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Abstract The modelling of energy systems, which coevolved from socio-technological interactions and their interplay with the economy, plays a key role in the development of national and international policies to solve the problem of energy poverty. The other important issues addressed by energy system modelling are change in energy infrastructure, paving pathways towards technological sustainability and predicting future energy demand. The clear goal of the analyses is to secure energy supply and to enable the development of fundamental concepts for fulfilling energy demand economically. The main concept behind energy system modelling is to develop energy strategies, while outlining the likely future structure under particular conditions, to gain insights into the technological pathways and policy formulation, to plan expansion of the energy system and to anticipate changes in the market demand. Almost all energy system models are based on optimization of the lowest energy production cost, where the total cost is contributed jointly by the energy carrier’s price and the cost of the associated technology subject to technical parameters. Minimizing the investment cost associated with a given technology is extremely important to sustain the surge in energy demand of the global market. Therefore, how the model applies endogenous investment costs to forecast the future benefit associated with the current knowledge is an important aspect of energy system modelling and analysis. The influence of uncertainty on the learning rates in the endogenization of the learning curve gives impetus to study the diffusion of learning technologies across the regions, as the modelled future return is based on current experience and may lead to uncertainties in the model results. Thus uncertainties in learning rates for technology selection by the model need careful study and analysis. The influence of uncertainties in learning rates on global learning concepts without and with a technology gap is of concern in order to identify the road map of the technologies; and to understand the influence of technology gaps in term of knowledge gaps (higher specific cost) and time lags on the diffusion of learning technology across various regions of the world. In this modelling study, five regional global models based on TIMES have been developed (TIMES is a model generator and stands for ‘The Integrated MARKAL EFOM System’). The regions are defined as 25 European nations (EU25), Rest of OECD (R_OECD), Rest of Non-OECD (R_NOECD), India and China, according to the nations included inside each region and also on their economic categorisation. It is a demand driven, bottom-up and technology abundant model, where GDP, population, and traffic demands are the main drivers for the development of energy demand in the past, present and future. It is a long-term model (1990-2100) consisting of 19 periods with unequal period lengths (5, 8 and 10 years). Each year is divided into three seasons and each season is further divided into day and night, as the smallest time resolution. The entire Reference Energy System (RES) is represented in the Global TIMES G5 model by extraction; inter-regional exchange;
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refineries; hydrogen (H2) production; synthetic fuel production; bio-fuel production; electricity and heat production; Carbon Capture and Storage (CCS); and sector-wise energy demands of industry, commerce, residential and transport, non-energy use and finally an integrated climate module. In the extraction sector, hard coal, lignite, crude oil and natural gas are modelled in four steps with the help of default cost-potential curves. Inter-regional exchanges of ten commodities are modeled for each region inside the TIMES G5 model. The final energy demand of end-use sectors such as industry, commerce and residential are modelled by different end use technologies to satisfy the user’s energy demand. Natural and artificial carbon pools are included in the modelling aspect for the abatement of CO2 or carbon concentrations in the atmosphere to reduce climate warming. Two climate stabilization scenarios of CO2 emission of 500-ppmv and 550-ppmv have been used in order to estimate the sectoral restructuring of the energy system across different regions as well as its effect on atmospheric and deep ocean layer temperature rise. The phaseout of polluting fuels and the integration of non-polluting or less polluting fuels and renewable energy sources inside the sectoral energy system predominate across all regions. Sectoral energy demand and total final energy demand decreases in individual regions. Technologies such as fuel cells, fusion technology, Integrated Gasification Combined Cycle (IGCC) with CO2 sequestration, Combined Cycle Gas Turbine (CCGT) with CO2 sequestration and hydrogen production with CO2 sequestration are selected in the stabilization scenarios. The phenomenon of fuel switching starts in the model from 2005 onwards. The CO2 emission by fossil fuels, by sectors and by regions decreases. Electricity production from CO2-free energy sources increases. The capacity development increases while the overall utilization factor decreases. The primary energy consumption increases in all regions in the stabilization scenarios. The atmospheric temperature rises by a maximum of 2.41oC and the ocean bed temperature rises by a maximum of 0.33oC till the year 2100. The TIMES G5 global model has been developed to test global learning processes for the effect of uncertainties on learning rates of innovative technologies, which depends on the available data base for the technology, i.e., unit specific costs versus cumulative capacity. The study shows how the spreading of climate compatible and developing technologies inside the energy system depends on the uncertainty of learning rates or progress ratios. The study also reflects how uncertainties in the learning rates affect the technology diffusion inside regional energy systems. In order to reflect the technology integration subject to the influence of uncertainties on the progress ratio, a minimum cost approach has been developed and applied. The global learning process considering technology gap methodologies has been developed and tested in this work for three different progress ratios of each technology; representing the uncertainty of the technological return. The technology gap is tested, where it is represented by a higher specific cost of the technology for developing regions and a lower specific cost for developed regions, assuming that they use the same product produced in the manufacturing region in the same time period. In another approach, the technology gap
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is represented by a time lag in capacity transfer, i.e., knowledge spillover, because capacity is the proxy for knowledge in learning theory. The specific cost of new technologies differs across the regions in both types of technology gap approaches, in relation to the variation of the discount rate, technology gap by period and duration in years of the period. This study shows the penetration and integration of new technologies such as IGCC, CCGT, solar photovoltaic, wind onshore, wind offshore and geothermal heat pumps inside the energy system of different regions. Variation of results observed by the inclusion of global learning without and with technology gaps in the form of higher specific cost (knowledge gap) and time lag. IGCC technology reaches its maximum potential in all scenarios across the globe. IGCC technology is preferred in the case of global learning without knowledge gap and time lag across developing regions compared to global learning with knowledge gap. CCGT technology development in manufacturing region decreases in global learning with technology knowledge gap compared to without knowledge gap concept. Wind onshore penetrates more in EU25 and R_OECD regions and in the energy systems in a global learning concept without knowledge gap. Developed regions use more learning technology in the global learning with time lag concept because of the advantage of early investment cost reduction of learning technologies contributed by developing regions. Geothermal Heat Pump (geothermal HP) penetrates more across all regions and in all scenarios as the technology is modeled for global learning without knowledge gap and time lag. Bio-gasification, solid oxide fuel cells and molten carbonate fuel cells do not enter into any energy system under any scenario. It is observed that learning technology diffuses more in higher learning rates and less in lower learning rates across the regions and the globe. The development of specific costs of innovative technologies is observed differently by period for developing and developed regions in global learning with technology gap in the form of higher specific cost approach. Furthermore the study has successfully implemented the minimum (floor) cost approach inside global learning within the energy system models.
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Kurzfassung



Kurzfassung Die Modellierung von Energiesystemen entwickelte sich in Wechselbeziehung mit sozioökonomischen und technologischen Fragestellungen. Sie spielt eine Schlüsselrolle in der Entwicklung nationaler und internationaler Politik und dient dazu, Probleme wie Energieknappheit zu lösen, Möglichkeiten zur Änderung von Infrastrukturen im Energiesektor aufzuzeigen, den Weg für eine technologische Nachhaltigkeit zu ebnen und den zukünftigen Energiebedarf zu prognostizieren. Diese Analysen haben als ein wesentliches Ziel, die Energieversorgung der Wirtschaft zu sichern, und die Entwicklung grundlegender Konzepte hierfür zu ermöglichen. Insbesondere die Langzeitmodellierung von Energiesystemen ist hierbei eine interessante und spannende Aufgabe. Das Hauptkonzept der Modellierung ist die Entwicklung von energiewirtschaftlichen Strategien, das Abbilden von wahrscheinlichen Zukunftssituationen unter bestimmten Voraussetzungen, die Analyse von technologischen, strukturellen und politischen Entwicklungen, das Planen von Erweiterungen der Energiesysteme und – analog zum privaten Sektor – das Vorhersagen von Energiebedarf und Marktstrukturen. Fast alle Energiesystemmodelle basieren auf der Optimierung der Kosten der Energieerzeugung, welche die Kosten für Energieträger und Technologien zur Energiebereitstellung unter Berücksichtigung verschiedener technologisch-ökonomischer Parameter beinhalten. Die Technologien der Energieerzeugung stellen hierbei das Basisinstrument der Energieversorgung und die Hauptkomponente sowohl für die Energiekosten als auch die wirtschaftliche Entwicklung dar. Die Reduktion der Investitionskosten für Anlagen zur Energieerzeugung ist eine wesentliche Fragestellung. Hierbei ist von großer Bedeutung, wie das Energiesystemmodell endogen Investitionskosten einsetzen kann, um zukünftige Potenziale ausgehend von den derzeitigen Kenntnissen zu prognostizieren. Der Einfluss der Unsicherheit von Lernraten bei der Endogenisierung des Lernprozesses muss untersucht werden, da die modellierten zukünftigen ökonomischen Parameter durch die heutigen Erfahrungswerte bedingt sind und dies zu unsicheren Modellergebnissen führen kann. Deshalb müssen insbesondere die Unsicherheiten der Lernraten für die Technologieauswahl sorgfältig untersucht werden und Fehler bei der Vorhersage der zukünftigen Technologieentwicklung analysiert und korrigiert werden. Der Einfluss der Lernraten-Unsicherheiten ist in einem globalen Lernkonzept unter Berücksichtigung von sogenannten Technologielücken von Interesse, um die Entwicklung und Implementierung von neuen Technologien zu untersuchen. Dadurch kann der Einfluss von Technologielücken, d.h. von zeitlichen Verzögerungen zwischen Verfügbarkeit und Implementierung von Technologien, in Form von höheren spezifischen Kosten und einer verzögerten Marktdurchdringung in verschiedenen Regionen des TIMES G5-Modells dargestellt werden.
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Im Rahmen dieser Studie wurde ein fünf Regionen Modell auf Basis des TIMES (The Integrated Markal Efom System) Modell Generators entwickelt. Die Regionen sind definiert als die 25 europäischen Staaten (EU25), die restlichen Länder der OECD, die restlichen Länder außerhalb der OECD, Indien und China. Das Modell ist gesteuert durch den Energiebedarf, verwendet einen „Bottom-up“-Ansatz und beinhaltet die unterschiedlichsten Technologien. GDP, Bevölkerung und Verkehrsleistung sind die wesentlichen Faktoren für die Entwicklung des Energiebedarfs in der Vergangenheit, der Gegenwart und der Zukunft. Bei dem Modell handelt es sich um ein Langzeitmodell (Zeitraum 1990 bis 2100), das aus 19 Zeitperioden mit unterschiedlichen Längen (5, 8 und 10 Jahre) besteht. Jedes Jahr ist in drei Abschnitte unterteilt und jeder Abschnitt in Tag und Nacht als der höchsten zeitlichen Auflösung. Das gesamte Referenzenergiesystem (RES) ist im globalen TIMES G5 Modell abgebildet durch die Energieträgergewinnung, den überregionalen Markt, Raffinerien, die Produktion von Synthesekraftstoffen, Biokraftstoffen, Wasserstoff, Strom und Wärme, Technologien zur CO2-Abscheidung und -Speicherung, den sektoralen Energiebedarf von Industrie, Gewerbe, Haushalten und Verkehr, den stofflichen Einsatz von fossilen Energieträgern und schließlich durch ein integriertes Klimamodul. Die Gewinnung der Energieträger Steinkohle, Braunkohle, Rohöl und Erdgas wird in vier Schritten mit DefaultKostenpotenzialkurven modelliert. Für jede Region wird der überregionale Handel von zehn Gütern innerhalb des TIMES G5-Modells abgebildet. Der Endenergiebedarf von Sektoren wie der Industrie, dem Gewerbe und den Haushalten wird mit unterschiedlichen Endnutzertechnologien modelliert. Natürliche und anthropogene Methoden der CO2Abscheidung und -Speicherung werden als CO2-Senken und Maßnahmen zur Minderung der Klimaerwärmung berücksichtigt. Im Rahmen der Arbeit wurden zwei Szenarien zur Stabilisierung der CO2-Emissionen auf einem Niveau von 500 ppmv und 550 ppmv betrachtet, um die sektorale Restrukturierung des Energiesystems in verschiedenen Regionen sowie den Temperaturanstieg in der Atmosphäre und am Meeresgrund abzuschätzen. In allen Regionen des sektoralen Energiesystems geht die Nutzung klimaschädlicher Energieträger zurück. Stattdessen dominiert die Nutzung nicht- oder weniger klimaschädlicher Energieträger sowie die Verwendung erneuerbarer Energiequellen. Der sektorale Energiebedarf und der totale Endenergiebedarf der einzelnen Regionen verringern sich. Technologien wie Brennstoffzellen, Fusionstechnologie, kombinierte Gas und Dampf Prozesse mit CO2Abscheidung (mit integrierter Kohlevergasung (IGCC) oder mit Gasturbine (CCGT)) und Wasserstoffproduktion mit CO2-Abscheidung werden in den Stabilisierungsszenarien eingesetzt. Der Wechsel bei den Energieträgern beginnt im Modell ab dem Jahr 2005. Die CO2-Emissionen je Brennstoff, Sektor und Region verringern sich, die Stromproduktion mit CO2-freien Energieträgern steigt. Die Anlagenkapazitäten nehmen zu, während die Nutzungsgrade sinken. Der Primärenergieverbrauch erhöht sich bei den
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Stabilisierungsszenarien in allen Regionen. Die Temperatur der Atmosphäre steigt bis zum Jahr 2100 um maximal 2.41°C an, die Temperatur am Meeresboden um maximal 0.33°C. Das globale Modell wurde entwickelt, um die globalen Lernprozesse im Hinblick auf die Unsicherheit der Lernrate von innovativen Technologien untersuchen zu können. Diese hängen von der Qualität der verfügbaren Datenbasis zur Abbildung der Technologien ab, wie spezifische Kosten und Gesamtkapazitäten. Die Studie stellt dar, wie klimaverträgliche und sich entwickelnde Technologien in Abhängigkeit von der Unsicherheit der Lernrate bzw. Fortschrittsrate Eingang in Energiesysteme finden. Die Studie zeigt auch, wie die Unsicherheit der Lernrate die Auswahl von Technologien bestimmt. Um die Größe der möglichen Bandbreite der Modellergebnisse zu begrenzen, wurde ein Ansatz basierend auf Mindestkosten entwickelt und angewendet. Die globalen Lernprozesse unter Berücksichtigung von Technologielücken wurden in dieser Arbeit mit drei unterschiedlichen Fortschrittsraten je Technologie untersucht, welche die Unsicherheiten der technologischen Entwicklung in Bezug auf Implementierung und Kosten darstellen. Es wurde untersucht, inwiefern Technologielücken bei vergleichbaren Prozessen und Zeitperioden sich als höhere spezifische Kosten der Technologien in Entwicklungsländern und niedrigere spezifische Kosten in entwickelten Regionen widerspiegeln. In einem weiteren Ansatz wurden die Technologielücken als zeitlich verzögerte Kapazitätsentwicklungen abgebildet, da in der Lerntheorie die Kapazität der Fortschritts-Indikator ist. Die spezifischen Kosten neuer Technologien in den Regionen unterscheiden sich bei beiden gewählten Ansätzen zur Modellierung von Technologielücken in Abhängigkeit von Diskontraten, Technologielücken je Periode und der Länge der untersuchten Zeitperioden. Im Ergebnis stellt die Arbeit die Marktdurchdringung und Integration von neuen Technologien wie IGCC, CCGT, Photovoltaikanlagen, „Onshore“- und „Offshore“Windkraftanlagen und geothermischen Wärmepumpen in den Energiesystemen verschiedener Regionen dar. Unterschieden wird dabei zwischen der Anwendung eines globalen Lernkonzeptes mit und ohne Berücksichtigung von Technologielücken, die in Form von höheren spezifischen Kosten der Technologien (knowledge gap) und einer zeitlichen Verschiebung ihrer Verfügbarkeit (time gap) abgebildet werden. IGCC Technologien erreichen in allen Szenarien ihr maximales Potenzial. Sie werden in sich entwickelnden Regionen bevorzugt bei Anwendung des globalen Lernkonzepts ohne knowledge gap und ohne time gap eingesetzt. Die Entwicklung der CCGT-Technologie in produzierenden Regionen verlangsamt sich beim globalen Lernkonzept mit knowledge gap gegenüber dem Konzept ohne knowledge gap. Die Marktdurchdringung von Onshore Windkraft Anlagen findet vor allem in den Regionen EU25 und R_OECD und bei Anwendung des Lernkonzepts ohne knowledge gap statt. Entwickelte Regionen setzen Lerntechnologien insbesondere beim Lernkonzept mit time gap ein wegen des Vorteils der frühen Investitionskostenreduzierung von Lerntechnologien aus sich entwickelnden Regionen. Geothermische Wärmepumpen werden in allen Regionen und Szenarien bevorzugt eingesetzt, da diese Technologie mit dem
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globalen Lernkonzept ohne knowledge gap und ohne time gap modelliert wurden. Biomassevergasung, Festoxid-Brennstoffzellen und Schmelz-Karbonat-Brennstoffzellen finden in keinem der Szenarien Eingang in eines der Energiesysteme. Weiter wurde beobachtet, dass das Spektrum der eingesetzten Lerntechnologien bei Annahme hoher Lernraten größer ist als bei niedrigen Lernraten. Die Entwicklung der spezifischen Kosten für innovative Technologien verläuft in Abhängigkeit vom globalen Lernkonzept, den betrachteten Technologielücken und den resultierenden verschiedenen spezifischen Technologiekosten in Entwicklungsländern und entwickelten Ländern unterschiedlich. Des weiteren konnte die Studie erfolgreich einen Modellansatz basierend auf Mindestkosten in den globalen Lernprozess des Energiesystemmodells anwenden.
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Introduction



1.1 Background and motivation Energy system modelling, a valuable tool for energy system analysis, has been coevolved from socio-technology interaction in terms of technology dissemination. Interaction of system modelling and analysis with the economy plays a key role in the elaboration of national and international strategies towards policy formulation, combats the threat of climate change, solves the problem of energy poverty, and makes changes in energy structure, extension and expansion. The above mentioned factors reflect the pathways towards the technology sustainability especially concerning the long-term models. Long term modelling of energy economic model is always developed for the multifaceted scenarios analysis in which the climate problem is the main concern. A minimum time period of 100 years is necessary because of the Greenhouse Gas (GHG) effect, which changes the climate over a period of 50 to 100 years or more. Also the long-term model reflects the sustainability of the resources and reserves of a region; and the trade dependencies of the region on energy carriers. In the long-term global energy model, technological dynamics is generated by diffusion of new technologies comprising technology adoptability, consumer attitude to cost levels, performance index and safety concerns. Regarding the evolution of the global energy systems, technology plays a fundamental role in their cost structure, environmental impacts, flexibility and available policy alternatives /Rogner, 1996a, IPCC, 2000/. Shaping of technological trajectories to a large extent depends on environmental impacts, resource availability, efficiency, specific cost, technical skill, market demand and future sustainability. Technology is the fundamental block, key component and essential element of energy system models, which does not coevolve autonomously but rather by endogenous socioeconomic interaction /Barreto 2001/. Almost all energy system models are based on optimization of total cost, in which the technology constitutes the main factor, especially its investment cost, out of all techno-economic parameters. The reduction of cost associated with the technology in any form and its dissemination into future energy systems are two important spheres that need special focus at all times /Barreto 2001/. The dissemination of technology in future energy markets plays an important role in the elaboration of national and international policies. Recent growing concern on environmental and climate change requires the understanding of future technological dynamics and its penetration across world regions especially of zero-emission, climate friendly and low-emission technologies. The main analytical approach towards the cost reduction of a technology is based on the learning theory approach, which states that the specific investment cost of any technology reduces with respect to knowledge accumulation through the deployment of capacity and R&D expenditure /Blesl et al. 2005/. The indigenization of the learning approach inside energy optimization models has many advantages compared to exogenous models in terms of
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consistency and decision making and provides qualitatively new insights about the penetration of technologies inside the future energy system. The dynamics of future technological pathways subject to a multi-regional concept require consideration of knowledge spillover from one region to another and its behaviour with respect to time and technology gaps. The global free trade market and economic globalisation dramatically increase the transboundary flows of people, goods and information; these constitute the basic parameters of global technology spillover /Watanabe et al. 2000/ and technological learning in-between the forerunner and entrant countries can be mapped to global learning by learning spillover /Schaeffer et al. 2004/. Learning processes are considered global rather than regional from the perspective of innovation diffusion and technological spillover through the product dissemination, import and export of product through licensed agreements, technology transfer by the Clean Development Mechanism (CDM) and Joint Implementation (JI) under the Kyoto Protocol, where it states that deployment of capacity in some region of world contributes to the learning process in other regions /OECD/IEA 2000/. From these points, it can be concluded that the development of technology which takes place in one region diffuses to other region in the same period or after a certain time gap /Gielen et al. 2004/. On the other hand, if all regions use the same technology in the same time period, then they see different investment costs per unit capacity of the technology. Integration of a technology in the global market and its dissemination in one corner of world, when germinated in another, is described as learning spillover in global learning. The transfer rate of the product is facilitated by the speed of knowledge transfer and diminution of the communication gap (transportation system). Some technologies, which are truly global (electricity and steel production plants) are available rapidly in the global market and benefit by their utilisation worldwide /Loulou et al. 2005/. Thus international co-operation is required for new, efficient and climate compatible technologies, which are expensive but still promising technologies for future global learning /Barreto 2001/. Developing and third world countries have no basis to learn on new, climate friendly and low-carbon technologies, as there is no manufacturer and poor market development; it also requires a huge amount of learning investment and above all requires sound knowledge about technology. It is important to realize and develop a methodological approach to create a technological road map towards future technological regimes on global energy circumstances and to accelerate climate beneficial technologies in the future energy mix. Also, it is relevant to know how the methodological approach contributes to global learning through the technology gap to the sustainability of global energy issues and achieves the technology path in a long-term goal. It is quite interesting to understand, handle and perceive global learning by endogenisation inside the multi-regional global energy model. This approach to the multiregional energy system reflects the advantages drawn by regions that lack technology from
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host regions in the form of the dissemination of technology, technological knowledge transfer, learning investment and rate to promote the production of nascent technologies. Progress ratio represents the development of specific cost reduction of a technology by a certain percentage with respect to doubling of cumulative capacity. The calculation of progress ratio depends on the state of the technology (invention, innovation and maturation) at the point that the data has been collected. Generally the innovation and invention states are rapid change zones, where the technology changes its specific cost very fast. Thus calculation of the progress ratio and learning rate at certain stage is highly associated with uncertainty that is reflected in technology diffusion inside the energy system models. Technological learning on a regional basis is difficult to handle in multi-regional energy system models due to the uncertainty and inconsistency associated with progress ratios or learning rates. It is difficult to get accurate values of the learning rates or progress ratios on a local and regional basis, as it is not certain from which region the development of the technology comes. Thus there is a lot of uncertainty associated with the learning rate of a specific technology in a regional learning concept.



1.2 Objectives It is necessary to realize and develop the methodological approach to pave the technological road map towards future technological regimes on global energy circumstances and acceleration of climate beneficial technologies in the future energy mix by taking consideration of exogenous and endogenous global learning. It is also relevant to know how the methodological approach on global learning spillover contributes to the sustainability of global energy issues and achieves the technology pathway as a long-term goal. It is of interesting to understand, handle and perceive global learning by endogenisation inside the multi-regional global energy model without and with time lag and knowledge gaps, which are the key factors of the technology gap. It is highly relevant to understand the behaviour of the learning technologies inside the regional energy system in the context of global learning subject to uncertainty in learning rates of the learning technologies in the global context. It is interesting to know the behaviour of the energy system of each region subject to the resource availability in order to understand the effect of energy structure, consumption, technology utilization, import and export on sustainability of the regions on energy infrastructure. It concerns to study the regions of energy system of flourishing economies and high population development. Moreover it is interesting to know the behaviour of the regional energy system for the allocation of the sectoral energy in the climate stabilization cases, i.e., in which sector the energy structure changes and how the development takes place. The objective of this thesis is the development of five regional global energy model TIMES G5 and testing of different type of learning methodologies subject to uncertainty in
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learning rates. The methodological approaches are based on global learning without knowledge gap and time lag on the diffusion of the learning technologies across the regions inside the TIMES G5 model with uncertainty of the learning rates. The other approach includes global learning subject to knowledge gap in which the developing regions see higher specific costs of the learning technology for the knowledge gap and the developed regions do not see the higher specific cost of the learning technologies produced in the manufacturing region. The global learning with knowledge gap is tested as well with the uncertainty in the learning rates of learning technologies. In addition the global learning with time lag and knowledge gap are tested on the medium progress ratio for comparison of the two approaches. The purpose of this study is to understand and realize the effect of uncertainty of learning rates on technology diffusion across different regions of world in the TIMES G5 model. The uncertainty of learning rates is tested in global learning without knowledge gap and time lag approaches. Also the knowledge gap and time lag approaches have been tested on global learning concept with uncertainty of learning rates. The approach on global learning system reflects the advantages drawn by regions lacking technology from host regions in the form of dissemination of technology, technological knowledge transfer, learning investment and rate to promote the production of nascent technologies in global context. Not only developing regions always benefited in the global learning scenarios but also the developed regions gain advantage from global learning in the early reduction of investment cost of learning technologies contributed by developing regions. Also the aim of this study is to realize subsequent sustainability of the energy system, behaviour of technological dynamics and a future road map of learning technologies for the fulfilment of the energy demand on long-term goal. The scenarios on stabilization of atmospheric carbon concentrations have been developed and tested to investigate the behaviour of the energy system subject to climate stabilization.



1.3 Structure Chapter 1 contains an introduction, the objective of the dissertation and the structure of the thesis. The energy situation of the world, India and China with their present prospects on the state of energy infrastructure and circumstances is described in Chapter 2. This chapter also contains the GHG emissions, especially CO2 and the challenges associated with the energy system of aforementioned regions. Chapter 3 delivers the state of the art on the learning phenomenon of global learning, focussing on the technology gap or knowledge gap in terms of higher specific cost and time lag concepts. This chapter articulates the theoretical and mathematical equations of each approach on global learning in a multi-regional framework. Comparison of strengths and
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weaknesses by different approaches are made and the uncertainty associated with learning rates is important in this chapter. In addition, the fundamental concept and evaluation of global learning is presented in this chapter. This chapter contains the knowledge lack or technology gap approach by higher specific cost of technologies in regions that lack knowledge and time lag in technology transfer inside those regions. Chapter 4 describes the TIMES G5 global model, the philosophy behind its development, the reference energy system upon which it is supported. It describes the basis of assumptions on which the energy demand is projected, i.e., the drivers of the energy demand. It contains the development of the key indicators for each sector and each type of useful energy demand. Results of base case, climate stabilisation scenarios, global learning scenarios without and with time lag, global learning scenarios without and with knowledge gap are presented in Chapter 5. Chapter 6 contains the conclusion and recommendations. References used for this study are presented at last.
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Energy is a prerequisite, essential, critical and fundamental factor for socio-economic development of a nation. Global experience proves that energy is a basic input for all economic activities, human development and need to keep pace with growth of economy /PETROFED/. The economic growth has impact on per capital consumption of energy, which is the yardstick for the measurement of the economy of a country that also reflects the standard of living of the inhabitants. It is therefore the responsibility and prime importance of energy industry to satisfy the consumer’s energy demand, which is the basic need for all activities. That is why energy industry is extremely important all around the world containing a large number of peripherals within it. Hence uninterrupted and reliable energy supply is a challenge not only for the present time but also for the future. The energy supply should satisfy the demand by practicability, affordability, while being environmentally sustainable and safe. As a result of a large amount of money is being spent in research and development activities in order to support the increase in future energy demand in an environmental sustainable manner. Affordable energy supply and efficient energy use are indispensable ingredients of energy infrastructure of a nation and represents its well-being. To achieve this all regions around the globe are putting various measures in place to achieve the goal. In essence, gaining and protecting access to foreign energy resources was main reasons of major conflicts around the world during twentieth century and may continue in twenty first century also /DOE (SERD) 1995/. This chapter elaborates the GDP, population, energy consumption by end use sectors, electricity production, energy from renewable and CO2 emission of the world, India and China, their past and present condition on the energy situation.



2.1 World energy situation The GDP of world attained 28276, 31897 and 38336 trillion €(00) respectively in the years 1990, 1995 and 2000. Likewise the population of world was 5228 million in year 1990, 5631 in year 1995 and 6061 in year 2000 /WEO 2004/. In total GDP, developed region has major share compared to developing region and the reverse phenomenon is observed in case of world population. Primary energy consumption of world was 8.3 Gtoe in 1990 /Ito et al. 2000/. The IPCC study of AIM model represents the world primary energy consumption as 8.973 Gtoe in year 1990 and 10.191 Gtoe in year 2000 /IPCC 2000/. The study of ASF model of IPCC presents the world primary consumption as 7.609 Gtoe in year 1990 and 9.079 Gtoe in year 2000 /IPCC 2000/. World primary energy demand is increased from 5536 Mtoe in 1971, to 7845 Mtoe in 1991, to 8743 in 1997 and to 9179 Mtoe in 2000 /WEO 1994, 1995, 2000,
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2002, 2004/. In total energy demand, share of exhaustible fossil energy is around 80% and rest is coming from nuclear and renewable. In fossil fuels, oil holds greatest share (around 36%) followed by coal (around 23%) and natural gas (around 21%); nuclear hold its share around 7% in total energy demand and renewable around 13%, in which traditional biomass is included and it bears greatest share among all other renewable sources (see Figure 2-1 and Figure 2-2). The traditional biomass is the fuel for poor in the developing regions and utilised mainly in the household sector. The primary energy demand by EU25 was around 1.447 Gtoe in year 1990 and 1.622 Gtoe in year 2000. Similary in year 1990 and 2000, the total primary energy demand by R_OECD, R_NOECD, India and China was respectively around 3.117 Gtoe, 2.987 Gtoe, 0.352 Gtoe, 0.831 Gtoe and 3.677 Gtoe; 3.13 Gtoe; 0.5 Gtoe; 1.161 Gtoe. Oil holds a major share in the primary energy demand of EU25, R_OECD and R_NOECD regions, whereas coal in India and China energy system. Coal holds second largest share in primary energy consumption followed by natural gas in primary energy consumption of EU25 and R_OECD regions, whereas natural gas is in second position and coal is in the third place for R_NOECD region. In case of India and China, oil holds the second largest share and natural gas places in third position. The final energy demand of globe was 4200 Mtoe in 1971, 5537 Mtoe in 1991 and 6032 Mtoe in 2000 (see Figure 2-1). In final energy consumption, oil maintains its highest share followed by natural gas, renewables, electricity, coal and heat. Generally the polluting energy carriers are phased out slowly and the commercial fuels fulfil the gap. In the industrial sector of world, total final energy demand was approximately 1798 Mtoe in year 1990 and 2183 Mtoe in year 2000. The energy demand by commerce sector was 788 Mtoe in year 1990 and 900 Mtoe in year 2000. The residencial sector energy demand of world was 935 Mtoe in year 1990 and 1117 Mtoe in year 2000 /WEO 2004/ as shown in Figure 2-2. The non-energy use demand of whole world was 232 Mtoe in year 1990 and 221 Mtoe in year 2000 /WEO 2004/. The sectoral energy demand increases rapidly for industry, commerce and transport sectors, but the non-energy use sector decreases the demand marginally. Transport sector consumes more oil and less other fuels. The total energy demand in world transport sector was 856 Mtoe in 1971, 1646 Mtoe in 1997 and 1775 Mtoe in 2000. More than 95% of the fuel consumption is oil and rest is from other energy carriers /WEO 2004/. Production of electricity of world depends heavily on the fossil fuels and accounted around 64% in total (see Figure 2-2). Corresponding to this, also the development of the capacity occurs. The global electricity production attained the value of 5217 TWh in 1971, 13949 TWh in 1997, 15391 TWh in 2000 and 16074 TWh in 2002 /WEO 2004/. The electricity production will maintain its increase in trend for the increase in demand of electricity in developing regions. The increase in standard of living increases the per capita electricity demand. The world average electricity demand per capita was around 4700 TWh in 1990, 5100 TWh in 1995, 5600 TWh in 2000 /WEO 2004/. The electricity generation capacity of world energy system increases day by day and also the trend will continue in
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future. Likewise the capacity development of the global electricity production sector reached 3221 GW in 1997, 3397 in 1999 and 3719 GW in 2002. The capacity of renewable increased from 57 GW in 1999 to 77 GW in 2002 /WEO 2004/ and the electricity produced from renewable hiked from 249 TWh in 2000 to 317 TWh in 2002 /WEO 2004/. The demand of electricity increases for the developed regions in these periods for their high GDP growth and high standard of living. The global atmospheric carbon dioxide concentration increase from the pre industrial level of 280 ppmv to 365 ppmv at present /climnet.ctap/ and may follow the increase in trend for future, in which the major contributors are power production, transport and industry sectors. The world CO2 emission reached 21579 Mt in 1991 /WEO 1994/; 22639 Mt in 2000 /WEO 2002/; and 23579 Mt in 2002 /WEO 2004/. The /WEO 2004/ projects the total world CO2 to reach the figure of 38214 Mt in 2030, whereas /IEO 2004/ projects the value of 37124 Mt in year 2025. Results of the Business As Usual (BAU) case for the year 1990, 2050 and 2100 indicate that world CO2 emission strikes the value 21633, 48766 and 58300 Mt CO2 /Ito et al. 2000/, CO2 emission was about 21176 Mt CO2 1990 /WEO 1995/. The global CO2 emission rise from 6.1 billion tons of which India has share around 3% in 1990 /Sukla and Rana/. The energy demand for developed regions hold a big share in total primary, final and sectoral energy demand. The developing regions are tending their rise in energy demand in different sectoral energy demand. Share of commercial fuel is in higher side for developing regions compared to traditional fuel and the share of traditional fuel holds a greater share in developing regions compared to commercial fuels. The increases in share of commercial fuel take place in the end use sector of all regions with respect to time. From emission point of view, developed regions hold greater share but compared to per unit final energy or unit primary energy consumption, developing regions hold a big share as they are using more polluting and obsolete technologies for the energy conversion.
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2.2 Energy situation of India It incites to know the energy situation of India at present and also its future structure as the region is passing through the blooming economy and also from resource side the region is poor in clean and efficient fuels. Therefore this region gains attention to study on its energy situation and GHG emissions.



2.2.1



General overview, GDP and population



India is a large country spread over an geographical area of 3.29 million square kilometer (329 hectares), which is slightly more than one third of the United States /indianembassy/. India is the world’s fourth largest economy in terms of Purchasing Power Parity (PPP) and fast growing economy at present. The GDP in terms of PPP was approximately 2.836 trillion €(00) in year 2003 /indiaonestop/. During last four years the growth of GDP remained on an average of 7%. It is projected that the real GDP growth rate of India will remain around 6% for next several years /Sukla et al. 2001/, but IEA has projected the GDP growth rate as 4-6% from 2000 to 2030. During independence (1947), population of India was around 300 million in comparison to 846 million in 1991 census and 1028 million in 2001 census /India.census/, and secured second position after China. The population growth rate remained on an average of 1.7%/a for last decade and may continue at the rate of 1.4%/a in future. India has implemented the population growth control policy, but policy measure has not been enforced stringently and worked effectively.



2.2.2



Energy consumption



The incremental energy demand is high in the world, incited by higher GDP and population growth rate and increase in standard of life. India has equally empower with exhaustibel and renewable resources and exploited for the utilisation of the resources well in balance. Biomass, coal, oil and natural gas are main resource of primary energy. Out of these, biomass, the non-commercial energy prevails all others. Within commercial energy, coal takes the leading role followed by oil and natural gas. In India, biomass is basically the fuel for household sector in rural areas because around 70-80% of the total population reside in the rural area and that to 35-40% of the population are below poverty line and it is not feasible on their part to afford commercial energy. The pattern of supply and consumption of energy has changed over the past several years such that commercial primary energy demand has increased from 177 Mtoe in the year 1990 to 293 Mtoe in the year 2000 and its share within total has increased from 50% in 1990 to 60% in 2000 /WEO 2004/. India is a net
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importer of energy as the production of primary energy is always less than consumption. Energy consumption by India is about three percent of the world’s total energy and sixth largest energy consumer /cslforum.org/. Total final energy demand of India in past and at present by IEA is different in different years. Total final energy consumption was around 285 Mtoe in 1990, 335 Mtoe in 1995 and 355 in year 2000 /WEO 2004/. In total final energy consumption electricity, oil, natural gas and renewable increase their shares from 1990 to 2000, whereas coal reduces its share. The demand of final energy by all sectors increases but the high growth rate occurs in residence and transport sector. The high GDP growth rate and increase in standard of living drags for more energy demand at present and may continue in future. Shifting of less polluting fuels from heavy polluting fuel takes place with passage of time. The energy consumption per GDP remains in higher side compared to world and energy consumption per capita remains in lower side of world average. At present the GDP and population growth rate is in higher side compared to world average.



2.2.3



Electricity production sector



The power sector is the main sector of energy production. Electricity generation expansion is growing at a prodigious rate and doubled since 1990. The generation in the country has increased from 301 TWh during 1992-1993 to 531.6 TWh during 2002-2003, and 558 TWh by the year 2003-2004. Currently India is the seventh-greatest electricity-consuming country (accounts about 3.5% of total electricity consumption of world) /DOE.india/. During early fifties the per capita electricity consumption was 15 kWh compared to 334.24 kWh during 1996-97 and 348.50 kWh during 1997-98. At present the average electricity consumption per capita is around 545 kWh compared to world average of around 2370 kWh. Load shading, brownouts and blackouts are the common phenomenon in many parts of India due to inadequate supply that is unable to meet the demand during off-peak and peak periods. Overall electrification rate has been reached 80% in the country and about 85% of the villages have been electrified except far-flung areas in North Eastern states, where it is difficult to extend the grid supply. India is currently secured sixth position in terms of total installed electricity generating capacity in the world and accounts for about 3.3% of world total. Total utility capacity was 1713 MW during 1950 and increased more that 65 folds to present position /teriin.pradeep/. Total installed capacity of electric power generating stations under utilities was 107.9 GW as on 2003 consisting of 76.6 GW thermal, 26.9 GW hydro, 27.2 GW nuclear and 1.73 GW wind, which has increased to 112.05 GW as on 2004 consisting of 77.9 GW thermal, 29.5 GW hydro, 2.7 MW nuclear and 1.8 GW wind. The share of hydro decreased compared to total from 33% in the year 1950 to 26.33% in the duration 2003-2004. In the 10th
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year plan (2002-2007), India has targeted to add 14393 MW hydro, 25417 MW thermal and 1300 MW nuclear /cea.nic.in/, /powermin 1991-2005/. India has 14 small nuclear power reactors in commercial operation and nine are under construction. Nuclear power supplies 3.3% of India’s total electricity generation in 2003 from the nuclear capacity of 2.5 GWe (of 110 GWe total) and this is expected to increase steadily as new plants come on line. Fuel situation and environmental concern drives India for investment on nuclear electricity, and 25% nuclear capacity contribution is foreseen by 2050, from one-hundredth times in the year 2002 /npcil.nic.in/. The nation has a flourishing and largely indigenous nuclear power program and expects to have 20000 MWe nuclear capacities by 2020. The long-term goal of India’s nuclear program is to develop an advanced heavy-water thorium cycle, as the reserve of thorium is six times more than uranium. Kakrapar-1 was the first reactor in the world to use thorium and operated for 300 hours.



2.2.4



Renewable



There is a large potential of renewable energy in India. The estimated aggregated potential for these energy resources are more than 130000 MW /mnes/ both for power generation and thermal applications. The small hydro has ( 
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