shift from inefficient biomass-based devices to other, more efficient devices for space
& water heating and cooking. Moreover, when considering the data on a different scale, as
shown in Figure 7.2, two more general developments can be observed. First, demand for coal
and kerosene is phasing out during the scenario period throughout all scenarios. For kerosene,
a more pronounced reduction can be observed in the first decade, which can be attributed to
the sharp decline in kerosene-based lighting. Second, an increasing use of biogas and solar
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Figure 7.1: Final energy demand of the residential sector over the modeling period for all
scenarios.
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energy can be observed to a varying extent in all scenarios.

A particular strong increase in final energy demand from 7364 PJ/a in 2014 to 12 445 PJ/a
(+69 %) and 11 830 PJ/a (+61 %) in 2054 can be observed for SSP3 and SSP5, respectively.
This common trajectory is based on diverging characteristics of both scenarios. It can be
attributed to the strongly improving economic situation of households in SSP5 and the sharp
population growth and only slowing decreasing use of biomass in SSP3. In contrast to the
steadily increasing demand in the previous scenarios, SSP1 and SSP4 exhibit a different tra-
jectory. Whereas the final energy demand is flattening towards the end of the modeling period
in SSP1, it is slowly decreasing from 2040 onwards in SSP4. Here, the increase in final energy
demand from 2014 to 2054 is +37 % and +21 %, respectively. Whereas SSP1 entails the same,
limited population growth as SSP5, less pronounced economic development and the diffusion
of more energy efficient devices leads to a saturated demand level during the end of the model-
ing period. In comparison to SSP3, SSP4 exhibits a much lower population growth but also a
limited diffusion of electric appliances due to the same restrained improvement of the economic
situation of households. In combination with the substitution of the inefficient use of biomass,
this results in the decreasing overall final energy demand in SSP4. SSP2 represents a middle
way between SSP1 and SSP3 with an increase in final energy demand by +54 % until 2054.

Some of the aforementioned trends can be seen more clearly when removing the influence of
population growth and analyzing the per capita demand as shown in Figure 7.3. The decrease
in per capita demand for biomass in the scenarios follows corresponding assumptions on the
energy carrier shares. Despite equal energy carrier shares for rural and urban areas assumed
in SSP3 and SSP4, per capita demand for biomass reduces at a faster pace in SSP4. This
can be attributed to the stronger urbanization trend in SSP4, which, in combination with a
lower use of biomass in urban than in rural areas, results in a lower demand for biomass. The
electricity demand per capita exhibits a sharp increase over the scenario period throughout
all scenarios. The magnitude of the increase correlates well with the per capita GDP, and
therefore, the economic situation of households, their living space and appliance ownership.
It ranges from 3292 MJ/a (915 kWh/a) for SSP4 to 5837 MJ/a (1621 kWh/a) for SSP5 in
2054, as compared to a base year demand of 717 MJ/a (199 kWh/a). This represents a 3.6-
and 7.1-fold increase, respectively. Considering the overall per capita final energy demand, it
can be seen that, as compared to the absolute demand shown in the previous figure, the re-
moval of the effect of population growth trivially leads to flatter, partly decreasing trajectories.

In order to reveal common demand trends with respect to rural and urban areas as well as the
different end uses, these are shortly analyzed based on SSP2. Figure 7.4 shows the final energy
demand for different energy carriers in rural and urban areas. The rural demand exhibits a
similar pattern as the overall demand shown in the previous figure but, due to the strong
urbanization trend and, thus, decreasing rural population, a rather flat overall trajectory. In
contrast, the demand in urban areas exhibits a sharp increase due to population growth as well
as stronger economic development. The increase is mainly due to the demand for electricity.
Moreover, in contrast to rural areas, a considerable share of natural gas can be observed in
urban areas. Figure 7.5 highlights another trend with respect to the demand for each end use.
Whereas the demand of final energy for space & water heating and cooking is dominant in the
beginning of the scenario period, its share decreases drastically during the model period. This
can mainly be attributed to two different trends, a shift to more efficient devices, partly using
other fuels, as well as an increasing demand caused by appliances, mainly for space cooling.
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Figure 7.2: Final energy demand of the residential sector over the modeling period for all
scenarios. The graphs show a cropped and enlarged representation of Figure 7.1.
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Figure 7.3: Per capita final energy demand of the residential sector over the modeling period
for all scenarios.
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Figure 7.4: Final energy demand of the residential sector in SSP2 shown separately for rural
and urban areas.
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Figure 7.5: Final energy demand of the residential sector in SSP2 shown separately for rural
and urban areas and split by end use.
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7.1.2 Industry, Agriculture, Service Sector

The industry, agriculture, and service sectors are based on a common methodology and share
the same simplistic scenario assumptions. Therefore, their aggregated final energy demand is
compared over all scenarios and a short look is taken on the sector-wise characteristics with
respect to scenario SSP2.

Figure 7.6 shows the development of final energy demand over the scenario horizon for all
scenarios. In general, a large increase in final energy demand can be observed across all sce-
narios, where electricity and especially coal are the dominant energy carriers. As defined for
the scenarios in the previous chapter, the major development with respect to the share of en-
ergy carriers is the decreasing intensity for biofuels in all scenarios. Despite minor differences
in the evolution of fuel shares across the scenarios, the major difference is the magnitude of
the aggregated demand. As incorporated in the underlying methodology described in Chapter
4, it shows a strong correlation with the evolution of the GDP in the corresponding scenario.
It ranges from 9952 PJ/a in 2014 to 33 442 PJ/a for SSP4 and 63 574 PJ/a for SSP5 in 2054.

The characteristic development of the different sectors can be seen in Figure 7.7 showing the
evolution of the demand separately for each sector for SSP2. The industry constitutes the
major demand sector with around 81−86 % of the annual demand of all three sectors. It
increases 4.3-fold over the modeling period, in comparison to a 5.2-fold increase for the service
sector and an increase by 31 % for the agricultural sector. The stronger increase for the service
sector can be explained with the increasing importance of the service sector assumed with
increasing GDP. Final energy demand in the agricultural sector increases steadily in the first
years, before slowly approaching a saturation level in the remaining period. This is due to
the assumptions on limited agricultural area and, thus, limited energy service demand for
irrigation and agricultural machinery as implemented in the methodology in Chapter 4.

7.1.3 Transport Sector

For the transport sector, the energy demand is projected at the level of energy services so it
can be used as an input to the developed transport sector module. The per capita motorized
transport demand for passengers in pkm and freight in tkm can be seen in Figure 7.8. For
both passenger and freight transport similar trends can be observed across all scenarios. The
transport demand increases considerably during the first decades of the modeling period before
slowly approaching a saturation level. For SSP1, SSP2, and SSP5 the demands reach close
to the respective saturation level of 20 000 pkm and 8000 tkm, whereas the limited growth of
per capita GDP in SSP3 and SSP4 result in a lower demand level for these scenarios. Figure
7.9 shows the overall transport demand incorporating the diverging population growth rates.
It can be seen that in scenarios with stronger and steady population growth, i.e., SSP2 and
SSP3, the demand increases relative to the other scenarios and, given the persistent population
growth, does not reach a saturation level.

7.1.4 Implications and Limitations

In conclusion, the analysis of different energy demand pathways based on diverging societal
developments highlights common trends as well as varying characteristics across the scenarios.
The diverging magnitude of the demand for specific energy carriers, in particular electricity,
can lead to decisive uncertainties in the energy planning process. A profound study of these
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Figure 7.6: Aggregated final energy demand of the industry, agriculture and service sector
over the modeling period for all scenarios.
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Figure 7.7: Separated final energy demand of the industry, agriculture and service sector
over the modeling period for SSP2.

uncertainties can be crucial for shaping the future energy system in India. While the chosen
scenarios based on the shared socioeconomic pathways give a first impression on potentially
distinct characteristics of future demand pathways, their rather simplistic implementation, es-
pecially with respect to the industry, agriculture and service sector, hinders a more consistent
and complete coverage of the potentially wide scenario space. Moreover, the implementation
of the demand model itself, i.e., the quantitative correlations between drivers and demand,
and the underlying assumptions are partly subject to considerable uncertainty and demand
for a thorough sector-wise qualitative and quantitative demand analysis in future. This is, for
example, apparent for the agricultural sector where simplified assumptions on the maximum
number of tractors and on limits for the irrigated area have a decisive effect resulting in a
quickly stagnating demand.
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Figure 7.8: Per capita energy service demand for passenger and freight transport over the
modeling period for all scenarios. skm are service kilometers, i.e., pkm and
tkm for passenger and freight demand, respectively. The horizontal, grey lines
indicate the saturation levels as implemented in the underlying logistic function
introduced in Chapter 4.
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Figure 7.9: Energy service demand for passenger and freight transport over the modeling
period for all scenarios. bskm are billion service kilometers, i.e., bpkm and
btkm for passenger and freight demand, respectively.
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Figure 7.10: Final energy demand of the transport sector over the modeling period for all
scenarios. The black line in the graphs of the TS and TMS scenario indicate
the BAU final energy consumption.

7.2 Transport Sector Pathways

Based on scenarios introduced in Chapter 6, three pathways are analyzed in this section in
order to get insights into different policy directions towards a decarbonization of the Indian
transport system.

The magnitude of final energy demand and consumption of specific energy carriers in the
transport sector can give a broad insight into the development of the transport sector. Figure
7.10 shows the consumption of final energy carriers during the modeling period in the trans-
port sector for all scenarios. In the BAU scenario, final energy consumption increases by 289 %
during the scenario period, from 6293 PJ in 2014 to 24 498 PJ in 2054. Final energy is mainly
consumed in the form of diesel and an increasing share of gasoline. While still a small share
of final energy consumption, the usage of aviation turbine fuel increases considerably during
the modeling period. Other energy carriers are only used to a very limited extent. The use of
compressed natural gas is phasing out during the first half of the modeling period while the
use of ethanol is, as explained in Chapter 5, coupled to the consumption of gasoline and, thus,
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increases steadily. The share of electricity decreases slightly from 0.9 % to 0.8 % during the
modeling period. Thus, in absence of major policy efforts in the BAU scenario, the transport
sector experiences a drastic increase of final energy consumption in line with the rising trans-
port demand while no major changes in the composition of the fossil fuel dominated energy
carrier demand are under way. Final energy consumption in the TS scenario first evolves simi-
larly to the BAU scenario until it starts flattening around 2040 and slightly decreases from 2048
onwards. The diverging overall consumption goes hand in hand with an increase in electricity
consumption and a subsequent decrease in the usage of diesel and gasoline. The energy carrier
shift is due to the assumed policy effort implemented through a carbon tax in the model. De-
spite a considerable steep increase of the carbon tax, reaching over 100 USD2016/ktCO2-eq in
2032, it is only in the last decade of the model period that a substantial influence of the policy
effort can be observed. Given the currently high carbon intensity of the Indian electricity
sector, no low-carbon energy carrier is available in the beginning of the model period. Only
the decreasing carbon intensity of the electricity sector, in combination with the technological
developments and the carbon tax, yield an uptake of electricity as transport energy carrier.
For the TMS scenario, final energy consumption evolves similarly as in the TS scenario but,
starting around 2018, stays at a lower level. This indicates that the more sustainable mode
share in the TMS scenario entails the use of more efficient vehicles using less final energy while
providing the same transport performance. In comparison to the TS scenario, a reduction in
aviation turbine fuel and gasoline usage can be observed. This is due to the reduced transport
demand covered by airplanes and less efficient private vehicles often running on gasoline, while
road- or rail-based public transport, e.g., diesel powered buses, exhibit a higher share.

The dynamics of the final energy consumption discussed in the previous paragraph is based on
the specific powertrain technologies deployed in the various vehicle segments. The transport
performance of the different technologies are shown for freight transport in Figure 7.11, for
private and paratransit passenger transport in Figure 7.12 and for public passenger transport
in Figure 7.13. The figures illustrate the underlying technological shifts and effects of scenario
policies and are shortly discussed in the following. Generally, the transport performance of
each segment trivially follows the respective demand as defined in Chapter 6. Starting with
the freight segments of light and heavy goods vehicles, it can be seen that additional demand
is met and scrapped conventional compression-ignition engine vehicles (CIEV) are replaced
by more efficient hybrid electric vehicles (HEVs) in all scenarios. Similarly, the existing share
of CIE trains is slowly replaced by grid electric trains. In line with the increasing share of
electricity in the final energy consumption towards the end of the modeling period, further
electric goods vehicles are deployed from 2040 onwards in the TS and TMS scenario. First,
plug-in hybrid electric vehicles (PHEVs) start to be used. Battery electric vehicle become
preferable around 2049 and are then built to meet additional demand and replace scrapped
vehicles until their maximum share is reached. The deployment of PHEVs and BEVs shows
how, among others, cost reductions of electric vehicle parts, e.g., batteries, and the effect of
the carbon tax can lead to an environment in which electricity powered road vehicles are the
least-cost option for the model. Considering the transport performance for passenger vehicles
for the scenarios shown in Figure 7.12 and Figure 7.13, it can be seen that this development
is only present for the freight transport vehicles, for which fuel-related savings due to their
comparable long lifetime and high mileage make up for the higher capital cost of PHEVs and
BEVs earlier than for other vehicle segments. Otherwise, the passenger segments exhibit sim-
ilar technological shifts as freight transport. Whereas the existing, negligible shares of CNG
powered spark-ignition engine vehicles and BEVs are phased out, other vehicles technologies
are, if available, substituted by another, cost optimal technology of each segment. As shown
in Figure 7.12, 2-wheelers, for which no hybrid is available in the model, are deployed as SIE
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Figure 7.11: Transport performance provided by each freight vehicle technology during the
modeling period for all scenarios. Vintages of the same road vehicle technology
are shown as one aggregated technology.

vehicle throughout the modeling period, whereas SIE-HEVs assume the major role in meeting
the demand of the 3-wheeler and car segment. While the shares of deployed powertrain tech-
nologies are similar across all scenarios for 2- and 3-wheelers, the introduction of the carbon
tax in the TS and TMS scenario causes an earlier shift to car SIE-HEVs as compared to the
BAU scenario. Moreover, the figure clearly illustrates the diverging development of the mode
share in the TSM scenario, which is exhibiting a reduced demand for private transport and,
as can be seen in Figure 7.13, an increased demand for train and bus transport. Whereas
no technological choice is available for airplanes, a similar shift from conventional to hybrid
diesel buses can be observed across all scenarios. In contrast to the freight rail segment, CIE
trains remain the cost optimal technology in the first part of the modeling period and are only
starting to be replaced by electric trains in 2036 and 2028 for the BAU, and TS and TMS
scenarios, respectively. The diverging behavior with respect to freight trains will be discussed
in the next section.
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Figure 7.12: Transport performance provided by each car, 2- and 3-wheeler motorcycle tech-
nology during the modeling period for all scenarios. Vintages of the same road
vehicle technology are shown as one aggregated technology.

With respect to a potential decarbonization, the transport sector pathways and respective
policy efforts are to be analyzed based on annual CO2-eq emissions resulting from previously
discussed consumption and technological developments. The emission pathways for all three
scenarios are shown in Figure 7.14. In the BAU scenario, emissions are increasing steadily
and are up by +287 % from the base year value in 2054. This highlights the strong fossil fuel
and carbon dependency of the Indian transport sector in absence of any decisive political or
societal efforts. Annual emissions in the TS scenario closely follow the BAU emissions at a
slightly lower level during the first decades of the modeling period. From around 2045 onwards,
emissions in the TS scenario further diverge, flatten and reach 89 % of the annual emissions in
the BAU scenario in 2054. This falls into line with the uptake of electric vehicles discussed in
the previous paragraph. Despite the considerable cost associated to carbon emissions in the
TS scenario, only a restrained technological shift is induced and the emission reduction during
the modeling period is rather limited. In contrast, the emission pathway of the TMS scenario
illustrates the decisive effect of policies influencing the modal share can have on the transport
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Figure 7.13: Transport performance provided by each bus, train and airplane technology
during the modeling period for all scenarios. Vintages of the same road vehicle
technology are shown as one aggregated technology.

sector emissions. Here, the emissions peak in 2048 and reach 71 % of the BAU emissions in
2054. Cumulative emissions are reduced by 21 % as compared to only 4 % in the TS scenario.

7.2.1 Sensitivity Analysis

The optimal deployment of powertrain technologies as discussed in previous paragraphs is
based on optimizations using the transport sector model introduced in Chapter 5. Apart from
the structural modeling assumptions, the results are, therefore, subject to uncertainties intro-
duced through the input parameters of the model. These include, for example, future costs of
batteries or present and future fuel efficiencies of the vehicles of each segment. While acknowl-
edging the need for a comprehensive study of the influence of uncertainties on the results, a
first, limited sensitivity analysis is undertaken with respect to the electricity cost and import
price for fossil fuels. For that purpose, four additional optimizations are conducted for each
scenario, either adjusting the cost of electricity or the cost of all fossil fuel imports by ±30 %
and the influence on the emission pathways is studied. Figure 7.15 shows the new emission
trajectories for all scenarios. In the first half of the modeling period, the only noticeable effects
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Figure 7.14: Annual CO2-eq emissions of the transport sector during the modeling period
for all scenarios.
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Figure 7.15: Annual CO2-eq emissions of the transport sector during the modeling period
for all scenarios. Black solid lines show the emissions of the scenarios as shown
in Figure 7.14 and dashed/dotted red and blue line show the emission trajecto-
ries for increased or decreased fossil fuel (upper graph) and electricity (bottom
graph) cost, respectively.
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can be seen while increasing the fossil fuel cost in the BAU scenario. The increasing cost here
lead to slightly lower emissions due to, e.g., an earlier shift to more efficient mild hybrid cars.
For the TS and TMS scenario, a considerable sensitivity can be observed in the second half
of the modeling period. Decreased electricity cost or increased fossil fuel cost lead to lower
emission based on an increasing electrification of transport vehicles, whereas higher electricity
cost and cheaper fossil fuels have the opposite effect. The largest relative uncertainty can be
observed for the annual emissions of the TMS scenario which vary between −11 % and +13 %
in 2054 while changing the cost of electricity.

Thus, the modeling results for the end of the analyzed period are, to a certain extent, sensitive
to the assumptions on the supply cost of energy carriers. Nevertheless, despite the large
variation of the cost for this analyses, the emission changes are limited and the major trends
and effects derived in the previous section remain valid.

7.2.2 Implications and Limitations

To sum up, the analysis gives a first glance on the implications of potential decarbonization
efforts with respect to the Indian transport system. Despite the sharp decrease in the car-
bon intensity of electricity and the quick increase of the carbon tax in the TS scenario, the
technological changes and emission reductions compared to the BAU scenario remain limited.
This highlights the carbon dependency of the sector and the limited role a technological shift
towards electric vehicles can play in CO2 emission reductions before a firm restructuring of the
power sector has far advanced. In view of the decisive effects of a more sustainable mode share,
the TMS scenario underlines the large potential for policies driving mode choices towards a
reduced emission pathway and a more sustainable transport system.

The performance of the model, i.e., its appropriate, though inherently simplified representa-
tion of the Indian transport system, is studied with respect to the aggregated final energy
consumption in the base year. Whereas IEA reports a final energy consumption of 3557 PJ for
domestic road, rail and air based transport in India in 2014 [14], the model yields a consump-
tion of 6293 PJ, an increase of 77 % with respect to the reported data. Even after adjusting
for varying usage of lower and higher heating values for the energy carriers, a high discrep-
ancy can be observed. This could partly be caused by uncertainties in the reported data, e.g.,
the proper representation of kerosene adulteration for the transport sector. Nevertheless, the
major reason for the deviation is likely based on the considerable uncertainties with respect to
some of the relevant input parameters, e.g., the transport demand and the average occupancy
of vehicles. Therefore, a comprehensive calibration of the model is suggested as future work.

Apart from the magnitude of final energy consumption, some further limitations of the results
and model are to be addressed. As previously discussed in Chapter 5, the diverse nature of
vehicles, infrastructure and actors in the transport sector is difficult to represent in bottom-up
energy system models. The model structure can, for example, result in monotonous deploy-
ment of a single powertrain technology for a vehicle segment. Here, the model might not
conform with an expected mix of technologies but rather shows, based on the model inputs,
the idealistic pathway from the viewpoint of a social planner. Moreover, transition dynamics,
for instance, with respect to the build up of charging infrastructure for electric vehicles, are
not captured in the current model implementation. The model emissions are solely based on
the carbon intensity of the energy carrier supply but do not include other emissions, e.g., dur-
ing the production of the vehicle or the construction of transport infrastructure. Apart from
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structural limitations, some of the input data are of unknown quality and corrections might
lead to varying results. This includes, for example, the diverging fuel efficiencies of freight and
passenger trains causing the aforementioned model behavior.





8 Conclusions

As part of a collaborative research effort, this work provides quantitative tools to explore and
analyze energy demand and transport sector pathways in India. A framework for energy de-
mand projections is developed to generate scenario-based trajectories of the energy demand as
input to long-run energy system models and the energy planning process. For the residential
sector, the bottom-up energy demand model is considering the different end uses of the sector
to better capture expected structural changes. The projections for the industry, agriculture,
service, and transport sector are implemented based on simple top-down, econometric mod-
els. In a first analysis, the future energy demand is studied with respect to distinct societal
pathways. The demand scenarios highlight common trends as well as diverging characteristics
of energy demand across potential societal developments. In addition to the projection frame-
work, a long-run energy system model of the Indian transport sector is built. A structure
and a data basis for the model is developed and implemented using the open-source modeling
framework OSeMOSYS. For a first study, the model is used to analyze the effect of policy
directions towards a decarbonization of the Indian transport sector. It underlines the carbon
dependency of vehicle technologies within the current energy system and the importance of a
modal shift towards a more sustainable transport system in India.

The broad and diverse set of energy demand sectors explicitly covered in this thesis emphasizes
the comprehensive nature of the modeling effort. In order to represent the sectors appropriately
and to fulfill their purpose, the models require extensive data sets and profound quantitative
and qualitative analyses of the technological, socioeconomic and political background. In this
light, this work is to be considered as a first step of the overall modeling effort. The current
model version and the scenario analyses rely partly on simplistic assumptions and estimates
for required data inputs. Nevertheless, the models constitute a suitable foundation and can
already yield valuable insights.

In order to further develop the models, it is necessary to review, update and extend the un-
derlying structure and data basis. In particular with respect to the transport sector model, a
sustained development of the data basis is crucial to extend the coverage of technologies and
transport modes and ensure a well-founded data fundament for future analyses. Moreover, a
profound calibration of the model is needed and a link to the power sector model is to be set up.

In conclusion, this thesis establishes energy models to explore energy demand and transport
sector pathways and, thus, provides necessary groundwork for further purposeful modeling
efforts and well-reasoned energy system planning in India.
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[4] Eoin Ó Broin and Céline Guivarch. Transport infrastructure costs in low-carbon path-
ways. In: Transportation Research Part D: Transport and Environment 55.Supplement
C (Aug. 2017), pp. 389–403. issn: 1361-9209. doi: 10.1016/j.trd.2016.11.002.
url: http://www.sciencedirect.com/science/article/pii/S1361920916301997
(visited on 2017-11-14).

[5] The Energy and Resources Institute, ed. National energy map for India: technology vi-
sion, 2030. New Delhi: Energy and Resources Institute : Office of the Principal Scientific
Adviser, Govt. of India, 2006. isbn: 978-81-7993-099-1.

[6] NITI Aayog. India Energy Security Scenarios 2047. 2015. url: http://indiaenergy.
gov.in/iess/docs/IESS_Version2.2.xlsx (visited on 2017-08-31).

[7] Subash Dhar and Priyadarshi R. Shukla. Low carbon scenarios for transport in India:
Co-benefits analysis. en. In: Energy Policy 81 (June 2015), pp. 186–198. issn: 03014215.
doi: 10.1016/j.enpol.2014.11.026. url: http://linkinghub.elsevier.com/
retrieve/pii/S030142151400634X (visited on 2017-04-21).

[8] Subash Dhar, Minal Pathak, and Priyadarshi R. Shukla. Electric vehicles and India’s
low carbon passenger transport: a long-term co-benefits assessment. en. In: Journal of
Cleaner Production 146 (Mar. 2017), pp. 139–148. issn: 09596526. doi: 10.1016/j.
jclepro.2016.05.111. url: http://linkinghub.elsevier.com/retrieve/pii/
S0959652616305832 (visited on 2017-04-21).

[9] Bas J. van Ruijven et al. Model projections for household energy use in India. In:
Energy Policy. Clean Cooking Fuels and Technologies in Developing Economies 39.12
(Dec. 2011), pp. 7747–7761. issn: 0301-4215. doi: 10.1016/j.enpol.2011.09.021.
url: http://www.sciencedirect.com/science/article/pii/S0301421511007105
(visited on 2017-04-24).

[10] Vaibhav Chaturvedi et al. Long term building energy demand for India: Disaggregating
end use energy services in an integrated assessment modeling framework. In: Energy Pol-
icy 64 (Jan. 2014), pp. 226–242. issn: 0301-4215. doi: 10.1016/j.enpol.2012.11.021.
url: http://www.sciencedirect.com/science/article/pii/S030142151200986X
(visited on 2017-04-24).

https://www.iea.org/publications/freepublications/publication/WEO2015SpecialReportonEnergyandClimateChange.pdf
https://www.iea.org/publications/freepublications/publication/WEO2015SpecialReportonEnergyandClimateChange.pdf
https://www.iea.org/publications/freepublications/publication/WEO2015SpecialReportonEnergyandClimateChange.pdf
http://www4.unfccc.int/submissions/INDC/Published%20Documents/India/1/INDIA%20INDC%20TO%20UNFCCC.pdf
http://www4.unfccc.int/submissions/INDC/Published%20Documents/India/1/INDIA%20INDC%20TO%20UNFCCC.pdf
http://dx.doi.org/10.1016/j.enpol.2013.04.017
http://dx.doi.org/10.1016/j.enpol.2013.04.017
https://www.sciencedirect.com/science/article/pii/S0301421513002565
https://www.sciencedirect.com/science/article/pii/S0301421513002565
http://dx.doi.org/10.1016/j.trd.2016.11.002
http://www.sciencedirect.com/science/article/pii/S1361920916301997
http://indiaenergy.gov.in/iess/docs/IESS_Version2.2.xlsx
http://indiaenergy.gov.in/iess/docs/IESS_Version2.2.xlsx
http://dx.doi.org/10.1016/j.enpol.2014.11.026
http://linkinghub.elsevier.com/retrieve/pii/S030142151400634X
http://linkinghub.elsevier.com/retrieve/pii/S030142151400634X
http://dx.doi.org/10.1016/j.jclepro.2016.05.111
http://dx.doi.org/10.1016/j.jclepro.2016.05.111
http://linkinghub.elsevier.com/retrieve/pii/S0959652616305832
http://linkinghub.elsevier.com/retrieve/pii/S0959652616305832
http://dx.doi.org/10.1016/j.enpol.2011.09.021
http://www.sciencedirect.com/science/article/pii/S0301421511007105
http://dx.doi.org/10.1016/j.enpol.2012.11.021
http://www.sciencedirect.com/science/article/pii/S030142151200986X


74 Bibliography

[11] IEA. India Energy Outlook. Tech. rep. International Energy Agency, 2015. url:
https : / / www . iea . org / publications / freepublications / publication /

IndiaEnergyOutlook_WEO2015.pdf (visited on 2017-11-27).

[12] NITI Aayog. Draft National Energy Policy (Version as on 27.06.2017). 2017. url:
http://indiaenergy.gov.in/wp-content/uploads/2017/10/Draft-National-

Energy-Policy.pdf (visited on 2017-11-19).

[13] NTDPC. India Transport Report: Moving India to 2032. OCLC: ocn885078356. New
Delhi: Routledge, 2014. isbn: 978-1-138-79598-3.

[14] IEA. Energy Balance Flows: India - Final Consumption. 2017. url: http://www.iea.
org/Sankey/#?c=India&s=Final%20consumption (visited on 2017-10-01).

[15] B. R. Gurjar, Khaiwal Ravindra, and Ajay Singh Nagpure. Air pollution trends
over Indian megacities and their local-to-global implications. In: Atmospheric En-
vironment 142.Supplement C (Oct. 2016), pp. 475–495. issn: 1352-2310. doi:
10 . 1016 / j . atmosenv . 2016 . 06 . 030. url: http : / / www . sciencedirect . com /

science/article/pii/S1352231016304630 (visited on 2017-11-09).

[16] T. V. Ramachandra and Shwetmala. Emissions from India’s transport sector: Statewise
synthesis. In: Atmospheric Environment 43.34 (Nov. 2009), pp. 5510–5517. issn: 1352-
2310. doi: 10.1016/j.atmosenv.2009.07.015. url: http://www.sciencedirect.
com/science/article/pii/S1352231009005871 (visited on 2017-11-09).

[17] Atom Mirakyan and Roland De Guio. Integrated energy planning in cities and terri-
tories: A review of methods and tools. In: Renewable and Sustainable Energy Reviews
22.Supplement C (June 2013), pp. 289–297. issn: 1364-0321. doi: 10.1016/j.rser.
2013.01.033. url: http://www.sciencedirect.com/science/article/pii/

S1364032113000646 (visited on 2017-11-10).
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A Appendix

A.1 General Notes on Data Processing and Representation

All data sets and respective explanations can be found on the attached compact disc. Two
major points are to be shortly discussed here:

• For the entire thesis work, calendar years and the closest Indian fiscal year, e.g., calendar
year 2014 and fiscal year 2014-15, are used interchangeable. For readability and consis-
tency with some data sources, they are generally referred to by the respective calendar
year, e.g., 2014. Only the OSeMOSYS model data file, in line with parallel modeling
efforts, uses the ending calendar year of the fiscal year, e.g., 2015 for fiscal year 2014-15,
to refer to the respective year.

• Data given for other currencies or base years are converted using the conversion factors
as derived in the transport model data sheet. Here, respective values are generally first
converted to Indian Rupees, adjusted to the base year using the Indian consumer price
index and finally converted to US dollars. For international quantities, e.g., import prices,
and partly conversions for intermediate calculations, e.g., vehicle capital cost estimates,
a different approach is used based on US or the respective countries’ consumer price
indices.

A.2 Compact Disc Content

Following material can be found on the attached compact disc:

• The digital version of the thesis

• Model files incl. input data and results

• The slide set of the final presentation
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