CHAPTER 2. ASSESSMENT OF ETHIOPIA'S BIOFUEL PRODUCTION POTENTIAL FROM PROMISING BIOMASS FEEDSTOCKS AND EXISTING BBSC

IV BBSC after conducting a comprehensive Life Cycle Assessment (LCA) along the supply chain and broadening the impact categories assessed in previous researches.
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RÉSUMÉ

Le développement économique du PIB réel couplé à la croissance démographique en Éthiopie a exacerbé la demande de produits pétroliers principalement dans le secteur du transport routier. Conscient de ce fait, les biocarburants (bioéthanol et biodiesel) dérivés des biomasses abondantes, du fait d'être des sources d'énergie renouvelables et ayant un potentiel élevé de substitution des produits pétroliers, ont suscité un intérêt considérable de la part du gouvernement Éthiopien. Cependant, très peu d'études ont été réalisées en termes de production de biocarburants au cours de la dernière décennie. La production de bioéthanol est nettement inférieure à l'objectif projeté et la production de biodiesel n'a pas dépassé l'échelle pilote. Cela est attribué à plusieurs défis qui entravent les progrès du secteur le long de la chaîne d'approvisionnement de la biomasse aux biocarburants. Les nombreux défis et incertitudes liés aux critères dynamiques nécessitent davantage de recherches quantitatives qui aident les décideurs politiques à prendre des décisions pour la chaîne d'approvisionnement de la biomasse aux biocarburants. À cette fin, de nombreux modèles mathématiques couplés avec des outils d'aide à la décision ont été développés, dans lesquels l'approche par optimisation est dominante. Cependant, les études précédentes ont des limites pour s'adapter et s'appliquer directement aux cas réels à l'échelle des pays et plus particulièrement au cas de la transformation biomasse en biocarburant pour l'Éthiopie. Par conséquent, ce travail vise à développer un modèle mathématique complet et réaliste pour la conception stratégique et la planification tactique de la chaîne d'approvisionnement de la biomasse aux biocarburants sur un horizon de 20 ans pour l'Éthiopie. Le modèle inclut tous les principaux composants de la chaîne d'approvisionnement -en amont et en aval des bioraffineries. Par conséquent, il fournit un outil d'aide à la décision ou à la planification qui peut être utilisée par les décideurs gouvernementaux et autres acteurs concernés (producteurs, fournisseurs, intermédiaires et consommateurs) pour prendre des décisions mathématiquement fondées.

Les cinq problèmes majeurs suivants sont abordés afin d'atteindre l'objectif principal ciblé. Tout d'abord, une évaluation du potentiel de production de biocarburants de l'Éthiopie à partir de matières premières prometteuses issues de la biomasse est menée. De plus, la chaîne d'approvisionnement de la biomasse aux biocarburants actuelle et sous-développée en Éthiopie est évaluée sur la base de différents piliers de la durabilité. Deuxièmement, un examen critique est effectué sur les recherches antérieures axées sur l'optimisation de la chaîne d'approvisionnement de la biomasse aux biocarburants pour identifier les lacunes actuelles sur le développement d'un modèle d'optimisation couplé avec un outil d'aide à la décision réaliste et complet. Troisièmement, un modèle d'optimisation mono-objectif au niveau stratégique, qui vise à maximiser la valeur actuelle nette (VAN), est développé et le modèle résultant est appliqué à l'étude de cas. Quatrièmement, cette thése a développé un nouveau modèle d'optimisation économique stratégique-tactique intégré, qui vise à maximiser la VAN. Une nouvelle méthodologie est proposée pour convertir l'optimisation mono-objectif (maximisation de la VAN) en un modèle d'optimisation bi-objectif, qui cherche à maximiser le profit et à minimiser le coût d'investissement. Le modèle d'optimisation bi-objectif résultant est appliqué au cas national réel de l'Éthiopie et les résultats sont présentés et analysés. Enfin, un effort II particulier est fait pour étendre le modèle intégré d'optimisation économique bi-objectif à un modèle économique-environnement multi-objectifs afin de soutenir la réalisation de l'économie verte durable envisagée en Éthiopie. Ceci est réalisé en ajoutant un objectif environnemental qui vise à minimiser l'écocost de la chaîne d'approvisionnement de la biomasse aux biocarburants après avoir mené une évaluation complète du cycle de vie (ACV) le long de la chaîne d'approvisionnement et en élargissant les catégories d'impact évaluées dans les recherches précédentes.

III

ABSTRACT

The economic development in real GDP coupled with the population growth in Ethiopia has exacerbated the demand for petroleum products mainly in the road transportation sector. Being aware of this fact, biofuels (bioethanol and biodiesel) derived from the abundant biomasses, on account of being renewable energy sources and having high potential to substitute petroleum products, have attracted considerable interest from the government of Ethiopia. However, very little has been achieved in terms of biofuel production within the last decade. The production of bioethanol is significantly lower than the projected target and biodiesel production has not passed the pilot scale. This is attributed to several challenges that hinder the sector's progress along the biomass-to-biofuel supply chain (BBSC). The many challenges and uncertainties related to dynamic criteria need more quantitative research that supports policymakers to make evidence-based decisions along the BBSC. To this end, numerous decision support mathematical models were developed, in which the optimization approach is the dominant one. However, the previous studies have some limitations to be directly adapted and applied to real country-level cases in general and to Ethiopia's biomass-to-biofuel case in particular. Therefore, this research work aims to develop a comprehensive and realistic mathematical optimization-based decision support model for the strategic design and tactical planning of Ethiopia's BBSC over a 20-year horizon. The model includes all the principal supply chain components -upstream and downstream of the biorefineries. Consequently, it provides a decision-support or planning-support platform that can be ubiquitously used by the government organs and other pertinent actors (producers, suppliers, intermediaries, and consumers) to make mathematically substantiated decisions.

The following five major issues are addressed in order to achieve the targeted main objective. First, an assessment of Ethiopia's biofuel production potential from promising biomass feedstocks is conducted. Moreover, existing Ethiopia's infant and under-developed BBSC is evaluated based on different sustainability pillars. Second, a critical review is made on previous researches focused on BBSC optimization to identify the current research gaps on developing a realistic and comprehensive decision support optimization model. Third, a strategic level mono-objective optimization model, which intends to maximize the net present value (NPV), is developed and the resulting model is applied to the case study. Nevertheless, the BBSC design recommended by the strategic optimization model results in infeasible solutions at the tactical level, which makes this hierarchical approach not reliable to apply for long-term planning of the sector. To this end, fourth, this study developed a novel integrated strategictactical economic optimization model, which aims to NPV maximization. A new methodology is proposed to convert the mono-objective (NPV maximization) to a bi-objective optimization model, which aims to maximize the profit and minimize the investment cost of the BBSC. The resulting bi-objective optimization model is applied to the real national case of Ethiopia and the results are presented and analyzed. Finally, an effort is made to extend the integrated biobjective economic optimization model to a multi-objective economic-environment model in order to support the realization of the envisaged sustainable green economy of Ethiopia. This is achieved by adding an environmental objective that aims to minimize the ecocost of the 
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GENERAL INTRODUCTION Background

The economic development in real Gross Domestic Product (GDP) coupled with the population growth in Ethiopia has exacerbated the demand for petroleum products mainly in the transportation sector. Imported petroleum products account for the lion's share of the total import expenditure and absorb around 60% of the total export earnings (National Bank of Ethiopia, 2020). This is a very concerning issue for a country, which depends on imported technology including food imports. Being aware of this fact, the government of Ethiopia plans to substitute the use of petroleum products by biofuels to save foreign currency, create export earning, enhance agricultural development, and improve land use and productivity [START_REF] Fdre | Biofuel development and utilization strategy of Ethiopia. Addis Ababa, Federal Democratic Republic of Ethiopia (FDRE)[END_REF].

In addition to its economic and social benefit, the Climate Resilient Green Economy (CRGE) strategy of Ethiopia has clearly stated the government's aim to prioritize biofuel for its environmental benefits. The transport sector is one of the largest sources of emissions in the capital Addis Ababa. It accounted for about 45% of the city's emissions, approximately 7 Mt CO2 eq in 2015. The CRGE strategy has indicated the importance of biofuel in reducing Green House Gas (GHG) emissions and meeting the green economy targets of the country. The CRGE strategy identified bioethanol and biodiesel in fuel mixtures as one of the abatements for GHG emission in the transport sector. Increasing the bioethanol content of the gasoline from 10% in the Addis Ababa fuel mix to 15% and incorporating 5% biodiesel into the national diesel fuel mixture has an abatement potential of 0.2 and 0.7 Mt CO2 eq in 2030 respectively [START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF].

Ethiopia's suitable land, favorable climate, and abundant water availability have endowed the country with immense biomass resources, which remain sustainable in the country due to extensive non-commercial usage [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. Consequently, the government of Ethiopia emphasizes on utilizing this abundant biomass for biofuel development. This, in turn, leads to substitute the use of petroleum products by biofuels to save foreign currency, reduce environmental pollution, enhance rural development through job creation, and improve land use and productivity. The country has several policies and regulations that could support the biofuel development. In 2007, the government released "biofuel development and utilization strategy" [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. Bioethanol production from sugarcane and biodiesel from Jatropha curcas, Castor crop, and Palm tree were the key strategic direction of the government [START_REF] Fdre | Biofuel development and utilization strategy of Ethiopia. Addis Ababa, Federal Democratic Republic of Ethiopia (FDRE)[END_REF]. However, utilizing crop residues for bioethanol development has raised hopes currently due to their huge abundance, cellulosic composition, emerging conversion technologies, and their potential to decrease any perceived competition between food and energy production. The country has developed the bioethanol-gasoline blending standards after the release of the strategy. In 2007, Ethiopia embarked on a 5% blend of bioethanol in transport fuel, which was doubled to 10% a few years later though the ratio sometimes drops back to 5% when bioethanol production is low [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. Besides, the government has also a strong plan to substitute imported diesel through blending with biodiesel for vehicle fuel consumption in the future. To this end, the government availed a license to local and international investors for biodiesel development although most of them are rather engaged on biodiesel feedstocks (oilseeds) cultivation.

Despite there is a strong interest from the government and availability of abundant biomass feedstocks in the country, very little has been achieved in terms of biofuel production within the last decade. The production of bioethanol is significantly lower than the projected target and biodiesel production has not passed the pilot-scale [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. This is attributed to several challenges that hinder the sector's progress along the biomass-to-biofuel supply chain (BBSC). The many challenges and uncertainties related to dynamic criteria need more quantitative research that supports policymakers to make evidence-based decisions along the BBSC.

Several mathematical models were developed to support decision-making in different supply chains [START_REF] Barbosa-Póvoa | Opportunities and challenges in sustainable supply chain: An operations research perspective[END_REF][START_REF] Espinoza Pérez | Key References 206 challenges and requirements for sustainable and industrialized biorefinery supply chain design and management: A bibliographic analysis[END_REF]. Among the mathematical models, optimization techniques have been employed in most of the studies to manage the BBSC from strategic, tactical and operational perspectives. The models coupled with an optimization method are effective when different parts of the supply chain (procurement, preprocessing, production, distribution, and transportation), different sustainability dimensions (economic, environmental, social, technological, and political) and different decision levels (strategic, tactical and operational) are integrated [START_REF] Shabani | Value chain optimization of forest biomass for bioenergy production: A review[END_REF]. However, the previous studies have limitations to directly adapt and apply to real country-level cases in general and Ethiopia's biomass-to-biofuel case in particular.

Therefore, the proposed research aims to develop a comprehensive and realistic mathematical optimization-based decision support model for the strategic design and tactical planning of Ethiopia's BBSC over a 20-year horizon. The model includes all the principal supply chain components -upstream and downstream of the biorefineries. Consequently, it provides a decision-support or planning-support platform that can be ubiquitously used by the government organs and other pertinent actors -producers, suppliers, intermediaries and consumers to make more intelligent and mathematically substantiated decisions. The model has a tremendous support for the realization of the aimed sustainable green economy of the country as it integrates the economic and environmental concerns. Since the scope of this research focus on country-level BBSC, the model developed here is generic enough to be also applied for countries other than the case study (Ethiopia) as long as the input data is available. Moreover, it will be an input for the sustainable design and planning of other sectors' supply chain.

Research objectives

The main objective of this research is to develop a decision-support optimization model for the strategic design and tactical planning of future BBSC of Ethiopia, which maximizes the economic and environmental benefits.

The specific objectives of this research are as follows:

 To explore the biofuel production potential of biomass resources identified in the biofuel strategy of Ethiopia. Moreover, to assess the existing Ethiopia's infant BBSC by considering all the five sustainability pillars: economic, environmental, social, technological and political dimensions.  To conduct a detail bibliographic study and identify the current research gaps and future scientific challenges to model and optimize the BBSC.  To develop an optimization model for the strategic design of BBSC, which produces bioethanol and biodiesel, considering economic perspective.  To develop an optimization model that integrates the strategic design and tactical planning of BBSC, which produces bioethanol and biodiesel, considering economic perspective.  To develop an optimization model that integrates the strategic design and tactical planning of BBSC, which produces bioethanol and biodiesel, considering economic and environmental perspectives.

Organization of the dissertation

The manuscript is organized into seven chapters. Hereafter, the content of each chapter is described in detail and the schematic description of the dissertation is presented in Figure 01 Chapter 5: Bi-objective and integrated strategic-tactical economic optimization model. Like the previous chapter, an economic-optimization model is also developed in this chapter. However, the intention is to develop an integrated strategic-tactical model in order to avoid infeasibility, sub-optimality and non-optimality of results. The model formulated in this chapter consists of more variables, parameters and data compared to the previous chapter. This, in turn, results to a sharp increment in the model size, which needs a new approach other than the mono-objective optimization model to acquire results in a justifiable computational time with efficient optimization resolution. As a result, this chapter presents a bi-objective economic-optimization model, which intends to maximize the profit and minimize the investment cost of the BBSC. The resulting bi-objective optimization model is applied to the real national case of Ethiopia and the results are presented and analyzed.

Chapter 6: Multi-objective and integrated strategic-tactical economic-environmental optimization model. This chapter presents a life cycle analysis of the BBSC through numerous environmental impact categories. Then, an environmental objective function (ECOCOST minimization) is formulated and integrated into the bi-objective optimization model of the previous chapter. The resulting multi-objective model is applied to the real national case of Ethiopia and the results are presented and analyzed.

Chapter 7: General conclusions and perspectives. In this chapter, general conclusions of the work and recommendations for future researches are provided. The use of the petroleum products, i.e. gasoline and diesel, has shown significant impacts on the environment and health. The transport sector is a significant and growing contributor of greenhouse gas (GHG) emissions. This sector is responsible for 24% of the global CO2 emission in 2019 (IEA, 2020a). Moreover, comparing with the other energy end-use sectors, the transport emissions could increase at a faster rate to reach around 12 Gt CO2eq by 2050 unless sustained and aggressive mitigation policies are implemented [START_REF] Sims | Climate Change 2014 Mitigation of Climate Change Working Group III Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. Around 75% of CO2 emission in the transport sector is from road transport [START_REF] Yazdanparast | Second-generation biofuel development in iran: current state and future directions[END_REF]. The amount of CO2 released from road transport has shown an increment since 2000 and reach to 3.6 Gt by 2018 (see Figure 1-2). Around 385,000 people worldwide died prematurely in 2015 from air pollution caused by vehicular emissions, in which exhaust from on-road diesel vehicles was responsible for nearly half of the impacts [START_REF] Anenberg | The global burden of transportation tailpipe emissions on air pollution-related mortality in 2010 and 2015[END_REF].

Beside climate change and global warming, concerns related to energy security, supply reduction and price fluctuation have significantly decreased the interest on using fossil fuels in the transportation sector. In this regard, biofuels derived from biomass, on account of being renewable energy sources and having high potential to substitute fossil fuels, have attracted considerable interest and investment in both developed and developing countries [START_REF] Ben-Iwo | Biomass resources and biofuels potential for the production of transportation fuels in Nigeria[END_REF][START_REF] Lim | Biofuel supply chain network design and operations[END_REF].

Figure 1-2: Global CO2 emission from road transport Source: [START_REF] Yazdanparast | Second-generation biofuel development in iran: current state and future directions[END_REF] The most commonly used liquid biofuels in the transportation sector are bioethanol and biodiesel (Yue et al., 2014b). Bioethanol is mostly used as a direct blending agent with gasoline. Bioethanol is a biodegradable and non-toxic biofuel that is also oxygenated (35% oxygen), thus providing the potential to reduce CO during the combustion of gasoline-ethanol blend fuel. Bioethanol can be blended with gasoline up to approximately 10% by volume (E10) in normal petrol-driven engines, or can be used in any blend up to 100% (E100) in modified engines. Currently, E10 is the commonly used blend in several countries. However, there have been strong moves by developed countries to move to E85 -85% bioethanol. Biodiesel is a synthetic diesel-like fuel produced from vegetable oils, animal fats, recycled cooking grease etc. Biodiesel can be used directly as fuel, which requires engine modification, or blended with petroleum diesel and used in diesel engines with few or no modifications. Biodiesel can be blended with petroleum diesel in different concentrations. Presently most common blends used are B2 (2% biodiesel, 98% petroleum diesel) to B5 (5% biodiesel, 95% petroleum diesel). Moreover, most engines could run on B20 (6% to 20% biodiesel blended with petroleum diesel) without requiring engine or fuel system modifications or with negligible loss of power or efficiency. Trucks and vehicles with the necessary adaptation (fuel systems, and engine adjustment) can run on B100 (pure biodiesel) [START_REF] Alleman | Biodiesel handling and use guide, Fifth. ed, Biodiesel Handling and Use Guide[END_REF].

The use of bioethanol and biodiesel blended fuels is a vital tool in the fight against climate change and global warming. These blended fuels can significantly reduce the GHG emissions over their entire lifecycle, from their production to their use in the vehicle. Moreover, they reduce emissions of CO, unburned hydrocarbons, sulfates and many other harmful carcinogenic and particulate emissions from gasoline and diesel engine vehicles. When blended with petroleum fuels, the emission reductions are generally directly proportional to the amount of bioethanol or biodiesel in the blend [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF].

The remainder of this chapter is organized as follows. The next sub-sections present the global biofuel demand and supply trends, biofuel production technologies and biomass feedstocks used for biofuel production. Section 1.2 is dedicated to deal about the biofuel development in Ethiopia's transportation sector. In this section, after highlighting the country profile of Ethiopia, the core issues discussed are the key-drivers, current status, existing policies and strategies, and future prospects regarding the bioethanol and biodiesel development in the transportation sector of the country. Section 1.3 presents the scientific questions and research objectives that this research work addresses.

Global biofuel consumption and production trends

As it is indicated in Figure 1 The biofuel demand is also expected to grow rapidly over the next two decades because of consumption mandates and high-energy prices. The International Energy Agency (IEA) estimates that renewable energies will cover 8% of the transport sector energy demand by 2040, for which biofuel accounts for a third-quarter (see Figure 1234). There are numerous reasons for the strong interest in biofuels in the future. These reasons include the need to diversify supply sources, mitigate the impacts of crude oil price volatility, reductions in biofuels production costs and growing concerns about the global environment. In some regions, development policies will also play an important role. This global demand will encourage many countries to advance biofuels development plans and increase production targets. Americas account for more than 90% of global bioethanol production followed by Asia-Pacific and Europe. The contribution of Africa in bioethanol production is insignificant at global scale (see Figure 12345). USA and Brazil are the leading bioethanol producing countries, accounting for 55% and 28.5% respectively. The dominant feedstocks used for bioethanol production in USA and Brazil are corn and sugarcane respectively. China, India and Thailand accounted for more than 90% of bioethanol production in the Asia-Pacific region (IEA, 2018;IFPEN, 2020b). On the other hand, Europe is the highest biodiesel producer continent followed by North and South America. Like bioethanol, Africa's contribution to biodiesel development is insignificant (see Figure 12345). Besides Europe and the Americas, there are a number of other countries, mainly in Africa and Asia, which have the potential to become major producers and exporters of biodiesel. Southeast Asian and Sub-Sahara African countries, which massively produce palm and jatropha respectively [START_REF] Jumbe | Biofuels development in Sub-Saharan Africa: Are the policies conducive?[END_REF][START_REF] Tye | Second-generation bioethanol as a sustainable energy source in Malaysia transportation sector: Status, potential and future prospects[END_REF], could develop competitive biodiesel production and export business. Their success would largely depend on the global trade policies and domestic subsidies.

Biofuel production technologies

Bioethanol production technologies

The two transformation paths, which are predominant for bioethanol production, are biochemical and thermochemical conversions.

Biochemical conversion: This conversion technology is used commercially on a large scale in several countries to produce bioethanol. Biochemical conversion involves four major processes: pretreatment, hydrolysis, fermentation, and separation [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF].

The microscopic and macroscopic structures of the biomass are firstly broken down through milling or grinding, so that the accessibility of the processed material for the pretreatment step will be increased. The main aim of the pretreatment is to enhance the reactivity of the cellulose (source of C6 sugars such as glucose) as well as hemicellulose (mainly source of C5 sugars such as xylose) material to the subsequent hydrolysis. Either of the physical, chemical, or biological method can be used to undertake the pretreatment [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF][START_REF] Mosier | Features of promising technologies for pretreatment of lignocellulosic biomass[END_REF]. Steam explosion is the widely applied physical pretreatment and delivers high yields.

Pretreatment using sulphuric acid is the frequently used chemical pretreatment mechanism despite it gives lower yields. As a result, other chemical pretreatments, like organosolvation and soaking in ethanol and aqueous ammonia are emerging these days. Biological pretreatment by using certain fungal and bacterial species are currently in the pre-pilot stage [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. Then, in the hydrolysis process, the lignin-free cellulosic material is converted into sugar monomers by using enzymatic or acid hydrolysis before proceeding to the fermentation of sugars to bioethanol. Then, the hydrolyzed sugars are converted into bioethanol in the fermentation step, with the fermentation broth being recovered through distillation [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF]. Distillation removes the majority of water to yield about 95% pure bioethanol. This mixture is called hydrous bioethanol. If the remaining water is removed in a further process, the bioethanol is called anhydrous bioethanol and suitable for blending into gasoline [START_REF] Chen | Industrial technologies for bioethanol production from lignocellulosic biomass[END_REF]. The solid byproduct of this process is lignin, which can be burned as a carbon neutral fuel to produce heat and power for the processing plant [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF].

Thermochemical conversion: The other bioethanol producing technology is thermochemical conversion. This processing technology essentially involves the conversion of biomass into a range of products, by thermal decay and chemical reformation in the presence of different concentrations of oxygen. Combustion, gasification and pyrolysis are the three major processes, which are used for the thermochemical conversion of biomass. Thermochemical conversion is mainly used to process lignocellulosic biomasses [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF].

Thermochemical conversion is more advantageous than biochemical conversion because it can basically convert all the organic components of the biomass whereas the latter focuses only on the polysaccharides [START_REF] Demirbas | Producing bio-oil from olive cake by fast pyrolysis[END_REF]. Unlike to the biochemical conversion, there is no pretreatment mechanism in thermochemical conversion. The lignocellulosic feedstock is initially vaporized to produce an intermediate syngas (synthesis gas), which is composed of CO2 and hydrogen. The syngas produced is cooled and condensed to remove acid gases (i.e. CO2 and H2S), and it is then passed through a fixed-bed molybdenum-sulphide catalyst to synthesize alcohol. Finally, the alcohol is condensed and undergone distillation to recover the produced biofuel. The main byproducts of this process are CO2, and C3+alcohols, which can be sold as creditable byproducts [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF].

The biochemical and thermochemical processes to convert lignocellulostic materials to bioethanol are depicted in Figure 123456. 

.2. Biodiesel production technologies

In biodiesel production, first oil is extracted from oil seeds by mechanical crushing or solvent extraction. The main byproduct is a protein-rich residue cake that can be used for animal feed.

Oil is then filtered, washed, decanted, dried, and heated. Oil with low free fatty acid (FFA) (<3% w/w), low moisture (<0.1% w/w) and low contaminates like phosphides (<15 ppm) can be converted to biodiesel using alkyl-based transesterification reaction. In this process, a base catalyst and methanol (or ethanol) are used to convert the plant oil to alkyl esters -commonly known as biodiesel [START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF]. Based on the type of catalyst used, the process is broadly divided into two categories: homogeneous and heterogeneous base-catalyzed transesterification. Currently, biodiesel is commonly produced using homogeneous base catalyst, such as sodium hydroxide (NaOH) or potassium hydroxide (KOH). These catalysts are common due to their wide availability, low cost, ability to catalyze reaction at low reaction temperature and atmospheric pressure, and high conversion can be achieved in a minimal time.

A simplified process flowsheet for homogenous base-catalyze transesterification process is depicted in Figure 1-7. Besides, to date, many solid heterogeneous catalysts have been developed for biodiesel production, such as basic zeolites, alkaline earth metal oxides and hydrotalcites. Among them, alkaline earth metal oxides especially calcium oxide (CaO) have attracted much attention due to their relatively high basic strength, low solubility in methanol and can be synthesized from cheap sources like limestone and calcium hydroxide [START_REF] Lam | Homogeneous, heterogeneous and enzymatic catalysis for transesterification of high free fatty acid oil (waste cooking oil) to biodiesel: A review[END_REF][START_REF] Marinković | Calcium oxide as a promising heterogeneous catalyst for biodiesel production: Current state and perspectives[END_REF].

Direct transesterification of plant oils containing high FFA (>3% w/w) with commonly used base-catalyst and methanol will result in the formation of soaps (sodium salts) and water which effectively retard the reaction and results in very low yield and poor quality biodiesel.

Reduction in FFA content and other undesirable substances can be achieved with filtration and additional chemical inputs but this process usually further increases the cost of feedstock and reduce the financial viability of biodiesel fuels. Currently, to increase both yield and quality of biodiesel produced from high FFA feedstock, most processes include an additional step, i.e. esterification. In this step, the oil is esterified using acid catalysts (commonly H2SO4, or HCl) in the presence of excess amount of methanol. This process effectively converts the FFA to fatty acid methyl ester (FAME) and lowers the residual FFA to below 1% w/w, rendering the oil suitable for production of biodiesel using transesterification. This process can achieve an overall biodiesel production efficiency of over 95% from oil having FFA content of >3% [START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF]. The common byproduct in biodiesel production is glycerol. For every 10 tons of biodiesel produced, 1 ton of glycerol is produced [START_REF] Mitchell | Biofuels in Africa[END_REF]. To operate freely in diesel engines, biodiesel must be free of glycerin, catalyst, alcohol and free fatty acids. Biomass feedstocks used for biofuel production are broadly classified into first-, second-, thirdand, fourth-generation feedstocks. First-generation biomass feedstocks are mainly food crops such as sugarcane, corn, barely, wheat, rice, and vegetable oils, like, olive oil, sunflower oil, soybean oil, etc. The negative impacts that first-generation biomass feedstocks have on the global food supply and price have led to the development of new technologies to allow production of biofuel from nonedible feedstocks, otherwise known as second-generation feedstocks. These feedstocks include lignocellulosic biomasses like wood residues and crop residues, municipal solid wastes, and other energy crops cultivated principally for the sake of biofuel production. Currently, worldwide attention has been given for second-generation biomass feedstocks to substitute fossil fuels as they are not in competition with food [START_REF] Ben-Iwo | Biomass resources and biofuels potential for the production of transportation fuels in Nigeria[END_REF] and can grow on poor quality marginal land with less water and fertilizer.

Moreover, recent researches have explored algal biomass, which is considered as thirdgeneration biomass feedstock, as a promising feedstock for biofuel development in the near future. This is due to the high energy density, high conversion efficiency, and low cultivation cost of microalgae and its potential to be cultivated on marginal land with a water environment [START_REF] Ahn | Strategic planning design of microalgae biomass-to-biodiesel supply chain network: Multi-period deterministic model[END_REF][START_REF] Bibi | Algal bioethanol production technology: A trend towards sustainable development[END_REF]. Fourth generation feedstocks are derived from genetically engineered biomasses, which may have higher energy yields or lower barriers to cellulosic breakdown or are able to be grown on non-agricultural land or bodies of water [START_REF] Shokravi | The Fourth-Generation Biofuel: A Systematic Review on Nearly Two Decades of Research from 2008 to 2019[END_REF]. Despite the talk about fourth generation biofuels is currently ongoing, it doesn't generate strong attention as there are still pressing policy and other needs for the first-, second-and third-generations [START_REF] Chapuis | Sustainable design of oilseed-based biofuel supply chains -The case of Jatropha in Burkina Faso[END_REF].

Considering the large amounts of arable land, labor force and suitable climate for biomass feedstocks development, a number of Sub-Saharan African countries have a potential to become major producers and exporters of biofuels [START_REF] Mitchell | Biofuels in Africa[END_REF][START_REF] Sekoai | Biofuel development initiatives in Sub-Saharan Africa: Opportunities and challenges[END_REF], with Ethiopia being a prime example.

Biofuel development for

Ethiopia's transportation sector: keydrivers, current status, and future prospects

Country profile

Ethiopia is a landlocked country in the Horn of Africa lies between 3° to 15°N latitude and 33° to 48°E longitudes (see Figure 12345678). It is the second heavily populated state in Africa with more than 100 million inhabitants and an annual population growth rate of 2.6% (UN Department of Economic and Social Affairs, 2019). Ethiopia served as a symbol of African independence throughout the colonial period and was a founder member of the United Nations and the African base for many international organizations. With more than 1.1 million square kilometers area of land, Ethiopia is a country of great geographic diversity with wide ecological and altitudinal variations. The ecology ranges from deserts in the Eastern to tropical forests in the Southern part of the country. Likewise, the altitude varies from 4,620 meters above sea level on Mount Ras Dashen to 116 meters below sea level in the Danakil Depression.

Ethiopia's economy is based on agricultureaccounting for almost 50% of GDP, and 85% of total employment. Nevertheless, the industry and service sectors are emerging to take more shares of the GDP in recent times. The economy has grown rapidly with an average annual growth rate of 10% over the last decade (Admasu [START_REF] Shiferaw | Productive capacity and economic growth in Ethiopia[END_REF][START_REF] Afdb | African economic outlook[END_REF]. The country's vision for the energy sector is to be renewable energy hub in East Africa. To this end, Ethiopia has started constructing several renewable energy mega-projects including the Grand Ethiopian Renaissance Dam (GERD) on the Blue Nile River, which is expected to be the largest hydroelectric power plant in Africa, as well as the seventh largest in the world. Ethiopian Petroleum Supply Enterprise (EPSE) is a government monopoly, which supplies petroleum products to domestic distributors after purchasing from international suppliers. National Oil Ethiopia, Oil Libya, Total, and Yetebaberut Beherawi Petroleum are accounting over 90% of the nation's fuel distribution out of the total distributors. The country's fuel import volume has been grown at a growth rate of 12.5% between 2016 and 2020. The annual petroleum products import in the 2019/20 fiscal year has reached around 3.9 million metric tons worth USD 2.1 billion (see Table 1-1). Imported petroleum products account for the lion's share of the total import expenditure of the country and absorb around 60% of the total export earnings (National Bank of Ethiopia, 2020). This is very concerning issue for a country that depends on imported technology as well as some food items. Source: National Bank of Ethiopia (NBE) annual reports (2020)

As a landlocked country and net importer of energy, Ethiopia should be energy secure. Any problem that affects the importation of petroleum product into Ethiopia would have the potential to quickly disrupt the entire economy. Thus, dependence on imported petroleum fuels has resulted in energy insecurity. Moreover, Ethiopia's economy is potentially vulnerable to fluctuations in the world price of crude oil. The global oil price shocks adversely affected oilimporting developing countries like Ethiopia. The shocks have persuaded the government of Ethiopia to apply oil subsidy scheme several times to maintain the country's economic and social activities in a stable manner. Nevertheless, it is not feasible in the long-run since it absorbs a high share of public resources, leads to lower investments and reduces future growth. Therefore, subsidy is an inefficient tool to reverse the high oil price increase in developing countries. Rather, finding ways to substitute oil by other energy sources could be a better solution in the medium to long-run [START_REF] Tefera | Implications of Oil Price Shocks and Subsidizing Oil Prices to the Ethiopian Economy : A CGE Analysis[END_REF].

In the last two decades, the significant contributor for CO2 emission in Ethiopia is the transportation sector, of which it accounts for almost 50% of the total emissions from all sectors in 2018 (see Figure 1-10 

Background on biofuel production and utilization in Ethiopia's transportation sector

The government of Ethiopia has launched the biofuel development strategy since 2007 aiming to substitute the use of petroleum products by biofuels. Since the development of the national strategy, some activities related to biofuels with a focus on bioethanol and biodiesel were emerging. Government mainly took responsibility for the production of bioethanol while the biodiesel development is entirely left to private industries. In the next sections, the previous progresses and current-status of bioethanol and biodiesel production and market in Ethiopia are presented.

Bioethanol production and blending

Bioethanol production in Ethiopia is an integrated business with sugar production because the common feedstock for both is sugarcane. In this regard, during the first 10 years of the bioethanol production, the sole producer was Finchaa Sugar Factory. However, starting 2010, the Metehara Sugar Factory joined the market. The annual bioethanol production of the two sugar real-estate factories has shown an erratic trend (see Figure 1-11) due to several reasons; among them technical issues are the dominant one. The bioethanol production is expected to rise shortly due to several sugar factory projects. Production of bioethanol is primarily for use as fuel extender in the transport sector and to partially substitute kerosene supply to the household sector, while any surplus is considered for export. The country has developed bioethanol-gasoline blending standards after the release of the biofuel strategy. In 2009, Ethiopia started a 5% blend of bioethanol (technically known as E5) with 95% gasoline, which was doubled to 10% two years later though the ratio sometimes drops back to 5% when bioethanol production is low [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. In the near future, the government of Ethiopia plans to use up to 15% blend of bioethanol in gasoline (E15) -the maximum feasible bioethanol mix that does not require engine adaptation for vehicles.

The bioethanol produced from the above two factories are sold to the fuel blending wholesaler petroleum companies in which the blending is done at the depots of the companies. The wholesaler companies who actively engaged in the blending of bioethanol with gasoline were Oil Libya, Nile Petroleum, National Oil Company (NOC), and Total Ethiopia. The bioethanolgasoline blend has been limited to Addis Ababa and its surroundings due to low bioethanol production from the sugar industries. In the future, when bioethanol production increases, the government has a plan to build other blending facilities outside Addis Ababa to expand the services to all other locations. Since the launch of blended fuel to the first quarter of 2015, about 48 million liters of bioethanol were mixed with gasoline and saved around USD 39.23 million (see Table 1-2). [START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF] Based on a sufficient increase in bioethanol production and substitution of old-engine vehicles by ethanol-flex fuel vehicles in the future, the government of Ethiopia plans to increase the present blending ratio gradually to higher value while also expanding the distribution of the blended fuel throughout the whole country. Moreover, the use of vehicle transportation, passenger-km travelled, and ton-km of freight transport are expected to increase significantly. The increase in road passenger-km travelled in Ethiopia was forecasted at an annual growth rate of 8.3%-9.1% and the total passenger transport in passenger-km in Ethiopia is expected to increase from 40 billion in 2010 to 220 billion in 2030 driven by a strong urbanization [START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF]. Moreover, the corresponding growth rate in ton-km of freight transport is 12.4% to 13.7% per annum, with the total freight transport in ton-km rising from 23 billion in 2010 to 279 billion in 2030 [START_REF] Gebreyohannes | Long-term bioethanol shift and transport fuel substitution in Ethiopia: Status, prospects, and implications[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. The above data underlines the potential market for bioethanol and its promising role in reducing the required petroleum import and the anticipated GHG emission.

Biodiesel production

Ethiopia has a strong plan to reduce imported diesel through blending it with biodiesel for vehicle fuel consumption.

Ethiopia is endowed with natural resource suitable for biodiesel development. The government's strategy is to utilize the marginal lands available across the country to grow biodiesel crops. The strategy has stipulated that biodiesel development should be taken place exclusively by the private sector unlike to bioethanol investments. As a result, private investors were encouraged by the government to participate in biodiesel development from non-edible oil seed-bearing plants, especially jatropha curcas, castor seed, and palm trees. Despite food security concerns up-held by several advocacy groups, the government incentives, including low land lease costs, tax holidays, and long term loans have attracted dozens of local and international investors for biodiesel development from jatropha and castor [START_REF] Riera | Household level spillover effects from biofuels: Evidence from castor in Ethiopia[END_REF]. The federal and regional governments have issued 83 licenses for biodiesel development since 2000 and majority of them are foreign companies coming from countries like Denmark, Germany, Israel, Australia, Saudi Arabia, etc. However, it was reported that in 2013 the number of biodiesel projects that are registered by the investment agency was dropped to 25 in which only 9 had started operation. However, by 2016, none were operational [START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. The major reason for the decline is related to the feasibility of large scale jatropha-and castorbased biodiesel projects. Some investors obtained the license without realizing factors limiting feasibility of jatropha-and castor-based biodiesel such as low productivity, high cost of labor due to the limited uniformity of the crop and required long time for its maturity, and the current price of fuel [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF]. Moreover, investors complained about government treatment of biofuel industry as a simple agricultural activity and also indicated that the government did not have a stable strategy towards biofuel development, which according to some reports was reflected by significantly downsizing most of the incentives provided to motivate investment in biodiesel [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. Therefore, today, after a decade, contrary to the massive interest and enormous hopes and expectations, biodiesel production has not passed the pilot-scale. The existing three pilot-scale production plants located in Bati Woreda, Mekele city by Africa power initiative, and Southern region by Atrif alternative have a capacity of 300, 2000, and 3000 liter/day respectively (MoMPNG, 2018).

Policies and strategies supporting biofuel development in Ethiopia

Biofuels Development and Utilization Strategy:

The Strategy was developed in 2007 to elevate biofuel development in Ethiopia [START_REF] Portner | Frames in the Ethiopian Debate on Biofuels[END_REF]. The biofuel strategy states that the unstable petroleum fuel price creates a fuel trade imbalance that affects the economic development of the country. Cognizant to that, the goal of the strategy is to facilitate the substitution of petroleum import through adequate production of biofuels (specifically bioethanol and biodiesel) from indigenous resources. The government manages a vertically coordinated bioethanol production system while biodiesel is left largely to private operators. The overall objectives of the strategy are to save and earn foreign exchange, promoting rural areas development, job creation, and GHG emissions reduction [START_REF] Fdre | Biofuel development and utilization strategy of Ethiopia. Addis Ababa, Federal Democratic Republic of Ethiopia (FDRE)[END_REF]. The biofuel sector development strategy of the country aspires to fulfill three key principles: (i) allocation of land that are marginal and dominantly not suitable for conventional farming; (ii) promotion of the engagement of small-scale farmers through contract or out growers scheme; and (iii) targeting both domestic and export markets. The short-term biofuel development strategy is the utilization of sugar cane for bioethanol, and jatropha curcas, castor bean, and palm trees for biodiesel development [START_REF] Portner | Frames in the Ethiopian Debate on Biofuels[END_REF]. The medium-and long-term plans focus on diversifying to other locally available biomasses for both bioethanol and biodiesel production. The strategy has strongly discouraged the application of food crops for biofuel production.

Since 2007/08, there have been made two main policy amendments. First, in 2009, with the introduction of bioethanol blending policy that sets a blending mandate of 5 % ethanol with 95 % gasoline. The blending mandate was increased to 10 % in early 2011. Secondly, the amendment to the agricultural development and taxation policies were made to attract investments in large-scale agricultural projects for biofuel feedstock development. The strategy is only the beginning of policy developments that aim to address the constraints and gaps in biofuel development. Despite having a strategy, a clearly articulated biofuel policy is missing.

In addition to the Biofuel Strategy, there are several other policies and proclamation of the government in areas of land, agriculture, development, energy, environment and sustainable development, which gave impetus for biofuels development and facilitate investments in the country. Some of the major policies and strategies are the following.

Climate Resilient Green Economy (CRGE):

To address the growing environmental and climate change challenges, the government of Ethiopia has introduced CRGE strategy. The CRGE further elaborates the importance of biofuel in reducing GHG emissions and meeting the CRGE targets. In the CRGE, one of the abatement levers for GHG in the transport sector is clearly indicated as bioethanol and biodiesel in fuel mixtures. As stated in CRGE: Increasing the bioethanol content of the gasoline from 10% in the Addis Ababa fuel mix to 15% nationally has an abatement potential of 0.2 Mt CO2eq in 2030. Moreover, incorporating 5% biodiesel into the national diesel fuel mixture has an abatement potential of 0.7 Mt CO2eq in 2030 [START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF] 

Growth and Transformation Plan (GTPs):

The main goal of the GTP was to make Ethiopia a middle-income country by 2025 through agricultural led industrialization, and to achieve food security. The first GTP of the country has reemphasized the government's interest in biofuels. Over a five year period (2010/11-2014/15), Ethiopia's GTP foresees increasing the production of bioethanol to 194.9 million liters, biodiesel to 1.6 million liters and an increase in blending facilities to 8 for ethanol and to 72 for biodiesel. The essential aspects of the focused projects include the establishment of more integrated bioethanol distilleries, bioethanol blending stations, engine modifications and replacement of wood fuels by the bioethanol based stoves [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF]. Nevertheless, all the ambitious plans of the GTP were not attained due to various reasons. Moreover, the second GTP plan (2015/16-2019/20) has also integrated CRGE, making it unique in achieving the GTP goals through green economy. It is expected to help the country to curb the rise in GHG emissions as the country accelerates its growth rate over the coming years by providing a focus on renewable and efficient sources of energy, of which biofuel is the major one.

National Energy Policy:

The Ethiopian National Energy Policy was formulated in 1994. It states the development and utilization of indigenous energy resources with the aim of attaining energy self-sufficiency as the priority government objective in the energy sector development. The policy acknowledges and emphasizes delivery of alternative energy supplies for the purpose of increasing the national energy supply mix and also as a means to reduce the burden of biomass resources. It acknowledges the importance of renewable energy resources and the policy stresses that all development and utilization of energy resources should be benign for the environment. However, the policy did not address the development and utilization of all kinds of renewable energy sources, including biofuel.

In 2012, a more detailed and up-to-date draft energy policy was released. Unlike the 2007 energy policy, biofuel was seen as a potential resource that could fill some of the gaps in transportation and household cooking. The policy promoted biofuel as one sector of energy development and its development should be done in a way it does not compromise food security and also per the national environmental policy requirements. This effort is supported by various regulatory and policy frameworks developed by several units of the government to encourage the participation of investors as well as governmental, local and international nongovernmental development institutions. The environmental policy has reaffirmed that any development on biofuel must conform to the basic principles of sustainability.

Environmental Policy of Ethiopia:

The environmental policy of Ethiopia was adopted in 1997 with the objective of improving and enhancing the quality of life of all citizens as well as rehabilitation of degraded land in the country. It promotes sustainable social and economic development through the sound management and utilization of natural, cultural and environmental resources of the country. The environmental policy promotes energy development from renewable resources, which could include biofuels as a potential renewable energy resource, to avoid unintended consequences on the environment in general.

Future prospects of biofuel in Ethiopia's transportation sector

Considering Ethiopia's immature access to energy, there is a clear economic sense to promote biofuels [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Jumbe | Biofuels development in Sub-Saharan Africa: Are the policies conducive?[END_REF]. From the government's perspective, a strong biofuel sector may be attractive not only to diversify energy resources, but also to reduce import dependency, to save foreign currency, to promote development of rural areas, to promote investment, to create jobs and to reduce GHG emissions [START_REF] Fdre | Biofuel development and utilization strategy of Ethiopia. Addis Ababa, Federal Democratic Republic of Ethiopia (FDRE)[END_REF][START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF]. From the private business perspective, engaging in biofuel activities may sound appealing for two reasons. First, the availability of low-cost land for lease and labor makes Ethiopia attractive for biofuel investment. Around 3.5 million hectares of land are said to be available for crop cultivation. Second, the country's diverse agro-climatic conditions are favorable to grow biofuel crops, although this should be nuanced by the difficult accessibility to agriculturally suitable areas that are likely to limit biofuel expansion [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF]. Due to the above reasons, Ethiopia's biofuel development will rise within the next few years. Moreover, biofuel consumption is expected to increase, primarily in developing countries like Ethiopia, largely driven by higher blending targets (OECD/FAO, 2020).

Figure 1-12 and Figure 1-13 show the projected bioethanol and biodiesel demand in the coming two decades taking into account a 10% annual increment in the national gasoline and diesel demand, a data from Ethiopian Petroleum Supply Enterprise. Ethiopia had a goal to achieve E20 (20% bioethanol mixing with 80% petroleum gasoline) by 2015 despite it is not clear if the country's car fleet can handle E20 even today. Nevertheless, this goal is not achieved yet due to lack of bioethanol supplies following the sluggish growth in sugar production of the country [START_REF] Sapp | Lack of ethanol supply keeping Ethiopia from implementing E20[END_REF]. As a result, the E10 strategy is still remained in place. Here, to forecast the demand, different blending ratio strategies are estimated by considering the progress of the government bioethanol projects, interest from policymakers, and government policy to support the assembly, import and distribution of ethanol-flex fuel vehicles. To this end, E10, E15, E20, and E25 are assumed to be achieved between the years 2020/ 21-202421- /25, 202521- /26-202921- /30, 203021- /31-203421- /35, and 203521- /36-2039/40 respectively. Besides, B5 and B10 /40 respectively. Besides, B5 and B10 between the years 2020/21-2029/30, and 2030/31-2039/40 respectively. Based on these forecasts, the bioethanol and biodiesel demand will reach above 1,100 and 2,300 million liters by 2040 respectively (see Figure 1-12 and Figure 1-13). 

Motivation of the study and scientific objectives

Despite there is a strong interest from the government and availability of abundant biomass feedstocks in the country, very little has been achieved in terms of biofuel production within the last decade. The production of bioethanol is young and does not attain the expected target and biodiesel production has not passed the pilot-scale [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. This is attributed to several challenges that hinder the sector's progress along the BBSC and the lack of comprehensive strategic and tactical decision-making and planning strategy for the entire supply chain of the industry. The many challenges and uncertainties related to dynamic criteria need more quantitative research that supports policymakers to make evidence-based decision-making and planning along the BBSC. The proposed research therefore seeks to provide a decision-support or planning-support model that can be ubiquitously used by the government organs and other pertinent actors -producers, suppliers, intermediaries and consumers -to make mathematically substantiated decisions. Moreover, the model has a tremendous support for the realization of the envisaged sustainable green economy of the country as it integrates the economic and environmental perspectives.

More practically, the problematic of this study is based on the industrial development of a country on the long term with the installation of a new sector. This political and strategic vision requires a decision support tool to establish an investment program over several years. In response to this question, this contribution offers a comprehensive mathematical model for the strategic design and tactical planning of BBSC, which includes all the principal supply chain components -upstream and downstream of the biorefineries. This model is designed for longterm planning studies, in that it is utilized to optimize the Ethiopian BBSC over a 20-year horizon considering economic and environmental perspectives.

More specifically, the developed tool intends to answer the following scientific questions:

 How to model a real national-level biofuel sector in space and time, including the levels of strategic decisions for its implementation and tactics for its management?  How to model BBSC, which produces bioethanol and biodiesel simultaneously and includes all principal components of the supply chain -upstream and downstream of the biorefineries?  How to prevent non-optimal and infeasible results, which may arise from hierarchical models, using an integrated model that offers strategic and tactical decisions simultaneously.  How to solve a large multi-objective optimization problem (with many binary variables due to strategic choices)?

This work addresses not only the above questions but also it helps to answer the following strategic and tactical issues, which are very crucial for the young biofuel sector of Ethiopia, through a post-optimality analysis.

 What is the most cost effective and environmentally friendly network connectivity for the entire BBSC?  What are the optimum capacity, number, technology, and location of the biorefineries, preprocessing units and biofuel distribution centers?  What are the optimum types of biomass feedstocks for bioethanol and biodiesel production and their supply locations?  What are the optimum monthly material flows, inventory levels, and transportation quantities between each component of the BBSC?

The above scientific questions are addressed through the progressive development of an optimization model in three stages as follows:

 Develop an economic optimization model for the strategic level decisions.

 Develop an economic optimization model that integrates the strategic and tactical level decisions.  Develop an environmental optimization model and combine it with the integrated strategic-tactical level economic optimization model.

Before developing the mathematical optimization-based models, this research work attempts to address the following important questions in the next two chapters:

 What is the bioethanol and biodiesel production potential of biomass resources, which are identified as promising feedstocks in the biofuel strategy of Ethiopia?  What are the economic, environmental, social, technological and political challenges in the infant and under-developed BBSC of Ethiopia?  What are the current research gaps and future scientific challenges to model and optimize country-level BBSC?

Introduction

Biomass is a natural resource used all over the world for different purposes, including energy.

In developing countries, especially Sub-Saharan African countries like Ethiopia, biomass is considered to be a backbone of energy sources [START_REF] Kaygusuz | Energy for sustainable development: A case of developing countries[END_REF]). Ethiopia's suitable land, favorable climate, and abundant water availability have endowed the country with immense biomass resources, which remain sustainable in the country due to extensive non-commercial usage [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. Consequently, government of Ethiopia emphasizes on utilizing this abundant biomass for biofuel development. Sugarcane for bioethanol production whereas jatropha curcas, castor bean, and palm tree for biodiesel production are the key strategic direction of the government [START_REF] Fdre | Biofuel development and utilization strategy of Ethiopia. Addis Ababa, Federal Democratic Republic of Ethiopia (FDRE)[END_REF]. Moreover, utilizing crop residues for bioethanol development has raised hopes due to their huge abundance, cellulosic composition, emerging conversion technologies, and their potential to decrease any perceived competition between food and energy production.

Despite there is a strong interest from the government and availability of abundant biomass feedstocks in the country, the achievement of biofuel had been minimal within the last decade.

The production of bioethanol is significantly lower than the projected target, and biodiesel has not passed the pilot-scale [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. This is attributed to a range of factors that hinder the sector's progress along the BBSC. BBSC comprises all activities from biomass cultivation to biofuel use [START_REF] Lim | Biofuel supply chain network design and operations[END_REF]). Ethiopia's BBSC involves numerous stages with various stakeholders including sugar industries, government or private feedstock developers, biorefineries, transporting companies, oil distributors, blenders, and filling stations. An assessment of the existing BBSC of Ethiopia is mandatory to act appropriately and improve the biofuel sector in a sustainable manner.

There are two major objectives in this study. First, an attempt is made to explore the biofuel production potential from biomass feedstocks that are identified in the biofuel strategy and other abundantly available feedstocks in Ethiopia. The feedstocks include sugarcane cane molasses, bagasse, and few crop residues for bioethanol, and jatropha and castor seed for biodiesel production. Second, the study assesses the existing Ethiopia's infant BBSC taking into account the economic, environmental, social, technological, and political dimensions, which leads to identification of key strategic areas that need major deliberation from the policymakers to improve the biofuel sector.

In the following section, literature review is conducted on the widely abundant biomass feedstocks in Ethiopia and on the under-developed BBSC of the country by looking the bioethanol and biodiesel supply chain separately. Then, the methodologies used to explore the biofuel production potential of the biomass feedstocks and to assess the existing BBSC are briefly presented in Section 3. Section 4 estimates the country's production potential of bioethanol from sugarcane cane and crop residues, and biodiesel from jatropha and castor seeds. Moreover, the current BBSC of the country is thoroughly assessed based on the aforementioned five sustainability dimensions in section 4. Finally, conclusion of this chapter is presented in the last section.

Review on biomass feedstocks and existing BBSC in Ethiopia

2.2.1. Biomass feedstocks

Sugarcane

Sugarcane, occupying more than 26 million of the world's land is one of the most important commercial crops in most countries. Brazil is the leading producer, accounting for 40% of the world total production whereas 5% of the current global sugarcane production is covered by Africa (FAO, 2018a). Sub-Saharan Africa is a promising region for future sugarcane production because of its tropical and subtropical climate. Ethiopia has a high potential to be advanced in sugarcane production due to the proven convenient climate and soil types that the country has for its growth and productivity [START_REF] Semie | The impact of sugarcane production on biodiversity related to land use change in Ethiopia[END_REF][START_REF] Gashaw | Sugarcane Landraces of Ethiopia: Germplasm Collection and Analysis of Regional Diversity and Distribution[END_REF].

The government-owned sugar industries in the country has developed sugarcane on about 100 thousand hectares of land. Currently, there are six sugar factories and nine sugar development projects. The government of Ethiopia has an intention to privatize all the state-owned sugar factories that are operational and under construction to exploit the country's potential for sugar production and meet the increasing national demand as well as support export growth (Sugar Corporation, 2019). A significant increment in bioethanol production is also anticipated from the privatization.

To date, molasses-byproduct of sugar industries has been the one and only commercially successful bioethanol production feedstock in Ethiopia. As a result, sugarcane cultivation has a direct and significant impact on bioethanol production potential. Ethiopia has a potential of producing 1 billion liters of bioethanol from the byproduct molasses using the identified sugarcane plantation potential area of 700,000 ha [START_REF] Gebreyohannes | Long-term bioethanol shift and transport fuel substitution in Ethiopia: Status, prospects, and implications[END_REF]. Currently, only Metehara and Finchaa sugar factories are utilizing the generated molasses for their respective bioethanol production. However, the majority of molasses from other sugar industries is sold to local distilleries and few is exported. The remaining amount is used for cattle fattening, road maintenance or discharged to the nearest river without any treatment.

Beside molasses, the sugar industries generate sugar cane bagasse, one of the low-cost residues found in abundance with high quality in Ethiopia. Bagasse, the residue obtained after the pressing of sugarcane stalks to extract juice at sugar factories, has a carbohydrate content that can be used for the production of second-generation biofuels [START_REF] Pereira | 2G ethanol from the whole sugarcane lignocellulosic biomass[END_REF]. About 60% to 70% of the bagasse produced in Ethiopia is used for cogeneration to produce steam and generate electricity for the mills in sugar industries. The remaining quantity is discarded, since it is not utilized in a rate proportional to its generation [START_REF] Gebreyohannes | Long-term bioethanol shift and transport fuel substitution in Ethiopia: Status, prospects, and implications[END_REF]. Moreover, surplus generation of bagasse is also expected from the expansion of the existing sugar industries and completion of the under-construction industries. The recent development of utilizing sugarcane bagasse for bioethanol production has raised hope on the resource for both economic and environmental benefits (Anuradha Jabasingh and Valli Nachiyar, 2011)

Crop residues

There is a huge amount of crop residues in Ethiopia as the country cultivates a tremendous amount of grain crops, which include cereals, pulses, and oilseeds. Maize stalk, sorghum stalk, wheat straw, pulses residue, barely straw, coffee husk, and rice straw made up to 12.98, 7.66, 6.87, 5.43, 3.34, 0.82, and 0.16 million tons of residue generation in Ethiopia respectively [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]. These residues are chiefly utilized for livestock feed and few are ploughed back into the soil to enhance soil fertility. A part of these residues is utilized in the production of charcoal and briquettes. The surplus amount of the residues are typically burnt on-farm (slash-and-burn method), which results in a tremendous amount of GHG emission [START_REF] Tesfamichael | Effect of biochar application rate, production (Pyrolysis) temperature and feedstock type (rice husk/maize straw) on amendment of clay-acidic soil[END_REF].

Mostly, crop residues are handled as a liability in Ethiopia because the means to transform them into a valuable product is lacking. Ethiopia has a potential to recover 250 PJ of bioenergy from the immense crop residues available in the country [START_REF] Gabisa | Potential of bio-energy production in Ethiopia based on available biomass residues[END_REF]. Because of their abundance, carbohydrate content, and viable option for decreasing any perceived competition between food and energy production, crop residues are taken as promising bioethanol feedstocks.

Jatropha

Jatropha is growing in many parts of Ethiopia due to the favorable air condition and suitable soil type. Traditionally, jatropha is used as hedge, medicinal plant and structural means to conserve soil and water. Jatropha has been promoted globally as a biodiesel feedstock, in addition to its advantage to rehabilitate degraded land [START_REF] Mofijur | Prospects of biodiesel from Jatropha in Malaysia[END_REF]. Likewise, utilization of jatropha curcas for biodiesel development is being promoted at a never-beforeseen scale in Ethiopia. In light to that, federal Investment Agency and the regional investment offices had issued licenses for several local and international private and non-private jatropha developers. The major ones are highlighted as follows.

Sun Biofuels Ethiopia/National Biodiesel Corporation (NBC), aimed to become the largest producer and seller of biofuels from jatropha in Ethiopia, has obtained 80,000 ha of land leased for 50 years in Dandure Woreda, Metekel Zone, Amhara region and 5,000 ha of land in Offa Woreda, Wolaita Zone, SNNP region. Ambasel jatropha Project is a local private company involved in biofuel development from jatropha in Amhara regional state. The project obtained 20,000 ha of land with a possibility of expanding to 80,000ha for jatropha plantation in Beles Woreda, Metekel Zone, Amhara region. Jatropha Biofuels Agro Industry had received 100,000 hectares of land for large scale commercial plantation of biofuels using jatropha plant in Dangur Woreda, Metekel Zone, Amhara region. The Danish private limited company, IDC Investment, had received 15,000 ha of land in Oda Woreda, Assosa Zone, Benshangul Gumuz region. Organization for Rehabilitation and Development of Amhara (ORDA) established by the Amhara regional government with the intention of assisting rehabilitation and development activities in the region. Projects related to land rehabilitation by plantation of jatropha have been done by ORDA in various Woredas of the region. ORDA is now involved in biofuels development in Metema Woreda, North Gondor Zone of Amhara region. It has acquired 884 ha of land free of charge and around 2 million jatropha plants have been planted in the site [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF]Lakew and Shiferaw, 2008a). However, some of the above projects and other private jatropha cultivation projects have been cancelled or do not start operation yet. The major reasons for this termination and delay are the economic unattractiveness of large-scale jatropha based biodiesel projects, the high cost of labor due to the limited uniformity of the crop and the long time requirement for its maturity.

The productivity of jatropha varies from one agro-ecology to another depending on the soil type and climatic conditions. Upon different studies, the productivity of jatropha is estimated between 0.5 ton to 12 ton of seed per ha. In the recent Ministry of Mines, Petroleum and Natural Gas (MoMPNG) study based on rainfall, temperature, soil type and altitude required to grow jatropha, Ethiopia has an estimated area of 17.66 million ha of highly suitable land for its cultivation, which accounts for 15.65% of the total land of the country. The moderately suitable and marginally suitable land account for 45.4% and 38.03% respectively. Only less than 1% of the total country's land is not suitable for jatropha cultivation. Oromia, Benishangul Gumuz, Amhara, SNNP, and Tigray regions contribute to 44.05%, 15.22%, 13.48%, 10.43%, and 9.01% of highly suitable land for jatropha cultivation respectively. The contributions made by the remaining regions and city administrations are not significant [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF]. Jatropha growing in different regions of Ethiopia do have a remarkable potential for oil production as the oil contents lies on the optimum range of 30-35% [START_REF] Kassahun | Oil content, fruit and seed characteristics Ethiopian Jatropha (Jatropha curacas L.) provenances[END_REF].

Castor

Castor is believed to be indigenous of East Africa and probably originated in Ethiopia where it shows wide distribution and tremendous variability. Since castor is non-edible source which can potentially be cultivated on marginal lands, it is less threatening to local food production. Despite castor grows in diverse climatic conditions, suitable condition for its cultivation is warm and dry climate with 600 to 700 mm of rainfall and between 1,600 to 2,600 meters above sea level altitude. The production of castor seed in Ethiopia has shown an erratic fluctuation between the years 2012 and 2018, with an average annual production of 10,534 tons (FAO, 2018a).

Ethiopia has an estimated area of 33.1 million ha (29.32% of the total land of the country) highly suitable land for castor development. This estimation is conducted based on assessment of the country's rainfall, temperature, soil type and altitude, and comparing with the optimum castor cultivation requirements. The moderately suitable, marginally suitable and non-suitable land account for 48.51%, 21.33% and 0.84% of the total land of the country respectively. Oromia region takes the highest castor cultivation suitable land share of 42.5% followed by Benishangul Gumuz, SNNP, and Amhara regions with 15.93%, 14.72%, and 11.96% contribution respectively. The contributions made by the remaining regions and city administrations are not significant (MoMPNG, 2018).

Overview of the existing BBSC in Ethiopia

The BBSC involves the main activities and actors for feedstock production, biofuel production, distribution and final consumption. In this section, the current infant and under-developed BBSC in Ethiopia is presented by looking into bioethanol and biodiesel supply chain separately.

Bioethanol

Both government and private companies are involved in the bioethanol supply chain in Ethiopia. The government is the sole producer and private enterprises are the only transporters, blenders and distributors of bioethanol for transport. The current Ethiopia's bioethanol supply chain is depicted in Figure 2-1.  Sugar factories: all sugar factories produce the raw material -molasses and only two sugar factories, Finchaa and Metehara, do the conversion of molasses to bioethanol.  ESC: sells bioethanol produced from the two sugar factories to various blenders in the transportation sector.  MoMPNG: Provides standard certification for oil distributors, issues regular updates on technical requirement, and follows-up and monitors progress. Moreover, the BDCD of MoMPNG receives information on bioethanol stock availability from ESC, and accordingly decides and communicates on the blending percentage for a specific period to MoT and oil distributors.  MoT: Regularly communicates with MoMPNG, EPSE, and ESC to build price and profit margin on a monthly basis for EPSE, oil distributors, blenders and oil transporter companies; provides license for distributors based on the approval of quality and standard certification from MoMPNG. A request for price adjustment by ESC is submitted to MoT and MoMPNG and the new price will be jointly decided.  EPSE: Imports petroleum from Sudan and other providers; serves as a wholesaler for oil distributors; collects expected demand from oil distributors; and forecasts oil demand of the country. EPSE purchases 75% fuel from Sudan through a bilateral agreement between the Ethiopian and the Sudanese governments. The remaining 25% fuel is imported through Djibouti following open international bid.  Transport companies: move gasoline from Sudan, Djibouti and/or from EPSE depot sites and bioethanol from Finchaa and Metehara to destinations where they are required. They sign contract agreement with blenders and/or oil distributors for this business.  Oil distributors: purchase gasoline from EPSE; blend in their blending facility or outsource this business to blenders.

 Blenders: are oil distributors who have blending facilities. These are Oil Libya, and National Oil Company (NOC), Nile Petroleum, and Total Ethiopia. They sign contact agreement with Ethiopian sugar cooperation to purchase bioethanol; blend gasoline with bioethanol (5-10%) for themselves and for other distributors who do not have blending facilities.  Filling stations: are owned by either blending companies or oil distributors to sell blended gasoline to vehicle owners.

Biodiesel

To date, the biodiesel development in Ethiopia is focusing only on production of biodiesel feedstocks and exportation of oil seeds. Relatively little attention has been paid to the other parts of the supply chain, resulting in an incomplete biofuel supply chain [START_REF] Portner | Biofuels for a greener economy? Insights from Jatropha production in northeastern Ethiopia[END_REF]. Therefore, the only key actors in the existing biodiesel supply chain are feedstock producers.

The three biodiesel feedstock production systems in Ethiopia are (a) corporate based largescale commercial plantations or out-grower schemes (growing biodiesel crops on smallholder farmers' land through contract agreement); (b) environment-centered which are led by local private sectors largely motivated by forestation possibility and social gain through community based vegetable oil production; and (c) public private partnership (PPP) such as the one in northern region of Ethiopia (Tigray), which focuses on growing feedstock such as jatropha, castor and some croton, with an additional objective of rehabilitating vast degraded areas and providing oil for cooking and lighting in rural areas. Based on current practices, large scale plantation and out-growers have better access to land as compared to the PPPs and environmental-centered schemes that are operating on less fertile lands [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF].

Considering the existing bioethanol and biodiesel feedstock production mechanisms described above, [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF] developed the framework of biofuel business model given in Figure 2-2. The figure shows that end-use of each product depends on scale and type of the project. Currently, the corporate-centered plantation is focused on feedstock exportation. Local end use is expected to mainly come from the PPP and environment centered scheme, but this has never been materialized. Due to such incomplete supply chain, the biodiesel sector did not produce significant economic value. 

Methodology

Estimation of biofuel production from the feedstocks

Bioethanol production potential of sugarcane molasses or bagasse was calculated using Equation (2-1).

𝑃𝑒𝑡ℎ 𝑖 = ∑(𝑋 𝑖 * 𝛹 * 𝛼) 𝐼 𝑖=1 (2-1)
Where Peth i -is the bioethanol production potential of molasses/bagasse at sugar factory i, X i is the total cane crush capacity at factory i (ton), Ψ -is the generation rate of molasses/bagasse from cane crush (kg.kg -1 ), αis the yield of bioethanol from molasses/bagasse (kg.kg -1 )

The cane crush capacity of each operational and under-construction sugar factories was obtained from Ethiopian Sugar Corporation. The under-construction factories were considered since they are expected to start operation shortly based on the government plan. The generation rate of molasses/bagasse from cane crush and yield of bioethanol from molasses were taken from the two bioethanol producing sugar industries (Metehara and Finchaa). Besides, the yield of bioethanol from bagasse was obtained from the study of [START_REF] Michailos | Biorefinery approach for ethanol production from Bagasse[END_REF]. Here, 30% of the bagasse generated from each sugar factories was assumed as a bioethanol feedstock because around 70% of bagasse in Ethiopia is used for cogeneration purpose [START_REF] Gebreyohannes | Long-term bioethanol shift and transport fuel substitution in Ethiopia: Status, prospects, and implications[END_REF].

Bioethanol production potential of crop residues was calculated using Equation (2-2).

𝑃𝑒𝑡ℎ 𝑗 = ∑(𝑌 𝑗 * 𝛺 𝑗 * 𝛽 𝑗 ) 𝐽 𝑗=1 (2-2)
Where Peth j -is the bioethanol production potential of crop residue j, Y j -is the total amount of crop residue j (ton), Ω j -is the surplus availability factor of crop residue j, β j -is the yield of bioethanol from crop residue j (kg.kg -1 ).

Here, only few of the widely available crop residues were considered. These residues are corn stalk, sorghum stalk, wheat straw, and rice straw. The generation amount of the crop residues and their surplus availability factor were taken from the studies conducted in Ethiopia [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Gabisa | Potential of bio-energy production in Ethiopia based on available biomass residues[END_REF]. The average yield of bioethanol from each crop residues was obtained from previously conducted studies.

Biodiesel production potential of jatropha or castor was calculated using Equation (2-3).

𝑃𝑑𝑖𝑒𝑠 𝑖 = ∑(𝑍 𝑖 * 𝛳 * Ƞ * 𝛿) 𝐼 𝑖=1
(2-3)

Where: Pdies i -is the biodiesel production potential of jatropha/castor at region i, Z i -is the highly suitable land for jatropha/castor cultivation at region i (ha), ϴ -is the average yield of jatropha/castor seed (ton ha -1 ), Ƞ -is the oil content of jatropha/castor seed (%), δ -is the yield of biodiesel from jatropha/castor oil (kg.kg -1 ).

The highly suitable land areas of each region for jatropha as well as castor cultivation were obtained from recent MoMPNG data [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF]. In this study, it is assumed that only 1% of the highly suitable land area was assumed for jatropha and castor cultivation. The average yield of jatropha and castor seed in Ethiopia were taken as 5 ton ha -1 (Tadesse, E. Tadesse, 2017) and 1.61 ton ha -1 (FAO, 2018a) respectively. The average oil content of the jatropha and castor were obtained from previous studies conducted in Ethiopia [START_REF] Alemaw | Effect of plant and row spacing on the yield and oil contents of castor ( Ricinus communis L.) in the Central Rift Valley, Ethiopia[END_REF][START_REF] Kassahun | Oil content, fruit and seed characteristics Ethiopian Jatropha (Jatropha curacas L.) provenances[END_REF]). An average yield of 0.95 kg biodiesel per 1 kg of jatropha or castor was assumed [START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF][START_REF] Keera | Castor oil biodiesel production and optimization[END_REF].

Data Collection and Analysis of BBSC

In this study, the BBSC assessment looked at all activities available in upstream, midstream and downstream of biofuel production by dividing it into different stages. The supply chain stage encompasses feedstock production, feedstock logistics of storage, preprocessing, and transportation, biofuel production, storage, transportation and distribution to end users, and biofuel blending with respective petroleum products.

The key methodologies used for assessing and analyzing the infant BBSC were literature reviews, interview with key informants, and field visits to generate the information and data on the current status of the supply chain. Research outputs, case studies, reports, and other documents relevant to biofuel sector of Ethiopia were thoroughly reviewed. Moreover, the legal and policy documents pertinent to the sector were analyzed. The BBSC assessment and analysis was conducted by dividing it into two sections: bioethanol and biodiesel supply chain.

After identifying the key actors in the bioethanol supply chain, semi-structured interviews were conducted with pertinent stakeholders. The key stakeholders interviewed include the following: 1 interviewee from the Biofuel Development Coordination Directorate of the Ministry of Mines, Petroleum, and Natural Gas (MoMPNG), 2 interviewees from Ethiopian Sugar Corporation, 2 interviewees from Ministry of Agriculture, 1 interviewee from Ethiopian Petroleum Supply Enterprise, 1 interviewee from private blender -NOC, 1 interviewee from a distributor, and 2 interviewees from transporters. Field visits were conducted in one of bioethanol producing sugar estate -Metehara Sugar Factory and one bioethanol-gasoline blending site to look at the current life cycle as well as to perform informal interview with individuals. Regarding to the biodiesel supply chain, semi-structured interviews were conducted with 1 interviewee from Biofuel Development Coordination Directorate of the MoMPNG, 2 interviewees from Ministry of Agriculture, and 1 interviewee from a biodiesel feedstock commercial plantation. Moreover, field visit to one biodiesel feedstock (mainly Jatropha) plantation was conducted. During the field visit, on-site observation as well as interviews with experts and community members were conducted.

Based on the collected information and data, the infant and under-developed BBSC was analyzed qualitatively by considering the three sustainability pillars, namely economic, environmental, and social. Moreover, it was analyzed based on the two extended pillars of sustainability, namely technological and political.

Result and Discussion

Biofuel production potential of the feedstocks

In this section, the current bioethanol production potential from sugarcane molasses, bagasse and widely available crop residues, and biodiesel production potential from jatropha and castor are calculated.

Table 2-1 presents the potential bioethanol production using sugarcane molasses, bagasse, and some widely available crop residues in Ethiopia. With this estimation, Ethiopia is expected to produce around 929.99 million liters of bioethanol per year from both molasses and surplus bagasse generated if bioethanol distilleries are erected alongside the existing and underconstruction sugar factories and become fully-operational. Moreover, there is a potential of producing around 3,488 million liters of bioethanol per annum if the widely available crop residues in Ethiopia, i.e. corn stalk, sorghum stalk, wheat straw and rice straw, are utilized as bioethanol feedstock. 

704.28

Rice straw 156.9 [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF] 1.00 [START_REF] Gabisa | Potential of bio-energy production in Ethiopia based on available biomass residues[END_REF] 0.28 [START_REF] Karimi | Ethanol production from dilute-acid pretreated rice straw by simultaneous saccharification and fermentation with Mucor References 208 indicus, Rhizopus oryzae, and Saccharomyces cerevisiae[END_REF] 55.61 Total 4,418.37

Since the crop residues are byproducts of major crops, no additional land is required. To this end, it fulfills the government strategy of biofuel development through coordinating with farming activities without jeopardizing the farmers' food production. However, crop residues utilization for biofuel development should be subject to certain circumstances and at a predetermined magnitude, since they are known to offer many advantages ranging from erosion prevention and mitigation against soil carbon depletion. Furthermore, the cost to convert the crop residues and bagasse to bioethanol is a bit expensive compared to molasses to bioethanol conversion. Therefore, the government should perform a detail feasibility study regarding techno-economic, environmental and social perspectives on using this abundant under-utilized resource as bioethanol feedstock.

Table 2-2 presents the estimation of potential biodiesel production from jatropha and castor if 1% of the highly suitable lands in Ethiopia, identified by MoMPNG, are utilized for the feedstocks' cultivation. Despite there is tremendous potential of producing biodiesel from the two feedstocks, a detail feasibility study should be conducted on the techno-economic, environmental and social perspectives for the sustainability of the project. 

Assessment of Ethiopia's BBSC based on sustainability dimensions

Although the country is endowed with a wide variety of non-edible biomass feedstocks for bioethanol and biodiesel development, as indicated in the previous section, a range of factors have hindered the effectiveness the sector's performance. The economic, environmental, social, technological, and political assessment on the performance of the infant BBSC is presented in this section.

Economic assessment

The economic challenge is the major hurdle that hinders the competitiveness of biomass-tobiofuel projects in Ethiopia against other sources of energy. Due to concerns about economic viability, several biofuel projects planned by processing factories, state-operated sugarcane plantations, and private agribusiness companies have shown sluggish progress. Some of the common economic barriers along the BBSC are highlighted hereunder.

The major economic barrier for bioethanol development by the government sugar estates and private companies in Ethiopia is the requirement of excessively high initial investment costs.

For instance, local and international companies have failed to acquire the required capital to invest in bioethanol production, and had selected to engage in providing cane to government factories (GAIA Association, 2014). In parallel, high capital requirement for medium and large scales biodiesel production makes the sector to focus on raw feedstock export to foreign markets. As a result, the sector did not produce significant economic value. The frequent fluctuations of international crude oil prices and market risks due to scarcity of fuel-flex vehicles inhibit private investment in large biofuel plants. Moreover, the unwillingness of the financial institutions to provide loans for biofuel investment scheme as it may have a comparatively long payback period, and inadequate financial incentives to attract investors are also the core economic challenges of the sector. The study from [START_REF] Gebreegziabher | Profitability of biofuels production: The case of Ethiopia[END_REF] has shown that bioethanol production from molasses is a feasible project, whereas cost/price of feedstock is the major factor that determines the economic attractiveness of biodiesel production in Ethiopia.

Regardless of the feedstock production, a significant number of out-growers around the sugar factories are engaged in producing sugarcane necessary for the factories. However, the problem of accessing a limited amount of land as well as the water shortage has brought economic unattractiveness of the sector by the out-growers. As well, the allocation of marginal or degraded lands for the production of biodiesel crops by the policymakers results in low productivity. This, in turn, has led to decreasing investors' interest in biodiesel feedstock development. It is also aggravated by the challenges associated with low and inconsistent financial incentives for inputs, absence of long-term credit schemes for the private investors and out-growers engaged in biofuel feedstock development. The higher costs of logistics to collect, handle, and transport the biomass feedstocks is another economic challenge along the BBSC. Besides, biomass pretreatment technologies have extra costs, which are unaffordable by out-growers and small-scale biofuel companies.

The foreign currency shortage in the country has resulted in the supply reduction of some essential chemicals like antifoam, which affects the existing production of bioethanol in the two sugar factories. The long-distance between the bioethanol processing sugar factories and blending sites, coupled with the poor road condition, have not only increased the transportation cost but also causes bioethanol spills along the journey. Blenders currently run their operation at a very low-profit margin that is set by the government. They have invested in the blending facility expecting that raw material (bioethanol) will be available throughout the year. However, the inconsistent bioethanol supply has significantly affected their profit margin and discouraged them to continue the business. Although it seems insignificant, there is an economic bottleneck at the distribution stage, which is largely associated with loss of fuel during loading or unloading.

Environmental assessment

One of the reasons that biofuel has been promoted in Ethiopia is to meet the green economy, which the country has envisaged in 2030. Nevertheless, the possible environmental impacts in the BBSC are overlooked [START_REF] Gebremeskel | A Preliminary assessment of socioeconomic and environmental issues pertaining to liquid biofuel development in Ethiopia[END_REF]. Some of the environmental unfriendly practices are highlighted in this section.

The bioethanol production plants in the two sugar estates, Metehara and Finchaa, have released pollutants to the environment. Without any treatment, the byproduct vinasses from the bioethanol plants are released to the adjacent water bodies, which contribute to eutrophication. Also, the burning of light oil fuel to provide energy to the bioethanol plant has resulted in the increase of emission of gases to the atmosphere. [START_REF] Demissie | Life cycle assessment of ethanol production from molasses in Ethiopia[END_REF] have quantified that these practices have contributed to 572 kg CO2 eq, 2.76 kg N eq, 79 kg SO2 eq, 9.6 kg 1,4 DB eq, and 157 kg oil eq of climate change, marine eutrophication, terrestrial acidification, terrestrial ecotoxicity, and resource depletion per 1000 L of bioethanol production respectively. Beside bioethanol production, sugarcane cultivation and molasses generation (sugar production) have a significant negative environmental impact. Sugarcane cultivation is the highest contributor of global warming along the bioethanol supply chain. This is because of sugarcane pre-harvest burning and fertilizer application. [START_REF] Gabisa | Life cycle environmental performance and energy balance of ethanol production based on sugarcane molasses in Ethiopia[END_REF] quantified that these practices in the cultivation stage have contributed to 41.2 kg CO2 eq global warming, 2.56 kg SO2 eq terrestrial acidification, and 31.3 kg 1,4 DB eq terrestrial ecotoxicity to produce 1 GJ of bioethanol but with insignificant impact on stratospheric ozone depletion and marine eutrophication.

Besides, the biodiesel feedstock, mainly jatropha and castor development in Ethiopia ignores the environmental sustainability concerns. The environmental impact assessment had not been performed by any of the commercial plantations before launching their project [START_REF] Gebremeskel | A Preliminary assessment of socioeconomic and environmental issues pertaining to liquid biofuel development in Ethiopia[END_REF]. The feedstock development harms the biodiversity, water, soil, and wildlife. In the out-grower programs, farmers complain about soil salinity and fertility due to some of the biofuel development programs. The biofuel feedstock developers utilize agrochemicals like fertilizers and pesticides, in which the impact was shown in the nearby water bodies. Lack of careful planning of water resources exploitation for irrigation remains a serious concern. Moreover, the feedstocks development has brought a negative impact on the conserved areas and biodiversity available in the country. For example, a thousand rare blackmaned lions and some 300 elephants were in danger after Flora Eco Power and Sun Biofuel cleared designated conservation areas for jatropha development respectively. All of the above concerns are a clear manifestation of the environmental unfriendliness of biofuel development in Ethiopia. However, none of the biofuel developers and the respective government offices take possible measures to mitigate these negative impacts as part of their environmental responsibilities [START_REF] Gebremeskel | A Preliminary assessment of socioeconomic and environmental issues pertaining to liquid biofuel development in Ethiopia[END_REF].

Because of the long distance between the bioethanol plants to the blending facility, bioethanol is shipped over 300 km distance via diesel engine trucks passing through densely populated cities of the country. Likewise, biodiesel feedstocks are produced far from the local customers and export market corridor that resulted in the transportation of the feedstocks over a long distance via trucks. Mostly old engine trucks with imperfect emission controls are used. A collaboration study from Federal Transport Authority of Ethiopia and Global Fuel Economy Initiative (GFEI) has estimated the annual emissions of heavy-duty diesel trucks in Addis Ababa is approximately 2,216 kg CO/year, 426 kg VOC/year, 3,873 kg NOx/year, 178 kg SOx/year, and 173 kg PM10/year (Federal Transport Authority and Global Fuel Economy Initative, 2012). Therefore, a huge amount of vehicular pollution is highly probable from materials transportation in the BBSC.

Social assessment

Job creation and agro-industries expansion to improve rural livelihoods are some of the positive contributions acquired from biofuel development in Ethiopia. The highest job opportunity is observed in the feedstock cultivation sites through direct employments in large-scale plantation, and indirect leasing to companies that produce biofuels [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF].

For example, Flora Eco-Power, which performed relatively better in terms of creating employment in a short period, had generated 246 permanent, 3,000 temporary jobs in its commercial plantation, and involve 4,000 farmers in its out-growers scheme before it was ceased [START_REF] Gebremeskel | A Preliminary assessment of socioeconomic and environmental issues pertaining to liquid biofuel development in Ethiopia[END_REF]. However, the level of employment generated by the biodiesel feedstock-producing companies is lower than the expected amount due to the relative sluggish implementation. Contrarily, there is already a visible positive impact on the livelihood of women and youth through creating thousands of wage labor in the areas where the government is investing in the expansion and newly established sugarcane plantations. The other job creation entity along the BBSC is the conversion plants. The two bioethanol producing plants in Ethiopia, Finchaa and Meterhara, have created employment opportunities for more than 50 and 65 peoples in their respective bioethanol processing plants respectively. Half of the generated jobs include permanent positions, and the remaining are for unskilled labor. Moreover, the three blending facilities in the country have also created significant job opportunities.

In addition to employment generation, the government and investors claim that the biofuel feedstock development has improved the local livelihoods by providing social services and improved infrastructures (Sugar Corporation, 2019). Nevertheless, some studies have criticized the state-sponsored sugarcane and the private-owned biodiesel feedstock development in Ethiopia as 'land grabbing' sponsored by the state that has displaced the local people from their ancestral land for little benefit [START_REF] Shete | Biofuel Feedstock Production in Ethiopia: Status, Challenges and Contributions[END_REF]. The food security is not taken into consideration while mobilizing the land and labor for the biofuel sector is another emerging concern. Moreover, companies that involve farmers in feedstock development (out-grower program) have taken advantage of the farmers. These companies approach the farmers to receive their consent and sign a contract to grow biofuel feedstock on their land at the support of regional administration officials. The agreement sets the maximum land the farmer allocated to the biofuel and predetermined price to sell their product. This has resulted in farmers earned less annual income for cultivating biofuel crops such as jatropha and castor, as compared to an income from growing food crops on their land. As a result, some farmers have withdrawn from such contracts. Besides, different sources indicated that the energy crop cultivation has destructing the ecological system of their land, which leads the farmers to be poorer than before. These practices have contributed to food insecurity regardless of what the government aspires [START_REF] Gebremeskel | A Preliminary assessment of socioeconomic and environmental issues pertaining to liquid biofuel development in Ethiopia[END_REF][START_REF] Wendimu | Jatropha potential on marginal land in Ethiopia: Reality or myth? Energy Sustain[END_REF]. On contrary, the findings from [START_REF] Gebreegziabher | The distributive effect and food security implications of biofuels investment in Ethiopia: A CGE analysis[END_REF] and [START_REF] Negash | Biofuels and food security: Micro-evidence from Ethiopia[END_REF] show that biofuel feedstock, especially jatropha and castor development in Ethiopia can improve the productivity of smallholder farmers, which ultimately enhances the food security. These paradox conclusions from different studies indicate the room for further research in the area.

Technological assessment

One of the major hurdles that hinder the growth of biofuel production in Ethiopia is related to technical challenges. As biofuel production is relatively new to Ethiopia, there is very little expertise, few trained and skilled manpower, and lack of suitable technologies that support the industry. Bioethanol production in both factories, Finchaa and Metehara, is carried out using biochemical conversion technology with three subunits, namely molasses treatment, fermentation, and distillation. However, bioethanol production has stopped several times in both factories due to technical failures. Boiler leakage at Finchaa had been the major cause of the malfunction in 2015. The frequency of leakage has become recurrent since then. Moreover, one of the three turbines in Metehara has been reportedly non-functional since 2014, which has, in turn, created a significant energy deficit that would have been used for bioethanol production. Another perceived impediment along the BBSC is the lack of sizeable storage facilities in the sugar factories. Apart from bioethanol, the large-scale biodiesel production technologies are not familiar as well as not available in Ethiopia. The biodiesel plant in Bati was a prototype largely developed from locally available technology even though it has stopped due to a lack of skilled personnel [START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF]. The country is using an in-line (injection) blending technology to mix the gasoline and bioethanol at the required blending ratio. The technology offers several advantages over conventional in-tank blending, including cost savings, reduced production time, improved quality, and greater production flexibility. The other technological problem along the BBSC is that the vehicles should go through engine modification to make them compatible with bioethanol and biodiesel blend. However, the government of Ethiopia has no strong short-term plan for engine modification on the existing vehicles so that they can utilize higher blends of bioethanol and biodiesel. On the contrary, there is good progress in restricting old vehicle import for fuel conservation and biofuel usage. The absence of improved seed for biodiesel feedstocks such as jatropha and castor and the weak institutional structure from federal to district level to provide the needed technical support to investors are also the ongoing challenges of the sector.

Political assessment

The unfavorable policy environment and outdated strategy have adversely affected the biofuel sector of Ethiopia. Some of the policy and strategy limitations and gaps are indicated here.

Ethiopia's biofuel strategy has not promoted private investment for bioethanol production, which, in turn, led to the underdevelopment of the sector contrary to the expectation. There is no clear indication in the strategy on either the bioethanol production from alternative feedstocks, other than sugarcane molasses, is permitted or not. The allocation of land for bioethanol crops does not appear to be supported. On the contrary, land has been availed for cultivating biodiesel feedstocks. Recognizing that the strategy does not restrain the substitution of biodiesel feedstocks in place of food crops, together with lack of agreement on the definition of 'marginal land' have raised the concern that biofuel development danger the food security endeavors of the country.

The tax incentive for private sector to get involved in biofuel industry is limited as it only provides an income tax break for the first five years. Apart from that, both biofuel policy and strategy promise to provide other technical and fiscal incentives for stakeholders along BBSC. However, the majority of the incentives set to promote biofuel production were significantly reduced after a few years because of the concern over food and biofuel crops competition. Furthermore, the investors complain about the allocation of only marginal lands for biofuel development and substantive narrowing of land through time [START_REF] Negash | Biodiesel value chain and access to energy in Ethiopia: Policies and business prospects[END_REF]. On the other hand, there is no clearly articulated incentive mechanism to support the use of ethanolflex fuel vehicles for consumers thus far. Moreover, some provisions such as duty-free imports for investment are not clearly written in the current investment framework and are frequently disputed. This investment guideline has created confusion among both policymakers and investors. Furthermore, the policy lacks clear targets for blending gasoline or diesel with biofuels to reach certain fuel standards.

Additionally, there are weak regulatory oversights. This is attributed to the absence of a clear mandate for the Biofuel Directorate under MoMPNG to enforce regulations, such as discouraging harmful practices, licensing, and promoting investment. Also, the unavailability of focal offices in the pertinent federal ministries to implement their biofuel related policies and regulations at regional and lower administrative levels, and inconsistencies between policies are the other reasons for inefficient regulatory works. Poor planning and implementation are observed along the BBSC. If the biofuel sector of Ethiopia employ thorough planning and frequent updating of the strategy, the policy and institutional problems could have been eased/solved, and also complete BBSC could have been developed by now.

Based on the identified bottlenecks in this section, Table 2-3 summarizes the major strategic decisions that should be taken by the policymakers along the BBSC to promote sustainable biofuel development in Ethiopia.

Table 2-3: Major strategic decisions need to be taken by policymakers along the BBSC

Supply chain stage

Strategic decision Remark

Feedstock Production

Feedstock type

Although the current biofuel production in the country is limited from sugarcane, jatropha, and castor, there are other several promising feedstocks, including crop residues (as estimated in Section 2.4.1), that can be promoted. Henceforth, the country should investigate the potential of other secondgeneration (2G) biofuel feedstocks and revisit the current biofuel strategy.

Location

Identify optimum bioethanol and biodiesel feedstocks cultivation areas in Ethiopia considering various factors. Moreover, there is currently no definition of "marginal" land in Ethiopia despite the strategy promotes biofuel development in marginal lands. Thus, clearly defining "marginal land" through a scientific method and coming to consensus among policymakers, agricultural experts and biofuel developers is one of the key strategic decisions that need to be taken.

Harvesting mechanism

Assess the optimum feedstock harvesting technologies for large-scale plantation and out-growers schemes, based on the yield, economic benefit, jobs creation, livelihoods of the society, and GHGs emissions. For example, shifting from manual harvesting to mechanical harvesting technology is recommended in the current sugarcane harvesting experience as the latter technology results in lower emission from sugarcane pre-harvest burning. However, the mechanical harvesting technology has created a significant unemployment rate. Therefore, optimizing these two paradox scenarios should be in consideration while selecting technologies.

Incentives

Optimum amount of incentive should be set for the feedstock producers.

Feedstock logistics

Preprocessing, storage, and transportation standard

To produce quality feedstock, it is necessary to have a preprocessing standard. The greater the extent to which the feedstock preprocessed, the lesser the need for complex storage and transportation infrastructure as well. Along with preprocessing, it is also important to have storage and transportation standards for feedstocks. These standards should be set by considering economic, environmental and social benefits.

Preprocessing technology and capacity

Selecting optimum technology type for each bioethanol and biodiesel feedstock's preprocessing unit is another strategic decision that needs to be set. This is carried out by considering the conversion yield, investment and production cost, environmental impacts, job creation potential, existing infrastructure, ease of technology, and other relevant considerations. Moreover, the lower and upper limit of each preprocessing unit's capacity should be set based on the location and technology type.

Conversion facilities (Biorefineries)

Location

The government has a strong stand on locating bioethanol conversion plants alongside sugar industries due to the proximity of the raw material. However, the bioethanol needs to transport for long distances to reach to the blending sites. This, in turn, leads to higher transportation costs and vehicular emissions. Therefore, it needs further study to address these two paradox scenarios and come up with an optimum location for bioethanol conversion facilities based on the feedstock location and blending sites. Moreover, the best location for biodiesel conversion plants should be assessed similarly.

Technology and capacity

Different types of technologies for producing biofuels are advancing rapidly. Further improvements to the existing technologies are also expected soon. Therefore, the other strategic decision should be on selecting the optimum technology types for each bioethanol and biodiesel production technologies taking into consideration the conversion yield, investment and production cost, environmental impacts, jobs creation potential, existing infrastructure, ease of technology, and other relevant considerations. Moreover, the lower and upper limit of each refinery's capacity should be set based on the location and technology type.

Incentives

Optimum amount of incentive should be set for biofuel producers in terms of tax holidays, long-term loans, and capital investment incentives for biofuels plants.

Biofuel logistics

Storage, and transportation standard

Storage and transportation standard for ready-to-blend biofuel is another issue that needs to be set.

Blending Location

The possible locations for blending sites should be identified based on the potential locations of biofuel production plant and end-users.

Standard

Stringent short-term and long-term national blending standard for bioethanol-gasoline and biodiesel-diesel should be set.

Conclusion

In Ethiopia, biomass-based biofuels are of rapidly growing interest for reasons of saving foreign currency, export earning, jobs creation, and GHGs mitigation. Being aware of this fact, national policies and strategies have been developed and implemented to promote the production and utilization of biofuels. Bioethanol production from sugarcane molasses and biodiesel production from jatropha curcas and castor seed are the strategic directions of the government of Ethiopia. This study has estimated the potential of the identified feedstocks for biofuel production. According to the estimation, a total of about 358 million liters of bioethanol potential per year from molasses generated in the existing and new sugar factories, when they become fully operational. The study has also estimated a total of about 280.55 and 282.85 million liters of biodiesel potential per year from jatropha and castor by using 1% of highly suitable land (identified from MoMPNG study) for their cultivation respectively. Apart from the stipulated feedstocks in the strategy, the study has estimated a total of about 4,060.37 million liters of bioethanol potential per year using the surplus sugarcane bagasse and widely available crop residues (crop stalk, sorghum stalk, wheat straw and rice straw).

Despite strong interest from the government and tremendous potential for biofuel development using the above biomass feedstocks, very little has been achieved in terms of bioethanol and biodiesel production over the last decade. Even the infant sector has shown sluggish progress.

The production of bioethanol is limited to only two sugar industries and the supply is by far less than the country's demand, whereas biodiesel has not passed the pilot-scale. This is attributed to several challenges that hinder the sector's progress along the BBSC. To this effect, a vigorous assessment of the existing BBSC concerning economic, environmental, social, technological, and political dimensions is presented in this study.

Based on the assessment, some of the major strategic decisions that should be taken by policymakers in the BBSC are (a) type, location and harvesting mechanisms of biomass feedstocks, (b) location, technology and capacity of biorefineries and preprocessing units, (c) standards for preprocessing, storage and transportation of biomass and biofuel, and (d) incentives for actors in the supply chain. Making evidence-based decisions by policymakers on the above strategic variables as well as on other strategic, tactical and operational issues is mandatory. Therefore, it is recommended to develop a comprehensive and realistic mathematical optimization-based decision-support model to design, plan, and manage the BBSC in a sustainable manner. However, before proceeding to the development of optimization model, a detail literature review must be carried out on scientific papers focusing on this area in order to identify the research gaps and future research directions, which ultimately provides novel considerations need to be incorporated in this research work. To this end, the intention of the next chapter is to perform a critical literature review on studies focusing on BBSC optimization model.

CHAPTER 3. A CRITICAL LITERATURE REVIEW ON SUSTAINABLE BBSC OPTIMIZATION: RESEARCH GAPS AND FUTURE DIRECTIONS Abstract

Currently, to support decision-making in different supply chains in general and BBSC in particular, worldwide attention has been given for mathematical optimization-based decision support models. However, the models developed have some limitations for not being used by countries as a planning or decision-making support tool. Therefore, the objective of this chapter is to review studies focusing on BBSC optimization model in order to investigate the research gaps (limitations) towards the achievement of realistic and comprehensive decision support model. To this end, a set of 50 papers has been selected in systematic approach and thoroughly reviewed by taking some important criteria. The criteria include considerations of the case study area, decision-making level(s), sustainability dimension(s), BBSC echelons, type of biofuel product(s) and uncertainty in each of the study. This, in turn, provides the research opportunity to develop a novel comprehensive decision-support optimization model, which considers different aspects simultaneously.

Introduction

Today, developing a sustainable BBSC in Ethiopia is more than important because of the expected increment in biofuel production and consumption shortly. The many aforementioned challenges in Section 2.4.2 and uncertainties related to dynamic criteria need more quantitative research that supports policymakers to make evidence-based decisions on the strategic issues identified in Table 2.3 and other tactical concerns.

Sustainable supply chain has become a cornerstone to any company that seeks to achieve sustainable goals. Currently, different operational research methods have emerged to support decision-making towards the achievement of sustainable supply chain, of which mathematical optimization method is the dominant one [START_REF] Barbosa-Póvoa | Opportunities and challenges in sustainable supply chain: An operations research perspective[END_REF]. Indeed, several optimization-based decision support models are developed by scientific studies to make evidence-based decisions related to design, plan, and manage supply chains of different products including the BBSC. These models are efficient when different parts of the supply chain, such as procurement, production, transportation, and distribution, as well as various sustainability dimensions and decision levels are integrated [START_REF] Shabani | Value chain optimization of forest biomass for bioenergy production: A review[END_REF].

The issue of sustainability is to meet the recent desires of humanity by combining economic prosperity, quality of life, environmental protection and rational use of natural resources, without compromising the ability of future generations to meet their own desires [START_REF] Ba | Models for optimization and performance evaluation of biomass supply chains: An Operations Research perspective[END_REF]. Therefore, in the process of designing, planning, and managing a biomass-to-biofuel sector and to aware decision makers on the potential impact it results, the BBSC should be thoroughly assessed by taking into account all sustainability dimensions. Of course, the economic, environmental, and social dimensions (the conventional sustainability pillars) were analyzed while dealing with different supply chains in general and BBSC in particular. Besides, the three pillars of sustainability, recent studies have recommended the incorporation of extended pillars of sustainability, namely technological and political, for comprehensive biofuel sustainability evaluation [START_REF] Bautista | Biodiesel-TBL+: A new hierarchical sustainability assessment framework of PC&I for biodiesel production -Part i[END_REF][START_REF] Espinoza Pérez | Key References 206 challenges and requirements for sustainable and industrialized biorefinery supply chain design and management: A bibliographic analysis[END_REF]. Therefore, all the above five sustainability aspects should be assessed in the BBSC design and plan.

The decision-making or planning of any supply chain, whatever the application domain, is carried out at either of the three decision levels or combination of them. The main classical decision levels are strategic, tactical, and operational. The strategic decisions focus on longterm goals (e.g. one to several years). Tactical level involves decisions that are made for medium-term goals (one to several months). Operational level deal with decisions that are made for short-term goals (e.g. weekly, daily or hourly) [START_REF] Atashbar | Modeling and optimization of biomass supply chains: A review and a critical look[END_REF]. The strategic decisions considered in the BBSC design include location, capacity, technology and number of the BBSC components, network of the supply chain, biomass sourcing etc. Tactical and operational levels focus on managing logistics of the BBSC, which includes decisions related to fleet management regarding transport mode, shipment size, routing, and scheduling, as well as biomass inventory planning related to how much to harvest and when to harvest, and biofuel production planning etc. [START_REF] Ba | Models for optimization and performance evaluation of biomass supply chains: An Operations Research perspective[END_REF][START_REF] Espinoza Pérez | Key References 206 challenges and requirements for sustainable and industrialized biorefinery supply chain design and management: A bibliographic analysis[END_REF].

Although several optimization-based decision support models are developed to the BBSC thus far, they have limitations to directly adapt and apply to real country-level cases in general and Ethiopia's biomass-to-biofuel case in particular. Therefore, the intention of this chapter is to review the studies thoroughly and sort out the current research gaps and future scientific challenges for developing a comprehensive and realistic decision support model with a mathematical optimization approach to the BBSC. This, in turn, provides the research opportunities to advance knowledge in the area of sustainable supply chain design.

The remainder of the chapter is composed as follows. The methodology followed for document collection and analysis are well described in the next section. Then, Section 3.3 presents the research gaps identified from the review and it provides novel simultaneous considerations of this research work in contrast with the reviewed studies. Finally, in the last section, conclusions are drawn.

Methodology

A systematic literature review approach comprised of two steps, i.e. document collection and analysis, has been performed in order to show the current advancements and research gaps in the scientific domain analogous to this work.

Document collection

A maximum effort was made to collect relevant studies through the following procedures. First, a primary search was conducted on papers that are published in peer-reviewed journals over the last one decade and focus on optimization-based biomass supply chain design. The main database used was SCOPUS. Moreover, other relevant researches in the scientific domain, which are not in SCOPUS but obtained from google search engine, were also considered. The keywords used were biomass, supply chain and optimization. Then, the search was refined by adding two keywords, i.e. bioethanol and biodiesel, and more than 200 papers were obtained. Finally, to be more specific and conduct a comprehensive analysis, the search was further filtered by excluding papers with the following intentions:

 Review papers.
 Papers that implement other operational methods along with optimization, i.e. simulation, data analysis, statistics, metaheuristics etc.  Papers emphasis on optimization of single component of the BBSC.  Papers that do not focus on a combination of at least two streams of the supply chain, i.e. upstream, midstream and down stream.  Papers without a case study on regional or national-level.

Document analysis

A comprehensive analysis was made on all the chosen papers based on six criteria, which are essential to show the current research gaps. The criteria include the case study area, decisionmaking level(s), sustainability dimension(s), BBSC echelons, type of biofuel product(s) and uncertainties considered in the studies. The findings of the review lead to sort out the novel ideas to be considered in this research work and future researches.

Result and discussion

Research gaps in reviewed studies

Based on the search strategy described in Section 3.2.1, about 50 studies were obtained that deal with BBSC optimization. Figure 3-1 depicts the distribution of the studies based on their year of publication. As it is indicated in this figure, several publications were made over the last decade that focused on BBSC optimization, in which its peak was reached in 2011. However, the number has shown a decline over the last five years. This is attributed to dealing the BBSC design and plan through operational research methodologies other than optimization. Moreover, the optimization studies developed recently might focus on different supply chains apart from BBSC focusing on bioethanol or biodiesel. Figure 3-2 depicts the keywords-based analysis for the selected studies to have a better understanding on the frequently used keywords in the BBSC optimization papers. Moreover, to characterize the studies in a comprehensive manner, Table 3-1 provides the supply chain feedstocks and products, case study area, decision-making level and sustainability dimensions considered in each of the chosen study. Corn grain and stover-to-bioethanol Italy X X X [START_REF] Giarola | Spatially explicit multi-objective optimisation for References 207 design and planning of hybrid first and second generation biorefineries[END_REF] Corn grain and stover-to-bioethanol Italy X X X X [START_REF] Hombach | Pareto-efficient legal regulation of the (bio)fuel market using a bi-objective optimization model[END_REF] Biomass-to-2 nd generation biodiesel Germany X X X [START_REF] Hombach | Optimal design of supply chains for second generation biofuels incorporating European biofuel regulations[END_REF] Biomass-to-gasoline, bioethanol, biodiesel Germany X X [START_REF] Hombach | Robust and sustainable supply chains under market uncertainties and different risk attitudes -A case study of the German biodiesel market[END_REF] Biomass-to-2 nd generation biodiesel Germany X X X [START_REF] Huang | Multistage optimization of the supply chains of biofuels[END_REF] Waste biomass-to-bioethanol California, U. Agricultural residue (corn stover), energy crops (e.g. switch grass), and wood residues (e.g., forest thinning)-tobioethanol Illinois state, U.S. X X X X X [START_REF] Yu | Supply Chain Optimization: Case Study of Stover to Ethanol Production Improvement[END_REF] Stover-to-bioethanol Northern Italy, Italy X X X (Zamboni et al., 2009b) Corn-to-bioethanol Northern Italy, Italy X X X X X

Case study area

A region or state-level was the case study boundary for most of the previous researches on biofuel optimization models (Alex [START_REF] Marvin | Economic Optimization of a Lignocellulosic Biomass-to-Ethanol Supply Chain[END_REF], which is also the case in more than 60% of the reviewed studies (see In some studies, national-level case studies were taken. However, the models in all these studies deal the system complexity in uncomprehensive manner (see Section 3.3.1.4) except the works from [START_REF] Andersen | Optimal design and planning of biodiesel supply chain with land competition[END_REF], [START_REF] Babazadeh | Optimal design and planning of biodiesel supply chain considering non-edible feedstock[END_REF], and (Babazadeh et al., 2017a). This is because national-level cases need many data, parameters and variables, which boost the model size and lead to the requirement of advanced solving methods to have an efficient optimization resolution with justifiable simulation time [START_REF] Miret | Design of bioethanol green supply chain: Comparison between first and second generation biomass concerning economic, environmental and social criteria[END_REF]. Moreover, lack of comprehensive countrywide data is also another challenge. As it is also indicated in Table 3-1, all the region-and national-level cases were considered for countries in America, Europe and Asia. There is no single case study conducted on African countries in general and Ethiopia in particular, despite the models developed in the researches can be applied for countries and regions in Africa with no, minor or major modifications based on the case study areas. Therefore, one advancement in this scientific domain could be the development of comprehensive countrywide decision-support optimization model that considers real cases of an African country.

Decision level

Decision-making in any supply chain design and management is hierarchized under three levels: strategic (long-term), tactical (medium-term), and operational (short-term). As shown in Figure 3-3, the strategic level has been the most studied one followed by strategic-tactical level. On the other hand, very few papers have focused on the combination of the three decision levels in their planning as well as tactical level planning solely. Moreover, no studies deal the operational level planning exclusively and combination of tactical-operational as well as strategic-operational level planning (see Figure 3-3).

The aim of strategic-tactical optimization models is to consolidate the long-term (strategic) planning, like the optimum capacity, technology and location of biorefinery and other facilities of the supply chain, along with the medium-term (tactical) planning, like transportation, material flows, and inventory management. At the strategic level, the most addressed topic in the studies is the network design problem, in which location is the top studied aspect.

In standard (conventional) strategic-tactical level planning strategies, the problem is split into sub-problems which can be solved successively as per their hierarchy [START_REF] Bitran | Hierarchical production planning[END_REF][START_REF] Stadtler | Advanced Planning in Supply Chains[END_REF]. The term 'hierarchical approach' is used for this conventional strategy in the remainder of this paper. In hierarchical approach, we first make optimal strategic (higher level) decisions and then use them to make optimal tactical (lower level) decisions. Therefore, the framework for the detailed tactical level decisions is imposed by the strategic level model decisions. In turn, the feedbacks from the tactical level decisions are used to evaluate the quality of strategic decisions [START_REF] Bitran | Hierarchical production planning[END_REF]. As it is indicated in Figure 3-3, the hierarchical planning is the dominant approach to deal with strategic-tactical models as it has the advantage of reducing complexity [START_REF] Stadtler | Advanced Planning in Supply Chains[END_REF], and keeps the decision-making hierarchy of an institution (Vogel et al., 2017). Nevertheless, non-optimal and infeasible solutions might arise due to non-interaction between planning levels [START_REF] Herrmann | Hierarchical production planning with part, spatial and time aggregation[END_REF]Vogel et al., 2017). Moreover, optimizing sub-problems often may result in suboptimal solutions for the entire problem (Vogel et al., 2017). It is not only undeniable truth from a purely mathematical perspective, but also the practical results of previous studies have shown the non-optimal and infeasible solutions arouse from the conventional hierarchical approach. In an exemplifying application, [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF] has planned the tactical level by using the solution of a strategic optimization model and observed that the recommended amount of biomass by the strategic model to be conveyed to the conversion plants was not sufficient to attain the plants' monthly demand for biomass. Moreover, the monthly demands for bioenergy were not attained by the prescribed production capacity of the conversion facility. [START_REF] Paradis | On the risk of systematic drift under incoherent hierarchical forest management planning[END_REF] also discovered the incoherence of the strategic and tactical level plans from hierarchical forest planning process using several simulated scenarios. The authors indicated that the hierarchical planning declined to secure the sustainability of the wood supply for long-term and meet the demand of industrial fiber over-time.

Therefore, the interaction among different planning or decision levels is mandatory to avoid the potential non-optimality and infeasibility of plans and decisions. To address this issue a single integrated model that considers the tactical and strategic levels simultaneously should be developed. However, such integrated models require vast data of longer planning periods along with huge computing capacity and tremendous computational time to reach a solution.

Thanks to the current advancement in computing power, few strategic-tactical integrated models have emerged recently. As indicated in Figure 3-3, only 8% of the studies (four papers) have attempted to deal their strategic-tactical models through the integrated planning approach, which are four studies [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF][START_REF] Ekşioǧlu | Analyzing the design and management of biomass-to-biorefinery supply chain[END_REF][START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF][START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF]. [START_REF] Ekşioǧlu | Analyzing the design and management of biomass-to-biorefinery supply chain[END_REF] has come up with an integrated mathematical model, which is used to design the supply chain (long-term decision) and biorefinery logistics management (medium-term decision) after inspecting the challenges related to logistics of biomass supply to biorefinery. In the same way, [START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF] also presented an integrated multi-period MILP model for determining the optimal efficient supply chain and logistics management decisions for the switch grass-based biofuel supply chain. To provide adequate supply of biomass feedstock for large-scale bioethanol production, [START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF] has developed an integrated biomass supply chain through simultaneously optimizing the tactical and strategic planning decisions. Similarly, [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF] has also developed an integrated model that incorporates both tactical and strategic decisions simultaneously to optimize forest-based biomass supply chain. In [START_REF] Ekşioǧlu | Analyzing the design and management of biomass-to-biorefinery supply chain[END_REF][START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF][START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF], it is assumed that the facilities of the supply chain could be launched at the beginning of the first planning year only. However, this assumption is not realistic as the biomass feedstock supply and biofuel demand are fluctuated over time due to several factors. To address this drawback, [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF] considers launching of the supply chain facilities at the beginning of each year to apprehend the supply and demand dynamism. 

Sustainability dimensions

As indicated in Table 3-1, the economic dimension was the center of investigation in more than 50% of the studies, followed by combination of economic-environmental dimensions with a 32% contribution. On the other hand, only six studies have addressed all the three conventional sustainability pillars in their models (Álvarez del [START_REF] Del Castillo-Romo | Multiobjective optimization for the socio-eco-efficient conversion of lignocellulosic biomass to biofuels and bioproducts[END_REF]Cambero and Sowlati, 2016;[START_REF] Miret | Design of bioethanol green supply chain: Comparison between first and second generation biomass concerning economic, environmental and social criteria[END_REF][START_REF] Osmani | Multi-period stochastic optimization of a sustainable multifeedstock second generation bioethanol supply chain -A logistic case study in Midwestern United States[END_REF][START_REF] Santibañez-Aguilar | Optimal planning and site selection for distributed multiproduct biorefineries involving economic, environmental and social objectives[END_REF][START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF]. Moreover, Espinoza Pérez et al., (2019) has considered the two extended sustainability pillars (technological and political) along with the three conventional pillars.

Several metrics were used to measure the economic, environmental and social objectives in the studies. for the time value of money. Although risks need to be considered while making long-term investment decisions, none of the above studies incorporate economic risk in their model.

Besides, Figure 3-4 also depicts that the widely used environmental objectives in the studies were minimization of GHG or CO2 emission per ton of material (e.g., [START_REF] Giarola | Spatially explicit multi-objective optimisation for References 207 design and planning of hybrid first and second generation biorefineries[END_REF][START_REF] Li | Supply chain design under uncertainty for advanced biofuel production based on bio-oil gasification[END_REF][START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF] and maximization of GHG savings per ton of material (e.g.,, Cambero et al., 2016). However, GHGs emission is not the only environmental impact generated from the life cycle of BBSC. In addition to GHGs, other emissions that result in acidification, eutrophication, fine dust, human toxicity etc. might be generated along the stages of the BBSC. To address this issue, the minimization of environmental impacts per ton of material is considered as an environmental objective in few studies and solved using the ecoindicator-99 approach (e.g., [START_REF] Murillo-Alvarado | Multi-objective optimization of the supply chain of biofuels from residues of the tequila industry in Mexico[END_REF][START_REF] Santibañez-Aguilar | Optimal planning and site selection for distributed multiproduct biorefineries involving economic, environmental and social objectives[END_REF][START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF]. One of the challenges in addressing environmental objectives is how to measure them in monetary terms, so that they can be easily compared with economic objectives. Among the studies indicated in Table 3-1, only two studies convert the environmental impact to monetary value [START_REF] Miret | Design of bioethanol green supply chain: Comparison between first and second generation biomass concerning economic, environmental and social criteria[END_REF][START_REF] Yu | Supply Chain Optimization: Case Study of Stover to Ethanol Production Improvement[END_REF]. Regarding the social dimension, the amount of jobs creation is the widely used indicator in the reviewed studies (see Figure 34).

All integrated strategic-tactical models revolve around economic objectives only, e.g., minimization of the annual supply chain costs in [START_REF] Ekşioǧlu | Analyzing the design and management of biomass-to-biorefinery supply chain[END_REF][START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF], minimization of the annual production costs in [START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF], and maximization of the net present value (NPV) in [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF]. However, the analysis of supply chain in general and BBSC in particular should combine the economic performances along with environmental and social perspectives. Therefore, incorporating environmental and social objectives in the integrated strategic-tactical economic optimization models is another future research direction. 

BBSC echelons

The BBSC network design models developed in many studies have failed to integrate all the echelons (upstream, midstream and downstream) of the supply chain. They rather considered the BBSC in a partial appearance (Babazadeh et al., 2017b;[START_REF] Espinoza Pérez | Key References 206 challenges and requirements for sustainable and industrialized biorefinery supply chain design and management: A bibliographic analysis[END_REF]. More focus is given for the upstream processes including the biomass cultivation sites, feedstock collection centers, and biorefineries [START_REF] An | Biofuel and petroleum-based fuel supply chain research : A literature review[END_REF]. Few studies consider the downstream processes containing biorefineries, biofuel distribution centers, and final demand zones. Although exclusive consideration of upstream, midstream or downstream portion of the BBSC minimizes the model computational complexity, it results in sub-optimal and infeasible solutions. Contrarily, integrating the upstream, midstream and downstream of the BBSC will synchronize the feedstock supply and biofuel demand effectively and provide optimum solutions for the strategic as well as tactical level decisions (Babazadeh et al., 2017b). Henceforth, to avoid sub-optimal and infeasible solutions, it is compulsory to consolidate all the echelons of the BBSC. Even those studies that consider upstream, midstream and downstream sections of the BBSC lack to incorporate some important components of the supply chain, especially decentralized preprocessing unit. [START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF] has performed an optimal design for the supply chain of bioethanol considering various conversion pathways, geographical diversity, and supply seasonality of biomass, demand distribution, and other important characteristics of the supply chain. However, they snub one of the major components of the supply chain, which is the preprocessing facility. Similarly, [START_REF] Miret | Design of bioethanol green supply chain: Comparison between first and second generation biomass concerning economic, environmental and social criteria[END_REF] and [START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF] have not incorporated the preprocessing stage while dealing with the optimization of bioethanol supply chain although they analyzed the remaining components of the BBSC comprehensively. Among the 50 studies indicated in Table 3-1, only ten of them have comprised all the BBSC echelons including a separate preprocessing stage in their analysis (An et al., 2011a;[START_REF] Andersen | Optimal design and planning of biodiesel supply chain with land competition[END_REF][START_REF] Babazadeh | Optimal design and planning of biodiesel supply chain considering non-edible feedstock[END_REF]Babazadeh et al., 2017a;d'Amore and Bezzo, 2016;[START_REF] Espinoza Pérez | Multiobjective optimization for the design of phase III biorefinery sustainable supply chain[END_REF]Osmani andZhang, 2017, 2013;[START_REF] Walther | Design of regional production networks for second generation synthetic bio-fuel -A case study in Northern Germany[END_REF][START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF].

The rest of the studies are either ignored the preprocessing unit or dealt it as one process of the biorefinery. Failure to consider a decentralized pretreatment operation in the BBSC may lead to an increment in the transportation cost due to the bigger size and higher moisture content of the raw biomass. Besides, the transformation and inventory costs are also penalized without the preprocessing stage. Henceforth, it is crucial to consider the optimum preprocessing unit localization, capacity, and technology to reduce the cost of logistics, and transformation.

Biofuel product types

Another drawback of the previous researches is that most of them consider a single biofuel product supply chain, either the bioethanol or biodiesel. Few researches have tried to extend the scope by considering a multi-product supply chain, by integrating either the bioethanol or biodiesel with the co-products associated with them. As it is indicated in Table 3-1, around 50% and 24% of the studies focused on bioethanol and biodiesel supply chain respectively. However, optimal designing of the BBSC that simultaneously considers both bioethanol and biodiesel is uncommon except the studies from [START_REF] Hombach | Optimal design of supply chains for second generation biofuels incorporating European biofuel regulations[END_REF][START_REF] Liu | A study of the LCA based biofuel supply chain multiobjective optimization model with multi-conversion paths in China[END_REF]Santibañez-Aguilar et al., 2015b[START_REF] Chapuis | Sustainable design of oilseed-based biofuel supply chains -The case of Jatropha in Burkina Faso[END_REF][START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF]. This is because the optimization model becomes more complicated as the type of feedstocks, and technologies for bioethanol and biodiesel production are quite different.

Furthermore, most of the integrated models [START_REF] Ekşioǧlu | Analyzing the design and management of biomass-to-biorefinery supply chain[END_REF][START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF]Zhang et al., 2013) focus on a single product supply chain that produces bioethanol. However, [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF] tried to come up with a supply chain that produces bio-oil along with heat and electricity. So far, there is no integrated strategic-tactical optimization model, which considers the simultaneous production of bioethanol and biodiesel.

Uncertainties

Finally yet importantly, uncertainty is another criterion to review the studies since the BBSC is subjected to numerous kinds of uncertainties especially in countries like Ethiopia where several external factors affecting the different parameters are existed. Only 10% of the studies in Table 3-1 have considered uncertainty through developing stochastic models [START_REF] Dal-Mas | Strategic design and investment capacity planning of the ethanol supply chain under price uncertainty[END_REF][START_REF] Mohseni | Robust design and planning of microalgae biomass-to-biodiesel supply chain: A case study in Iran[END_REF]Osmani andZhang, 2017, 2013;Santibañez-Aguilar et al., 2015a). A deterministic approach is considered in majority of the studies in which 66.67% of them do not consider uncertainty and the remaining 33.33% have attempted to address the uncertainties via sensitivity analysis on some parameters of the model. Regarding the treated types of uncertainties, biofuel demand has been the major emphasis of the studies, followed by biomass availability, biorefinery's operating cost, biomass purchasing price and biofuel selling price. However, none of the studies consider all of the above uncertainties simultaneously in their analysis except [START_REF] Osmani | Multi-period stochastic optimization of a sustainable multifeedstock second generation bioethanol supply chain -A logistic case study in Midwestern United States[END_REF]. In conclusion, uncertainty is not satisfactorily examined in the BBSC optimization studies, which is another area of future research.

All the above research gaps need to be filled to design a realistic and comprehensive optimization-based decision support model.

Novel simultaneous considerations of this study

Motivated from the above limitations, the aim of this work is to broaden the preceding research endeavors in the area of process system engineering by developing an optimization-based decision support model that incorporates the following important issues simultaneously: a. A real national level case study is considered. b. A multi-product BBSC, with the intention of producing bioethanol and biodiesel along with the associated co-products, is considered in the model. c. A comprehensive BBSC, which includes all the principal supply chain componentsupstream and downstream of the biorefineries along with a decentralized preprocessing unit is considered. d. The development of an integrated strategic-tactical level model is considered in order to prevent non-optimal and infeasible results, which may arise from hierarchical models. e. An integrated model that intends to maximize the economic and environmental benefits is considered f. Several impact categories are considered so as to assess the impact of the BBSC lifecycle on the environment in a comprehensive manner. Moreover, a monetary based indicator is considered to evaluate the environmental impact in order to compare with the economic objective clearly. g. The effect of uncertain parameters, which are out of the decision maker's control, on the future economic and environmental conditions of the BBSC are considered. h. A new approach that analyzes the compromise between objectives of large size model within a justifiable computational time and efficient optimization resolution is considered.

Addressing all the above concerns, novel decision support optimization models for biofuel sector are developed in the next chapters, focusing on Ethiopia's real case.

Conclusion

Recently, mathematical optimization-based decision support models have gained a considerable attention to support sustainable planning and decision-making in different supply chains in general and BBSC in particular. Nevertheless, the models developed so far are not comprehensive enough to be used by countries as a real decision-making or planning support tool. Cognizant to this fact, the objective of this chapter is to review studies focusing on BBSC optimization model in order to investigate the research gaps towards the achievement of realistic and comprehensive decision support model. To this end, a set of 50 papers, which focuses on optimization of supply chain that intends to produce bioethanol and biodiesel, were selected through systematic approach. Then, they were thoroughly reviewed by taking six important criteria, including case study area, decision-making level(s), sustainability dimension(s), BBSC echelons, biofuel product type(s) and uncertainty considerations.

It is found that a region or state-level was the case study boundary in most of the studies despite national-level cases are taken in few studies. Moreover, none of the study takes a case study on regions or countries in Africa. More than 90% of the studies have focused on either the strategic or combined strategic-tactical level decisions. Majority of the studies, which focused on strategic-tactical models, have followed the conventional hierarchical planning approach. However, only four studies have developed integrated models to come up with simultaneous strategic and tactical decisions at a time. The center of investigation in the studies is the economic objective, followed by economic-environmental objective. Moreover, a single biofuel product supply chain, either the bioethanol or biodiesel, were considered in most of the studies. Only five studies have tried to extend the scope by considering simultaneous production of bioethanol and biodiesel along with other products and associated co-products. However, the intention in all of the integrated models revolves around the economic objective and bioethanol supply chain only. Moreover, more than 80% of the studies have failed to integrate all the upstream, midstream and downstream echelons of the BBSC, especially the preprocessing unit is ignored or dealt as one process of the biorefinery in the papers. Lastly, uncertainty is not satisfactorily examined in majority of the papers. Future extension of this work could be to perform a comprehensive review on the remaining papers in this scientific domain as this review might have a limitation of addressing all pertinent papers. Moreover, considering criteria other than the one dealt in this study for reviewing the papers could be an area for future research.

Based on the above review, novel simultaneous considerations are explored to develop comprehensive decision support optimization models in the next chapters.

CHAPTER 4. MONO-OBJECTIVE AND STRATEGIC LEVEL ECONOMIC OPTIMIZATION MODEL Abstract

This chapter intends to develop a strategic level and mono-objective optimization model that seeks to maximize the net present value (NPV) of the BBSC. The optimization model is applied to the real case of Ethiopia's BBSC to provide a planning support tool for policymakers over a 20-year horizon. Although several economic optimization models developed in previous studies, this contribution broadens the preceding research endeavors by considering the following three efforts simultaneously: First, adverse to the optimization models developed previously, a multi-product BBSC that produces bioethanol and biodiesel with the associated co-products is considered. Second, a comprehensive supply chain, which incorporates a decentralized preprocessing unit along with other principal supply chain componentsupstream and downstream of the biorefineries, is considered. Third, the investment decisions related to location, technology, and capacity of facilities happen on yearly basis, unlike many studies that consider this decision only at the beginning of the planning period. The problem is formulated as spatially explicit, multi-feedstock, multi-product, multi-period and multiechelon mixed integer linear programming (MILP) model. The model provides optimum strategic decisions, including the network of the BBSC along with the number, location, technology and capacity of the supply chain components. Moreover, the optimum strategic decisions are used to make optimal tactical decisions, which results in infeasible solutions in some cases. Therefore, the development of integrated model that makes optimal strategic and tactical decisions simultaneously is recommended, which will be the focus of the next chapters.

Introduction

The aforementioned economic challenges of the BBSC in Section 2.4.2.1 and uncertainties related to dynamic criteria need more quantitative research that supports policymakers to make evidence-based plans and decisions on the strategic issues. Henceforth, a scientific-based BBSC planning should be intervened. BBSC planning decisions have significant economic impacts as all activities from feedstock cultivation to final product market are well integrated [START_REF] Atashbar | Modeling and optimization of biomass supply chains: A review and a critical look[END_REF]. The economic viability of the biofuel sector is significantly influenced by the BBSC network design, planning, and management (Yue et al., 2014b). To unlock economic challenge and leapfrog the biofuel sector as per the Ethiopian government expectation, the sustainable design and planning of the BBSC, which is supported by optimization, is imperative. This, in turn, helps the sector to be financially viable and remain profitable.

Therefore, the intention of this chapter is to develop a planning or decision support economic optimization model for Ethiopia's BBSC, which can be ubiquitously used by the policymakers and other pertinent actors -producers, suppliers, and intermediaries -in order to make more intelligent and mathematically substantiated plans or decisions. The expected outcome of the optimization model refers to strategic decisions for the entire BBSC over the next 20 planning years.

To this end, a mono-objective optimization model, which intends to maximize the net present value (NPV) of the BBSC, is developed and applied to the real case of Ethiopia's BBSC. This model is designed for long-term planning studies, in that it is utilized to optimize the Ethiopian BBSC over a 20-year planning horizon with yearly time steps. Motivated from the limitations of the optimization models developed previously, a multi-product BBSC with the intention of producing bioethanol and biodiesel and a comprehensive BBSC, which includes all principal upstream, midstream and downstream supply chain components along with a decentralized preprocessing unit, is considered.

Moreover, this model broadens the preceding research endeavors by incorporating the following issues in the model simultaneously:

a) Decisions associated with location, technology, and capacity are considered here unlike to many researches that either consider one of these decisions exclusively or combination of two of them only, especially location and capacity. b) The investment decisions associated to location, technology, and capacity of the facilities are appeared on yearly basis contrarily to many studies that consider this decision only at the beginning of the planning period. c) In the model, the choice between two strategies is left free because of the investment hurdle involved in creating a complete supply chain. The strategies are (1) investing the totality from the start (even if the production units will not operate at their maximum capacity at the beginning), or (2) having an investment staggered over time, which allows to limit the risks, and smooth the costs.

The remainder of the chapter is composed as follows. Section 4.2. presents the general structure of the BBSC and the development of mono-objective optimization model, which includes objective function formulation along with constraints and mass balances in all supply chain components. The optimization model formulated here is used as a foundation for the models developed in the next chapters. Section 4.3 presents all economic and technical data used in the development of the case study. These data are also used for Chapter 5 and Chapter 6. In Section 4.4, the computational results of the strategic mono-objective problem are presented and discussed in detail. Moreover, in this section, few optimal tactical decisions are made based on the strategic model results in order to show the drawback of the approach used in this chapter. Finally, conclusions are drawn in the last section and future research avenues are recommended, of which the approach developed in the next chapter is highly proposed.

Methodology

General structure of the BBSC

Several specific activities are considered while dealing with the development of SC in general and BBSC in particular. This study considers all the principal SC components -upstream and downstream of the biorefinery, which includes biomass purchasing center, biomass preprocessing unit, biorefinery, biofuel distribution center, and demand zone. The superstructure representing the five consecutive activities of the BBSC is illustrated in Figure 4-1 and the problem is described as follows. Various types of biomass feedstocks b, which are purchased from different supply sources h, are considered in the proposed BBSC optimization model. For the sake of pretreatment, these biomasses are transported to the respective preprocessing unit with capacity c and technology f that is installed at candidate location i.

Then, the preprocessed biomasses d are conveyed to a biorefinery with capacity e and technology g, which is installed at candidate location j, for the production of the respective biofuels u and co-products v. The biofuels u reaches the final demand centers m through either of the following two pathways. First, the biofuel u is transferred from the biorefinery j directly to the demand zone m. Second, it is shipped to the distribution center with capacity a, which is installed at candidate location k, and then to demand zone m. Meanwhile, the co-product v directly goes from the biorefinery j to the respective demand zone n. 

Mono-objective optimization model formulation

A deterministic model is selected since the solution of this model gives decision makers an excellent insight for making best choices. Despite the deterministic model lacks to include the different uncertainties available in the BBSC, this issue will be addressed by performing sensitivity analysis in the next chapters. The strategic level mono-objective optimization model developed in this chapter intends to maximize the NPV of the BBSC. It is designed for longterm planning studies, in that it is utilized to optimize the Ethiopian BBSC over a 20-year horizon. The model considers yearly time period. In order to address the whole behavior of the BBSC, the problem is designed as a spatially explicit, multi-product, multi-feedstock, multiperiod, and multi-echelon MILP modeling framework. MILP model is selected due to the following two important facts. First, the model include both integer and non-integer (fractional) variables to define the installation of BBSC components and other continuous decision variables respectively. Second, although many real systems are inherently nonlinear, optimizing nonlinear programs is difficult due to its computation time and discontinuities in space solution.

Model variables and parameters

The expected output of the model refers to strategic decisions in the supply chain, which includes the network configuration BBSC, capacity, technology, and location of the biorefineries and preprocessing units as well as the capacity and location of distribution centers. Moreover, optimum decisions related to annual production, inventory, and transportation of materials along the BBSC are expected results of the model. In the proposed BBSC, the deterministic parameters used are the amount of biomass feedstock, and the respective supply location, biofuel (bioethanol and biodiesel), and co-products demand amount and location. The operating and capital investment costs, maximum processing and storage capacities, and candidate locations of the biorefinery, preprocessing units, and product distribution facilities are the required parameters too. Moreover, the biomass procurement cost and selling price of the biofuels and co-products, as well as transport logistics (modes, costs, availability, and distances) are also important parameters of the model. Table 4- 

Continuous variables

𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦 Amount of biomass b transported from supply source h to preprocessing center i in the year y, ton 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦 Amount of preprocessed biomass d transported from the preprocessing center i to the biorefinery located at j in the year y, ton 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦 Amount of biofuel u transported from biorefinery located j to distribution center k in the year y, ton 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦 Amount of biofuel u transported directly from biorefinery j to market m in the year y, ton 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦 Amount of biofuel u transported from distribution center k to market m in the year y, ton 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦 Amount of co-product v transported from the biorefinery j to market n in the year y, ton 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦 Inventory level of biofuel u at distribution center k in the year y, ton 𝑃𝑏ℎ 𝑏,ℎ,𝑦 Amount of biomass b procured from harvesting site h in the year y, ton 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 Amount of biomass b transformed to pretreated biomass d at preprocessing facility i with technology f in the year y, ton 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 Amount of preprocessed biomass d produced from biomass b at preprocessing facility i with technology f in the year y, ton 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 Amount of preprocessed biomass d transformed to biofuel u at biorefinery j through technology g in the year y, ton 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 Amount of biofuel u produced from preprocessed biomass d at biorefinery j through technology g in the year y, ton 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦 Amount of co-product v produced from preprocessed biomass d at biorefinery j through technology g in the year y, ton 

Binary variables

Objective function

In this first study, the design is established with a mono-objective optimization problem that intends to maximize the NPV of the BBSC. The NPV, as illustrated in equation (4-1), is calculated by taking into account the cash inflow (total annual revenue) and cash outflows (total annual cost and investment cost) in a specific year. It is considered that the investment cost can be deployed before the beginning of each year.

𝑁𝑃𝑉 = ∑ ([ 1 (1 + 𝑖𝑟) 𝑦 (𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑦 -𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑦 )] 𝑌 𝑛=1 -[ 1 (1 + 𝑖𝑟) 𝑦-1 (𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 𝑦 )]) (4-1)
The revenue is calculated by considering the selling price and amount of the biofuel products and co-products, which is given in equation (4-2).

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒

𝑦 = ∑ ∑ ∑ (δ 𝑢 * 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦 ) 𝑚∈𝑀 𝑘∈𝐾 𝑢∈𝑈 + ∑ ∑ ∑ (δ 𝑢 * 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦 ) 𝑚∈𝑀 𝑗∈𝐽 + ∑ ∑ ∑(𝛿 𝑣 * 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦 ) 𝑛∈𝑁 𝑗∈𝐽 𝑣∈𝑉 𝑢∈𝑈 (4-2)
As it is given in equation (4-3), the total cost is composed of biomass procurement, production, inventory, and transportation costs, which are expressed in equation (4-4), equation (4-5), equation (4-6), and equation (4-7) respectively. As it is illustrated in equation (4-8), the investment cost is calculated by taking into account the installation costs of the required preprocessing units, refineries, and distribution centers. 

Model constraints and mass balance

The design process is subjected to logical constraints and mass balances that must be satisfied at each supply chain nodes.

Biomass feedstock supply

The total amount of biomass b procured from harvesting site h in each year y should not exceed its availability (avbb,h,y).

𝑃𝑏ℎ 𝑏,ℎ,𝑦, ≤ avb 𝑏,ℎ,𝑦 ∀𝑏 ∈ 𝐵, ℎ ∈ 𝐻, 𝑦 ∈ 𝑌 (4-9)
The biomass feedstock collected in each year is transported to the adjacent preprocessing units i, as stated in constraint (4-10). Constraint (4-16) ensures that the preprocessing facility continues its operation throughout the planning period once it is opened.

𝑆 𝑖,𝑓,𝑐,𝑦 ≥ 𝑆 𝑖,𝑓,𝑐,𝑦-1 ∀𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑐 ∈ 𝐶, 𝑦 ∈ 𝑌 (4-16)

Constraint (4-17) ensures that the total amount of preprocessed biomass produced may not be greater than the processing capacity of the preprocessing facility, in terms of weight (vodic). Moreover, the preprocessing of the biomass must be zero if the facility is not built.

𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 ≤ ∑(𝑆1 The mass balance of biofuel u and co-product v at biorefinery j is given by constraint (4-21) and ( 4 The following constraint represents that at most one preprocessed biomass d is converted to biofuel u and one capacity level e could be selected at each biorefinery j with technology g in year y. Constraint (4-25) ensures that the biorefinery continues its operation throughout the planning period once it is opened.

𝑅 𝑗,𝑔,𝑒,𝑦 ≥ 𝑅 𝑗,𝑔,𝑒,𝑦-1 ∀𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑒 ∈ 𝐸, 𝑦 ∈ 𝑌 (4-25)

Constraint (4-26) ensures that the total amount of biofuel produced may not be greater than the biorefinery processing capacity, on weight basis (vouje). Moreover, the production must be zero if the biorefinery is not built. Constraint (4-30) ensures that the distribution center continues its operation throughout the planning period once it is opened.

𝑄 𝑘,𝑎,𝑦 ≥ 𝑄 𝑘,𝑎,𝑦-1 ∀𝑘 ∈ 𝐾, 𝑎 ∈ 𝐴, 𝑦 ∈ 𝑌 (4-30)

Constraint (4-31) represents that the total amount of biofuel stored at the distribution center may not be greater than its storage capacity, on weight basis (vouka). Furthermore, if the distribution center is not built at k and capacity a, the inventory level must be zero.

𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦 ≤ ∑(𝑄 𝑘,𝑎,𝑦 * vouk 𝑎 ) 𝑎∈𝐴 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌 (4-31)

Biofuel and co-product demand Zone

Constraint (4-32) ensures that the amount of biofuel conveyed from the biofuel distribution facility k and directly from biorefinery j is equal to the demanded amount of biofuel u by the customer at m in year y (dmum u,m,y).

∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦 𝑘∈𝐾 + ∑ 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦 𝑗∈𝐽 = dmum 𝑢,𝑚,𝑦 ∀𝑢 ∈ 𝑈, 𝑚 ∈ 𝑀, 𝑦 ∈ 𝑌 (4-32)

In the same scenario, constraint (4-33) ensures that the amount of co-product shipped from the biorefinery j is equal to the demanded amount of co-product v by the customer at market zone n in year y (dmvn v,n,y).

∑ 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦 𝑗∈𝐽 = dmvn 𝑣,𝑛,𝑦 ∀𝑣 ∈ 𝑉, 𝑛 ∈ 𝑁, 𝑦 ∈ 𝑌 (4-33)

Initial year inventory and facility installation constraints

The biofuel initial inventory at the distribution center is assumed to be zero at the initial year.

𝐼𝑉𝑈𝐾 𝑢,𝑘,0 = 0 ∀ 𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾 (4-34)

Moreover, it is assumed that the preprocessing unit, biorefinery, and distribution center are not installed at the initial year.

𝑆 𝑖,𝑓,𝑐,0 = 0, 𝑅 𝑗,𝑔,𝑒,𝑜 = 0, 𝑄 𝑘,𝑎,0 = 0, ∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾, 𝑓 ∈ 𝐹, 𝑔 ∈ 𝐺, 𝑐 ∈ 𝐶, 𝑒 ∈ 𝐸, 𝑎 ∈ 𝐴 (4-35)

Case study economic and technical data

The strategic mono-objective model developed herein is applied to Ethiopia's real case to illustrate the model effectiveness and its capabilities to support the designing and planning of the country's biofuel sector. Despite obtaining data was a challenge, a maximum effort was made to come up with a real and comprehensive data set through direct contact with several respective government offices, existing biomass feedstock developers, and bioethanol producer sugar estates available in the country and from literature surveys.

Candidate locations

Ethiopia's administration structure was taken into consideration to determine the candidate locations for different components of the supply chain. Ethiopia is subdivided into nine regions and two city administrations. However, there is a wide gap between the land area of these regions ranging from 0.034 million ha in Harari region to 28.5 million ha in Oromia region. Therefore, this study considered the second-level subdivision of the country called Zones. Zones are below regions and above districts. The regions of Ethiopia are administratively divided into 68 zones, including the special districts. Various maps give different zone names and boundaries. This case study identified 58 zones, excluding the special districts and zones with small land area and population size. The zones considered in this study are given in Figure 4-3.

All the 58 zones were considered as candidate locations for preprocessing facilities, biorefineries, and distribution centers. The candidate locations for the biomass supply were restricted to the biomass feedstock producing zones. The biofuel demand centers were restricted to the 11 cities, which are the capital of the regions. This is because the data for forecasting the vehicle-biofuel demand is available only for these major cities. 

Biomass feedstock supply

Biomass-based biofuel production particularly bioethanol from sugar byproduct -molasses and biodiesel from jatropha and castor are the key strategic directions outlined in Ethiopia's biofuel strategy. Moreover, utilizing abundant lignocellulostic biomasses and crop residues, like bagasse and corn stover, for bioethanol development has raised hopes due to their huge abundance and cellulosic composition. Therefore, the feedstocks examined in this case study are corn stover, sugar cane molasses and bagasse for bioethanol production, and jatropha, and castor for biodiesel production.

The amount of corn stover generated was estimated based on the corn production in each zone and residue-to-product ratios -RPR (kg.kg -1 ). The latest corn production data of 2019/20 was taken from the Ethiopia Central Statistical Agency website. Here, only the top corn producer zones of the country were taken as candidate supply locations of stover. The average RPR was assumed to be 1:1 (Alex [START_REF] Marvin | Economic Optimization of a Lignocellulosic Biomass-to-Ethanol Supply Chain[END_REF][START_REF] January | Current and Potential U[END_REF]. The amount of stover used for cattle feed was deducted from the gross generation to estimate the sustainable amount of stover that can be used for bioethanol production. A recent assessment from FAO (FAO, 2018b) has shown that the amount of stover used for cattle feed in the two top corn producer regions of Ethiopia, Oromia and Amhara, is estimated to be 60% and 90% respectively. Therefore, the average 75% was taken as a cattle feed and the remaining 25% of the stover from each top corn producer zones was assumed as a bioethanol feedstock in this case study.

Since sugar industries are the only place where molasses and bagasse are generated, the annual production of the two feedstocks were estimated based on sugar production. The Ethiopian Sugar Corporation website (Sugar Corporation, 2019) was used to collect sugar production data of the existing operational and under construction sugar factories. The under-construction factories were considered since they are expected to start operation shortly based on the government plan. The recent operational sugar factories' experience was used to estimate the amount of molasses and bagasse generated from the envisaged annual sugar production of the new factories. In each year of the planning period, the amount of stover, molasses, and bagasse generation was assumed to be the same. This assumption was taken by considering the corn production will not show significant change and no additional sugar factories, other than the currently operated and under construction factories, will not be launched during the planning period.

The amount of jatropha and castor seed produced was estimated based on the land area (ha) dedicated to their cultivation and the yield in terms of ton per ha (t.ha -1 ). Some studies have given data on the amount of land availed for jatropha and castor plantations in some zones of Ethiopia to local and international investors [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF][START_REF] Lakew | Rapid assessment of biofuels development status in Ethiopia and proceedings of the national workshop on environmental impact assessment and biofuels[END_REF][START_REF] Salehu | Implementing biofuels programme for household and transport energy use; Case study on regulatory reforms for adoption of biofuels programme in Ethiopia[END_REF]. Therefore, the land area data from the studies were used to estimate the potential production amount of the two feedstocks. The present case study assumed an average yield of 5 t.ha -1 (MoMPNG, 2018) to estimate the amount of jatropha produced. On the other hand, the castor seed yield was assumed to be 1.61 t.ha -1 based on the FAO data (FAO, 2018a). The amount of jatropha and castor was assumed to be double after 10 years based on the forecast from experts in the Ethiopian Ministry of Agriculture.

Table 4-2 presents the annual availability of the five biomass feedstocks at the different locations/zones of Ethiopia over the planning period.

Biofuel and co-product demand

The bioethanol and biodiesel demand projection over the planning period is well discussed in Section 1.2.5. The demand for the co-product -glycerol was forecasted based on Ethiopian Customs and Revenues Authority import data. Table 4-3 provides the annual demand of bioethanol, biodiesel, and glycerol in the coming 20 years. 
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Biorefinery technologies, capacities, costs and conversion factors

The four technologies, which are discussed in Section 1.1.3, are considered as refinery technologies in this study. These are biochemical conversion with acid pre-treatment and thermochemical conversion through gasification for bioethanol production and the conventional homogeneous base-catalyzed transesterification using KOH and the emerging heterogeneous base-catalyzed transesterification using CaO [START_REF] Marinković | Calcium oxide as a promising heterogeneous catalyst for biodiesel production: Current state and perspectives[END_REF] for biodiesel production. These four technologies were chosen based on the existence of sufficient techno-economic data for analysis. Moreover, the biomass feedstocks as well as economic and environment conditions are also other criteria to select the technologies [START_REF] Berhanu | Expanding sustenance in Ethiopia based on renewable energy resources -A comprehensive review[END_REF].

The production capacity of the refinery was determined based on metric ton of raw material.

The lower biorefinery production capacity was taken from the existing production capacity of one of the bioethanol plants in Ethiopia. Meanwhile, the upper production capacity of the biorefinery was determined by considering the highest anticipated biofuel demand within the planning period. Taking the lower and upper bounds, six capacity levels of the biorefinery were selected by using discretization approach. These capacities are 30, 80, 200, 500, 1,000, and 2,000 kton of feedstock per year.

Due to lack of real biorefinery plant in Ethiopia, most of the techno-economic data were estimated using different researches conducted previously. The investment and production costs of bioethanol producing refineries were estimated based on the techno-economic analysis results from the Aspen Plus models developed by [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF] and [START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF]. The variable production cost of molasses conversion to bioethanol was taken from the cost of similar plant built in Ethiopia, i.e. bioethanol plant in Metehara sugar factory [START_REF] Gebreegziabher | Profitability of biofuels production: The case of Ethiopia[END_REF]. Since corn stover and bagasse have almost similar conversion rates to bioethanol, chemical properties, and lignocellulosic composition [START_REF] Singh | Bioresource Technology Key issues in life cycle assessment of ethanol production from lignocellulosic biomass : Challenges and perspectives[END_REF][START_REF] Zabed | Fuel ethanol production from lignocellulosic biomass : An overview on feedstocks and technological approaches[END_REF][START_REF] Zakir | Production of Biofuel from Agricultural Plant Wastes : Corn Stover and Production of Biofuel from Agricultural Plant Wastes : Corn Stover and Sugarcane Bagasse 4-11[END_REF], the production cost of bioethanol from both feedstocks was assumed to be similar.

Moreover, Aspen plus process models of [START_REF] Tasić | Cost analysis of simulated basecatalyzed biodiesel production processes[END_REF] were used to determine the investment cost, production cost and other techno-economic parameters for the homogeneous and heterogeneous base-catalyzed transesterification technologies. The production cost of biodiesel from jatropha oil and castor oil was assumed to be similar as they have close conversion rate to biodiesel (Santibañez-Aguilar et al., 2011) and physico-chemical properties [START_REF] Dash | Physico-chemical characterization of Miscanthus , Castor , and Jatropha towards biofuel production[END_REF][START_REF] Wai | Physio-chemical Studies of Locally Sourced Non-Edible Oil : Prospective Feedstock for Renewable Diesel Production in[END_REF].

Since 2019 was taken as a reference year for all costs in this work, each cost before this year were actualized using chemical engineering cost index values. The investment as well as fixed and variable production costs for the different capacity levels were obtained using Chilton's law equation, as indicated in equation (4-36). The Chilton power coefficients used for the different cost data were taken from previous research works.

𝐶𝑜𝑠𝑡 1 𝐶𝑜𝑠𝑡 2 = ( 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 1 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 2 ) 𝑐𝑜𝑒𝑓𝑓 (4-36)
The investment costs and fixed and variable production costs associated with the four technologies and six capacity levels are given in Table 4-4. a A 0.7 and 0.6 power relationship estimated the investment and fixed production costs for different production capacities of bioethanol and biodiesel producing technologies respectively [START_REF] Tsagkari | Early-Stage Capital Cost Estimation of Biorefinery Processes: A Comparative Study of Heuristic Techniques[END_REF]). b A -0.14 and -0.22 power relationship estimated the variable production cost for different production capacities of biodiesel and bioethanol producing technologies respectively [START_REF] Espinoza | Biorefinery supply chain design optimization under sustainability dimensions[END_REF][START_REF] Felix | Viability of Biofuel Production Chains[END_REF].

The conversion factors of the three biomass feedstocks -molasses, corn stover, and sugarcane bagasse to bioethanol via the two technologies were obtained from Sugar Corporation (2019), [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF], and [START_REF] Michailos | Biorefinery approach for ethanol production from Bagasse[END_REF] studies respectively. Similarly, the conversion factors for jatropha oil and castor oil to biodiesel and co-product glycerol, via the two transesterification technologies, were obtained from previously conducted studies [START_REF] Ismail | Biodiesel Production from Castor Oil by Using Calcium Oxide Derived from Mud Clam Shell[END_REF][START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF][START_REF] Keera | Castor oil biodiesel production and optimization[END_REF][START_REF] Labib | Kinetic study and techno-economic indicators for base catalyzed transesterification of Jatropha oil[END_REF]. The conversion factors are given in Table 4-5. 

Preprocessing technologies, capacities, costs and conversion factors

The preprocessing processes considered for the corn stover and bagasse are drying and size reduction using hammer mill, whereas no preprocessing was considered for the molasses. On the other hand, mechanical and solvent extractions are the preprocessing technologies considered for biodiesel feedstocks (jatropha and castor). The six capacity levels of the preprocessing facilities considered in this study were 90, 240, 600, 1,500, 3,000, and 6,000 kton of wet biomass per year. These capacities were chosen based on the required amount of preprocessed biomass in the different capacity levels of biorefineries and taking into account the worst scenario, which is the least conversion rate among the different raw materials.

The investment cost for the drying and size reduction unit was estimated using the Lang Factor method [START_REF] Peters | Plant design and economics for chemical engineers[END_REF] after taking the purchased equipment cost of the hammer mill. Besides, the production cost was estimated based on the study of [START_REF] Cao | LCA and TEA of corn stover size reduction[END_REF].

The investment and production cost of the mechanical extraction to process jatropha was obtained from [START_REF] Espinoza | Biorefinery supply chain design optimization under sustainability dimensions[END_REF]. Then, a correlation from [START_REF] Cheng | Economics of plant oil recovery: A review[END_REF] was used to estimate the solvent extraction investment cost and production cost based on the mechanical extraction costs. Moreover, the variable production cost of castor was estimated by considering the processing cost of jatropha and the conversion rates of jatropha and castor seed in the preprocessing unit.

Similar to the biorefinery, the preprocessing unit's investment as well as fixed and variable production costs for the different capacity levels were obtained using equation (4-36). Table 4-6 presents the investment costs as well as fixed and variable production costs associated with the three preprocessing technologies and six capacity levels. [START_REF] Tsagkari | Early-Stage Capital Cost Estimation of Biorefinery Processes: A Comparative Study of Heuristic Techniques[END_REF]. b A 0.5 power relationship estimated the fixed production cost for different production capacities of all preprocessing technologies. c A -0.2, -0.07 and -0.15 power relationship estimated the variable production cost for different production capacities of drying and size reduction, mechanical extraction and solvent extraction technologies respectively [START_REF] Espinoza | Biorefinery supply chain design optimization under sustainability dimensions[END_REF][START_REF] Tsagkari | Early-Stage Capital Cost Estimation of Biorefinery Processes: A Comparative Study of Heuristic Techniques[END_REF].

The conversion factors of the two biomass feedstocks, corn stover and bagasse to their respective pretreated biomass through drying and size reduction were obtained by conducting an experiment in Chemical Engineering laboratory of Addis Ababa University. First, both of them were rinsed by distilled water, air dried, milled by hammer mill and passed through 2 mm mesh size screen. The sieved feedstocks were spread on plastic covers and left to dry in the sun for two days as the moisture has an impact on transport, storage, and processing. The ASTM standard method was used to determine the moisture content of the feedstocks [START_REF] Cai | Review of physicochemical properties and analytical characterization of lignocellulosic biomass[END_REF]. Finally, the conversion factor for the drying and size reduction unit was calculated as the amount of feedstock remained after the size reduction and moisture removal (kg) divided by the initial weight of the feedstock (kg). On the other hand, the conversion factors of the jatropha and castor seed to jatropha and castor oil respectively through the mechanical and solvent extraction technologies were obtained from [START_REF] Kassahun | Oil content, fruit and seed characteristics Ethiopian Jatropha (Jatropha curacas L.) provenances[END_REF], [START_REF] Mitchell | Biofuels in Africa[END_REF], and [START_REF] Alemaw | Diversity of castor ( Ricinus communis L.) in Ethiopia[END_REF]. The conversion factors are given in Table 4-7. 

Distribution center capacities and costs

The six capacity levels of the distribution center considered in this study were 20, 60, 100, 200, 600, and, 1,200 kton of biofuel per year. These capacities were chosen based on the anticipated biofuel production potential of the different biorefinery capacities. An enclosed structure is considered for biofuel storage with inventory holding cost of $72/ton-annum (Yue et al., 2014a). The investment cost was estimated based on the data found from one of the oil distributors in Ethiopia and Chilton's law equation was used to determine the investment cost for the six capacity levels. Table 4-8 presents the estimated investment cost for the six capacities. 

Biomass purchasing costs, biofuel and co-product selling prices, and discount rate

The current purchasing prices of all the biomasses were used in this case study. The bioethanol selling price was acquired from the Ministry of Trade. The bioethanol price and production cost were used to estimate the price of the biodiesel and glycerol if they are produced in Ethiopia. Table 4-9 andTable 4 

Transportation cost of materials and distance between zones

Based on the case study area features, only road transportation mode was assumed for transporting all materials within the BBSC. The current material transportation costs in Ethiopia were used to estimate the costs incurred to transport the raw and preprocessed biomasses, except jatropha and castor oils, considered in this case study. The bioethanol transportation cost data was obtained from Ministry of Transport. The transportation costs of jatropha oil, castor oil, biodiesel and glycerol were estimated by using the bioethanol transportation cost and taking into account the density difference between each of them and bioethanol. The transportation costs of the biomasses, preprocessed biomasses, biofuels, and co-products are provided in Table 4-11. The transportation distances between each zone were obtained from geographic information system (GIS) and it is provided in Taking the model structure in Figure 4-1 and the types of raw materials, preprocessing and refinery technologies, and biofuels and co-product considered in this work, the structure of the case study is depicted in Figure 4-4. 

Result and Discussion

The proposed MILP model was solved using the ILOG CPLEX solver. The model for this case study had 543,013 constraints and 370,217 decision variables, of which 174,000 and 196,217 were binary and continuous variables respectively. The NPV maximization value was found in 887 minutes on an Intel 2.60-GHz processor.

Optimum strategic decisions

The optimal solution obtained from the model shows that a NPV of $1.24 billion could be generated from the production of bioethanol, biodiesel and glycerol using the potential biomass feedstocks identified in the biofuel strategy of Ethiopia (molasses, jatropha and castor), and two other abundant lignocellulostic biomasses (corn stover and bagasse).

The optimal result proposes molasses as the only biomass feedstock to fulfill the bioethanol demand of the country for the next 10 years, which is mainly attributed to its lower processing cost compared with the other feedstocks. After 10 years, the utilization of corn stover along with molasses is recommended due to its cheaper price. Regardless of biodiesel feedstocks, all the demand of biodiesel for the next 5 years can be fulfilled by using jatropha as a feedstock. This might be because of the cheaper price it has compared with castor despite the production cost of castor oil is a bit lower than jatropha oil. After the 5 years, castor is required together with jatropha to address the biodiesel demand.

No drying and size reduction unit is proposed for the first 10 years, as there is no utilization of corn stover or bagasse in this period. However, a significant number of drying and size reduction units should be installed to preprocess the corn stover after 2030/31. To preprocess the biodiesel feedstocks, solvent extraction technology is preferred for the first 15 years due to its lower operation cost although it requires higher investment cost than mechanical extraction.

Nevertheless, mechanical extraction unit is preferred to preprocess jatropha and castor along with solvent extraction in the last 5 years. Most of the preprocessing units are located proximate to the feedstock supply centers although not necessarily in the same zones. The model favors the installation of biochemical refineries to produce bioethanol in the next 10 years. The recommended locations for all biochemical refineries are in the zones where sugar industries are available, and their capacities are driven by the molasses availability. The installation of thermochemical refineries is also proposed after 10 years. Regarding the biodiesel production, the model proposes the installation of heterogeneous-transesterification refineries throughout the planning period, which is mainly attributed to its lower operating cost compared with homogeneous transesterification. The number of bioethanol and biodiesel refineries has shown an increment with the planning period. However, the capacity of each refinery at the same location is similar throughout the planning period. This is, because, the model recommends the installation of a bigger refinery at the beginning of the planning year and utilizes the needed capacity for the required bioethanol and biodiesel production in each year than installing a smaller refinery that can accommodate the first years' production only and increasing the capacity from year to year. The installation of homogeneous transesterification refineries is not supported in the entire planning year because of its higher operating cost. 

Breakdown of total cost components

Figure 4-7 presents the breakdown of the cost components. Biomass purchase, production (both fixed and variable), inventory and transport costs are accounted for about 29%, 65%, 3% and 3% of the total cost respectively in the first 5 planning years. The contributions of the production and transportation costs on the total cost has shown a slight increment in the next planning years. However, the biomass purchase cost contribution decreased, and the contribution of the inventory cost is almost constant throughout the planning period. The inventory and transportation costs have a very marginal impact on the total cost by contributing about 3-5% only along the entire planning period. 

Major drawback of the model

Beside the strategic design, the consideration of tactical level planning is very crucial while developing a decision-support optimization model. To obtain optimum solutions for the strategic as well as tactical decisions, most researches used the standard planning strategies or hierarchical approach. In this approach, first they make the strategic model to obtain optimum strategic decisions and then use them to make optimal tactical decisions. However, in this case study, the implementation of the strategic model decisions at tactical level results in infeasible solutions, which is the major drawback of the model developed in this chapter. For example, the strategic model result on the amount of molasses to be processed in Bench-Maji zone in the year 2032/33 is disaggregated over the months based on the monthly molasses supply pattern in the respective year and compare it with the monthly processing capacity of the biorefinery. The result of the comparison is depicted in Figure 4-8. As shown in Figure 4-8, the capacity of biorefinery is not enough to process the anticipated molasses amount over the months. Similar result is also observed when the amount of castor to be processed in Wolayita zone in the year 2032/33 is disaggregated over the months based on the monthly castor supply pattern and compare it with the monthly processing capacity of the refinery, which is indicated in Figure 456789. Therefore, it is mandatory to develop a planning strategy that makes optimal strategic and tactical decisions simultaneously by considering the monthly variations in some of the model parameters like biomass supply and biofuel demand, which is the intention of the next chapter. 

Conclusions

In this chapter, a mono-objective optimization model, which supports the strategic design and planning of a BBSC, is developed. The model is formulated as a spatially explicit, multifeedstock, multi-product, multi-period and multi-echelon mixed integer linear programming (MILP), which considers the variability in the quantities of biomass supply and biofuel demand per annum. The optimization model intends to maximize the NPV. The model provides the optimal network design, and number, location, technology and capacity of the preprocessing units, biorefineries and distribution centers over a long-term planning horizon. Moreover, it recommends the amount of biomass feedstocks to purchase from each supply source and the amount of biofuels to produce and distribute to each demand zone per year.

Although several economic optimization models developed so far, this contribution broadens the preceding research endeavors by considering the following efforts simultaneously. First, a real national level case study is considered. Second, a multi-product BBSC that produces bioethanol and biodiesel with the associated co-products is considered. Third, a comprehensive supply chain comprised of a decentralized preprocessing unit, which is disregarded in most of the previous optimization models, along with the other relevant components, namely, supply centers of biomass feedstock, biorefineries, biofuel (biodiesel and bioethanol) distribution centers, and biofuel and co-product market zones, is considered here. Fourth, the investment decisions related to location, technology, and capacity of facilities happen on yearly basis, unlike many studies that consider this decision at the beginning of the planning period only.

The model is applied to the real case of Ethiopia's BBSC in order to demonstrate its applicability and provide a planning support tool for policymakers over a 20-year horizon. The optimal solution obtained from the model proposed that a NPV of $1.24 billion could be generated from the production of bioethanol, biodiesel and glycerol in Ethiopia over the next 20 years.

At the optimal point, the installation of biochemical refineries alongside some of the sugar industries available in the country is recommended in the first 10 planning years, which is aligned with the government strategy. However, thermochemical refineries are proposed after 10 years along with biochemical refineries. Besides, the drying and size reduction units are recommended in this period to preprocess the biomass feedstocks before conveyed to the thermochemical conversions. On the other hand, the model proposes the installation of heterogeneous-transesterification refineries throughout the planning period for biodiesel production. Moreover, the dominant technology selected to preprocess the biodiesel feedstocks is solvent extraction. The number of bioethanol and biodiesel refineries has shown an increment with the planning period. However, the capacity of each refinery at the same location is similar throughout the planning period. The optimal result also proposes molasses and jatropha as the only biomass feedstock to fulfill the bioethanol and biodiesel demand of the country for the next 10 and 5 planning years respectively. Then, the utilization of molasses and corn stover for bioethanol production, and jatropha and castor for biodiesel production are chosen in the next 11-20 and 6-20 years respectively.

Moreover, it is illustrated how the BBSC design recommended by the strategic optimization model developed in this chapter is infeasible at the tactical level that includes monthly variations in biomass supply and biofuel demand. The capacities of the refineries selected by the strategic model are not enough to process the anticipated amount of biomasses over the months. Therefore, the major potential future expansion of this work is to develop an integrated MILP model that provides strategic and tactical decisions simultaneously and incorporate the supply and demand fluctuations over month. To this end, the intention of the next chapter is the development of such integrated strategic-tactical economic optimization model.

Introduction

The problematic of this chapter is based on the industrial development of a country on longterm with installation of a new sector. This political and strategic vision requires a decision support tool to establish an investment program over several years. From this point of view, a scientific question arises: -How to model this sector in space and time, including the levels of strategic decisions for its implementation and tactics for its management? Therefore, the principal intention of this chapter is to develop a planning or decision support economic optimization model for Ethiopia's BBSC, which can be ubiquitously used by the policymakers and other pertinent actors (producers, suppliers, and intermediaries). The expected outcome of the economic optimization model refers to both strategic and tactical decisions for the entire BBSC over the next 20 planning years.

In standard (conventional) strategic-tactical level planning models, the problem is split into sub-problems which can be solved successively as per their hierarchy [START_REF] Bitran | Hierarchical production planning[END_REF][START_REF] Stadtler | Advanced Planning in Supply Chains[END_REF]. With this hierarchical approach, we first make optimal strategic (higher level) decisions and then use them to make optimal tactical (lower level) decisions. Therefore, the framework for the detailed tactical level decisions is imposed by the strategic level model decisions. In turn, the feedbacks from the tactical level decisions are used to evaluate the quality of strategic decisions [START_REF] Bitran | Hierarchical production planning[END_REF]. The hierarchical approach is widely used as it has the advantage of reducing complexity [START_REF] Stadtler | Advanced Planning in Supply Chains[END_REF], and keeps the decision-making hierarchy of an institution (Vogel et al., 2017). Nevertheless, non-optimal and infeasible solutions might arise due to non-interaction between planning levels [START_REF] Herrmann | Hierarchical production planning with part, spatial and time aggregation[END_REF]Vogel et al., 2017). Moreover, optimizing sub-problems often may result in suboptimal solutions for the whole problem (Vogel et al., 2017). It is not only undeniable truth from a purely mathematical perspective, but also practical results of the previous chapter showed the infeasible solutions arouse from the conventional hierarchical approach.

In Chapter 4, a mono-objective economic optimization model is developed to support strategic decisions and planning of a BBSC. Then, the BBSC design recommended by the strategic optimization model was used for the tactical level planning and observed that the recommended capacity of the refinery by the strategic model was not sufficient to attain the monthly required biofuel production in some locations. Inconsistent with this, the results from [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF] and [START_REF] Paradis | On the risk of systematic drift under incoherent hierarchical forest management planning[END_REF] showed the non-optimal and infeasible solutions arouse from the conventional hierarchical approach. Cognizant to this fact, the model developed in Chapter 4 is not reliable enough to be applied for long-term planning of a sector.

The interaction among different planning or decision levels is mandatory to avoid the potential non-optimality and infeasibility of plans and decisions. To address this issue a single integrated model that considers the tactical and strategic levels simultaneously should be developed. However, such integrated models require vast data of longer planning periods and larger computing capacity and longer computational time to reach a solution. Some strategic-tactical integrated models have emerged recently [START_REF] Akhtari | Integrated strategic and tactical optimization of forest-based biomass supply chains to consider medium-term supply and demand variations[END_REF][START_REF] Lin | Integrated strategic and tactical biomass-biofuel supply chain optimization[END_REF][START_REF] Zhang | An integrated optimization model for switchgrass-based bioethanol supply chain[END_REF].

In this chapter, a novel integrated strategic-tactical model is developed for the economic optimization of a BBSC by taking the previous chapter as a benchmark. Here, strategic decisions including optimum network design, facilities' location, technology, and capacity in conjunction with tactical decisions like optimum production, inventory and transportation of final products, co-products, raw biomasses, and preprocessed biomasses are considered. Indeed, the model will be built at the scale of a country by considering a supply chain from the biomass supply sources to the products' demand zone and over multiple time periods.

Moreover, a scientific question is added the question of how to solve a large optimization problem with many binary variables in a justifiable computational time with efficient optimization resolution? In response to this question, this chapter provides a feasible solution strategy to such kind of optimization problems. Moreover, a sensitivity analysis is conducted to assess the impact of variation in biomass availability and cost as well as biofuel demand and price on the economic performance of the BBSC.

The remainder of the chapter is composed as follows. Section 5.2 presents the integrated strategic-tactical MILP model formulation, which encompasses the economic objective functions, constraints and mass balances. Section 5.3 provides the economic and technical data, which require some modification from the previous chapter. In Section 5.4, the solution strategy for the optimization model and computational results are presented. Moreover, the optimum strategic decisions of different scenarios based on the results are presented and comparison between the conventional hierarchical and integrated approaches are well discussed in Section 5.4. Furthermore, sensitivity analysis is conducted on some important parameters. Finally, conclusions are drawn in the last section.

Methodology

Bi-objective integrated optimization model formulation

The superstructure of the model is presented in Figure 4-1. The integrated model is formulated by taking the strategic model developed in the previous chapter as a base model and applying the following modifications.

1. All the continuous decision variables of the strategic model are changed to their respective integrated model decision variables by including the month time period. 2. Add all the summation over the monthly time step. 3. Constraints that link the yearly and monthly time periods through the biomass, preprocessed biomass, biofuel and co-product inventory levels are added. 4. All parameters indicating yearly time steps are disaggregated to their monthly values. 5. Inventory storage of raw biomasses, preprocessed biomasses, biofuels and co-products in the refineries and preprocessing units are considered. 6. To account for the variation in biofuel demand and biomass supply, the model considers monthly and yearly time periods. Therefore, in the integrated model, the tactical decisions are made monthly unlike to the strategic model (see Table 5-1). The prior objective of the integrated strategic-tactical optimization model developed in this chapter was NPV maximization, as in the case of the previous chapter. However, due to the abrupt increment of the model size, it was impossible to obtain a solution using the numerical solver-CPLEX in a justifiable computational time with efficient optimization resolution. Therefore, the mono-objective optimization model is converted to bi-objective optimization model that intends to maximize the profit and minimize the investment cost. It is designed for long-term planning studies, in that it is utilized to optimize the Ethiopian BBSC considering bioethanol and biodiesel production over a 20-year horizon. For the sake of addressing the whole behavior of the BBSC, the problem is designed as a spatially explicit, multi-product, multi-feedstock, multi-period, and multi-echelon MILP modeling framework.

Model variables and parameters

All the indices, binary variables, technical and economic parameters presented in Table 4-1 are also used for the integrated model developed in this chapter. On the other hand, the modified continuous variables as well as additional technical and economic parameters used for the integrated model are given in Table 5-2. Amount of biomass b transported from supply source h to preprocessing center i in the year y and month t, ton 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 Amount of preprocessed biomass d transported from the preprocessing center i to the biorefinery located at j in the year y and month t, ton 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 Amount of biofuel u transported from biorefinery located j to distribution center k in the year y and month t, ton 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 Amount of biofuel u transported directly from biorefinery j to market m in the year y and month t, ton 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 Amount of biofuel u transported from distribution center k to market m in the year y and month t, ton 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 Amount of co-product v transported from the biorefinery j to market n in the year y and month t, ton 𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦,𝑡 Inventory level of biomass b at preprocessing facility i in the year y and end of month t, ton 𝐼𝑉𝐷𝐼 𝑑,𝑖,𝑦,𝑡 Inventory level of preprocessed biomass d at preprocessing facility i in the year y and end of month t, ton 𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦,𝑡 Inventory level of preprocessed biomass d at biorefinery j in the year y and end of month t, ton 𝐼𝑉𝑈𝐽 𝑢,𝑗,𝑦,𝑡 Inventory level of biofuel u at biorefinery j in the year y and end of month t, ton 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡 Inventory level of biofuel u at distribution center k in the year y and end of month t, ton 𝐼𝑉𝑉𝐽 𝑣,𝑗,𝑦,𝑡 Inventory level of co-product v at biorefinery j in the year y and end of month t, k 𝑃𝑏ℎ 𝑏,ℎ,𝑦,𝑡 Amount of biomass b procured from harvesting site h in the year y and month t, ton 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 Amount of biomass b transformed to pretreated biomass d at preprocessing facility i with technology f in the year y and month t, ton 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 Amount of preprocessed biomass d produced from biomass b at preprocessing facility i with technology f in the year y and month t, ton 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 Amount of preprocessed biomass d transformed to biofuel u at biorefinery j through technology g in the year y and month t, ton 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 Amount of biofuel u produced from preprocessed biomass d at biorefinery j through technology g in the year y and month t, ton 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦,𝑡 Amount of co-product v produced from preprocessed biomass d at biorefinery j through technology g in the year y and month t, ton Technical parameters vobi 𝑐 weight capacity of storage for raw biomass b at preprocessing facility i with capacity c, ton vodj 𝑒 weight capacity of storage for preprocessed biomass d at biorefinery j with capacity e, ton Ω 𝑏 deterioration rate of raw biomass b, % Ω 𝑑 deterioration rate of pretreated biomass d, %

Economic parameters Ψ 𝑏

Inventory cost of holding one unit of biomass type b, $/ton Ψ 𝑑

Inventory cost of holding one unit preprocessed biomass d, $/ton Ψ 𝑣

Inventory cost of holding one unit of co-product type v, $/ton

Modified economic objective functions

A new methodology was explored to convert the mono-objective (NPV maximization) to a biobjective optimization model, which aims to maximize the profit and minimize the investment cost of the BBSC. Precisely, the profit as illustrated in equation (5-1) encompasses the cash inflows and outflows. Revenues acquired from selling the desired biofuel products and coproducts (equation (5-2)) is considered as the cash inflows. On the other hand, the cash outflows comprised of biomass procurement (equation (5-3)), production cost (equation (5-4)), inventory cost (equation (5-5)), and transportation cost (equation (5-6)) along the BBSC.

𝑃𝑟𝑜𝑓𝑖𝑡 = ∑ 1 (1 + 𝑖𝑟) 𝑦 [𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑦 𝑦∈𝑌 -(𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑦 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 + 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝐶𝑜𝑠𝑡 𝑦 + 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 )]
(5-1) (5-6)

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑦 = ∑ ∑ ∑ ∑ (δ 𝑢 * 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 ) 𝑡∈𝑇 𝑚∈𝑀 𝑘∈𝐾 𝑢∈𝑈 + ∑ ∑ ∑ ∑ (δ 𝑢 * 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 ) 𝑡∈𝑇 𝑚∈𝑀 𝑗∈𝐽 𝑢∈𝑈 + ∑ ∑ ∑ ∑(𝛿 𝑣 * 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 ) 𝑡∈𝑇 𝑛∈𝑁 𝑗∈𝐽 𝑣∈𝑉 (5-2) 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑦 = ∑ ∑ ∑(δ 𝑏 * 𝑃𝑏ℎ 𝑏,ℎ,𝑦,𝑡 ) 𝑡∈𝑇 ℎ∈𝐻 𝑏∈𝐵 (5-3) 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 = ∑ ∑ ∑(β 𝑓
To make the economic objective comprehensive, the investment cost to install the preprocessing facilities, biorefineries, and distribution centers accounting for their technology type and capacity level is considered as a second objective function, which is calculated as equation (5-7). (5-7) Similar to the NPV, a discount rate (ir) is used in both profit (equation (5-1)) and investment cost (equation (5-7)) analysis, which aims at indicating the degree to which future cash flows are discounted or adjusting cash flows for the time value of money. Therefore, the approach used in this work is reliable to measure the economic profitability for long-term investments.

Modified model constraints and mass balance

Biomass feedstock supply

The total amount of biomass b procured from harvesting site h in each time period should not exceed its availability (avb b,h,y,t). 𝑃𝑏ℎ 𝑏,ℎ,𝑦,𝑡 ≤ avb 𝑏,ℎ,𝑦,𝑡 ∀𝑏 ∈ 𝐵, ℎ ∈ 𝐻, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

(5-8)

The biomass feedstock collected in each time period, is transported to the adjacent preprocessing units i, as stated in constraint (5-9).

𝑃𝑏ℎ 𝑏,ℎ,𝑦,𝑡 = ∑ 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦,𝑡 𝑖∈𝐼 ∀𝑏 ∈ 𝐵, ℎ ∈ 𝐻, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-9)

Biomass preprocessing facility

Constraint (5-10) represents the mass balance of the raw biomass b in preprocessing facility i.

The raw biomass b inflows from the supply center plus the inventory left from the previous month after considering the biomass deterioration rate (Ωb) is equal to the amount processed plus the inventory remained at the current month. Moreover, the constraint relates the planning years. It is indicated that the inventory of this year first month (t = 1) is equal to the stored amount of biomass b at the last month (t = 12) of the previous year.

( (5-14)

Constraint (5-15) ensures that the preprocessing facility continues its operation throughout the planning period once it is opened.

𝑆 𝑖,𝑓,𝑐,𝑦 ≥ 𝑆 𝑖,𝑓,𝑐,𝑦-1 ∀𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑐 ∈ 𝐶, 𝑦 ∈ 𝑌 (5-15)

Constraint (5-16) represents that the total amount of biomass feedstocks stored at a preprocessing facility may not be greater than its storage capacity, on weight basis. Moreover, the inventory level must be zero if the preprocessing facility is not constructed.

𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦,𝑡 ≤ ∑ ∑ ∑(𝑆1 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 * vobi 𝑐 ) 𝑐∈𝐶 𝑓∈𝐹 𝑑∈𝐷 ∀𝑏 ∈ 𝐵, 𝑖 ∈ 𝐼, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

(5-16)

Constraint (5-17) ensures that the total amount of preprocessed biomass produced may not be greater than the processing capacity of the preprocessing facility, in terms of weight (vodic). Moreover, the preprocessing of the biomass must be zero if the facility is not built.

𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 ≤ ∑(𝑆1 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 * vodi 𝑐 ) 𝑐∈𝐶 ∀𝑏 ∈ 𝐵, 𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

(5-17)

Biorefinery

Constraint (5-18) represents the mass balance of the pretreated biomass d at the biorefinery j.

The pretreated biomass d inflows from the preprocessing unit plus the inventory left from the previous month after considering the deterioration rate (Ωd) should equal the amount utilized for biofuel production plus the inventory remained in the current month. Moreover, the constraint relates the planning years. It is indicated that the inventory of this year first month (t = 1) is equal to the stored amount of preprocessed biomass d at the last month (t = 12) of the previous year.

( (5-22)

The following constraint represents that at most one preprocessed biomass d is converted to biofuel u and one capacity level e could be selected at each biorefinery j with technology g in year y.

∑ ∑ ∑ 𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 𝑒∈𝐸 𝑢∈𝑈 𝑑∈𝐷 ≤ 1 ∀𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌 (5-23) ∑ ∑ 𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 𝑢∈𝑈 𝑑∈𝐷 = 𝑅 𝑗,𝑔,𝑒,𝑦 ∀𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑒 ∈ 𝐸, 𝑦 ∈ 𝑌
(5-24)

Constraint (5-25) ensures that the biorefinery continues its operation throughout the planning period once it is opened.

𝑅 𝑗,𝑔,𝑒,𝑦 ≥ 𝑅 𝑗,𝑔,𝑒,𝑦-1 ∀𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑒 ∈ 𝐸, 𝑦 ∈ 𝑌 (5-25)

Constraint (5-26) represents that the total amount of preprocessed feedstocks stored at a biorefinery may not be greater than its storage capacity, on weight basis (vodje). Moreover, the inventory level must be zero if the biorefinery is not constructed.

𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦,𝑡 ≤ ∑ ∑ ∑(𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 * vodj 𝑒 ) 𝑒∈𝐸 𝑔∈𝐺 𝑢∈𝑈 ∀𝑑 ∈ 𝐷, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

(5-26)

Constraint (5-27) ensures that the total amount of biofuel produced may not be greater than the biorefinery processing capacity, on weight basis (vouje). Moreover, the production must be zero if the biorefinery is not built.

𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 ≤ ∑(𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 * vouj 𝑒 ) 𝑒∈𝐸 ∀𝑑 ∈ 𝐷, 𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-27)

Biofuel distribution center

Constraint (5-28) represents the mass balance of the biofuel u at the distribution center k. The biofuel u inflows from the biorefinery plus the inventory left from the previous month are equal to the total amount shipped to the demand zone plus the inventory at the current month. Moreover, the constraint relates the planning years. It is indicated that the inventory of this year first month (t = 1) is equal to the stored amount of preprocessed biomass d at the last month (t = 12) of the previous year. (5-28)

Constraint (5-29) ensures that the amount of biofuel u shipped from distribution center to demand zone in each time period cannot exceed the amount of biofuel u available in the distribution center.

∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 𝑚∈𝑀 ≤ 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-29)

Constraint (5-30) represents that at most one capacity a could be selected at each distribution center k.

∑ 𝑄 𝑘,𝑎,𝑦 𝑎∈𝐴 ≤ 1 ∀𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌 (5-30)

Constraint (5-31) ensures that the distribution center continues its operation throughout the planning period once it is opened.

𝑄 𝑘,𝑎,𝑦 ≥ 𝑄 𝑘,𝑎,𝑦-1 ∀𝑘 ∈ 𝐾, 𝑎 ∈ 𝐴, 𝑦 ∈ 𝑌 (5-31)
Constraint (5-32) represents that the total amount of biofuel stored at the distribution center may not be greater than its storage capacity, on weight basis (vouka). Furthermore, if the distribution center is not built at k and capacity a, the inventory level must be zero.

𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡 ≤ ∑(𝑄 𝑘,𝑎,𝑦 * vouk 𝑎 ) 𝑎∈𝐴 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-32)

Biofuel and co-product demand Zone

Constraint (5-33) ensures that the amount of biofuel conveyed from the biofuel distribution facility k and directly from biorefinery j is equal to the demanded amount of biofuel u by the customer at m in time period t (dmum u,m,y,t).

∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 𝑘∈𝐾 + ∑ 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 𝑗∈𝐽 = dmum 𝑢,𝑚,𝑦,𝑡 ∀𝑢 ∈ 𝑈, 𝑚 ∈ 𝑀, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

(5-33)

In the same scenario, constraint (5-34) ensures that the amount of co-product shipped from the biorefinery j is equal to the demanded amount of co-product v by the customer at market zone n in time period t (dmvn v,n,y,t).

∑ 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 𝑗∈𝐽 = dmvn 𝑣,𝑛,𝑦,𝑡 ∀𝑣 ∈ 𝑉, 𝑛 ∈ 𝑁, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-34)

Initial year inventory and facility installation constraints

The biomass, preprocessed biomass, biofuel and co-product initial inventories are assumed to be zero.

𝐼𝑉𝐵𝐼 𝑏,𝑖,0,𝑡 = 0, 𝐼𝑉𝐷𝐼 𝑑,𝑖,0,𝑡 = 0, 𝐼𝑉𝐷𝐽 𝑑,𝑗,0,𝑡 = 0, 𝐼𝑉𝑈𝐽 𝑢,𝑗,0,𝑡 = 0, 𝐼𝑉𝑈𝐾 𝑢,𝑘,0,𝑡 = 0, 𝐼𝑉𝑉𝐽 𝑣,𝑗,0,𝑡 = 0 ∀𝑏 ∈ 𝐵, 𝑑 ∈ 𝐷, 𝑢 ∈ 𝑈, 𝑣 ∈ 𝑉, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇 (5-35)

Moreover, it is assumed that the preprocessing unit, biorefinery, and distribution center are not installed at the initial year.

𝑆 𝑖,𝑓,𝑐,0 = 0, 𝑅 𝑗,𝑔,𝑒,𝑜 = 0, 𝑄 𝑘,𝑎,0 = 0 ∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾, 𝑓 ∈ 𝐹, 𝑔 ∈ 𝐺, 𝑐 ∈ 𝐶, 𝑒 ∈ 𝐸, 𝑎 ∈ 𝐴 (5-36)

Modified economic and technical case study data

Almost all economic and technical data presented in Section 4.3 were also used for this chapter except few that require some modifications. Those modified data are discussed below.

Monthly biomass feedstock supply

The annual biomass feedstock supplies from each zone of Ethiopia, which is indicated in Table 4-2, were disaggregated to their monthly values based on the following assumptions.

The annual corn production amount, which is taken from the Ethiopia Central Statistical Agency (CSA, 2020), avails the data for Meher season agriculture. Meher is the main crop season in Ethiopia, which encompasses crops harvested between September and December. Therefore, no corn stover generation was assumed for all months except September, October, November and December. Moreover, the annual corn stover generation was assumed to be equal over the four months. The generation of molasses and bagasse is more or less similar in all months of the year as the experience of sugar factories in Ethiopia shows that there is no significant variation in the quantity of sugar production over the months. However, the factories are usually closed over two months per annum, especially in July and August, to undergo maintenance. Therefore, the generation of molasses and bagasse was assumed zero in July and August. Based on the experience from jatropha plantation in Ethiopia, an assumption is taken that jatropha is collected twice in a year. Moreover, castor is assumed to be obtained once in three months [START_REF] Alemaw | Effect of plant and row spacing on the yield and oil contents of castor ( Ricinus communis L.) in the Central Rift Valley, Ethiopia[END_REF]. Therefore, the annual amounts of jatropha and castor from each zone were equally divided into two and three months respectively. Appendix B.1 and B.2 details the three bioethanol and the two biodiesel feedstocks monthly availability at the different locations/zones respectively.

Monthly biofuel and co-product demand

The annual biofuel and co-product demand from each zone of Ethiopia, which is indicated in Table 4-3, were disaggregated to their monthly values by considering equal distribution over the months. This is because the demand for petroleum products in the transportation sector of Ethiopia is almost equal in all months as there is no significant factor to vary the consumption over the months.

Monthly processing capacities, storage capacities and costs, and deterioration rate of materials

The preprocessing units' and biorefineries' monthly storage capacities were assumed to be similar with their annual processing capacities. This is attributed to ensure regular supply of raw and preprocessed biomasses to the refinery since there is seasonal availability of the feedstocks. Moreover, the unsustainable agricultural practices, recurrent interruption of sugar production in Ethiopia and low quality road infrastructure in some parts of the country were other considered factors to select this huge safety as they have a significant impact on the purchasing and delivery of the feedstocks as per the schedule. Furthermore, the annual storage capacities of the distribution centers and annual processing capacities of the biorefinery and preprocessing units were equally distributed over the months. Table 5-3 provides the storage and processing capacities of the preprocessing unit, biorefinery, and distribution center. Three types of storage systems, i.e. outside atmosphere storage, covered structure, and enclosed structure, were considered. The pertinent storage system for each type of raw biomass, preprocessed biomass, biofuels, and co-products was selected based on the size, phase (solid or liquid), and condition (raw, pretreated or processed) of the material. The monthly deterioration rate and inventory cost of the three storage systems were obtained from Yue et al. (2014). The type of storage system for each type of material in the BBSC along with the monthly deterioration rate and inventory cost are presented in Table 5-4. 

Result and Discussion

Solution strategy for bi-objective optimization model

The two mono-objective optimization problems were considered before proceeding to the biobjective optimization problem. To solve the mono-objective optimization problems, the CPLEX 12.8 algorithm embedded in IBM ILOG was used. Thus, the aim was to make a payoff table and continue to look for an excellent compromise between the two antagonistic issues.

The epsilon constraint approach allows us to plot the Pareto front starting from the payoff table.

In a first step, we chose to maximize the profit and the result obtained corresponds to point A in Figure 5-1. Then, the second objective (investment cost minimization) was simulated. However, similar to the NPV analysis, the simulation was terminated after 36 hours on its own without providing a solution as the CPLEX did not have enough memory to analyze all the data.

As a result, a feasible solution to the problem close to the Pareto optima was calculated to solve the long-term planning problem. In a first step, we chose to maximize the profit by taking all the constraints in Section 5.2.1.3. Then, additional constraint is added to solve the maximum profit with respect to different investment cost ranges, as stated in equation (5-37).

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = {max 𝑝𝑟𝑜𝑓𝑖𝑡} Subject to Constraints (5-8) -(5-36) 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 𝑙𝑜𝑤𝑒𝑟 ≤ 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 ≤ 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 𝑢𝑝𝑝𝑒𝑟

(5-37)

The feasible solutions to the problem close to the Pareto optima are represented in Figure 5-1. Point B and Point C in Figure 5-1 represent the results of the maximum profit when there is a constraint on the investment cost amount to be between $2-3 billion and $1-2 billion respectively. In the entire literature of this chapter, the term 'Scenario A', 'Scenario B' and 'Scenario C' are used to indicate Point A, Point B and Point C of Figure 5-1. The statistics for optimization problems of the three scenarios are provided in Table 5-5. 

Optimum and feasible strategic decisions

The behavior between points A and B of Figure 5-1 has shown that the profit is not significantly affected by the extreme variation of the investment cost. When the investment cost increases by 636.06%, i.e. $2.99 billion at Scenario B to $22.08 billion at Scenario A, the maximum profit of the entire BBSC varies not more than by 0.016%. The result indicates that despite there is a requirement of excessively high investment cost to install several biorefineries, preprocessing units, and distribution centers in Scenario A, it does not contribute to increment in the profit of the BBSC significantly. However, a more significant variation in the maximum profit amount is observed when the constraint on investment cost is downsized from $2-3 billion (Scenario B) to $1-2 billion (Scenario C). As it is indicated in Table 5-6, profit and its components (revenue as well as biomass purchase, production, inventory and transport costs), which are described as a function of continuous variables, have shown insignificant variation in the three scenarios. Contrarily, the investment cost shows very significant variation in the three scenarios, which is attributed to the dominance of binary variables in the model. 22,081,000 000.00 2,999,900,000.00 1,994,000,000.00

The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario A during the different planning periods are depicted in Figure 5-2 and Figure 5-3 respectively. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.2. In the first five years of the planning period, Scenario A favors the installation of 11 biochemical refineries and one additional thermochemical refinery to produce the required amount of bioethanol. Moreover, a single drying and size reduction unit should be installed to preprocess the bioethanol feedstock in this Scenario. Regardless of satisfying the biodiesel production, Scenario A favors the installations of 16 heterogeneous and one homogeneous catalysis transesterification refineries. Preprocessing of the biodiesel feedstocks should be conducted by installing 14 solvent and one mechanical extraction units in the entire country. Between the periods 2025/26-2029/30, 2030/31-2034/35, and 2035/36-2039/40, the number of biochemical refineries has shown an increment by 18.18%, 36.36%, and 63.63%, and thermochemical refineries by 200%, 600%, and 700% respectively compared with the first five planning periods (2020/21-2024/25). Furthermore, the drying and size reduction unit also showed a significant increment. In the same period, the heterogeneous transesterification refineries' number has risen by 18.75%, 37.5% and 81.25%, and the solvent extraction unit by 28.57%, 57.14%, and 78.57% respectively. The installation of few numbers of homogeneous transesterification refineries and mechanical extraction units, mostly with small capacities, are favored in Scenario A, especially in the last ten years of the planning period. The model favors molasses as the only bioethanol producing feedstock for the first five years. However, the utilization of corn stover, in addition to molasses, is mandatory to satisfy the required bioethanol production after five years. On the other hand, both jatropha and castor should be utilized to satisfy the biodiesel demand starting from the first year.

The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario B during the different planning periods are depicted in Figure 5-4 and Figure 5-5 respectively. Similarly, Figure 5-6 and Figure 5-7 present the strategic decisions related to preprocessing units and biorefineries of Scenario C. Furthermore, the strategic decisions associated with the distribution center of Scenario B and Scenario C are depicted in Appendix A.3 and A.4 respectively. In both Scenarios, between the years 2020/21-2034/35, the biochemical refinery is chosen for the bioethanol production since the model favors molasses as the sole bioethanol feedstock for the next 15 years. As the molasses is generated from sugar production, the model favors the installation of biochemical refineries alongside the sugar industries. Therefore, it is possible to conclude that the existing and under construction sugar industries can satisfy the country's bioethanol demand if they become fully operational and install bioethanol refineries beside the sugar production. Between the years 2035/36-2039/40, seven and five additional thermochemical refineries are required in Scenario B and Scenario C respectively to address the increasing demand for bioethanol. Moreover, corn stover should be utilized as a bioethanol feedstock besides molasses for the last five years of the planning period. Scenario B indicates that a drying and size reduction unit needs to be installed along with each thermochemical refineries to preprocess the stover. However, Scenario C has shown that the drying and size reduction units do not need to be installed beside the thermochemical conversion refineries. The number of heterogeneous transesterification refineries and solvent extraction units has shown an increment in both Scenarios. However, the model does not favor the installation of homogeneous transesterification refineries and mechanical extraction units throughout the planning year. In both Scenarios, the model favors jatropha as the only biodiesel feedstock for the first five years. However, the utilization of castor, in addition to jatropha, is chosen to satisfy the required biodiesel production after five years.

In all Scenarios, each refinery has similar capacity throughout the planning year. This is, because, the model recommends the installation of a bigger refinery at the beginning of the planning year and utilizes the needed capacity for the required biofuel production in each year than installing a smaller refinery that can accommodate the first year's production only and increasing the capacity from year to year. 

The legends for

Breakdown of total cost components

Figure 5-8 presents the total cost breakdown for the three Scenarios. The contribution of the costs, i.e. biomass purchase, production, inventory and transportation, in the three Scenarios are more or less similar. Almost two-thirds of the total cost belongs to production cost. Next, the biomass purchase cost takes the highest share, contributing one-third of the total cost. The inventory and transportation costs have a very marginal impact on the total cost by contributing only 5%. The marginal impact may be attributed to preprocessing of the biomass feedstocks. However, it is better to compare the inventory as well as the transportation costs with and without preprocessing centers, which could be a future extension of this work. This will help to decide whether it worth building biomass preprocessing centers or not. 

Sensitivity analysis

The effect of all sources of uncertainties should be accounted to make this planning strategy realistic. This is done by performing a sensitivity analysis on the final results of the three scenarios of Figure 5-1 with respect to all uncertain input parameters. The parameters are those associated with uncertain future economic conditions, which are out of the decision maker's control. These input parameters are biomass purchase price and availability, as well as biofuel demand, and selling price.

Sensitivity to biomass purchase price

The current purchasing prices of the feedstocks, which are indicated on Table 4-9, were taken as base-case prices. Recently, there is no price for the corn stover in Ethiopia as it is taken as a waste. However, experts in the agriculture sector anticipate that it will have a price up to $20/ton if it is utilized as a feedstock for biofuel development. The range of variation in the purchasing prices of molasses and bagasse are from $10/ton to $50/ton and from $15/ton to $75/ton respectively. These ranges are chosen by considering the selling price fluctuation of the two feedstocks in sugar industries of Ethiopia over the last decade. On the other hand, the range of variation in jatropha and castor purchasing prices are from $30/ton to $150/ton and from $60/ton to $300/ton respectively. These ranges are taken by looking into the selling price trend of different jatropha and castor suppliers around the globe since the biodiesel feedstock development in Ethiopia is in its infancy.

The sensitivity of total profit and investment cost for the three Scenarios indicated in Figure 5-1 with respect to variation in purchasing prices of corn stover, molasses, bagasse, jatropha and castor are depicted in Figure 5 The figures indicate that as the purchase price of the feedstocks increase, the investment cost varies in an erratic trend. Contrarily, the total profit decreases. For example, a 400% increment in the purchase price of corn stover, molasses, bagasse, jatropha, and castor in Scenario C leads to a drop in the expected profit by 2%, 21%, 0.64%, 70%, and 39% respectively. Among all the feedstocks, the profit is highly affected by jatropha purchase price. This is due to the requirement of huge amount of jatropha to attain the biodiesel demand in the planning period.

Similarly, the BBSC profit is significantly impacted by molasses and castor purchase prices. However, the corn stover and bagasse purchase prices are insignificant to change the profit. This is attributed to the fewer requirements of the two lignocellulosic feedstocks throughout the planning period. 

Sensitivity to biomass availability

The range of variation in corn stover availability for the planning period was estimated by considering Ethiopia's corn yield variation between the year 2001/2 to 2015/16, which is 60% [START_REF] Cochrane | Average crop yield (2001-2017) in Ethiopia: Trends at national, regional and zonal levels[END_REF]. Therefore, a range variation in corn stover availability was assumed at ± 60% from the base-case value. Molasses and bagasse generation capacity of the existing operational and under construction sugar factories were considered as base-case value. However, the report from Ethiopian Sugar corporation shows that the under-construction factories, which contribute to 50% of the molasses and bagasse generation, are delayed due to several reasons and do not start operation yet. On the other hand, the amount of molasses and bagasse are expected to rise in the near future as the government plans to privatize the state owned sugar industries and attract additional private investors in the sugar production. Taking the above facts into account, a range of variation in molasses and bagasse availability were assumed at ± 50% from the base-case value. Jatropha seed yield of the base-case is 5 t.ha -1 . But, a recent Ministry of Mines, Petroleum and Natural Gas (MoMPNG) study has acquired a jatropha seed yield of 3 t.ha -1 and 8 t.ha -1 in different zones of the country, which is -66.7% and 60% from the value taken in the base-case respectively. Taking this into account, a range of variation in jatropha availability was estimated at ± 66.7%. Also, this range was taken for the castor because its development is relatively new, and data is not accessible to determine its availability change. The figures indicate that the total profit increases significantly as molasses and jatropha availability increase. However, corn stover, bagasse and castor availability do not have a significant impact on the profit. This is due to the requirement of larger amount of molasses and jatropha for bioethanol and biodiesel production respectively compared with the remaining feedstocks. 

Sensitivity to biofuel demand

The estimated bioethanol and biodiesel demand in Section 1.2.5 were taken as base-case demands. Despite a 10% annual increment in bioethanol and biodiesel demand was considered in the base-case, the recent boom in the number of vehicles leads to a rise in the biofuels' requirement beyond this rate. Therefore, a range of variation in biofuels demand was estimated at 5% to 20% increment from the base-case value.

The sensitivity of total profit and investment cost for the three Scenarios indicated in Figure 5-1 with respect to variation in bioethanol and biodiesel demand are depicted in Figure 5-21 and Figure 5-22 respectively. The figures indicate that the total profit decreases as the bioethanol demand increases. This is because of a rise in the production and transportation cost of the BBSC. Contrarily, the increment in the biodiesel demand leads to a rise in total profit.

Sensitivity to biofuel selling price

As indicated in Table 4-10, the base-case selling price of bioethanol and biodiesel are $0.39/liter and $1.2/liter respectively. But, the mean selling price range of bioethanol is from $0.25/liter to $0.5/liter [START_REF] Gebreyohannes | Long-term bioethanol shift and transport fuel substitution in Ethiopia: Status, prospects, and implications[END_REF] and biodiesel is from $0.6/liter to $1.8/liter (International Renewable Energy Agency, 2013). Taking these ranges, the sensitivity of total profit and investment cost for the three Scenarios indicated in Figure 5-1with respect to variation in selling prices of bioethanol and biodiesel were carried out.

The outputs of the sensitivity analysis are depicted in Figure 5-23 and Figure 5-24. As it is indicated in the figures, the bioethanol and biodiesel selling prices affect the BBSC profit in a linear way for all the three scenarios. However, it affects the investment cost in an erratic manner for Scenario A and in almost steady manner for Scenario B and Scenario C. A significant drop in the biodiesel selling price results in negative profit. 

Conclusion

In Chapter 4, a mono-objective economic optimization model was developed to support strategic decision and planning of Ethiopia's BBSC. However, the BBSC design recommended by the strategic model was infeasible at tactical level in some cases. Therefore, the hierarchical approach (first make optimal strategic decisions and then use them to make optimal tactical decisions) is not reliable to apply for a long-term planning of the sector. Henceforth, the intention of this chapter is to develop an integrated strategic-tactical economic optimization model that provides both strategic and tactical level decisions simultaneously in order to prevent non-optimal and infeasible results.

The integrated economic optimization model is applied to the real biofuel sector of Ethiopia, in that it is utilized to optimize the country's bioethanol and biodiesel supply chain over a 20year horizon. The model considers all the principal upstream, midstream, and downstream components of the BBSC. For addressing the whole behavior of BBSC, the problem has been devised as a spatially explicit multi-product, multi-feedstock, multi-period, and multi-echelon MILP modeling scheme. To capture the variation in biomass supply and biofuel demand, the model considers monthly and yearly periods. Constraints that link the yearly and monthly periods through biomass, preprocessed biomass, biofuel and co-product inventory levels are designed. The model provides strategic decisions including optimum network design, and number, location, technology, and capacity of each component of the supply chain along with tactical decisions like optimum monthly production, inventory and transportation of all materials in the BBSC over each month of the planning period.

First, the aim of the integrated model was to design a mono-objective optimization problem that intends to maximize NPV, as in the case of the previous chapter. However, no solution was obtained as the numerical solver-CPLEX was run out of memory. This is attributed to the sharp increment of the model size as it is a real countrywide case study for 20 planning years, and it requires a vast amount of data. Moreover, the investment decisions related to location, technology and capacity of each supply chain component take place on yearly basis, which results in abrupt increment of binary variables.

Therefore, a new approach is planned to divide the mono-objective model into a bi-objective economic optimization model, which intends to maximize the profit and minimize the investment cost. Nevertheless, the attempt to solve the second objective ends without success due to similar reason as in the case of the NPV. Henceforth, a new methodology is proposed here to analyze the compromise between the objectives in a justifiable computational time with efficient optimization resolution. The approach is to calculate the first objective function (profit maximization) for different investment cost ranges by specifying lower and upper limits, which provides different feasible solutions near to the Pareto-optima.

In this chapter, three scenarios (one optimum and two feasible solutions) are considered to show the different optimal strategic decisions associated with location, number, technology and capacity of the BBSC components. The optimum solution (profit maximization without a constraint on the investment cost) has recommended a number of preprocessing units, biorefineries and distribution centers since there is no limitation on the investment cost of the BBSC. Contrarily, the feasible solutions (profit maximization with a constraint on the investment cost) have recommended smaller number of supply chain components. The feasible solutions have proposed the installation of biochemical refineries alongside some sugar industries available in the country over the first 15 planning years, which is aligned with the government strategy. However, thermochemical refineries, which are near to drying and size reduction units, are proposed over the last 5 years of the planning period along with biochemical refineries. Moreover, the feasible solutions propose the installation of heterogeneous-transesterification refineries throughout the planning period for biodiesel production. The capacity of each preprocessing unit and refinery at the same location is similar throughout the planning period. All the optimum and feasible solutions favor the installation of bigger refineries and preprocessing units at the beginning of the planning period and utilizes the needed capacity over each year than installation of smaller refineries and preprocessing units for each year's utilization and increasing the capacity from year to year. The feasible results also propose molasses and jatropha as the only biomass feedstock to fulfill the bioethanol and biodiesel demand of the country over the next 15 and 5 planning years respectively. Then, the utilization of molasses and corn stover for bioethanol production, and jatropha and castor for biodiesel production are chosen over the next 16-20 and 6-20 years respectively.

Finally, a sensitivity analysis is conducted on the chosen optimum and feasible solutions to assess the impact of biomass purchase price and availability, as well as biofuel demand and selling price on total profit and investment cost of the BBSC. Amongst the parameters, the molasses availability, jatropha purchase price and biodiesel selling price are the most sensitive ones to affect the long-term profit of the BBSC. On the other hand, the investment cost is affected by uncertainties in those parameters with an erratic manner.

A first potential future extension is to quantify how better the integrated approach performs compared to the conventional hierarchical scheme by looking into the quality of results for each and every strategic and tactical level decision. Considering the highest initial investment cost observed in the scenarios, second future research extension could be modeling of smallscale biorefinery in the BBSC and evaluating the economic feasibility so as to compare with large-scale refineries as in the case of this chapter. Moreover, another future expansion of the model is to incorporate other pillars of sustainability, especially environmental perspective, since addressing the economic objective only is not comprehensive enough to acquire a sustainable biofuel development. Henceforth, in the next chapter, the integrated model developed in this chapter will be expanded to consider the environmental objective.

CHAPTER 6. MULTI-OBJECTIVE AND INTEGRATED STRATEGIC-TACTICAL ECONOMIC-ENVIRONMENTAL OPTIMIZATION MODEL Abstract

In this chapter, an objective that maximizes the environmental benefit of BBSC is added to the bi-objective economic optimization model developed in Chapter 5, which results in a multiobjective optimization model. In fact, several optimization models that consider economic and environmental perspectives have been developed recently to support sustainable design of BBSC. All of them rely on solving their planning problem with the conventional hierarchical approach despite it may arise a non-optimal, sub-optimal and infeasible solutions. Therefore, an effort is made in this chapter to develop a more reliable planning strategy that offers optimal strategic and tactical decisions simultaneously as well as maximizes both the economic and environmental benefits. LCA method has been applied in most economic-environmental models, in which the widely used environmental indicators are global warming potential, GHG emissions and fossil energy consumption. However, these are not the only indicators to show the impacts generated from life cycle of biofuel supply chain. Moreover, almost all of them have used non-monetary based environmental indicators, which results in difficulty to compare with the economic objectives clearly. Henceforth, in this chapter, a comprehensive LCA is conducted along the supply chain by broadening the impact categories assessed in previous researches. Furthermore, the BBSC's environmental performance has been assessed in terms of monetary value by adopting ecocost approach. The integrated model is applied to the real biofuel sector of Ethiopia to optimize the country's bioethanol and biodiesel supply chain over a 20-year horizon. Since this planning problem relies on three objective functions, it requires solution of multi-objective MILP. However, the attempt to solve the latter with a numerical solver (CPLEX) ends without success due to the abrupt rise in the model size. Therefore, an alternative semi-heuristic method that offers feasible solutions to the three antagonistic criteria is provided.

Introduction

Economic feasibility is not the only criterion to design and plan sustainable BBSC. In addition to the economic perspective, it is mandatory to address environmental impacts of the supply chain while designing and planning BBSC so as to make it more sustainable. Henceforth, in this chapter, additional objective that addresses the environmental impact of the BBSC is added to the bi-objective economic optimization model developed in the previous chapter, which results in a multi-objective optimization model.

Several optimization models, which consider economic and environmental perspectives, have been developed recently to support the sustainable design of different supply chains (Babazadeh et al., 2017;Cambero et al., 2016;[START_REF] Giarola | Spatially explicit multi-objective optimisation for References 207 design and planning of hybrid first and second generation biorefineries[END_REF][START_REF] Liu | A study of the LCA based biofuel supply chain multiobjective optimization model with multi-conversion paths in China[END_REF][START_REF] Murillo-Alvarado | Multi-objective optimization of the supply chain of biofuels from residues of the tequila industry in Mexico[END_REF][START_REF] Santibañez-Aguilar | Optimal planning and site selection for distributed multiproduct biorefineries involving economic, environmental and social objectives[END_REF][START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF][START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF]. All of the economic-environmental optimization models that focus on long-term planning rely on solving their planning problem with the conventional hierarchical approach (first make optimal strategic decisions and then use them to make optimal tactical decisions). Contrarily, the intention in all of the integrated strategic-tactical optimization models revolve around economic objectives only. Motivated from the above facts, an effort is made here to develop a multi-objective economic-environment optimization model, in which the planning strategy is designed to make optimal or feasible strategic and tactical decisions simultaneously (integrated strategic-tactical model).

Biofuels' environmental sustainability depends on energy consumption and emissions released during their production, transportation, storage and other processes along the supply chain. Therefore, it is important to conduct a life cycle assessment (LCA) in order to evaluate the environmental sustainability of the BBSC. LCA is an analysis method to assess input, output and potential environmental impacts of a process or product starting from raw material acquisition to production, use and till the end of life [START_REF] Soam | Life cycle assessment of fuel ethanol from sugarcane molasses innorthern and western India and its impact on Indian biofuel programme[END_REF]. The widely used environmental indicators in most previous studies dedicated to LCA of biofuel supply chain are global warming potential, greenhouse gas (GHG) emission and fossil energy consumption [START_REF] Barbosa-Póvoa | Opportunities and challenges in sustainable supply chain: An operations research perspective[END_REF][START_REF] Soam | Life cycle assessment of fuel ethanol from sugarcane molasses innorthern and western India and its impact on Indian biofuel programme[END_REF]. Nevertheless, these are not the only environmental impacts generated from life cycle of biofuel supply chain. In addition to the above impacts, other impact categories should be considered to assess biofuel's sustainability in comprehensive manner. Therefore, this study tries to make a comprehensive LCA along the supply chain of corn stover-, molasses-, and bagasse-based bioethanol and jatropha-, and castor-based biodiesel by broadening the assessed mid-point impact categories. The assessed mid-point categories include global warming, photochemical oxidation, acidification, eutrophication, human toxicity, fine dust, fresh water aquatic ecotoxicity, land use, waste generation, fossil fuel depletion and metal and water scarcity potentials.

Almost all of the environmental optimization models developed in the past have used nonmonetary based indicators, which results in difficulty to compare with the economic objectives in a clear manner. The most widely used indicators are tons of GHG emission per ton of material [START_REF] Giarola | Spatially explicit multi-objective optimisation for References 207 design and planning of hybrid first and second generation biorefineries[END_REF][START_REF] Li | Supply chain design under uncertainty for advanced biofuel production based on bio-oil gasification[END_REF][START_REF] You | Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective optimization coupled with life cycle assessment and input-output analysis[END_REF], tons of GHG savings per ton of material (Cambero et al., 2016), eco-indicator-99 per ton of material [START_REF] Murillo-Alvarado | Multi-objective optimization of the supply chain of biofuels from residues of the tequila industry in Mexico[END_REF][START_REF] Santibañez-Aguilar | Optimal planning and site selection for distributed multiproduct biorefineries involving economic, environmental and social objectives[END_REF][START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF], and environmental impacts per ton of material (Babazadeh et al., 2017a). Cognizant to this fact, in this chapter, the environmental impacts are converted to monetary values through the ecocost approach for the sake of comparing with the economic objectives easily.

Finally, the multi-objective economic-environment optimization model developed in this chapter is applied to the real case of Ethiopia. The expected outcome of the optimization model refers to both tactical and strategic decisions for the entire BBSC over the next 20 planning years to assist in providing more economical and environmentally responsible networks. However, like the previous chapter, the attempt to solve the multi-objective optimization with numerical solver ends without success. This is due to the abrupt rise in the model size as it is a countrywide real case study with many continuous decision variables and parameters as well as availability of many binary variables due to strategic choices. Therefore, an alternative semiheuristic solution method that offers a feasible solution to the problem is provided.

The rest of the chapter is structured as follows. Section 6.2 provides the life cycle environmental assessment methodology used in this work and model formulation for the environmental objective. Section 6.3 provides and discusses all environmental case study data related to feedstocks preprocessing, biofuels production and materials transportation, which are generated using the methodology presented in the previous section. Section 6.4 presents the multi-objective optimization strategy used, and discusses the optimal and feasible results associated with the mono-, bi-, and multi-objective optimizations. Moreover, sensitivity analyses are also performed in Section 6.4. Finally, conclusions are drawn in the last section.

Methodology

Life cycle environmental assessment

Along with the economic perspective, environmental analysis is performed to assess the BBSC impact. LCA method is applied for evaluating the environmental impact. The three steps of the LCA method, i.e. goal and scope definition, life cycle inventory, and impact assessment, are considered in this work (ISO 14040, 2006).

Goal and scope definition

As it is indicated in Figure 4-1, the scope of this work encompasses all the three life cycle steps: upstream stage (biomass feedstocks procurement, preprocessing, storage, and transportation), midstream stage (preprocessed biomasses conversion to biofuels and co-product), and downstream stage (biofuels distribution and transportation to final demand zones). The life cycle analysis of biomass feedstocks production and biofuels use are excluded because these activities are outside of the system boundary of this work. Therefore, LCA is applied herein is from biomass supplier (farm) gate to biofuel market. The system boundary is illustrated in Figure 6-1, which includes the unit processes: biomasses transportation, biomasses preprocessing, preprocessed biomasses transportation, biofuels production, biofuels transportation and co-product transportation. The life cycle analysis of material storage in all stages of the supply chain is excluded since there is insignificant emission and energy requirement associated with storage of materials.

The chosen functional unit for this work is one metric ton (MT) of raw or preprocessed biomass. The LCA is carried out using primary data, information and data from prior studies, and LCA software -GREET LCA 2016 (a freely available tool from Argonne National 

Inventory analysis

Once scope and goal of the LCA study is settled and the functional unit and system boundary are determined, the next step is establishment of life cycle inventory (LCI) [START_REF] Khoshnevisan | Life cycle assessment of castor-based biorefinery: a well to wheel LCA[END_REF]. LCI is a process of quantifying raw material and energy requirements, and product release throughout the life cycle of a product [START_REF] Soam | Life cycle assessment of fuel ethanol from sugarcane molasses innorthern and western India and its impact on Indian biofuel programme[END_REF]. Here, an inventory analysis is performed for the following BBSC activities: biomass preprocessing, biofuel (bioethanol and biodiesel) production, and material transportation between each stages of the supply chain.

Biomass preprocessing a) Drying and size reduction

At this prior stage of life cycle, the corn stover and bagasse are subjected to solar drying to drop down their moisture content from 20% [START_REF] Tesfamichael | Effect of biochar application rate, production (Pyrolysis) temperature and feedstock type (rice husk/maize straw) on amendment of clay-acidic soil[END_REF] and 50% (average moisture content of bagasse generated from sugar industries in Ethiopia) respectively to 10%. Thereafter, the size of the feedstocks were reduced using a hammer mill, operated at a speed of 2000 rpm for 2 mm mesh size screen with 90°-hammers. The researches from [START_REF] Bitra | Direct mechanical energy measures of hammer mill comminution of switchgrass, wheat straw, and corn stover and analysis of their particle size distributions[END_REF] and [START_REF] Kakolaki | Influence of feed moisture and hammer mill operating factors on bagasse particle size distributions[END_REF] were used to compute the energy requirement of the mill to process corn stover and bagasse respectively. Table 6-1 presents the mass flow of input and output components and energy requirements to process 1 ton of both lignocellulostic feedstocks through drying and size reduction mechanism. 

Source: Own computation b) Mechanical and solvent extraction

At this stage, jatropha and castor seeds collected from respective supply sources are converted to their respective oils via mechanical or solvent extraction technologies. In the mechanical extraction unit, the seed is fed to the mechanical presser, which exerts high pressure to extract oil. While pressure is exerted at the required amount, crude oil is extracted along with some impurities and solid meal is removed. Finally, the crude oil and impurities are separated using centrifuge. On the other hand, in solvent extraction unit, the jatropha or castor seed along with hexane are fed to soxhlet apparatus to extract oil. The extraction temperature is near to the boiling point of hexane. The solid cake and mixture of crude oil and hexane are separated using vacuum filter. Finally, the crude oil and hexane are separated using distillation at a temperature of slightly higher than the boiling temperature of hexane to yield pure oil. Since the crude oil obtained from mechanical and solvent extractions of oilseeds will throw a deposit of phosphatides or so-called gums, it is assumed that both water degumming and acid degumming using phosphoric acid are conducted to eliminate the phosphatides in both extraction technologies.

Table 6-2 provides the mass flow of input and output components and energy requirements to process 1 ton of both non-edible feedstocks, i.e. jatropha and castor seeds, through mechanical and solvent extraction technologies. The inventory data of the two extraction technologies are computed based on the previous researches of [START_REF] Cheng | Environmental impact assessment of soybean oil production: Extruding-expelling process, hexane extraction and aqueous extraction[END_REF][START_REF] Hou | Life cycle assessment of biodiesel from soybean, jatropha and microalgae in China conditions[END_REF] and [START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF]. As it is indicated in Table 6-2, the required amount of raw materials to process 1 ton of jatropha and castor are assumed to be similar [START_REF] Hou | Life cycle assessment of biodiesel from soybean, jatropha and microalgae in China conditions[END_REF] despite the amount of products and byproducts are different depending on the conversion rate of oil from the two feedstocks. Source: Own computation

Biofuel production a) Biochemical and thermochemical conversion

Bioethanol production from corn stover/sugarcane molasses/bagasse is carried out by using either biochemical or thermochemical conversion technology. The process flow diagrams for the two processes are given in Figure 1.6. As it is indicated in the previous sections, both conversion technologies are candidates to process the two lignocellulostic biomasses, i.e. corn stover and bagasse. However, only biochemical conversion is the potential technology for molasses-based bioethanol production. Table 6-3 presents the inventory data associated to input-output materials, energy consumption and waste generation to process 1 ton of corn stover/molasses/bagasse using both conversion technologies. The inventory data of the two technologies to process the lignocellulostic biomasses (corn stover and bagasse) are estimated based on Aspen plus process models of [START_REF] Foust | An economic and environmental comparison of a biochemical and a thermochemical lignocellulosic ethanol conversion processes[END_REF] and [START_REF] Mu | Comparative life cycle assessment of lignocellulosic ethanol production: Biochemical versus thermochemical conversion[END_REF]. On the other hand, primary data obtained from the two bioethanol producing sugar industries of Ethiopia are used to estimate the input and output materials of molasses conversion to bioethanol through biochemical conversion technology. After oil extraction, the transesterification step is carried out to yield biodiesel from jatropha/castor oil. The two technologies considered at this stage are homogeneous and heterogeneous transesterification. Table 6-4 presents the inventory data associated to inputoutput materials, energy consumption and waste generation to process 1 ton of jatropha/castor oil using both homogeneous and heterogeneous transesterification processes. The inventory data for both transesterification technologies are obtained from Aspen plus process models of [START_REF] Tasić | Cost analysis of simulated basecatalyzed biodiesel production processes[END_REF], [START_REF] Kaewcharoensombat | Life cycle assessment of biodiesel production from jatropha[END_REF], and other referenced previous works of [START_REF] Hou | Life cycle assessment of biodiesel from soybean, jatropha and microalgae in China conditions[END_REF], [START_REF] Kebede | A Life Cycle Assessment on Liquid Biofuel Use in the Transport Sector of Ethiopia[END_REF] and [START_REF] Liang | Life cycle assessment of biodiesel production in China[END_REF]. Here, an assumption is taken that the input-output materials and energy usages to process jatropha oil and castor oil are similar in each transesterification technology since the conversion rates of both oil to biodiesel are almost similar. Capacity of a vehicle to transport biofuel u (vehicle ton -1 ) 𝑣𝑐𝑎𝑝 𝑣 Capacity of a vehicle to transport co-product v (vehicle ton -1 )

As it is given in equation (6-1), the total ecocost is given as the sum of ecocosts of biomass preprocessing, biofuel production and material transportation, which are expressed in equation (6-2), (6-3) and (6-4) respectively. 

Environmental case study data

The GREET model provides GHGs emission, including CO2, N2O, CH4, and other criteria air pollutants emission such as CO, volatile organic compound (VOC), nitrogen oxide (NOx), sulfur oxide (SOx), PM10, PM2.5, black carbon (BC) and precursor organic compounds (POC). Furthermore, energy and water requirements as well as waste generations of each process are estimated via the GREET model and material and energy balance. On the other hand, previous researches were used to estimate the vehicular emissions, i.e. CO2, CO, VOC, NOx, SOx and PM10, associated with material transportations along the BBSC.

The preprocessing and processing emissions, utility consumptions and waste generations data as well as transportation emissions data obtained from the GREET model, inventory analysis and previous researches are placed at the substances level, i.e. lower level of Figure 6-2. Next, the endpoint level impacts are calculated through the ecocost method. In the next sections, the emissions and ecocosts associated with raw material preprocessing, biofuel production and material transportation within the BBSC are discussed.

Ecocosts of biomass preprocessing

Drying and size reduction

The corn stover and bagasse preprocessing pathway in the GREET model consists of solar drying of the feedstocks and size reduction using hammer mill. This pathway estimates GHGs and criteria pollutants emission of the drying and size reduction unit. The GREET results are depicted in Appendix C.1. At this stage of life cycle, a significant emission is observed only on PM10 and PM2.5 compared with GHGs and other criteria pollutants emissions, which is attributed to the release of abundant particulate matters during size reduction of the feedstocks. Based on the GREET outputs and inventory analysis, the ecocosts associated with carbon footprint, ecosystem, human health and resource scarcity in preprocessing 1 ton of corn stover and bagasse via drying and size reduction are calculated and the results are depicted in Figure 6-3.

Figure 6-3: Ecocosts of carbon footprint, ecosystem, human health and resource scarcity for corn stover and bagasse preprocessing using drying and size reduction As indicated in Figure 6-3, the ecocost associated with carbon footprint in preprocessing both feedstocks is insignificant. This is due to the negligible amount of CO2, CH4 and N2O emission during the process of drying and size reduction. Moreover, there is almost no emission responsible for acidification, eutrophication and freshwater ecotoxicity in this preprocessing stage, which results in insignificant ecocost of ecosystem. Contrarily, ecocosts of human health and resource scarcity are significant as there is considerable fine dust emission during size reduction of the feedstocks and the requirement of electrical energy by the hammer mill. The human health and resource scarcity ecocosts are higher for corn stover compared with bagasse due to the smaller size of the latter that makes the feedstock to release less particulate matter and require low energy in contrast to the previous feedstock.

Mechanical and solvent extraction

Jatropha and castor-based oil production pathway in the GREET model estimates the energy requirements as well as GHGs and other criteria pollutants emission of the mechanical and solvent extraction units. All the emissions are evaluated based on 1 kg of jatropha/castor processing by the GREET model and the results are presented in Appendix C.2. Based on GHGs and criteria air pollutants emission as well as energy uses and other utility consumptions data obtained from the GREET model and inventory analysis, the ecocosts of mechanical and solvent extractions for both jatropha and castor are calculated. The ecocosts associated with carbon footprint, ecosystem, human health and resource scarcity in converting 1 ton of jatropha and castor to their respective oil via mechanical and solvent extractions are depicted in Figure 6-4. In each of mechanical and solvent extraction technology, the GHGs and criteria pollutants emission associated with preprocessing of both jatropha and castor are identical as the required amount of raw materials to preprocess the two feedstocks is almost similar in each technology. Consequently, the carbon footprint, ecosystem and human health ecocosts of converting both jatropha and castor to their respective oils are similar. However, resource scarcity ecocost of jatropha processing is slightly higher than castor processing. This is attributed to the larger amount of meal production during jatropha processing compared with castor processing, as it is indicated in are presented in Appendix C.3. The ecocosts of both technologies to process the three feedstocks are calculated using the data from the GREET model and inventory analysis. The ecocosts associated with carbon footprint, ecosystem, human health and resource scarcity in converting 1 ton of corn stover, molasses and bagasse to bioethanol via biochemical and thermochemical conversion technologies are depicted in Figure 6-5. This stage of supply chain is the highest ecocost contributor compared with the other activities due to the highest GHG, specifically CO2, emission.

Figure 6-5: Ecocosts of carbon footprint, ecosystem, human health and resource scarcity for corn stover-, molasses-and bagasse-based bioethanol production using biochemical and thermochemical conversion

As indicated in Figure 6-5, the highest ecocost contribution comes from the carbon footprint since huge amount of CO2 is released from both biochemical and thermochemical conversion technologies, in which the latter technology contributes more due to larger CO2 emission. On the other hand, the human health and ecosystem ecocosts are higher in biochemical conversion due to additional energy requirement of the technology, which is achieved by fossil fuel burning that ultimately releases pollutants like VOC, CO, NOx and SOx. However, thermochemical conversion is a self-sustaining process that uses the syngas as an energy source for the system. Despite the requirement of fossil fuel is higher in biochemical conversion, the resource scarcity ecocost is lower than the thermochemical conversion due to larger amount of solid waste generation from the latter. Although significant amount of vinasse is generated in the biochemical conversion, it is not assumed as environmental burden since there is a trend of using vinasse as liquid fertilizer recently. All ecocosts of the corn stover-and bagasse-based bioethanol production are similar except carbon footprint, in which the corn stover-based bioethanol production results in higher value, which is attributed to the higher CO2 emission 
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Corn Stover Thermochemical Conversion Bagasse Thermochemical Conversion than bagasse processing. Molasses-based bioethanol production provides the lowest ecocost values compared with biochemical conversion of the two lignocellulostic biomasses. This is associated to the lowest GHGs and criteria pollutants emission than corn stover and bagasse processing. Moreover, the highest cellulosic composition of molasses helps it to require lesser amount of energy for processing than corn stover and bagasse.

Homogeneous and heterogeneous base-catalyzed transesterification

Jatropha oil-and castor oil-based biodiesel production pathway in the GREET model consists of oil transesterification, either through homogeneous or heterogeneous base-catalyzed transesterification using KOH or CaO respectively. The pathway estimates the energy use and GHGs and other criteria pollutants emission of jatropha oil and castor oil-based biodiesel. The GREET results are depicted in Appendix C.4. Based on GHGs and criteria air pollutants emission as well as energy uses and other utility consumptions data obtained from the GREET model and inventory analysis, the ecocosts of homogeneous and heterogeneous transesterification for both jatropha oil and castor oil are calculated. The ecocosts associated with carbon footprint, ecosystem, human health and resource scarcity in converting 1 ton of jatropha oil and castor oil to biodiesel via homogeneous and heterogeneous transesterification are depicted in Figure 6-6. As indicated in Figure 6-6, all ecocosts of jatropha oil and castor oil processing to biodiesel is similar since the required amount of materials as well as energy to process both oils is identical, as indicated in Table 6-4. Therefore, there is no difference in the ecocost based on the type of feedstock. However, the ecocost value differs based on the type of technology. In all ecocost components, homogeneous base-catalyzed transesterification has higher values than the heterogeneous transesterification. This is mainly due to greater energy requirement in homogeneous transesterification that fulfilled by fossil fuel combustion, which is responsible for emission of CO2 and other criteria pollutants. NOx is the main criteria air pollutant emitted from both transesterifications followed by CO. Despite greater amount of solid waste generation in heterogeneous transesterification, the resource scarcity ecocost is lower in comparison to homogeneous transesterification because the latter requires more energy to undertake its task.

Ecocosts of material transportation

The GHGs and other criteria pollutants emission from vehicles used in transporting materials along the supply chain, i.e. Euro II trailer truck and Euro III tanker truck, were estimated based on previous researches (Federal Transport Authority and Global Fuel Economy Initative, 2012;[START_REF] Xing | The Characteristics of Greenhouse Gas Emissions from Heavy-Duty Trucks in the Beijing-Tianjin-Hebei (BTH) Region in China[END_REF]. The emissions are evaluated based on 1 km distance per vehicle and the results are presented in Appendix C.5. The transportation ecocosts associated with carbon footprint, ecosystem, human health and resource scarcity per vehicle type are presented in Figure 6-7. The significant amount of CO2, NOx, CO and VOC emissions from the vehicles, especially in the Euro II trailer truck, has resulted in a considerable contribution of ecocosts of human health, ecosystem and carbon footprint on the total ecocost. The most profitable and environmental friendly solutions are represented by point A and B of Figure 6-8, of which they are labeled as Scenario A and Scenario B in this paper respectively.

Scenario A indicated in this section is similar to the one labelled as Scenario A in the previous chapter (Section 5.4.2), as the intention in both of them is profit maximization and the associated results are identical. Accordingly, the optimal strategic decisions related to this Scenario are well discussed in Section 5.4.2. Moreover, Figure 5-2 and Figure 5-3 depict the strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario A in the different planning periods respectively. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.2.

Despite Scenario B drops the ecocost by 12% compared to Scenario A, it leads to almost zero profit. Similar to Scenario A, molasses is the only chosen feedstock to satisfy bioethanol production in the first 5 years. However, unlike to Scenario A, bagasse is the widely proposed bioethanol feedstock along with molasses after 5 years. This is attributed to relatively lower environmental impact associated with preprocessing and processing of bagasse than corn stover. Like Scenario A, both jatropha and castor are recommended biodiesel feedstocks in all planning periods. In Scenario B, biochemical and heterogeneous transesterification refineries are exclusively chosen throughout the planning periods for bioethanol and biodiesel production respectively, because of their lower ecocost potential. Moreover, to reduce emission, Scenario B recommends the installation of smaller number of refineries comparing to Scenario A, but with higher capacities in few locations. In this scenario, the model proposes the installation of nine biochemical and twelve heterogeneous transesterification refineries between 2020/21-2024/25. Moreover, the required number refineries increased by 22.23%, 44.44%, and 77.78% for the biochemical and by 25%, 58.34%, and 91.66% for heterogeneous-transesterification between the periods 2025/26-2029/30, 2030/31-2034/35, and 2035/36-2039/40 respectively. In contrast to Scenario A, Scenario B favors the building of greater number of preprocessing units and distribution centers, with lower capacities in a location proximate to the feedstock supplies and demand zones respectively. This is mainly attributed to reduce transportation distance between biomass supply to preprocessing unit, and from biorefinery to demand zone, which ultimately reduce the vehicular emissions during biomass and biofuel transport. Moreover, only solvent extraction is favored to preprocess jatropha and castor along the entire planning period. The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario B over the different planning periods are depicted in Figure 6-9 and Figure 6-10 respectively. The legends for the figures are presented in Table 4-13. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.5. 

Feasible solutions for bi-objectives

The behavior of the graph for equation (6-9) in Figure 6-8 has shown that the extreme variation in the investment cost does not bring a significant change in the profit, i.e. the profit varies only by 0.42% when the investment cost increases from $3 to $22 billion. This indicates that deployment of number of biorefineries, preprocessing units, and distribution centers without designing optimum network of the BBSC is not a guarantee to obtain meaningful economic benefit. Nevertheless, the profit is reduced significantly when the investment cost is downsized from $3 to $2 billion. The most feasible solution that corresponds to maximum profit but with a minimum investment cost is indicated by point C of Figure 6-8, which is labeled as Scenario C in this paper. Scenario C is similar to the one labelled as Scenario B in the previous chapter (Section 5.4.2), as the intention in both of them is profit maximization vs investment cost minimization and the associated results are identical. Accordingly, the optimal strategic decisions related to this Scenario are well discussed in Section 5.4.2. Moreover, Figure 5-4 and Figure 5-5 depict the strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario C over the different planning periods respectively. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.3.

Similar to profit maximization vs investment cost variation, the behavior of the graph for equation (6-10) in Figure 6-8 has shown that the extreme increment in the investment cost doesn't bring a significant change in the ecocost. The reason is that the rise in investment cost is majorly associated with the deployment of more distribution centers, which doesn't have impact on ecocost due to the assumption that there is insignificant emission associated with storage of materials. Scenario D in this work implies the most feasible solution that corresponds to the lowest ecocost as well as lowest investment cost, and it is indicated by point D of Figure 6-8. In this Scenario, the model favors utilization of molasses in the first ten years and then joined by bagasse until the end of the planning period. Moreover, similar to scenario C, the model recommends approximately the same location and technology type of bioethanol refineries but with higher capacities, in which no thermochemical-based refineries are promoted. However, here, a greater number of drying and size reduction units with smaller capacities in few locations are proposed. Regarding the biodiesel production, the model proposes the installation of heterogeneous-transesterification and solvent extraction as refinery and preprocessing technologies respectively. Nevertheless, the installation of homogeneoustransesterification refineries and mechanical extraction units are not supported in the entire planning year because of their higher environmental impact. Compared with Scenario C, the number of preprocessing units recommended in Scenario D is higher but with lower capacities in some locations. Conversely, lower number of refineries are proposed but with higher capacities in this scenario. The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario D over the different planning periods are depicted in Figure 6-11 and Figure 6-12 respectively. The legends for the figures are presented in Table 4-13. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.6. The last bi-objective consideration is between the profit maximization and ecocost minimization. The antagonistic nature of the two objectives is assessed through the behavior of the graph for Equation (6-11) in Figure 6-8. Accordingly, the behavior has shown that a 2.5%, 5%, 7.5% and 10% reduction in the ecocost will decrease the profit by approximately 2%, 5.17%, 11% and 37% respectively. Among the different solutions indicated in Figure 678, point E is the most feasible to fulfill the compromise between profit maximization and ecocost minimization and it is taken as Scenario E in this paper. The technology and location of most of the refineries recommended in this scenario are almost similar with Scenario B except very little variation on the number and capacity in few locations, especially in the last five planning years. However, the numbers of preprocessing and distribution centers proposed in Scenario E are higher than the one recommended in Scenario A and significantly lower than Scenario B. Consequently, this scenario shows a small reduction in profit by 5% compared with Scenario A and a slight increment in the ecocost by 6% compared with Scenario B. The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario E over the different planning periods are depicted in Figure 6-13 and Figure 6-14 respectively. The legends for the figures are presented in Table 4-13. Furthermore, the strategic decision associated with the distribution center of this scenario are depicted in Appendix A.7. 

Feasible solutions for multi-objectives

A set of efficient feasible solutions, which compromise the three objectives, is generated following the method described in Equation (6-12). In order to obtain a representative feasible solution, the profit maximization was run by taking four intervals for the ecocost and twentytwo intervals for the investment cost that generates a total of 88 feasible solutions (see the graph for Equation (6-12) in Figure 678). Among the feasible solutions, the one indicated as point F in Figure 6-8 is the best solution that compromises the three antagonistic objectives and labeled as Scenario F. This solution is selected by considering equal weight for the three objectives. However, this solution can be deviated based on the weight given to the objectives by different decision makers. In Scenario F, the model favors utilization of molasses in the first 10 planning years, which is then joined by both corn stover and bagasse to satisfy the bioethanol production in the next 11-20 years. Like in the case of most previous scenarios, Scenario F also recommends the utilization of both jatropha and castor for biodiesel production along the entire planning period. Moreover, the proposed preprocessing mechanisms for the lignocellulostic bioethanol feedstocks and biodiesel feedstocks are drying-size reduction and solvent extraction respectively. Biochemical and heterogeneous transesterification refineries are exclusively chosen throughout the planning periods for bioethanol and biodiesel production respectively. In most cases, the refineries are proposed to be built in locations proximate to biomass supply, despite few are recommended to be located in high biofuel demand areas. The optimal strategic decisions (number, location, technology and capacity) of the preprocessing units and biorefineries for Scenario F over the different planning periods are depicted in Figure 6-15 and Figure 6-16 respectively. Furthermore, the strategic decisions associated with the distribution center of this scenario are depicted in Appendix A.8. 

Breakdown of total cost and ecocost components

The average annual cost and ecocost components for the six scenarios are given in Figure 6-17. In all the six scenarios, the production cost constitutes the highest share of total cost by contributing 55 to 65% depending on the scenarios, followed by biomass purchase, inventory and transport cost. The highest biomass purchase cost is shown in the ecocost minimization scenarios (Scenario B and Scenario D), which is mainly attributed to the preference of bagasse as bioethanol feedstock than corn stover in these scenarios. Moreover, the highest inventory cost is also observed in these scenarios due to the installation of more preprocessing and distribution centers. The transport cost account for approximately 2% share of total cost in all scenarios.

The production and preprocessing stages cover more than 90% of the total ecocost, of which they account for 48-60%, and 34-49% respectively depending on the scenarios. Besides, the remaining 3-7% of the total ecocost is covered by transportation of materials in the BBSC. The highest ecocost related to production is registered in Scenario A since it favors environmental unfriendly technologies, including homogeneous transesterification, thermochemical conversion and mechanical extraction, especially in the last planning periods. On the other hand, the maximum preprocessing ecocost is observed in Scenario B as the number of preprocessing facilities is higher. The transport ecocost is lowest in Scenario B and Scenario D since they reduce transportation distance between biomass supply to preprocessing unit, and from biorefinery to demand zone by selecting a higher number of preprocessing and distribution centers.

Figure 6-17: Average annual cost (left) and ecocost (right) breakdown for the six scenarios

Sensitivity analysis

A sensitivity analysis is conducted in this section to make the economic-environment planning strategy realistic. This is done on the results of the six scenarios of Figure 6-8 with respect to the major uncertain input parameters. Similar to Section 5.4.4, the parameters considered here are biomass purchase price and availability, as well as biofuel demand and selling price. As it is indicated in the figures, the increment in the feedstocks purchase price leads to total profit reduction in case of Scenario A, Scenario C, Scenario E and Scenario F, among them the first two scenarios have shown a significant reduction. Moreover, a substantial decline in the profit of the four scenarios is observed during the increment in purchase prices of molasses, jatropha and castor, which is associated to the required enormous amount of the three feedstocks during the planning period. However, the profit is not that much sensitive to purchase price of corn stover and bagasse. Adversely, in the case of Scenario B and Scenario D, the rise in the purchase price of biomasses leads to an erratic variation of the total profit, in which the profit is almost zero in most cases. This is because the objective of the two scenarios is related to minimizing the environmental burden of the BBSC and the issue of profit is disregarded in both scenarios.

Moreover, as indicated in Figure 6-18 -Figure 6-22, in all scenarios and for all biomass feedstocks, the investment cost has shown an erratic fluctuation with the increase in biomass purchase price. This is because the objectives of the scenarios are either on profit maximization or ecocost minimization and do not associate with any investment cost issues. The investment cost seems highly sensitive for the change in the biomass purchase price in Scenario A, Scenario B and Scenario E as there is no upper and lower limit of investment cost on these scenarios.

Similar to the investment cost, the ecocost has also shown an irregular fluctuation with the rise in the biomass purchase price in most cases . This might be because of the biomass purchase price does not affect the ecocost directly unlike to the profit. Moreover, the ecocost variation with respect to biomass purchase price is not that much significant compared with the profit and investment cost.

In the case of the most feasible solution (Scenario F), a 400% increment in the purchase price of corn stover, molasses, bagasse, jatropha, and castor leads to a drop in the expected profit by 0.7%, 9.36%, 2.66%, 10.97%, and 9.11% respectively. Whereas the investment cost and ecocost have shown an erratic variation. As it is indicated in the figures, the increment in the feedstocks availability leads to total profit increment in case of Scenario A, Scenario C, Scenario E and Scenario F, where the first two scenarios have shown a significant rise in the profit. Moreover, in the four scenarios, the availability of molasses and jatropha have significantly affected the profit compared to other feedstocks. This is attributed to the requirement of enormous amount of the two feedstocks to produce bioethanol and biodiesel throughout the planning period. Conversely, in the cases of scenarios with environmental objectives (Scenario B and Scenario D), the rise in the availability of biomasses does not significantly affect the profit, which is almost zero in most cases.

Moreover, as indicated in Figure 6-23 -Figure 6-27, the investment cost has shown an erratic fluctuation with the increase in biomass availability for Scenarios A, B and E. This is due to the objectives of the scenarios are either on profit maximization or ecocost minimization and do not associate with any investment cost issues. However, in the remaining scenarios, the investment cost is almost constant with variation in the biomasses availability since they have constraints on the upper and lower limit of the investment cost.

Besides, the ecocost has shown an irregular fluctuation with the rise in the biomass availability in most cases (Figure 6-23 -Figure 6-27). However, a constant decline in the ecocost has been observed with the increase in bagasse and castor availability in Scenario B, Scenario D, Scenario E and Scenario F. This is due to the abundant availability of bagasse and castor does not give the chance for feedstocks with higher processing ecocosts, i.e. corn stover and jatropha, to substitute them for bioethanol and biodiesel production respectively.

In the case of the most feasible solution (Scenario F), the change in the availability of corn stover from -50% to +50% from the base case value, molasses and bagasse from -60% to +60% from the base case value and jatropha and castor from -66.7% to +66.7% from the base case value have resulted in increment of the expected profit by 0.23%, 38.05%, 0.17%, 14.21% and 1.88% respectively. On the other hand, the ecocost has shown a constant rise and decline with marginal value depending on the biomasses except molasses that shows erratic fluctuation.

With the biomass availability increment range specified above, the ecocost increases by 0.012% and 0.45% for corn stover and jatropha respectively and reduced by 0.06% and 0.19% for bagasse and castor respectively. Moreover, in Scenario F, the investment cost is almost constant for the various biomass feedstocks' availability range. As it is indicated in the figures, the increment in bioethanol demand leads to total profit decline in case of Scenario A, Scenario C, Scenario E and Scenario F, among them the first two scenarios have shown a significant drop in the profit. Whereas, the rise in biodiesel demand results in total profit increment in the four scenarios. On the other hand, in the cases of scenarios with environmental objectives (Scenario B and Scenario D), the rise in the bioethanol or biodiesel demand does not significantly affect the profit, which is almost zero in most cases.

Moreover, as indicated in Figure 6-28 -Figure 6-29, the ecocost has shown an increment with the increase in bioethanol and biodiesel demands in all scenarios. This is because the preprocessing, production and transportation ecocosts increase while the demand for biofuel increases. Similar to the biomass availability and purchase price, the biofuel demand impacts the investment cost in an erratic manner.

In the case of the most feasible solution (Scenario F), the increment in bioethanol and biodiesel demand by 20% leads to a rise in the profit by -1.50% and 3.45% respectively, whereas the ecocost increases by 0.1% and 0.3% respectively. As it is indicated in the figures, in all scenarios with an objective of profit maximization (Scenario A, Scenario C, Scenario E and Scenario F), the increment in bioethanol and biodiesel selling prices leads to a linear rise in the BBSC profit. Moreover, in these scenarios, a significant drop in the selling price of the biodiesel results in negative profit. Whereas, in the cases of scenarios with environmental objectives (Scenario B and Scenario D), the rise in bioethanol and biodiesel selling prices does not significantly affect the profit, which is almost zero in most cases.

On the other hand, as indicated Figure 6-30 -Figure 6-31, the ecocost and investment cost has shown an erratic fluctuation with the increase in bioethanol and biodiesel selling prices in almost all scenarios. This is because the biofuel purchase price does not affect these two costs in a linear manner.

In the case of the most feasible solution (Scenario F), the increment in bioethanol and biodiesel selling price by 100% and 200% leads to rise in profit by 5.79% and 300% respectively, whereas the impact on ecocost and investment cost are insignificant. 

Conclusion

This chapter aims to design and plan the BBSC at scale of a country by considering economic and environmental perspectives. Consequently, a multi-period, multi-feedstock, multi-product, multi-echelon and multi-objective mixed integer linear programming (MILP) model is developed. Compared to other economic-environmental optimization models developed previously, the novelty of this model lies on the following issues. (1) The formulation of integrated model that provides optimal strategic and tactical decisions simultaneously rather than focusing on conventional hierarchical approach (first make optimal strategic decisions and then use them to make optimal tactical decisions), which may arouse a non-optimal, suboptimal and infeasible solutions. (2) A comprehensive LCA is conducted along the supply chain of corn stover-, molasses-, and bagasse-based bioethanol and jatropha-, and castor-based biodiesel by broadening the impact categories that are assessed in most of previous researches.

The impact categories addressed in this work includes global warming, photochemical oxidation, acidification, eutrophication, human toxicity, fine dust, freshwater aquatic ecotoxicity, land use, waste generation, fossil fuel depletion and metal and water scarcity potentials.

(3) The environmental performance of the BBSC has been assessed in terms of monetary value by adopting ecocost approach to compare with the economic objective easily.

The model is applied to the real case of Ethiopia to provide a decision support tool for policy makers and other stakeholders for developing the infant bioethanol and biodiesel sector in sustainable manner. Since this planning problem relies on three objective functions, namely, profit, ecocost and investment cost, it requires a solution of multi-objective MILP. However, the attempt to solve the latter with CPLEX could not succeed. This is due to the sharp increment in the model size as it is a countrywide real case study with many continuous decision variables and parameters as well as many binary variables due to strategic choices. Therefore, a new semi-heuristic approach, which offers feasible solutions to the problem, is provided to analyze the compromise between the objectives.

Results indicated that a clear tradeoff between the economic and environmental objectives. Accordingly, a 37% reduction in the profit is observed by decreasing the environmental burden (ecocost) of the BBSC by 10%. Moreover, further minimization of the ecocost by 12% leads to almost no profit. Conversely, the variation in the investment cost does not have a significant impact on both profit and ecocost. The most feasible solution that compromise the three objectives has exclusively proposed the installation of biochemical and heterogeneous transesterification refineries for bioethanol and biodiesel production respectively throughout the planning period. Most of the refineries are located in areas proximate to the biomass supply locations rather than biofuel demand locations, whereas, the inverse is true for few refineries. Moreover, this solution favors the utilization of molasses in the first 10 planning years, which is then joined by both corn stover and bagasse to satisfy the bioethanol production in the next 11-20 years. Besides, it recommends the utilization of both jatropha and castor for biodiesel production along the entire planning period. The proposed preprocessing mechanisms for the lignocellulostic bioethanol feedstocks and biodiesel feedstocks are drying-size reduction and solvent extraction respectively.

Finally, a sensitivity analysis is conducted on the chosen optimal and feasible solutions to assess the impact of biomass purchase price and availability, as well as biofuel demand and selling price. The analysis showed that the three objectives are affected by the uncertainties in those parameters with an erratic manner in most cases except few consistent changes are observed in the profit and ecocost. Since all the optimal and feasible solutions are subject to uncertainty, it is mandatory to come up with "surely optimal solution", which could be an area for future research.

CHAPTER 7. GENERAL CONCLUSIONS AND PERSPECTIVES

General conclusions

Biofuels are of rapidly growing interest in Ethiopia over the last decade for reasons of saving foreign currency, jobs creation, and greenhouse gas mitigation. The biofuel sector performance has not been encouraging, and the implementation of biomass-to-biofuel projects have shown sluggish progress despite there is a strong interest from the government and availability of abundant biomass in the country. Bioethanol production is lower than the projected target by far and the production of biodiesel is at pilot scale yet. This is associated with several challenges that obstruct the sector's progress along the BBSC. To this end, the development of quantitative research that supports policymakers and other pertinent actors to make evidencebased decision-making along the BBSC is imperative to overcome the numerous challenges within the supply chain.

Henceforth, the objective of this research work is to develop a comprehensive and realistic mathematical optimization-based decision support model for the strategic design and tactical planning of Ethiopia's BBSC over a 20-year horizon. The intention of the optimization model developed in this study is to maximize the economic and environmental benefits of using the abundant biomasses in Ethiopia for the production of biofuels along with the associated coproducts. To this end, corn stover-, molasses-and bagasse-based bioethanol and jatropha-and castor-based biodiesel production were considered in the entire study. The objective is attained through developing a multi-objective optimization model progressively and applying it to the real case of Ethiopia. The aim of the case study is to explore the optimal and feasible strategic decisions, including BBSC network as well as location, technology, number and capacity of the supply chain components (biorefinery, preprocessing unit and distribution center). Moreover, it intends to provide optimal and feasible tactical decisions, which include the amount of biofuel production, material transportation and inventory along the BBSC.

Consequently, it provides a decision-support or planning-support platform that can be ubiquitously used by the government organs and other pertinent actors -producers, suppliers, intermediaries, and consumers to make mathematically substantiated decisions (planning).

Chapter 2 presents the assessment of Ethiopia's biofuel production potential from promising biomass feedstocks. Bioethanol production from sugarcane molasses and biodiesel production from jatropha curcas and castor seed are the strategic directions of Ethiopian government. The bioethanol and biodiesel production potential of these feedstocks along with other potential feedstocks were estimated. As per the assessment, there is a potential of about 358 million liters of bioethanol per year from molasses generated in the existing and new sugar factories, when they become fully operational. Moreover, a total of about 280.55 and 282.85 million liters per year of biodiesel potential from jatropha and castor by using 1% of the highly suitable land identified for their cultivation respectively. Apart from the stipulated feedstocks in the strategy, the study has estimated a total of about 4,060.37 million liters of bioethanol potential per year using the surplus sugarcane bagasse and widely available crop residues (crop stalk, sorghum stalk, wheat straw and rice straw).

Moreover, Chapter 2 provides the evaluation of the existing infant and under-developed Ethiopia's BBSC based on the three conventional and two extended pillars of sustainability (economic, environmental, social, technological and political). Based on the evaluation, some strategic decisions that should be taken by the policymakers in the BBSC were sorted out. These decisions include type, location and harvesting mechanisms of biomass feedstocks, location and technology of biorefineries, standard for preprocessing, storage and transportation of biomass and biofuel, and incentives for actors in the supply chain. To this end, evidencebased decisions by policymakers on the above strategic variables as well as on other strategic and tactical issues are mandatory. Therefore, developing a quantitative-based decision-support model is essential to design, plan, and manage the BBSC in a sustainable manner. Several decision support mathematical models were developed, in which the optimization approach is the dominant one. However, the optimization models developed in previous researches have limitations to directly adapt and apply to real country-level cases in general and Ethiopia's biomass-to-biofuel case in particular.

Cognizant to the above fact, in Chapter 3, a critical review was made on previous researches focusing on BBSC optimization in order to identify the research limitations or gaps on developing a realistic and comprehensive decision support optimization model, which ultimately provides novel ideas to be incorporated in this work. A set of 50 papers were selected through systematic approach and thoroughly reviewed by taking some important criteria. It is found that a region or state-level was the case study boundary in most of the studies despite national-level cases were taken in few studies. Moreover, none of the studies took a case study on regions or countries in Africa. More than 95% of the studies had focused on either the strategic or combined strategic-tactical level decisions. Majority of the studies, which focused on strategic-tactical models, had followed the hierarchical planning approach except four studies. The intention in all integrated strategic-tactical models revolve around the economic objective and bioethanol supply chain only. Moreover, a single biofuel product supply chain, either the bioethanol or biodiesel, was considered in most of the reviewed papers. Besides, more than 80% of the studies have failed to integrate all the upstream, midstream and downstream echelons of the BBSC, especially the preprocessing unit was ignored or dealt as one process of the biorefinery in the papers. Lastly, uncertainty was not satisfactorily examined in majority of the papers. Based on the above review, novel simultaneous considerations were explored that help to develop a comprehensive decision support optimization model in this study.

Chapter 4 presents the development of strategic level mono-objective optimization model, which intends to maximize the net present value (NPV). For the sake of addressing the whole behavior of the BBSC, the problem has been devised as a spatially explicit multi-product, multi-feedstock, multi-period, and multi-echelon MILP modeling scheme, which considers the variability in the quantities of biomass supply and biofuel demand per annum. Although several strategic level economic optimization models developed so far, this contribution broadens the preceding research endeavors by considering the following efforts simultaneously. First, a real national level case study in one African country -Ethiopia is considered. Second, a multiproduct BBSC that simultaneously produces bioethanol and biodiesel with the associated coproducts is considered. Third, a comprehensive supply chain comprised of a decentralized preprocessing unit, which was disregarded in most previous studies, along with other relevant upstream, midstream and downstream components is considered. The components include biomass feedstock supply center, preprocessing unit, biorefinery, biofuel (biodiesel and bioethanol) distribution center, and biofuel and co-product market zone. Fourth, the investment decisions related to location, technology, number and capacity of facilities happened on yearly basis, unlike many studies that consider this decision at the beginning of the planning period only. The resulting model was applied to the case study and optimum strategic decisions were generated. Then, based on the conventional hierarchical approach, the recommended strategic level decisions were used to determine tactical level planning. Nevertheless, infeasible solutions at tactical level were observed in some decision variables, which makes this hierarchical approach not reliable to apply for long-term planning of the sector. Therefore, the development of an integrated MILP model that provides strategic and tactical decisions simultaneously is compulsory, which is the intention of the next chapter.

Chapter 5 presents the development of a novel integrated strategic-tactical economic optimization model. To capture the variation in biomass supply and biofuel demand, the model considers monthly and yearly periods. Constraints that linked the yearly and monthly periods through the biomass, preprocessed biomass, and biofuel inventory levels were designed. First, the objective of the integrated model was to maximize the NPV, as in the case of the previous chapter, and the resulting mono-objective optimization model was applied to the real national case of Ethiopia. However, no solution was obtained as the numerical solver-CPLEX was run out of memory. This is attributed to the sharp increment of the model size as it is a countrywide real case study for 20 planning years, and it requires a vast amount of data. Moreover, the investment decisions related to location, technology and capacity of each component in the supply chain take place on yearly basis, which results in abrupt increment of the binary variables. Therefore, a new approach was explored to divide the mono-objective model to biobjective economic optimization model, which intends to maximize the profit and minimize the investment cost. The resulting bi-objective optimization model was applied to the real national case of Ethiopia. Nevertheless, the attempt to solve the second objective (investment cost minimization) ends without success due to similar reason as in the case of the NPV. Henceforth, a new strategy was proposed to analyze the compromise between the objectives for large size model with many binary decision variables in justifiable computational time and efficient optimization resolution, which is one of the novel contributions of this work. To this end, an optimum and several feasible solutions near to the pareto-optima were generated. Then, the strategic and tactical decisions correspond to three chosen solutions were analyzed. However, an environmental perspective needs to be included in the optimization model to support the realization of the envisaged sustainable green economy of Ethiopia, which is the aim of the next chapter.

Finally, in Chapter 6, an environmental objective function was developed and added to the integrated bi-objective economic optimization model that provides a multi-objective economic-environment model. The environmental objective is the minimization of ECOCOST a monetary-based environmental indicator, which can be easily compared with the economic objective. To quantify the objective, a comprehensive LCA was conducted along the supply chain of corn stover-, molasses-, and bagasse-based bioethanol and jatropha-, and castor-based biodiesel by broadening the impact categories that were assessed in most previous researches.

The impact categories addressed in this work includes global warming, photochemical oxidation, acidification, eutrophication, human toxicity, fine dust, freshwater aquatic ecotoxicity, land use, waste generation, fossil fuel depletion and metal and water scarcity potentials. Since the planning problem relies on three objective functions, namely, profit, ecocost and investment cost, it requires a solution of multi-objective MILP. However, the attempt to solve the latter with CPLEX could not succeed because of similar reasons indicated in the previous chapter. Therefore, a semi-heuristic strategy, which offers a feasible solution to the problem, was again explored to analyze the compromise between the objectives. To this end, several optimum and feasible solutions were generated. Then, the strategic and tactical decisions correspond to six chosen solutions were analyzed.

Results from the above two chapters indicated that the variation in the investment cost does not have a significant impact on both profit and ecocost. Contrary, there is a clear tradeoff between the economic (profit) and environmental (ecocost) objectives. Accordingly, a 37% reduction in the profit was observed by decreasing the environmental burden (ecocost) of the BBSC by 10%. Moreover, further minimization of the ecocost by 12% leads to almost no profit. Lastly, sensitivity analyses were carried out in both of the above two chapters in order to assess the impact of biomass purchase price and availability, as well as biofuel demand and selling price on the expected profit, ecocost and investment cost of the BBSC.

Perspectives

The important perspectives recommended for future expansion of this research work are diagrammatically illustrated in Figure 7-1 and further details are given in this part to show the enormous research opportunities to advance the knowledge in the area.

 A first potential future expansion of this work is to broaden the supply chain boundary by incorporating the two significant activities of BBSC, i.e. biomass cultivation and biofuel usage, for the sake of avoiding non-optimal, sub-optimal and infeasible solutions along the supply chain.

 A second extension could be to incorporate other pillars of sustainability since addressing the economic and environmental objectives is not comprehensive enough to acquire a sustainable biofuel development. Of course, one of the remaining sustainability pillarsocial dimension should be considered. However, the subjective and qualitative nature of social issues and lack of pertinent input data raised a difficulty in their assessment by some indicators. The amount of jobs creation was the widely used social indicator in most decision-support optimization models, in which it was employed to assist only the strategic level decisions, mainly to determine a facility location [START_REF] Messmann | How to quantify social impacts in strategic supply chain optimization: State of the art[END_REF]. Nevertheless, indicators that show the different social aspects including food security and other social welfares were not developed satisfactorily. In addition to the three pillars of sustainability, recent studies have recommended the incorporation of technological and political dimensions for comprehensive biofuel sustainability evaluation [START_REF] Bautista | Biodiesel-TBL+: A new hierarchical sustainability assessment framework of PC&I for biodiesel production -Part i[END_REF][START_REF] Espinoza Pérez | Key References 206 challenges and requirements for sustainable and industrialized biorefinery supply chain design and management: A bibliographic analysis[END_REF]. However, even worse than the social aspect, the technological and political aspects are scarcely studied and the metrics (indicators) to measure their objectives were not well developed. Considering all the above facts, another future expansion of this work is to integrate social, technological and political perspectives in the economic-environment optimization model through developing pertinent metrics (indicators).

 A third expansion is to consolidate operational level planning in the integrated strategictactical level model developed in this work. However, it results in computational complexity, which can be overcome by substituting the complex system with a surrogate model that is designed to resemble the input-output behavior of the activities using considerably fewer computational resources. However, [START_REF] Bhosekar | Advances in surrogate based modeling, feasibility analysis, and optimization: A review[END_REF] underlined the selection of appropriate surrogate is a challenging activity. Therefore, designing the BBSC using surrogate-based optimization is a domain that needs to be explored in future researches.

 Several parameters of the BBSC are frequently subjected to uncertainty, especially in the country like Ethiopia where there exist several external factors that affects the different parameters. Therefore, another future extension of this work could be to perform a very computationally demanding global sensitivity analysis to address uncertainties that are not considered in this work. These include uncertainties on the input data (e.g., government tax and incentive adjustments, biofuel production costs and other unanticipated disruptions) and on the key model parameters (e.g., process yields). On the aspect on government tax and incentive adjustments, the proposed model can held the government to decide on its policy for the development of this supply chain both in time (staggering of aid) and in space (regional planning with greater ease of installation in rural areas, for example).

 Furthermore, inclusion of uncertainty in the model via stochastic or robust optimization mechanism can be another avenue for future expansion of this work. On the other hand, since the BBSC go through various fluctuations, a flexibility assessment should be in place to accommodate a set of uncertainty in the supply chain. However, the issue of flexibility analysis in supply chain design is often ignored and expected to be a research path in the future.

 Upgrading the decision support model developed in this study in a way it accommodates various stakeholders, who may be in charge of different activities and sometimes with antagonistic interests, is another potential future extension of this work. Almost all optimization models developed so far were designed in a centralized management perspective, i.e. a single decision-maker controls all activities of the supply chain. In reality, all stakeholders must involve in the supply chain management (decentralized perspective) to maximize their desires.

 Currently, the water, food, and energy nexus (sometimes named WFEN) concept has emerged as a critical issue for securing sustainable development [START_REF] Schull | Analyzing FEW nexus modeling tools for water resources decision-making and management applications[END_REF]. Undeniably, all activities in the BBSC have affected the nexus resources. For instance, the processing stage requires a significant amount of fossil energy resources and water whereas the cultivation stage has a direct impact on food production (Martinez-Hernandez and Samsatli, 2017), which is a very critical issue for agrarian countries like Ethiopia. Therefore, addressing WFEN in designing a decision support model for BBSC can be also an area of future research avenue.

 Adding all the above extensions in this work leads to an abrupt increment in the model size. Henceforth, the last but not the least research avenue could be the exploration of solving methods for such large size, national-level, multi-objective, and long-term planning problems to obtain optimal solutions, which is an upgraded version of the feasible solutions obtained in this study, with efficient resolution and acceptable computational time. Future research lines on this matter include scaling up to larger dimensions in terms of time-periods and exploring the use of meta-heuristics, along with bounds on the problem (using methods like Lagrangian relaxation, Benders decomposition) to determine the quality of the solution when exact optimization becomes impossible based on the size of problems.
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 11 Figure 1-1: Global energy consumption in the road transport sector in 2018 Source: IFPEN, 2020a

  -3, the global biofuel consumption in the road transport sector has reached around 80 Mtoe in 2017. The volume of bioethanol and biodiesel consumed globally in the road transport sector has shown a significant increment between the years 2006 and 2017 (see Figure1-3). The top three consumers of bioethanol are USA, Brazil, and European Union (EU). Concerning biodiesel, EU is the top consumer (IEA, 2018). In the majority of the world's countries, particularly throughout Asia, the biofuel consumption has been developing rapidly with the growth in the demand for road fuels and government policies(IFPEN, 2020b).
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 3 Figure 3-1: Studies distribution according to publication year
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 3 Figure 3-3: Decision-making levels and planning mechanisms considered in the studies

  Figure 3-4 shows the distribution of the indicators used in the researches to assess the three pillars of sustainability. As it is indicated in the Figure, the dominant economic objectives in the studies were NPV maximization, profit maximization and cost minimization. NPV appears as the most convenient economic indicator when addressing long-term investments since it indicates the degree to which future cash flows are discounted or it adjusts cash flows (hierarchical planning) Strategic-tactical (integrated planning) Tactical Strategic-tactical-operational
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 3 Figure 3-4 : Indicators used for the assessment of economic (top left), environmental (top right) and social (bottom) objectives
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  Figure 4-1: Model Superstructure

  1 presents the model indices, continuous and binary variables, and technical and economic parameters used in this study along with their definition. The schematic view of the strategic model is depicted in Figure 4-2.

  Figure 4-2: Schematic view of the strategic model

  𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑦 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑐𝑜𝑠𝑡 𝑦 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 + 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝐶𝑜𝑠𝑡 𝑦 + 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 (4-3) 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝐶𝑜𝑠𝑡 𝑦 = ∑ ∑(δ 𝑏 * 𝑃𝑏ℎ 𝑏,ℎ,𝑦 ) ℎ∈𝐻 𝑏∈𝐵 (4-4) Production cost includes fixed costs and variable costs. Fixed costs remain the same regardless of the refinery throughput, which include overhead cost, rent, insurance, depreciation, etc. Variable costs vary based on the amount of biofuel production. Variable costs may include labor, raw materials and utilities. 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑦 = ∑ ∑ ∑(β 𝑓,𝑐 pp * 𝑆 𝑖,𝑓,𝑐,𝑦 ) + ∑ ∑ ∑(β 𝑔,𝑒 br * 𝑅 𝑗,𝑔,𝑒,𝑦 ) ∑ ∑ ∑(ϴ 𝑏,𝑓,𝑐 𝑝𝑝 * 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 ) 𝑐∈𝐶 𝑓∈𝐹 𝑖∈𝐼 𝑑∈𝐷 𝑏∈𝐵 + ∑ ∑ ∑ ∑ ∑(ϴ 𝑑,𝑔,𝑒 𝑏𝑟 * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 ) ∑(tra1 𝑏,ℎ,𝑖 * 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦 ) 𝑖∈𝐼 ℎ∈𝐻 𝑏∈𝐵 + ∑ ∑ ∑(tra2 𝑑,𝑖,𝑗 * 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦 ) 𝑗∈𝐽 𝑖∈𝐼 𝑑∈𝐷 + ∑ ∑ ∑(tra3 𝑢,𝑗,𝑘 * 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦 ) 𝑘∈𝐾 𝑗∈𝐽 𝑢∈𝑈 + ∑ ∑ ∑ (tra4 𝑢,𝑘,𝑚 * 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦 ) 𝑚∈𝑀 𝑘∈𝐾 𝑢∈𝑈 + ∑ ∑ ∑ (tra5 𝑢,𝑗,𝑚 * 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦 ) 𝑚∈𝑀 𝑗∈𝐽 𝑢∈𝑈 + ∑ ∑ ∑(tra6 𝑣,𝑗,𝑛 * 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦 )

  ∑ (inv1 𝑓,𝑐 * (𝑆 𝑖,𝑓,𝑐,𝑦 -𝑆 𝑖,𝑓,𝑐,𝑦-1 )) 𝑐∈𝐶 𝑓∈𝐹 𝑖∈𝐼 + ∑ ∑ ∑ (inv2 𝑔,𝑒 * (𝑅 𝑗,𝑔,𝑒,𝑦 -𝑅 𝑗,𝑔,𝑒,𝑦-1 )) 𝑒∈𝐸 𝑔∈𝐺 𝑗∈𝐽 + ∑ ∑ (inv3 𝑎 * (𝑄 𝑘,𝑎,𝑦 -𝑄 𝑘,𝑎,𝑦-1

  11) represents the mass balance of the raw biomass b at preprocessing facility i in year y. The raw biomass b inflows from the supply center to the preprocessing unit in year y is equal to the amount preprocessed at that specific year. -feedstock and multi-product BBSC is a complicated optimization problem since most of the formulations that involve the processing of feedstocks to products have nonlinearities. Therefore, here a conversion factor Ƞ 𝑏,𝑓,𝑑 𝑝𝑝 is introduced to model the link between the output pretreated biomass d and the input biomass feedstock b, to ensure linearity of the problem.𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 = Ƞ 𝑏,𝑓,𝑑 pp * 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 ∀𝑏 ∈ 𝐵, 𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑦 ∈ 𝑌 (4-12)The mass balance of preprocessed biomass d at preprocessing facility i is given by constraint (4-13).∑ ∑ 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦 𝑓∈𝐹 𝑏∈𝐵 = ∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦 𝑗∈𝐽 ∀𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑦 ∈ 𝑌 (4-13)The following constraint represents that at most one biomass b is converted to preprocessed biomass d and one capacity level c could be selected at each preprocessing unit i with technology f in year y.∑ ∑ ∑ 𝑆1 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 𝑐∈𝐶 𝑑∈𝐷 𝑏∈𝐵 ≤ 1 ∀𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑦 ∈ 𝑌 (4-14) ∑ ∑ 𝑆1 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 𝑑∈𝐷 𝑏∈𝐵 = 𝑆 𝑖,𝑓,𝑐,𝑦 ∀𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑐 ∈ 𝐶, 𝑦 ∈ 𝑌 (4-15)

  , 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌 (4-21) ∑ ∑ 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦 𝑔∈𝐺 𝑑∈𝐷 = ∑ 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦 𝑛∈𝑁 ∀𝑣 ∈ 𝑉, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌 (4-22)

  ,𝑔,𝑒,𝑦 ∀𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑒 ∈ 𝐸, 𝑦 ∈ 𝑌 (4-24)
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 44 Figure 4-4: The structure of the considered case study

  Figure 4-5 presents the optimal strategic decisions (number, location, technology and capacity) of the preprocessing units during the periods 2020/21-2024/25, 2025/26-2029/30, 2030/31-2034/35, and 2035/36-2039/40.
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 4 Figure 4-5: Strategic decisions proposed on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)
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 4 Figure 4-7: Breakdown of total cost components over the planning period
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 48 Figure 4-8: Comparison between the amounts of molasses to be processed in refinery located at Bench-Maji zone in the year 2032/33 and the processing capacity of refinery

  ,𝑐 pp * 𝑆 𝑖,𝑓,𝑐,𝑦 ) + ∑ ∑ ∑(β 𝑔,𝑒 br * 𝑅 𝑗,𝑔,𝑒,𝑦 ) ∑ ∑ ∑ ∑(ϴ 𝑑,𝑔,𝑒 𝑏𝑟 * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 ) ∑ ∑(tra1 𝑏,ℎ,𝑖 * 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦,𝑡 ) 𝑡∈𝑇 𝑖∈𝐼 ℎ∈𝐻 𝑏∈𝐵 + ∑ ∑ ∑ ∑(tra2 𝑑,𝑖,𝑗 * 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 ) 𝑡∈𝑇 𝑗∈𝐽 𝑖∈𝐼 𝑑∈𝐷 + ∑ ∑ ∑ ∑(tra3 𝑢,𝑗,𝑘 * 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 ) 𝑡∈𝑇 𝑘∈𝐾 𝑗∈𝐽 𝑢∈𝑈 + ∑ ∑ ∑ ∑(tra4 𝑢,𝑘,𝑚 * 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 ) 𝑡∈𝑇 𝑚∈𝑀 𝑘∈𝐾 𝑢∈𝑈 + ∑ ∑ ∑ ∑(tra5 𝑢,𝑗,𝑚 * 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 ) 𝑡∈𝑇 𝑚∈𝑀 𝑗∈𝐽 𝑢∈𝑈 + ∑ ∑ ∑ ∑(tra6 𝑣,𝑗,𝑛 * 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 ) 𝑡∈𝑇 𝑛∈𝑁 𝑗∈𝐽 𝑣∈𝑉

  [∑ ∑ ∑ (inv1 𝑓,𝑐 * (𝑆 𝑖,𝑓,𝑐,𝑦 -𝑆 𝑖,𝑓,𝑐,𝑦-1 ∑ (inv2 𝑔,𝑒 * (𝑅 𝑗,𝑔,𝑒,𝑦 -𝑅 𝑗,𝑔,𝑒,𝑦-1 )) 𝑒∈𝐸 𝑔∈𝐺 𝑗∈𝐽 + ∑ ∑ (inv3 𝑎 * (𝑄 𝑘,𝑎,𝑦 -𝑄 𝑘,𝑎,𝑦-1 ))𝑎∈𝐴 𝑘∈𝐾 ] / (1 + 𝑖𝑟)𝑦-1 ) 

  1 -Ω b ) 𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦-1,𝑡+11 + ∑ 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦,𝑡 ℎ∈𝐻 = ∑ ∑ 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 𝑓∈𝐹 𝑑∈𝐷 + 𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦,𝑡 𝑖𝑓 𝑡 = 1 (1 -Ω b ) 𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦,𝑡-1 + ∑ 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦,𝑡 ℎ∈𝐻 = ∑ ∑ 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 𝑓∈𝐹 𝑑∈𝐷 + 𝐼𝑉𝐵𝐼 𝑏,𝑖,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑏 ∈ 𝐵, 𝑖 ∈ 𝐼, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-10) Designing a multi-feedstock and multi-product BBSC is a complicated optimization problem since most of the formulations that involve the processing of feedstocks to products have nonlinearities. Therefore, here a conversion factor Ƞ 𝑏,𝑓,𝑑 𝑝𝑝 is introduced to model the link between the output pre-treated biomass d and the input biomass feedstock b, to ensure linearity of the problem. 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 = Ƞ 𝑏,𝑓,𝑑 pp * 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 ∀𝑏 ∈ 𝐵, 𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-11) Similar to constraint (5-10) for the raw biomass b, the mass balance of preprocessed biomass d at preprocessing facility i is given by constraint (5-12). (1 -Ω d ) 𝐼𝑉𝐷𝐼 𝑑,𝑖,𝑦-1,𝑡+11 + ∑ ∑ 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 𝑓∈𝐹 𝑏∈𝐵 = ∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 𝑗∈𝐽 + 𝐼𝑉𝐷𝐼 𝑑,𝑖,𝑦,𝑡 𝑖𝑓 𝑡 = 1 (5-12) (1 -Ω d ) 𝐼𝑉𝐷𝐼 𝑑,𝑖,𝑦,𝑡-1 + ∑ ∑ 𝑊𝑑𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 𝑓∈𝐹 𝑏∈𝐵 = ∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 𝑗∈𝐽 + 𝐼𝑉𝐷𝐼 𝑑,𝑖,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 The following constraint represents that at most one biomass b is converted to preprocessed biomass d and one capacity level c could be selected at each preprocessing unit i with technology f in year y. 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 𝑑∈𝐷 𝑏∈𝐵 = 𝑆 𝑖,𝑓,𝑐,𝑦 ∀𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑐 ∈ 𝐶, 𝑦 ∈ 𝑌

  1 -Ω d ) 𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦-1,𝑡+11 + ∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 𝑖∈𝐼 = ∑ ∑ 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑢∈𝑈 + 𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦,𝑡 𝑖𝑓 𝑡 = 1 (1 -Ω d ) 𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦,𝑡-1 + ∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 𝑖∈𝐼 = ∑ ∑ 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑢∈𝑈 + 𝐼𝑉𝐷𝐽 𝑑,𝑗,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑑 ∈ 𝐷, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-18) In order to ensure the linearity of the problem, constraint (5-19) introduces a conversion factor Ƞ 𝑑,𝑔,𝑢 𝐵𝑅 to model the link between the output biofuel u and the input pretreated biomass feedstock d. 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 = Ƞ 𝑑,𝑔,𝑢 BR * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 ∀𝑑 ∈ 𝐷, 𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-19) Similarly, the generation amount of co-product v by each technology g while the feedstock d is converted to biofuel u is shown in constraint (5-20). 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦,𝑡 = Ƞ 𝑑,𝑔,𝑣 BR * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 ∀𝑑 ∈ 𝐷, 𝑣 ∈ 𝑉, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-20) Similar to constraint (5-18) for the preprocessed biomass d, the mass balance of biofuel u and co-product v at biorefinery j is given by constraint (5-21) and (5-22) respectively. 𝐼𝑉𝑈𝐽 𝑢,𝑗,𝑦-1,𝑡+11 + ∑ ∑ 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑑∈𝐷 = ∑ 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 𝑘∈𝐾 + ∑ 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 𝑚∈𝑀 + 𝐼𝑉𝑈𝐽 𝑢,𝑗,𝑦,𝑡 𝑖𝑓 𝑡 = 1 𝐼𝑉𝑈𝐽 𝑢,𝑗,𝑦,𝑡-1 + ∑ ∑ 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑑∈𝐷 = ∑ 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 𝑘∈𝐾 + ∑ 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 𝑚∈𝑀 + 𝐼𝑉𝑈𝐽 𝑢,𝑗,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇 (5-21) 𝐼𝑉𝑉𝐽 𝑣,𝑗,𝑦-1,𝑡+11 + ∑ ∑ 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑑∈𝐷 = ∑ 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 𝑛∈𝑁 + 𝐼𝑉𝑉𝐽 𝑣,𝑗,𝑦,𝑡 𝑖𝑓 𝑡 = 1 𝐼𝑉𝑉𝐽 𝑣,𝑗,𝑦,𝑡-1 + ∑ ∑ 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦,𝑡 𝑔∈𝐺 𝑑∈𝐷 = ∑ 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 𝑛∈𝑁 + 𝐼𝑉𝑉𝐽 𝑣,𝑗,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑣 ∈ 𝑉, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

  𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦-1,𝑡+11 + ∑ 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 𝑗∈𝐽 = ∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 𝑚∈𝑀 + 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡 𝑖𝑓 𝑡 = 1 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡-1 + ∑ 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 𝑗∈𝐽 = ∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 𝑚∈𝑀 + 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦,𝑡 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌, 𝑡 ∈ 𝑇

Figure

  Figure 5-1: Profit maximization vs. investment cost

  Figure 5-2, Figure 5-3, Figure 5-4, Figure 5-5, Figure 5-6 and Figure 5-7 are presented inTable 4-13.
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 52 Figure 5-2: Strategic decisions proposed by Scenario A on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)
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 58 Figure 5-8: Total cost breakdown for the three Scenarios

Figure 5 - 9 :

 59 Figure5-9: Comparison between the amounts of molasses to be processed in refinery located at Bench-Maji zone in the year 2032/33 and the processing capacity of refinery

  -11, Figure 5-12, Figure 5-13, Figure 5-14 and Figure 5-15 respectively.
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 5 Figure 5-11: Sensitivity to corn stover purchase price for Scenario A (top left), Scenario B (top right) and Scenario C (bottom)

Figure 5 -

 5 Figure 5-15: Sensitivity to castor purchase price for Scenario A (top left), Scenario B (top right) and Scenario C (bottom)

Figure 5 -

 5 Figure 5-16: Sensitivity to change in corn stover availability for Scenario A (top left), Scenario B (top right) and Scenario C (bottom)

Figure 5 -

 5 Figure 5-21: Sensitivity to bioethanol demand for Scenario A (top left), Scenario B (top right) and Scenario C (bottom)
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 61 Figure 6-1: System boundary for LCA Solid black line indicates the boundary

Figure 6

 6 Figure 6-2: System's structure of the eco-costs 2017

  Figure 6-4: Ecocosts of carbon footprint, ecosystem, human health and resource scarcity for jatropha and castor preprocessing using mechanical and solvent extraction

Figure 6 - 6 :

 66 Figure 6-6: Ecocosts of carbon footprint, ecosystem, human health and resource scarcity for jatropha oil-, and castor oil-based biodiesel production using homogeneous and heterogeneous base-catalyzed transesterification

Figure 6

 6 Figure 6-7: Ecocosts of carbon footprint, ecosystem, human health and resource scarcity of vehicular emission from Euro II and Euro III diesel engine heavy-duty trucks
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 69 Figure 6-9: Strategic decisions proposed by Scenario B on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)

Figure 6 -

 6 Figure 6-11: Strategic decisions proposed by Scenario D on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)

Figure 6 -

 6 Figure 6-13: Strategic decisions proposed by Scenario E on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)

Figure 6 -

 6 Figure 6-15: Strategic decisions proposed by Scenario F on locations, technologies and capacities of preprocessing units during the years 2020/21-2024/25 (top left), 2025/26-2029/30 (top right), 2030/31-2034/35 (bottom left), and 2035/36-2039/40 (bottom right)

  All the base-case values and their range of variations are taken from Section 5.4.4.1. The outputs of the sensitivity analysis with respect to variation in the purchase prices of the biomasses, i.e. corn stover, molasses, bagasse, jatropha and castor, are depicted in Figure6-18, Figure 6-19, Figure 6-20, Figure 6-21, and Figure 6-22 respectively.

Figure 6 -

 6 Figure 6-18: Sensitivity to corn stover purchase price for Scenario A (top left), Scenario B (top right), Scenario C (middle left), Scenario D (middle right), Scenario E (bottom left) and Scenario F (bottom right)

Figure 6 -

 6 Figure 6-23: Sensitivity to change in corn stover availability for Scenario A (top left), Scenario B (top right), Scenario C (middle left), Scenario D (middle right), Scenario E (bottom left) and Scenario F (bottom right)

Figure 6 -

 6 Figure 6-27: Sensitivity to change in castor availability for Scenario A (top left), Scenario B (top right), Scenario C (middle left), Scenario D (middle right), Scenario E (bottom left) and Scenario F (bottom right)

  to biofuel selling price All base-case values and range of variations in biofuel selling price are taken from Section 5.4.4.4. The outputs of the sensitivity analysis with respect to change in bioethanol and biodiesel selling price are depicted in Figure 6-30 and Figure 6-31 respectively.

Figure 6 -

 6 Figure 6-28: Sensitivity to bioethanol demand for Scenario A (top left), Scenario B (top right), Scenario C (middle left), Scenario D (middle right), Scenario E (bottom left) and Scenario F (bottom right)

Figure 6 -

 6 Figure 6-31: Sensitivity to biodiesel sale price for Scenario A (top left), Scenario B (top right), Scenario C (middle left), Scenario D (middle right), Scenario E (bottom left) and Scenario F (bottom right)
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 1 1: Volume and value of petroleum imports (volume in Mt and value in '000 USD) 16 Table 1-2: Ethiopia's foreign currency saving using bioethanol ........................................... 19 Table 2-1: Bioethanol production potential from sugarcane molasses, bagasse and crop residues in Ethiopia .
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	GENERAL INTRODUCTION

  In this chapter, a literature review is conducted on studies focusing on BBSC modeling and optimization in order to investigate the research gaps (limitations) towards the achievement of realistic and comprehensive decision support model. This review leads to propose novel points that need to be incorporated in the optimization-based decision support model developed in this research work.Chapter 4: Mono-objective and strategic level economic optimization model. This chapter is devoted to develop a strategic-level optimization model that aims to boost the economic benefit of the biofuel sector. To this end, a mono-objective optimization model, which intends to maximize the net present value (NPV), is developed. The resulting mono-objective optimization model is applied to the case study and the results are presented and analyzed.

.

Chapter 1: Motivation for the study: Biofuel for road transport sector of Ethiopia. The first chapter aims to present the global overview of transport biofuels and the current progresses and future prospects of bioethanol and biodiesel development to the transport sector in Ethiopia. Moreover, motivation of the study and scientific questions to be addressed in this work are presented Chapter 2: Assessment of Ethiopia's biofuel production potential from promising biomass feedstocks and existing BBSC. This chapter is intended to analyze the current potential and challenges of biofuel development in Ethiopia, which helps to justify the importance of developing a mathematically substantiated decision-support model to design, plan, and manage Ethiopia's BBSC. In this regard, this chapter has two objectives: first, it presents the exploration of biofuel production potential of biomasses identified in the biofuel strategy of Ethiopia and other widely abundant feedstocks in the country. Second, it presents the assessment of the existing Ethiopia's infant and under-developed BBSC taking into consideration the three conventional and two extended pillars of sustainability, i.e. economic, environmental, social, technological, and political dimensions.

Chapter 3: A critical literature review on sustainable BBSC optimization: Research gaps and future directions. Furthermore, optimum tactical level decisions are explored based on the strategic level results via the conventional hierarchical planning platform. However, infeasible solutions are aroused at tactical level. Therefore, the model formulated in this chapter is used as a cornerstone to develop a comprehensive optimization model that provides feasible strategic and tactical level decisions simultaneously, which is the focus of the next chapter.

Table 1 -

 1 1: Volume and value of petroleum imports (volume in Mt and value in '000 USD)

	Petroleum	2016/17	2017/18	2018/19	2019/20
	Products	Volume	Value	Volume	Value	Volume	Value	Volume	Value
	Regular Gasoline	363 845	149 150	441 542	257 712	506 739	318 971	577 442	327
	Diesel	2 199 355	782 990 2 507 673 1 287 005 2 496 722 1 495 998 2 568 176 1 367
	Jet Fuel	800 783	310 928	738 106	407 692	819 999	523 589	641 131	376
	Fuel Oil	75 284	22 290	83 269	34 506	66 149	32 975	80 447	32
	Total	3 439 267 1 265 358 3 770 589 1 986 915 3 889 608 2 371 533 3 867 197 2 103

  of road transport sector emission[START_REF] Mompng | Baseline, suitability map, and value chain study on biofuel development of Ethiopia[END_REF]. Road Transportation included all types of vehicles such as passenger cars, buses, trucks and motorcycles, which operate on two types of liquid fuels, namely gasoline and diesel. The combustion of the two fuels has resulted in direct GHG emissions of CO2, CH4 and N2O. Other pollutants such as CO, Non-methane Volatile Organic Compounds (NMVOCs), SO2, particulate matter (PM) and oxides of nitrate (NOx) are also emitted from the sector. Unless some measures are taken in advance, the emission from Ethiopia's transportation sector is expected to grow to 40 Mt CO2eq by 2030[START_REF] Fdre | Ethiopia's climate-resilient green economy (CRGE) strategy[END_REF].
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	Figure 1-10: CO2 emissions by sector in Ethiopia, 2000-2018							
	Source: IEA, 2020b															
	Conscious of the above economic and environmental impacts, looking at alternative fuel is
	important to substitute petroleum products, especially gasoline and diesel, in the transportation
	sector of Ethiopia.																
	Biofuel is therefore believed by the government of Ethiopia to substitute the use of petroleum
	products since it contributes to reduce dependency on imported fossil fuels, energy insecurity, ). The Climate Resilient Green Economy (CRGE) strategy of Ethiopia sensitivity to global oil price fluctuation, and GHG emissions. Moreover, the social benefits in (FDRE, 2011) has indicated that the emission from the transport sector was around 4.5 Mt terms of job creation, agricultural development and land use improvement are the other driving CO2eq in 2010. Road transport was the biggest contributor to emissions originating from the transport sector, emitting 11.6 Mt CO2eq in 2016 and accounting for 66% of transport emission. forces for the government to show considerable interest in biofuel.

The capital Addis Ababa is the major transport sector source of GHG emissions in the country. Addis Ababa's emission was 8.51 Mt CO2eq in 2016 and accounted for 73% of the total road transport emission. Following Addis Ababa, the Oromia, Amhara and Tigray regions made significant contribution accounting for 6.3%, 6.1% and 5% respectively. The rest of the regions together contributed to 10%

Table 1

 1 

	-2: Ethiopia's foreign currency saving using bioethanol

Production year Blended amount (Million liters) Saved foreign currency (Million USD)

  

	2009	6.79	5.5
	2010	3.40	1.6
	2011	9.80	7.0
	2012	10.65	9.2
	2013	8.63	7.6
	2014	5.52	5.5
	Jan -Mar, 2015	3.55	2.8
	Total	48.34	39.2
	Source:		
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 2 

	Feedstock	Generation amount (10 3 ton)	Surplus availability factor	Bioethanol conversion rate, kg.kg -1	Bioethanol production potential (million liters)
	Molasses	1,087.8	1.00	0.26	358.00
	Bagasse	7,886.0	0.30 (Gebreyohannes, 2013)	0.19 (Michailos and Webb, 2019)	571.99
	Corn stalk	12,983.0 (Berhanu et al., 2017)	0.25 (FAO, 2018b)	0.23 (Yu et al., 2014)	944.96
	Sorghum stalk	7,657.6 (Berhanu et al., 2017)	0.80 (Gabisa and Gheewala, 2018)	0.23 (Chen et al., 2014)	1,783.53
	Wheat straw	6,868.9 (Berhanu et al., 2017)	0.30 (Gabisa and Gheewala, 2018)	0.27 (Santibañez-Aguilar et al., 2011)	

1: Bioethanol production potential from sugarcane molasses, bagasse and crop residues in Ethiopia
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 2 2: Biodiesel production potential from jatropha and castor by utilizing 1% of the highly suitable land in Ethiopia

	Feedstock	1% of Highly suitable land (Ha)	Potential seed acquired, (10 3 ton)	Potential oil production, (10 3 ton)	Biodiesel production potential (million liters)
		162,892.25			
	Jatropha	(MoMPNG,	814.46	259.83	280.55
		2018)			
		330,937.42			
	Castor	(MoMPNG,	533.64	262.02	282.85
		2018)			
	Total				563.40

Table 3 -

 3 1 : List of publications along with their supply chain feedstocks and products, case study area, decision-making level(s) and sustainability dimension(s) considerations

	No.	Publication	Supply chain feedstocks and products	Case study area	Decision-making level Str. Tac. Oper.	Sustainability dimensions considered Eco. Env. Soc.
	1	(Ahn et al., 2015)	Microalgae-to-biodiesel	Korea	X		X	
	2	(Akhtari et al., 2018)	Forest based biomass-to-heat, electricity, bio-oil and pellets	British Canada Colombia,	X	X	X	
				Nine-state				
	3	(Alex Marvin et al., 2012)	Biomass-to-bioethanol	region in the United States, Midwestern	X		X	
				U.S.				
		(Álvarez del		Mexico				
	4	Castillo-Romo	Agave bagasse-to-bioethanol	Tequila	X		X	X	X
		et al., 2018)		industry				
	5	(An et al., 2011a)	Switch grass, mill residues, and urban wood wastes-to-bioethanol	Central Texas, U.S.	X		X	
	6	(Andersen et al., 2012)	Soybean, sunflower and jatropha-to-biodiesel	Argentina	X	X	X	
	7	(Babazadeh, 2017)	Jatropha seeds and waste cooking oil-to-biodiesel	Iran	X	X	X	
	8	(Babazadeh et al., 2017a)	Jatropha seeds and waste cooking oil-to-biodiesel	Iran	X		X	X

  Table 3-1).[START_REF] Osmani | Multi-period stochastic optimization of a sustainable multifeedstock second generation bioethanol supply chain -A logistic case study in Midwestern United States[END_REF] came up with a multiobjective optimization model for the region of Midwestern United States bioethanol supply chain to indicate optimum land allocation for cultivation, the number, capacity, and location of biorefinery plants, and the conversion pathways with the objectives of jobs creation, carbon emissions' net reduction, and financial profit. For the region of North Germany,[START_REF] Walther | Design of regional production networks for second generation synthetic bio-fuel -A case study in Northern Germany[END_REF] had also came up with a mixed integer liner programming (MILP) model, which supports the synthetic biodiesel production networks decision.[START_REF] Gao | Optimal design of bioenergy supply chains considering social benefits: A case study in Northeast China[END_REF] presented the biomass-to-bioethanol supply chain case study in Liaoning Province in Northeast China to solve MILP problem considering social and economic objectives.
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 4 1: List of indices, variables and parameters of the model Indices

	A	Set of distribution center capacities; index 𝑎 ∈ 𝐴
	B	Set of biomass feedstock types; index 𝑏 ∈ 𝐵
	C	Set of preprocessing capacities; index 𝑐 ∈ 𝐶
	D	Set of preprocessed biomasses; index d ∈ 𝐷
	E	Set of biorefinery capacities; index 𝑒 ∈ 𝐸
	F	Set of preprocessing technologies; index 𝑓 ∈ 𝐹
	G	Set of biorefinery technologies; index 𝑔 ∈ 𝐺
	H	Set of biomass purchasing locations; index ℎ ∈ 𝐻

  𝑄 𝑘,𝑎,𝑦Binary: 1, if the distribution center is built in location k with capacity level a in the year y; 0, otherwise 𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 Binary: 1, if there is preprocessed biomass d transformed to biofuel u at biorefinery i with technology g and capacity level e in the year y; 0, otherwise 𝑅 𝑗,𝑔,𝑒,𝑦 Binary: 1, if the biorefinery is built in location j with processing technology g and capacity level e in the year y; 0, otherwise 𝑆1 𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 Binary: 1, if there is biomass b transformed to preprocessed biomass d at preprocessing center i with technology f and capacity level c in the year y; 0, otherwise 𝑆 𝑖,𝑓,𝑐,𝑦

Binary: 1, if the preprocessing center is built in location i with preprocessing technology f and capacity level c in the year y; 0, otherwise

2.2.3.3. Biorefinery Constraint

  (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18) represents the mass balance of the pretreated biomass d at biorefinery j in year y. All the pretreated biomass d inflows from the preprocessing unit to the biorefinery is utilized for biofuel production. 𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 = Ƞ 𝑑,𝑔,𝑢 BR * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 ∀𝑑 ∈ 𝐷, 𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌 (4-19) Similarly, the generation amount of co-product v by each technology g while the feedstock d is converted to biofuel u is shown in constraint (4-20). 𝑊𝑣𝑗𝑔 𝑑,𝑣,𝑗,𝑔,𝑦 = Ƞ 𝑑,𝑔,𝑣 BR * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 ∀𝑑 ∈ 𝐷, 𝑣 ∈ 𝑉, 𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌 (4-20)

	∑ 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦	= ∑ ∑ 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦	∀𝑑 ∈ 𝐷, 𝑗 ∈ 𝐽, 𝑦 ∈ 𝑌	(4-18)
	𝑖∈𝐼	𝑢∈𝑈	𝑔∈𝐺	
	In order to ensure the linearity of the problem, constraint (4-19) introduces a conversion factor
	Ƞ 𝑑,𝑔,𝑢			

𝑏,𝑑,𝑖,𝑓,𝑐,𝑦 * vodi 𝑐 ) 𝑐∈𝐶 ∀𝑏 ∈ 𝐵, 𝑑 ∈ 𝐷, 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑦 ∈ 𝑌 (4-17)

4.

𝐵𝑅 

to model the link between the output biofuel u and the input pretreated biomass feedstock d.

  Constraint (4-27) represents the mass balance of biofuel u at distribution center k in year y. The biofuel u inflows from the biorefinery plus the inventory left from the previous year are equal to the total amount shipped to the demand zone plus the inventory at the current year.

		4.2.2.3.4. Biofuel distribution center
	𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦-1 + ∑ 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦 𝑗∈𝐽	= ∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦 𝑚∈𝑀	+ 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾,	(4-27)
		𝑦 ∈ 𝑌	
	Constraint (4-28) ensures that the amount of biofuel u shipped to demand zone in each year
	cannot exceed the amount of biofuel u available in the distribution center.
	∑ 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦	≤ 𝐼𝑉𝑈𝐾 𝑢,𝑘,𝑦 ∀𝑢 ∈ 𝑈, 𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌	(4-28)
	𝑚∈𝑀			
	Constraint (4-29) represents that at most one capacity a could be selected at each distribution
	center k in year y.		
	∑ 𝑄 𝑘,𝑎,𝑦	≤ 1 ∀𝑘 ∈ 𝐾, 𝑦 ∈ 𝑌	(4-29)
	𝑎∈𝐴			
	𝑊𝑢𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦 ≤ ∑(𝑅1 𝑑,𝑢,𝑗,𝑔,𝑒,𝑦 * vouj 𝑒 )	∀𝑑 ∈ 𝐷, 𝑢 ∈ 𝑈, 𝑗 ∈ 𝐽, 𝑔 ∈ 𝐺, 𝑦 ∈ 𝑌	(4-26)
			𝑒∈𝐸	
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 4 2: Annual biomass feedstocks availability in each locations/zones of Ethiopia between the year 2020/21 and 2039/40 (tons)

	Location/ Zone	Corn stover	Each year between 2020/21 and 2029/30 Molasses Bagasse Jatropha	Castor	Corn stover	Each year between 2030/31 and 2039/40 Molasses Bagasse Jatropha	Castor
	Zone 1	0	194660	1409980	0	0	0	194660	1409980	0
	Zone 3	0	74800	542300	0	0	0	74800	542300	0
	North Gondor	0	0	0	8840	24	0	0	0	17680
	South Wollo	0	0	0	0	75	0	0	0	0
	East Gojam	93644	0	0	0	0	93644	0	0	0
	West Gojam	251809	0	0	0	0	251809	0	0	0
	Awi	79728	163200	1183200	0	0	79728	163200	1183200	0
	Metekel	0	0	0	1800000	0	0	0	0	3600000
	Asosa	0	0	0	150000	0	0	0	0	300000
	West Wellega	93275	0	0	0	0	93275	0	0	0
	East Wellega	165348	40800	966281	0	0	165348	40800	966281	0
	Illubabor	71914	0	0	0	0	71914	0	0	0
	Jimma	199793	0	0	0	0	199793	0	0	0
	West Shewa	106733	0	0	0	0	106733	0	0	0
	East Shewa	90670	133280	295800	0	0	90670	133280	295800	0
	West Arsi	72551	0	0	0	0	72551	0	0	0
	West Hararge	0	0	0	0	145125	0	0	0	0
	East Hararge	0	0	0	0	145125	0	0	0	0
	Bale	0	0	0	250000	241875	0	0	0	500000
	Borena	0	0	0	200000	0	0	0	0	400000
	Horogudru	75182	74800	542300	0	0	75182	74800	542300	0
	Wolayita	0	0	0	50000	26124	0	0	0	100000
	South Omo	0	244800	1774800	0	0	0	244800	1774800	0
	Bench-Maji	0	61200	443700	0	0	0	61200	443700	0
	Central Tigray	0	0	0	250000	241875	0	0	0	500000
	West Tigray	0	177072	1283772	0	0	0	177072	1283772	0

Table 4

 4 

	-4: Investment costs and fixed and variable production costs of biorefinery with
	different capacities and technologies				
	Technology	Capacity level (kton)	Investment cost a (million $)	Fixed production cost a (million $)	Variable production cost b ($/ton) Corn Jatropha stover or Molasses or castor bagasse oil
		30	22.19	0.98	115.59	88.40	-
	Biochemical	80	52.98	1.94	93.15	71.24	-
	conversion with	200	91.80	3.69	76.15	58.23	-
	acid pre-	500	159.08	7.00	62.25	47.60	-
	treatment	1,000	241.12	11.38	53.44	40.87	-
		2,000	365.47	18.48	45.88	35.09	-
		30	23.33	1.52	19.27	-	-
	Thermochemical	80	46.36	3.02	15.53	-	-
	conversion	200	88.04	5.74	12.70	-	-
	through	500	167.21	10.91	10.38	-	-
	gasification	1,000	271.63	17.72	8.91	-	-
		2,000	441.27	28.79	7.65	-	-
		30	10.04	5.59	-	-	208.25
	Homogenous	80	18.08	10.07	-	-	181.53
	base-catalyzed	200	31.33	17.46	-	-	159.68
	transesterification	500	54.29	30.25	-	-	140.45
	using KOH	1,000	82.29	45.85	-	-	127.46
		2,000	124.73	69.49	-	-	115.68
		30	5.69	5.21	-	-	168.18
	Heterogeneous	80	10.26	9.38	-	-	146.60
	base-catalyzed	200	17.77	16.26	-	-	128.95
	transesterification	500	30.80	28.18	-	-	113.43
	using CaO	1,000	46.68	42.72	-	-	102.94
		2,000	70.75	64.75	-	-	93.42

Table 4

 4 

	-5: Conversion factor for each preprocessed feedstock to respective product through
	different processing technologies		
	Preprocessed biomass	Product	Processing technologies	Mass ratio (kg.kg -1 )
	Corn stover	Bioethanol	Biochemical conversion with acid pre-treatment	0.228
	Corn stover	Bioethanol	Thermochemical conversion through gasification	0.204
	Molasses	Bioethanol	Biochemical conversion with acid pre-treatment	0.260
	Molasses	Bioethanol	Thermochemical conversion through gasification	-
	Bagasse	Bioethanol	Biochemical conversion with acid pre-treatment	0.268
	Bagasse	Bioethanol	Thermochemical conversion through gasification	0.191
	Jatropha oil	Biodiesel Glycerol	Homogenous base-catalyzed transesterification	0.949 0.089
	Jatropha oil	Biodiesel Glycerol	Heterogeneous base-catalyzed transesterification	0.964 0.098
	Castor oil	Biodiesel Glycerol	Homogenous base-catalyzed transesterification	0.950 0.089
	Castor oil	Biodiesel Glycerol	Heterogeneous base-catalyzed transesterification	0.967 0.098
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 4 6: Investment costs, and fixed and variable production costs of preprocessing unit with different capacities and technologies

	Technology	Capacit y level (kton)	Investmen t cost a (million $)	Fixed productio n cost b (million $)

Variable production cost c ($/ton)

  

					Corn stover	Bagasse	Jatroph a seed	Castor seed
		60	0.03	0.15	14.00	11.00	-	
		100	0.05	0.19	12.64	9.93	-	
	Drying and size	300	0.11	0.33	10.15	7.97	-	
	reduction	800	0.24	0.54	8.34	6.55	-	
		2,000	0.49	0.86	6.94	5.46	-	
		4,000	0.86	1.22	6.04	4.75	-	
		60	0.15	0.69	-	-	42.90	35.40
		100	0.22	0.90	-	-	41.40	34.15
	Mechanical	300	0.46	1.56	-	-	38.33	31.62
	extraction	800	0.92	2.55	-	-	35.79	29.53
		2,000	1.75	4.03	-	-	33.57	27.69
		4,000	2.84	5.07	-	-	31.98	26.38
		60	0.89	0.52	-	-	37.97	32.39
		100	1.22	0.67	-	-	35.17	30.00
	Solvent	300	2.35	1.16	-	-	29.83	25.44
	extraction	800	4.24	1.90	-	-	25.75	21.96
		2,000	7.35	3.00	-	-	22.44	19.14
		4,000	11.13	4.25	-	-	20.23	17.25
	a A 0.8, 0.7 and 0.6 power relationship estimated the investment cost for different production capacities of drying
	and size reduction, mechanical extraction and solvent extraction technologies respectively		
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 4 7: Conversion factor for each raw biomass to respective preprocessed feedstock through different preprocessing technologies

	Raw material	Product	Processing technologies	Mass ratio (kg.kg -1 )
	Corn stover	Preprocessed corn stover	Drying and size reduction	0.800
	Molasses	Molasses	-	-
	Bagasse	Preprocessed bagasse	Drying and size reduction	0.800
	Jatropha seed	Jatropha oil	Mechanical extraction	0.245
	Jatropha seed	Jatropha oil	Solvent extraction with hexane	0.319
	Castor seed	Castor oil	Mechanical extraction	0.375
	Castor seed	Castor oil	Solvent extraction with hexane	0.490
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	-8: Investment cost of distribution centers			
				Capacity level (kton)		
		20	60	100	200	600	1,200
	Investment cost (million $)	0.15	0.32	0.46	0.75	1.62	2.64

  -10 provide the unit biomass purchasing cost and products' unit selling prices respectively. A 10% discount rate, which is recommended figure for the evaluation of projects by the Ethiopian Ministry of Economic Development and Cooperation, is used in this case study.

	Table 4-9: Unit purchasing cost of feedstocks
	Table 4-10: Unit selling price of biofuels and co-product
	Products and Co-	Selling price
	product	($/ton)
	Bioethanol	500.00
	Biodiesel	1,360.00
	Glycerol	1,820.00

  Table 4-12.

	Table 4-11: Unit transportation cost of raw biomasses, preprocessed biomasses, biofuels, and
	co-products		
	Raw material	Transportation cost ($/ton.km)
	Corn stover		0.0580
	Sugarcane molasses		0.0850
	Sugarcane bagasse		0.0580
	Jatropha		0.0580
	Castor		0.0580
	Preprocessed corn stover	0.0290
	Molasses		0.0854
	Preprocessed bagasse		0.0290
	Raw material Jatropha oil Castor oil Corn stover Bioethanol Sugarcane molasses Biodiesel Sugarcane bagasse Glycerol	Purchasing cost ($/ton) 0.00 30.09 46.30	0.0530 0.0582 0.0472 0.0533 0.0750
	Jatropha	92.59	
	Castor	185.19	
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 4 12: Transportation distance between each zone of Ethiopia (km per trip)

	Sub Regions	Addis Ababa	Zone 1	Afar (Sem era)	North Gond or	South Gond or	North Wollo	South Wollo	North Shewa	East Gojam	West Gojam	Waghi mra	Awi	Oromia Special zones	Metekel	Asosa	Kemash i	Direda wa	Gambel a	Harari	West Wellga	East Wellga	Keleme Wellga	Ilubabo r	Jimma	North Shewa	West Shewa	East Shewa	South-Shewa West	Arsi
	Addis Ababa	0	657	590	665	598	520	399	152	307	496	712	450	327	403	666	338	452	713	517	433	320	627	544	347	128	112		164	212
	Zone 1	657	0	67	714	563	312	290	513	720	634	480	781	319	647	1314	640	661	1361	726	1081	968	1275	1192	995	779	760		635	684
	Zone 3 (Semera)	590	67	0	648	496	245	224	446	685	604	413	715	252	605	1247	604	595	1294	660	1014	901	1208	1125	928	713	693		569	617
	North Gondor	665	714	648	0	152	402	522	685	427	175	482	285	598	289	916	348	1108	963	1173	683	572	877	794	816	544	714		823	872
	South Gondor	598	563	496	152	0	251	371	618	359	107	330	218	446	293	849	323	956	896	1021	616	505	810	727	749	477	646		756	805
	North Wollo	520	312	245	402	251	0	120	389	588	358	193	469	195	456	1176	464	706	1223	771	943	830	1137	1054	869	535	622		680	728
	South Wollo	399	290	224	522	371	120	0	268	467	462	311	573	74	447	1057	438	677	1104	742	824	712	1018	935	750	416	501		547	595
	North Shewa	152	513	446	685	618	389	268	0	328	517	581	471	196	452	790	407	567	837	632	556	448	750	668	483	148	233		279	327
	East Gojam	307	720	685	427	359	588	467	328	0	254	690	145	537	243	704	214	756	751	821	471	360	665	582	647	189	397		468	516
	West Gojam (Bahirdar)	496	634	604	175	107	358	462	517	254	0	438	113	530	215	744	250	538	791	1008	510	400	704	622	644	376	544		655	680
	Waghimra	712	480	413	482	330	193	311	581	690	438	0	548	384	431	1179	463	874	1226	939	946	835	1140	1057	1207	726	811		848	896
	Awi	450	781	715	285	218	469	573	471	145	113	548	0	641	150	632	168	897	679	962	399	298	593	510	532	330	432		609	634
	Oromia Special zones	327	319	252	598	446	195	74	196	537	530	384	641	0	471	984	452	873	1032	770	752	643	946	863	678	344	429		475	523
	Metekel	403	647	605	289	293	456	447	452	243	215	431	150	471	0	411	686	1281	802	1308	646	758	729	791	936	691	958		969	998
	Asosa	666	1314	1247	916	849	1176	1057	790	704	744	1179	632	984	411	0	275	1134	391	1174	235	348	263	395	525	769	547		822	851
	Kemashi	338	640	604	348	323	464	438	407	214	250	463	168	452	686	275	0	1018	360	1045	120	232	287	265	409	654	432		706	735
	Diredawa	452	661	595	1108	956	706	677	567	756	538	874	897	873	1281	1134	1018	0	1155	53	876	763	1070	987	790	574	553		430	431
	Gambela (Gambela)	713	1361	1294	963	896	1223	1104	837	751	791	1226	679	1032	802	391	360	1155	0	1221	298	394	104	170	453	823	604		869	894
	Harari (Harar)	517	726	660	1173	1021	771	742	632	821	1008	939	962	770	1308	1174	1045	53	1221	0	941	832	1135	1052	855	640	618		496	496
	West Wellega	433	1081	1014	683	616	943	824	556	471	510	946	399	752	646	235	120	876	298	941	0	113	195	162	337	539	323		588	612
	East Wellega	320	968	901	572	505	830	712	448	360	400	835	298	643	758	348	232	763	394	832	113	0	317	234	256	430	214		479	504
	Kelleme Wellega	627	1275	1208	877	810	1137	1018	750	665	704	1140	593	946	729	263	287	1070	104	1135	195	317	0	272	555	737	517		782	806
	Ilubabor	544	1192	1125	794	727	1054	935	668	582	622	1057	510	863	791	395	265	987	170	1052	162	234	272	0	257	654	434		699	724
	Jimma	347	995	928	816	749	869	750	483	647	644	1207	532	678	936	525	409	790	453	855	337	256	555	257	0	467	349		500	524
	North Shewa	128	779	713	544	477	535	416	148	189	376	726	330	344	691	769	654	574	823	640	539	430	737	654	467	0	216		286	311
	West Shewa	112	760	693	714	646	622	501	233	397	544	811	432	429	958	547	432	553	604	618	323	214	517	434	349	216	0		264	288
	East Shewa (Adama)	92	573	506	751	684	617	474	207	395	583	785	537	403	895	748	632	368	797	433	516	407	710	626	429	214	192		79	104
	South-West Shewa	164	635	569	823	756	680	547	279	468	655	848	609	475	969	822	706	430	869	496	588	479	782	699	500	286	264		0	92
	Arsi	212	684	617	872	805	728	595	327	516	680	896	634	523	998	851	735	431	894	496	612	504	806	724	524	311	288		92	0
	West Arsi	255	764	698	914	847	809	637	370	558	746	977	700	565	1058	910	795	559	891	625	665	556	872	684	441	377	355		184	277
	West Hararghe	606	815	660	1173	1021	771	742	632	821	1008	939	962	770	1308	1161	1045	53	1221	195	941	832	1135	1052	853	639	618		496	496
	East Hararghe	321	530	463	977	825	574	545	436	625	812	742	766	574	1127	979	863	181	1026	131	745	636	939	856	657	443	421		299	300
	Bale	402	874	807	1062	994	918	785	517	436	893	1086	847	710	1177	1029	914	669	1069	734	826	717	989	937	613	488	485		208	193
	Borena	591	1100	1034	1250	1183	1145	973	706	894	1082	1313	691	901	1395	1248	1132	895	1035	961	1001	901	1208	1023	767	706	703		484	638
	Guji	527	1023	932	920	1065	1027	896	629	776	963	1195	918	783	674	1138	148	188	1194	859	951	842	1089	988	746	649	627		363	455
	Horo Guduru	305	953	886	521	454	705	696	428	309	349	784	237	624	581	482	371	748	530	813	249	140	443	360	383	411	195		459	484
	Shinele	348	673	607	1120	969	718	689	579	768	955	886	909	718	1268	1121	1005	33	1154	63	888	773	1080	1028	801	579	576		441	470
	Jijiga	619	828	762	1275	1123	873	844	734	923	1110	1041	1064	1040	1421	1276	1158	186	1323	103	1043	926	1234	1181	954	732	729		594	623
	Liben	614	793	821	1010	909	848	772	988	774	914	950	881	722	1658	1510	1395	1178	1544	933	1283	1163	1470	1285	1029	969	966		746	901
	Gurage	149	797	730	805	738	671	552	285	449	636	1009	590	480	955	607	491	592	640	659	373	260	567	454	198	266	103		305	328
	Hadiya	227	593	739	822	815	850	630	362	524	714	1018	668	558	1065	757	614	601	674	666	495	383	690	478	222	344	333		252	361
	Kembata	274	843	776	929	862	544	677	409	571	761	1055	715	605	1088	888	667	638	699	703	655	436	743	531	276	399	388		237	392
	Sidama (Hawassa)	278	788	721	938	871	832	661	393	580	770	1000	723	550	1081	936	818	583	915	648	701	593	895	709	464	400	378		209	300
	Gedio	363	873	806	1022	955	917	746	478	440	854	1085	808	510	987	1020	903	668	808	733	784	672	979	794	538	477	474		255	409
	Wolayita	311	880	813	966	899	924	714	446	611	798	1092	752	642	772	932	711	675	652	740	699	586	755	529	255	433	376		317	411
	South Omo	589	1158	1091	1244	1177	1202	992	724	889	1076	1370	1030	608	1339	1203	918	953	923	1019	970	861	1026	798	525	709	647		596	689
	Sheka	591	1201	1172	875	808	1113	994	727	663	702	1138	591	922	872	476	345	1034	206	1099	243	316	309	81	247	709	515		745	770
	Kaffa	452	1099	1032	908	841	973	855	587	751	736	1311	624	783	1045	642	519	894	373	959	409	342	475	248	107	572	453		605	630

Table 5 -

 5 1: Decision periods for the decision variables under strategic and integrated models

	Decisions	Strategic model Annually Monthly Annually Monthly Integrated model
	Location, technology, capacity and		
	number of refinery, preprocessing unit	X	X
	and distribution center		
	Biomass purchase amount	X	X
	Biofuel and preprocessed biomass production	X	X
	Inventory amount in the distribution center	X	X
	Inventory amount in the refinery and preprocessing unit		X
	Transportation quantity of materials in the BBSC	X	X

Table 5 -

 5 2: List of indices, variables and parameters of the model

	Indices

Table 5 -

 5 3: Storage and processing capacities of different BBSC components

	BBSC components	Capacity levels (kton)	Storage capacity (kton of feedstock/month)	Processing capacity (kton of feedstock/month)
		90	90.00	7.50
		240	240.00	20.00
	Preprocessing	600	600.00	50.00
	center	1,500	1,500.00	125.00
		3,000	3,000.00	250.00
		6,000	6,000.00	500.00
		30	30.00	2.50
		80	80.00	6.67
	Biorefinery	200 500	200.00 500.00	16.67 41.67
		1,000	1,000.00	83.33
		2,000	2,000.00	166.67
		60	5.00	
		160	13.33	
	Distribution center	400 1,000	33.33 83.33	No processing
		2,000	166.67	
		4,000	333.33	

Table 5

 5 

	-4: Storage system, monthly deterioration rate and inventory cost for each type of raw
	biomass, preprocessed biomass, biofuel, and co-product	
	Material	Storage system	Deterioration rate (%/month)	Inventory holding cost ($/ton.month)
	Corn stover	Outside atmosphere storage	1.00	3.00

Table 5

 5 

	-5: Statistics for the optimization problems of the three scenarios
		Scenario A Scenario B Scenario C
	No. of constraints	1,348,766	1,348,768	1,348,768
	No. of binary variables	174,000	174,000	174,000
	Number of continuous variables	2,404,430	2,404,430	2,404,430
	Number of non-zero coefficients	11,688,174 11,688,176 11,688,176
	CPU time using an Intel 2.60-GHz processor (minutes)	21.49	88.08	176.01
	Iterations	1,799,150	3,861,533	6,332,374
	Relative optimality gap (%)			0.01
	Absolute optimality gap (%)			0.0001

Table 5

 5 

	-6: Profit (revenue, biomass purchase, production, inventory, and transport costs) and
	investment cost of the three scenarios		
		Scenario A	Scenario B	Scenario C
	Profit	3,110,557,348.06	3,110,078,861.68	3,097,404,526.03
	Revenue	5,191,600,000.00	5,191,600,000.00	5,191,600,000.00
	Biomass purchase	1,271,300,000.00	1,271,200,000.00	1,271,400,000.00
	Production cost	2,806,900,000.00	2,806,900,000.00	2,806,700,000.00
	Inventory cost	132,670,000.00	131,620,000.00	129,180,000.00
	Transport cost	82,634,000.00	82,714,000.00	82,972,000.00
	Investment cost			

Table 6

 6 

	-1: Material and energy inputs and outputs in drying and size reduction of raw corn
	stover and bagasse		
	Drying and size reduction	
	Inventory	Corn stover-based	Bagasse-based
	Input		
	Biomass (tons)	1.0	1.0
	Energy consumption (KWh)	9.33*10 4	2.64*10 4
	Output		
	Biomass (tons)	0.9	0.6
	Water (tons)	0.1	0.4

Table 6 -

 6 2: Material and energy inputs and outputs in mechanical and solvent extraction of jatropha and castor seed

	Mechanical extraction		Solvent extraction	
	Inventory	Jatropha-based Castor-based	Inventory	Jatropha-based Castor-based
	Input			Input		
	Seed (tons)	1.0	1.0	Seed (tons)	1.0	1.0
	Water (liter)	70.00	70.00	Hexane (tons)	0.9	0.9
	H3PO4 (kg)	0.33	0.33	Water (liter)	100.00	100.00
	Steam (ton)	10.00	10.00	H3PO4 (kg)	0.72	0.72
	Electricity (kWh)	6220.00	6220.00	Steam (ton)	1820.00	1820.00
				Electricity (kWh)	1020.00	1020.00
	Output			Output		
	Oil (tons)	0.25	0.38	Oil (tons)	0.32	0.49
	Meal (tons)	0.7	0.51	Meal (tons)	0.61	0.40
	Sludge (kg)	17.00	25.84	Sludge (kg)	66.38	70.65
	Water (liter)	92.37	140.40	Water (liter)	60.00	91.88
	H3PO4 (aq) (kg)	7.96	12.10	Hexane (tons)	0.90	0.90
	Solid waste (kg)	3.00	4.56	H3PO4 (aq) (kg)	7.74	11.85
				Solid waste		
				(including hulls)	36.00	37.59
				(kg)		

Table 6 -

 6 3: Material and energy inputs and outputs in biochemical and thermochemical conversions of corn stover/molasses/bagasse

	Biochemical conversion		Thermochemical conversion
	Inventory	Corn stover-based	Molasses-based	Bagasse-based	Inventory	Corn stover-based	Bagasse-based
	Input				Input		
	Biomass (ton)	1.00	1.00	1.00 Biomass (ton)	1.00	1.00
	Water consumption (liter)	1,870.00	3,580.00	760.00	Water consumption (liter)	540.00	320.00
	Enzyme (kg)	9.08	4.12	3.65 Air (m 3 )	2,953.78	1,593.63
	Yeast (kg)	2.26	3.41	2.26 MgO (kg)	0.18	0.02
	Lime (kg)	22.48	12.97	14.37 Bed materials (kg)	2.30	1.35
	Sulfuric acid (kg)	29.44	10.62	19.73	Synthesis catalyst (kg)	0.01	0.01
	Corn steep liquor (kg)	11.19		7.73	Tar reforming catalyst (kg)	0.01	0.01
	Diammonium phosphate (kg)	1.18	0.28	0.91	Oxidizer for S recovery (kg)	1.35	0.71
	Sodium hydroxide (kg)	10.01	7.32	10.01			
	Urea (kg)	1.77	1.02	1.77			
	Output				Output		
	Bioethanol (ton)	0.23	0.26	0.27 Bioethanol (ton)	0.20	0.19
	Carbon dioxide (ton)	0.87	0.24	0.67	Carbon dioxide (ton)	0.91	0.63
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 6 4: Material and energy inputs and outputs in homogeneous and heterogeneous transesterification of jatropha and castor oil

	Homogeneous transesterification	Heterogeneous transesterification
	Inventory	Jatropha/Castor oil-based	Inventory	Jatropha/Castor oil-based
	Input		Input	
	Oil (ton)	1.00 Oil (ton)	1.00
	Methanol (kg)	68.00 Methanol (kg)	58.09
	KOH (kg)	10.00 CaO (kg)	50.48
	H3PO4 (kg)	5.84 Electricity (KWh)	308.47
	Water (liter)	138.53		
	Electricity (KWh)	779.79		
	Output		Output	
	Biodiesel (ton)	0.95 Biodiesel (ton)	0.96
	Glycerol (kg)	89.00 Glycerol (kg)	98.00
	Unreacted oil (kg)	33.05 CaO (kg)	50.48
	Water with waste methanol (liter)	137.60		
	Solid residues (K3PO4) (kg)	12.72		
	Source: Own computation		
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 6 𝑑𝑖𝑠 𝑗,𝑘Distance between refinery j and distribution center k (km) 𝑑𝑖𝑠 𝑘,𝑚 Distance between distribution center k and biofuel demand zone m (km) 𝑑𝑖𝑠 𝑗,𝑚 Distance between refinery j and biofuel demand zone m (km) 𝑑𝑖𝑠 𝑗,𝑛 Distance between refinery j and co-product demand zone n (km)

	-5: List of environmental and additional technical parameters of the model
		Environmental parameters
	𝑒𝑐𝑝𝑏𝑓 𝑏,𝑓	Total ecocosts to convert unit amount of biomass type b with technology f, $/ton
	𝑒𝑐𝑝𝑑𝑔 𝑑,𝑔	Total ecocosts to convert unit amount of preprocessed biomass type d with
		technology g, $/ton
	𝑒𝑐𝑡𝑏 𝑏	Total ecocosts to transport biomass type b for unit distance, $ km -1 vehicle -1
	𝑒𝑐𝑡𝑑 𝑑	Total ecocosts to transport preprocessed biomass type d for unit distance, $ km -
		1 vehicle -1
	𝑒𝑐𝑡𝑢 𝑢	Total ecocosts to transport biofuel type u for unit distance, $ km -1 vehicle -1
	𝑒𝑐𝑡𝑣 𝑣	Total ecocosts to transport co-product type v for unit distance, $ km -1 vehicle -1
		Technical parameters
	𝑑𝑖𝑠 ℎ,𝑖	Distance between biomass feedstock supply center h and preprocessing facility
		i (km)
	𝑑𝑖𝑠 𝑖,𝑗	

Distance between preprocessing facility i and refinery j (km)

  𝑒𝑐𝑡𝑑 𝑑 * 𝑣𝑐𝑎𝑝 𝑑 * 𝑑𝑖𝑠 𝑖,𝑗 * 𝐹𝑑𝑖𝑗 𝑑,𝑖,𝑗,𝑦,𝑡 ) 𝑒𝑐𝑡𝑢 𝑢 * 𝑣𝑐𝑎𝑝 𝑢 * 𝑑𝑖𝑠 𝑗,𝑘 * 𝐹𝑢𝑗𝑘 𝑢,𝑗,𝑘,𝑦,𝑡 ) 𝑒𝑐𝑡𝑢 𝑢 * 𝑣𝑐𝑎𝑝 𝑢 * 𝑑𝑖𝑠 𝑘,𝑚 * 𝐹𝑢𝑘𝑚 𝑢,𝑘,𝑚,𝑦,𝑡 )

	𝑇𝑜𝑡𝑎𝑙 𝐸𝑐𝑜𝐶𝑜𝑠𝑡 = ∑[ 𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑃𝑟𝑒𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑦 + 𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑦
	𝑦					(6-1)
	+ 𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑦 ]
	Where,				
						(6-2)
						𝑏∈𝐵	𝑑∈𝐷	𝑖∈𝐼	𝑓∈𝐹	𝑡∈𝑇
	𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑦 = ∑ ∑ ∑ ∑ ∑(𝑒𝑐𝑝𝑑𝑔 𝑑,𝑔 * 𝑊𝑑𝑗𝑔 𝑑,𝑢,𝑗,𝑔,𝑦,𝑡 )	(6-3)
				𝑑∈𝐷	𝑢∈𝑈	𝑗∈𝐽	𝑔∈𝐺	𝑡∈𝑇
	𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑦	
	= ∑ ∑ ∑ ∑(𝑒𝑐𝑡𝑏 𝑏 * 𝑣𝑐𝑎𝑝 𝑏 * 𝑑𝑖𝑠 ℎ,𝑖 * 𝐹𝑏ℎ𝑖 𝑏,ℎ,𝑖,𝑦,𝑡 )
	𝑏∈𝐵	ℎ∈𝐻	𝑖∈𝐼	𝑡∈𝑇
	+ ∑ ∑ ∑ ∑(𝑡∈𝑇 𝑗∈𝐽 𝑖∈𝐼 𝑑∈𝐷
	+ ∑ ∑ ∑ ∑(𝑡∈𝑇 𝑘∈𝐾 𝑗∈𝐽 𝑢∈𝑈	(6-4)
	+ ∑ ∑ ∑ ∑(𝑡∈𝑇 𝑚∈𝑀 𝑘∈𝐾 𝑢∈𝑈
	+ ∑ ∑ ∑ ∑(𝑒𝑐𝑡𝑢 𝑢 * 𝑣𝑐𝑎𝑝 𝑢 * 𝑑𝑖𝑠 𝑗,𝑚 * 𝐹𝑢𝑗𝑚 𝑢,𝑗,𝑚,𝑦,𝑡 )
	𝑢∈𝑈	𝑗∈𝐽		𝑚∈𝑀	𝑡∈𝑇
	+ ∑ ∑ ∑ ∑(𝑒𝑐𝑡𝑣 𝑣 * 𝑣𝑐𝑎𝑝 𝑣 * 𝑑𝑖𝑠 𝑗,𝑛 * 𝐹𝑣𝑗𝑛 𝑣,𝑗,𝑛,𝑦,𝑡 )
	𝑣∈𝑉	𝑗∈𝐽	𝑛∈𝑁	𝑡∈𝑇

𝐸𝑐𝑜𝑐𝑜𝑠𝑡 𝑃𝑟𝑒𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑦 = ∑ ∑ ∑ ∑ ∑(𝑒𝑐𝑝𝑏𝑓 𝑏,𝑓 * 𝑊𝑏𝑖𝑓 𝑏,𝑑,𝑖,𝑓,𝑦,𝑡 )

  Table6-2. The carbon footprint and resource scarcity ecocosts of mechanical extraction technology are higher than that of solvent extraction. This is because of the requirement of greater amount of electricity in mechanical extraction, in which it is linked to the utilization and combustion of higher fossil fuel for electricity generation that ultimately results in more GHGs emission than solvent extraction. Moreover, ecosystem and human health ecocosts for both technologies are insignificant due to negligible amount of criteria pollutants emission responsible for acidification, eutrophication, freshwater ecotoxicity, photochemical oxidants, fine dust and human toxicity.Corn stover-, molasses-and bagasse-based bioethanol production pathway in the GREET model estimates GHGs and other criteria pollutants emission and energy requirements of the biochemical and thermochemical conversion technologies. All the emissions were evaluated based on 1 kg of corn stover/molasses/bagasse processing by the GREET model and the results

		400	Jatropha Mechanical Extraction Castor Mechanical Extraction
		350	Jatropha Solvent Extraction	Castor Solvent Extraction
	material)	250 300			
	raw	200			
	of				
	Ecocost ($/ton	50 100 150			
		0			
			Eco-costs of	Eco-costs of	Eco-costs of	Eco-costs of	Total Eco-
			Carbon	Ecosystem	Human Health	Resource	costs
			Footprint			Scarcity
		6.3.2. Ecocosts of biofuel production
		6.3.2.1. Biochemical and thermochemical conversion

Table 6

 6 

	-7: Statistics for equation (6-9), (6-10), (6-11) and (6-12)		
	Parameters	Equation (6-9)	Equation (6-10)	Equation (6-11)	Equation (6-12)
	Number of constraints	1,348,768	1,348,768	1,348,768	1,348,772
	Number of binary variables	174,000	174,000	174,000	174,000
	Number of continuous variables	2,404,430	2,404,430	2,404,430	2,404,430
	CPU time using an	Min	32.49	29.05	58.42	157.21
	Intel 2.60-GHz processor (minutes)	Max	176.01	169.45	102.42	668.58
	Iterations	Min Max	3,079,950 6,332,344	2,989,417 6,051,353	3,258,726 5,187,132 25,247,564 4,484,996
	Relative optimality gap (%)		0.01	
	Absolute optimality gap (%)		0.0001	

Figure 6-8: Feasible solutions to the multi-objective problems 6.4.

2. Optimum and feasible solutions for mono, bi and multi-objectives 6.4.2.1. Optimum solutions for mono-objectives

  

Laboratory). The GREET software package is used to generate emission factors for the various biomass preprocessing and biofuel production (biorefinery) technologies by considering each type of biomass and preprocessed biomass. Moreover, the emission associated to transportation of materials is determined using prior vehicular emission study in Ethiopia.
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CHAPTER 5. Bi-OBJECTIVE AND INTEGRATED STRATEGIC-TACTICAL ECONOMIC OPTIMIZATION MODEL Abstract

In the previous chapter, a mono-objective economic optimization model is developed to support strategic decisions and planning of Ethiopia's BBSC. However, the BBSC design recommended by the strategic optimization model has resulted in infeasible solutions at tactical level, which makes this hierarchical approach not reliable to apply for a long-term planning of the sector. Henceforth, this chapter intends to develop an integrated strategic-tactical model in order to prevent non-optimal and infeasible results, which arise from the conventional hierarchical approach. The optimization model is applied to the real case of Ethiopia, in that it is utilized to optimize the BBSC over a 20-year horizon and provide a planning support tool for policymakers and other pertinent actors. First, similar to Chapter 4, a mono-objective optimization problem that intends to maximize the NPV was designed. However, no solution was acquired as the numerical solver-CPLEX was run out of memory. This is attributed to the sharp increment of the model size due to (1) requirement of vast data as it is a real and comprehensive national-level case study for a long-term planning of a sector and (2) existence of many binary variables due to numerous annual strategic choices related to the location, technology, and capacity of the BBSC components. Therefore, a new methodology is proposed to convert the mono-objective (NPV maximization) to bi-objective optimization model, which aims to maximize the profit and minimize the investment cost of the BBSC. A sensitivity analysis is carried out on biomass purchase price and availability, as well as biofuel demand and selling price so as to address the potential variation of the parameters' impact on the BBSC.

Biomass, preprocessed biomass and biofuel transportation

Diesel-powered heavy trucks are used to transport materials in all BBSC stages. Considering the widely used type of vehicles for material transportation in the case study area (Ethiopia), Euro II trailer truck and Euro III tanker truck are assumed to transport solid and liquid materials available in the BBSC respectively.

Impact analysis

In this work, the ecocosts method is used to quantify the impacts of all BBSC activities on the environment. This method was acquainted by [START_REF] Vogtlander | The 'virtual pollution costs '99', a single LCA-based indicator for emissions[END_REF], and it was amended three times, in 2007, 2012, and 2017. Ecocosts are costs, which indicate the environmental stress that a product brings in accordance with the prevention of the stress all along the product life cycle.

The ecocosts method was developed on the basis of the marginal prevention costs required to halt the negative impact of toxic emissions. These emissions are associated with human health, ecosystems, global warming and resource depletion (metals, rare earths, fossil fuels, water, and land-use). The visual representation of the ecocost structure is depicted on Figure 6-2 and its concept is described in detail at http://www.ecocostsvalue.com/. The ecocosts of a product are the sum of all ecocosts of global warming (CO2 and other GHGs), human health, ecosystem, and natural resources depletion during its life cycle.

The set of marginal prevention costs (multipliers) for the emissions of toxic substances used in the ecocosts 2017 system are the following. An ecocost value of 8.75 €/kg SOx equivalent for acidification, 4.17 €/kg phosphate equivalent for eutrophication, 340.0 €/kg Cu equivalent for ecotoxicity, 3754 €/kg benzo(a)pyrene equivalent for human toxicity, 6.0 €/kg NOx equivalent for summer smog (respiratory diseases), 35.0 €/kg PM2.5 equivalent for fine dust, and 0.116 €/kg CO2 equivalent for global warming (GWP 100).

In this work, the ecocost method is selected due to the advantages it has comparing with other environmental indicators. Some of the advantages are (a) it is easy to understand and can be compared with economic criteria as it is given in monetary value, (b) comparison with another product is not mandatory unlike to other LCA methods, and (c) the system, including the costs, are updated every 5 years for the sake of incorporating latest advancements in science [START_REF] Miret | Design of bioethanol green supply chain: Comparison between first and second generation biomass concerning economic, environmental and social criteria[END_REF].

Result and Discussion

Solution strategy for multi-objective optimization model

Since this planning problem relies on three objective functions, it requires a solution of multiobjective MILP. The problem addressed in this chapter can be stated as follows.

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = {𝑚𝑎𝑥 𝑝𝑟𝑜𝑓𝑖𝑡, 𝑚𝑖𝑛 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡, 𝑚𝑖𝑛 𝑒𝑐𝑜𝑐𝑜𝑠𝑡} Subject to Constraints (5)(6)(7)(8) to (6-5)

Where: profit, investment cost, and ecocost are defined in equations (5-1), (5-7) and (6-1) respectively.

A series of mono-objective optimization problems were considered as presented in equations (6-6) to (6-8) before dealing with the multi-objective problem. The mono-objective optimization models are solved using CPLEX 12.8 algorithm embedded in IBM ILOG. Then, the intention was to make a payoff table (see Table 6-6) and acquire balanced solution that helps to look for the best compromise among the three antagonistic issues. Nevertheless, the attempt to solve equation (6-7) (investment cost minimization) could not be successful as the CPLEX was run out of memory. As it is shown in Table 6-6, the range of profit value between equation (6-6) and (6-8) is very large whereas the ecocost variation is not significant. Therefore, to obtain additional set of feasible solutions that offers a good compromise between the profit and ecocost, equation (6-6) is further solved with respect to different ecocost ranges as given in equation ( 6 -11). The ecocost values obtained in the profit maximization and ecocost minimization are taken as the upper and lower bounds respectively.

Moreover, to find a good compromise between the three objectives, equations (6-9) and (6-11) are merged to offer the following equation.

Table 6-7 provides the statistics for equations (6-9), (6-10), (6-11), and (6-12). Moreover, feasible solutions to the four equations are represented in Figure 6-8. 

APPENDICES Appendix A. Strategic Decisions on Distribution Centers

Distribution center

① thousand tons of biofuel/annum ② thousand tons of biofuel/annum ③ thousand tons of biofuel/annum ④ thousand tons of biofuel/annum ⑤ thousand tons of biofuel/annum ⑥ thousand tons of biofuel/annum Distribution center