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Abstract

The United Nations launched a new set of Sustainable Development Goals (SDGs) to guide
the world during the next fifteen-year period from 2015 to 2030. With the “Goal 7-Ensure
access to affordable, reliable, sustainable and modern energy for all”, the agenda 2030
recognizes the importance of sustainability, security, and affordability of energy supply to all
countries but in particular for developing countries. And the greatest increase in demand for
energy is envisaged to come from developing countries where, with rapid urbanization, large-

scale electricity generation with a reliable and optimum supply will be required.

To achieve the SDG7 and ensure energy security, countries are required to develop sustainable
and appropriate approaches to electricity planning. In this regard, policymakers increasingly
rely on techno-economic assessments both to inform policy development and to help set the
right national targets. Accordingly, the modeling and investigation of different optimal
pathways and possible future scenarios has become a critical planning tool in the power sector.

This type of assessment is currently lacking in developing countries, specifically in Ethiopia.

Consequently, in line with the global and local needs, this dissertation deals with strategies and
practices for sustainable energy system development in Ethiopia. It focuses on long-term
electric power security to make timely investments on various energy resources and supply
energy matched with the economic developments and environmental needs of the country. In
this framework, the goal is pursued by setting the following three specific objectives: (1) To
review and evaluate energy development, power sector reforms, policies and resource
adequacy in Ethiopia. This objective is pursued to assess and evaluate the effectiveness of
existing reforms and policies in Ethiopia in terms of meeting the country’s rising demand for
energy by breaking the “business-as-usual” trajectory of the past. An analytical method to
calculate resource planning indices such as reserve margin and expected unserved energy is
used. The results indicate that the near-future generation reserve is not adequate to supply the
increasing demand resulting mainly from expansion of electricity access, development of
industrial parks, extensive expansion of railway network, extensive agriculture irrigation

schemes, new sugar factories and export plan to East African Power Pool (EAPP) countries.

The second specific objective is (2) To assess the fundamental dynamics, variables and policies
that characterize the energy development and determine the evolution of electricity demand.

The scientific literature reveals a weak understanding of the inherent characteristics and



specific features of energy systems in developing countries. As a result, this specific objective
is pursued by knowing the trend and capturing the relationship between demand and other
independent socio-economic and technological variables. Comparative overview of various
existing modeling frameworks is done in terms of several criteria, particularly their
applicability to developing countries. Appropriate modelling frameworks are identified for
assessing and projecting the long-term energy use in a systematic manner within the context of
developing countries. A better system representation and applicable alternative policy
scenarios are also developed by considering the unique characteristics of energy systems in
developing countries (unsustainable use of traditional energy sources, high population growth,
modernization and urbanization, low electricity access, supply shortage, high system losses,

informal economy, etc.).

Extensive and detailed dataset is used to simulate the alternative policy scenarios. The
pathways represented by the scenarios can show the maximum expected rise in demand under
different drivers and the best-case energy saving opportunities. The current methodologies
employed for long-term energy demand projection are then evaluated, particularly focusing on
the electricity demand. The result of the policy scenarios shows that while the application of
energy efficiency policies and measures would only have a minor impact on the energy
demand, their impact on the electricity demand is large, and that the application of such policies
is a very important measure to combat supply-demand mismatch causing power shortages and
black-outs. The projection results are compared with previous studies and reasons for the

deviations and strength of the followed approaches are discussed.

The last objective is (3) To identify the best power generation and capacity mixes to meet future
electricity demands subject to various technical, economic, and environmental constraints.
This is pursued by developing a soft-linked OSeMOSYS and LEAP model to determine the
lowest cost electricity generation and capacity mixes to meet long-term electricity demands
subject to certain policy scenarios that may impose technical constraints, economic realities
and environmental targets. The model has various data requirement that describe the current
and historical installed capacities, efficiencies, costs (capital, operating and maintenance, fuel

costs), capacity factors, losses, expansion plans, etc.

From the literature survey, it is observed that there is a gap in providing independent
assessments of alternative technologies and policy choices that can be essential for developing

countries in a way that addresses their particular needs and constraints. Thereby, the model



explores the feasibility of including new technologies to the existing system. This includes
assessments of centralized and decentralized methods of electricity supply. Novelties are
introduced in terms of better system representation on reference energy system diagram,
development of appropriate model and identification of relevant scenarios considering the
context of the country and applicability to developing nations. Moreover, sensitivity analysis

is carried out to study the effect of critical assumptions and varying parameters on the results.

Five policy scenarios are employed (reference-ref, grid extension-grx, multiple resource mix-
mix, renewable and intermittent resource target-vRE, improved efficiency-Eff) to explore
different possible futures and balance the long-term electricity needs and resources. The
improved efficiency scenario is the most desirable compared to the other scenarios because of
lower installed capacity requirements and economic benefits. Attributed to lower investment
costs and abundant resource availability, the results show that renewable technologies are more
competitive and favorable in the context of Ethiopia. Hydropower will continue to play a key
role in the future electricity supply with the addition of alternative resources like wind, natural

gas, geothermal, solar PV and CSP.

Keywords: Scenarios, Energy systems modelling, Energy-mix, Energy demand forecasting,

Electricity, Developing country, Ethiopia, LEAP, OSeMOSYS.
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Chapter 5: Long-term modeling and analyses of optimum generation scenarios

Indexes used in equations (Sets)

y Year

T Region

f Fuel

t Technology

e Emission

m Mode of operation

1 Timeslice: a fraction of the year with specific load chracteristics
I Season

1 Day type

Iy, Daily time bracket: a time span within one specific day
Parameters

AccumulatedAnnualDemand,,, ¢ [P]] --- Accumulated Demand for a certain commodity in
one specific year.

AnnualEmissionLimit,, , [Mton] --- Annual upper limit for a specific emission generated in
the whole modelled region.

AnnualExogenousEmission,,.. [kton] --- Accounts for additional annual emissions on top of
those computed endogenously by the model.

AvailabilityFactory, [-] --- One minus the fraction of the year during which planned
maintenance takes place.

CapacityFactor,,, [-] --- The ratio of available maximum capacity to the design capacity.
CapacityToActivityUnit,, /-] --- Relates the energy that would be produced when one unit of
capacity is fully used in one year.

CapitalCost,,, [Million $/GW] --- Capital investment cost of a technology, per unit of capacity.
DaysInDayType, ,_, [Days] --- Number of days for each day type, within one week (natural
number, ranging from 1 to 7).

DaySplit, ;, [-] --- Length of one Daily TimeBracket in one specific day as a fraction of the year.
DiscountRate, [-] --- Region-specific rate of return used to discount future cash flows back to
the present value, expressed in decimals.

EmissionActivityRatioy ;. ..m [Mton/P]] --- Emission factor of a technology per unit of
activity, per mode of operation.

EmissionsPenalty,,,. . [Million $/Mton] --- Penalty per unit of emission.

FixedCost,, [Million $/GW] --- Fixed O&M cost of a technology per unit of capacity.
InputActivityRatio,;, ¢ m [-] --- Rate of input of a fuel by a technology, as a ratio of the rate of
activity.

OperationallLife,, [Years] --- Useful lifetime of a technology, expressed in years.
OutputActivityRatio,,;, . [-] --- The ratio of output of fuel as a ratio to the rate of activity in
which a technology is operating.

REMinProductionTarget, , [P]] --- Minimum ratio of all renewable commodities tagged in
the RETagCommodity parameter, to be produced by the technologies tagged with the
RETechnology parameter.

ReserveMarginy, [-] --- Minimum level of the reserve margin required to be provided for all
the tagged commodities, by the tagged technologies.
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ReserveMarginTagTechnology,,, [-] --- Binary parameter tagging the technologies that

are allowed to contribute to the reserve margin.

ResidualCapacity,,;, [GW] --- Capacity left over from a period prior to the modelling period.
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RETagTechnology,,,, [-] --- Binary parameter tagging the renewable technologies that must

contribute to reaching the indicated minimum renewable production target.
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TotalAnnualMaxCapacitylnvestment, ., [GW] --- Maximum capacity of a technology

expressed in power units.

TotalAnnualMinCapacity, ;, [GW] --- Total minimum existing (residual plus cumulatively

installed) capacity allowed for a technology in a specified year.
TotalAnnualMinCapacityInvestment,,, [GW] --- Minimum capacity of a technology

expressed in power units.

TotalTechnologyAnnualActivityLowerLimit, ,, [P]] --- Total minimum level of activity

allowed for a technology in one year.

TotalTechnologyAnnualActivityUpperLimit,,, [P]]--- Total maximum level of activity

allowed for a technology in one year.

TotalTechnologyModelPeriodActivityLowerLimit, [P]] --- Total minimum level of
activity allowed for a technology in the entire modelled period.
TotalTechnologyModelPeriodActivityUpperLimit, [P]] --- Total maximum level of
activity allowed for a technology in the entire modelled period.

TradeRoute,, ¢ [-] --- Binary parameter defining the links between region r and region rr, to

enable or disable trading of a specific commodity.

VariableCost,,. ., [Million $/PJ] --- Cost of a technology for a given mode of operation

(Variable O&M cost), per unit of activity.

YearSplit,, [-]--- Duration ofa modelled time slice expressed as a fraction of the year.

Decision Variables
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1. Introduction

The United Nations Conference on Sustainable Development- or Rio+20-took place in Rio de
Janeiro, Brazil in June 2012. In the key conclusion of the Summit, the world’s governments called
for a new set of Sustainable Development Goals (SDGs) to guide the world during the next fifteen-
year period from 2015 to 2030. A final document was adopted at the UN Sustainable Development
Summit in Newyork in September 2015. The document, called “Transforming our world: the 2030
Agenda for Sustainable Development”, set the official launch of the 17 SDGs. With the “Goal 7-
Ensure access to affordable, reliable, sustainable and modern energy for all”, the agenda 2030
recognizes the evident relation between energy and sustainable development. Energy is crucial for
achieving almost all of the SDGs, from its role in the eradication of poverty through advancements
in health, education, water supply, and industrialization, to combating climate change. By 2030,
the goal aims to substantially increase the share of renewable energy in the global energy mix and

ensure universal electricity access in developing countries [UN General Assembly, 2015].

Indeed, significant progress have been made in recent years with an increasing level of global
electrification. However, the gap between the promise of energy for all and the fact that almost
one billion people still do not have access to electricity is a serious disparity. The country-by-
country assessment in many studies shows that the sub-Saharan African countries have the lowest
energy access rates in the world. Despite significant steps forward in Ethiopia, Kenya and Rwanda;
close to 600 million people are still without access to electricity. And about half of the sub-Saharan
African population without access to electricity live in five countries: Ethiopia, Nigeria, DR
Congo, Tanzania and Uganda. Access to clean cooking fuels is also lowest in the region where
only 17% of households in 2018 had access, meaning that over 900 million people do not have

access to clean cooking [IEA, 2019].

Developing and emerging economies face thus a two-fold energy challenge: Meeting the needs of
hundred millions of people who lack access to basic, modern energy services while simultaneously
participating in a global transition to clean, low-carbon energy systems [Ahuja D. and Tatsutani
M., 2009]. These challenges which are part of other broad challenges should be tackled by making
long-term planning over the course of 20-40 years. The objective of long-term planning is to ensure
an affordable, competitive, secure, sustainable and reliable supply of energy to meet a country’s

development needs. The process of planning requires a good representation of the energy system
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under study by looking through the context of the country. And developing countries have unique
characteristics. This enables planners and policymakers with an understanding of the complex
economics, political and environmental interrelations and uncertainties surrounding their energy

systems.

1.1. Background and problem statement

The greatest increase in demand for energy is envisaged to come from developing countries like
Ethiopia where, with rapid urbanization, large-scale electricity generation with a reliable and
optimum supply will be required. Adequate, reliable and affordable electricity access connectivity
nationwide is a critical enabler for realizing Ethiopia’s future growth and transformation, economic

prosperity and well-being of all its citizens nationwide.

Ethiopia has a vision of becoming a middle-income country by 2025 after implementing three
successive five-year development plans referred to as Growth and Transformation Plan (GTP).
The main development objective is to eradicate poverty in a relatively short period of time by
implementing broad-based development policies to enhance growth [GTP-II, 2016]. This
development is translating into a large demand for electric power and energy in urban and rural
areas. The planning period will see a significant demand increase due to fast-economic growth of
the country reflected by developments in railway transport, large irrigation projects, industry
zones, housing projects, etc. Moreover, power export to neighboring countries and population

growth are also major factors.

Today, grid connected household connectivity is about 40 percent of the population with per capita
consumption of 143 kWh per year. The Government of Ethiopia (GoE) through its national
electrification program (NEP) has set an ambitious plan for achieving universal electricity access

nationwide by 2025 [FDRE, MoWIE, 2017].

All the above plans and efforts are quite considerable moves and will accelerate rapid and
sustainable growth. However, they need to be supported by rigorous researches and deep studies
that aim to address pressing current and future policy issues to help shift energy systems,
particularly the power sector towards a more sustainable, efficient, reliable and equitable
paradigm. A number of electricity and energy-related questions and issues need to be

comprehensively addressed to hit the ambitious targets set by GoE.
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To achieve the SDG7 and ensure energy security through increasing renewable energy share,
policymakers increasingly rely on techno-economic assessments both to inform policy
development and to help set the right national targets. In this regard, the modeling and investigation
of different optimal pathways and possible future scenarios has become a critical planning tool in

the power sector. This type of assessment is currently lacking in Ethiopia.

Consequently, in line with the global goal and local needs, this research deals with strategies and
practices for sustainable energy system, specifically it seeks to balance future electric energy needs
(demand) and electric energy resources (supply) in Ethiopia. It focuses on long-term energy
security to make timely investments on various energy sources and supply energy matched with

the economic developments and environmental needs of the country.

Of course, countless reports and studies have been conducted about transition to a less carbon-
intensive and more sustainable energy system. However, only few have approached this
specifically from the perspective of developing country where access to clean and affordable

energy remains a major development issue.

Another very important issue to be considered is the structural transition of energy providing
entities from monopolized generation, transmission, distribution and sale of electricity to
liberalized, deregulated market setting in which multiple privately owned companies compete for
the provision and supply of electricity. In most developing countries like Ethiopia, a single,
vertically integrated utility was responsible for the generation, transmission, distribution and
supply of electricity. However, this is now gradually changing with the split of the single entity
into separate organs with different duties and responsibilities, introducing public private

partnership (PPP) and independent power producers (IPPs), etc.

With such progress, the introduction of competitive markets for generation and supply of
electricity (retail) is inevitable in the long run. In such unbundled setting, investments in generation
capacity are to be made by private generation companies which aim to maximize their profits.
These generation companies face a significant amount of uncertainty regarding the return on
investment which stems from the uncertainty regarding future demand, fuel costs, technological
evolution, policy interventions, technological acceptance as well as investment decisions [Olsina

et al, 2006]. In this regard, it is crucial for developing countries to conduct a long-term techno-



economic assessment to identify the optimal power generation and capacity mixes that can meet

future electricity demands.

1.2. Research objectives

The main objective of this research is to investigate the potential pathways of the future
development of the power sector in Ethiopia while seeking to balance the long-term energy needs
and resources. This goal is pursued by tackling the following research questions through three

specific objectives.

Objective 1: To review and evaluate energy development, power sector reforms, policies and

resource adequacy in Ethiopia (Paper-I).
This will be employed to answer the following research questions.

e What are the progresses and evolutions of power sector reforms in Ethiopia?

e What is the level of electricity access, affordability and reliability?

e What are the major challenges faced in the power sector?

e How diverse is the generation resource by type and what is its impact?

e s the existing generation resource adequate to meet the demand?

e What are the existing regulations and policies?

e Existing and planned infrastructure for delivery, generation and distribution of energy in

Ethiopia as well as the region?

Objective 2: To assess the fundamental dynamics, variables and policies that characterize the

energy development and determine the evolution of electricity demand (Paper-II, Paper-III).
This will be used to answer the following research questions.

e What are the unique characteristics, major drawbacks and system shortcomings of the
electricity grid?
e What is the future energy demand of the country?

e What are the major scenarios that detect emerging issues and plausible future trends?



¢ What methodologies and modeling tools have been used in the national electricity Master

plan as well as other studies for demand forecasting and planning?

Objective 3: To identify the best power generation and capacity mixes to meet future electricity

demands subject to various technical, economic and environmental constraints (Paper-1V).
With this objective in mind, it is possible to answer the following research questions.

e What are the long-term energy development pathways that can meet the rising electricity
demand in Ethiopia?
e What are the optimal (least-cost) supply mix alternatives of the future power system which

could ensure generation adequacy, reliability and reduce greenhouse gas (GHG) emission?

1.3. Scope of research

The study is focused on the long-term modeling and analysis of the energy sector, particularly the

electricity sector within the context of a developing country-Ethiopia.

Modeling of the physical system under study is important for good energy planning. There are
different types of long-term planning models (as will be discussed in Chapter 2). The focus of this
study is on energy demand models and energy supply models. Demand models focus on either the
entire economy or a certain sector and regard demand as a function of changes in population,
income and energy prices. Supply models focus mainly on the technical aspects concerning energy
systems and whether supply can meet a given demand, including a financial optimization approach

[Beeck N.V., 1999].

Potential modeling tools such as TIMES/MARKAL, OSeMOSYS, MESSAGE, LEAP, WASP
and BALMOREL are used to explore alternative policy scenarios that cover a broad range of
uncertainties and policy options so as to evaluate concrete, least-cost investment pathways to
providing reliable and affordable electricity [IRENA, 2017]. This research employs LEAP to
explore the evolution of the future demand and OSeMOSYS as a supply optimization modeling
tool to determine the long-term generation expansion paths. Future possible scenarios are

developed and assessed with regard to technical, economic and environmental criteria.



The model resolution in time and space defines the level of detail in representing time periods and
geographical area in models (as will be discussed in Chapter 2). This research is concerned on a
planning time horizon of 30 years to make the long-term generation expansion investment
decisions. It uses a time step of one year and the spatial representation is limited to one country-

Ethiopia.

e Models and modelling tools

The distinction between models and modelling tools is not always made clear, but in this
study, models refer to a set of mathematical equations with parameters that are equipped

with an algorithm to solve the equations. On the contrary, modelling tools come in the form

of a software package to generate models.

In this research, the models are developed using already existing modelling tools.
Developing a new modelling tool requires significant investment and research and

development which is beyond the scope of this study.
e Developing country

In this study, we define a developing country as “a country that generally lacks a high degree
of industrialization, infrastructure, and other capital investment, sophisticated technology,
widespread literacy, and advanced living standards among their populations as a whole”

[Nfuka and Rusu, 2009].

V\/\/\/\/\/\/\M/\/\—

1.4. Significance of the study

Ethiopia has a high potential for solar, wind and hydropower in addition to geothermal and
bioenergy as alternative source. It is important to have a clear roadmap on how to utilize these
resources. Development of long-term renewable integration and generation expansion requires
good representation of the energy system, projection of demand, investigation of resource behavior
and electricity system context. All of these can be done through long-term modelling and planning

of the system under study.

Decision makers rely increasingly on techno-economic assessments, to set the right national targets

for renewable power uptake. Developing long-term scenarios and strategies is an important part of
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the modelling and planning work that provides a rational basis for decision-making. It assesses the
investment needs to meet demand, and also help prioritize alternative investment options based on
economic criteria (cost minimization), as well as on social (import dependency, reliability of
supply, rural electrification, etc.) and environmental (emissions of air pollutants and GHG, etc.)
criteria. It is possible to study and quantitatively assess various “what-if” conditions to evaluate

implications of different policy options.

The output of the long-term scenario alternatives provides quantitative targets for the energy mix
that realize Ethiopia’s overall policy goals, guiding the process of when, where and how to invest

in the power sector. Policy instruments and regulations are crafted to achieve these targets.

The strategic assessment and planning of the power system will ensure (i) enough generation
capacity and expansion of supply to meet demand, (ii) reliable and affordable electricity, (iii)
adequate transmission capacity to dispatch power to demand centers, (iv) grid stability to
accommodate short time variations, (v) optimized investments that capitalize on falling costs of
low-carbon technologies to minimize the risk of stranded underperforming energy infrastructure

assets into the future.

In many African countries including Ethiopia, the local capacity to develop or use modelling tools
for power system planning is often limited. The electricity master plan is developed by foreign
consultancy firms which makes it difficult to adjust or timely update it by local capacity. In
addition, most energy modeling tools are initially designed for developed countries and adopting
such tools without considering the context and unique characteristics of developing countries leads

to inaccurate results and wrong policy implications.

This research will contribute to the knowledge-gap in power system modeling and planning by
building local capacity. Interested energy planners and academicians can use the developed model
to explore alternative scenarios for national and regional power sector development. The models
can also represent and highly relate to other less developed and developing countries outside
Ethiopia where the model outputs and policy implications can indirectly be applied by making

small changes and improvements.



1.5. Thesis outline and contributions
1.5.1. Outline

The outline of the remainder of this dissertation is as follows:

Chapter 2 presents the classification and categorization of different types of long-term planning

models including their comparison and context for developing countries.

Chapter 3 presents a review of the power sector in Ethiopia including socio-economic situation,
organizational history and structure, energy resources, energy policies and strategies, assessment

of resource adequacy and power sector reforms, etc.

Chapter 4 focuses on long-term evolution of energy and electricity demand forecasting in
developing countries. Literature review is conducted to identify the relevant models and
understand various approaches used to analyse energy demand, policy and planning concerns for
the context of both developed countries and least developed countries. Appropriate scenarios are
developed by studying the context of energy demand, socio-economy, demography, technological
change and future governmental direction in a systematic manner. The Long-range Energy
Alternatives Planning System (LEAP) modeling framework is employed to explore different
possible futures and alternative policy scenarios. Characterization of the dynamics and specific
features of developing countries is represented in the LEAP tool. Energy demand projection is then
made for different sectors. Finally, the model output is compared with other studies and reasons
for the deviations and strength of the followed approaches are discussed. In addition, comparison
of the different scenarios is discussed in terms of demand projection, fuel consumption, greenhouse

gas emission, etc.

Chapter 5 addresses the specific objective 3. It investigates the long-term electricity supply
options by providing a quantitative analysis of the future power generation sector. It starts by
reviewing and discussing studies that examined issues of power generation expansion in
developing countries. Then, an Open-Source energy Modelling System (OSeMOSYS) based
model is developed to determine the least cost electricity generation and capacity mixes to meet
the long-term electricity demands subject to certain policy scenarios that may impose technical

constraints, economic realities and environmental targets. The model provides independent



assessment of alternative technologies and policy choices by including relevant scenarios and
exploring the feasibility of adding new technologies to the existing system. This includes
assessments of centralized and decentralized means of electric supply. Sensitivity analysis is
carried out to study the effect of critical assumptions and varying parameters on the results. Finally,
the optimization results are discussed by comparing the electricity generation and capacity mixes,

economic cost, emissions, etc. under the considered scenarios.

Chapter 6 provides a critical reflection of the followed approaches and methods as well as the

main choices made during the course of this study.

Chapter 7 finally summarizes the main findings of the work in this dissertation by pointing the

limitations and topics to be addressed in the future.

1.5.2. Contribution

This thesis is based on the following publications, which are referred to in the text by their

Roman numerals.

I.  Dawit H. Gebremeskel, Getachew Bekele, Erik O. Ahlgren, Assessment of resource
adequacy in power sector reforms of Ethiopia, 2019 IEEE PES/IAS PowerAfrica, Abuja,
Nigeria, 2019, pp. 81-86.

II.  Dawit H. Gebremeskel, Getachew Bekele, Erik O. Ahlgren, Energy System modeling
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2. Long-term energy system planning models

2.1.  Classification of models

Energy system models can be classified using several criteria. A wide variety of literature have set
different ways of categorizing models [Ringkjeb et al, 2018; Poncelet, 2018; Pfenninger et al,
2014; Nakata, 2004; Beeck, 1999; Helgesen, 2013; Irsyad et al., 2017; Prasad et al., 2014;
Deshmukh, 2011; Hiremath, 2007; Pandey, 2002; Bhattacharyya and Timilsina, 2010].

Ringkjeb et al (2018) have identified four different purposes for generally grouping models. These
are power system analysis tools, operation decision support tools, investment decision support
tools and scenario modeling tools. Poncelet (2018) used two criteria to categorize different types
of planning models: scope of the model (Integrated assessment models, energy-economy models,
energy-system planning models and power-system planning models) and methodology (general
equilibrium models, optimization models, equilibrium models, system-dynamics models and
agent-based models). Nakata (2004) used four important criteria to categorize the energy planning
models: the modeling approach (top-down and bottom-up), methodology (partial equilibrium,
general equilibrium or hybrid), modelling technology (optimization, econometric, accounting) and
the spatial dimension (national, regional and global). Nicole van Beeck (1999) proposed nine
criteria to classify models for energy planning: purposes of energy models, model structure,
analytical approach (bottom-up Vs. top-down), underlying methodology, mathematical approach,
geographical coverage, sectoral coverage, time horizon and data requirements. Helgesen (2013)
and Irsyad et al. (2017) presented a thorough discussion on the two contrasting modeling types:
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the bottom-up engineering approach and the top-down macroeconomic approach. Prasad et al.
(2014) categorized energy planning models based on their methodology and features as
econometric models, optimization models, simulation models and computer-assisted tools.
Deshmuk (2011) suggested an alternative classification based on methodology adopted (bottom-
up Vs top-down), spatial coverage, sectoral coverage and temporal coverage. Hirematch et al.
(2007) classified planning models into optimization models, decentralized energy models, energy
supply/demand driven models, energy and environmental planning models, resource energy
planning models and models based on neural networks. Pandey (2002) and Bhattacharyya and
Timilsina (2010) used a set of attributes such as approach (top-down simulation, bottom-up
optimization/accounting), spatial focus (global, regional, national, local), sector (macro-economy,

energy) and time (short, medium or long-term).

Considering the above-mentioned works, we have come up with a more comprehensive and
extended classification that is important for this thesis with regard to comparison of models as
follows. (i) purpose (ii) model scope (iii) analytical approach (iv) methodology (v) mathematical
approach (vi) geographical/spatial coverage (vii) sectoral coverage and (viii) time horizon.
Category (i) is selected from [Ringkjeb et al,2018], category (ii) is selected from [Poncelet, 2018]
and categories (ii1) up to (viii) are referred from [Nakata, 2004; Nicole van Beeck, 1999; Pandey,
2002; Bhattacharyya and Timilsina, 2010; Deshmuk, 2011; Prasad et al., 2014; Helgesen, 2013;
Irsyad et al., 2017].

Each of these classification criteria are thoroughly discussed below.
i.  Purpose

This relates to the general objective of the modeling tool which can fit into the following

categories.

Power system analysis tools- Tools developed to study power systems with a high degree of

detail involving power flow study, short circuit or fault analysis, dynamic stability, etc.

Operation decision support- Tools developed to optimize the operation/dispatch of the

energy/electricity system, considering economic, technical or environmental criteria.
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Investment decision support- Tools that aim to optimize the long-term investments in the

energy/electricity system.

Scenario- Tools that investigate the long-term alternative paths and possible futures through

studying various policies.

Table 1 gives an overview of the common models and what purpose they usually focus on.

Table 1 Model groups considering their purpose [Pfenninger et al, 2014]

Model family

Examples

Primary focus

Energy system optimization

MARKAL, TIMES,
MESSAGE, OSeMOSYS

Investment decision,

normative scenarios

Energy system simulation

LEAP, NEMS, PRIMES

Forecasts, predictions

Power system and electricity

market models

WASP, PLEXOS, ELMOD,
EMCAS

Power system analysis,
operational decision,

business planning

ii. Model scope

The scope or coverage of planning models determines the endogenous interactions, type of

questions that can be addressed, level of detail and complexity of executing the model. In this

regard, there are four major types of long-term planning models as discussed below.

Integrated assessment models

Integrated assessment models (IAMs) are used to analyze long-term interdisciplinary questions of
a global scope. They try to link, within a single modeling framework, main features of society and
economy with the biosphere and atmosphere. The goal is to make more and more parts of the
“earth system” endogenous to the modeling framework. IAMs not only include the energy system,
but also incorporate macro-economic interactions, demographics and resource availability
restrictions (e.g. materials, water, land) and health. Integrates assessment is a useful way of
approaching highly complex issues like climate change, which involve a range of problems,

disciplines, stakeholders and time and spatial scales. Modeling tools such as MESSAGE, IMAGE,

GCAM and POLES are good examples of IAMs [Poncelet, 2018].
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Energy-economy models

Energy-economy models address the interaction between the energy system and the overall
economic system. Such models include multi-disciplinary fields-energy, economy and the

environment as model components (see

Fig. 1) and allow accounting for the economy-level response to future changes in the energy-
system. In addition, technological innovations and efficiency improvements are also factors that
should be included in this model [Nakata, 2004]. Typical energy-economy models include NEMS,
US-REGEN, MESSAGE-MACRO model and TIMES-MACRO model [Poncelet, 2018].

Economic system
Price sens1t1v1ty Environmental constraints
Price elasticity CO; emissions
Energy references NOx, Sox and THC emissions
Carbon I?ax and energy tax

Subsidy for specific 1ndustrles
Discount rate

e

Energy-
economic
model

Technology system
Technology mnovation
Efficiency improvement
Operating cost reduction

Capacity limit

Resource constraints
Exhaustion of natural resources
Physical limits of renewable resources

Fig. 1 Schematic of energy-economic model [Nakata, 2004]

Energy-system planning models

Energy-system planning models restrict the scope to the evolution of the energy system that covers
the entire chain from extraction and refining of primary fuels to conversion and final consumption.
In contrast to the energy-economy models discussed above, the interactions between the energy
sectors and other economic sectors is not endogenously integrated. The main strength of these
energy-system planning models is that they provide a comprehensive description of possible
scenarios for the transition of the energy system by considering the inter-sectoral, inter-temporal
and inter-regional relationships. They can also cover all energy sectors (e.g. electrical power,
heating, transportation) with a high level of technological detail. This enables analyzing the
complex interactions between different energy sectors and technologies. As a result, energy system
models provide a consistent tool for decision making, planning and developing appropriate policies
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[Poncelet, 2018]. Well-known energy system planning models include PRIMES,
MARKAL/TIMES, LEAP, OSeMOSYS and EnergyPLAN.

Power-system planning models

Power-system planning models restrict the scope to the electrical power sector. This restricted
scope allows increasing level of detail (temporal, technical and spatial) compared to the more
broad energy-system planning models [Deane et al., 2012]. Power system models are mostly used
to analyze the evolution of the power system with the aim of reducing the GHG emission. In this
regard, these models have been used to determine the cost-optimal capacity mix to achieve certain
policy targets, to analyze the need for different flexibility options, to provide projections of future
wholesale electricity, etc. Typical power system planning models which are mostly developed for
the North American and European power grids are ReEDs, LIMES, Switch, Resource Planning
Model and WASP.

iii.  Analytical approach

With the aim of meeting the demand in an economical fashion, energy models generally follow
two contrasting modeling/analytical approaches; a top-down and a bottom-up approach. Bottom-
up modeling approach or often referred to as engineering approach is based on detail technological
and engineering descriptions of the energy system. Energy demand is typically provided
exogenously, and the models analyze how the given energy demand should be fulfilled in a cost-

optimal fashion [Helgesen, 2013].

On the other hand, top-down modeling approach follows an aggregated view and macroeconomic
relationships. The influence of prices and markets is believed to have more impact than technical

characteristics of the energy sector.

The two approaches differ considerably in their identification of the relevant system and can lead
to opposite results for the same problem and may therefore produce different guidance for
policymakers [Helgesen, 2013; Beeck, 1999]. The differences in outcomes of top-down and
bottom-up models stem from the distinct manners in which these two types of models treat
economic, market and technological interactions. Bottom-up approaches ignore macroeconomic

interactions by assuming exogenous energy prices, demand and other economic related inputs. On

14



the contrary, top-down approaches endogenize energy demand to other macro and microeconomic
variables [Irsyad et al., 2017]. Technology is regarded as a set of techniques in which inputs such
as capital, labor and energy can be transferred into useful outputs. As a result, economic modeling
approaches treat technology as a black box without having explicit representation. Engineering
models, on the other hand, describe the techniques, performances and the direct costs of all

technological options so that possible improvements can be identified [Beeck, 1999].

Depending on the application, each of the discussed analytical approaches have their own
advantages and disadvantages. In order to capture the advantages from both, models can also be
combined in hybrid approaches. Hybrid models have a macro-economic element connected with
a detailed end-use oriented energy sector description. However, computational limitations result
in making trade-offs between technical/engineering detail and economic detail. The development
of hybrid models has also not displaced the pure bottom-up and top-down approaches [Pfenninger

et al, 2014].

iv.  Methodology

The commonly used methodologies for the development of energy and electricity models are

grouped into three main categories; optimization, simulation, and equilibrium methods.

Optimization models are used to balance demand and supply by optimizing energy investment
decisions such as capacity and choice of technology alternatives. The outcome represents the best
solution usually the least-cost path, while meeting a set of operative constraints. Such models
require a relatively high degree of mathematical analysis to represent the included processes. The
majority of optimization models use a linear programming approach with an objective function
which is either maximized or minimized subject to the given constraints [Beeck, 1999; Ringkjeb

et al, 2018].

Simulation models are descriptive models that simulate an energy system based on specified
equations and characteristics. They allow testing of various system topologies, as well as, impacts
and development of various scenarios. Such models are often bottom-up models, with a detailed
technological description [Ringkjeb et al, 2018]. In contrast to optimization models, simulation-

based models can be built modularly and incorporate a range of methods [Pfenninger et al, 2014].
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Equilibrium models are used to study the energy sector as part of the whole economy and focus
on interrelations between the energy sector and the rest of the economy [Beeck, 1999]. General
equilibrium models determine important economic parameters such as the gross domestic product
(GDP) endogenously while partial equilibrium models focus on balancing one market (e.q. energy

or electricity) with the rest of the economy that is not modelled [Ringkjeb et al, 2018].

v.  Mathematical approach

The mathematical approach refers to the mathematical techniques that are used to represent the
complex correlations between different variables and components of the energy system. In
addition, optimal operation of the energy system should also be determined. In this regard,
commonly applied mathematical techniques include linear programming, mixed integer

programming and dynamic programming.

Linear Programming (LP) is a technique for finding the arrangement of activities which maximizes
or minimizes a defined criterion, subject to various technical, economic and environmental
constraints. All relationships are expressed in fully linearized terms. LP is an extremely powerful
tool for addressing a wide range of applied optimization problems such as resource allocation and

production scheduling.

Mixed Integer Programming (MIP) is an extension of LP which allows greater detail in
formulating technical properties and relations in modeling energy systems. Decisions such as
yes/no or (0/1) are admitted as well as nonconvex relations for discrete decision problems [Beeck,
1999]. MIP problems might be harder to solve compared to LP problems. The solution time is
increasing exponentially to the number of integer variables. MIP can be used when studying the
unit commitment of thermal power plants that need characterization of different variables such as
minimal up and down time, start-up, upper and lower limit, etc. They are also widely used in multi-
energy systems planning problems, where various energy carriers with different units in terms of

size and capacity are considered.

Dynamic Programming (DP) is a method that transforms a complex problem into a sequence of
simpler problems. The solution of the original problem is obtained by dividing the original problem
into simple subproblems for which optimal solutions are calculated. Consequently, the original

problem is then optimally solved using the optimal solutions of the subproblems [Beeck, 1999].
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In addition to the above techniques, most recent studies are using fuzzy programming or stochastic
and interval programming methods to deal with uncertainties in the energy system such as energy

demand, price market and learning rate of technologies [Salas, 2013].

vi.  Geographical/spatial coverage

The geographical coverage refers to the spatial area or space in which the analysis is taking place.
This is commonly divided into global, regional, national, local or single-project. Global scale
models are concerned about the situation in the world with regard to climate change, sustainability,
variable renewable energy, etc. while regional level models refer to international regions such as
Europe, Latin American countries, North-America, South-East Asia, Sub-Saharan Africa, etc.
National models are restricted to one country treating all major sectors endogenously, while the
outside world energy parameters are considered exogenously. The local level is subnational,
referring to regions within a country. The project level also is usually limited to subnational area
focusing at a particular site, however it can also be applied on a greater national or international

level.

The relationships between energy and society take different forms across space, as energy policies
are pursued in different local, regional, national, and global settings [Ludger et al, 2019].
Therefore, emerging problems are often requiring geo-referencing to certain spatial scales. For
instance, rural electrification, transmission expansion, renewables electric vehicle integration, and
outage management systems require knowledge of where the sources, storage, and sinks of electric
energy are located and relevant factors associated with those locations [Grijalva, 2017].
Electrification analyses in rural, peri-urban and urban requires spatially specific information such
as renewable energy flows, location of transmission lines, sizes, and locations of settlements and
their distances from the nearest electric grids. Tools that capture the spatial dimension of energy
systems are essential for the development of spatially inclusive and comprehensive energy demand
supply analyses. This is particularly important for developing countries which are investigating
different electrification options including grid extension, mini-grid and stand-alone systems

[Dimitrios et al, 2017].

vil.  Sectoral coverage
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Sectoral coverage refers to the scope and focus of the model with regard to fuel type, technology,
economy, class of customer, etc. Based on this division, models can be classified, into sub-sectoral,
sectoral and economy wide models. Sub-sectoral models provide only information in just one
particular sector and do not take into account the macro-economic linkages of that sector with the
rest of the economy. The other sectors of the economy are simplified in these models. On the other
hand, sectoral models investigate more than one sector of the economy and the interaction between

the studies sectors [Neshat et al, 2014].
viii.  Time horizon

The time horizon is simply the timeframe in consideration under the study. It is very common to
classify models into short-term, medium-term and long-term. However, there is no explicit
definition of the exact timeframe for each of them. In this study, we consider short-term time
horizon to be 1 year or less; medium-term, between 1 and 15 years; and long-term to be over 15

years.

2.2. Comparison of modeling tools

A number of modeling tools are available that are systematically used to analyse the energy and
electricity system. In this section, the comparative overview of selected models is presented.
[Ringkjeb et al, 2018] present a thorough review of 75 modelling tools that are currently used for
analyzing energy and electricity systems. Out of the 75 models included in the review, six
candidate models that are believed to be suitable for this study’s purpose are identified. These are
0SeMOSYS, MARKAL/TIMES, MESSAGE, MESAP PlaNet, EnergyPLAN and LEAP. A brief

overview about each of these modeling tools is presented in Appendix B.

Comparison of the selected tools is based on the eight classification criteria presented in the
previous section. These are listed below.
1. Purpose
Power system analysis, operation decision support, investment decision support, scenario.
2. Model scope
Integrated assessment, energy-economy, energy system planning, power system planning.

3. Analytical approach
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Top-down, bottom-up, hybrid.

4. Methodology

Optimization, simulation, equilibrium.

5. Mathematical approach

LP, MIP, DP

6. Geographical/spatial coverage

Global, regional, national, local or single project.

7. Sectoral coverage

Energy, overall economy, sub-sectoral, sectoral.

8. Time horizon

Short-term, medium-term, long-term.

Considering the above eight classification criteria, the six candidate modeling tools can be

compared as shown in Table 2. It can be seen that each tool has its own feature and selection of

appropriate modeling tool depends on the level of use of the features for a particular application.

Table 2 Comparison of selected energy models based on the eight classification criteria.

Criteria OSeMOSYS | MARKAL/TIMES | MESSAGE | MESAP EnergyPLAN | LEAP
PlaNet
Purpose Investment Investment Investment Scenario Scenario, Scenario
decision, decision, scenario | decision, investment
scenario scenario decision,
operational
decision
Model scope | Energy- Energy-system 1AM, Energy- Energy- Energy-
system Energy- system system system
economy
Analytical Bottom-up Bottom-up Bottom-up Bottom-up | Bottom-up Bottom-up
approach
Methodology | Optimization | Optimization Optimization | Simulation, | Simulation, Simulation,
econometric | optimization | econometric
Mathematical | LP, MIP LP, DP DP LP, DP Analytical N/A
approach programming
Geographical | Local, Local, national Local, Local, Local, All
/spatial national, national national national,
coverage regional regional
Sectoral Energy Energy Energy All Energy All
coverage
Time horizon | Medium, Medium, long- Short, Short, Short, Medium,
long-term term medium, medium- medium-term | long-term
long-term term
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2.3.  Modeling tools for developing countries

The energy and electricity system of developing countries is entirely different from industrialized
countries. As a result, the analytical tools used for modeling should be able to capture the specific
features of developing countries. Few literatures have attempted to identify the specific features

and unique characteristics of developing countries compared to the developed countries.

[Pandey, 2002] pointed out that the existence of inequity and poverty, dominance of traditional
lifestyles and markets in rural areas, transitions of populations from traditional to modern markets,
existence of multiple social and economic barriers to capital flow and technology diffusion, and
radical nature of policy changes being witnessed in energy sector cause developing countries’

energy system entirely different from that of developed countries.

[Urban et al, 2007] indicated three specific features: poor performance of the power sector and
traditional fuels, transition from traditional to modern economies, and structural deficiency in
society, economy and energy systems. In the study, they have also compared the capabilities of
different available models in terms of the unique characteristics of developing countries:
performance of the power sector, supply shortage, low electrification, traditional biofuels, urban-

rural divide, informal economy, structural economic change, investment decisions and subsidies.

Other studies [Bhattacharyya and Timilsina, 2010; Irsyad et al., 2017] have attempted to
investigate the usefulness of existing energy models with regard to incorporating the above unique
features of developing countries. [Bhattacharyya and Timilsina, 2010] considered two-step
procedure to select the most appropriate analytical tool for developing countries. The first
procedure uses the analytical approaches and methodology as a criteria to evaluate how the models
perform in meeting the following features: incorporation of supply and demand modules, input
data requirement, flexibility to incorporate new end-use, fuel and technology including those used
in developing countries, rural energy specificities, informal sectors, data and skill concerns, and
the possibility of capturing transition. The second procedure focuses on bottom-up and hybrid
models and makes comparison based on the following: analytical approach, geographical,
technical and activity coverage, data and skill needs, portability, disaggregation, price and non-
price policy capabilities, rural energy capabilities, energy shortage, informal sector, subsidies,

rural-urban divide and economic transition.
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Considering the characteristics of the energy systems and economies of developing countries

identified in the above studies, we use the following ten specific features to evaluate the suitability

of energy models to developing countries. These are: (i) supply shortage (ii) performance of power

sector (iii) traditional fuels (iv) urban-rural divide (v) informal economy (vi) economic transition

(vii) subsidies (viii) data need (ix) skill requirement and (x) upfront financial cost.

Table 3 Comparison of specific models based on main characteristics of developing countries’
energy systems and economies.

Criteria 0SeMOSYS | MARKAL/TIMES | MESSAGE | MESAP RESGEN LEAP
Supply Not Not explicitly Not Not known | Not Possible
shortage explicitly explicitly explicitly explicitly
Performance | Not possible | Not possible Not Not Not Implicitly
of power possible possible possible modeled
sector
Traditional | Possible Possible Possible Possible Possible Possible
fuels
Urban-rural | Possible Possible and Not Not known | Possible but | Possible
divide covered explicitly not covered | and
usually covered
usually
Informal Not possible | Not possible Not Not Not Possible
economy possible possible possible
Economic Not possible | Can be covered Possible Not known | Not covered | Usually
transition and covered covered
through
scenarios
Subsidies Not Possible but Not Not known | Difficult Not
explicitly normally ignored explicitly considered
explicitly
Extensive Extensive Extensive Extensive Variable, Extensive
Data need but can work limited to but can
with limited extensive work with
data limited
data
Skill Limited to Very high High High to Limited Limited
requirement | High very high
Upfront Free, open Commercial Free for Commercial | Commercial | Free for
financial cost | source academic developing
and [AEA countries
members

Considering the analytical approach and methodology as a criteria for comparison, alternative

energy system models can be divided into:

21




e Bottom-up, optimization-based models
e Bottom-up, accounting models

e Top-down, econometric models

e Hybrid models

e Electricity system models

Accordingly, the comparison of features of different types of energy system models is shown in
Appendix B, Table A - 1. It can be seen that the bottom-up accounting type of framework appear
to be more appropriate to developing country contexts because of their flexibility, limited skill
requirement, ability to capture rural-urban differences, traditional and modern energies and also
can account non-monetary transactions. It is also seen that, even though the optimization models
have a good representation of technological features, they have difficulties in capturing non-

monetary policies and informal sector activities.

The comparison of some specific bottom-up and hybrid global models based on the second
procedure is shown in Appendix B, Table A - 2 and Table A - 3. From the comparative overview,
it is observed that most of the models are not suitable for developing country contexts as they do
not explicitly cover the essential features of developing countries. From Table A - 2 and Table A
- 4 of Appendix B, it can be seen that accounting type models like LEAP appear to be more suitable
for the context of developing countries. Such tools are scenario-based and are better suited to

capture rural-urban divide, economic transition, informal sector and energy shortage features.

The review of [Bhattacharyya and Timilsina, 2010] suggests that most of the existing models
inadequately capture the developing country characteristics and that the problem is more
pronounced with econometric and optimization models than with accounting models. Among the
bottom-up optimization models, OSeMOSYS is an open-source model, which has an accessible,
easy to use and freely modifiable code. This makes it particularly interesting to developing

countries that are avoiding costly models and are looking tools with less skill requirement.

[Irsyad et al, 2017] considered the purpose of the analysis and specific issues of developing
countries as a criteria for evaluating and selecting the most appropriate analytical tool. The analysis
purposes are specified as: to determine best options, to estimate economic impacts of a policy, to

estimate environmental impacts of a policy, to estimate energy mix impacts of a policy and to
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understand energy systems. And the specific issues in developing countries are rural
electrification/energy access equity, data availability and analysis capability, informal economy,
income inequality, affordability issue for green energy, traditional energy and free tools. The
evaluation is shown in Appendix B, Table A - 5. It is observed that the top-down approaches are
not suitable for developing countries. Top-down approaches rely on per capita demand, which are
not applicable to developing countries with the fact that there is unequal electricity access. Instead,
it is suggested that the number of electrified customers should be used. On the other hand, bottom-
up approaches are not suitable for assessing the impacts of income inequality to the energy system
since they usually use homogenous energy consumer in their analysis. In addition, most of the
tools can not consider the informal economy in their analysis. As a result, [Irsyad et al, 2017]
conclude that most energy analytical tools do not incorporate the inherent characteristics of
developing countries. However, similar to [Bhattacharyya and Timilsina, 2010], [Irsyad et al,
2017] suggest that the accounting-based bottom-up models are suitable to simulate dynamic

transition and forecasting in developing countries.

2.4.  Summary and Conclusion

In this chapter, a detailed review and comparative study of frequently used models are presented
with the aim of selecting suitable analytical tool for various applications; particularly, assessing
whether the available tools are suitable for developing countries. Accordingly, we provide a
guideline to select the appropriate analytical tool based on eight major classification criteria. These
are (i) purpose (i1) model scope (iii) analytical approach (iv) methodology (v) mathematical
approach (vi) geographical/spatial coverage (vii) sectoral coverage and (viii) time horizon. In
addition, the specific features of developing countries that need to be considered during tool
selection and modeling are also identified. These are: (i) supply shortage (ii) performance of power
sector (iii) traditional fuels (iv) urban-rural divide (v) informal economy (vi) economic transition

(vii) subsidies (viii) data need (ix) skill requirement and (x) upfront financial cost.

The review suggested that proper understanding of the unique characteristics and context of
developing countries is crucial to prevent inaccurate analysis and the prescription of wrong
policies. It is also shown that most of the existing standard energy models inadequately capture
the developing country characteristics. The modeling tools were initially developed for

industrialized countries considering mainly the situation in their energy system, technology and
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market. Inability to capture the specific developing country features listed above makes most of

the tools less suitable.

The comparison of features of different types of energy system models shows that the bottom-up
accounting type framework appears to be more appropriate for developing country contexts because
of their flexibility, and their ability to capture rural-urban differences, traditional and modern
energies, and to account for non-monetary transactions and informal sector activities. The informal
economy is a significant business activity in developing countries that is not part of the GDP.
Moreover, income inequality is also much higher compared to developed countries. As a result, the
reviewed studies do not recommend economic-based models to be used for making energy analysis
in developing countries. If such models are to be used for developing countries, one should make
sure that necessary adjustments are made accordingly including modifying the model’s assumptions

as per the specific characteristics.

The model comparison showed that LEAP and OSeMOSYS are more suitable and have some
attractive features to developing and emerging countries. LEAP is a scenario-based, demand-supply
model that can capture rural-urban divide, economic transition, informal sector and energy shortage
features. OSeMOSYS is also a scenario-based, bottom-up, flexible, open-source and easy to use
optimization modeling framework. Developing economies may have the limitation of resource,
data availability and technical capability. In this regard and in terms of capturing some of the other
specific features of developing countries, such modeling tools can support the short to long-term
planning in developing countries. However, in order to effectively address all the characteristics of
developing countries’ energy systems and economies, we either believe that the existing models

need to be improved or new tools should be developed.

24



3.  Review of power sector and assessment of electricity generation adequacy in Ethiopia

3.1.

Ethiopia is a country located in the horn of Africa. It is bordered by Eritrea to the north, Djibouti
and Somalia to the east, Sudan and South Sudan to the west and Kenya to the south. The country
is the second most populous country in Africa, with an estimated population of more than 100
million of whom more than 80 million live in rural areas (Table 4). Over the past decade, the
Ethiopian economy has been one of fastest growing economies in the world. It had showed 10.3%
average annual growth during the period 2005/06-2015/16 (Fig. 2). The country has a vision of
becoming a lower-middle income country by 2025 after implementing three successive five-year
development plans referred to as Growth and Transformation Plan (GTP). The main objective is
to eradicate poverty in a relatively short period of time by implementing broad-based development

policies to enhance growth [World Bank, 2017; GTP-II, 2016].

Table 4 Demographic and economic indicators in Ethiopia [Central Statistics of Ethiopia, 2013;
National Bank of Ethiopia, 2016/17 and 2017/18; World Health Organization, 2018, World

Socio-economic situation

Bank, 2018]
Indicator Contents
Country area (In Sq.Km) 1.14 million
Capital Addis Ababa
Official Language Ambharic
Population (Million, 2017) 95.2
Life expectancy (years) 65
Total fertility rate per woman | 4.6
Average  household  size | 4.6
(national census)
Annual population growth | 2.5
rate (%)
Urban population (millions) 19.5
Foreign exchange rate | 23.10
(Birr/USD, 2017)
Total GDP (billion USD) 80.6 (2017)
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Growth rate of GDP 10.3% (average, 2005/06-2015/16)
GDP per capita (USD) 876 (2017)
Human development index 0.448 (2015)

Foreign trade Total foreign trade in 2017/18

-Total export  2.84 billion USD

-Total import  15.25 billion USD

-Trade balance -12.41 billion USD

Main products for trading

-Export: Coffee, oilseeds, leather and its products, pulses,
meat and meat products, fruit and vegetables, live animals,
chat, gold, flower, electricity.

-Import: fuel, cereals, aircraft, fertilizers, others.

Main trading partner countries

Export: Asia (39.8%): China, Saudi Arabia, Israel, Japan,
India, South Korea, Yemen, Indonesia, Hong Kong; Europe
(28.7%): Netherland, Germany, Switzerland, Belgium,
Italy, Turkey, United Kingdom, France, Russia; Africa
(20.9%): Somalia, Djibouti, Sudan, Kenya, Nigeria, Egypt,
South Africa. America (9.9%): United States, Canada.
Import: Asia (64.2%): China, Kuwait, India, U.A.E., Japan,
Saudi-Arabia, Malaysia, South Korea, Indonesia, Thailand.
Europe (19.3%): Turkey, Italy, Germany, United Kingdom,
Netherland, France, Ukraine, Belgium, Russia, Rumania.
America (9.4%): United States, Brazil, Canada. Africa
(7%): Egypt, Morocco, South Africa, Sudan, Nigeria,
Kenya.

The percentage share of the agriculture, industry and service sectors in GDP is shown in Fig. 3.
Service sector dominated the economy with major share in GDP owing to the expansion of

wholesale & retail trade, hotels & restaurants, transport & communication and real estate, renting
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& business activities. The share of agriculture declined to 34.9% in 2017/18 from 42% in 2012/13.
On the other hand, the industrial sector showed a continuous increase from 13% to 27% share in
GDP. The agricultural sector is responsible for 90% of export earnings and 85% of employment,
however, this sector is characterized by subsistence farming, almost entirely rain-fed and
pastoralism, with very little technological input [World Health Organization, 2018]. As a result,

the performance of the sector has been generally poor, with an annual growth rate of about 8%

(Fig. 3).
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Fig. 3 Percentage share of GDP by major economic sectors.
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The country’s second Growth and Transformation Plan (GTP-II) included targets to sustain a rate
of increase in the GDP by 11% of which 8% growth in agriculture and 20% in industry by 2019-
2020.

According to the projection made by Central Statistics Agency of Ethiopia in 2013 [Central
Statistics of Ethiopia, 2013], the total population in 2017 was estimated to be 95.2 million, with
an annual growth rate of 2.5%. The population density map shown in Fig. 4 shows that most of
the population lives in the highlands and Oromia, Amhara and Southern regions. It also shows

strong geographical clustering in the highlands and along major road networks.
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Fig. 4 Population density in Ethiopia [IFPRI, 2007]
3.2. Organizational history and structure

The Ethiopian Electric Light and Power Authority (EELPA) was established in 1956. It bundled
all electricity activities in a single organization. In 1996, EELPA was split into two: The Ethiopian
Electricity Agency (EEA) and the Ethiopian Electric Power Corporation (EEPCo). EEA was
taking over with all regulating activities. It was mandated to determine quality and standards of
electricity services; issue license for generation, transmission, distribution sales; import/export;
recommend tariff and issue professional competency certificate. On the other hand, EEPCo was
a single, state-owned and vertically integrated utility enterprise responsible for the generation,

transmission, distribution and sales service of electric energy throughout Ethiopia. The corporation
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had two electric power supply systems: The Interconnected System (ICS) and the Self-Contained
System (SCS). The ICS is a centralized, power grid that connects various generation stations at
different geographical locations within the country. Whereas the SCS is a decentralized, off-grid
system in which the generating stations are distributed to supply a specific group of customers at

a particular location.

In 2013, EEPCo was again split up into two companies: Ethiopian Electric Power (EEP) and
Ethiopian Electric Utility (EEU). EEP is a state-owned electricity producer engaged in
development, investment, construction, operation and management of power plants, power
generation and power transmission. It owns and operates the country’s power grid with all high
voltage transmission lines above 66kV [EEP, Worldfolio, 2016]. It is a sole provider of bulk
electricity to users, mainly to the EEU that focuses on the distribution and retail of electricity
supply to end consumers. EEU is mandated to sell and purchase bulk electric power on
transmission lines up to 66kV level. It is also responsible to administer, operate and maintain off-

grid electricity generation up to 66kV.

At the same year in 2013, recognizing the importance of energy efficiency and conservation, the
GoE upgraded the former Ethiopian Electric Agency into Ethiopian Energy Authority. As a result,
the authority is mandated to undertake the regulatory activities of energy sector as well,

particularly energy efficiency activities.

As shown in Fig. 5, the Ministry of Water Irrigation & Electricity (MoWIE) is the lead institution
for the energy sector. It supervises the three institutions: EEP, EEU & EEA. The responsibilities
of MoWIE fall into three broad categories: resource assessment & development, policy &

regulation, and research & development.

Both the public utilities; EEP & EEU are led by a Management Board that is the supreme body
responsible for the performance of the enterprises at the highest level. Its day-to-day operations
and activities are led and managed by their respective CEOs. Then they have subsequent deputy
CEOs and executive officers. EEU’s Deputy CEOs are responsible for leading the regional states
and cities. And EEP’s Executive Officers are responsible for managing various departments such
as generation operation, transmission construction & operation, finance, HR, project management,

etc .
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The EEA is also lead by Board of Directors who oversee the overall performance of the authority.
Its daily activities are led and managed by the Director General and Deputy Director General. In
addition, there are various Directorates who are responsible for various areas in different themes
such as legal service, human resource, public relation & communication, audit service, finance &

procurement, plan & budget, property administration & general service, good governance affairs,

information technology, etc.

Ministry of Water, Irrigation & Electricity

1 11 !

State Minister State Minister State Minister

Irrigation & Drainage Sector Electricity Sector Water, Supply & Sanitation Sector

pep! Energy Study & Development Follow-up Directorate

| Alternative Energy Technology Development &
Promotion Directorate

Hydropower Study & Dam Administration

r-==-=-=-=-=="=-====="="=1
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Ethiopian Electric Utility Ethiopian Electric Power Ethiopian Energy Authority

Fig. 5 Organizational structure of Ethiopian power sector

3.3. Energy resources

Ethiopia is one of the most suitable nations in Africa for tapping renewable energy resources. It

has a high potential for solar, wind and hydropower in addition to geothermal and bioenergy as
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alternative source. Table 5 shows the summary of the estimated potential of the country from each

resource. It can be seen that, despite the huge exploitable reserve of the various energy resources,

the harnessed energy level is too low.

Table 5 Indigenous energy resources in Ethiopia [FDRE, MoWIE, 2017; EEP, 2018/19; Samuel

and Getachew, 2014].

Resource Unit Exploitable reserve Exploited percent
Hydropower MW 45,000 <5%
Solar kWh/m?/day Avg. 5.5 <1%
Wind power GW 1,350 <1%
Wind speed m/s >6.5 -
Geothermal MW 10,000 <1%
Wood Million tons 1,120 50%
Agricultural waste Million tons 15-20 30%
Natural gas Billion m? 113 0%
Coal Million tons 300 0%
Oil shale Million tons 253 0%

Hydropower

Ethiopia is endowed with abundant water resources distributed in many parts of the country. As
shown in Fig. 6, there are eight major basins (Tekeze, Abbay, Baro-Akobo, Omo-Ghibe, Rift
Valley, Awash, Wabbi-Shebelle and Genale-Dawa) with an exploitable hydropower potential of
45,000 MW. Over half of this potential is located in the Abbay and Omo river basins, where the
Grand Ethiopian Renaissance Dam (GERD) and Gilgel Gibe-III power plants are located [Seleshi
et al, 2007].
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Fig. 6 Major river basins in Ethiopia [Seleshi et al, 2007].

Table 6 lists the installed capacity and average energy production of the existing and under
construction power plants throughout the country. The total installed capacity of the existing hydro
powerplants is about 3,815 MW while the total capacity of the plants under development amounts
to 11,600 MW. The projects with numbered names indicate that they are linked (i.e. constructed

on the same river basin).

Table 6 Existing and under construction hydropower plants [GMSP-SIS, 2019]

Name Status Capacity (MW) A\(Iér;%f /}]?:aerr)gy
G. Gibe-I Existing 184 882
G. Gibe-II Existing 420 2,030
G. Gibe-III Existing 1870 5,348
Tana Beles Existing 460 2,749
Fincha Existing 134 615
Tekeze Existing 300 1,400
Melkawakena Existing 153 555
Amertinesh Existing 97 595
Koka Existing 42 133
Awash-11 Existing 32 183
Awash-I11 Existing 32 184
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Aba Samuel Existing 6.6 28
Tis Abay-I Existing 12 52
Tis Abay-II Existing 72 10
Design changes (5,250 to 14,684
GERD Under construction 6,000 to 6,450)
Current: 5,150
Genale Dawa-I11 Under construction 254 1,690
Koysha Under construction 2,160 6,460
Chemoga Yeda 1 Under construction 162 627
Chemoga Yeda 2 Under construction 118 460
Dabus Under construction 798 3,433
Geba 1 Under construction 214 952
Geba 2 Under construction 157 753
Genale 5 Under construction 100 573
Genale 6 Under construction 246 1,528
Baro 1 Under construction 166 652
Baro 2 Under construction 507 1,955
Genji Under construction 214 909
Wabi Shebele Under construction 87 689

In addition to the existing and already under construction power plants, there are also candidate

projects that are under plan (Table 7). Their total capacity is estimated to be more than 6,800 MW.

Table 7 List of candidate hydropower plants [GMSP-SIS, 2019]

Name Capacity (MW)

Beko Abo 935
Birbir 467
Werabesa,

Halele 436
Tams 1,700
Karadobi 1,600
Upper Mendaya 1,700

Geothermal

Geological surveys of the Ethiopian Rift Valley show that there is a geothermal development
potential of up to 10,000 MW. The only geothermal plant currently available in the country is
Aluto Langano with an installed capacity of 7.5 MW. However, as shown in Table 8, there are
various power plants that are under construction and under plan which in total amount up to 1,400

MW.
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Table 8 Existing, under construction and candidate geothermal power plants.

Average
Name Status Capacity (MW) Energy
(GWh/year)

Aluto Langano Existing 7.5 50
Aluto Langano 2 Under construction 70 552
Corbetti-I Under construction 20 160
Corbetti-II Under construction 50 204
Corbetti-II1 Under construction 200 816
Tulu Moye-I Under construction 50 204
Tulu Moye-II Under construction 100 408
Tulu Moye-III Under construction 100 408
Tulu Moye-1V Under construction 250 1020
Various sites Candidate 550 -

Biomass

The country’s biomass resources include residual from agriculture, harvests from forests, crop
residue, energy crops, animal manure, and residues from agro-industrial and food processes. The
harvest from forests or wood is estimated to be about 1.1 billion tons while the agricultural waste
is 15-20 million tons. Even though, most of the biomass energy use in the country is traditional
combustion, there are also significant cogeneration and waste processing plants. Cogeneration is
the electricity generation from residues remaining from sugar factories. The residue called bagasse
is burned at the cogeneration plants to produce steam and electricity. The electricity is used for
internal consumption of the sugar industries and the surplus is exported to the grid. The existing

and future candidate cogeneration, waste processing and biomass generation plants are shown in

Table 9.

Table 9 Existing and future candidate cogeneration and biomass plants

Name Status Capacity (MW) A‘(]g;‘;gﬁ /5:;;)‘%}]

Reppi Existing 25 90

Beles Existing 60 53
Welkayt Existing 82 72
Tendah Existing 70 61
Kasem Existing 64 56
Omokuraz Under construction 220 193
Melka Sedi Future candidate 137 1,080
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Solar

Solar resource in Ethiopia is huge as the country is located near the equator. The annual average
daily radiation reaching the ground is estimated to be 5.5 kWh/m?. Solar photovoltaics are usually
promoted to replace fuel-based lighting and to meet off-grid electrical needs in rural areas. In

addition, solar power is also used for telecommunications, village well pumps, health care and

school lighting, etc. So far, the country has about 5 MW of off-grid solar.

With the sharp cost reduction witnessed in photovoltaic technology, solar generation projects are

considered favorable and cost competitive in the country. As a result, many candidate projects at

different locations are planned in the future (Table 10).

Table 10: Existing and future candidate PV projects.

Name Status Capacity (MW) A‘Eg&%ﬁ /}ljiélaerr)gy

Off-grid solar Existing 5 -

Metehara-1 Candidate 100 210
Metehara-2 Candidate 100 210
Dicheto Candidate 125 263
Gad Candidate 215 263
Diredawa Candidate 200 420
Jijiga Candidate 200 420
Harar Candidate 200 420
Weranfo Candidate 100 210
Humera Candidate 200 420
Mekele Candidate 200 420
Welenchiti Candidate 200 420
Awash Candidate 200 420
Bahirdar Candidate 200 420
Adigrat Candidate 100 210
Hurso Candidate 200 420
Metema Candidate 200 420

Wind

Wind energy like the other renewable energy sources is also very high in Ethiopia. According to
the wind master plan prepared by the GoE in collaboration with Chinese government, the country

has a capacity to produce an astounding 1,350 GW of energy with an average wind speed more

35




than 6.5 m/s measured at S0m above ground [Habte et al, 2016; FDRE, MoWIE, 2017]. However,
the existing and ongoing projects are limited to the northern and eastern parts of the country that
amount to 324 MW. Various candidate sites for potential wind development in the country are

identified as shown in Table 11 with their respective total capacity and average energy production.

Table 11 Existing and future candidate wind-farm plants.

Name Status Capacity (MW) A‘Egﬁgﬁ /}l?;laerr)gy
Adama-I Existing 51 134
Adama-II Existing 153 430
Ashegoda-1 Existing 120 315
Aysha-1 Under construction 120 436
Assela Under construction 100 365
Aysha-II Candidate 310 950
Ashegoda-II Candidate 300 815
Iteya Candidate 150 460
Debrebirhan Candidate 100 306
Adama-III Candidate 300 920
Sure Candidate 200 543
Denbel Candidate 300 815
Diredawa Candidate 300 815
Gode Candidate 200 543
Adigala Candidate 300 815
Mekele Candidate 300 815

Thermal generation

Thermal generation refers to natural gas, coal, oil and nuclear-fired power plants. The country has
113 billion cubic meters of natural gas reserve. Currently, there are no existing natural gas-fired
power plants, however, the GoE has announced that it will start natural gas export to the global
market. And coal reserve is estimated to be about 300 million tons. There are no existing coal
power plants for electricity generation, but a relatively smaller amount of coal is used as an energy

source in the existing cement industries.

The country also has an oil reserve of 253 million tons. Currently, there are few reciprocating

diesel generators that are used for backup as an emergency reserve. Table 12 shows the existing
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and future thermal electricity generation candidates including diesel, simple cycle and combined

cycle gas turbines.

With respect to nuclear energy, the GoE has announced its long-term plan for development of
nuclear power plant, and it has made a number of collaborations and signed memorandum of
understanding on nuclear cooperation with Russian firms to pave the way for the construction of

nuclear power plant, research reactor, uranium ore exploration, etc.

Table 12 Existing and future thermal generation candidates [GMSP-SIS, 2019].

Name Status Capacity (MW)
Diredawa diesel plant Existing 40
Kaliti diesel plant Existing 12
Awash Sebat kilo diesel plant Existing 35
Reciprocating plant Candidate 70
Simple cycle GT Candidate 140
Combined cycle GT Candidate 420

3.4. Energy policies and strategies

According to the second Growth and Transformation Plan [GTP-II, 2016], the main objectives of
the energy and electricity sector are to expand power transmission considering environmental

conservation issues, make service delivery reliable and efficient and transform institutions.

The following key strategic directions are developed to meet the above policy objective in the

energy and electricity sector.

e Giving high priority and focus to generate sufficient power for both domestic consumption
and export.

e Strengthening cross border energy trade.

e Increasing access to affordable and adequate modern energy.

e Expanding clean and carbon-free renewable energy sources in the order of priority as 1)
hydroelectric power generation 1ii) geothermal energy iii) wind power iv) solar energy.
1.e. Hydropower is considered as the backbone of the country’s energy generation while
promoting and enhancing the other renewable sources development to increase security

and reliability of energy supply.
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e Expanding biomass energy and thereby reduce fuel wood consumption, reduce
deforestation and protect desertification.

e Strengthening development of biofuel products for household services and transport sector
through creating sustainable network with research institutions and universities, expand
periodic monitoring and support, awareness creation, etc.

e Fully addressing power supply interruption problems by upgrading and expanding power
transmission and distribution lines.

e Improving the energy efficiency of systems and operations.

e Strengthening energy sector governance and build strong energy institutions.

e Enable and encourage the private sector to participate in power generating activities
through narrowing the gap in the areas of technology, finance and project administration.

e Strengthening energy sector financing.

3.5. Assessment of resource adequacy in Power sector reforms of Ethiopia

All sources of renewable energy would have huge contributions to Ethiopia’s green energy
development, as the government intends to achieve the middle-income status by 2025 [FDRE,
MoWIE, 2017]. But the country’s renewable energy potential is largely untapped. The
interconnected system (ICS) consists of 13 hydro, six diesel standbys, one geothermal and three
wind farm plants with installed capacities of 3,814 MW, 87 MW, 7.5 MW and 324 MW,
respectively, implying a total of 4,233 MW national generating capacity. The generation is
dominated by hydropower accounting for some 90% of the total generation. A number of
hydropower plants are also under construction including the Grand Ethiopian Renaissance Dam,
GERD (5,150 MW). The government’s aim is to achieve 17,208 MW installed capacity by 2020.
According to the second Growth and Transformation Plan (GTP-II), that is guiding the overall
development endeavors of the country; in year 2020, 13,817 MW is planned to be generated from
hydropower; 1,224 MW from wind, 300 MW from solar, 577 MW geothermal, 257 MW from

biomass and the remaining from waste, gas and sugar-factory cogeneration [GTP-II, 2016].

3.5.1. Electricity Access

The country has managed to achieve universal electricity access to almost all urban areas, while

access to electricity in rural areas is still very limited although expanding at a rapid pace. About
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80% of the population resides in rural areas, largely relying on traditional biomass energy sources
for cooking and heating. The current access rate is 29% rural and 85% urban population which
translates to about 40% total electricity access with per capita consumption of 0.04 kW [USAID,
2018]. Majority of the supply is through the national grid, which accounts to about 28% and the

remaining 12% is via off-grid access.

The first rural electrification project, launched in 1999/2000, resulted in electrification of 667 towns
[FDRE, MoWIE, 2017]. It mainly focused on extending the network to major towns and small
towns (commonly called ‘Woreda’) located close to substations or existing distribution lines.
However, in 2005, a more ambitious endeavor called the Universal Electricity Access Program
(UEAP) was launched that aimed to promote socioeconomic development of rural areas in the

country by expanding the electricity network.

Between 2005 and 2015, UEAP has been able to spread out the electricity grid to about 6,000 towns
and villages and achieve 60% grid coverage (geographical access) in the rural areas [FDRE,
MoWIE, 2017]. The program also showcased the social and economic impact of electricity through
creating business opportunities, improving health and education service as well as improving
lifestyle. But considering the remoteness, large population and sparse density; extension of the grid

is technically difficult, inefficient and costly.

3.5.2. Electricity reform activities and its challenges

Many literature have shown that the driving force behind power sector reforms in developing
countries is the poor technical and financial performance of their electricity industry. The main
technical problems are lags in generation capacity and high transmission and distribution (T&D)
losses. Whereas, the financial problems are reflected by low-debt coverage, insufficient cash for
new investments and subsidized prices [Gratwick and Eberhard, 2008; Erdogdu, 2013]. Ethiopia
has faced both technical and financial problems. Technical problems in which rotational load
shedding has been in practice due to insufficient generation and high T&D losses accounting for
23% [GTP-IL, 2016] against a world average of 9% [World Bank, 2006], frequent interruption and
poor power quality were the prevalent characteristics of the grid network. Lack of the provision of
adequate and reliable electricity has also been the bottleneck for accelerating the government’s
major economic plan on growth of manufacturing industry. On top of solving all these problems,

finding a way to boost the low-electricity access was a big assignment of the government. In order
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to deal with this crisis, the Government of Ethiopia (GoE) committed itself to embark on reforming

the power sector.

The reform began in 2013 by restructuring the utility: Ethiopian Electric Power Corporation
(EEPCo), which used to be fully state-owned and vertically integrated enterprise was in charge of
generating, transmitting, distributing and selling electricity throughout Ethiopia. EEPCo has been
split into two separate public enterprises, Ethiopian Electric Power and Ethiopian Electric Utility
(EEP and EEU), each with a very different business, technical focus, and accountability for
operation and results. EEP is responsible for generation, transmission and wholesale of electricity
nation-wide and export the balance whereas EEU is engaged in power distribution, sales, and
customer services. In addition, the Ethiopian Energy Authority (EEA) has also been established as

the sector regulator.

In 2017, the GoE introduced an ambitious program, the National Electrification Program (NEP)
with a theme ‘Light to All’ which aims to achieve universal access of electricity nationwide by
2025. The program is designed mainly to consider least-cost grid connection rollout strategy from
both grid and off-grid supply that is based on spatial distribution of households. In 2016, 7.6 million
households were settled proximately to the existing low voltage (LV) network of EEU, while the
other 8 million households (assuming average 5.5 persons per household) were not proximate and
could not be supplied by LV lines and required higher voltage levels [FDRE, MoWIE, 2017]. To
provide urgent connection, the plan is to connect 4.5 million of the proximate households by 2022
through extending short LV service drops and metering which requires less investment while the
other 5.4 million customers (3.1 million proximate and 2.3 million non-proximate customers) by
2025 through extending medium and high voltage lines. In addition, the remaining 5.7 million
households are planned to be supplied with off-grid systems. These accounts for some 65% grid-
connection and 35% off-grid supply by 2025 which is planned to be the period for 100% electricity
access. The off-grid supply is designed for remote settlements and villages where grid connectivity
is not the least cost solution. The technologies are mainly stand-alone solar systems, but also

mini/micro grid network connections expected to be delivered by the private sector.

Tapping and mobilizing private capital and resources is one of the key-components to scale up
generation, transmission & distribution capacity, and increase electricity supply. Focusing only on

power generation, public private partnerships (PPPs) are typically represented by independent
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power producers (IPPs), which design, finance, build, operate, maintain and decommission a power
generation plant and contract to sell the electricity generated to a publicly owned power utility
[Seattle City Light, 2016]. The GoE currently recognized that engagement with the private sector
especially with the development of power generation is crucial to meet the country’s investment

and energy policies and to establish sustainability in infrastructure investment.

In recent years, the GoE is liberalizing the energy sector for private sector participation, specifically
to generate significant financial resources and stimulate investment in power generation and
transmission. In January 2018, the GoE has passed the comprehensive Public-Private Partnership
proclamation that includes the establishment of a legislation and institutional framework for PPPs.
Even though the regulator has setup a basic legal framework which invites private players to
undertake generation and transmission of power, the energy tariff was one of the main bottlenecks

that hampered the engagement of international investors and private power companies.

Last revised in 2006, the average flat rate tariff in Ethiopia was just under 3 US cents per kilowatt
hour. Considering currency depreciation due to inflation, the tariff level has been declining in real
terms. Less cost of electricity from hydropower and GoE commitment for endowment of the power
sector had a big role for the lowest domestic tariff rate in Africa. The generation cost from
hydropower is about 9 US cents per kilowatt hour; compared to the above tariff rate, it can be seen

that the government makes a significant subsidy for electricity use.

The electricity generation in the country has quintupled from 850 MW to 4,233 MW within just a
decade. With such high and fast generation-growth, the government could no longer afford to
subsidize electricity generation. Consequently, as part of developing a workable and viable long-
term power sector, the tariff-framework revision started in 2017. After long consultation of the
draft, new tariff structure has been effected since December 2018. The new tariff structure is
planned to be applied gradually with four phases of increment every following year and the tariff
after the fourth year is expected to reflect the full cost of service provision (Table 13). However,
the adjustment at this time is designed by considering the affordability for the low-income
population. Those within a monthly consumption range of up to S0kWh will stay within the old

tariff and continues as is.

41



Table 13 New tariff structure [Source: EEU website]

As of As of As of As of
Tariff amendment Dec. Dec. Dec. Dec.
2018 2019 2020 2021
No. Tariff category, kWh/month Birr/kWh
1 | Residential tariff block
1.1 | 1stblock -Up to 50 kWh 0.273 0.273 0.273 0.273
1.2 | 2nd block-Up to 100 kWh 0.4591 0.5617 0.6644 0.767
1.3 | 3rd block-Up to 200 kWh 0.7807 1.0622 1.3436 1.625
1.4 | 4th block-Up to 300 kWh 0.9125 1.275 1.6375 2
1.5 | 5th block-Up to 400 kWh 0.975 1.3833 1.7917 2.2
1.6 | 6th block-Up to 500 kWh 1.0423 1.4965 1.9508 2.405
1.7 | 7th block-Above 500 kWh 1.141 1.5877 2.0343 2.481
2 | General tariff
2.1 | Flatrate 1.0352 1.3982 1.7611 2.124
3 | Low Voltage Industry tariff
3.1 | Flat rate 0.8161 1.0544 1.7611 2.124
3.2 | Demand charge rate 50 100 150 200
4 | Medium Voltage Industry Tariff 15kV & 33kV
4.1 | Flat rate 0.6047 0.8008 0.9969 1.193
4.2 | Demand charge rate 36.885 73.77 | 110.655 147.54
5 | High Voltage Industry Tariff, above 66kV
5.1 | Flat rate 0.5174 0.654 0.7911 0.928
5.2 | Demand charge rate 21.91 43.82 65.73 87.64
6 | Street Light Tariff
6.1 | Flat rate 1.0352 1.3982 1.7611 2.124
7 | Bulk Supply Tariff
7.1 | Demand Charge rate per kW 39.2908 | 78.5815 | 117.872 157.16
7.2 | Generation Tariff, monthly per kWh 0.2218 0.4435 0.6653 0.887

From the above overview, it can be seen that there were few, but major power sector changes
conducted within the past few years. However, it is highly questionable whether these reforms are
adequate to support the needs arising from the fast-economic growth of the country, regional
interconnection and power sector growth in terms of customer size, finance, human capital and
technology. The current significant demand increase is because of the new economic developments
such as the railway transport, large irrigation projects, industry zones, housing projects and also due

to population growth.
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3.5.3. Generation: Adequacy of Supply

A literature search [Seattle City Light, 2016; Eduardo and Milligan, 2014; Ogunnubi and Overbye,
2015] on the definition of resource adequacy shows that there is a common understanding on the
subject. Resource adequacy (RA) is interpreted as the ability of a utilities’ reliable capacity
resources (supply, S) to meet the customers’ energy or system loads (demand, D) at all hours within
the study period. This is shown in equation (1). At any given hour t, a utility desires that, S; = D,
resulting positive RA. The utility is required to have sufficient resources to satisfy forecasted future

demand.

RA = §; — D¢ (1)

The metrics most commonly used to assess resource adequacy measure the expected days in a year
that could face a generation shortfall in addition to estimation of the energy shortage. These include
loss-of-load probability (LOLP), loss-of-load expectation (LOLE), loss-of-load hours (LOLH),
planning reserve margin and expected unserved energy (EUE) [Eduardo and Milligan, 2014;

Ogunnubi and Overbye, 2015].

For the study of Ethiopia’s near-future resource adequacy, the indices: reserve margin and expected
unserved energy are used. These metrics highly depend on the installed capacity, plant capacity
factor and peak demand. The data for these parameters has been carefully assessed considering
recent developments on power plant constructions and demand trends. The installed capacity
growth in the past five years has been significant. This is illustrated in Fig. 7. In comparison to
2013, the installed capacity has more than doubled mainly due to the addition of one hydropower
plant: Gilgel gibe-III (1,870 MW) and two windfarms: Ashegoda and Adama-II with installed
capacity of 120 MW and 153 MW respectively. This has increased the total installed capacity to
4,233 MW.

Currently, there are many projects that are under development or with signed Power Purchase
Agreement (PPA) contracts. Hydropower stations such as GERD (5,150 MW), Koyisha (2,160
MW) and Genale-dawa-III (254MW) are part of the undergoing projects with 86.94%, 52.81%
and 21% construction completion status respectively. In addition, Chemoga-yeda (280 MW),
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Dabus (798 MW), Geba (372 MW), Genale (346 MW), Baro (645 MW), Genji (214 MW) and

Wabeshebele (87 MW) are also in the pipeline at their earliest construction stages.

Geothermal power plants which are expected to be operational between 2020 and 2022 are Aluto
Langano (70 MW), Corbetti (270 MW) and Tulumoye (500 MW). Biomass plants using sugar
factories’ residue as a cogeneration, municipal waste or organic matter are also part of the underway
projects with a total capacity of 683 MW that are planned to be commissioned by the end of 2021.
Two windfarms: Aysha and Assela with installed capacity of 129 MW and 100 MW respectively
are expected to be operational by 2020. A number of Photovoltaic (PV) solar plants with total
capacity of about 2,000 MW are also expected to be operational before 2022.

Table 14 shows the expected installed capacities for the future six years in comparison to the target
set on GTP-II. The corresponding capacities mentioned in the GTP from different sources with a
total of 17,208 MW and 63,207 GWh are planned to be realized by the year 2019/20. Assuming
timely completion of the ongoing projects according to their respective schedule and considering
construction progress of some of the major power plants, the attainable installed capacity and
energy production reserve is determined. All power plants are expected to start at full-capacity
generation once they are completed except for GERD where early generation of two units (750
MW) is set to start in 2020 followed by 8 units (3,256 MW) in 2023 and the remaining 6 units
(2,442 MW) in 2024.

As shown in Fig. 8, the major share of supply is taken by hydropower both on GTP-II plan and
implementation; however, there is significant disparity in terms of magnitude between the target
and implementation. The investigation shows that it is impossible to meet the target of achieving
17,208 MW installed capacity by 2023/24 let alone 2019/20. This is confirmed by the year 2023
total actual installed capacity data of 5274 MW that is shown in Table 14.

The delay of GERD by five years plays a major role which was originally scheduled to be completed
in 2017; but also, other hydro, wind, solar and geothermal projects where there is a significant
shortfall. To study the implication of project delays, we used the Planning Reserve Margin (PRM)
which is the ability of the projected capacity resources to meet the projected peak demand given by

equation (2).
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The PRM level is given in units of percentage that represents the surplus generating capability
above the sustained-peak annual demand. Firm capacity is the fraction of variable renewable energy
(VRE) capacity that is guaranteed to meet demand given by equation (3). Where o, is the capacity
credit of power plant/technology i which is considered as “firm”; Cp; is the generating installed
capacity of the corresponding power plant.

n
Firm Capacity = Z o; X Cp; 3)
i=1
Dispatchable power technologies (thermal and hydropower using dams) have a value of 100%
capacity credit. For VRE (wind and solar), the capacity credit depends on their penetration level
and the quality of the resource. Rough estimates of capacity credit for solar and wind in Africa have
been used in [Ouedraogo, 2017]. Considering high quality of wind and low share of generating

capacity in Ethiopia, we have used 20% for wind power plants. Centralized photovoltaic (PV) plants

were given a 5% capacity credit to account for their variability and their sensitivity to cloud cover.

The future annual-peak demand is adapted from robust long-term planning studies conducted on
the Ethiopian power system. The Ethiopian Power System Expansion Master Plan (prepared by
Parsons Brinckerhoff Consulting) [EPSEMP, 2014] developed in 2014 uses a combination of
regression and end- user models to forecast Ethiopia’s 25-year electricity demand. The master plan
includes peak load forecasting considering domestic demand in various sectors and export
projections to neighboring countries. According to this study, the energy demand is forecasted to
reach 146,691 GWh by 2037 representing an average growth of 13% per annum from 6,906 GWh
in 2012. However, when comparing the forecasted demand with the actual peak demands recorded
for the past couple of years, the forecast was very much higher than the actual values indicating that
the forecast was too optimistic and need to be revised based on current energy consumption and
future development plans. Recently, a new update of the master plan is being developed by United
States Agency for International Development (USAID) [GMSP-SIS, 2019]. The study anticipates
a 15.2% annual growth rate from 12,540 GWh and 2,148 MW peak demand in 2017 for high
scenario forecast considering significant increase in exports as well as estimated improvement in

transmission losses.

For the sake of determining the PRM as well as assessing the overall supply adequacy, we have

used the forecasted peak demand from the USAID study. The expected installed capacities for the
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coming years are determined as shown in Table 14 by considering the construction progress of
various new power plants. The annual generation from each resource is shown in Table 15, and
Fig. 9 depicts the peak demand, installed capacity and corresponding reserve margin for the past

and future years while the firm energy production and energy demand are shown in Fig. 10.

Table 14 Installed capacity: GTP target vs. attainable in the near future vs. actual data for the

year 2023.
Installed Capacity, MW
GTP Target, MW
Source Type attainable Actual
2019/20 2019/20 202021 2021722 | 2022723 | 202324 2024/25 2023
Hydro 13817 4819 4819 6979 10515 13044 15419 4819
Wind 1224 544 544 544 544 544 544 324
Geothermal 577 28 78 228 398 598 848 7
Biomass and cogen. 781 276 683 683 683 683 683 25
Solar 300 350 850 1950 1950 1950 1950 -
Gas and others 509 87 87 87 87 87 87 2
Total 17208 6104 7060 10470 14176 16905 19530 5274
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Fig. 9 Planning reserve margin, peak demand and installed capacity.
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(! Firm energy production is the amount of electric energy guaranteed to be available per year)

Table 15 Annual generation by resource type and ENS

Energy, GWh
Source Type
2013/14 | 2014/15 | 2015/16 | 2016/17 | 2017/18 | 2018/19 | 2019/20 | 2020/21 | 2021/22 | 2022/23 | 2023/24 | 2024/25
Hydro 11960 11960 11960 11960 18488 18488 21818 21818 28318 36820 43071 53827
Wind 134 449 879 879 879 879 1680 1680 1680 1680 1680 1680
Geothermal 0 0 0 0 0 0 160 364 976 1936 2752 3772
. 0 0 0 0 0 242 1699 1699 1699 1699 1699
Biomass and cogen. 0
0 0 0 0 0 736 1786 4096 4096 4096 4096
Solar 0
Gas and others 755 7.55 7.55 7.55 7.55 7.55 7.55 7.55 7.55 7.55 7.55 7.55
ENS 0 0 0 0 0 1861 3618 4698 0 0 0 0

Due to continuous rise of demand, the PRM had been falling since 2013 with the lowest reserve
margin of 8% and -5% in 2015/16 and 2016/17 respectively. This violates the recommended
minimum PRM requirement of 10% [Ouedraogo, 2017; Poullikkas, 2015] and 13% [Reimers et al.,
2019]. The negative value in 2016/17 indicates that the available resources were not able to meet
the peak demand which might have led to load shedding. The margin gets 56% in 2017/18 with the
addition of Gilgel gibe-III hydropower plant. In the next three years, the margin is lower than 15%,
particularly in 2018/19 and 2020/21 it has a value of 9% which again violates the minimum PRM
requirement of 10%. This implies that the available power plants on those years may not be

adequate to supply the peak demand. Afterwards, with the addition of GERD and Koyisha
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hydroelectric station, the PRM is mostly more than 50% meaning the generation firm capacity is
very high in comparison to the expected peak demand. It is also evident from the graph that peak
demand was steadily but slowly increasing in the past and faster growth is anticipated in the near

future.

An evaluation criteria is shown in equation (4) which states that the total firm capacity should
always be greater than 110% of the annual peak demand (Dp). This is apparent considering
minimum PRM of 10%.

n
Z o X Cpi = (1+ PRMyyi)D, 4)
i=1
Using equation (4) as an evaluating criteria, it is seen that the total firm capacity for the years
2015/16, 2016/17, 2018/19 and 2020/21 is less than 110% of the corresponding annual peak
demands. Looking also at the energy scenario presented in Fig. 4, the energy demand exceeds the
generation reserve for the years from 2018/19 till 2020/21. Equation (5) is used to calculate the
Energy Not Supplied (ENS) when the annual energy demand D; is greater than the expected annual

generation Gi of all units existing in the system for the corresponding year i.

ENS =D; — G (B)
Consequently, the corresponding ENS for those three years is determined as shown in Table-II
which is about 1.8 TWh, 3.6 TWh and 4.7 TWh. This gives a total ENS of 10.1 TWh of energy.
This means that the available plants during those years cannot produce adequate energy to supply
the huge energy demand of the country. Even though many of the biomass, wind and solar plants
will be integrated into the system by then, their lower capacity factor will limit the energy output.
The power system expansion master plan used $1,000/MWh as unserved energy cost to see the
economic impact of the capacity shortage to the electricity demand. Taking this rate to calculate the
unserved energy cost of 10.1 TWh energy would translate into $10.1 billion economical loss. Such
amount of money can fully finance two new hydropower stations each with a capacity much more

than GERD.

Another important note to be seen from Fig. 9 and Fig. 10 is that the supply mix gets diversified
in the coming years. In terms of installed capacity, hydropower penetration reduces from the current
90% to about 79% at the end of 2025. Solar generation is expected to grow to about 2 GW by 2025
followed by geothermal, biomass and wind with roughly 850 MW, 700 MW and 550 MW capacity,
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respectively. Comparing this with the GTP-II plan of increasing solar to 300 MW and wind to 1.2

GW, there is a significant shortfall in wind capacity whereas much higher capacity in solar.

Finally, it is important to mention that system loss reduction is as important as generation capacity
expansion. The losses are currently at 23% which is huge. By implementing projects to cut that in
half (reconductoring, adding capacitors and voltage regulators, etc.), the system could see a big

increase in supply.

3.6. Discussion

The results of the analysis have shown that it is almost impossible to achieve the GTP-II target of
increasing the generation level to 17,208 MW by 2019/20. It is seen that the target is highly likely
to be achieved after five years in 2025. It is also seen that the near-future generation reserve is not
adequate to supply the increasing energy demand resulting mainly from expansion of electricity
access, development of industrial parks, extensive expansion of railway network, extensive
agriculture irrigation schemes, new sugar factories and export plan to East African Power Pool

(EAPP) countries.

The results presented have important policy and implementation implications. The cost of ENS is
huge which has significant impact on the economy of the country. Therefore, corrective measures
in terms of revising the existing policies or revamping implementation strategies should be taken
as early as possible to continue Ethiopia’s economic ascent through ensuring adequacy of energy
supply. Creating a sound and enabling environment for IPP/PPP projects is also essential to obtain
and sustain the involvement of the private sector which would contribute a lot particularly with

respect to universal access coverage.

The near term anticipated shortages can be mitigated by accelerating the construction of new
generation projects with higher capacity factors to cover part of the energy deficit, considering
energy import from the regional EAPP, implementing energy efficiency and Demand Side
Management (DSM) strategies, improve overall transmission and distribution losses through
network rehabilitation and maintenance, encourage Distributed Generation (DG) and small

community owned solar and wind generation close to the demand.
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4. Long-term evolution of energy and electricity demand forecasting

Energy demand forecasting is the prediction of demand for power and energy into the future and
is a fundamental requirement for planning in the energy sector which affects the investment and
operational decision of energy projects. It is important to have proper understanding and
assessment of the long-term dynamics that determine the evolution of demand. This chapter
intends to explore different possible futures and also forecast the long-term energy demand in

Ethiopia.

4.1. Literature review

A long-term view spanning decades into the future is necessary to develop and manage complex
policy measures that ensure investment and operational decision-making which can lead to
sustainable and cost-effective ways of energy supply and demand [McCallum et al, 2019]. To that
end, long-term energy demand modeling is crucial in predicting the future energy utilization
patterns and trends. It may contribute to strategy formulation and energy policy recommendations
with respect to effective utilization of energy resources, improvements in energy efficiency and

energy reliability, and emissions reductions [Ouedraogo, 2017].

Policymakers in both developed and developing countries are faced with the question of how the
energy sector might evolve in the future with respect to issues ranging from climate change to rural
energy access. Accordingly, the use of various modelling frameworks or tools to assess how
energy systems can evolve in the future is increasing. The literature provides a list of models and
various approaches used to analyse energy demand, policy and planning concerns for the context
of developed countries [(McCallum et al, 2019; Adams and Shachmurove, 2008; Baker and Rylatt,
2008; Hong et al, 2019; Jacobson et al, 2017; WWF, 2016; Greenpeace, 2012; World Energy
Outlook, 2018]. The most applied tools for long-term forecasting include RAMSES,
BALMOREL, LEAP, WASP, MARKAL/TIMES, MESSAGE, PRIMES, HOMER, etc. Some of
these approaches have been applied for investigating similar energy policy concerns in developing

economies.

Developing countries differ significantly from developed countries and there are a number of

characteristics, common to most developing countries, that make the modelling and forecast of
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their energy systems challenging [Urban et al, 2007; Bhattacharyya and Timilsina, 2009]. The high
reliance on traditional energies, shortages and inefficient supply in the modern sector characterized
by poor performance of the power sector and limited access, rapid increase in demand for
electricity and large share of rural population but rapid urbanization are some of the major
challenges witnessed in developing countries. Further, data on prices and supply for traditional
energy demand are not always available. In addition, the existence of multiple social and economic
barriers to capital flow and technological diffusion, and frequent policy changes makes forecasting
in these countries difficult [Pandey R, 2002; Urban et al, 2007; Bhattacharyya and Timilsina,
2009]. Energy demand forecasting relies on many factors and should be able to capture the trends
and relationships between the demand and independent economic, technological and demographic
variables. It would be feasible to perform short term forecasts through simple mathematical
models. However, for long-term forecasting, simple models would not be able to grasp changes
and complex interactions of variables such as introduction of new technologies, energy efficient
devices and government policies [Qingsong et al, 2010]. In addition, future energy demand
projections need to accommodate urbanization and electrification-rates, environmental impact,

cost of different fuel sources and, most of all, active demand-side-management policies.

These factors should be carefully considered to understand how the energy demand might evolve
in developing countries. However, there are only few studies that have attempted to examine the
long-term energy use in a systematic manner within the context of developing countries [Gul and
Qureshi, 2012; Kale and Pohekar, 2014; Mondal et al, 2010, 2018]. Even though these studies
employed various economic and demographic methods to develop scenarios, analyze their system
and design appropriate policies; most of them constrained their scope to the electricity sector and
time span of up to 2030. Furthermore, focus is only given to future demand forecasting without
considering the specific challenges faced by developing countries as mentioned in the preceding

paragraphs.

Even though, a wide range of studies with different aims examined various energy related issues
of Ethiopia [Dereje, 2014; Mondal et al, 2017; Hassen et al, 2017; Hassen et al, 2018; Dawit et al,
2019; Tessema et al, 2014; Guta et al, 2015; Gabreyohannes, 2010; Guta, 2012, Samuel et al, 2014;
Tadesse, 2018], only a few studies have attempted to assess the long-term energy use development

[EPSEMP, 2014; GMSP-SIS, 2019; EEA, 2009; Dereje, 2014; Mondal et al, 2018].
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The Ethiopian Power System Expansion Master Plan [EPSEMP, 2014] completed in 2014 was
done for Ethiopian Electric Power (EEP) for the period 2013-2037. It uses a macroeconomic multi-
variable regression analysis load forecast model and end-user models to determine the 25-year
least cost generation and transmission system development plan. Recently, a new update of the
master plan was developed [GMSP-SIS, 2019]. It uses regression analysis models and bottom-up
sales by considering scenarios (low, base-case and high-growth) and sensitivity forecasts. The
Ethiopian energy economy report projected energy demand from 2008 to 2030 by the Ethiopian
Economic Policy Research Institute [EEA, 2009]. The report projects demand using energy

demand coefficient and macro-economic variables.

The above studies [EPSEMP, 2014; GMSP-SIS, 2019; EEA, 2009] aim to forecast the future
energy demand; however, it is important to provide a way of exploring different possible futures
that can be meaningful for policy development. In this regard, there are only a few studies that
applied energy demand scenario analysis for Ethiopia. [Dereje, 2014] considers business as usual
(BAU), moderate shift and advanced shift scenarios of economic development over the period of
2010-2050 to assess sustainable energy system strategies including energy demand projection.
[Mondal et al, 2018] forecast sector-wise energy demand up to 2030 by developing three
alternative scenarios on improved cookstoves, efficient lighting, and universal electrification. The
results mainly suggest that alternative investments can conserve energy and improve
environmental sustainability of the country. Even though these two studies attempted to explore
the future demand, the developed scenarios did not fully consider the rate-of-change in socio-

economy, technological change and future governmental direction.
Considering the identified literature gaps, this chapter aims at seeking answers to these questions.

e What are adequate approaches to capture the specific features of modelling energy demand
of developing countries?

e What are the forecasts for the Ethiopian demand and its various sectors, total energy
utilization and electricity consumption under different scenarios?

e What is the effect of introducing energy efficiency policies in terms of economic, social
and environmental contexts of the country?

e Can Ethiopia meet its ambitious Nationally Determined Contribution (NDC) target of

emission reduction?
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4.2. Electricity demand trends in Ethiopia

The historical electricity consumption of Ethiopia is presented by grouping customers in
representative categories such as domestic, low-voltage (LV) industrial, high-voltage (HV)
industrial, public and regional export. All customer groups are connected to the distribution system
except the high-voltage industrial customers which are connected to the transmission system.
Complete data is available since 2001 with total electricity consumption of 1,388 GWh and it is
raised to 10,750 GWh in 2017 with an average growth rate of 13%. The historical consumption

distribution by the different customer groups is shown in Fig. 11.

For the considered 17 years, the industrial sector (HV&LV) consumed 36% of the total, domestic
sector 35%, commercial sector 22%. The remaining 7% is export to neighboring countries
(Djibouti and Sudan) and public loads such as street lighting. The total electricity consumption in
the domestic sector was 508 GWh in 2001 and raised to 3,509 GWh in 2017. Such significant rise
in domestic power demand in developing countries has been more prominent in contrast to
industrialized nations due to high rate of urbanization, growth in population and wealth [Holtedahl
et al, 2004]. It is essential to consider these factors when dealing with modeling and electricity

demand forecasting of a country like Ethiopia.
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Fig. 11 Historical electrical energy demand trends in various sectors of Ethiopia [Source:
GMSP-SIS-2019]
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The essential historical data that is needed for modeling has been collected from different sources
and is tabulated in Appendix C Table A - 6. According to [CSAE, 2013], the Ethiopian population
grew on average by 2.7% every year for the past 17 years. The urban population in 2017 accounted
20.4% of the total population and this number is expected to increase dramatically within the next
decades. The per capita income has tripled in the past decade from 267 USD in 2007 to 876 USD
in 2017. The Gross Domestic Product (GDP) statistics shows that the share of economic sectors in
GDP in Ethiopia since 2001 is mainly from the agriculture and service sector. However, recently

the contribution from the industry sector has significantly increased in the past four years.

In 2018, the share of agriculture in the gross domestic product was 34.6%, industry contributed

26.7% and the service sector contributed about 38.7%.

Rural electrification has been very slow until a project called the Universal Electricity Access
Program (UEAP) was launched in 2005. Between 2005 and 2015, UEAP has been able to extend
the electricity grid to about 6,000 towns and villages and achieving 60% grid coverage in the rural
areas [MoWIE, NEP 2.0, 2019]. However, considering the remoteness, large population and sparse
density; extension of the grid is technically difficult, inefficient and costly [Dawit et al, 2019].

Currently, only 27% of the rural population gains access to electricity.

Total energy losses due to technical (transmission and distribution components) and non-technical
losses are high. Since 2001, it varied between 18 and 27 percent with average estimate of 23
percent. Total system losses have been decreasing over the last two years due to new and better
connections for new customers, recent network rehabilitation projects and also partially to the

increased amount of exports.

4.3. Methodological approach

Scenarios support the early detection of emerging issues and help policymakers prepare for
otherwise surprising developments [UNDP-IEA, 2007]. Accordingly, the energy demand
projection is done with two alternative and three policy-driven scenarios in addition to the

“business-as-usual” reference scenario.

The development and selection of appropriate scenarios is one of the major considerations in

representing the characteristics of the energy systems in developing countries. Failure to represent
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the features and factors that influence the energy system poses the risk of producing inaccurate
results and thereby recommending wrong policies. Accordingly, the scenarios are developed by
studying the country’s context in terms of energy demand, socio-economy, demography,

technological change and future governmental direction in a systematic manner.

Unsustainable use of traditional energy resources in rural areas comprises majority of the
population in the country that can significantly contribute to local and global emissions. The
approach followed to model this effect is to separately represent urban and rural energy use by
analyzing characteristics such as type of resource, energy intensity, penetration level, technology
and efficiency. On the other hand, modernization and urbanization of economies leads to life-style
changes that causes people to transit to clean fuel technologies such as LPG or electricity which
in turn results in rising consumption levels. The relative cost of modern fuels compared to the
traditional fuels is also another major factor that determines the transition. This is analyzed by
feasible assumptions of urbanization growth rates for future years. Cost analysis of different fuel
technologies used for cooking and lighting on the basis of useful energy is also used to project

their future penetration.

Characterization of the low electricity access and supply shortage on the energy demand model is
also another important issue. This needs the use of appropriate modeling framework that can
represent the progress in electrification and energy uses of both urban and rural areas. Furthermore,
household energy use in electrified and non-electrified areas should be studied separately by
assigning targeted national electrification rates. In the electrified areas, the electricity supply
shortage and interruption lead to the use of unsustainable backup solutions. This is represented by
analyzing the additional energy use from traditional sources in terms of resource type, energy

intensity, penetration level, etc. (as thoroughly discussed in section 4.4).

All these dynamics are specific to developing countries like Ethiopia that are not captured in the

models developed for industrially advanced countries.

The energy demand projection is done for different sectors, specifically the electricity demand
forecasting is done for various customer categories connected at different stages of the power grid
(i.e. different voltage levels). They are categorized as household (HHE:), HV industry (HVIEy),
LV industry (LVIE;), commercial (CME;), agriculture (AGEy), transport (TRE;), public (PBE;) and
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export (EXPE;). Demand forecast is made for each of the categories. Then, the total country

demand forecast (TEDy) is taken by adding each of the forecasts as shown in equation (6).

TED, = HHE, + HVIE, + LVIE, + CME, + AGE, + TRE, + PBE, + EXPE, (6)

Total losses (EL¢) are calculated based on governmental loss reduction targets (TL:) that is added

to the total demand (TEDy).

FTED, = TED, + EL, 7)
and

TL
EL, = (1_TfL t) -TED, (8)

Where EL; refers to the total transmission and distribution (T&D) losses in year t, TL; is the T&D
losses in terms of percentage of total generation in year t and FTEDy is the final total electricity

demand in year t.

The employed demand forecast method is a combination of bottom-up approach and multi-variable
regression modeling. Bottom-up consumer level sales forecast is applied to selected customer
groups with explicit government plans for new connections and expansions of various projects. In
addition, customer applications to the utility company for future supplies and connections to their
premises are also included. Such customer groups demand a huge amount of electricity and are
usually connected to the transmission system. These customer groups include industrial parks,
railway expansion projects, Addis Ababa light-rail project, sugar industry, cement industry,

irrigation, steel and metal industry, mining and regional power export.

On the other hand, we have used a multi-variable linear least-square regression modeling for the

other sectors such as general HV industry, LV industry, commercial, public and fuel transportation.

Di =Byg+ By X1t + By Xor + - +Bp " Xyt + Bpy1 - Deq (9)

Where D - the dependent variable, is the energy demand in the year t, and D¢.; is the energy demand
in the previous year t-1; Bo,B1, .., Bn+1 are the regression weights that are computed in a way that
minimize the sum of squared deviations; Xi, Xot, ...Xnt are the independent variables that

potentially impact demand in the specific customer group. These are selected from the entire list

57



of variables such as historical consumption, GDP, per capita income, number of customers and

number of households.

The HV industry and LV industry sector use the independent variables: previous year demand (D+-
1), number of customers (NC;) and amount of GDP contribution by the sector (GDPy).

Dt = Boin + Biina " NCt + Baing - GDPy + B3jng * Di—q (10)

The commercial sector demand is dependent on the variables; previous year demand (D+.1), number

of customers (NC;) and per capita income (PIy).

Dt = Bocom + Bicom * NCt + Bacom * Pl + B3com * De—1 (11)

The transport sector uses the variables: previous year demand, national and sectoral GDP
contribution and number of customers. While the public demand is dependent on previous year

demand and number of customers.

The forecasts are validated as the best fit by measuring the coefficient of multiple determination

(R?), statistical significance (p-value) and standard error.

The household sector demand forecasting neither uses bottom-up sales forecast nor regression
modelling instead it relies on population growth and explicit government strategies and
electrification targets. The expected normal growth rates for these variables are entered into the

selected modeling tool.

4.4. Model, data and scenarios

Long-range Energy Alternatives Planning (LEAP) is a widely used software tool for energy policy
analysis and climate change mitigation assessment. It is an integrated, scenario-based modeling
tool that can be used to track energy consumption, production and resource extraction in all sectors
of an economy. The model follows the accounting framework approach to generate consistent view
of energy demand based on the physical description of the energy system. Studies using LEAP are
diverse in terms of geographical scale, sectoral coverage, and focus of study. This software has
been exploited to investigate electricity sector and energy sector of several countries [Dagher et
al, 2011; Yophy et al, 2010; Shin et al, 2005; Mondal et al, 2010; Shahinzadeh et al, 2016; Eiswerth
et al, 1998]. In particular, it is a widely used tool for energy demand prediction and scenario
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analysis in developing economies [Gul and Qureshi, 2012; Kale and Pohekar, 2014; Mondal et al,
2018].

Future energy demand in developing countries is highly dependent on the economic and social
contexts in addition to new technological innovations. However, these are subject to large
uncertainties that are difficult to predict. Therefore, the exploration should be based on scenario-
analysis that can be drawn by studying the country’s socio-economic context that gives an
understanding of the high uncertainties about future energy demand. In addition, sector wise and
technological representation of end-uses at a disaggregated level is highly required. This includes
rural-urban divide, economic and/or technological transition, informal sector and supply shortage
features. In this regard, the most appropriate modeling tool for making the energy analysis is LEAP
and the current study, as in the other studies, utilizes this tool to explore and forecast the energy

demand up to the year 2050.

The model is also used to estimate the greenhouse gas (GHG) emissions resulting from the use of
fossil-fuel within different sectors. Environmental impact is assessed by using the parameter
embedded in LEAP’s Technology and Environmental Database (TED). It uses the
Intergovernmental Panel on Climate Change, IPCC Tier 1 default emission factors to calculate
GHG emission from the use of various fuels. This is particularly interesting to policymakers in
Ethiopia as the government has bold ambitions under its Nationally Determined Contribution

(NDC) to reduce its emissions of 400 MtCOze by 64% by the year 2030 [MoWIE, NEP 2.0, 2019].

4.4.1. Model

The energy demand model is primarily structured sector-wise, namely: residential, industrial,
commercial, agriculture and transport sector. The data structure for the residential sector follows
a bottom-up approach, by using end-use device accounting techniques in LEAP- standard. The
residential sector is divided into two main subsectors. i.e. urban and rural. Another division,

electrified and non-electrified is also created as shown in the demand model tree in Fig. 12.

It contains four end-use categories including lighting, cooking & baking, refrigeration and other
devices (TV, radio, computer, iron, etc.). Data inputs such as population, number and share of

households are given to the activity level variable whereas energy consumption data is entered to
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the final energy intensity variable. The data structure for the remaining sectors is done based on

common energy use in different applications or end-uses.

Sub sub- End use
Sector Sub-sector (% share of Energy Intensity
sector
HH)
Residential Urban Electrified Lighting Existing
Sector (% share of (% share of -Electricity (kWh/HH),
(Number of HH) HH) -Kerosene (Liter/HH),
HH) Refrigeration (Kg/HH)
-Electricity -Current energy-
Cooking & use
Not baking -Efficient energy-
Electrified El -
o -Electricity use
(% share of Fi d
HH) -Firewoo
-Charcoal -
_LPG Projected
-Natural Gas L | (kWh/ HH),
_Ethanol (LIT@I"/HH),
Other uses (Kg/HH)
~Electricity -Current energy-
use
-Efficient energy-
use
Rural Electrified Lighting
(% share of (% share of -Kerosene
HH) HH) Cooking &
baking
-Firewood
Not —C::ar‘coal
Electrified -LP6
o -Natural Gas
(% share of Ethanol
HH) -Ethano

Fig. 12 The developed LEAP energy demand tree for the residential sector of Ethiopia.

4.4.2. Data and key assumptions
44.2.1. Key assumptions
Data used in this study is based on extensive data collection, mainly from the electric power sector,
including the Ministry of Water, Irrigation and Electricity (MoWIE), Ethiopian Energy Authority
(EEA), Ethiopian Electric Power (EEP), Ethiopian Electric Utility (EEU) and National Load
Dispatch Center (NLDC). Also, from other sectors such as Central Statistics Agency of Ethiopia
(CSAE), National Bank of Ethiopia (NBE), National Planning Commission (NPC), Ethiopian
Petroleum Supply Enterprise (EPSE), etc. In addition, necessary local [MoWIE, 2012; NEP 2.0,
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2019; CSAE, 2013; NBE, 2016; GTP-II, 2016] and international reports are also used as data
sources [World Bank, 2015,2017, 2018; WHO, 2018].

LEAP has four different modules for data input: key assumptions, demand, transformation and
resources. Key assumptions include various socio-economic variables such as country population,
urban and rural population, households, GDP and other similar data (Appendix C Table A - 7)
which affect the level of final energy consumption. The demand module contains the various
sectors and customer categories which consume energy such as household, industry, commercial,
public and others. In a transformation module, the process of converting primary energy into
secondary energy is done and data such as conversion losses are given. Lastly, the resource

category includes data for the supply/resource technologies.

In this study, the demand module is sub-categorized into domestic, HV industry, LV Industry,
Commercial, Agriculture, Transport, Public and Export. In the transformation module, energy loss
data of the power system is given. The demand projection is done for 33 years up to the year 2050

considering 2018 as the first simulation year.

4.4.2.2.  Appliance Activity Level and Energy Intensity

The demand data for the domestic sector is entered according to the LEAP demand tree shown in
Fig. 12. Accordingly, the major end-use or appliance categories are divided into lighting, cooking
& baking, refrigerator and other uses. These appliances have different level of penetration and
energy consumption in an average household. The complete data for the year 2017 is shown in
Appendix C Table A - 8. Most of the data is extracted from the Energy Access Diagnostic Report
Based on the Multi-Tier Framework [World Bank Group, 2018], Application of the World Health
Organization Household Energy Assessment Rapid Tool (HEART) Report [WHO, 2018] and
[Dresen et al, 2014].

It can be seen that in 2017, 94% of urban households and only 11.7% of the rural households had
access to basic electricity. The remaining 6% of urban and 88.3% of rural households had no access
to any electricity source and relied on alternative sources mainly kerosene for lighting and wood,

charcoal and liquefied petroleum gas (LPG) for cooking and baking.
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In addition, to cope with insufficient hours of service and power outages, households use backup
solutions for lighting such as candles, torches/flashlights and kerosene lamps. Urban households
rely heavily on candles as a back-up solution, while rural households rely more on dry-cell batteries
and kerosene lamps. 4.8 percent of urban households and 25.8 percent of rural households use

kerosene as a back-up solution [World Bank Group, 2018].

In Ethiopia, 63.3% of households use a three-stone stove as their primary stove, 13.6% use a self-
built stove as their primary cooking solution, 18.2% use a manufactured biomass stove, and 4.2%
use a clean fuel stove with electricity and LPG. Less than 1% of households use LPG as their
primary cooking solution, while 96% of the households use biomass fuels [WHO, 2018; World
Bank Group, 2018]. A three-stone stove is a pot balanced on three stones over an open fire. A self-
built stove is typically an enclosed stove made using stone, mud, and flat clay that can be slightly
more efficient than a three-stone stove. A manufactured biomass stove is typically produced in a
factory or by an artisan and usually made of metal and can be considered an improved cookstove.
Ethiopian households commonly use injera (traditional Ethiopian bread) and bread baking stoves
in addition to regular stoves for cooking (making sauce, tea, coffee, etc.) which consumes between

40% and 65% of the entire household cooking fuel consumption [Dresen et al, 2014].

Urban and rural households use different cooking technologies: 54.3% of urban households use a
manufactured stove and 15.3% use a clean fuel stove, while 77% of rural households use a three-
stone stove. And 85.4% of rural households use firewood as their primary fuel, while 60.3% of
urban households use charcoal [World Bank Group, 2018]. Most households in both urban and
rural areas use multiple stove types (i.e. different combination of three-stone stove, self-built,

manufactured and clean stove).

According to [World Bank Group, 2018], five different capacity tiers are used to classify the
penetration of appliances in urban and rural areas. Medium-load appliances such as refrigerators,
freezers and air coolers are assigned in TIER 3 with penetration of 50.5% urban and 5.7% rural
grid-connected households. Other-use electrical loads include television, radio, computer, phone
charging, etc. are under TIER 1 and 2 which account a penetration of 61.1% in urban households

and 75.3% in rural households.
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The energy intensity of cooking stoves depends on the cooking technology, fuel type and amount
of consumption. Detail data about different cooking stove types is shown in Appendix C Table A
- 9. It can be seen that in terms of thermal stove efficiency, electric and ethanol stoves have the
highest efficiency of about 60%, followed by LPG (55%), kerosene (42%), charcoal (25%) and
firewood (10%). Among the firewood stoves, the manufactured-type has a better efficiency than
the self-built and three-stone types. In a study conducted in the field, the fuel saved by the
manufactured-type was 22-31% of that with a three-stone fire [Gebregziabher et al, 2018].

Accordingly, by making simple calculations based on daily consumptions, assuming 30% fuel
reduction from manufactured-biomass stoves and 10% reduction from self-built stoves; the energy
intensity for the different stoves is determined as shown in Appendix C Table A - 8. Energy
intensity for injera/ bread baking stove is assumed to be 65% of the total fuel cooking consumption

(1057 kg per person) [Dresen et al, 2014].

Table 16 shows the penetration and energy intensity of the electrical appliances applied in LEAP
for both urban and rural households. Lighting utilizes 30% of total urban and 42% rural electricity
consumption which is calculated to be about 503 kWh and 235 kWh per year per household
respectively. Cooking utilizes 35% and 19% of the total consumption. The remaining is consumed
by refrigerator and other-use loads. Lighting is assumed to be fully penetrated device as both urban
and rural households solely depend on electrical lamps for lighting. Whereas the remaining
appliances have partial penetration with electrical stoves accounting only 15.3% urban and 0.6%
rural households. The total electricity consumption per household in 2017, is 1676 KWh for urban
households and 559 kWh for rural households which is approximately one-third of the urban.

Table 16 Electrical appliance penetration and energy intensity for rural and urban households

in 2017

Appliances Activity Level Energy Intensity
(% saturation) (kWh/HH)
Urban
Lighting 100 503
Cooking 15.3 587
Refrigerator 50.5 453
Other uses 61.1 133
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Total electricity consumption 1676

Rural
Lighting 100 235
Cooking 0.6 106
Refrigerator 5.7 168
Other uses 75.3 50
Total electricity consumption 559

4.4.3. Scenarios

In this study, we employ six different scenarios for the projection of the future energy demand.
The first one is the business-as-usual (BAU) scenario or reference scenario which assumes
continuation of current policies, programs and targets of the government, the two scenarios are
alternative scenarios that reflect the uncertainty about future development while the remaining
three are policy scenarios. The two alternative scenarios are based on the reference scenario
(inherit BAU properties) but with different rate-of-changes in some particular activity such as
socio-economy, demography, technological change or future government direction. The three
scenarios are policy-driven scenarios that are applied to each of the other scenarios (reference and
two alternative scenarios). In the scenarios, population, urbanization, GDP, electrification and
other socio-economic factors are set to change. In addition, efficiency improvements from
technological advances and demand side management programs are considered to be the main

factors for reduction in energy demand over time.

Hence, scenarios of growth in electrification and urbanization (E&U), high economic growth
(HEG) and improved energy efficiency (IEE) are designed and their results are mainly compared
with the BAU scenario to understand the possible deviation from the normal demand forecast. In
addition, their impact on GHG emission is also assessed. We employ the LEAP scenario manager
to create and then evaluate alternative scenarios by comparing their energy requirements and
environmental impacts. This enables us to see how the energy demand might evolve over time.
Below we provide the input data, assumptions and methods used in the reference, alternative and

policy scenarios for making the energy demand forecasting.
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4.43.1. Business as Usual (BAU) Scenario

The BAU/reference scenario is the base of all other scenarios and assumes that historical trends
will continue into the future by giving special attention to government policies and strategies.
Historical trend of population growth, GDP growth, electrification, urbanization and consumption
of energy by sector (as shown in Appendix C Table A - 6) are used to project the future demand.
The historical data is of good quality and reliable since it is mainly collected from the Ethiopian
electricity sector. In the BAU scenario, it is assumed that the country has no ambition to reduce
CO; emission and no endeavor to shift to clean fuels. In addition, it is assumed that the current
power shortages and interruptions will continue in the future and back-up solutions are necessary.
Biofuels such as ethanol and LPG are considered as an important fuel for the last two decades. The

energy intensity of electric stoves is assumed to increase by 50% in the year 2040.

Central Statistics Agency of Ethiopia has forecasted the population and urbanization level until the
year 2037 [CSAE, 2013] and these rates are used in the BAU scenario. For the remaining years
from 2038 up to 2050, the historical trend has been projected with 1.6% (2038-2042) and 1.4%
(2043-2050) population growth rates. Similarly, the urbanization level is also targeted to increase

from 31.1% in 2037 to 60% in 2050.

In 2017, the government of Ethiopia (GoE) introduced an ambitious program, the National
Electrification Program which aims to achieve universal access to electricity nationwide by 2025
[MoWIE, NEP, 2017]. According to this plan, 65% of households are expected to be supplied
through grid-connection while the remaining 35% access electricity via off-grid technologies by
the end of 2025. Then, by 2030; grid expansion will reach out to 96% of households and only 4%
will be supplied via off-grid systems. Accordingly, the BAU scenario is based on this target.
However, the progress made in the last two years since the program’s launch is slower (40%)
compared to the target set (47% total access by 2019). Therefore, considering similar
electrification pace, we have only referred the grid-access target (i.e. 65% by 2025 and 96% by
2030) by neglecting the off-grid access target.
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Table 17 Assumptions of growth-rates and projected values for different variables under each

scenario
aDa ! Per
Pop'n HH b . Urban Rural Total capita Electric stove *Total
Index growth . Urban'n . . . d
rate size electr'n electr'n growth income pen'n loss
growth
People % of % of
Unit % per HH % % % % % urban rural %
HH HH

BAU 2.1 47 21.8 96.3 38.0 9.0 9.0 17.1 4.1 211

2020 HEG 2.1 47 21.8 96.3 38.0 11.0 11.0 17.1 4.1 211
E&U 2.1 47 23.0 96.3 38.0 9.0 9.0 24.4 4.1 211

IEE 2.1 47 23.0 96.3 38.0 9.0 9.0 24.4 4.1 21.3

BAU 2.0 47 27.1 100 96 9.0 9.0 30.0 15.0 17.3

2030 HEG 2.0 47 27.1 100 96 11.0 11.0 30.0 15.0 17.3
E&U 2.0 47 33.0 100 100 9.0 9.0 51.5 15.0 17.3

IEE 2.0 47 33.0 100 100 9.0 9.0 51.5 15.0 12.5

BAU 1.6 4.6 37.8 100 100 7.0 7.0 35.0 30.0 125

2040 HEG 16 4.6 37.8 100 100 8.0 9.0 35.0 30.0 125
E&U 16 4.6 50.0 100 100 7.0 7.0 65.0 55.0 125

TEE 1.6 4.6 50.0 100 100 7.0 7.0 65.0 55.0 9.0

BAU 14 4.6 60.0 100 100 4.0 5.0 40.0 40.0 125

2050 HEG 14 4.6 60.0 100 100 6.0 6.0 40.0 40.0 125
E&U 14 4.6 80.0 100 100 4.0 5.0 65.0 70.0 125

TEE 1.4 4.6 80.0 100 100 4.0 5.0 65.0 70.0 9.0

*population, burbanization, ‘electrification, “penetration, Total power system loss

Future GDP growth rate assumptions are based on historical trends, considering IMF predictions
and our judgement. Total GDP growth rates of 9%, 7% and 4% are assumed for the years until
2030, 2040 and 2050 respectively. The per capita income growth rate is assumed to be 9% (2018-
2030), 7% (2031-2040) and 5% (2041-2050). The reduced growth rate used for later years is
associated due to creating a mature and larger economy. Customer growth rate assumptions also
depend on historical trends while considering the roles of population growth and grid expansion
targets. Customer growth rates of 8%, 6% and 5% for commercial and LV industry, 12%, 8% and
6% for HV industry and 6%,4% and 3% for public load is assumed for the years until 2030, 2040
and 2050 respectively. The summary of all the assumed growth-rates and projected values for the
macroeconomic, demographic and other variables for all the scenarios is shown in Table 17. The
bold numbers indicate that the value specified for the given scenario is different compared with

the assumption in the BAU scenario.
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Electricity demand projection is made for 17 industrial parks which have become recently
operational, are under construction, or planned to be developed in the long run (see Fig. 13).
Feasible operating period and demand level at different years is assumed considering the
location, construction time and investment opportunity. In addition, future unidentified
industrial parks are also included in the projection. These are expected to be operational from

2030 up to 2050 with increasing consumption.
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Fig. 13 Existing and planned Industrial Parks [FDRE, MoWIE, 2017]

Considering customer electricity supply requests brought to the utility from cement, mining,
steel and metal industries; the energy demand is projected for the future years. Similar approach
is followed for agriculture, transport and export sectors. In the transport sector, cross-country
railway lines of Ethio-Djibouti, Addis Ababa light railway and 10 other national railways
connecting different cities are considered. Reasonable future expansion is also assumed for
each of the projects. Increased export of electric power and natural gas to neighboring countries
is considered. Electric power export to Sudan and Djibouti has already been started in 2017
with 1.5 TWh and is set to reach 35.3 TWh by 2045. Export of natural gas will start in 2021
with 10 million metric cube and is assumed to increase up to 50 million metric cube and 500

million metric cube by 2030 and 2050 respectively.

Rapid rise of demand for solid fossils is assumed in industry, particularly for cement and steel

& metal industries. Complete reliance of fossil-fuel consumption is also assumed in the
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transport sector which is expected to produce significant growth in diesel, gasoline and jet fuel.
The projection is done using regression modeling based on the variables total GDP, service
GDP and previous year demand. Increased use of petroleum is also assumed in the agriculture
sector for irrigation and other farm activities. Petroleum use in the agriculture and LV industry

is set to grow at 9% annual growth rate.

Power loss assumption is based on reduction targets and reviewing the progress made in the
past few years. Total loss target is assumed to be continuously reducing from the average
historical loss of 23% to 12.5% by 2040 through implementing projects of network

rehabilitation, reconductoring, adding capacitors and voltage regulators, etc.

4.43.2. High Economic Growth (HEG) Scenario

As mentioned in the introduction, Ethiopia has a big vision of attaining a lower-middle-income
country status by 2025 after implementing successive development plans. This has led to
remarkable achievements in real GDP growth, infrastructure development and social
development which translates into a large demand for energy. The HEG scenario builds up on
the BAU/reference scenario by assuming the continuation of high economic growth in the
country. Total GDP growth of 11%, 8% and 6% is considered for the years until 2030, 2040
and 2050 respectively. GDP growth by industry is assumed to be 11%, 8% and 5% while the
service sector is expected to grow by 10%, 8% and 6%. The agriculture sector GDP growth
rate is assumed to be the same with the BAU scenario (i.e. 9%, 8% and 5%). Finally, the per

capita income growth rate is targeted to hit 11%, 9% and 6% for the future three decades.

4.43.3.  Growth in Electrification and Urbanization (E&U) Scenario

The E&U scenario is also based on the BAU scenario but with major difference in country
policy and direction. It is assumed that the country has a strong ambition to reduce CO>
emission through various initiatives. One of those initiatives is to push for a rapid-shift from
biomass-based household consumption to clean-fuel based consumption. Biomass-based
cooking and injera/bread baking stoves are assumed to significantly reduce their penetration
over time. Firewood cooking and baking stoves are targeted to be used in less than 10% and
40% of households by 2045 respectively. With such assumption, electric stoves are expected
to penetrate 65% of urban households by 2035 and 70% of rural households by 2045. Such

shift to electric stoves and additional new demand is expected to double its energy intensity by
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2040. In addition, biofuel-based and natural gas-based cooking stoves are targeted to penetrate

30% of households.

The scenario targets 100% electrification by the end of 2025. In order to reduce the transport
sector CO2 emission, electric vehicles are assumed to be deployed in 2025 with increasing
penetration for latter years. 1.1 million electric cars are set to replace fossil-fuel based cars by

2050.

Historically, Ethiopia had a low level of urbanization. However, since 2007, government
policies helped the growth of small towns and infrastructure development which increased the
tempo of urbanization. In addition, implementation of the GTP with objectives of increasing
employment generation in urban areas is likely to result in higher rural to urban migration and
thus faster urbanization [CSAE, 2013]. Accordingly, this scenario assumes a faster-

urbanization rate of 6% per year which results 80% urban population by the year 2050.

4.43.4. Improved Energy Efficiency (IEE) Scenario

Ethiopia has a significant transmission and distribution bottlenecks that limit the delivery of
the existing supply from reaching demand centers. Poor reliability, significant transmission and
distribution (T&D) loss and low power quality affect the end-use consumers. These capacity,
reliability and quality constraints compromise the ability of the electricity sector to support
sustained economic growth. Realizing this, the GoE is actively exploring how demand-side
management (DSM), energy efficiency and conservation can help lower cost and improve
economic growth (EEA, 2019). Accordingly, principal energy efficiency and conservation
programs and projects are underway. Some of these include standards and labeling, energy
management and auditing, public sector efficiency, technology acceleration, awareness
training and accreditation, etc. In the standards and labeling program, minimum energy
performance standards are to be developed for the main industrial loads and household
appliances. These include electric motors, injera cookers, electric cookers, lighting,

refrigerators and freezers, etc.

Therefore, this scenario is a policy-driven scenario that explores the long-term demand
evolution by assuming significant efficiency improvements on the electricity sector. The
efficiency improvements are applied to each scenario, i.e. the BAU (IEE-1), HEG (IEE-2) and
E&U (IEE-3).
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Introducing industrial energy audits and industrial efficiency measures on the use of electricity
can have the potential to save up to 30% of the electricity consumed in the industry sector by
2040. As a result, progressive efficiency gain is assumed to be effective in the LV industry and

HYV industry (excluding industrial parks) from the base year until 2040.

Improved lighting standards and DSM programs are expected to reduce the energy intensity of
electric lighting in urban households by 1% every year starting from the base year. Similarly,
electric stove energy intensity reduction is expected to achieve 0.5% per year. The other
assumption is on energy efficiency improvement of refrigerators in urban households with

energy intensity reduction of 5% in 2020 and 20% in 2040.

A program to install efficient street lighting systems could also reduce electricity consumed in
the public sector. The use of efficient light emitting diodes (LEDs) with proper controlling and
monitoring system can reduce the electricity consumption by 60% compared to the
conventional street lighting system. The program is assumed to start in 2018 and by the end of

2030 all streetlights in the country are expected to meet the new requirement.

Regarding T&D loss, the government is expected to implement network rehabilitation,
reconductoring, adding capacitors and voltage regulators, etc. that result in power quality and
system efficiency improvement. Accordingly, the total power loss is targeted to reduce to

12.5% by 2030 and down to 9% by 2035.

4.5. Result and analysis

4.5.1. Demand projection

The final energy demand, fuel consumption and GHG emission are derived for each of the
scenarios and end-use categories. Projected final energy consumption for each of the scenarios
is shown in Appendix C Table A - 10. The projected demand for the BAU scenario is about
2,950 PJ by 2030 and 4,900 PJ by 2050, a growth of 90% and 215% compared to the demand
in the year 2017. Fig. 14 shows the projected energy demand by sector. The domestic sector
has the highest share with 2,273 PJ in 2030 and 2,844 PJ in 2050 accounting for 77% and 58%
of the total demand respectively. It displays a sharp increase until 2040 and remains at a
saturation level afterwards. The transport sector is the second major energy demanding sector,

showing a significant increase in the last two decades. It accounts 25% of the total energy
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demand in 2050. The HV industry, LV industry and other sectors are expected to gradually

increase their demand over time.
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Fig. 14 Final energy demand under BAU

Fig. 15 shows the household sector total energy consumption by end-use under the BAU
scenario. Cooking is the major end-use that takes highest energy demand in both electrified
and non-electrified urban and rural areas. This is due to the high energy intensity and high
penetration of biomass-based cooking in both rural and urban areas. In the last period of: 2040-

2050, urbanization causes declining cooking energy demand trend in rural areas.

The transport sector energy consumption projection is shown in Fig. 16 with increasing fossil-

fuel demand both in road and air transportation.

Fig. 17 shows the high-voltage industry energy consumption pattern by sector with the cement
industry drawing the highest demand and general industry, steel and metal industry, industrial

parks following in respective order.
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Fig. 15 Household sector total energy consumption by end use under BAU
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Fig. 16 Transport sector total energy consumption by end use under BAU
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Fig. 17 HV industry sector total energy consumption by end use under BAU

4.5.2. Comparison of demand under various scenarios

A comparison of the scenarios shows that the energy demand is highest for the HEG & IEE-2
scenarios followed by BAU & IEE-1 and E&U & IEE-3 scenarios (Fig. 18). There is a huge
difference between E&U vs. BAU and IEE-3 vs. BAU scenario. The HEG scenario is based on
the BAU scenario and it assumes a higher economic growth-rate which incurs additional energy
demand. The final demand is expected to reach about 5,255 PJ by 2050. Assumption of total
GDP growth rates of 11%, 8% and 6% for the future three decades results in demand increase
by 7% compared to the BAU scenario in 2050. On the other hand, the energy demand reduces
by 42% in E&U scenario and by 46% in IEE-3 scenario.

In the case of electricity demand, the result shows that highest demand is expected for E&U
scenario since more electricity-based end-uses are utilized (Fig. 19). In 2050, the total
electricity demand under the E&U scenario is expected to reach 292 TWh while HEG demands
289 TWh and BAU consumes 262 TWh. The total energy saving under the IEE scenarios is
estimated to be about 43 TWh (IEE-1), 63 TWh (IEE-2) and 56 TWh (IEE-3) in 2050.
Technology improvement and DSM activities account 28%, 19% and 41% of the energy saving
in IEE-1, IEE-2 and IEE-3 respectively. Industrial energy audit and efficiency measures
contribute to 41% (IEE-1), 55% (IEE-2) and 31% (IEE-3) of the total saving while network
loss reduction has a share of 30%, 25% and 27% with the same order. The remaining 0.5-1%
is due to technology improvement in streetlights.
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Fig. 20 shows sector-wise electricity demand projection under the policy-driven scenarios
(IEE-1, IEE-2 & IEE-3). It can be seen that the household sector has the highest share of
demand. In 2050, the household sector is anticipated to consume about 23%, 22% & 25% of
the total electricity demand in IEE-1, IEE-2 and IEE-3 respectively. IEE-2 didn’t have much
effect on the household consumption share compared to its applied HEG scenario (i.e. both
22%). Whereas IEE-1 & IEE-3 have reduced the share by 1% & 3% compared to BAU (24%)
& E&U (28%) scenarios respectively. This implies that the policy-driven measures applied to
E&U scenario (IEE-3) have stronger impact on household consumption compared to the others

(IEE-1 & IEE-2).
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Fig. 18 Total energy demand for all scenarios
[Unit: TWh]
300
250
WREF
200 WIEE-1
150 BHEG
WIEE-2
100
WERU
0 —— —— = - - - = - - -

2010 2020 2030 2040 2050

Fig. 19 Electricity demand for all scenarios
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Fig. 20 Electricity demand under policy-driven scenarios
4.5.3. Fuel consumption

Fuel consumption is dominated by wood, accounting 73% of the total fuel consumption by
2030 and 51% by 2050 (Fig. 21). This is mainly driven by the household fuel consumption
(Fig. 22) where 94% of total fuel consumption in 2030 (88% rural and 12% urban) and 86%
in 2050 (66% rural and 34% urban) is from wood. Our analysis also shows that the use of
traditional biomass will keep on increasing until 2040 under the BAU and HEG scenarios. On
the contrary, for the E&U & IEE-3 scenarios, biomass use is expected to reach its peak in 2022
and then decline from 2023 onward. From Fig. 21, it can be seen that electricity demand is
expected to increase drastically from 107 TWh (13% of total fuel consumption) in 2030 to 262
TWh (19% of total fuel consumption) in 2050. Fossil fuels like diesel, gasoline and jet kerosene
will also see an increasing consumption due to rise in number of fossil-fuel-based road

transportation and aviation expansion.
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Fig. 22 Household fuel consumption under all scenarios

Fig. 22 shows that the fuel consumption in E&U scenario
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is entirely different from BAU &

HEG scenario. In 2050, the total fuel consumption in E&U scenario is less by more than 65%

than the other two scenarios. In addition, the penetration of electricity increases accounting

30% of the total fuel consumption while wood consumption takes about 55%.
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4.5.4. Greenhouse gas emissions

It is observed that under the BAU scenario in 2030, biogenic carbon dioxide emission reaches
122 million-ton COze, 30 million-ton non-biogenic COze and about 11 million-ton non-CO>
emission (Fig. 23 and Fig. 24). Biogenic carbon dioxide emissions are defined as emissions
from a stationary source directly resulting from the combustion of biologically based materials,
mainly from biomass burning while non-biogenic CO: emissions are from the use of
transportation fossil-fuels. In this study, biogenic CO> emissions are not treated as “carbon
neutral” despite the fact that the country is taking various initiatives to tackle deforestation by
planting many trees. The large amount of carbon released into the atmosphere due to burning
biomass may take decades for the new forests to draw back the same amount of carbon out of
the air. This shows that the process has the potential to become “carbon neutral” over very
long-time scales but not in the short term where world leaders are working towards potentially

reducing the global carbon emissions in the coming decade.

In addition, there are also other small non-CO, GHG emissions like carbon monoxide,

methane, non-methane organic compounds, nitrogen oxides, nitrous oxide, etc. (Fig. 23).

Biogenic carbon dioxide emissions are expected to further increase from 122 MtCOze in 2030
to 160 MtCOze in 2040 and slowly reduce for the remaining years. On the other hand, non-
biogenic carbon dioxide emissions keep on increasing by more than a fourfold from 30 MtCO»e
in 2030 to 106 MtCOze in 2050. This shows that the transport sector heavily relies on fossil-

fuel and could be a potential target to reduce CO2 emission in the long-run.
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Fig. 23 Total GHG under BAU scenario
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Fig. 24 Total GHG emission by fuel under BAU scenario

There is a huge difference on the total emission levels of the different scenarios. As can be seen
from Fig. 25, BAU & IEE-1 and HEG & IEE-2 scenarios emit much higher than E&U & IEE-
3 scenarios. BAU scenario’s total GHG emission in 2050 is estimated to reach 274 MtCOze
and HEG scenario releases about 295 MtCO»e. This is a significant level of emission that can
have a serious implication on the environment and human health. On the other hand, E&U &
IEE-3 scenario emission is only projected to be 111 MtCOze. This is mainly due to the policy-
driven shift from biomass-based household appliances to clean biofuel and electric-based
appliances. Fig. 25 also shows that the policy-driven scenarios do not have any impact on the

GHG emission as the policies are implemented on the electricity sector with no emission.
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Fig. 25 Total GHG emission for all scenarios

4.6. Discussion

This study has investigated the evolution of the future (2018-2050) energy demand, with the
specific Ethiopian context. The existing challenges and dynamics that are specific to the
country and to other less developed countries in general are identified and reflected on the
model to have a better representation of the energy system. These include unsustainable use of
traditional energy sources, high population growth, modernization and urbanization, low
electricity access and supply shortage, high system loss, etc. Then, the effect of such factors on
the energy demand forecasting was studied through scenario analysis in a modeling software.
The scenarios are deliberately chosen by looking at plausible future trends aimed to spur action

by underscoring the impacts on the future of the policy decisions made today.

LEAP modeling framework was used as a tool for analysis as it relies on scenario approach to
develop the possible paths of the energy system evolution. It also follows a bottom-up
forecasting approach that is suitable to developing countries that captures the prevalence of
informal economic activities and reliance on traditional and non-marketed fuels to a large
extent. The study is based on extensive and detailed dataset to simulate the six different
scenarios, business-as-usual, high economic growth, growth in electrification & urbanization

and improved energy efficiency (IEE-1, IEE-2 and IEE-3). Each of the scenarios consider
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certain assumptions. The business-as-usual scenario assumes continuation of current and
historical trends. High economic growth scenario builds on the business-as-usual scenario
hoping that the country registers a high economic growth in the future. The improved energy
efficiency scenario calls for various measures to minimize power loss and ultimately increase
energy saving. Growth in electrification and urbanization scenario considers fast growth in
electrification and urbanization. It also pushes for a major policy-shift to change the biomass-
based household energy demand to clean-fuel based demand. This transition will be accelerated

by increasing access and affordability of clean fuels such as LPG and electricity to rural areas.

In the BAU scenario, the total energy demand is expected to reach 2,950 PJ and 4,900 PJ by
2030 and 2050 respectively. There is only one study [Dereje, 2014] that forecasted the demand
till 2050 for Ethiopia making the present study the second. [Dereje, 2014] estimates the total
energy demand in its BAU scenario to reach 2,934 PJ and 6,553 PJ by the years 2030 and 2050
respectively. (Mondal et al, 2018) projects the energy demand from 2012-2030 and expects
2,120 PJin 2030. The 2030 projected demand results of [Dereje, 2014] are similar to ours while
[Mondal et al, 2018]) anticipates much lower value. This is mainly because the useful energy
demand for baking (injera, bread, etc.) which accounts about 65% of the entire cooking fuel
consumption is not represented in the energy use by households. In our study, cooking and
baking appliances have different data structures with corresponding activity level and energy

intensity.

Compared to the present study, [Dereje, 2014] projected much higher demand for all the sectors
in 2050. It uses a top-down approach assuming a constant average GDP growth rate of 7% for
the years from 2006 to 2050. Our study draws a feasible assumption of reduced GDP growth
rates of 9%, 7% and 4% over the years 2018-2030, 2031-2040 and 2041-2050 respectively. It

also uses multi-variable regression and bottom-up model that are more accurate and reliable.

Total electricity demand forecast in 2030 by earlier Ethiopian Power System Expansion Master
Plan Study [EPSEMP, 2014] and updated Master Plan [GMSP-SIS, 2019] for the base-case
scenarios are 106 TWh and 71 TWh respectively. Our result is much similar to [EPSEMP,
2014] with total projected electricity demand of 107 TWh. However, by using various energy
efficiency improvement measures, it is shown that it is possible to reduce the total consumption
to 95 TWh by 2030. The main reason for the difference is assumption of the operation period

for various planned projects in industry and transport sectors. The present study assumes the
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capacity and operation period of future industrial parks and railway lines considering the latest
developments and government plans. In addition, export plan assumption is also different. In
2030, [EPSEMP, 2014] assumes a much larger increase in exports of around 32 TWh compared
to 16 TWh in the updated one and 14 TWh in the present study.

As the expectations to demand growth are different from country to country, comparison of the
electricity demand projection to other countries needs careful consideration of country status
in terms of forecasting methodology, their status and growth rates of demography, economy
and socio-economic activities. The master plan study of modeling the power systems of the
EAPP member countries [EAPP, 2014] in BALMOREL explores their electricity demand
forecasts till the year 2040. From our analysis, Ethiopia’s projected electric demand is expected
to reach about 200 TWh by 2040; while Egypt expects a demand of about 750 TWh, Kenya’s
demand increases up to 127 TWh, Libya - 126TWh, DRC - 70 TWh, Tanzania - 56 TWh and
Sudan - 54 TWh for the same period.

Aligned with the Paris Agreement on mitigation of climate change, the GoE has bold ambitions
under its Nationally Determined Contribution (NDC), as it intends to reduce its emissions of
400 MtCOze down to 145 MtCOze by 2030. The emission reduction of 255 MtCOze is expected
to be achieved from agriculture (90 MtCO2e), forestry (130 MtCOze), industry (20MtCOze),
transport (10 MtCOze) and buildings (5 MtCOze). In addition, reduction of 19 MtCOxze is also

achieved through regional power export from clean generation technologies.

Our results show how much GHG emission (mainly biogenic and non-biogenic CO>) is
expected in the long run from each fuel used in different demand sectors. In 2030, the total
emission amounts to about 165 MtCOz., and when including the contribution from other sectors
that are not included in this study, it will be much higher. This shows that it is not possible for
Ethiopia to meet the NDC target under the BAU scenario. However, the E&U & IEE-3
scenarios have the ability to cut the emission by more than 40% compared to BAU. This can
help Ethiopia revamp implementation strategies for hitting the emission reduction target in

2030 and also plan further targets in later periods.
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5. Long-term modeling and analyses of optimum generation scenarios

In compliance with policy scenarios that impose technical, economical and environmental
constraints, energy modelling tools can identify optimal supply and capacity mixes to meet the
future electricity demand. Decision makers increasingly rely on model assessments to foresee
how the electricity sector might evolve in the future, inform the development of policy and
national renewable targets. Long-term energy modelling frameworks are widely recognized as
useful approaches in analyzing the future energy utilization patterns and trends, strategy
formulation and energy policy recommendations with respect to effective utilization of energy
resources, improvements in energy efficiency and energy reliability, and emissions reductions

[Ouedraogo, 2017].

Long-term energy planning models are generally characterized by a wide scope and low level
of temporal detail, to avoid the exercise to become computationally unwieldy. Energy models
can also be developed to capture more sector-specific detail, such as the power sector that aim
to calculate a path for power generation expansion which combines technologies that

collectively meet variable demand.

5.1. Literature review

Several studies have examined issues of power generation expansion in developing countries
of Africa, Asia and Latin America. In this regard, the OSeMOSYS and LEAP modelling
framework have been applied in various settings to assess the future energy sector. Rady et al.
developed an OSeMOSY S-Egypt model to determine the lowest cost electricity generation mix
that is required to satisfy two different demand scenarios within a time period between 2018
and 2040 [Rady et al., 2018]. Dhakouani et al. presented an OSeMOSY S-based long-term
model of the Tunisian electricity system aimed at showing the potential benefits of increasing
renewable energy source production [Dhakouani et al., 2017]. Awopone and Zobaa also used
the OSeMOSYS to examine the future possible energy policy direction in Ghana. Alternative
policy scenarios of energy emission targets, carbon taxes and transmission and distribution
losses improvements were developed [Awopone and Zobaa, 2017]. Ouedraogo employed the
LEAP modelling framework to assess five scenarios that represent alternative development
pathways of Africa’s energy future from 2010 to 2040. The study highlighted economic

policies will have a significant impact on energy demand and greenhouse gas emissions
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[Ouedraogo, 2017]. Kumar developed three major scenarios to analyze the renewable energy
potential in Indonesia and Thailand from 2010 to 2050. It used the LEAP energy model to
estimate the future electricity supply options and CO> mitigation possibilities. The results
showed that expanding the share of renewables in the energy mix can bring extensive socio-
economic benefits to the Southeast Asian countries [Kumar, 2016]. Yophy et al. employed the
LEAP model to assess several alternative scenarios of energy policy and energy sector
evolution of Taiwan. The model was used to compare future energy demand and supply

patterns, as well as greenhouse gas emissions [ Yophy et al., 2010].

The MESSAGE modelling framework has been applied by Marong et al. to explore the possible
optimal electricity supply expansion of Gambia with and without hydroelectricity imports for
the horizon 2015-2030 [Marong et al., 2018]. Dountio et al. presented three economic growth
rate scenarios to analyze the electricity demand and the expansion of electricity generation in
Cameroon. The energy demand assessment was made by MAED model while MESSAGE
modelling framework was used to optimize the supply system and quantify associated
emissions [Dountio et al., 2016]. Das et al. tried to investigate the alternative ways for future
expansion of the Bangladesh power system aiming to address the issue of affordability and
reliability. Focusing on power imports and higher use of renewables, the study employed the
TIMES modelling framework to explore four power supply scenarios [Das et al., 2018].
Ruijven et al. presented a global integrated assessment model for assessing the rural
electrification and associated investment needs focusing on regions with low electricity access,
mainly in Latin America, Asia and Sub-Saharan Africa. From the different set of electrification
scenarios investigated in the model, it was found that electrification varies across the three

regions where Latin America and Asia gain access at lower income levels than Africa [Ruijven

et al., 2012].

Even though the above studies have attempted to assess the long-term energy development
with models and approaches that are considered to be applicable within the context of the
countries, they have not been fully successful in providing independent assessments of
alternative technologies and policy choices that can be essential for developing countries in
addressing their particular needs and constraints. In this regard, Dawit et al. [Dawit et al., 2020]
present a comparative overview of the most commonly used modelling tools in terms of their

applicability to developing countries where unique features such as traditional energy
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consumption, informal economy, urban-rural divide, low electrification, supply shortage, data
and skill needs should be considered. These features should be reflected while developing
energy supply and demand models, particularly the feasibility of including new technologies
to the existing system. Nowadays, electricity supply can be provided by either centralized grid-
based means, or by decentralized methods; and detailed analysis are required to strategize and
evaluate which options that are applicable and effective in improving the poor performance of

the power system and low electricity access of developing countries.

At the national level, previous studies that attempted to assess the future expansion of the
electricity supply system in Ethiopia are quite scarce. The Ethiopian Power System Expansion
Master Plan [EPSEMP, 2014] completed in 2014 was done for the Ethiopian Electric Power
(EEP) Utility for the period 2013-2037. It uses the WASP generation planning program to
determine the 25-year least-cost generation system development plan. Recently, a new update
of the master plan was developed [GMSP-SIS, 2019] which used screening analysis to rank
generation options and the PLEXOS production simulation and optimization model to plan the
generation expansion until 2030. These two national level studies aim to forecast the future
electricity supply without providing alternative possible futures that can be meaningful for
policy development. In this regard, Dereje [Dereje, 2014] considers business as usual (BAU),
moderate shift and advanced shift scenarios of economic development to assess the future
LEAP-based energy demand and supply in Ethiopia. In addition, Mondal et al. [Mondel et al.,
2017] present an assessment of alternative, long-term energy supply strategies using the
MARKAL energy system model. The results show that higher investment costs will be required
to achieve policy goals in near-term, but also include long-term benefits such as sustainable
energy system development, expansion of access with modern sources of energy and the
development of a low carbon society. Even though the studies of Dereje and Mondal et al.
attempted to explore the future Ethiopian power generation sector by providing alternative
scenarios, the developed scenarios did not fully consider the context of the country in terms of

technology and policy choices that can overcome its particular problems.

The overall objective of this chapter is to identify potential pathways and provide a quantitative
analysis of the future power generation sector in Ethiopia while considering the context of and
applicability to developing nations. It tries to find optimal (least-cost) power generation and

capacity mixes to meet future electricity demand subject to certain policy scenarios that may
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impose technical constraints, economic realities, and environmental targets. The specific
objective is to provide independent assessments of alternative technologies and policy choices
that are essential for developing countries in addressing their particular needs and constraints.
The study further explores practical strategies for overcoming problems of electricity access,

security, sustainability, and affordability.

5.2.  Methodology

In the methodological aspect, this study contributes to the existing body of knowledge and
overcome some of the limitations that exist in the literature. Sector wise and technological
representation of supply and end-uses at a disaggregated level (i.e. urban-rural divide,
centralized vs decentralized), plausible scenario analysis of technology selection for improving
electricity access, and demand side and supply side efficiency measures are the main
methodological contributions of this paper. Moreover, contextual representation of the
electricity system on RES diagram, feasibility of both grid-extension and off-grid supply
options, feasibility of 100% renewable and intermittent resource (solar and wind) target are
investigated as discussed below. An overview of the methodology used is outlined in Fig. A -

1 of the Appendix D which is discussed further in detail below.

5.2.1. Context and model development

The choice of the appropriate modelling framework depends on the kind of insights the country
model is intended to provide and should therefore start from an assessment of the context, the
challenges, and the policy questions to be answered [ Dhakouani et al., 2017]. Long-term energy
modelling tools that aim to provide insights into investment and infrastructure needs, usually
with a cost-optimization perspective include long-established MESSAGE, MARKAL and
TIMES, or recent open-source alternatives to them, such as Balmorel and OSeMOSYS
[Gardumi et al, 2019]. Each of these tools have their own features and selection of the
appropriate modelling tool depends on the level of use of the features for a particular
application. Thereby, MESSAGE, TIMES and OSeMOSYS have been widely used
optimization models that are applied in different countries. As discussed in chapter-2, it is
important to develop a comparative overview of these models in terms of several criteria,
particularly their applicability to developing countries where unique features such as traditional

energy consumption, informal economy, urban-rural divide, low electrification, poor
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performance of the power sector, supply shortage, data and skill needs, etc. should be
considered [Dawit et al., 2020]. In this regard, MESSAGE and OSeMOSYS share most
features including purpose (investment decision), analytical approach (bottom-up), time
horizon (long-term), geographical and sectoral coverage, scenario-analysis and traditional
fuels. However, OSeMOSYS has the advantage of accommodating urban-rural divide, being
an open-source and easy to use optimization modelling framework. For this reason,
OSeMOSYS is chosen to make the electricity supply analysis in Ethiopia within a time period
between 2018 and 2050.

In the current study, a soft-linking approach is adopted by coupling two independently
developed models. The Long-range Energy Alternatives Planning System (LEAP) modelling
tool is employed to unfold the future evolution of the electricity demand and analyze the end-
use energy demand through alternative scenarios (as shown in chapter 4). The pathways
represented by the demand scenarios and results generated by the LEAP model will be given
as an input to the exogenously defined energy demand parameters of the OSeMOSY'S model.
Moreover, sensitivity analysis is conducted on the results found from the model by identifying
the underlying factors that affect the output. This will provide crucial information regarding

the effects of changes in critical inputs and assumptions.

As in most long-term optimization models, OSeMOSYS in its standard configuration assumes
a perfect foresight and perfect competition on energy markets [Howells et al., 2011]. This
means that full information is available for cost trends, demand projection, efficiency of power
plants, etc. and the optimization is done for all time periods simultaneously. In mathematical
terms, OSeMOSYS is a deterministic, linear optimization framework. However, mixed-integer
linear programming may also be applied in the case of unit commitment. OSeMOSY'S has been
used as a long-term optimization model in many countries such as Egypt, Tunisia, Ghana, Saudi
Arabia, and Iran [Rady et al., 2018; Dhakouani et al., 2017; Awopone et al., 2017; Markus et
al., 2016; Eshraghi et al., 2016; Mondal et al., 2010], and thus its functionality has been tested

in large models in the past.

5.2.2. Optimization mechanism and logic

The least-cost power generation and capacity mixes will be identified considering various

alternative policy scenarios to explore different possible futures and balance the long-term
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electricity needs and resources. The objective function of the core model in OSeMOSYS is
given by Equations (12) and (13) where the minimum total discounted cost is determined for a
time domain of decades. Technologies compete to gain a share in the electricity supply, based
on their techno-economic characteristics and on a number of constraints-e.g., demand,
minimum renewable generation, emissions, use of resources, etc. Subscripts r,t and y represent
the region or country modelled, technology representing a type of power plant and the year in
time horizon, respectively. The costs are annualized over the years in which the asset is active.
In the case of late investments (e.g., made in 2050), OSeMOSYS gives a ‘salvage value’ for

benefits after the investment period.

Minimise Z TotalDiscountedCost, .y (12)

rty

Yy ort TotalDiscountedCostr_t_y
= DiscountedOperatingCostr,t,y + DiscountedCapitallnvestmentr,t,y
+ DiscountedTechnologyEmissionsPenalty, .,

— DiscountedSalvageValue, ¢ ! (13)

Capital costs are discounted back to the first/base year (eq 14) and operating costs are
discounted to the middle of each year assuming uneven spread of variable costs over the course

of a year (eq 15).

CapitalCost,,, X NewCapacity,

(
| DiscountedCapitallnvestment,, =

- 14
4 (1 + DiscountRate)y—min (¥)) 14)
| D; 0 noC OperatingCost,.; (15)
1scounte eratingCost = -

\ P £-05trty (1 + DiscountRate) y—min(y)+0.5)
Where the operating cost is given by:
OperatingCost,

= (TotalCapacityAnnual, ., x FixedCost, )

+ (Z TotalAnnualTechnologyActivityByMode,; r, , X VariableCostr,t,m,y> (16)

m

! DiscountedSalvageValue represents the fraction of the initial capital cost that can be
recouped at the end of a technologies operational life that is discounted to each year
with the considered discount rate.
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{Discour1tedTechnologyEmissi0nsPenaltyr,t,y

AnnualTechnologyEmissionsPenalty,. ,
"~ (1 + DiscountRate)y~min(y)+0.5)

(17)
Where the annual technology emission penalty is given by the following:

Z AnnualTechnologyEmission, ¢ , X EmissionsPenalty, ,

e
= AnnualTechnologyEmissionsPenalty, , (18)

SalvageValue,
(1 + DiscountRate)(1+max(y)-min (y))

{DiscountedSalva,c:,feValuer,t,y = (19)

The salvage value is calculated using the sinking fund method as shown in eq. (20).

SalvageValue,
= CapitalCost,

x NewCapacityyty.| 1

((1 + DiscountRate)Ma*¥)-y+1) — 1
- (20)

((1 + DiscountRate)OperationalLifer_t) -1
o Constraints

The constraints are mainly defined on: i) rate of demand for each combination of commodity,
time slice and year, ii) capacity adequacy in each time slice and year, iii) energy balance in

each time slice and year.

The capacity adequacy constraints are shown in eq. (21) and (22). Total capacity of each
technology for each year based on existing capacity from before the model period
(ResidualCapacity), AccumulatedNewCapacity during the modelling period, and NewCapacity
installed in each year are calculated. It is then ensured that this Capacity is sufficient to meet

the RateOfTotalActivity in each TimeSlice and Year.

I{ TotalCapacityAnnualr’t’y = AccumulatedNewCapacitymy + ResidualCapacityr’t’y
.t ! RateOfTotalActivity, | = . RateOfActivity ,
o | RateOfTotalActivity
rtly
k < TotalCapacityAnnual ty X CapacityFactor, ey X CapacityToActivityUnit _,

(2D
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Eq. (22) ensures that adequate capacity of technologies is present to at least meet the average

annual demand.

S. t.{ Z RateOfTotalActivity,(;, X YearSplit,,
1

- TotalCapacityAnnual, ;, X CapacityFactor, ), X YearSplit;,
- Z X AvailabilityFactor,, X CapacityToActivityUnit,

(22)

1

The energy balance constraint is shown in eq. (23). It ensures that demand for each commodity

1s met in each TimeSlice.

( RateOfProductionByTechnology ¢y
= Z RateOfActivity, | ¢ my X OutputActivityRatio, ¢
m

RateOfProduction, s, = Z RateOfProductionByTechnology. ¢y
t
RateOfUseByTechnology, ¢y = z RateOfActivity, | ; my X InputActivityRatioy ;¢ m
m

RateOfUse, ¢, = Z RateOfUseByTechnology, .y
t

X J Production, ¢, = RateOfProduction, sy, X YearSplit,
S :

Use,ry = RateOfUse,, ¢y, X YearSplity
SpecifiedAnnualDemand, ¢y, X SpecifiedDemandProfile, ),

RateOfDemand, ¢, = YearSplit,
y

Demand, ¢, = RateOfDemand; ¢, X YearSplit,
Production, ¢, = Demand, ¢, + Use ¢y

Z Production, ¢, = ProductionAnnual, ¢,
1

z Use, )ty = UseAnnual, ¢,
1

ProductionAnnual, ¢, = UseAnnual,r, + AccumulatedAnnualDemand,

Accounting  equations used to  generate  specific  intermediate  variables:
ProductionByTechnology ,UseBytechnology,TotalAnnualTechnologyActivityByMode, and
ModelPeriodCostByRegion are shown in eq. (24).
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( ProductionByTechnology, y
| = RateOfProductionByTechnology,, ¢y X YearSplit;

s.t. { UseByTechnology,, r, = RateOfUseByTechnology,, ¢, X YearSplit, (24)
I

\

Eq. (25) calculates the total discounted system cost for each technology over the entire model

Z TotalDiscountedCost, , = ModelPeroidCostByRegion,
y

period that is minimized in the model’s objective function.

s.t. gz TotalDiscountedCostByTechnology, , = TotalDiscountedCost, (25)
t

Eq. (26) ensures that capacity of each technology in each year is greater than and less than the
user-defined parameters TotalAnnualMinCapacityInvestment and

TotalAnnualMaxCapacitylnvestment respectively.

{TotalCapacityAnnualr,t,y < TotalAnnualMaxCapacity, 26)
s.t.

TotalCapacityAnnual,;, = TotalAnnualMinCapacity.

The new capacity constraints are shown in eq. (27) that ensure the new capacity of each
technology installed in each year is greater than and less than the user-defined parameters

TotalAnnualMinCapacityInvestment and TotalAnnualMax Capacity Investment respectively.

(27)

NewCapacity,, < TotalAnnualMaxCapacitylnvestment,
" | NewCapacity,, = TotalAnnualMinCapacityIlnvestment, ,

Eq. (28) ensures the total activity of each technology over each year is greater than and less
than the user-defined parameters TotalTechnology AnnualActivityLowerLimit and Total

Technology Annual Activity Upper Limit respectively.

(
I Z RateofTotalActivity, ) ;. YearSplit, = TotalTechnologyAnnualActivity,
1

s.t. 28
| TotalTechnologyAnnualActivity, ., < TotalTechnologyAnnualActivityUpperLimit,. (28)

LTotalTechnologyAnnualActivityr‘t,y = TotalTechnologyAnnualActivityLowerLimit,

Eq. (29) ensures that sufficient reserve capacity of specific technologies is installed such that

the user-defined ReserveMargin is maintained.
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( TotalCapacityInReserveMargin, , =

Z TotalCapacityAnnual, ¢ ;. ReserveMarginTagtechnology . . CapacityToActivityUnit,
t

s.t. (29)

DemandNeedingReserveMargin,, =

Z RateOfProduction,¢,. ReserveMarginTagFuel,
f

Emission constraints are accounted in eq. (30) with the calculation of the annual and model
period emissions from each technology and for each type of emission. It also calculates the
total associated emission penalties, if any. Finally, it ensures that emissions are maintained

before stipulated limits that may be defined for each year and/or the entire model period.

AnnualEmissions, e, = Z AnnualTechnologyEmission, ;e
t

Z AnnualEmissions; e, =

s.t. J y (30)
ModelPeriodEmissions, . — ModelPeriodExogenousEmission, o

AnnualEmissions, ., + AnnualExogenousEmission, e, <
AnnualEmissionLimit, ¢
ModelPeriodEmissions, , < ModelPeriodEmissionLimit, e

5.2.3. Reference Energy System

The Reference Energy System (RES) is a schematic representation of the real energy system
in the country that is being modelled. It provides the routes/links of energy flow from primary
energy supply, via energy conversion technology to the products/services that satisfies the
demands. The RES-diagram developed with the context of Ethiopia which later will be the
basis of the OSeMOSYS model is shown inFig. 26. It represents the current energy system
and is flexible enough to include future system extensions. Primary energy sources are
presented to the left while the sector-wise demands are to the right of the diagram. Energy
conversion technologies are indicated by boxes. Boxes with solid-lines represent existing
technologies in the country while broken-lines indicate future technologies under
consideration. The lines connect the outputs of primary energy resources to the inputs/outputs

of various technologies, and all the way to the final demand.

o Primary energy resources
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Primary energy resources include all energy products not transformed to electricity. They take
many forms, including nuclear energy, fossil energy and renewable sources. In the Ethiopian
context, eight different primary energy resources are considered: renewables (solar, wind,
geothermal, biomass and hydropower) and non-renewables (natural-gas, nuclear and diesel).
The country has very large exploitable reserves of renewable and clean energy resources (see

Table 5) while it relies on imported fuels for nuclear and diesel energy.
o Power generation technologies

Power generation technologies convert the primary sources into electricity. Two types of
supply technologies are considered: centralized grid-based and decentralized off-grid methods.
The distributed technologies are the main source of electricity in many rural areas of Ethiopia.
Considering their type of input fuel sources and power plant size, sixteen types of power

technologies are available in the Ethiopian RES (see Table 18).

Hydropower plants are classified as large-scale (>100MW), medium-scale (20-100MW) and
small-scale (<20MW). Other renewables include photovoltaic plants (utility-scale and small-
scale rooftop), concentrated solar power plants, wind plants (utility-scale and small-scale),

geothermal and biomass plants (cogeneration and incineration).

Thermal candidates include diesel (Distributed small-scale and centralized utility-scale),
natural gas (combined-cycle and open-cycle) and nuclear power plants. Existing thermal
generation includes reciprocating diesel generators which are mostly used as emergency
reserve. It is assumed that these plants will continue to provide service for the next few years

until the end of 2022 when it is planned for decommissioning [GMSP-SIS, 2019].
o Transmission and distribution infrastructures

The energy conversion system includes electricity transmission and distribution (T&D)
infrastructure. Centralized utility-scale power generation technologies are connected to the
transmission system at a high-voltage level which carry and transport power to long-distances.
On the contrary, decentralized off-grid technologies are either connected to the distribution

system at a medium-voltage level or directly to the customer-end, at low-voltage level.
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The distribution system is the final stage in the delivery of electric power that carries electricity
from the transmission system to final consumers. It is disaggregated into different categories
such as distribution to residential sector, agricultural sector, industrial sector, transport sector
and service sector. In addition, electricity export to neighbouring countries is represented with

long-distance high-voltage ac and dc transmission lines.
o Final demand

The final demand is split into different sectors such as industry, agriculture, services, residential
and transport. Moreover, power export to neighbouring countries is also represented as a final

demand.
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Fig. 26 The reference energy system (RES) of Ethiopian electricity sector
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Table 18 Techno-economic input parameters of various power generation technologies in
0SeMOSYS

[Ouedraogo, 2017; EPSEMP, 2014; GMSP-SIS, 2019; MoWIE, 2012; EEP, 2018/19; MoWIE, 2017; ECRGES,2011; Taliotis et al, 2016;
Handayani et al., 2019; Hossain et al., 2019; IRENA, 2017; IRENA-IEA, 2017; Ayodele et al., 2013; Sustainable energy handbook, 2016;
Mondal et al., 2020; Hayward et al., 2011; IEA-ETSAP, 2010; IEA-ETSAPP, 2013; IRENA, 2020; IEA-ETSAP, 2010; IEA-ETSAP, 2014;
Zelalem, 2016; IEA, 2019; Jakhrani et al., 2012; Guta et al., 2015; IRENA, 2013; Dawit et al., 2021; Guta et al., 2015; Mekonnen et al., 2015;
Partha et al., 2018]

Input parameter ¢

Capital Fixed Variable Capacity  Availability ~ Capacity = Effici  Life CO2 NOx
cost cost cost factor factor credit ency cycle emission  emission
Unit  USD usD usD % % % % Years  kg/MWh  kg/MWh

$2018/kW  $2018/kW  $2018/MWh
Power generation technology

Hydro-large 2000 18 0.1 41 91 100 - 80 - -
Hydro-med. 2400 50 0.36 41 91 100 - 50 - -
Hydro-small 3533 50 0.36 46 91 - - 30 - -
Geothermal 4000 88.8 8.4 80 95 100 - 25 - -
PV-utility 1100 21 0.4 25 99 5 - 25 - -
PV-roof+top 2770 21 - 25 99 - - 25 - -
CSP (storage) 5238 67.3 15 63 92 100 - 25 - -
Wind-utility 1700 46 0.8 30 97 20 - 25 - -
Wind-small 2900 46 - 30 97 - - 20 - -
Biomass 3333 75.6 6.5 50 98 100 38 30 - 0.065
Waste inciner. 7900 75.6 6.5 50 92 100 34 25 1195 0.66
Nuclear 4500 164 20 85 93 100 33 40 - -
N&CC 1100 24 2.6 80 95 100 55 25 400 0.03
NG6OC 700 17 35 80 97 100 36 30 575 0.05
Diesel-utility 1600 60 6 80 95 100 35 25 700 6.4
Diesel-small 692 27.6 6 80 95 - 35 20 1270 19
T&D infrastructure [EPSEMP, 2014]

Transmission 1135° 17° - - - - 965 ¢ 30 - -
Distribution 1090 16.35 - - - - 91¢ 30 - -

° Dashed cells: not applicable, zero; It also includes substation cost; ¢ Efficiency level after the year 2030; Capital cost is evolving during
time horizon.

5.3.  Application

The long-term electricity supply model is developed considering Ethiopia as a real practical case

study, with alternative policy scenarios as discussed in detail below.
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5.3.1. Model

The OSeMOSYS model is based on the Ethiopian RES shown in Fig. 26. It makes the
optimization of supply options through meeting the demands specified in the LEAP model that are
structured sector-wise, namely: residential, industrial, commercial, agriculture and transport.
LEAP has been used to investigate electricity sector and energy sector of several countries [Mondal
et al., 2010; Dagher et al., 2011; Shin et al., 2005; Shahinzadeh et al., 2016; Eiswerth et al., 1998].
In particular, it is a widely used tool for energy demand prediction and scenario analysis in
developing economies [Mondal et al., 2018; Gul et al., 2012; Kale and Pohekar, 2014]. Both the
0OSeMOSYS and LEAP model consider a spatial scope of a single region in a time horizon between

2018 and 2050.

5.3.2. Data and key assumptions

Data used in this study is based on extensive data collection, mainly from the reports available in
the Ethiopian electric power sector [EPSEMP, 2014; GMSP-SIS, 2019; MoWIE, 2012; EEP,
2018/19; MoWIE, 2017; ECRGES, 2011] but also from international studies and reports
[Ouedraogo, 2017; Taliotis et al, 2016; Handayani et al., 2019; Hossain et al., 2019; IRENA, 2017;
IRENA-IEA, 2017; Ayodele et al., 2013; Sustainable energy handbook, 2016; Mondal et al., 2020;
Hayward et al., 2011; [IEA-ETSAP, 2010; [IEA-ETSAPP, 2013; IRENA, 2020; IEA-ETSAP, 2010;
IEA-ETSAP, 2014; Zelalem, 2016; IEA, 2019; Jakhrani et al., 2012; Guta et al., 2015; IRENA,
2013; Dawit et al., 2021; Guta et al., 2015; Mekonnen et al., 2015; Partha et al., 2018]. Table 18
and Table 19 summarize the main input data and key assumptions for making the OSeMOSYS
model. Literature-based costs and efficiency values are used for various power generation
technologies while considering the context of the country. The construction of hydropower plants
usually involves substantial civil work (dams, river diversion, etc.), the cost of which largely
depends on labour costs, which in turn makes hydropower investment costs for developing
countries to be much lower than in industrialized countries. Consequently, after considering the
context and referring local studies, a specific investment cost of 2000 USD/kW, 2400 USD/KW

and 3533 USD/kW are used for large, medium and small-scale plants respectively (see Table 18).
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Table 19 Model setup, electricity demand and key assumptions [Ouedraogo, 2017; IRENA, 2017; Dhakouani,

2017; GMSP-SIS, 2019; Mondal et al., 2018; Dawit et al., 2019; Kale et al., 2014; Handayani et al., 2019; Mondal et al., 2020]

Time domain 2018 to 2050

Time slices 6, one-year divided into two seasons as dry and rainy season, then the day divided as day, night
and peak

Electricity demand 25.1 TWh/year in 2018 and then rapidly increasing growth based on LEAP model predictions
(SeeTable 20)

Fuel prices e 3.89USD/GJ for biomass

(in 2018) 18.8 USD/6GJ for diesel import

e 7.66 USD/GJ for natural gas

e 259 USD/GJ for uranium import
Discount rate 10%

Reserve margin 10%

Future renewable technologies are expected to show capital cost reductions due to increased
learning-rates. Solar PV is one of the biggest benefactors of the accelerated transition and moves
quickly down the cost curve [IRENA, 2017]. Investment costs for 2030 and 2050 are calculated
using a 3% and 1 % yearly technology cost reduction factor for utility-scale PV and rooftop PV
(with 1kWh battery) respectively. Cost reductions are also accelerated for other renewable energy
technologies that are not yet fully mature. Capital cost of wind power is considered to fall by 1.5%
and 1% every year for utility-scale and small-scale technologies respectively. Concentrated Solar
Power (CSP with storage) achieves cost reductions of 30% by 2030 (i.e., 30% over a decade, from
5238USD/kW to 3650USD/kW to 2555USD/kW).

The investment cost of biomass power plants falls to 2750USD/kW by 2030 from 3333USD/kW
in 2020 [IEA-ETSAP, 2011]. Geothermal power plant installed costs are highly site sensitive due
to the reservoir quality, the type of power plant and number of wells [IRENA, 2020]. In the past
decade, geothermal capital cost didn’t show visible reduction. On the contrary, it increased from
2588USD/kW in 2010 to 3916USD/kW in 2019. Considering these, a very slow cost reduction to
3100USD/kW is taken by 2030. Waste incineration plant is considered to show a 3% capital cost
fall in ten years. Other technologies like hydropower and thermal plants are not assumed to show

cost reductions in time as they are capital-intensive often requiring long lead times. Costs have
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been annualized and discounted to the value of the year 2018 assuming corresponding plant life

assumptions as shown in Table 18 and 10% discount rate.

Reserve margin (RM) is the amount of firm electricity generation capacity minus the system’s
maximum annual demand as a ratio of maximum annual demand [Ouedraogo, 2017]. An
evaluation criterion is shown in eq. (31) which states that the total firm capacity should always be
greater than the annual peak demand (Dp). Where «; is the capacity credit of power

plant/technology i which is considered as “firm” and Cy; is the generating installed capacity of the

corresponding power plant. Many literature on Sub-Saharan African countries use a reserve margin
constraint of below 10% [Ouedraogo, 2017; IRENA, 2017; Dawit et al., 2019; IRENA, 2013].
Given the importance of having sufficient firm capacity to system reliability, an average reserve

capacity of 10% is considered as reasonable in this study.

n

> X Cpi = (14 RMyr)D, 31)

i=1

The LEAP electricity demand projection which was discussed in Chapter-4 employs different
scenarios to show the maximum expected rise in demand under different drivers and the best-case
energy saving opportunities. The developed scenarios are Business-As-Usual (BAU), Growth in
Electrification and Urbanization (E&U), High Economic Growth (HEG) and Improved Energy
Efficiency (IEE) scenarios. The electricity demand projection under the BAU scenario is shown
in Table 20. It is evident that the country expects a strongly increasing electricity demand in the
future three decades. A comparison of the scenarios shows that, highest demand is expected for
E&U scenario since more electricity-based end-uses are utilized. In 2050, the total electricity
demand under the E&U scenario is expected to reach 256 TWh while HEG demands 253 TWh
and BAU consumes 229 TWh. The total energy saving under the IEE scenario is mainly due to
technology improvement, demand-side management, industrial energy audit and efficiency

measures, network loss reduction, etc. which are estimated to be about 43 TWh.
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Table 20 Electricity demand projections in LEAP-BAU scenario, 2018-2050.

In TWh 2018 2020 2030 2040 2050
Industry 13 15.1 28.2 46.9 69.3
Household 4.6 6.4 20.6 40.7 62.5
Commercial 2.6 3.1 6.6 12.5 21.0
Agriculture 0.1 0.5 4.4 10.4 16.4
Transport 33 3.9 15.0 20.4 249
Export 1.5 4.5 13.8 32.0 353
Total 25.1 335 88.6 162.9 229.4

In the context of the country, where variable sources account a negligible part of the power system,
time slices are defined primarily according to the variability of demand (according to the
seasonality of river, in a system with a high share of hydropower). Therefore, the model is not
required to capture the variability of the supply. In order to represent the variability of demand,
the 8760 hours that make up a year are broken down into time blocks or time slices that capture
seasonal, weekly and daily variations. In this study, 6 time-slices are used in which the year is sub-
divided into two seasons as dry (September-May) and rainy (June-August) season. The 24-hour
day is then sub-divided into three time blocks as: day (06:00am-06:00pm), night (10:00pm-
06:00am) and peak(06:00pm-10:00pm).

5.3.3. Scenarios

Five different scenarios are employed, namely: reference scenario (ref), grid extension scenario
(grx), multiple-resource mix scenario (mix), renewable and intermittent resource target scenario
(VRE) and improved efficiency scenario (Eff). The scenarios are selected by considering the
country’s context in terms of electricity access, future governmental direction, and technological

change.
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o Reference scenario

The reference scenario (ref) is a policy-driven scenario which is a continuation of current policy,
program, and target of the government. The GoE aims to achieve universal access to electricity
nationwide by 2025 where 65% of households are expected to be supplied through grid-connection
while the remaining 35% access electricity via off-grid technologies [MoWIE, 2019; ECRGES,
2011]. Therefore, the reference scenario considers both grid and off-grid technologies to be used

for meeting the future demand.

Centralized power plants will be contributing to the grid while decentralized technologies are
connected to the off-grid system. Grid access to household sector will be growing from 20.5% in
2018 to 65% in 2025 and off-grid access falling from 79.5% in 2018 to 35% in 2025. From 2025
onwards, both grid and off-grid systems will serve their respective demand with 65%/35%

household share (see Table 21).

Table 21 Household electricity access and demand projection-ref scenario, 2018-2050

2018 2025 2030 2040 2050

Grid
Coverage (%) 20.5 65 65 65 65
Demand (TWh) 0.94 7.7 13.4 26.5 40.6
Off-grid
Coverage (%) 79.5 35 35 35 35
Demand (TWh) 3.6 4.1 7.2 14.2 21.8

o @Grid extension scenario

The grid extension (grx) scenario is based on the reference scenario. The GoE aims to expand the
grid from 65% by 2025 to 96% by 2030 and only 4% will be supplied via off-grid systems.
Accordingly, this scenario will be used to test the feasibility of the above policy. It intends to

expand the network to all households by eliminating the off-grid systems. This means that
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decentralized technologies will be excluded from alternative supply resources by constraining their
installed capacities and output. In addition, no specified demand profile would be given to off-grid

customers.
o Multiple-resource mix scenario

The multiple-resource mix (mix) scenario is based on the grid extension scenario and tries to
mitigate the hydropower vulnerability and supply insecurity by adding multiple renewable and
thermal resource mixes. The model is forced to include certain technologies by constraining their

minimum installed capacities and output as shown below.

e Biomass-1.5GW by 2025 and 2GW by 2030,

e Geothermal-2GW by 2025 and SGW by 2030,

e NGCC-1GW by 2030,

e NGOC-0.5GW by 2030,

e Nuclear-0.5GW by 2030 and 1.5GW by 2035,

e PV, utility-1.5GW by 2030 and 3GW by 2035,

e Waste inciner. -0.1GW by 2030,

e Wind, utility-1.5GW by 2030 and 3GW by 2035.

The operation year and minimum capacities of the power plants are assumed considering the speed

of construction for each technology and future government direction.
o Renewable and intermittent resource target scenario

The GoE has a plan to diversify the country’s energy mix with wind, solar and geothermal
resources to create a low-carbon future and complement the large base of hydro [Guta et al., 2015;
Mekonnen et al., 2015]. An ideal power system is one that delivers affordable, reliable, and socially

and environmentally responsible clean energy.
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A 100% renewable based grid with high share of variable generation would fulfill the above
criteria. Accordingly, the renewable and intermittent resource target (VRE) scenario is based on
the grid extension scenario which investigates the feasibility of 100% renewable energy
penetration (included hydropower, geothermal and biomass) and high penetrations of variable
renewable generation (solar, wind). Unlike the other scenarios, large-hydro is allowed to be
dispatched up to 40GW. In this scenario, 100% renewable target is assumed to be achieved by
2030 out of which 20% is from solar and wind. In the remaining years, the share of variable

generation is set to increase from 20% by 2030 to 30% by 2035 and up to 40% by 2040.
o Improved Efficiency scenario

The improved efficiency (Eff) scenario is also based on the grid extension scenario that is designed
to increase the demand and supply side energy efficiency. It is a policy-driven scenario that seeks
to increase the long-term power generation by implementing efficiency improvement policies on
the electricity sector. Demand-side management (DSM) activities intend to obtain a load curve
favorable to both customers and utility through peak shaving, valley filling, load shifting, strategic
load reduction and growth, etc. [Das et al., 2018]. Some of the mechanisms include standards and
labeling, energy management and auditing, technology improvement, etc. These DSM measures
and efficiency improvements are applied in the LEAP demand model. Progressive efficiency gain
is assumed to be effective in the industry sector through energy audits and industrial efficiency
measures. These can have the potential to save up to 30% of the electricity consumed in the
industry sector by 2040. Improved lighting standards and DSM programs are expected to reduce
the energy intensity of urban households by 1% every year. In addition, electric stove energy
intensity is expected to achieve 0.5% per year. Similar assumptions are taken for other home
appliances. Replacement of streetlights with efficient light emitting diodes (LEDs) with smart

control can also reduce the electricity consumption by 60%.

From the supply side, Ethiopia has a significant transmission and distribution (T&D) losses that

affect the reliability and quality of service provided to customers. The government is expected to
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implement network rehabilitation that result in power quality and system efficiency improvement.
Accordingly, this scenario considers a total power loss reduction from the average historical loss

of 23% to 12.5% by 2030 and down to 9% by 2035.

5.4. Optimization results and analysis

Each of the developed scenarios described above are compared in terms of composition of

electricity generation, energy resource diversity, economic cost and emissions.

5.4.1. Comparison of electricity generation and installed capacity mixes under various

scenarios

Fig. 27 shows the electricity generation and corresponding installed capacities for the reference
scenario. The electricity generation for the base year 2018 is 31 TWh. The predicted growth in
electricity for the year 2030 is more than 300% with a total generation of 99 TWh. In the next two
decades, the generation is expected to show rapid increase to meet the rising demand in different
sectors. In 2050, the total generation is expected to reach about 255 TWh. Comparison of reference
and other alternative scenarios (see Fig. 28 to Fig. 31) shows that the generation growth pattern
is similar for all scenarios except for the improved efficiency scenario, in which the total generation
is 6 TWh and 39 TWh lower in 2030 and 2050, respectively, due to energy savings at the demand
and supply-sides.

Looking at the electricity generation mix, the transition from a hydro-dominated source to
diversified sources is slow. In all the scenarios, the OSeMOSY S model prioritizes hydropower due
to the abundant resource availability, flexible properties, low capital, and fixed costs together with
anegligible variable cost. Between the years 2018 and 2030, the penetration of hydro in the energy
mix is mostly above 90% for all scenarios. However, in later years, the electricity supply share of

hydro decreases to about 40% by 2050.

CSP, natural gas combined cycle (NGCC) and wind energy are the major alternative sources used

in ref, grx and Eff scenarios. In the mix and vRE scenarios, solar PV and geothermal sources
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displace the CSP and NGCC technologies. In the ref scenario, small-scale wind turbine is the major
distributed technology that is used to supply off-grid customers in addition to small-scale
hydropower and rooftop solar PV. Small-scale wind turbines account 21%, 42% and 62% of the
off-grid demand in the years 2030, 2040 and 2050 respectively while the remaining 44% and 22%
are covered by small-scale hydropower in the years 2030 and 2040. By 2050, rooftop solar PVs
gradually increase their share to 14% while small-scale hydropower decreases. The model has also

deployed distributed small-scale diesel generators to meet the remaining off-grid demand.

Nuclear power and waste incineration plants are not favored by the model in any of the scenarios
except when it is forced to include minimum capacities in the mix scenario. Biomass is also not
included in the energy mix due to high investment, fixed and variable costs. This is reflected in
the levelized cost of electricity (LCOE) shown in Fig. 32 that measures the cost per unit of
electricity supplied from various technologies. LCOE is lowest for hydro, utility PV, wind and
natural gas, and highest for diesel, waste incinerator, biomass and nuclear. Even though the LCOE
primarily determines the ranking of technologies, it does not guarantee higher dispatchability in
the model. This is demonstrated by the larger deployment of CSP over utility PV. This is because
the objective of finding the minimum annual cost also includes capacity and energy balance
constraints that depend on the availability and capacity factor (annual operation time) of the
technology. CSP is equipped with a heat storage system to allow for electricity generation at night
or when the sky is cloudy. This will offer additional flexibility and significantly increase the

capacity factor in comparison to solar PV.

In 2018, more than 90% of the total installed capacity is accounted to hydropower (see Fig. 27-
B). This proportion decreases to about 54% by 2040 and 37% by 2050 as a result of increased
capacity mixes from other alternative resources. By 2050, the total installed capacities are expected
to reach 91 GW, 83 GW, 77 GW, 72 GW and 68 GW for the scenarios VRE, ref, grx, mix and Eff
respectively. Compared to the grx scenario, the Eff scenario has reduced the installed capacity by
9 GW. As discussed below in the next section, this capacity reduction has resulted in a significant

financial saving by avoiding unnecessary future power plant investments.
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Fig. 27 Electricity generation mix (A) and installed capacity (B) under the reference scenario
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Fig. 28 Electricity generation mix (A) and installed capacity (B) under the grid extension scenario
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Fig. 29 Electricity generation mix (A) and installed capacity (B) under the multiple resource mix scenario
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Fig. 30 Electricity generation mix (A) and installed capacity (B) under the intermittent
resource target scenario
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Fig. 31 Electricity generation mix (A) and installed capacity (B) under the improved efficiency

scenario
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Fig. 32 Levelized cost of electricity (LCOE) for various technologies
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5.4.2. Economic cost

Fig. 33 (subplot a) shows the total (MUSD) and unit discounted cost of energy (USD/MWh)
for all the scenarios. The technology costs are discounted to the base year 2018 considering the
period between 2018 and 2050. Total cost comprises of capital cost, fixed O&M cost and fuel
cost for generation and T&D infrastructure. The generation system has the highest share of

discounted cost accounting more than 69% in all the scenarios. Transmission, substation and

distribution infrastructure come next, accounting for 14%, 12% & 5% respectively.
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Fig. 33 Total and unit discounted costs (a) and discounted cost of hydropower technology (b)

Comparing the total discounted costs over the time horizon (2018-2050) between the scenarios
shows that the mix and VRE scenarios (about 37 BUSD each) are approximately 12% higher
than the grx scenario (about 32 BUSD). The ref scenario is higher by about 9% while the Eff
scenario is less by 11% compared to the grx scenario. The lower cost in the Eff scenario which
is close to 4 BUSD is mainly as a result of loss reduction on the T&D network but also due to

efficiency improvements on the supply and demand-sides.

Fig. 33 (subplot b) shows the discounted cost of energy from hydropower plant. Almost all of
the discounted cost is due to capital investment with negligible fixed operation and
maintenance (O&M) cost and salvage value. The difference among the discounted costs of the
five scenarios is due to economy of scale of the capacity and produced energy from the

corresponding hydropower plants.
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5.4.3. Emissions

Given the higher use of renewable technologies to generate electricity in all scenarios, the
greenhouse gas emissions resulted from generation technologies is quite low. Overall annual
CO; emissions for the period between 2030 and 2050 is estimated to be about 15 kton/y (see
Appendix D, Fig. A - 7 Annual emissions under the grx scenario). NOx emissions are also
negligible. These low-level CO2 and NOx emissions are mainly generated from the natural gas

power plants.

5.4.4. Model validation

In order to verify that the OSeMOSY S model is performing as expected, the energy balance of
the output is checked according to the RES developed for Ethiopia (see Fig. 26). For instance,
under the grx scenario in 2018, the produced electric energy from various technologies amounts
to 31 TWh, transmission lines transported about 29 TWh and distribution lines about 24 TWh
which equals the total exogenously given domestic demand. The reduction in value from
generation to transmission and all the way to final demand is because of T&D losses. Such
pattern is similar to all the remaining scenarios and years that confirms the model is executing

correctly.

5.4.5. Sensitivity analysis

Sensitivity analysis has been carried out on the results found from the OSeMOSY'S model by
varying the discount rates, capital cost of hydro and availability of CSP storage. This will

provide crucial information regarding the effects of changes in critical inputs and assumptions.

5.4.5.1.  Electricity generation sensitivity to different discount rates

Four different discount rates: 5%, 7%, 12% and 15% are applied in the reference and alternative
scenarios and compared with the 10%-rate used in the study. Such comparison of different
discount rates is intended to show the investment, choice, and capacity-mix implications for
power generation technologies. Table 22 presents the total discounted cost (MUSD/y, 2018)
with the alternative discount rates applied to each of the considered scenarios. The results

generally show that the total discounted cost decreases as discount rates are incremented from
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5% to 15%. This is consistent with the theory that “the larger the discount rate, the lower the
impact of the future extra costs” [Gusano and Kirkengen, 2016]. In addition, the OSeMOSY'S
discounted equations (refer Eq. 12 & 13) also justify this result.

The effect of the discount rate on choice of technologies and energy-mix is shown in Fig. 34
for discount rates of 5% and 15%. The results show that the electricity generation mix vary
according to the assumed discount rates. Natural gas, utility-scale wind technology and small-
scale diesel generators are partly displaced by CSP, medium-scale hydropower plant and
rooftop solar PVs (i.e. with higher investment cost) as the value of the discount rate decreases.
On the contrary, the share of natural gas and distributed diesel generators increases by
displacing rooftop solar PV and a small portion of hydro as the discount rate increases. This
shows that higher discount rates favour expansion of natural gas power plants, and the country
may be required to invest more on the technology.

Table 22 Sensitivity analysis of the total discounted cost with discount rates of 5%, 7%, 12%
and 15% relative to 10%.

Total discounted cost [2018 MUSD/y]

5% 7% 10% 12% 15%
ref 14,543 12,516 10,927 10,085 8,898
arx 12,605 12,188 11,086 10,265 9,078
mix 12,605 12,188 11,125 10,329 9,213
vRE 12,605 12,188 11,086 10,265 9,078
Eff 12,564 12,149 11,050 10,232 9,049
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Fig. 34 Electricity generation mix under the reference scenario with a 5% (A) and 15% (B)
discount rates
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5.4.5.2.  Electricity generation sensitivity to increased hydro capital cost

Increased capital costs of hydro will change the shape of the energy-mix as demonstrated in
Fig. 35 with increments of 20% (i.e., 2400 USD/kW) and 50% (i.e., 3000 USD/kW). 20%
increase in capital cost partly displaces hydro by raising the production level of NGCC. Further
increase of capital cost results in reduction of the share of hydro that is replaced with other
competitive sources such as natural gas, geothermal, wind and CSP. With 50% increase in
capital cost, the model chooses not to allocate any additional new capacity to hydro, keeping

only the residual capacity.
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Fig. 35 Electricity generation mix under grid extension scenario with a capital cost increase by 20%

(4) and 50% (B)

5.4.5.3.  Electricity generation sensitivity with no thermal storage of CSP

Avoiding the thermal storage of CSP will mainly change the value of the parameters: capital

cost, capacity factor and capacity credit. The capital cost is changed from the original values

of 5238USD/kW in 2020 to 2910USD/kW, 3650USD/kW in 2030 to 2037USD/kW, and

2555USD/kW in 2040 to 1426USD/kW. The original capacity factor of 63% is changed into

35% which is only applicable for the time slices DD and RD while zero values are entered for

the remaining time slices: DN, DP, RN and RP. This will drastically decrease the availability
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and annual production of the technology that is similar to utility-scale PV plants. The capacity

credit is also reduced to 5% which significantly lowers its contribution to the reserve supply.

Fig. 36 shows the model outputs of the electricity generation mix and corresponding total
annual installed capacity without considering the thermal storage of CSP. It can be seen that
CSP is entirely excluded from the energy mix being replaced mainly by geothermal and some
part by biomass. This shows that CSP without storage is not competitive as it is with storage
mainly due to the unavailability of the technology in most periods of the year where there is no
sunlight and no production.
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Fig. 36 Electricity generation mix (A) and installed capacity (B) under grid extension scenario with

no thermal storage of CSP

5.5. Discussion

This study aims to provide a better representation of the electricity system of developing
countries while considering their unique features and characteristics. It tries to identify the
potential pathways of the future power generation sector taking Ethiopia as a case study. Five
scenarios were employed, namely, reference scenario (ref), grid extension scenario (grx)),
multiple resource mix (mix), renewable and intermittent resource target scenario (VRE) and
improved efficiency scenario (Eff) to assess alternative development pathways of Ethiopia’s

future electricity system from 2018 to 2050. The scenarios represent alternative technologies,
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policy choices and practical strategies that can address issues of electricity access, security,

sustainability, and affordability.

Even though there is a similar approach of using OSeMOSYS and LEAP in [Rady et al., 2018;
Ouedraogo, 2017; Dhakouani et al., 2017; Awopone and Zobaa, 2017; Kumar, 2016; Yophy et
al.,2010; Mondal et al., 2018], their methodologies are different compared to the current study.
Considering the unique features and specific characteristics of energy and electricity systems
in developing countries (as discussed in section 2.3), a better representation of the electricity
system is needed in both the supply and demand models. In this regard, none of the above

studies fully address these features in their models.

In the present study, the methodology used to determine the optimal supply mix alternatives of
the future power system of Ethiopia is by soft-linking a simulation modeling tool to an
optimization modeling tool. The motivation for this soft-linking is driven by the fact that one
specific modeling tool cannot incorporate all the specific characteristics of developing
countries and better system representation of the supply and demand-sides can be achieved by
drawing on the strengths of additional modeling tools. LEAP is a simulation-based modeling
framework which is used for demand forecasting and energy system analysis. It is also used to
analyze the energy demand evolution of the country by considering major scenarios that detect
emerging issues and plausible trends. Sector wise and technological representation of end-uses
at a disaggregated level in terms of urban-rural divide, electrified and non-electrified areas,
economic and/or technological transitions, informal sector and supply shortage features are
included in the LEAP model. Moreover, the effects of unsustainable use of traditional energy
sources, high population growth and modernization and urbanization are studied in making the
projection of the energy demand. Few of these aspects are reflected in [Mondal et al., 2018]
that attempts to forecast the future demand of Ethiopia using the LEAP framework. However,
that assessment is not complete in considering the rate-of-change in socio-economy,
technological change, informal economy, supply shortage and future governmental direction.

Further, the time horizon is constrained up to 2030.

On the other hand, we used the OSeMOSYS framework as an optimization model to find the

minimum electricity generation costs for given constraints. The projected energy demand
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outputs of the LEAP model for various scenarios and sectors are extracted for multiple target
years which are then given as input to the demand parameters of the OSeMOSY S model. With
the intention of improving the low electricity access and poor performance of the power sector,
the feasibility of including new technologies to the system is analyzed with centralized and
decentralized technologies in the developed Ethiopian OSeMOSY'S model. In connection with
this point, [Marong et al., 2018] considers off-grid technologies of the rooftop solar PV and
mini-hydro to contribute to the universal electricity access targeted in Gambia by 2030,
however, the authors did not further explore the feasibility of supplying the non-electrified

remote-rural areas through assessment of grid-extension and/or off-grid systems options.

Technology learning and investment cost reduction aspects are included in [Marong et al.,
2018; Das et al., 2018; Mondal et al., 2017; Handayani et al., 2019] and high system losses are
represented in [Ouedraogo, 2017; Awopone and Zobaa, 2017; marong et al., 2018; Mondal et
al., 2017], while in the current study and model, all these, declining cost with technology
learning, high system losses and future policy-driven energy savings, are accounted for.
Further, in addition to taking into account reliable sources and estimations, the data used in the
current study considers the context of the country in terms of resource availability, technology
maturity, governmental plan, construction period and labor cost. These factors are important in
improving the data quality which would have some impact on capacity, generation, technology

mix, and costs.

Proper understanding and modelling of all these unique characteristics and context of
developing countries is crucial to prevent inaccurate analysis and the prescription of wrong

policies.

Comparison of the findings with other studies is only limited to some aspects due to
discrepancy of followed approaches and considered scenarios. Considering the first period
2018-2030 and second period 2031-2045, similar results of hydro dominance are estimated
with the electricity mix outputs in [GMSP-SIS, 2019] and [Mondal et al., 2017]. The least-cost
optimization model employed in [Mondal et al., 2017] also finds greater investment in hydro
and wind power technologies while solar PV, geothermal and combined gas plants contribute

to a limited extent. However, CSP is not selected by the model in the entire time horizon
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because of the unavailability of heat storage which led to zero production at night or when the
sky is cloudy. The current study shows that CSP equipped with heat storage and declining cost
with technology learning increases its competitiveness and leads to a higher contribution in the

context of Ethiopia.

Compared to the present study, [Mondal et al., 2017] anticipates a much lower value of the
energy demand and annual electricity production. In the best-case scenario, the electricity
production grows from 11 TWh in 2015-170 TWh in 2045. The main reason for the difference
is assumption of annual growth in electricity demand for various sectors. The average growth
rate of electricity demand by sector (2012-2030) is used to estimate electricity demand till
2045. The present study draws a feasible assumption of reduced gross domestic product (GDP)
growth rates of 9%, 7% and 4% over the years 2018-2030, 2031-2040 and 2041-2050
respectively. It also uses multi-variable regression and disaggregated model that represents the
useful energy demand in all sectors. Cooking and baking appliances (injera, bread, etc.) that
are the major power consuming loads in Ethiopia are represented in the energy use by
households. Moreover, latest developments and governmental plans are also considered in
estimating the capacity and operation period of future industrial parks, export plans and railway

lines.

When modelling energy systems with high variable resources, models need to capture the
variability of supply by accounting intra-annual temporal resolution. Having low level of
temporal detail or temporal mismatch may cause a period when too much variable resource
(VRE) is produced, which could lead to its being curtailed, or to a period of no production,
which other capacity would be required to cover. Moreover, insufficient capture of the
variability of supply could lead to a sub-optimal or inadequate capacity mix, as the costs linked
with periods of VRE over or under-production are insufficiently represented, and the need for
flexibility in the system may be underestimated [IRENA, 2017]. In this regard, the vRE
scenario which targets 40% share of variable generation can be more applicable by increasing
the model’s temporal resolution. However, temporal resolution can be increased only to a
limited extent because a model’s computational time exponentially increases as the task

becomes more complex particularly with the use of long planning horizon of 30 years plus.
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Furthermore, increasing a model’s resolution of time requires detailed and quality datasets

which are not readily available in developing countries like Ethiopia.

6. Reflections on the selected approaches and methods

This chapter provides a brief and critical reflection of the followed approaches and methods as

well as the main choices made during the course of this study.

6.1. Capturing unique features of developing countries

Our research has highlighted the importance of better system representation through capturing
the specific features of developing countries. These are: (i) supply shortage (ii) low
electrification (iii) poor performance of power sector (iv) high T&D loss (v) dominance of
traditional fuels (vi) urban-rural difference (vii) informal economy (viii) economic transition
(ix) inadequate use of subsidies (x) data need (xi) skill requirement and (xii) upfront financial
cost. This can be achieved by selection of the most appropriate modeling tool, use of
disaggregated analysis during model development and design of plausible scenarios. In this
regard, our soft-linking approach of coupling LEAP and OSeMOSYS has captured most of
these features. However, assessment of some of the features — i.e. informal sector, poor
performance of power sector and inadequate use of subsidies are not sufficiently represented

mainly due to limitation of modeling tool capability and lack of data.

6.2. Single-region Vs multi-region model

The OSeMOSY S-based supply optimization model is developed considering a spatial scope of
a single-region. This means that the electrified and unelectrified areas are modelled within the
same region by differentiating them through creating ad hoc fuels and technologies for each of
them. Centralized powerplants will inject produced power to the transmission system which is
part of the grid system while distributed and small-scale technologies will supply the
distribution system or directly to the end-users, as part of the off-grid system or back-up supply.
In the case of grid-extension, centralized technologies are allowed to contribute while
distributed technologies are constrained not to contribute to the demand. i.e. The total country

demand is supplied with centralized/large-scale powerplants. On the other hand, in the case of
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off-grid supply, distributed technologies are allowed to contribute to the off-grid demand by

constraining centralized technologies only to contribute to the grid-demand.

The other approach is to divide the country into two or more sub-regions, allowing the spatial
distribution of resources, demand and investment to be reflected in the model. Electrified (e.q.
urban) and unelectrified (e.q. rural) areas within the country can be represented by separate
supply-demand balances for the respective regions, including trade with other regions. Each
region will have separate fuels, technologies, T&D infrastructure and demand. It is then
possible to make comparison and feasibility assessment of centralized (grid-extension) and
decentralized (off-grid) systems and understand the optimization of when to connect them and
at what cost. However, in this study we used the single-region model approach mainly because

it is more efficient and convenient from a computational point of view.

6.3. Driver-based demand projections

As explained in the previous sections, the energy demand is critical in driving the OSeMOSY'S
based supply-optimization model and its projection is done outside the model. Driver-based
demand projections are calculated for end-use and customer categories, namely, industry,

household, commercial, agriculture, transport, public and export.

A combination of bottom-up forecasts and multi-variable regression modeling is employed to
make the forecast. The multi variable regression is advantageous in that a number of variables
other than the GDP can be included. Historical consumption, GDP, per capita income, number
of customers and number of households are the considered drivers whose evolution with time
will determine the energy demand projections. The rate-of-change of these driving factors can
incorporate the effects of changes in population, urbanization, agricultural growth, structure of

GDP, pattern of industrial growth, etc. and they are changed between different scenarios.

Other techniques such as artificial neural networks (ANN), Markov chain, time series, fuzzy
logic and autoregressive integrated moving average (ARIMA) are extensively used in the
literature to forecast future energy demands. However, the general purpose of the demand

projection in this study is exploring the future by relying on scenario analysis. This means that
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being a long-term demand forecasting, the predictions are not required to be as accurate as the

short one. As a result, a less robust prediction is done avoiding the use of sophisticated tools.

6.4. Techno-economic assumptions

Techno-economic assumptions play a crucial role in the least-cost generation optimization
model by determining which of the existing and future technologies should be included and by
how much capacity. All the technologies are defined by techno parameters such as performance
(efficiency, availability factor, capacity factor, residual capacity, operational life, etc.),
production targets, reserve margin, etc. while economic parameters include investment costs,

fixed and variable operation and maintenance cost.

The investment cost of certain technologies such as solar PV, wind, biomass, CSP and
geothermal are assumed to change over time to account for technology learning. All these
parameters are considered when developing the optimization model, particularly giving more
attention to the relative costs of different technologies (as opposed to trying to use correct
absolute costs). Furthermore, the techno-economic data used in this research strongly considers
the country’s context in terms of resource availability, technology maturity, government plan,
construction period and labor cost. Therefore, our techno-economic assumptions are better
suited to represent the reality which enhances the credibility of the optimization model and

results of capacity, generation, technology mix and costs.

6.5. Model projection uncertainties and validation

Even though models are designed to best represent the real system by taking large sets of data,
there will always be uncertainties about the future. The model developer is required to make
its own estimates and assumptions to simplify the reality by disregarding certain aspects that
are not critical. This is especially true for models dealing with future situations. Those estimates

and assumptions may or may not turn out to be valid under certain circumstances.

Similarly, our long-term supply-demand model also includes many choices and assumptions
about socio-economic and technological progress, future costs, future demand, policies,

government commitment, future people’s behavior, etc.
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Lundqvist and Mattson (2002) explore the approaches on how to measure the uncertainties and
validation accuracies in their transport model. They propose four types of validation criteria:
practical, theoretical, internal and external validation. Although supply-demand models are
different as they are more general compared to sector-specific transport models, these criteria
can be applicable to our model as well to a certain extent. However, it should be noted that the

validation of models is not the focus of this dissertation.

Practical validation involves how the system design corresponds to the scope of intended
policy analysis and how well the system is represented. Theoretical validation is the extent of
which theoretical foundation of the model describe the ‘causal relationships’ of the analyzed
system and which theoretical foundation it is based: partial or general equilibrium,
optimization, dynamic or static? And how well this corresponds to the studied system. /nternal
validation involves goodness-of-fit measures, parameters of the right sign and right magnitude
and sensitivity tests. External validation is the ability of the model to predict the future and

reproduce independent data.

In this regard, uncertainties are dealt in our model in the following ways. 1) Energy balance
(practical and external validation), 2) RES diagram (practical validation) 3) level of
disaggregation (practical validation), 4) soft-linking (practical and theoretical validation) 5)
consistency (internal validation), 6) comparison with other literature (external validation), 7)
sensitivity analysis (internal validation), 8) measuring of goodness-of-fit and error (internal

validation).

As discussed in section 5.4.4. the energy balance of the OSeMOSY'S model output is checked
considering the developed RES diagram. The produced electric energy is supposed to show
reduction in value from generation to transmission and all the way to final demand because of
T&D losses. This pattern has been confirmed for all the scenarios and years. The RES diagram
is also developed considering the context of the country in terms of resource availability,
technology options, future system extensions, sectoral demands, power trade, etc. which

validates the high degree of system representation.
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Sector wise and technological representation of supply and end-uses at a disaggregated level
in terms of centralized vs decentralized systems, rural-urban divide, economic and/or
technological transition, informal sector and supply shortage features are employed in our soft-
linked supply-demand optimization models. This again is important in enhancing the accuracy

of system representation and making essential policy analysis.

The developed OSeMOSY'S model is an LP-based optimization that finds the least-cost way
of meeting the demand. This means that the techno-economic data input plays a key role in the
selection and comparison of all possible combinations. However, certain values and
estimations can differ between different sources and researches. In such a case, it is more
important to be consistent when developing the model and give more weight to relative
difference of parameters than having the absolute values correct. That is the approach followed

in taking the input data which is expected to improve the data quality and model outputs.

Comparison of the model outputs and findings with other studies is also another way of
checking how well the model is performing. The results are not expected to be similar, but a
substantial difference needs to be scrutinized and explained. In this regard, even though there
are not many studies, we made comparison of the projections with few studies who worked on
similar supply-demand aspects (see section 4.6 and 5.5). Discrepancies in methods and results

are justified and discussed in detail.

As part of internal validation process, sensitivity analysis is carried out on the results of the
model by identifying the underlying factors that affect the output (see section 5.4.5). This
provides crucial information regarding the effects of changes in critical inputs and assumptions.
Accordingly, the results of the OSeMOSY'S model are analyzed by varying the discount rates,
capital cost of hydro and availability of CSP storage. Our soft-linked supply-demand model
also employs multiple alternative scenarios that cover a broad range of uncertainties and policy

options considering the context of the country.

The results of the multi-variable regression demand forecasts are validated as the best fit by
measuring the coefficient of multiple determination (R?), statistical significance (p-value) and

standard error. Only those regressions which have high R? values (indicating good correlation),
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and with coefficients of reasonable magnitude and sign, and low p-values are used for

forecasting.

7. Conclusions

This chapter summarizes the main contributions and conclusions of this PhD dissertation and

provides suggestions for further research.

7.1. Summary and conclusions

7.1.1. Demand modeling

In this study, six demand scenarios were assessed to represent the alternative development
pathways of Ethiopia’s energy future from 2018 to 2050. The comparative analysis between
evaluated scenarios shows that energy demand will significantly increase for the BAU and the
HEG scenarios mainly due to population growth and economic development but much more
moderately for the E&U scenario due to faster electrification and urbanization that can replace
biomass-based consumption. The electricity demand increases strongly for BAU but even more
for HEG and E&U. This is due to high rate of urbanization, electrification and economic
development. The scenario independent strong increase shows the need for new capacity
additions. The result of the policy scenarios (IEE-1, IEE-2 and IEE-3) shows that while the
application of the energy efficiency policies and measures would only have a minor impact of
the energy demand, their impact on the electricity demand is large, and that the application of
such policies is a very important measure to combat supply-demand mismatch causing power
shortages and blackouts. Further, it is interesting to note that the electricity demand
development is very similar for the three policy scenarios both with regards to overall demand

and sector-specific demands. The electricity demand is increasing strongly in all sectors.

In all the years, the household sector takes the highest share of energy demand followed by the
transport sector. It is seen that it is possible to potentially reduce the household sector
consumption by rapidly shifting from biomass-based energy consumption to clean-fuel (biofuel
and electric)-based consumption. However, such technology transitions are not automatic and
require state intervention through appropriate policy-development. In this regard, the current

very low electricity access rate in rural areas should improve in the near future. Moreover,
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better service reliability and good power quality is also an important requirement to minimize
the use of biomass and fossil fuel-based backup solutions during interruptions and power

outages. This in turn requires a good power system planning.

The energy demand evolution under the BAU and HEG scenarios show that the household
sector and other sectors will heavily rely on biomass and fossil-fuels that lead to significant
CO; emission. On the other hand, E&U and IEE-3 scenarios result a much lower energy
demand that can reduce significant CO; emission. This implies that it is possible for Ethiopia
to potentially reduce its biomass dependency and CO; emission by setting the right policies
and implementing various strategies. It is also shown that electricity efficiency improvements
are crucial for controlling the evolution of the electricity demand through proper energy
policies. Considerable energy can be saved by implementing policy-driven efficiency measures
through technology improvement, DSM activities, industrial energy audit and network loss
reduction. The Ethiopian government has already started to explore several measures including
standards and labeling, energy management and auditing, public sector efficiency, technology
acceleration, awareness training and accreditation, etc. To ensure the effectiveness of these
programs in achieving electricity efficiency improvements, the government should focus on
long-term policies and strategies that can have significant impact on the future electricity

sector.

The analysis also showed that the transport sector will see an increasing and heavy reliance on
imported fossil-fuels in the long-run. This is true despite the assumption of intensive electric
vehicle deployment in the last decade. This means that it takes many more years beyond 2050
to potentially replace the existing/future penetrating fossil-fuel-based vehicles. Therefore, the
government is required to work on new policy measures that can speed up the transition to

electric vehicles and encourage their adoption through various means.

Overall, the scenario analysis and forecasting results of this study could potentially have
important implications for energy planners and policymakers in fostering a long-term energy
strategy, systems planning, financing and development of new generation capacity to meet the
projected demand in energy and electricity. The presented scenarios set clear targeted vision

that could be fully or partially adopted by policymakers in all underdeveloped countries for the
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purpose of determining future supply mixes, minimizing system costs, social & economic
benefits, emission reductions, improve service reliability, etc. The developed LEAP energy
demand model considered the unique features and characteristics of developing countries
which resulted in a better system representation compared to earlier studies. The model could
be used by other interested academicians and energy-planners to further study the future energy
demand by modifying the existing scenarios or drawing additional new scenarios with an
entirely different assumption. In addition, someone could also explore by conducting

sensitivity analysis on how scenario results would change on critical assumptions.

7.1.2. Supply modeling

In the supply modeling, a soft-linking approach of coupling two modelling frameworks was
adopted while considering the unique features and context of developing countries. The open-
source long-term energy modelling framework - OSeMOSYS was used to analyze the long-
term capacity expansion of the electricity supply system while the future energy demand was
analyzed in the LEAP framework. The work in this study shows that the soft-linking
methodology of LEAP based simulation and OSeMOSY'S based optimization model provides
a useful method to have better system representation that prevents inaccurate analysis and the

prescription of wrong policies.

In all the assumed scenarios, the model always prioritizes hydropower and utility-scale wind
energy attributed to abundant resource availability, complementary nature to tackle variation
and low economic cost of the technologies compared to others. This results in a slow transition
of the historically hydro-dominated source to a more diversified energy resource mix. Other
alternative technologies used in the energy mix in most scenarios are natural gas combined
cycle, concentrated solar power, wind, and geothermal. Technologies such as nuclear, biomass
and waste incineration plants are not included in most scenarios unless they are forcefully
policy-driven. This is associated with higher economic cost of the technologies and cost of
imported fuel. The results show that renewable technologies are more competitive and
favorable in the context of Ethiopia. Moreover, the higher use of renewable technologies to

generate electricity maintained the country’s greenhouse gas emission at a low level.
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In the reference scenario, centralized technologies of hydropower, NGCC, CSP and wind are
mainly utilized to meet the grid-demand while off-grid demand is supplied through distributed
technologies of small-scale wind turbine, small-scale hydro, and rooftop solar PV. By 2050,
the improved efficiency scenario is expected to reduce the installed capacity by 9 GW which
translates into approximately 11% total discounted cost saving over the entire time horizon.
This economic benefit evidently made the Eff scenario the most desirable compared to the

other scenarios.

The sensitivity analysis carried out by taking alternative discount rates of 5%, 7%, 12% and
15% show that the total discounted cost and electricity generation mix vary according to the
assumed discount rates. In line with [Gusano & Kirkengen, 2016], the sensitivity results in
general show that higher discount rates favor expansion of natural gas power plants while lower
discount rates lead to increased utilization of CSP, medium-scale hydropower plant and rooftop
solar PVs. Moreover, it is shown that increased capital cost of hydro results in reduction of the
share of hydro and replacement with other competitive sources. The sensitivity results also

showed that CSP without storage is not competitive in the context of Ethiopia.

Each of the assessed scenarios and policy options has serious implications on major aspects
such as technology and capacity choice, investment cost, GHG emission, universal access, and
supply security. Given that the electricity access of Ethiopia is currently at an early stage and
there is a long way ahead for the power sector to expand and improve, policymakers can get
useful information to evaluate and decide on how the electricity sector might evolve in the

future.

The results show that Ethiopia needs to invest in renewable energy resources. Hydropower will
continue to play a key role in the future electricity supply with the addition of alternative
resources like wind, natural gas, geothermal, solar PV and CSP. Given the presence of a large
hydropower capacity in the supply mix and its exposure to climate change, proper measures to
enhance resilience to dry years are an important focus area for the energy policy in a hydro
dominated country like Ethiopia. In this regard, the diversification of the power generation mix
with alternative resources, particularly fuel-based dispatchable generation (e.g. natural gas) can

enhance the system’s resiliency to the adverse impacts of climate change. However, additional
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measures are also needed to effectively manage the dry periods. These include: 1) electric
power exchange with neighboring countries (i.e. adjusting export/import), 2) demand response
management (i.e. change in end-user electricity consumption to help balance the generation),

3) redesigning infrastructure (e.g. enhance reservoir capacity).

CSP and natural gas are new technologies to the country that need local learning and increased
number of skilled workforces. The country actually needs to build its own army of competence
and capability in all renewable energy resources to successfully deploy and manage the future
technologies. In addition, given the use of large-scale renewable resources, policymakers are
expected to allocate adequate land for possible development of solar PVs, wind and CSP farms.
Furthermore, vast expansion of the generation system and integration of variable energy
resources of solar and wind to the grid will likely bring big challenges for energy providers and
system operators in Ethiopia. Therefore, the T&D grid capacity should improve in parallel with

the generation expansion.

Our analysis also shows that the implementation of improved efficiency in the electricity
system is expected to have important roles in future energy investment pathways. Accordingly,
policymakers are suggested to develop effective policies that support the technological and
efficiency innovations in the power sector. It is also worth mentioning that the followed
approaches and developed supply-demand models can represent and highly relate to other less
developed and developing countries outside Ethiopia where the model outputs and policy
implications can indirectly be used to explore national and regional power sector development

by making small changes and improvements.

7.2. Possible limitations of the research and future work

There are some limitations of our research that point to topics to be addressed in the future.
The model and analysis consider a spatial scope of a single-region and did not consider the
disaggregation of the country on socio-economic status (level or urbanization, size, economic
structure, human resources, etc.) or climate conditions by region. A detailed disaggregated
analysis may provide better insight into sector wise regional climate impact. This is especially
evident for the fossil-fuel based transport sector that has the potential to reduce the significant

CO; emission in the country. In addition, a disaggregated analysis may provide better insight
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into sector wise regional energy assessments with regard to electricity access, sustainability,
security and affordability. Another limitation with regards to the demand modeling is that it
does not consider seasonal fluctuations. Even though the study is long-term, concerned with
the general evolution of energy demand in the next three decades, someone may be interested
to see the future seasonal behavior of the energy consumption. However, we do not expect

these limitations to change the analysis and results.

Increasing the model resolution in time and space is important at representing the operation of
the power system, particularly with large-scale deployment of wind and solar sources to the
grid as it poses challenges by introducing variability on the generation side. Unlike
conventional sources, variable renewable energy resources are non-dispatchable and inflexible.
This makes it very difficult for power system operators to keep the balance between supply and
demand. In this regard, accounting the intra-annual variability of VRE supply and load, and
the resulting flexibility requirements and relevant technical characteristics of dispatchable
plants becomes quite essential. Therefore, assessment of the best applicable ways to increase
the effective variation management strategies (VMS) along with design of the electricity
system to tackle the varying or inflexible generation problems could be taken as an interesting

topic for future research.

The use of high time and geographical resolution in operational models of developing countries
should also be accompanied by other modelling improvements. Our study showed that the
existing standard global modelling tools inadequately capture the characteristics of developing
countries with a huge need for improvement. As a result, interested modeling framework
developers and institutions could either improve the existing modeling tools or develop new
advanced solutions to effectively represent the energy system of developing countries and

capture all their features.
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Abstrace—Recently, the government of Ethiopia haz been
zhaking wp the power induztry by introducing reforms with the
hope of increazing electricity access, ensuring resource
adeguacy, stimulating private imvestmeni and guaranteeing
financial zustainability of the sector. Restructuring of utility,
liberalizing energy markst, tariff revizion, tzrgeting univerzal
access, and export market are zome of the zea changes
undertaken by the povernment. The expecied return from these
reforms iz very high, sometimes to a level that it locks too good
to be trus. The study thus evaluates the effectivenezz of the
reforms by azzeszing the foture seneration adequacy in contrast
to the growing electricity demand. An analytical method to
calenlate rezource planning indicez snch as reserve margin and
expected unzerved energy iz nzed. The rezultz show that the
Ethiopian power zyztem will face about 10 TWh ensrey shortage
in the near-future. The study begin: by providing an overview
of the power sector and the recent reform activitiez with their
intentions and goals. The rezali of the study counld be importani
az input for msaking policy-adjoztmentz and'or revamping
implementation strategies.

Index Terms—power sector reform, gensration, resource
adequacy, tnstalled capacity, peak demand

I INTRODUCTION

a) Owerview of Ethiopian power sector

Ethiopia is one of the most suitable nations in Africa for
tapping renewable energy resources. It has a high potential for
solar, wind, and hydropower in addition to gecthermal and
bicenergy as altemative source. The country has the potential
to generate more than 45000 MW from its boundary and
trans-boundary nivers, an astounding 1350 GW from wind
and 10.000 MW from gecthermal energy resources [1L[2].
Since the couniry is located near the equator, its solar resource
is cbviously of significant potential. The annmal average daily
radiation reaching the ground is estimated to be 3.5
EWh/m?/day [1].[3].

Under the Paris t countries have committed to
realize substantial GHG emission reduction in the shm'tterm
(COP-21, 2015) and stay below the 2 °C average
temperature increase [4]. Ethiopia has significantly bold
ambitions vnder itz Natiomally Determined Contribution
(INDC), as it intends to reduce its emissions of 400 MtCOwe by
64% by the vear 2030, implying a reduction of 235 MtCO:ze
down to 145 MCOze [1],[5]. All sources of renewable energy
would have huge contributions to Ethiopia's green energy
development, as the government imtends to achieve the
middle-income status by 2025 [1] But the country’s
renewable energy potential 15 still largely untapped.
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The interconnected system (ICS) consists of 13 hydro, six
diesel standbys, one geothermal and three wind farm plants
with installed capacities of 3.814 MW, 87 MW, 7.5 MW and
324 MW, respectively, implying a total of 4,233 MW national
generating capacity. The generation is dominated by

rer accounting for some 90% of the total generation.
A mumber of hydropower plants are also under construction
including the Grand Ethiopian Fenaissance Dam GERD
(6,450 MW). The govermnment’s aim is to achieve 1'.",208 MW
installed capacity by 2020. According to the second Growth
and Transformation Plan (GTP-II), that is guiding the overall
development endeavors of the country; in vear 2020, 13,817
MW is planned to be generated from hydropower; 1. 224 MW
from wind, 300 MW from solar, 577 MW gecthermal 257
MW from biomass and the ining from waste, gas and
sugar-factory cogeneration [6].

B) Electricity access

The country has managed to achieve universal electricity
access to almost all urban areas, while access to electricity in
rural areas is still very limited although expanding at a rapid
pace. About 80% of the population resides in rural areas,
largely relying on traditional biomass energy sources for
cooking and heating. The current access rate iz 20% rural and
83% wrban population which translates to about 409 total
electricity access with per capita consumption of 0.04 KW [7].
The majonity of the supply is thropgh the national grid, which
accounts to about 28% and the remaining 12% is via off-gnd
access.

The first mwal electrification project, launched in
1999/2000, resulted in electrification of 667 towms [1]. &
mainly focused on extending the netwoerk to major towns and
small towns (commonly called “Woreda™) located close to
substations or existing distnbution lines. However, in 2005, a
more ambiticus endeavor called the Universal Electricity
Access Progmm (UEAP} was launched that aimed to promote
socioeconomic development of rural areas in the country by
expanding the electricity networle

Between 2003 and 2013, UEAP has been able to spread
out the electricity grid to aboot 6,000 towns and villages and
achieve 60% grid coverage (geographical access) in the rural
areas [1]. The program zalso showcased the social and
economic impact of electricity through creating business
opportumities. improving health and education service as well
as improving life style: But, considering the remotensss, large
population and sparse density; extension of the grid is
technically difficult, inefficient “and costly.
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II. ELECTRICITY REFORM ACTIVITIES AND ITS
CHALLENGES

Many literature have shown that the driving foree behind
power sector reforms in developing countries is the poor
technical and financial performance of their electricity
industry. The main technical problems are lags in generation
capacity and high transmizsion and distribution (T&D) losses.
Whereas, the financial problems are reflected by low-debt
coverage, insufficient cash for new investments and
subsidized prices [8].[9]. Ethiopia has faced both technical
and financial problems. Technical problems in which
rotaticnal load shedding has been in practice due to
insufficient generation and high T&D losses accounting for
23% [6] against a world awverage of 9% [10], frequent
interruption and poor power quality were the prer.‘alent
characteristics of the grid network. Lack of the provision of
adequate and reliable electricity has also been the bottleneck
for accelerating the povernment’s major economic plan on
growth of manufacturing industry. On top of solving all these
problems, finding a way to boost the low-electricity access
was a big assignment of the government. In order to deal with
this crisis, the Government of Ethiopia (GoE) committed stself
to embark on reforming the power sector.

The reform began in 2013 by restructuring the utility:
Ethiopian Electric Power Corporation (EEPCo), which used
to be fully state-owned and vertically-integrated enterprise
was in charge of generating transmutting, distributing and
selling electricity throughout Ethiopia. EEPCo has been split
into two separate public enterprises, Ethiopian Electric Power
and Ethiopian Electric Utility (EEP and EEU), each with a
very different business, technical focus, and accountability for
operation and results. EEP iz respomnsible for generation,
transmission and wholesale of electricity nation-wide and
export the balance whereas EEU is engaged in power
distribution, sales, and customer services. In addition the
Ethiopian Energy Authority (EEA) has also been established
as the sector regulator.

In 2017, the GoE introduced an ambitious program, the
Naticnal Electrification Program (INEP) with a theme ‘Light
to All" which aims to achieve universal access of electricify
nationwide by 2025. The program is designed mainly to
consider least-cost grid connection rollout strategy from both
grid and off-grid supply that 1s based on spatial distribution of
households. In 2016, 7.6 million households were settled
proximately to the existing low voltage (LV) network of EEL,
while the other § million households (assuming average 5.3
persons per household) were not proximate and could not be
supplied by LV lines and required higher voltage levels [1].
To provide urgent connection, the plan is to connect 4.5
million of the proximate households by 2022 through
extending short LV service drops and metering which requires
less investment while the other 5.4 million customers (3.1
million proximate and 2.3 million non-proximate customers)
by 2025 through extending medium and high voltage lines. In
addition, the remaining 3.7 million househelds are planned to
be supplied with off-grid systems. These accounts for some
65% grid-connection and 35% off-grid supply by 2023 which
iz planned to be the period for 100% electricity access. The
off-grid supply is dm@ed.for remote settlements and villages
where grid connectivity is not the least cost solution The
technologies are mainly stand-alone sclar systems, but also
mini/micro grid network conmections expected to be delivered
by the private sector.

Tapping and mobilizing private capital and resources is
cne of the key-components to scale up generation,
transmission & distribution capacity, and increase electricity
supply. Focusing only on power generation, public private
partnerships (PPPs) are typically represented by independent
power producers (IPPs). which design, finance, build, operate,
maintain and decomumnizsion a power generation plant and
contract to sell the electricity generated to a publicly owned
power utility [11]. The GoE currently recognized that
engagement with the private sector especially with the
development of power generation is crucial fo meet the
covntry’s investment and energy policies and to establish
sustainability in infrastructure investment.

In recent years, the GoE is liberalizing the energy sector
for private sector participation, specifically to generate
significant financial resources and stinmlate investment in
power generation and transmission. In Janvary 2018, the GoE
has passed the comprehensive Public-Private Partnership
proclamation that includes the establishment of a legislation
and institutional framework for PPPs. Even though the
regulator has setup a basic legal framework which mvites
private players to undertake generation and transmission of
power, the energy tariff was one of the main bottle-necks that
hampered the engagement of international investors and
private power companies.

Last revised in 2006, the average flat rate tariffin Ethiopia
was just under 3 US cents per kilowatt hour. Considering
currency depreciation due to inflation, the tarifflevel has been
declining in real terms. Less cost of electricity from
hydropower and GoE commitment for endowment of the
power sector had a big role for the lowest domestic taniff rate
in Africa The generation cost from hydropower is about 9 US
cents per kilowatt hour; compared to the above tariff rate, it
can be seen that the government makes a significant subsidy
for electricity use.

The electricity generation in the country has quintupled
from 830 MW to 4,233 MW within just a decade. With such
high and fast generation-growth, the government could no
longer afford to sobsidize electnicity generation.
Consequently, as part of developing a workable and viable
long-term power sector, the taniff-framework revision started
in 2017, After long consultation of the draft new tariff
structure has been effected since December, 2018, The new
tariff structure is planned to be applied gradually with four
phases of increment every following year and the tanff after
the fourth year is expected to reflect the full cost of service
provision. However, the adjustment at this time is designed by
considering the affordability for the low-income population.
Those within a monthly consumption range of up to S0EWh
will stay within the old taniff and continnes as is.

From the above overview, it can be seen that thers were
few, but major power sector changes conducted within the
past few years. However, it is highly questionable whether
these reforms are adequate to support the needs anising from
the fast-economic growth of the country, regional
interconnection and power sector growth in terms of costomer
size, finance, human capital and technology. The current
slgp.i.ﬁcan‘ldemanﬂmﬂease is because of the new economic
developments such as the raitway transport, large irrigation
projects, indostry zones, housing projects and also due to
population growth
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M GENERATION: ADEQUACY OF SUPPLY

A literature search [12].[13], [14] on the definition of
resource adequacy shows that there 45 a commen
understanding on the subject. Rescurce adequacy (RA) is
interpreted as the ability of a wtilities” reliable capacity
resources (supply, 3) to meet the customers” energy or system
loads (demand, D) at all hours within the study period. Thisds
shown in (1). At any gzvenhmutam]lwdemesthzlj}>
D, resulting positive RA. The utility iz required to have
sufficient resources to satisfy forecasted futore demand.

RA=5-D: (1

The metrics most commonly used to assess resource
adequacy measure the expected days in a year that could face
a generation shortfall in addition to estimation of the energy

. These mclude loss-of-load probability (LOLP), loss-

of-load expectation (LOLE), loss-of-load hours (LOLH),

planning reserve in and expected unserved energy
(EUE)131[14]

For the study of Ethiopia’s near-firture resource adequacy,
the indices: feserve margin and expected unserved energy are
used. These metrics highly depend on the installed capacity,
plant capacity factor and peak demand. The data for these
parameters has been carefully assessed considering recent
developments on power plant constructions and demand
trends. The installed capacity growth in the past five years has
been significant This is illustrated 1n Fig_ 1. In comparison to
2013, ﬁemstaﬂed capacity has more than doubled mainly due
to the additicn of one hydropower plant: Gilgel gibe-IIT{1,870
MW and two wind-farms: Ashegoda and Adama T with
installed capacity of 120 MW and 153 MW respectively. This
has increased the total installed capacity to 4,233 MW.

Currently, there are many projects that are oader
development or with signed Power Purchase Agreement
(PPA) contfracts. H stations such as GERD (6,450
MW), Koyizha (2,160 MW) and Genale-dawa-IIT (234MW)
are part of the undergoing projects with 58%, 96% and 21%
construction completion status respectively. In addition
Chemoga-yeda (28¢ MW), Dabus (798 MW), Geba (372
MW), Genale (346 MW), Baro (645 MW), Genji (214 MW)
and Wabeshebele (87 MW) are also mn the pipeline at their
earliest construction stages.
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Fig 1 Installed pawar capaciry in Eihiopia, 2013-2018

Geothermal power plants which are expectsd to be
operational between 2020 and 2022 are Aluto Langano (70
MW), Corbetti (270 MW) and Tulumoye (500 MW). Biomass
plants veing sugar factories’ residue as a cogeneration,
municipal waste or organic matter are also part of the
underway projects with a total capacity of 683 MW that are
planned to be commissioned by the end of 2021. Two wind-
farms: Ar and Assela with installed capacity of 129 MW
and 100 MW respectively are expected to be operational by
2020. A number of Photovoltaic (PV) solar plants with fotal
capacity of about 2000 MW are also expected to be
operational before 2022

Table-I shows the expected installed capacities for the
future six years in comparison to the target set on GTP-IL The
comesponding capacities mentioned in the GTP from different
sources with a total of 17,208 MW and 63.207 GWh are
planned to be realized by the year 2019/20. Assuming timely
completion of the ongoing projects according to their
respective schedule and considering construction progress of
some of the major power plants, the attsinable installed
capacity and energy production reserve is determined. All
power plants are expected to start at full-capacity generation
cnce they are completed except for GERD where early
generation of two units (V30 MW) iz set to start 1n 2020
followed by 8 units (3,256 MW) in 2023 and the remaining 6
uaits (2,442 MW) in 2024

As shown in Fig. 2, the major share of supply is taken by
hydrepower both on GIP-II plan and implementation;
however, there i3 significant disparity in terms of magnitude
between the target and implementation The investigation
shows that it 1s impossible to meet the target of achieving
17,208 MW installed capacity by 2023/24 let alone 2019720
The delay of GERD by five years plays a major role which
was originally scheduled to be completed in 2017; but also
other hydro, wind, sclar and geothermal projects where there
is a significant shortfall. To study the implication of project
delays, we used the Planning Reserve Margin (PRM) wihich is
ﬂ:l.eabﬂ:t} of the projected capacity rescurces to meet the

projected peak demand given by (2).
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Fig. 1 GTP target Va. expected installed capacity.
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Firm Capacity—Peak Demand

PRM = Desk Demand @

The PRM level iz given in units of percentage that
represents the suorplus pgenerating capability above the
sustained-peak annmal demand. Firm capacity is the fraction
of variable renewable energy (VEE) capacity that is
guaraniteed to meet demand piven by (3). Where o; is the
capacity credit of power planttechnology i1 which is
constdered as “firm”; Cp; is the generating installed capacity
crfﬂmcmrﬁpmdmgpmﬁ'erp]ant

a
Firm Capacity = Z & % Cyi @
=1

Dispatchable power technologies (thermal and

hydropower vsing dams) have a value of 100% capacity
credit. For VRE (wind and solar). the capacity credit depends
on their penetration level and the quality of the resource.
Bough estimates of capacity credit for solar and wind in Africa
have been uzed in [13]. Considenng high quality of wind and
low share of generating capacity in Ethiopia, we have used
20% for wand power plants Centralized photovoltaic (FV)
plants were given a 5% capacity credit to account for their
variability and their sensitivity to cloud cover.
The firture annual-peak demand is adapted from robust long-
term planning studies condocted on the Ethiopian power
systemn. The Ethiopian Power Syztem ion Master Plan
(prepared by Parsons Brinckerhoff Consulting) [16]

TAELEL
GTF Target, MW
Soioe Type 201920 201938
Hidro 13817 4819
Wind 1224 44
Gaothermal 377 28
EBiomass and cogen. TEL 174
| Solar 300 330
Gas and others SO0 &7
Taoral 17208 6104
120
100
80
F 60
§ 40
20
o
-20

ALY L A A8
g A 104 ¥ apht=

Fiz 3. Planning reserve margin peak demand and instslled capacity.

developed i1 2014 uses a combination of regression and end-
user models to forecast Ethiopia’s 25-year electncity demand.
The master plan inclodes peak load forecasting considering
domestic demand in various sectors and export projections to
neighboring couniries. to this study, the energy
demand iz forecasted to reach 146691 GWh by 2037
representing an average growth of 13% per annum from 6,906
GWh i 2012 However, when comparing the forecasted
demand with the actoal peak demands recorded for the past
couple of years, the forecast was very much higher than the
actual values indicating that the forecast was too optimistic
and need to be revised based on current energy consumption
and fisture development plans. Recently, a new update of the
master plan 13 being developed by United States Agency for
International Development (USAID) [17] The stdy
anticipates a 15.2% annual growth rate from 12,540 GWh and
2,148 MW peak demand in 2017 for high scenario forecast
considering significant increase in exports as well as estimated
improvement in fransmission losses.

For the zake of determining the PRM as well 2z assessing
the overall supply adequacy. we have used the forecasted peak
demand from the USAID study. The expected installed
capacities for the coming years are determined as shown in
Table-1 by considering the construction progress of vanous
nEW power plants. The anrmal generation from each resource
is shown in Table-IL and Fig. 3 depicts the peak demand,
installed capacity and corresponding reserve margin for the
past and future vears while the firm energy production and
energy demand are shown in Fig 4.

THETALIFD CAPACITY: GTP TARGET VE. ATTAINABLE I¥ THE NEAR FUTURE
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ANNUAL GENERATION BY RESOURCE TYPE AND ENS
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Due to continncus nze of demand, the PRM had been
falling since 2013 with the lowest reserve margin of 8% and
-5% in 2015/16 and 2016/17 respectively. This wiclates the
recommended minimum PRM requirement of 10% [15].[18]
and 13% [19]. The negative valoe in 2016/17 indicates that the
available resources were not able to meet the peak demand
which might have led to load shedding The margin gets 56%0
in 2017/18 with the addition of Gilgel gibe-ITT hydropower
plant. In the next three vears. the margin is lower than 15%,
particularly in 2018/19 and 202021 ithas a value of 9% which
again wviclates the minimmm PEM requirement of 10%6. This
implies that the available power plants on those years may not
be adeguate to supply the peak demand. Afterwards, with the
addition of GERD and Kowisha hydroelectric station, the
PEM is mostly more than 50% meaning the generation firm
capacity is very high in comparison fo the expected peak
demand. It 15 also evident from the graph that peak demand
was steadily but slowly increasing in the past and faster
growth is anticipated in the near-fitture.

An evalvation critenia is shown in (4) which states that the
total firm capacity should always be greater than 110% of the
antiual peak demand (Dp). This is apparent considenng
minimum PRM of 10%.

n
D @XCi = (1+PRMua)Dp 0

=1

18488 21818 21818 28318 | 36820 43071 53827
g7 1680 1680 1680 ‘ 1680 1680 1680

o | 180 | 364 | o6 | 1036 | 2753 | 3772
o | 22 | 1ee | 1eee | 1620 | 1e00 | 1em0 |
0 | 735 | 1788 | 4006 | 4ovs | 4006 | 4006 |
755 | 755 | 738 | 735 | 7.5 | 7ss | 788 |
| 1361 | se18 | aeox | o | 0 | o | o

Using (4) as an evaluating criteria, it 1s seen that the total
firm capacity for the vears 2015/16, 2016717, 2018/19 and
2020421 15 less than 110% of the corresponding annual peak
demands.

Looking alzo at the energy scenario presented in Fig. 4. the
energy demand exceeds the generation reserve for the years
from 2018/19 till 2020/21. Equation (3) is vsed to calcnlate
the Energy Not Supplied (ENS) when the annuval energy
demand D 15 greater than the expected annual generation G:
of all units existing in the system for the corresponding year 1.

ENS =Dy —G; (3

Conszequently, the ing ENS for those three
vears is determined as shown in Table-ITl which is about 1.8
TWh, 3.6 TWh and 4.7 TWh. This gives a total ENS of 10.1
TWh of energy. This means that the available plants during
those years cannot produce adequate energy to supply the
huge energy demand of the country. Even theugh many of the
biomass, wind and solar plants will be integrated into the
system by then, their lower capacity factor will limit the
energy output.

The power system expansion master plan used
$1.000/MWh as unserved energy cost to see the economic
impact of the capacity shortage to the electricity demand.
Taking this rate to calculate the unserved energy cost of
10.1 TWh energy would translate inte 5101 billion
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economical loss. Such amount of money can fally finance two
new hydropower stations each with a capacity much more
than GERD.

Another important note to be seen from Fig. 3 and 4 15 that
the supply mix gets diversified in the coming years. In terms
of installed capacity, hydropower penetration reduces from
the cument 90% to about 79% at the end of 2025. Solar
generation is expected to grow to about 2 GW by 2025
followed by geothermal, biomass and wind with roughly 850
MW, 700 MW and 550 MW capacity, respectively.
Comparing this with the GTP-II plan of increasing solar to 300
MW and wind to 1.2 GW, there iz a significant shortfall in
wind capacity whereas nmch higher capacity in solar.

Finally, it is important to mention that system loss
reduction iz as important as generation capacity expansion.
The losses are cumently at 23% which is hnge. By
implementing projects to cut that in half (reconductoring,

adding capacitors and voltage regulators, etc), the system
could see a big increase in supply.

IV. DISCUSSION

The results of the analysis have shown that it is almost
impossible to achieve the GIP-II target of increasing the
generation level to 17,208 MW by 2019/20. | is seen that the
target 1s highly likely to be achieved after five years in 2025.
It 15 also seen that the near-fiture generation reserve is not
adequate to supply the increasing energy demsand resulting
mainly from expansion of electricity access, development of
industrial parks extensive expansion of railway network
extensive agriculture imigation schemes, new sugar factories
and export plan to East African Power Pool (EAPP) countries.

The results presented in this study have important policy
and implementation implications. The cost of ENS 1z huge
which has significant impact on the economy of the country.
Therefore, corrective measures in terms of revising the
existing policies of revamping implementation stratepies
should be taken as early as possible to continne Ethiopia’s
econcmic ascent through ensuring adequacy of energy supply.
Creating a sound and enabling enmvironment for IPP/PPP
projects is also essential to obtain and sustain the involvement
of the private sector which would contribute a lot particularty
with regard to universal access coverage.

The near term anticipated shortages can be mitigated by
accelerating the construction of new generation projects with
higher capacity factors to cover part of the energy deficit,

energy import from the regional EAPP,
implementing energy efficiency and Demand Side
Management (DSM) strategies, improve overall transmission
and distribution losses through network rehabilitation and
maintenance, encourage Distributed Generation (DG) and
small community owned solar and wind generation close to
the demand.

V. CONMCLUSION ANDFUTURE WORE

In this paper we have assessed the supply adequacy as part
of a wider investigation on power sector reforms in Eth.tc-pta.

Reforms play a substantial role to meet Ethiopia’s rising
demand for energy by breaking the ° nal”
trajectory of the past. However, the reforms did not keep pace
with the fast-economic growth of the country, regiomal
interconnection, grid-access and increasing population growth

which implicate that there is still a strong possibility for
introducing further reforms.

In line with the long-term generation expansion plan, the
optimal selection of various energy sources and proportion of
supply mixes is also very important to avoid reliance on
hydropower and mitigate intermittency. In addition,
considering the varying nature of solar and wind resources, the

and applicable variation management strategies
shouldbeidmnﬁed.ﬁsaﬁmmwmk,aﬂufmesenﬂeda
scientific study to come-up with overall
planning and appropriate policy to guide throngh the p]a.nm.ng
to achiewe its goals.
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Abstrace—Given the fact that there are a wide variety of
models that are available for analvzing energy systems, it iz
important to develop a comparative overview of the modelz in
termz of zeveral criferia, particularly their applicability to
developing couniriez where unigue feature: sach az traditional
energy comsumption, imformal economy, wrban-rural divide,
low electrification, poor performance of the power zector,
zupply shortage, data and zkill needs, stc. should be conzidered.
Thiz paper presemts a review and comparizon of the most
commonly used modeling tools for amnalyzing emergy and
eleciricity syztem. It reviews the available literature and follows
a systematic approach of clazzifying the alternative models that
can zerve as a gmidance to zelect the most appropriate analvtical
tool, mainly when dealing with energy modeling and analy=is for
developing countries.

Eeywerdv—comparizen o_f modsls, developing countries,
energy systeme models, model criteria

I WTRODUCTION

The energy system is defined as a system that comprises
all components related to the production, conversion, delivery
and use of energy [1]. Modeling being a non-phrysical entity
and a simphified representation of reality, it has been a tocl for
amalysing energy systems of sub-systems since the mid-1970=
[21.[3]. The inrreazsing aﬁailabﬂ.th- of computers and the rize
in environmental awareness due to climate change and the oil
ensis saw the infroduction of energy models [4] [6]- A wide-
variety of models were developed to better understand the
present and firure demand-sapply inferactions, energy and
environment interactions, energy-economy interactions and to
predict the fonctioning and performance of individual
components or overall system behavior by making national
energy planning. More recently. global warming, energy
security and economic competitiveness have become the most
sipnificant topics for decision makers and planners. As a
result, they are increasingly relying on various assessments to
answer different questions, introduce appropriate policies and
zet the right national targets. In this regard, computer-based
maodeling tools are at the core of energy planning that can
perform a comprehensive analysis.

The models imtsally budlt were mostly for indostnalized
countries, and as such, their application to the developing
countries was based on the assumption related to the
developed country’s situation [7][8]. Furthermore, it was
assumed that the fitore developmental projections would be
similar to the historical projections of developed couniries,
which m reality 1z not the same [9] The chowce of the
appropnate modelling framework depends on the kind of
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insights the country model is infended to provide and should
therefore start from an assessment of the context the
challenges and the policy questions to be answered [10].

In this paper, we review the available literature on energy
system modeling tools, propose classification criferia that can
serve as guidance in selecting the most appropriate analytical
tool, mainly when dealing with energy modeling and analysis
for developing countries. The remaining sections are
organized as follows: Section IT presents the energy system
planning models which are divided into three parts as a} model
classifications, b) developing country comtext and c)
companson of modeling tools, and Section III provides the
summary and conclusions.

II. EXERGY SYSTEM PLAMNING MODELS

A Classification of Mbdels

Owver the past four decades, a large number of energy
medels have been developed that vary considerably and it is
important to have a certain classification scheme that provides
inzight to the differences and similarities between the models
and thus facilitate the selection of the proper tool for proper
application. The classification may be based up on the use of
several critenia. A wide vanety of literature have established
several ways of categorizing the models [2], [3]. [11]- [20].

Reference [11] has identified four different purposes for
generally prouping models. These are power system analysis
tools, operation decision support tools, investment decizion
support tools and scemano modeling tocls. Reference [12]
used two criteria to categonze different types of planning
models: scope of the model and methodology. Reference [2]
used four i critenia to categorize energy planning
models: the modeling approach methodology, modeling
technolopy and the spatial dimension Reference [14]
proposed nine criteria to cla.smfvmodelsformgyplamnﬂg
purposes of energy models, model structure, analytical
approach, mnderlying methodology, maﬂ:n&maucal approach,
geographical coverage. sectoral coverage. time horizon and
data requirements. Reference [15] and [16] presented a
therough discussion on the two contrasting modeling types:
the bottom-up engineering approach and the top-down
Macroeconomic approach

Beference [17] categorized enmergy planming models,
optimization models, sinmlation models and computer-
assisted tools Reference [18] sugpested an alternative
classification based on methodology adopted (bottom-up vs
top-down), spatial coverage, sectoral coverage and temporal
coverage. Beference [19] classified planning models into
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optimization models, decentralized energy models, energy

demand driven models based on newral mtwmks.
Reference [3] and [20] used a set of attributes such as
approach (top-down stmulation, bottom-up
optimization/accounting), spatial focus (global, repional,
national, local), sector (macro-economy, energy) and time
(short, medinm or long-term).

Considering the research results mentioned above as a
springboard, we have come up with a more comprehensive
and extended clazsification that is important with regard to the
comparison of models as follows. (1) purpose (1) model scope
(iif) anatytical approach (iv) methodology (v) mathematical
approach (vi) geo spatial coverage (Vi) sectoral
coverage and (viii) tme horizon Category (1) 15 selected from
[11], category (ii) is selected from [12] and categories (i) up
to (viil) are referred from [2], [3], [14]-[18]), [20]. Each of
these classification criteria is briefly discussed below.

i Purpose

The purpoze relates to the general objective of the
modeling tool which can fit info the following categories:
power system analysis tools, operation decision support,
ivvestment decision support and scenario-based tools.

ii. Model Scope

The scope or coverage of planning models determines the
endogenous interactions, type of questions that can be
addressed, level of detail and complexity of executing the
model [21]. In this regard, there are four major types of long-
term planning models. These are: inteprated assessment
models, energy-economy models, energy-system models and
power-system planning models.
it Anabfical Approach

With the aim of meeting the demand in an economical
fashion energy models generally follow two contrasting
modeling/ analytical approaches; a top-down and a bottom-up
apprmshThebﬂttamupmﬂdelmgapproachofnﬁenrefened
to as the engineering approach is based on detail technological
and engm.eermg deszcriptions of the energy system Energy
demand is typically provided exogencusly, and the models
analyze how the given energy demand should be fulfilled in a
cost-optimal fashion [15]. On the other hand, the top-down
modeling approach follows an  aggregated view and
macroeconomic relationships [16]. The influence of prices
and markets iz believed to have more impact than the technical
characteristics of the energzy sector.

i3 Methodology

The commonly used methodologies for the development
of energy and electricity models are grouped mnto three main
categories; optimization, simulation and equilibrium methods.

Optimization models are used to balance demand and
supply by optimizing energy investment decisions such as
capacity and choice of technology alternatives. The cuteome
represents the best solution usually the least-cost path, while
meeting a set of operative constraints. Simmlation models are
descriptive models that simulate an energy system based on
specified equations and chamacteristics. Such models are often
bottom-up models, with a detailed technological description
[11]. Equilibrivm models are used to study the energy sector
az part of the whole economy and focus on interrelations
between the energy sector and the rest of the economy [14].

v.  Mzthematical Approach

The mathematical approach refers to the mathematical
techniques that are used to represent the complex correlations
between different vanables and components of the energy
system. Accordingly, commonly applied mathematical
techniques include linear programming, mixed infeger
programming and dynamic programming. In addition, most
recent studies are using fieey programming or stochastic and
interval programming methods to deal with uncertainfies in
the energy systems such as energy demand, price market and
learning rate of technologies [22].

Vi Geographical/Spatial Coverage
The geographical coverage refers to the spatial area or
space where the analysis is taking place. The relationships
between energy and society take different forms across space,
as energy policies are pursued in different local, national,
regional and global settings [23]. Emerging problems are
often requiring geo-referencing to certain spatial scales [24].
Tools that capture the spatial dimension of energy systems are
essential for the development of spatially inclusive and
comprehensive energy demand supply analyses This is
particularly important for developing countries which are
investigating different electrification options including grid
extension, mini-grid and stand-alone systems [25].
vii  Sectoral Coverage
Sectoral coverage refers to the scope and focus of the
model with regard to fiel type, technology, economy, class of
customer, etc. Based on this division, models can be classified,
into sub-zectoral, sectoral, and economy wide models [26].
Vi, Time Horizon
The time horizon is simply the timeframe in consideration
under the study. It 13 very common to classify models into
short-term, medium-term. and long-term. However, there is
no explicit definttion of the exact imeframe for each of them
In thiz paper, we consider a short-term time horizon to be 1
vear of less; medium-term between 1 and 15 vears; and long-
term to be over 15 years.
B. Modeling Tools for Developing Cowmiries

The energy systems of industrialized countries are
characterized by a constant match of zupply and demand, low
lozses of transmission and distribution, umiversal access to
electricity, predominance of modern energy carriers, similar
structural premises in urban and rural areas, adequate
financing and investment decisions, adequate subsidies and
profit-making utility companies in developed economies with
a low extent of informal economies [9]. To the contrary, the
energy and the electricity system of developing countries
differ from industrialized countries.

Adopting global tools without incorporating the inherent
characteristics of developing countries could lead to
inaccurate analyzis and policy prescriptions. As a result, the
analytical tools vsed for modeling should be able to capture
the specific features of developing countries. Few literature
have attempted to identify the specific features and unique
characteristics of developing countries compared to the
developed countries. Reference [9] indicated three specific
features: poor performance of the power sector and traditional
fuels, the transition from traditional to modem economies, and
structural deficiency in society, economy and energy systems.
Reference [20] pointed out that the existence of inequity and

poverty, the dominance of traditional life styles and markets
in rural areas, transitions of populations from traditional to
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modern markets, the emstence of multiple social and
economic barners to capital flow and technology diffusion
and the radical nature of policy changes being witnessed in
energy sector cause developing countries’ energy system
entirely different from that of developed countries.

Other studies [3]),[16] have attempted to investigate the use
of existing energy models with regard to incorpomating the
above unique features of developing conntries. Reference [3]
suzgests that most of the existing models inadequately captore
the developing country charactenstics and that the problem iz
more pronounced with econometric and optimization models
than with accounting models However, many routine
applications of standard models are found in the developing
countries, which raises concerns about the aceuracy and policy
implications of such analyzes. Reference [16] presented that
the top-down approaches are mot suitable for developing
countries as they rely on per capita demand which are not
applicable to developing countries with the fact that there is
unequal electricity access. In addition, most of the tools can
not consider the mformal economy i their analysis. As a
result, [16] alzo concludes that most energy anatytical tools do
not incorporate the inherent characteristics of developing
countries. However, similar to [3]; [16] sugpests that the
accounting-bazed bottom-up models are suitable to simulate
dynamic transition and forecasting in developing countries.

Considening the characteristics of the energy systems and
economies of developing countries identified i the above
studies, we use the following ten specific features to evaloate
the suitability of energy models to developing countries.
These are: (i) supply shortage (i) performance of power sector
(1) traditional fiels (iv) urban-roral divide (v) informal
economy (Vi) econcmic transition (vil) subsidies (viil) data
need (ix) skill requirement and (x) vpfront financial cost.

C. Comparizson of Modeling Tools

A mmber of modeling tools are available that are
systematically used to analyse the energy and electricity
system. In this section, the comparative overview of selected
models is presented. They essentially cover global models
which are frequently used for policy analysis in the energy
sector. These inchude Open Scurce Energy Modeling System
(08eMOSYS), MARKet Allocation (MARKAL), Integrated
MARKAL Energy Flow Optinuzation Modeling Syztem
(TIMES), Model for Enerzy Supply Strategy Altematives and

their General Environmental Impact (MESSAGE), Modular
Energy System Anatysizs and Planming Emvironment
(MESAP), EnergyPLAN, Long-range Enersy Alternatives
Planming System (LEAP) and Renewable Energy Scenano
Generation (RESGEN).

Table-I shows the comparizon of the models considering
the eight classification criteria preszented in the previous
Section. It can be seen that each tool has its own feature and
selection of the appropriate modeling tool depends on the level
of uze of the features for a particular application. Table-IT
shows the model companizon based on the ten main
characteristics of developing countries’ energy systems and
economies. And Table-ITI prezents the companzon of different
modeling approaches based on the following: a modeling

approach, geographical technological and activity coverage,
level of disaggregation, data and skill needs, portability, price
and non-price policy capabilities, rural energy capabilities,
energy shortage, informal sector, subsidies, rural-urban divide
and economic transition.

From the comparative overviews, it i3 observed that most
of the models are not suitable for developing country contexts
as they do not explicitly cover the essential features of
developing countries. But, models like TEAP appear to be
more suitable as such tools are scenario-based and are better
snited to capture rural-urben divide, economic transition,
informal sector and energy shortage features. LEAP has been
used to investigate the energy system and analyze energy
policies in different countries including India, Pakistan Africa
and others [27]-[30]. From Table-IIL, 1t can also be seen that
the bottom-up accounting type framework appear to be more
appropriate to developing country contexts because of their
flexibility, limited skill requirement, ability to capture mral-
urban differences, traditional and modern energies and also
can account non-monetary transactions [3][91.[131)[32]
Among the bottom-up optimization models, OSeMOSYS is
an open-source energy model, which has an accessible, easy
to use and freely modifiable code. This makes it particularly
imteresting to developing countries that are avoiding costly
modelz and are looking tools with less slkall requirement
085eMOSYS has been used as a long-term optimization model
in many countries such as Tunista, Egypt, Ghana Saudi
Arabia and Iran [10], [33]36].

TABIEL COMPARTSON OF SELECTED ENERGY MODELE EARED (% THE EXGHT CLASEIFICATION CRITERIL
Criteria O5eAIOSYS MARKAL/TIMES MESSAGE AIESAP EnergyPLAN LEAP
Purpoze Imvvestment Investment decizion, Investment Sremarie Srenarig, investment Scenario
decizion, SCEnATID decizion, scenaria decizion operational
SCENATIO decizion
Model scope Energy-zystem Enerpy-system IAM, Energy- Enerpy-system Energy-system Energy-
ECOBOMY Syatam
Analytical Eottom-up Bottom-up Eottom-up Baottom-np Bottom-up Bottom-up
approach
Methodalogy e g —— Optinrizan Crm—— . - Stmmlaton,
ECONOMEITic optimization ECOROmMEtric
Alathematical LP, MIE Le, DR Dp LE, DP Analyrical A
approach ETamming
Geographical’ Local, natiomal Local, national Local national Local national Local national All
spatisl coveraze reEional ragionzl
Sectoral coverage Energy Enargy Energv All Energy All
Time horizon MMedim, long- Medium, long-term Zhort, madimm, Short, medim- Short, medium-term Medmm,
tem lonz-term tarm lomE-ferm
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TABLEIL COMPARISCN OF SPECIFIC MODELS BASED O MAD] CHARACTERISTICE OF DEVELCPING COUNTRIES " ENFREY SYRTEME AND ECONOMES
Criteria OE5eAIDEYE MARKALTIMES MESSAGE MESAP | RESGEN LEAP
Swpply shortage Iot exphcity Iot explicithy Mot explicitdy Mot kmoom | Mot explicithy
Performance of Tot poszible ot possible ot pozzible Hotpossible | Mot possible
PoWer secior |
Traditional fusls Doszible Pozzible Pozzible Pozzible Dossible
Urban-rural divide Boasible Possible and Mot explicifly ot known Poszible but not
coverad covered uznally
Informal economy Mot possible Mot pozsibla ot possible Mot possihla Mot possibla
Economic transition ot pozzible Can be coverad Pozsible and Notknoovm | Mot covered
covared ‘
Subsidies | Tt explicitiy Dossitle but ot exphicitly Totknowm | Difficlt
Extensive but Extenzive Extenzmva Extenaive Wariable, limited
Data need can work with 1o extensive
limited data
Skill requirement Limitad 1o Wary high High High to very Limitad
Hizh high
Upfront financial cozt Fres, open- Commercial Fres for academic Commercisl Commercial
SCIINCE and TAEA developms
membars Couniriss
TABLEIN COMPARIZON OF MODELS BY MODELING APPROACHES [3]
Criteria Bottom-up, | Bottom-up, Top-dovwn, Hybrid Electricity Planning
- |  optimization | asccounfing |  economefric
Geographical coveraze | Localto global, but Mational butcanbe Tational Mationsl or global IMational
mastly national regional
Enerzy systam, Enargy system and Energy oystem, Ensrgy system. Elecmricity system and
Activity coveraze m‘imnmem,uading Environmsnt environement Em‘nmm:ant and enyironment
Level of High | High varied High Mot spplicabla
disazgresation |
Technology coveraze Extenczine | Extenzive but Variable but normally | Extenzive but uznally Extenzive
Extencziva ‘ Extenzive but can Higzh Hizh to extenzive Extenzive
Data need work with Hmited
data
| Sidill requirement Very high I izl ery high Veyhich ] Weryhigh |
Capability to analvze Hish I Diaes not exist High Iammally available Available
price-indoced policies
Capability to analvze Crooad | Wery good Wery good Very good Guood
Dom-price policies
Eural energy Pnsnble hnnams]!y Pozzible Pozzible but nonmally | Poazible but normally Difficult
New techmology Dozsible | Pozzible Difficult Pozsible but often Pozzible
addition | lirnired
Informalsector | Dimcus | Pomible __ Diffcul Possible ___ Dimcuk |
Time horizon Mdmmmlangtelm \!aimmlmg— Short, hiedimm or ‘u[edmmw!nnz-lmn \.Iedmmwlmm
term lonz-term
Computing Faguires comumercial | ot demanding Economsmic software Could require Fequires commmercial
Tequirement LP sohears | required comnercial software or Boansed software

I, SUMMARY AWD CONCLUSION

In this paper, a comparative review of frequently-used
models are presented with the aim of selecting a suitable tool
for various apphications; particularly, assessing whether the
available tocls are suitable for developing countries.
Accordingly, we provide a gudeline to select the
appropriate analytical tool based on eight classification
criteria In addition the specific features of developing
countries that need to be considered during tool selection
and modeling are alzo identified.

The review suggested that proper understanding of the
omique characteristics and context of developing countries

i3 crucial to prevent inaccurate analysis and the 101
of wrong policies. It 15 also shown that most of the standard
eneroy models inadequately capture the developing country
charactenizstics.

The comparizon of the features of different types of
energy system models shows that the bottom-up accounting
type framework appears to be more appropriate for
developing country comtexts because of thewr detailed
technical representation. flexibility, captore rural-urban
differences, traditional and modern energies, can account
for non-monetary transactions and informal sector activities.

The model companson showed that LEAP and
O5eMOSYS are more suitable and have some attractive
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features to developing and

countries. TEAP iz a

scenario-based, demand-supply model that can capture
rural-urban divide, economic transition, informal sector and
energy shortage features. OSeMOSYS is also a scenario-
based, bottom-up, flexible, open-source and easy fo use
optimization modeling framework. Developing econothies
may have the limitation of resource, data availability and
technical capability. In this regard and in terms of capturing
some of the other specific features of developing countries,
such modeling tools can support the short to long-term
planning in developing countries. However, in order to
effectively address all the characteristics of developing
countries’ energy systems and economies, we either believe
that the existing models need to be improved or new tools
should be developed.
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Keywords Long-term energy demand forecasting is crucial for any country, in particular for developing countries with rapid
Seenario: developmenis of energy needs, This study focuses on Ethlopia, a country with a highly increasing ensrgy demand
Energy demand forecasting resulting mainly from the currendy low share of electricity access, apid development of industrizl parks,
1sAr: 5 extensive expansion of the railway nerwork, extensive frrigation schemes for agriculmre, new cement and sugar
;ﬂ:ﬂs sovney factories, housing projects, power export plan to neighboring countries, ete. These all are on top of the 2.7%

average populetion growth. In this study, the Long-range Energy Alternatives Planning System (LEAP) is used to
explore different possible furures and also to forecast the long-tsrm energy requirements in Ethiopia. The
planning peried fs 33 years from 2018 w 2050. The smdy employ: six different scenarios w anfold the fumure
evolution. The developed scenarios are Business-As-Usual (BAU), Growth in Elecmification and Urbanization
(E&U), High Economic Growth (HEG) and three policy-driven, Improved Energy Efficiency (IEE-1, IEE-2 and IEE.
3) seenarios. The pathways represented by these scenarios can show the maximum expected rise in demand
under different drivers and the best-case energy saving oppormunities. The model is also used to estimare the

associated greenhouse gas (GHG) emissions.

1. Introduction

Long-term view spanning decades Into the futore is necessary to
develop and manage complex policy measures that ensure investment
and operational decision-making which can lead 1o sustainable and cost-
effective ways of energy supply and demand [1]. Te that end, long-term
energy demand modeling is crucial in predicting the future enersy uti-
lization patterns and trends. It may contribute to strategy formulation
and energy policy recommendations with respect to effective utilization
of energy resources, improvements in energy :ﬁqcimc}' and energy
reliability, and emissions reductions [2].

Policymakers in both the developed and developing countries are
faced with a question of how the energy sector might evolve in the future
with respect to issues ranging from climate change to rural energy ac-
cess, Arcordingly, the use of various modelling framewaorks or tools to
assess how energy systems can evolve In the future is increasing. The
literature provides a list of models and various approacher uced to
analyze energy demand, policy and planning concerns for the context of
developed countries [1-2]. The most applied tools for long-term fore-
casting include RAMBSES, BALMOREL, LEAP, WASP, MARKAL/TIMES,

* Corresponding euthor.
E-mail address: dawithabmu@aaitedu.et (D.H. Gebremaskal),

hixpsy//dolorg,/ 10,1016/ 6572021 100671

MESSAGE, PRIMES, HOMER, etc. Some of these approaches have been
applied for investigating similar energy policy concerns in devaloping
economies.

Developing countries differ significantly from developed countries
and there are a number of characteristics, common to most developing
eountries, that make the modeling and forecast of their energy systems
challenging [10,11]. The high reliance on traditional energies, shortages
and inefficient supply in the modern sector characterized by poor per-
formance of the power sector and limited access, rapid increase in de-
mand for electricity and large share of rural population but rapid
urbanization are some of the major challenges witnessed in developing
countries, Data on prices and supply for traditional energy demand are
not always available. Furthermore, the existence of multiple social and
economic barriers to capital flow and technological diffusion, and
frequent policy changes makes forecasting in these countries difficult
[10-12]. Energy demand forecasting relies on many factors and should
be able to capture the trends and relationshipe between the demand and
independent economie, technological and demographic varlables, It
could be easier to perform short term forecasts through simple mathe-
matical models. However, for the long-term forecasting, simple models
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would not be able o grazp change: and complex interactions of var-
ablez such a: inroducton of new technologies. energy efficient devieas
and government policies [13]. Additionally, future energy demand
projections need to accommeodate urbanization and elecmification rates,
environmental impacts, cost of different fuel sources and, most of all,
active demand-zide-management policies.

Thesze factors should be carefully considered to underztand how the
energy demand might evolve in developing countriez. However, there
are cnly few studies that have attempted to examine the long-term en-
ergy use in a systematic manner within the context of developing
countries [14.17]. Even though theze studiez employed various eco-
nomic and demographic methods to develop scenarios, analyze their
system and dezign appropriate policies; most of them constrained their
gcope to the electricity zector and a time span of up to 2030. Further-
more, forus is only given to future demand forecasting without consid-
ering the zpecific challenges faced by developing countries az mentioned
in the preceding paragraphs.

In light of the mentioned, our paper focuses on Ethiopia for a number
of reazons. Ethiopia iz the zecond most populous country in Africa after
Nigeria with a population of over 100 million. About eighty percent of
the populadon reside: in rural areaz largely relying on traditional
biomass energy resource:s for cooking and heating. The country has
managed to achieve universzl electricity access to zlmost all urban
areas, while accezz to electricity in rural areas iz very limited. The cur-
rent access rate iz 27% for maral and 6% for urban population, which
translates to about 40% total access with per capita eonsumption of 143
EWh. Mozt rural cosromers gain access through off-grid zolutions [12].

Even though, a wide range of smdies with different aims examined
various energy related izsuez of Ethiopia [19 28], only a few ztudies
have arrempted to azzecs the long-term energy uze development [17,15,
30-32].

The Ethiopian Power Syztem Expansicn Master Plan [30], completed
in 2014, was done for Ethiopian Electric Power (EEP} for the period
2013-2037. It uses a macroeconomic multi-variable regression analysiz
load forerast model and end-uszer models to determine a 25-year least
cost generaton and mansmizzion syztem development plan. Recently, 2
new update of the master plan was developed [31]. It uses regreszion
analyziz modelz and bottom-up zalez by considering scenarioz (low,
base-caze and high-growth) and rensidvity forecasts. The Ethiopian
energy economy report projected the energy demand from 2008 to 2030
by the Ethiopian Economic Policy Research Instituge [32]. The report
projects the demand using energy demand coefficients and
macro-economic variables.

The above smdies [30-32] aim o forecast the future energy demand;
however, it i= important to provide a way of exploring different poszible
futures that can be meaningful for policy development. In thiz regard,
there are only a few studiez that applied energy demand scenario
analyziz for Ethiopia [159]. considers business as usual (BAU), moderate
chift and advanced shift scenarios of economic development over the
period of 2010-2050 to aszess rustainable energy system sirategies
including energy demand projections [17]. forecasted zector-wize en-
ergy demand up to 2030 by developing three zlternative zcenarios on
improved coockstoves, efficient lighting, and universal slectrification.
The resultzs mainly suggest that alternative investments can Conzerve
energy and improve environmentzl sustainabilicy of the country. Even
though theze two smdies attemptad to explore the futre demand, the
developed zcenarios did not fully consider the rate-of-change in
socio-economy, techmological change and future governmental
direction.

Considering rhe idenrtified literamure gaps, thiz paper aims at zeeking
anzwers to these questions:

» What are adequate approaches to capmure the specific features of
modeling energy demand of developing couniries?

Engryy Strutegy Reviews 36 (2021) 100671

& What are the forecasiz for the Ethiopian demand and its various
sactors, temal energy utilization and elecoricity consumption under
different srenarios?

a What is the effect of introducing energy efficiency policies in terms of
economic, sorcial and environmental contexes of the country?

The structurs of the article iz as follows. In Section 2 we provide an
overview about Ethiopia, itz energy =ector and electricity demand
wends. Section 3 dizeusses the rezearch methedology and approaches
followed. Section 4 describes the model, data and scenarios in detail
Section 5 presents the main fndings of our study with its analyziz.
Finally, Section & discuzses the main conclusions and policy implications
of the study.

2. Country overview
2.1. Owverview of the energy secior in Ethiopia

Ower the past decade, Ethiopia has been one of the fastest growing
economies in the world with annual rate of economic growth averaging
10.3% over the 2005,06-2015/16 period [33]. The country has a vizion
of becoming a lower-middle-income country by 2025 after implement-
ing three succezzive five-year development plans referred to asz the
Growth and Transformation Plan (GTP). The main objective iz to erad-
icate poverty in a relatively short period of time by implementing
broad-based development policiez to enbance growth [34,35]. Thiz
development it ranzlatng inte a large demand for energy in urban and
rural areas.

The highest increaze in demand for energy iz envizaged to come from
developing counmies where, growing population, rapid urbanization,
rize in living scandard and income are prevailing [36]. In this regard,
Ethiopia can be taken as the best example and representative for
emdying the context and characterization of the energy system in
developing countriez. Moreover, most of the challenges mentioned in
the introduction are faced by the country.

The primary source of energy in Ethiopia iz biomass, which accounts
for 91% of energy consumed, petroleum zupplies about 74 and elec-
mmicity only 2% of total energy use [17,37]. In abour 95% of Ethiopian
houzsholds, cooking iz done with polluting fuels and technologies and
the proportion iz almeost 10094 in rural areas [35]. Different studies [17,
25,27.37-30] show that the national energy balance iz dominated by a
heavy reliance on firewood, crop residues and dung.

Ethiopia has a high potential for solar, wind and hydropower in
addidon to geothermal and bicenergy. However, the country’s renew-
able energy potential iz largely untapped. The power generatiom is
dominated by hydropower accounting for zome 90% of the total The
interconnected system (ICS) conziztz of 13 hydro, six diezel standbys,
one geothermal and three wind farm plantz with installed capacities of
JB14 MW, 87 MW, 7.5 MW and 324 MW, rezpectively. Thiz amountz to 2
rotal of 4233 MW [40].

Cuwrrently, Ethiopia iz faring a serious energy shortage enforcing
electricity load shedding in all consumer caregories. Electricicy shortage
iz prevailing due to lags in power plant construction and inersase in
demand [23].

2.2, Electricity demand frends

The country’s historical electricity consumption is presemted by
grouping customers in representatve categories such az domesde, low-
woltage (LV) industrial high-voltage (HV) industrial, public and
regional export. All customer groups are connected to the dismibution
system except the high-voltage industrial customers which are con-
nected to the rransmiszion syzrtem. Complere data iz available zince 2001
with rotal elecmicity consumption of 1388 GWh and it is raised to
10,750 GWh in 2017 with an average growth rate of 13%. The historical
conzumption distribution by the different customer groups iz thown in
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Fig. 1. Hictorical electrical energy demand mende in variow sectors of
Bihiopia [31].

Fig. 1.

For the conszidered 17 wyears, the indusmial zeccor (HVELV)
consumed 36% of the total, the domestie zector 35%, and the com-
mercial sector 22%. The remaining 7% iz export to neighboring coun-
tries (Djibontd and Swdan) and public loads such as street lighting. The
total electricity consumption in the demestic sector waz 508 GWh in
2001 and raized to 3509 GWh in 2017. Such significant rize in domestic
power demand in developing countries haz been mere prominent in
contrazt to indusoizlized nations due to the high rate of urbanizadon,
growth in population and wealth [41,42]_ It iz eszendal to consider thase
factors when dealing with modeling and electricity demand forecazting
of 3 couny like Ethiopia.

3. Methodological approach

Scenarioz support the early detection of emerging izsuez and help
policymakers prepare for ctherwize surprizing developmentz [43].
Accordingly, the energy demand projection iz done with two alternative
and three policy-driven scenarios in addidon to the “businesz-az-usual™
refErence scenario.

The development and selection of appropriate seenarios is one of the
major considerations in representing the characteriztics of the energy
eyitems in developing countries. Fatlure to reprezent the features and
factors that influenee the energy syztem poszes the risk of producing
inaccurate resulis and thereby recommending wrong policies. Aceord-
ingly, the seenarios are developed by smudying the country's context in
terms of energy demand, socio-economy, demeography, technological
change and fumre governmental direction in a syziematic manner.

The energy demand projection is done for different sectorz. Specif-
ically, the electricity demand forecasting is done for various customer
categories connected at different stages of the power grid (ie. different
voltage levels). They are categorized as housshold (HHE}, HV industry
{HVIE;}, LV industry (LVIE;}, commercial (CME), agriculmre (AGE.),
tranzport (TRE). public (PBE;} and export (EXPE,}. A demand forecast iz
made for each of the categoriez. Then, the total country demand forecast
(TEDy) i taken by adding =ach of the forecasts 2z shown in equation {13,

TED, - HHE, | HVIE, | LVIE, | CME, | AGE, | TRE, | PBE, | EXPE,
(1}

Toital losses (ELy) are calculated based on governmental loss redue-
tion targets (TL¢) that iz added to the total demand (TED:).
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FTED, - TED,  EL, 23
and
EI, {'—T%:}-TED. (3

where EL; refers to the total tranzmizzion and diztribution (T&D] loszas
in year t, TL, iz the T&D loszes in terms of percentage of total generation
in year t and FTED, iz the final toral electricity demand in year ¢

The employed demand forecast method iz a combination of bottom-
up approach and multi-variable regrezsion medeling. Bottom-up con-
sumer level zales forecast iz applied to zelected cuztomer groups with
explicit government planz for new connections and expanzions of
wvarious projects. In addition, customer applications to the utility com-
pany for future suppliez and conpections to their premizez are also
included. Such ecustomer groups demand a huge amount of electricity
and are usually connected to the mansmizzion system. These customer
groups include induswoial parks, railway expansion projects, Addis
Abzba light-rail project, sugar indusmoy, cement industry, irrigation,
steel and metal industry, mining and regional power export

On the other hand, we nszed a muli-variable linear least-sguare
regression modeling for the other zectors such az general HV industry,
LV industry, commerecial, public and fuel transportation.

D, =By +Br-Xy + BrXp+ - + B Xo + By -y (4]

where IN; - the dependent variable, iz the energy demand in the year ¢,
and D, iz the energy demand in the previons year t-1; Bg. By, . By, q are
the regression weights that are computed in a way that minimize the
sum of sguared deviadons; Xy, oy, .. Xpy are the independent variables
that potentally impaet demand in the specific eustomer group. Theze
are selected from the entre lizt of varizblez zuch az hiztorical com-
sumption, GDP, per capita income, number of customers and number of
households.

4. Model, data and scenarios

Long-range Energy Alternative: Planning Syztem (LEAP) modeliz a
widely uzed software tool for energy policy analysziz and climate changes
midgation aszeszment [t iz an integrated, scenario-bazed modeling tool
that ean be uszed to track energy consumption, producton and resource
extraction in all sectors of an economy. The model follows the ae-
couniing framework approach to generate a consistent view of energy
demand bazed on the physical description of the energy system. Smdies
using LEAP are diverse in terms of geographical scale, sectoral coverage,
and foecus of study. Thizs zoftware haz been exploited to Investigabe
elecmicity sector and energy sector of several countries [16,44-48]. In
particular, it iz a widely uzed tool for energy demand prediction and
=secenario analy:is in developing economies [14,15,17].

Future energy demand in developing countries iz highly dependent
on the economic and social contexts in addition to mew technolegical
innovardons. However, theze are subject to large uncertaingdes thar are
difficult o predict. Therefore, the exploration should be based on
scenario-analysiz that can be drawn by studying the country’s zocio-
economic context that gives an understanding of the high un-
certainties of the foture energy demand. In addition, sector wise and
rechneological represantation of end-usez at a dizaggregaced level is
highly required. Thiz includes the rural-urban divide, econemic and/or
rechnologicz] ranzidone, the informal sector and supply chortage fea-
tures. In thiz regard, LEAP iz an appropriate medeling tool for making
energy analyzis and the current srudy, az other studies, utilizes thizs tool
o explore and forecast the ensrgy demand up o the year 2050,
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4.1. Model

The energy demand model iz primarily struchored sector-wise,
namely: residential, mdusirial, conrnereial, agricultore and transport
sector. The data structure for the residential sector follows a bottom-up
approach, by using end-uze device sccounbing techmigues in LEAP-
standard. The residential sector iz divided into two main subssctors. Le.
urban and rural. Another divizsion, electrified and non-clectrified 1= alzo
created as shown in the demand model tree in Fiz. 2. It contsing four
end-use categories including lighting, cooking & baking, refrigerstion
and other dexices [TV, radio, computer, iron, ete.). Data inputs such as
population, mumber and share of houscholds are given to the achvity
level variable whereas energy consumption dats is entered to the final
energy intensity variable. The data structure for the remaining sectors is
done based on common energy use in different applications or end-uses.

4.2 Datr and ke¥ azsiompiions

4.2 ] Key assumptions

Data used in thiz stady iz based on extenzive data collection, mainlky
from the electric power zector, including the Minizory of Water, Imga-
tion and Electrieity {MoWIE), Ethiopian Energy Authority (EEA), Ethi-
opian Electric Power (EEP), Ethiopian Electric Utility (EELT) and
National Load Dispateh Center (NLDC) but also from other sectors:
Central Statiztics Agency of Ethiopis (CSAE), National Bank of Ethaopia
(NBE), Nationzl Planning Conmmuzzion (NPC) and Ethiopian Pctmlcum
Supply Enterprize (EPSE). In addition, neceszary local [15, g
and mternational reports are also nsed as data sonrees [33,34 38,

LEAP has four different modulc-sfulrdatamput.bcyasamnphﬂns,
demand, transformation and resources. Key assumptions include various
soclo-economic varisbles such sz eountry peopulation, urban and rural
population, households, GDP and other simular dats which affect the
level of final energy consumption. The demand module contains the
wvarious sectors and customer categories which conzsume energy such as
household, industry, commercial, public and others. In the trans-
formation module, the processz of converting primary energy into sec-
ondary energy 1= done and data such az conversion losses are given.
Lactly, the resource category ineludes data for the supply/resoures
technologies.

In this study, the demand module is sub-categorized into domestic,
HV industry, LV Industry, Commercial, Agriculture, Transport, Publie
and Expart. In the transformation module, energy losz dats of the power
system iz given. The demand projection iz done for 33 wears up to the
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year 2050 considering 2018 as the first zimulation year.

422 Apphionee activiry level and energy meensiy

The demand data for the domestic sector iz entered acrording to the
LEAP demand tree shown in Fiz. 2. Accordingly, the major end-use or
appliance categoriez are divided into lighting, cooking & balang,
refrigerator and other-uses. These appliances have different level of
penetration and energy consumphion in an aversge houzshold.

It can be seen that in 2017, 9496 of urban households and only 11.7%
of the rural households had arcess to basie electrieity. The remaining 6%
of urban and 88.3% of mral houszeholds had no aceess to any electricity
zource and relied on altemative sources mainly kerozene for lighting and
wood, charcoal and liguefied petroleum ga= (LPG) for eoclong and
baking.

In addition, to cope with insufficient hours of service and power
outages, honseholds use backup zolutions for hghting such az candles,
torches/flashlizhts and kerosens lampe. Urban houschaolds rely heawily
on candles &z 2 back-up solution, whils mral households rely more on
dry-cell batteries and kerosene lamps. 4.8% of uban honseholds and
25 8% of rural households vse kerosene as a back-up solution [51].

In Ethiopias, 63.3% of households use a three-stone stove as their
primary stove, 13.6% use a self-built stove =z their primary cooking
solution, 18.2% use 8 manufactured biomass stove, and 4.2% use a clean
fuel stove with electricity and LPG. Lezs than 1% of houssholds use LPG
ar thewr primary cocking solution, whilz 86% of the houssholds use
biomass fuels [32,51]. A three-stone stove iz a pot balanced on three
stomes over an open fire. A self-built stove i= typically an enclosed stove
made using steme, mud, and flat clay that can be slightly more efficient
than = three-ztone stove. A manufactured biomaszs stove 1= typically
produced mn = factory or by an artizan and umally made of metal and can
be conzidered an improved cookstove. Ethiopian houscholds commonly
use injera (traditional Ethiopian bread) and bread bzking stoves in
addition to regular stoves for cooking (making zsuce, tea, coffes, ete)
which consumes between 409 and 65% of the entive houzehold cockang
fuel consumphion [52].

Urban and rursl households use different eocking technologies:
54.3% of urban households use a mamufactured stove and 15.3% use a
clean foel stove, while 77% of rural honseholds use a three-stone stove.
And 85.4% of rural honseholds use firewood a= their primary fuel, while
§0.3% of urban houssholds uze charcoal [51]. Most houscholds in both
urban and nural aress use multiple stove types (1.e. different combina-
tiem of three-stone stove, self-built, manufarhwed and clean stove].

Aecording to Ref [51], five different ecapacity tiers are used to

. : . End use .
Socinr Sul-sector Sl sul-gecior (% share of HH) Erergy Intensity
Electrified
Residzninl Uchan ; ; )
St (%4 share of HH) (hruseind HH) g
o . RWhTIH
AWumber of HH Tirer Ty, (Ka T
~Current energy-use
<Fificient energy-usz
R Elegin sl ~Fleciricity
% shore of HH) r|mu_ch:11
“Clearcaal
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-Matusal Uins CeWhiHH),
-Ethamnol ] {LteHHY, ik HH]
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Flg. 2. The developed LEAP energy demand tree for the residential sector of Ethiopia
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clazzify the penetration of applisncesr n whban and nwral areas.
Medivm-load appliances such as refrigerators, freezers and air coolers
are aszigned in TIER 3 with penstration of 50.5% urban and 5.7% rural
grid-connected honzseholds. Other-use electrical loads include televizsion,
radio, computer, phone charging, ete. Are under TIER ] and 2 which
account a penetration of 61.1% in urban houscholds and 75.3%6 in rural
households.

The energy intensity of cooling stoves dependsz on the cooking
technology, fuel type and amount of consumption. In terms of thermal
stove efficiency, electric and ethancl stoves have the highest efficiency
of about 60%, followed by LPG (55%0), kerosene (429%), chareoal (2536}
and firewood (1096} [53]. Among the firewood stoves, the
manufachwed-type haz a better efficiency than the self-banlt and
three-stone types. In a study conducted in the field, the fuel zaved by the
manufactured-typs was 22-31% of that with a three-stone fire [54].

Accordingly, by making simple calculations based on daily con-
sumphions, assummng 3096 fuel reduction from manufactured-biomass
stoves and 109 reduction from self-built stoves; the energy intensity
for the different stoves is determined  Energy intensity for injera/bread
baking stove iz azsumed to be 65% of the total fuel eooking consumption
(1057 kg per person) [32].

Tzble 1 shows the penetration and energy intensity of the electrical
applisnces applied in LEAP for both wban and rural households
Lighting utilizes 30% of total wban and 42% rural electricity con-
sumption which iz caleulsted to be about 503 kWh and 235 kWh per
vear per household respectively. Cooking utilizes 35% and 19% of the
total econsumption. The remaining iz consumed by refrigerator and
other-use loads Lighting is assumed to be fully penetrated dewvice as
both wrban and rural households solely depend on electrical lampe for
lighting. Whereas the remaining sppliances hawve partiz]l penstration
with electrical stoves accounting only 15.3% wban and 0.6% rural
households. The total eleetricity consumption per household in 2017, i=
1676 EWh for urban houwseholds and 559 kwh for rurel houszeholds
which is approsimately one-third of the urban

4.3 Scenarios

In thiz study, we employ six different scenarias for the projection of
the future energy demand One iz a business-az-usual (BAU) seenario or
reference scenario which assumes contimuation of enrrent policies,
programs and targets of the government, two seenarios are alternative
seenarios reflecting the uneertainty asbout future development and the
remaining three are poliey scenarios. The two aliernative spenarios are
based on the reference seenario (inherit BAU properties) but with
different rate-of-changes of some particular achvities such as soeio-
economy, demography, technological change and future government
direction. The three policy scenarios are policy-driven scenarios that are

Tzble 1
Electrical appliance penetration znd average energy intensity for electrified
urban and rural houssholds in 2017,

Appliances Artivity Lewel (% samorarion) Energy Intenziey (kWh,/HH)
Urban

Ligheing 100 03
Cooking 153 587
Fefrigerator 50.5 453
Other wes 611 133
Totzl electricioy consumption 1676
Faral

Ligheing 100 235
Cacking 0.6 106
Pefrigerator 57 168
Other wes 75.9 50
Totzl electricioy consumpdion 559
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applied to sach of the other scenarios (reference and two alternative
scenarios). In the scenarios, population, whamzation, GDF, electrifics-
tion 2nd other socio-cconomic factors are set to change. In addibon,
efficiency iImprovements from technological advances and demand zide
management programs are considered to be the mam factors for
reduction in energy demand over Hme.

Hence, scenarios of growth in electrification and urbanization
{E&LU), ugh sconomic growth (HEG) and mproved energy efficiency
({IEE) are designed and their resulis are mainly compared with the BALT
scenario to understand possible deviations from the normal demand
forecast In addition, their impaect on GHG emissions is also assessed. We
employ the LEAP seensrio manager to create and then evaluate the
alternative zcenarios by comparing their energy requirements and
environmental impacts. Thiz enables us to see how the energy demand
might evolve over time. Below we provide the input data, zssumptions
and methods used in the reference; alternative and policy scenanos for
mazkang the energy demand forecasting.

43 ] Busmess as usiml (BAIT) scenario

The BAU,/reference zcenario iz the basze of all other scenanoz and
assumes that historieal trends will continue into the future by giving
zpecial attention to government policies and strategies. Historieal trends
of population growth, GDP growth, elecirification, whamzation and
consumption of energy by sector are used to project the future demand.
In the BAU seenario, it is assumed that the country has no ambition to
reduece CO; emission and no endeavor to shift to elean fuels. In addifon,
it iz assumed that the cwrrent power shortages and intermiptions wall
contirme in the future and back-up solutions are necessary. Biofuels such
az ethanol and LPG are considered as an impaortant fuel for the last two
decades. The energy intensity of electric stoves iz assumed to increazse by
500 In the year 2040.

The Ceniral Statistics Agency of Efhiopia has forecasted the popu-
lation and uwbanization levels until the year 2037 [42] and these levels
are used in the BAU scenario. For the remaiming years from 2038 up to
2050, the historiesl trend hazs been projected with 1.6% (20358-2042)
and 1.4% (2043-2050) population growth rates. Similarly, the uwrbami-
zation level is targeted to increase from 31 .1% in 2037 to 60% in 2050.

In 2017, the government of Ethiopia {GoE) introdueed an ambitious
program, the National Elecirification Program wioch zims to achizve
universal sccess to electniaty nstonwide by 2025 [55]. According to
thiz plan, 65% of houscholds are expected to be zupplied through
grid-connecton and the remaming 35% via off-grid technologies by the
end of 2025. Then, by 2030; grid expansion will reach out to 9636 of
houscholds and only 4% will be supplied via off-grid systems. Accord-
ingly, the BAU zcensrio 15 bazed on thiz target. However, the progress
made m the last two years since the program’s launch i slower (409%)
comparsd to the target sct (47% total access by 2019). Therefore,
considering a smilar electrification paece, we have only applied the
grid-aceess target (1= 65% by 2025 and 96% by 2030) by neglecting the
off-grid access target.

Fuhure GDP growth rate assumptions are based on historieal trends,
considering IMF predictons and our judgement. Total GDP growth rates
of 95, 7% and 4% are azzumed for the vears untl 2030, 2040 and 2050
respectively. The per capita income growth rate iz assumed to be 996
(2015-2030), 7% (2031-2040) and 5% (2041-2050). The reduced
growth rate used for later years iz associated due to crezting a mahare
and larger economy. Customer growth rate azsumptions alzo depend on
historical trends while conzidering the roles of population growth and
grid expansion targets. Customer growth rates of 5%, 6% and 5% for
commercial and LV industry, 12%, 5% and 6% for HV industry and
69,49 and 3% for public load is assumed for the years until 2030, 2040
and 2050 respectively. The summeary of all the assumed growth-rates
and projected values for the macroeconomic, demographie and other
variables for all the scenarioe is shown in Table 2.

Electricity demand projections are made for 17 industrial parks
which recently have become operationsl, are under construction, or
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Table 2
Asmmptions of growth-rates and projected values for different variables under each scenario.
Index *Pop'ngrowth  HHgize *Urbar'n  Urbam Pural Toal GOP Per capita income Blacrric smove “pen'n “Toml
e “electr'n alecr'n growth togs
Uit L Peaple per % o8 3 £ 44 oof urban %% of rural o6
HH HH HH
2020 BAU 21 47 s 96.3 38.0 2.0 9.0 171 4.1 211
HEG 21 47 18 96.3 35.0 LD 11.0 171 41 211
B&U 21 47 3.0 96.3 38.0 e.0 9.0 244 4.1 211
IEE 21 47 3.0 96.3 35.0 20 3.0 24.4 41 21.3
2030 BAT 0 17 o § pLe] a6 2.0 2.0 0.0 15.0 17.3
Heg 0 47 P | pLe] 96 1.0 11.0 0.0 15.0 17.3
B&U 0 &7 3.0 100 100 2.0 9.0 51.5 15.0 17.3
IEE a0 47 3.0 100 100 2.0 9.0 515 15.0 12.5
2040 BART 16 45 37E 100 100 70 70 35.0 30.0 125
HEG 16 456 378 100 100 8.0 9.0 35.0 30.0 125
BET 16 45 0.0 100 100 7o 70 65.0 5.0 125
IEE 1.6 46 0.0 pLe] 100 7.0 7.0 65.0 =0 2.0
2000 BaU 1.4 45 600 pLe] 100 4.0 5.0 40.0 40.0 125
HEG 14 46 600 100 100 6.0 6.0 40.0 40.0 125
BE&U 14 45 LD 100 100 4.0 5.0 &35.0 7O 125
I[EE 14 45 0.0 100 100 4.0 50 65.0 Th0 a0
The bold numbers indicate thar the valus zpecified for the given scenario iz different compared with the azsumption in the BAL scenario.
® Population.
® Urbanization
® Electrifiration.
¢ Panatration.

® Totzl power system loss.

planned to be developed n the long-run. Feanible operating periods and
demand levels at different years are assumed considering the locabion,
construction time and investment opportumity. In addition, futurs un-
identifisd industrizl parks are alzo included in the projection. Thess are
expected to be operstionsl from 2030 up to 2050 with increasing
consumphon.

Considering customer eleetricity supply requests brought to the
utility from cement, mining, steel and metal ndustries, the energy de-
mand 1z projected for the future years. A similar approach 1= followed for
the agriculturs, transport and export sectors. In the transport sector, the
crozz-country railwsy hnez of Ethio-Djiboun, Addiz Ababa hight ratlway
and 10 other national railwsys connechng.

different cities are considered Reasonable fhwe expansions are
assumed for each of the projects. Increased export of electric power and
natural gas to neighboring countries is considered. Electric power export
to Sudan and Djibouti has slready been started in 2017 with 1.5 TWh
and iz st to reach 35.3 TWh by 2045, Export of natural gas will start in
2021 with 10 million metrie cube and iz assumed to increaze up to 50
million metrie cube and 500 million metrie eube by 2030 and 2050
respectively.

A rapid rise of demand for solid fossils is assumed in industry,
partienlarly for cement and steel & mets]l mdustries. Complete relianes
on foesil-fuel consumption is also azsumed i the transport sector which
iz expected to produce significant growth of diesel, gazoline and jet fuel
demandsz. The projection i= done using regression modeling based on the
variables total GDF, service GDP and previous vear demand. Incressed
use of petroleum iz also assumed in the agriculture zector for imigation
and other farm activities. Petrolenm use i the sgriculture and LV m-
dustry iz st to grow at 9% annual growth rate.

Power losz assumphionz are based on reduction targets and by
reviewing the progress made in the past few years. The total loss target iz
azzumed to be continuously reducing from the average hiztorical losz of
23%6-12.5% by 2040 through implementing projects of netwark reha-
bilitation, reconductoring, adding capacitors and voltage regulstors, ete.

432 High econamic growth (HEG) scenario

As mentioned in the introduction, Ethiopis has a big vision of
attaiming lower-middle-income couniry statns by 2025 after imple-
menting successive development plans. Thiz haz led to remarkable
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achievements in real GDP growth, infrastrocture development and social
development which tranclates mto a large demand for energy. The HEG
zoenario bullds up on the BAU/reference scenano by assuming the
contirmation of high sconomic growth in the country. Total GDP growth
of 11%, 5% and 6% i1z conmdered for the vears until 2030, 2040 and
2050 respectively. The GDP growth by industry is assimed to be 171%,
8% and 5% while the zervice sector is expected to grow by 1096, 8% and
6% The agriculture sector GDP growth rate iz assumed to be the zame a5
in the BAU scenario {1 9%, 5% and 5%6). Finally, the per capits mecome
growth rate iz targeted to hut 11%, 9% and 6% for the future three
decades.

4.3.2 Growth in electrification and whanization (EdU) scenario

The E&L] seenario iz also based on the BAU scenario but with major
differences in country policy and direction. It iz assumed that the
country has a strong ambition to reduce C05 emmzzions through various
imtstives. One of these mitiatives 1= to push for a rapid-shift from
biomass-bazed houschold consumphton to clean-fuel based consump-
ton. Biomass-based cocking and injera/bread baking stoves are
assumed to significantly reduce their penetration over fime. Firewood
cooking and baking stoves are targeted to be nsed mn less than 10% and
4004, respectively, of houssholds by 2045 Instead, electrie stoves are
expected to penetrate 63% of urban honseholds by 2035 and 70% of
rural households by 2045 With such a shift to electric stoves and the
future additional new demand, the energy intensity i= expected to
double by 2040. In addibon, biofuel-based =nd naturzl gas-based
cocking stoves are targeted to penetrate 309 of houscholds.

The scenario targets 100% electrification by the end of 2025. In order
to reduee the transport sector CO; emissions, electric wehicles are
assumed to be deployed in 2025 with incressing penetration for later
years_ 1.1 million eleciric ears are set to replace fossil-fuel based cars by
2050.

Hizstoncally, Ethiopiz had a low level of urbamization. However,
since 2007, government policies helped the growth of small towns and
infraztructure development which increzszed the tempo of wrbanization
In addition, implementation of the GTP with objectives of increasing
employment generation in urban areas is likely to result in higher rural
to wban migration and thus faster wrbanization [42]. Aecordingly, this
zoemarlo assumes 3 faster-urbamization rate of 6% per year rezulting in



DH Gehromeshe eeal
B0% wban population by the year 2050,

4.3 4 Improved energy efficiency (IEE) scenario

Ethiopia has significant tranmsmizsion and distnbution bettlenecks
that himit the delivery of the existing supply from reaching demand
centers. Poor reliability, significant transmission and distribution {T&D}
losses and low power quality affect the end-use consumers. These ca-
pacity, relisbility and quality constramts compromise the ability of the
electricity sector to support sustzined sconomic growth. Reshizing this,
the GoE 1z actively exploring how demand-side mansgement {DSM),
energy efficiency and conservation can help lower cost and improve
economic growth [55]. Accordimgly, principal energy efficiency and
conservation programs and projects are underway. Scme of these
include standards and labeling, energy management and aodibing,
public zector efficiency, technology acceleration, awareness traimng
and aecreditstion, ete. In the standards and labeling program, minimum
energy performance standards are to be developed for the main mdus-
iral loads and household appliances. These include electric motors,
myerz cookers, electric cookers, lighting, refrigerstors and freezers, etc.

Thersfore, thiz scenario 1= a policy-driven scenanio that explores the
long-term demand evolution by assuming mgmficant efficiency im-
provements in the electricity sector. The efficiency improvements are
applisd to each seenario; i.e. the BAU (IEE-1), HEG (IEE-2} and E&U
(IEE-3).

Introducing mdustrial energy audits and industrial efficlency mea-
zures on the use of electricity can have the potential to save up to 30% of
the electrioty consumed in the mdustry ssctor by 2040. Az a result,
progressive efficiency gains are assumed to be effective in the LV in-
dustry and HV industry {excluding industrial parks} from the base year
until 2040,

Improved lighting standards and DSEM programs are expected to
reduce the energy intensity of electric ighting in whan howscholds by
136 every year starting from the base year. Similarly, electric stove en-
ergy intensity reductions are expected to achieve 0.5% per year. The
other assumption 1z on energy fficiency improvement of refrigerators in
wrban households with ensray intensity reducton of 5% n 2020 and
20% in 2040.

A program to mstall efficient street lighting systems could alzo
reduce eleetricity consumed n the publie sector. The nse of efficient
system can reduee the electricity consumpiion by 60% compared to the
conventional street lighting syetem. The program is assumed to start in
2018 and by the end of 2030 all streetlights in the country sre expected
to meet the new requirement

Regarding T&D losses, the government iz expected to implement
regulators, ete. that result in power quality and system efficiency im-
provements. Aceordingly, the total power loss is targeted to reduce to
12.5% by 2030 and to 9% by 2035.

5. Rezult and analyzis
5.1. Demand projection

The final energy demand, fuel consumption and GHG emiszions are
derived for 2ach of the seenarios and end-use categorizs. The projected
demand for the BAU scenano i1z sbout 2050 PJ by 2030 and 4900 PJ by
2050, a growth of 90% and 215% compared to the demand in the year
2017 Fiz. 3 shows the projeeted energy demand by sector. The domestie
sector has the highest share wath 2273 PJ in 2030 and 2844 PJ in 2050
accounting for 779 and 58% of the total demand respectively. It dis-
playz a sharp increase until 2040 and remains at a saboration level af-
terwards. The transport sector iz the second major energy demanding
sector, showing a signifieant increaze in the last two decades. It aceount=s
for 25% of the total energy demand in 2050. The HV industry, LV in-
dustry and other sectors are expected to gradually increase their demand
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5.2 Comparizon of demand under various scenarios

A comparizon of the spenariozs shows that the energy demand is
highest for the HEG & IEE-2 scenarios followed by the BAU & IEE-] and
E&IT & IEE-3 scenarios (see Fig 4). There iz a hnge difference between
E&U vz, BAU and [EE-3 v=. BAU. The HEG scenario iz bazed on the BAU
scenario but assumes s higher economic growth-rate which nears
additional energy demand. The final demand is expeeted to reach about
5255 PJ by 2050. Assumphion of total GDF growth rates of 11%, 8% and
6% for the fubawre three decades results in demand increasze by 736
comparsd to the BAU scenario in 2050, On the other hand, the energy
demand reduces by 42% in E&U zcenario and by 46% mn [EE-3 scenana.

In the case of clectricity demand, the rezult shows that the highest
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Fig. 4. Total energy demand for all scenarios.
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demand iz expected for the E&U scenanio sines more clectricity-based
end-usss are utlized (Fiz 5). In 2050, the total electricity demand
under the EXU scenano iz expected to reach 292 TWh while HEG de-
mands 285 TWh and BAU consumes 262 TWh. The toisl energy saving
umder the IEE scenarios is estimated to be about 43 TWh (IEE-1), 63 TWh
(IEE-2) and 36 TWh (IEE-3) in 2030. Technology improvement and DEM
activities account 2834, 1996 and 41% of the energy saving in IEE-], IEE-
2 and IEE-3, respectively. Industrial cnevgy audit and efficiency mea-
sures contribute to 419 (IEE-1], 559 (IEE-2) and 31% (IEE-3) of the
total savings while network loss reduction contribute to 3096, 25% and
279, respectively. The remsining 0.5-1% iz due to technolozy
Improvement in strestlights.

Fig. 6 shows sector-wise electricity demand projections under the
policy-driven scenarios (IEE-], IEE-2 & IEE-3). It can be zeen that the
houschold sector demand 1= sirongly mereaming and n 2050 the
household zector 15 anticipated to consume about 23%, 2236 & 25% of
the total electricity demand m IEE-1, IEE-2 and IEE-3, respectively.

IEE-2 does not have much effect on the household consumption share
compared to HEG (1. both 22%) while IEE-1 & IEE-3 reduce the share
by 1% & 3% compared to BAU {24%6) & E&U (28%)], respectively. This
aplies that the policy-driven measures apphed to E&U seenario (TEE-3)
have stronger impart on honsehold consumption compared to the others
(IEE-] & IEE-2).

5.3. Fuel conmomption

The fuel consumption 13 dominated by wood, sccounting for 73% of
the total fuel consumption by 2030 and 51% by 2050 (Fiz. 7). This i=
mainly due to the honsehold fuel consumption (Fiz. 5} where 94% of
total fuel consumption in 2030 (55% rural and 12% urban) and 86% in
2050 {66% rursl and 34% urban) 1= from wood . Chuayr analysis slso shows
that the nse of traditional biomass will continue increasing untl 2040
umder the BAU and HEG scenarios. On the contrary, for the E&U & IEE-3
scenarios, blomass use iz expected to reach it pezk m 2022 and then
dechine from 2023. From Fiz. 7, it can be seen that the electricity de-
mand is expected to increasze drastically from 107 TWh (13%6 of total fuel
consumption) in 2030 to 262 TWh (193 of total fuel consumption) in
2050. Foszil fuels like diezel, gasoline and jet kerozens will also ses an
increasing eonsumption due to expansion of fossil-fuel-based road
transportation and aviation.

Fig. & shows that the household fuel consumption in the E&U sce-
nario iz entively different from the BAU & HEG scenanos. In 2050, the
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total fuel consumption in E&U is more than 65% lower than in the other
two scenarics. In addiion, in E&U, the penetraton of electnoty in-
creases stvongly, to 30% of the total fuel consumption while wood share
1z sbout 55%.

5.4 Greemhouse gas ermussions

1t iz obeerved that under the BAU scenario in 2030, biogenic carbon
diccdde emizsions resch 122 million-ton CO;e, 30 million-ton non-
biogenic CO-e and about 11 million-ton non-CO; (Fiz. 9 and Fig. 10).
Biogemic carbon dicoade emmizzions are defined as emdzzions from = sta-
Honary socurce directly resulting from the combustion of biologieally
based materials, mainly from biomass burning while non-biogenic CO,
emizsions sre from the uze of transportation fossil-fuels. In thiz study,
biogenic CO- emizsions are not treated 2z “carbon neutral™ dezpite the
fact that the country 1= taking various initatves to tackle deforestation
by planting many trees. Regrowth is not sufficient and the large amount
of carbon released into the atmosphere due to burning of biomass may
take decades for new forests to abeorb. This shows that the process has
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the potential to become “carbon neutral” only over very long-time seales
but not n the short term.

In addition, there are also other small non-CO. GHG emissions like
carbon monoxde, methane, non-methans organic compounds, mtrogen:
oxides, nitrous oxide, ete (see Fiz. 9).

Biogenic earbon dioxide emissions are expected to further nerease
from 122 MtCOze in 2030 to 160 MtCOzc in 2040 and then slowly
decreaze. On the other hand, non-biogenic carbon diccade emizzions
Leep on inereasing by more than a fourfold from 30 MECO2e in 2030 to
106 MtCOze in 2050. Thiz shows that the transport sector heavily relies
on foszil-fuel and could be a potential target to reduce €Oz emizzion in
the long-run.

There iz a large difference of total GHG emizsions between the
different scenarios. Az can be seen from Fig. 11, in the BAU & [EE-] and
HEG % IEE-2 scenarios, emmissions are much higher than in the E&U &
IEE-3 zcenarios. The BAU scenario’s total GHG emissions in 2050 are
eztimated to reach 274 MtCO-e and the HEG scenario releases sbout 205
MECOse. On the other hand, the E&U & IEE-3 scensrio emissions are
only projected to be 111 MtCOze. Thiz difference iz mainly due to the
policy-driven shnft from biomass-bazed household appliances to clean
biofuel and electrie-based appliances. Fiz. 11 alzo shows that there 15 no
impact from policy in the policy-driven seenarios on the GHG emission
since the policiez are implemented on the electricity sector with no

emissions.
6. Conclusion and poliey implications

In thiz study, six scenarios are assessed to reprezent the altermnative
development pathways of Ethiopia’s energy futore from 2018 to 2050,
The comparstive analysiz between evaluated seenarios shows that the
energy demand will significantly increaze for the BAU and the HEG
scenanos mainly due to population growth and economic development
‘but much more moderately for the E&U scenario due to faster electri-
fieation and whanization resulting in lower biomass-based consump-
tion. The electricity demand inereases strongly for BAU but even more
for HEG and E&U. This is due to high rate of urbanization, electrification
zhows the need for new capacity additons. The resuli of the policy
seenarios (IEE-], IEE-2 and IEE-3) shows that while the application of
energy efficiency policies and measures would only have 2 minor impact
on the energy demand, thew impact on the electricity demand iz large,
ani that the application of such policies iz a very important measure to
combat supply-demand nmsmatch causing power shortages and black-
outs. Purther, it iz interesting to note that the electricity demand
development is very similar for the three policy scenarios both with
regard to overall demand and sector-specific demands. The electricity
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Fig. 11. Total GHG emizzion for all seenarios.
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In all the years, the household seetor aceounts for the highest share of
the energy demand followed by the transport sector. It is seen that it 1=
possible to potentially reduce the household sector consumption by
rapidly shifting from biomass-bazed energy consumphon to clean-fuel
(biofuel and electric}-based consumption Heowewer, such technology
transitions sre not automatic and requre state intervention throngh
appropriate poliey-development In this regard, the current very low
electricity accsss rate in rural areas should mmprove in the near future
Moreover, better zervice rehability and good power quality iz al=o an
basadbadmpmhhumdurmgnrhﬂnlphﬂmandpﬂwtruutﬂgtam
in twm requires good power system planming.

The energy demand evolution under the BAU and HEG scenarios
show that the honsehold seetor and other sectors will heavily rely on
biomass and fossil-fuels that lead to significant CO; emission. On the
other hand, the E&U and IEE-3 scenanos rezult mn s much lower energy
demand rezulting in significant reduction of CO; emizzions. Thiz impliez
that it iz possible for Ethiopia to potentially reduce its biomass de-
pendeney and COs emission by setting the right policies and imple-
menting various sirategies: It is alzo shown thet eleciricity efficiency
improvements are crucial for controlling the evolution of the electricity
technology improvement, DSM activities, ndusirial energy andit and
network loss reduction. The Ethicpian government has already started
to explore zeveral measures including standards and labeling, enersy
management and suditing, public sector efficiency, technology zccel-
eration, awareness training and acereditation, ete. To ensure the effee-
tiveness of these programs in achieving electricity  efficiency
improvements, the government should focus on long-term policies and
strategies that can have sigmificant impsct on the futore electrieity
sector.
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Handling Editor: Mark Howells Long-term ponu supply modelling is p. imp for loping tries in p ng inabl

ricity ‘l‘hkstudy the first detailed and modelo(lheElhloplan

Keywords: elemidly syuem while consid g the unique (domi of traditional energy,

Soft-linking urban-rural divide, low elecuiﬁc.uon, supply shortage, etc.) and context of developing countries that is devel-

e oped by soft-linking the OSeMOSYS (Open-Source energy Modelling System) and LEAP (Long-range Energy

o — Alternatives Planning System) modelling frameworks. Better system representation and design of plausible

Ethiopia scenarios that explore the potential pathways of the future power supply and demand evolution until 2050 is

Electricity supply modelling done by perfi y 1 Sector wise and technological representation of supply and end-uses at a
disaggregated level, of lized grid-based means and dec lized off-grid hods for
improving electricity access are the main methodological contributions. Five policy scenarios are employed to
explore different possible futures and balance the long-term electricity needs and resources. The improved ef-
ficiency rio reduces the installed ity by 9 GW which translates into approximately 11% total dis-
counted cost saving (USD $ 4 billion). ‘nﬂs economic benefit has made the efficiency scenario the most desirable
compared to the other d to lower i costs and abund. availability, the
results show that bl hnologies are more petitive and

1. Introduction e ical and i 1 ¢ ints, energy modelling tools can

The United Nations set the 17 Sustainable Development Goals (SDGs)
to guide the world during the fifteen-year period from 2015 to 2030.
Specifically, SDG 7 states “Ensure access to affordable, reliable, sus-
tainable and modemn energy for all”. Sustainability, security, and
affordability of energy supply are important aspects in shaping future
energy policies and countries’ energy-mixes [1]. These aspects are also
expected to play a crucial role in the future evolution of the power
sector. A long-term view spanning decades into the future is necessary to
develop effective policy measures that ensure that investment is leading
to sustainable and cost-effective ways of energy supply [2]. The issue of
sustainability, security and affordability of energy supply is unique to
each decision maker dep g on their circ es, inciuding
geographical location, sectoral coverage, and es [3).

In compliance with policy scenarios that impose technical,

ahl

identify optimal supply and capacity mixes to meet the future electricity
demand. Decision makers increasingly rely on model assessments to
foresee how the electricity sector might evolve in the future, inform the
development of policy and national renewable targets. Long-term en-
ergy modelling f; rks are widely recognized as useful approaches
in analyzing the future energy utilization patterns and trends, strategy
formulation and energy policy recommendations with respect to effec-
tive utilization of energy resources, improvements in energy efficiency
and energy reliability, and emlssions reductions [4].

Long-term energy f dels are g lly characterized by a
wide scope and low level of temporal detail, to avoid the exercise to
become computationally unwieldy [5). Energy models can also be
deveioped to capture more sector-specific detail, such as the power
sector that aim to calculate a path for power generation expansion which
combines technologies that collectively meet the variable demand.

Abbreviations: 0SeMOSYS, Open-Source energy Modelling System; LEAP, Long-range Energy Alternatives Planning System.
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< 1 Ai

have ined issues of power generation expansion
in developing countries of Africa, Asia and Latin America. These studies
have proposed and discussed a ber of methodologies and models for
electricity planning in developing countries. In this regard, the OSe-
MOSYS, LEAP, MESSAGE, MAED, MARKAL and TIMES modelling
frameworks have been applied in various settings to assess the future
energy sector. Despite the differences b the existing models and

Energy Strategy Reviews 45 (2023) 101045

modelling to prevent inaccurate analysis and the prescription of wrong
policies, particularly the feasibility of including new technologies to the
existing system. i.e. Electricity supply can be provided either by
cemrallzcd gﬂd-bmd means, or by decentralized methods; and detailed

is required to gize and eval which options that are

applimble and effective in improving the poor performance of the power
and low electricity access of developing countries.

methods, they all usually assess the cost-optimal technological opti
which matches the future energy demand. The least cost long-term
electricity supply mix strategies are determined for different countries
under various policy scenarios designed while considering their ¢
Among the existing scientific literature, Rady et al. developed an
0SeMOSYS-Egypt model to determine the lowest cost electricity gen-
eration mix that is required to satisfy two different demand scenarios
within a time period between 2018 and 2040 [1]). Dhakouani et al.
presented an OSeMOSYS-based long-term model of the Tunisian elec-
tricity system aimed at showing the potential benefits of increasing
renewable energy source production [6]. Awopone and Zobaa also used
the OSeMOSYS to ine the future possible energy policy direction in
Ghana. Alternative policy scenarios of energy emission targets, carbon
taxes and transmission and distribution losses improvements were

"y

This paper focuses on Ethiopia since the country’s electricity system
is facing unique challenges that can highly relate to other less developed
and developing countries. Modern and reliable energy sources are
crucial to society’s well-being and to a country’s economic development
but the primary source of energy in Ethiopia is still traditional biomass.
In addition, previous studies that attempted to assess the future expan-
sion of the electricity supply system in Ethiopia are quite scarce. The
Ethi Power S ion Master Plan [16], completed in
2014 was done for the Exhlopian Electric Power (EEP) Utility for the
period 2013-2037. It uses the WASP gcnerauon planning program to
determine the 25-year least-cost g plan.
Recently, a new update of the masta' plan was developed [17] which
used sc lysis to rank g ions and the PLEXOS
production simulawon and optimlnﬂon model to plan the generation

developed [7]. Ouedraogo employed the LEAP modelling fi rk to
assess five scenarios that represent alternative development pathways of
Africa’s energy future from 2010 to 2040. The study highlighted eco-
nomic policies will have a significant impact on energy demand and
greenhouse gas emissions [4]. Kumar developed three major scenarios
to analyze the ble energy p ial in Indonesia and Thailand
from 2010 to 2050. It used the LEAP energy model to estimate the future
electricity supply options and CO, mitigation possibilities. The results
showed that expanding the share of renewables in the energy mix can
bring extensive socio-economic benefits to the Southeast Asian countries
[8]. Yophy et al. employed the LEAP model to assess several alternative
scenarios of energy policy and energy sector evolution of Taiwan. The

P until 2030. These two national level studies aimed to forecast
the future electricity supply without provldlng alternative possible fu-

tures that can be gful for policy develop In this regard,
Dereje [18] considered business as usual (BAU), moderate shift and
advanced shift scenarios of ec ic devel to assess the future

LEAP-based energy demand and supply in Ethlopia. Even though the
studies of Dereje and Mondal et al. [14,18] attempted to explore the
future Ethiopian power generation sector by providing alternative sce-
narios, the developed scenarios did not fully consider the context of the
country in terms of technology and policy choices that can overcome its
particular problems.

Thus, the overall objective of this study is to identify potential

model was used to compare future energy di
as well as greenhouse gas emissions [9).
The MESSAGE modelling framework has been applied by Marong
et al. to explore the possibl imal electricity supply expansion of
Gambia with and wi!hout hydmekctriclty imports for the hori

d and supply p

ys and provide a quantitative analysis of the future power gen-
crallon sector in Ethiopia while considering the context of and appli-
cability to developing nations. It tries to provide the best possible
mprcsemalion of electricity system of developing countries with

ideration of uni fe as well as independent assessments of

2015-2030 [10]. D io et al. d three ec g h rate
scenarios to analymtheelccuicity d and the expansion of elec-
tricity generation in Cameroon. The demand assessment was
made by MAED model while MESSAGE modelling framework was used
to optimize the supply system and quantify associated emissions [11]).
Das et al. tried to investigate the ahemative ways for future expansion of
the B: to address the issue of affordabili

Doy

4

ahernallve technologies and policy choices. With this objective in mind,
this paper seeks to answer the following questions.

e What are the optimal (least-cost) supply mix alternatives of the
future power system which could ensure generation adequacy, reli-
ability and reduce greenhouse gas emission and which renewable

tech ies play a key role in the future energy mix?

S

power sy
and mliablllly Focusing on power imports and higher use of tencwabls
the study employed the TIMES modelling framework to explore fou:
power supply scenarios [12]. Ruijven et al. p: d a global integ;
assessment model for assessing lhe rural dcctriﬁcalion and associated
investment needs focusing on regions with low electricity access, mainly
in Latin America, Asia and Sub-Saharan Africa. From the different set of
electrification scenarios investigated in the model, it was found that
electrification varies across the three regions where Latin America and
Asia galnaccasal lower income levels than Africa [13). Mondal et al.
d an of alter , long-term energy supply stra-
tegis of Ethiopia using the MARKAL energy system model. The results
showed that higher investment costs will be required to achieve policy
goals in near-term, but also include long-term benefits such as sustain-
able energy sy d ion of access with modem
sources of energy and thedevelopmenl of a low carbon society [14].
Despite the extensive use of LEAP [4,7-9], OSeMOSYS [1,6,7] and
MESSAGE [10,11] for assessing the long-term energy development in
various developing countries, little attention has been paid to incorpo-
rating the unique features: traditional energy consumption, informal
economy, urban-rural divide, low clcdriﬂtauon, supply shortage, data
and skill needs [15). It is ial to ¢ these f during

&

e How does decentralized renewable energy contribute towards
improving the national electricity access?

o What is the effect of introducing energy efficiency policies on future
energy investments?

The model development in this paper is based on a contextual rep-
resentation of the electricity systcm on RES dlagram and sof(-llnklng
pproach that is adopted by c g two i the
0SeMOSYS and LEAP. In addition, thls study comributa to the existing
body of knowledge and overcome some of the limitations that exist in
the literature. Sector wise and technological representation of supply
and end-uses at a disaggregated level (i.e. urban-rural divide, central-
ized vs decentralized), plausible scenario analysis of technology selec-
tion for improving electricity access, and demand side and supply side
are the Ities and main -al contri-
butions of this paper. Moreover, feasibility of both grid-extension and
off-grid supply options, feasibility of 100% renewable and intermittent
resource (solar and wind) target are investigated as presented below.
Finally, a sensitivity analysis is conducted by identifying the undcrlying
factors that affect the model output. This provides crucial inf
regarding the effects of changes in critical inputs and assumptions.

hadalaod
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The structure of the article is as follows. Section 2 gives an overview
of the country's power sector. Section 3 discusses the methodology
employed in this study including the model choice and development, the
Reference Energy System (RES) and applied scenarios. Section 4 pre-
sents the results of the models. Finally, Sections 5 and 6 provide dis-
cussion and conclusion of the main findings.

2. Background-Ethiopia’s power sector

ln Ethiopia, 1he national energy balance is dominated by a heavy
on fi idues and dung [19-22). This dependence
has serious environmental and health risks that needs intervention to
accelerate the transition to modern energy sources. The country has
managed to achieve universal electricity access to almost all urban
areas, while access to electricity in rural areas is very limited. The
electrification rate of households in the country is presently at 40% total
access with per capita consumption of 143 kWh.

Ethiopia has a high p ial of bl es including solar,
wind and hydropower in addition to geothermal and bioenergy, sum-
marized in Table 1. However, the p ial is lansely pped. The

power g ion is domi d by hydrop: ace g for about
90% of the total. The generation and capacity mix consists of 13 hydro,
six diesel standbys, one geothermal and three wind farm plants with
installed capacities of 3814 MW, 87 MW, 7.5 MW and 324 MW,
respectively. This amounts to a total of 4233 MW [23]. The strong

J_.‘A““ an hed. has hace 2 anctacie ahallocaa s Bokiania 1o
O ny a5 UUTH & STNoUS ThauThET 10 tlaidpia i

lhc past decades, somcumes to a level where the country experienced
sequences of blackouts and enforced load shedding (e.q. severe load
shedding in 2009 due to water shortage in the dams). Over the years,
d hts and inconsi infall across the country have resulted in a
low water level at different hydropower plants. In addition, as a devel-
oping country, Ethiopia has a strongly increasing electricity demand due
to growing population, rapid urbanization, energy export plan, rise in
living standard and income. Together with poor performance of the
power system, this has resulted in electricity supply insecurity [24]).
The hydropower vulnerability and supply insecurity could be miti-
gated with an appropriate energy-mix by developing renewable and
other sources-including natural gas, solar, wind and geothermal energy.
K ing this, the Go of Ethiopia (GoE) has focused on diver-
sifying its energy-mix with solar, wind and geothermal sources to
complement the large base of hydropower development. In line with
Pillar Three of Ethiopia’s 2011 ‘Climate Resilient Green Ec y

Energy Strategy Reviews 45 (2023) 101045
Fig. Al. of the appendix which is discussed further in detail below.
3.1. Model choice

The choice of appropriate modelling framework depends on the kind
of insights the model is intended to provide and should therefore start
from an assessment of the context, the challenges, and the policy
questions to be answered [6]. Long-term energy modelling tools that
aim to provide insights into i and infrastructure needs, 1l
with a cost-optimization perspective include the long-established MB-
SAGE, MARKAL and TIMES models, and recent open-source alterna-
tives, such as Balmorel and OSeMOSYS [28]. Each of these tools have
their own features and the selection of appropriate modelling tool de-
pends on the level of use of the features for a particular application.
MESSAGE, TIMES and OSeMOSYS are widely used optimization models
that have been applied in different countries to address a variety of
research questions. It is important to develop a comparative overview of
these models in terms of several criteria, particularly their applicability
to developing countries where unique features of traditional energy
& ption, informal ec y, urban-rural divide, low electrification,
poor performance of the power sector, supply shortage, data and skill
needs, etc. should be considered [15,29]. In this regard, MESSAGE and
0SeMOSYS share most features including purpose (investment deci-
sion), analytical approach (bottom-up), time horizon (long-term),
geographical and sectoral coverage, scenario-analysis and tradhional

fraale Lariavan OCAINCUC has sha od. of ac ing the
GEs. nowevarn, UStmUSES nas e

urban-rural divide, being open-source and an easy-to-use optimization
modelling framework. For this reason, the authors chose OSeMOSYS for
carrying out the electricity supply analysis of Ethiopia within a time
period between 2018 and 2050. In addition, the Long-range Energy
Alternatives Planning Sy (LEAP) modelling tool is employed to
unfold the future evolution of the electricity demand and analyze the
end-use energy demand through alternative scenarios.

As in most long-term optimization models, OSeMOSYS in its stan-
dard configuration assumes a perfect foresight and perfect competition
on energy markets [30]. In malhematical terms, OSeMOSYS is a deter-

inistic, linear optimizati rk. H , mixed-i linear
programming may also be applied in the case of unit commitment.
0SeMOSYS has been used as a long-term optimization model in many
countries such as Egypt, Tunisia, Ghana, Saudi Arabia, Iran and
Bangladesh [1,6,7,31-35), and thus its functionality has been tested in

(CRGE) Strategy’, which requires 15-20% of the energy supply to come

from hydrop based bl by 2020, the GoE
targets to ¢ ib ds mitigating climate change [25,27].
3. Methodology

In this study, there are three main phases namely: choice of model-
ling framework, demand projection and generation expansion. The

large models in the past.
3.2. Coupling of LEAP with OSeMOSYS

Our hybrid modelling approach of coupling LEAP with OSeMOSYS
attempts to achieve a better system rep by taking ad 2
of the strengths of both modelling frameworks, particularly in regard to
capturing the specific features of developing countries. As thoroughly
dkcussedin Ref. [15]), themeofaslnslemodelllng framework inade-

model choice and soft-linking of two tools is done considering the
context of the country and applicability to developing nations while the
supply-demand balance is based on the system representation on RES
diagram and identification of relevant scenarios. Sector-wise & tech-
nological representation of supply & end-uses at a disaggregated level
are the core of the modelling approach employed in the LEAP and
0SeMOSYS models. An overview of the methodology used is outlined in

Table I

Nati 1

energy p ] [23,25,26]).
Technologies Unit Exploitable reserve
Hydropower MW 45,000
Solar kWh/m®/day Avg. 55
Wind MW 1,350,000 (@50 m height, wind speed 7 m/s)
Geothermal MW 10,000

the developing country characteristics while the
developmem of LEAP-OS:MOSYS hybrid model would enhance the
electricity system rep by incorp g most
In this approach, lherespccﬁvemoddsdevdopedinLEAPandO&
MOSYS are executed separatdy, and the uc.hanse of data is controlled
by the modelers. The p d by the d d scenarios
andrmllsgencralcd bythc LEAPmddwﬂlbegivmasaninpuuodte
ly d energy p of the 0SeMOSYS
modr_L These exogenous variables, e.g. the projected yearly electricity
demand by sector and scenario, GHG emission, energy efficiency, cost,
etc. will be soft-linked between the models.

3.3. Optimization mechanism and logic

The least-cost power generation and capacity mixes are identified

s

[ ing various alternative policy scenarios to explore different
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possible futures and balance the long-term electricity needs and re-

sources. The objective function of the core model in OSeMOSYS is given

by Eqgs. (1) and (2) where the minimum total discounted cost is deter-

mined for a time domain of decades. Technologies compete to gain a

share in the electricity supply, based on their techno-economic charac-

teristics and on a ber of ¢ ints-e.g. d d, minimum
bl i issi use of es, etc.

&'

Minimise ) TotalDiscountcdCost, ,, 1)

yAr
Vyaat TouanscounwdCoa, 1 = DiscountedOperatingCost,
+Di dCapitall yar
+ Discounted TechnologyEmissionsPenalty,
— DiscountedSalvageValue, 2)

'Subscripts y,t and r represent the year in time horizon, technology
representing a type of power plant and region or country modelled,
respectively. The costs are annualized over the years in which the asset is
active. In the case of late investments (e.g. made in 2050), OSeMOSYS
gives a ‘salvage value' for benefits after the investment pcriod. Con-
straints are mainly defined on: i) rate of d d for each combi of
commodity, time slice and year, ii) capacity adequacy in each time slice
and year, and iii) energy balance in each time slice and year.

3.4. Model application
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many forms, including nuclear energy, fossil energy (oil, coal and nat-
ural gas) and renewable sources. In the Ethiopian context, eight different
primary energy resources are considered: renewables (solar, wind,

mal, bi and hydrop. ) and bl 1 gas,
nudear and oil (i.e. hnponcd diesel)). The country has very large
exploitable reserves of renewable and clean energy resources (see
Table 1) while it relies on imported fuels for nuclear and diesel energy.

o Power generation technologies

Power generation tedmologies convert the primary n:sotm inlo
electricity. Two types of supply technologies are consid C i
grid-based and dec lized o&'—grid hods. The dec lized/
distributed technologies are the main source of electricity in many rural
areas of Ethiopia. Considering their type of input fuel sources and power
plant size, sixteen types of power technologies are available in the
Ethiopian RES (see Table 2). Hydropower plants are classified as large-
scale (>100 MW), medium-scale (20-100 MW) and small-scale (<20
MW). Other bles include ph ltaic plants (utility-scale and
small-scale rooftop), concentrated solar power plants, wind plants
(utility-scale and small-scale), g mal and bi plants (cog
ration and inci ion). Th | candidates include diesel (Distributed
small-scale and centralized utility-scale), natural gas (combincdtyde
and open-cycle) and nuclear power plants. Existing thermal gi
includes reciprocating diesel generators which are mostly used as
emergency reserve. It is assumed that these plants will continue to
provide service for the next few years until the end of 2022 when it is
)| d for dec issioning [17]).

The long-term electricity supply model is developed idering

Ethiopia as a case, with alternative policy scenarios asdkcused in detail
below.

3.4.1. Model development and reference energy system

The OSeMOSYS-Ethiopia model pcrfmns llnmr pmgrammlng -based
optimization of supply opti g the d ds specified
in the LEAP model that are structumd scctor-wise namely: residential,
industrial, commercial, agriculture and transport. LEAP has been used to
investigate electricity sector and energy sector of several countries [33,
36-39). In particular, it is a widely used tool for energy demand pre-
diction and scenario analysis in developing ec jes [21,40,41). Both
unOSeMOSYSandLEAPmodclscomidcraspaualscopeofa
single-region in a time horizon between 2018 and 2050.

The Reference Energy System (RES) is a schematic representation of
the real energy system in the country that is being modelled. It provides
u:emuts/linksofcrmxy flows from primary energy supply, via energy
hnologies to the products/services satisfying the de-
mands. The RES-diagram dcveloped with the context of Ethiopia which
is the basis of the OSeMOSYS model is shown in Fig. 1. It represents the
current energy sy and is flexibl gh to include future system

i Primary energy sources are p d to the left while the
or-wise demands are to the right of the diagram. Energy conversion
technologies are indicated by boxes. Boxes with solid-lines represent
mdsung lcchndogks in the country while broken-lines indicate future
technologies under consideration. The lines the outputs of pri-
mary energy resources to the inputs/outputs of various technologies,
and all the way to the final demand.

o Primary energy resources

Primary energy resources include all energy products not trans-
formed to electricity, that is, the resources or unconverted fuels that
could be exploited by technologies for electricity generation. They take

! DiscountedSalvageValue represents the fraction of the initial capital cost
that can be recouped at the end of a technologies operational life that is dis-
counted to each year with the considered discount rate.

P

o Transmissi distril

infrastructure

The energy conversion system includes electricity transmission and
distribution (T&D) infrastructure. Centralized utility-scale power gen-
eration technologies are connected to the transmission system at a high-
voltage level which carry and transport power to long-distances. On the

y, d lized off-grid technologies are either connected to the
distributi y at a medi ltage level or directly to the
« end, at | Itage level. The distribution system is the final

stage in the delivery of electric power that carries electricity from the
transmission sy to final ¢ It is disaggregated into different
categories such as distribution to

residential sector, agricultural sector, industrial sector, transport
sector and service sector. In addition, electricity export to neighbouring
countries is represented with long-distance high-voltage ac and dc
transmission lines.

o Final demand
The final d d is disaggregated into industry, agriculture, ser-
vices, residential and port. M power export to neighbour-

ing countries is also rep d as a final d

3.4.2. Data and key assumptions

Data used in this study is based on extensive data collection, mainly
from the reports available in the Ethiopian electric power sector [16,17,
19,23,26,27) but also from international studies and reports [4,42-62).
Tables 2 and 3 summarize the main input data and key assumptions for
making the OSeMOSYS-Ethiopia model. Lheralurc-based costs and ef-

ficiency values are used for various power g ion tec gies while
considering the context of the country.
The construction of hydrop: plants lly involves substantial

civil work (dams, river diversion, etc.), the cost of which largely depends
on labor costs, which results in much lower hydropower investment
costs for developing countries than in industrialized countries. Conse-
quently, after considering the context and referring to local studies, a
specific investment cost of 2000 USD/kW, 2400 USD/KW and 3533
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Fig. 1. The reference energy system (RES) of Ethiopian electricity sector.

Table 2
Techno-economic input parameters of various power generation technologies in OSeMOSYS-Ethiopia model [4,16,17,19,23,26,27 42-59].
Unit Input parameter”
Capital Fixed Variable Capacity Availability Capacity Efficiency  Life COz NO.
cost cost cost factor factor credit cycle emission emission
uUsD UsD usD % % % % Years kg/MWh kg/MWh
Sa01/kW Sae/kW S,/ MWh
Power generation technology
Hydro-large 2000 18 0.1 41 91 100 - 80 - -
Hydro-med. 2400 50 0.36 41 91 100 - 50 - -
Hydro-small 3533 50 0.36 46 91 - - 30 - -
Geothermal 4000 888 8.4 80 95 100 - 25 - -
PV-utility 1100 21 0.4 25 9 5 - 25 - -
PV.rooftop 2770 21 - 25 9 - - 25 - -
CSP (storage) 5238 67.3 15 63 92 100 - 25 - -
Wind-utility 1700 46 08 30 97 20 - 25 - -
Wind-small 2900 46 - 30 97 - - 20 - -
Biomass 3333 75.6 6.5 50 98 100 38 30 - 0.065
Waste inciner. 7900 756 6.5 50 92 100 34 25 1195 0.66
Nuclear 4500 164 20 85 93 100 33 40 - -
NGCC 1100 24 26 80 95 100 55 25 400 0.03
NGOC 700 17 35 80 97 100 36 30 575 0.05
Diesel-utility 1600 60 6 80 95 100 35 25 700 6.4
Diesel-small 692 276 6 80 95 - 35 20 1270 19
T&D infrastructure [16]
Transmission 1135 17 - - - - 96.5 30 - -
Distribution 1090 16.35 - - - - 91 30 - -

* Dashed cells: not applicable, zero.
® It also includes substation cost.
© Efficiency level after the year 2030; Capital cost is evolving during time horizon.
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Table 3 Table 4
Model setup, electri ds d and key p [4-6,17,21,24,41,43,49]). Electricity demand projections in LEAP-BAU scenario, 2018-2050 [64]).
Time domain 2018 to 2050 In TWh 2018 2020 2030 2040 2050
Time slices 6, one-year divided into two seasons as dry and rainy season, Industry 13 15.1 28.2 469 69.3
then the day divided as day, night and peak Household 4.6 6.4 206 407 625
Electricity 25.1 TWh/year in 2018 and then rapidly i growth Commercial 26 31 6.6 125 21.0
demand based on LEAP model predictions (See Table 4) Agriculture 0.1 05 44 104 16.4
Fuel prices (in * 3.89 USD/GJ for biomass Transport 33 39 15.0 204 249
2018) * 18.8 USD/GJ for diesel import Export 15 45 138 320 353
® 7.66 USD/GJ for natural gas Total 25.1 335 88.6 162.9 229.4

* 2.59 USD/GJ for uranium import
Discount rate 10%
Reserve margin 10%

USD/kW are used for large, medium and small-scale plants respectively
(see Table 2).

Future renewable technologies are expected to show capital cost

u:duclions due to increased leaming-rals Solar PV is one of the biggest

factors of the accel ition and moves quickly down the
cost curve [46]). Investment costs for 2030 and 2050 are calculated using
a 3% and 1% yearly technology cost reduction factor for utility-scale PV
and rooftop PV (with 1 kWh battery) respectively.

Cost reductions are also accelerated for other renewable energy
technologies that are not yet fully mature. Capital cost of wind power is
considered to fall by 1.5% and 1% every year for utility-scale and small-
scale technologies respectively. Concentrated Solar Power (CSP with
storage) achieves cost reductions of 30% by 2030 (i.e., 30% over a
decade, from 5238 USD/kW to 3650 USD/kW to 2555 USD/kW).

The i cost of bi power plants falls to 2750 USD/kW
by 2030 from 3333 USD/KW in 2020 [51). Geothermal power plant
installation costs are highly site sensitive due to the reservoir quality, the
type of power plant and number of wells [53]). In the past decade,
geothermal capital cost increased from 2588 USD/KW in 2010-3916
USD/KW in 2019. Thus, a slow cost reduction to 3100 USD/kW in 2030
is d. Waste inci ion plants are assumed to show a 3% capital
cost fall in ten years. Other technologies, that is, the hydropower and
thermal plants are not assumed to show cost reductions in time as they
are capital-intensive often requiring long lead times. Costs have been

lized and di d to the value of the year 2018 assuming
corresponding plant life assumptions as shown in Tables 2 and 10%
discount rate.

The reserve margin (RM) is defined as the amount of firm electricity
generation capacity minus the system’s maximum annual demand as a
ratio of i annual d d [4]. An evaluation criterion is shown
in (3) which states that the total firm capacity should always be greater
than the annual peak demand (Dp). Where a; is the capacity credit of
power plant/technology i which is considered as “firm™ and C,; is the
generating installed capacity of the corresponding power plant. Many

dies on Sub-Sah African ¢ use a reserve margin
constraint of below 10% [4,5,24,63). Given the importance of having
sufficient firm capacity to system reliability, an average reserve capacity
of 10% is considered as reasonable in this study.

3@ x Cyi > (1 + RMui) D, 3)
[

The LEAP electricity demand projection employs different scenari

total electricity demand under the E&U scenario is expected to reach
256 TWh while HEG and BAU demand 253 TWh and 229 TWh respec-
tively. Total energy saving under the IEE scenario are mainly due to
technology imp d-side management, industrial energy
audit and efficiency memurs, network loss reduction, etc. which are
estimated to be about 43 TWh.

In the context of the country, where variable sources account only for
a negligible part of the power system, time slices are defined primarily
according to the variability of demand (according to the seasonality of
rivers, in a system with a high share of hydropower). Therefore, the
model is not required to capture the variability of the supply. In order to
represent the variability of demand, the 8760 h that make up a year are
broken down into time blocks or time slices capturing seasonal, weekly
and daily variations. In this study, 6 time-slices are used in which the
year is sub-divided into two dry (September-May) and rainy
(June-August). The 24-h day is then sub-divided into three time blocks
as: day (06:00am-06:00pm), night (10:00pm-06:00am) and peak

(06:00pm-10:00pm).

3.4.3. Scenarios

'l‘hclilcratumsurvcyhasslmwnlhat lhcreisagaplnpmvidlngh\-
d of ive tech (c vs
decenh'auzcd) and policy choices that can be &cnual for developing
countries in a way that addresses their particular needs and consu'aims
In this study, five different scenarios are employed, e
scenario (ref), grid extension scenario (grx), muldple-mource mix
scenario (mix), ble and intermi resource target scenario
(VRE) and improved efficiency scenario (Eff). The scenarios are devel-
oped as potential pathways of the future power supply that are selected
by considering the country’s context in terms of electricity access, future
governmental direction, and technological change.

3.4.3.1. Reference scenario. The reference scenario (ref) is a policy-
driven scenario which is a continuation of current policy, program,
and target of the government. The GoE aims to achieve universal access
to electricity nationwide by 2025 where 65% of houscholds are expected
to be lied through grid ion while the g 35% access
dectridty via off- grid technologies [25,27). Therefore, the reference
scenario considers both grid and off-grid technologies to be used for
meeting the future demand. Centralized power plants will be contrib-
uting to the grid while decentralized technologies are connected to the
oﬁ'-grid system. As shown in Table 1, the country’s absolute hydropower

ial is esti d up to 45,000 MW, but the existing studies
do not spcdﬁcally deﬁnc this potential at different sizes. In our model,

to show the maximum expected risclndcmandunderdlfferemdrivcls
and the best-case energy saving opportunities. The devel sc

are Business-As-Usual (BAU), Growth in Electrification and Urbaniza-
tion (E&U), High Economic Growth (HEG) and Improved Energy Effi-
ciency (IEE) scenarios.

The electricity demand projection under the BAU scenario is shown
in Table 4. It is evident that the country expects a strongly increasing
electricity demand in the future three decades. A comparison of the
scenarios shows that the highest demand is expected for the E&U sce-
nario since more electricity-based end-uses are utilized. In 2050, the

we id installed capacity restrictions of 30 GW, 2 GW
and 1 GW for large-scale, medium-scale and small-scale hydropower
plants. Geothermal and utility-scale wind have maximum capacity re-
strictions of 10 GW and 20 GW respectively while solar PV and other
technologies are not d to have any capacity restrictions. These
constraints on installing new capacities consider the exploitable poten-
tial and have a very optimistic view with regards to future government
direction & policy that support the use of particular technology, faster
construction period and maximum capacity investment.

Grid access to household sector will be growing from 20.5% in 2018
to 65% in 2025 and off-grid access falling from 79.5% in 2018 to 35% in
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2025. From 2025 onwards, grid and off-grid systems will meet their
respective demands with 65%/35% household shares (see Table 5).

3.4.3.2. Grid extension scenario. The grid extension (grx) scenario is
based on the reference scenario. The GoE aims to expand the grid from
65% by 2025 to 96% by 2030 and only 4% will be supplied via off-grid
systems. Accordingly, this scenario will be used to test the feasibility of
the above policy. It intends to expand the network to all households by
eliminating the off-grid systems. This means that decentralized tech-
nologies will be excluded from alternative supply resources by con-
straining their installed capacities and output. In addition, no specified
demand profile would be given to off-grid customers.

3.4.3.3. Multiple-resource mix scenario. The multiple-resource mix
(mix) scenario is based on the grid extension scenario and tries to

itigate the hydrop: Inerability and supply insecurity by adding
multiple renewable and thermal resource mixes. The model is forced to
include certain technologies by constraining their minimum installed

capacities and output as shown below.

o Biomass-1.5 GW by 2025 and 2 GW by 2030,

o Geothermal-2GW by 2025 and 5 GW by 2030,

o NGCC-1GW by 2030,

o NGOC-0.5 GW by 2030,

o Nuclear-0.5 GW by 2030 and 1.5 GW by 2035,

o PV, utility-1.5 GW by 2030 and 3 GW by 2035,

o Waste inciner. —0.1 GW by 2030,

© Wind, utility-1.5 GW by 2030 and 3 GW by 2035.

The operation year and minimum capacities of the power plants are
assumed considering the speed of construction for each technology and
future government direction.

3.4.3.4. Renewable and intermittent resource target scenario. The GoE has
a plan to diversify the country’s energy mix with wind, solar and
geothermal resources to create a low-carbon future and complement the
large base of hydro [65,66]. An ideal power system is one that delivers
affordable, reliable, and socially and envi ible clean
energy. A 100% renewable based grid with high share ofvarlable gen-
eration would fulfill the above criteria. Accordingly, the renewable and
intermittent resource target (VRE) scenario is based on the grid exten-
sion scenario which investigates the feasibility of 100% renewable en-
ergy penetration (included hydrop , geoth I and bi ) and

highp ions of variabl bl ion (solar, wind). Unlike
the other scenarios, large-hydro is allowed to be dlspau:hed up to 40
GW. In this scenario, 100% ble target is d to be achieved

by 2030 out of which 20% is from solar and wind. In the remaining
years, the share of variable generation is set to increase from 20% by
2030 to 30% by 2035 and up to 40% by 2040.

3.4.3.5. Improved efficiency scenario. The improved efficiency (Eff)
scenario is also based on the grid extension scenario that is designed to
increase the demand and supply side energy efficiency. It is a policy-
driven scenario that seeks to increase the long-term power generation
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by implementing efficiency improvement policies on the electricity
sector. Demand-side management (DSM) activities intend to obtain a
load curve f; ble to both and utility through peak
shaving, valley filling, load shifting, strategic load reduction and
growth, etc. [67,68]. Some of the mechani include dards and
labeling, energy g and auditing, technology improvement,

etc.

These DSM measures and efficiency improvements are applied in the
LEAP d d model. Progressive efficiency gain is assumed to be
effective in the industry sector through energy audits and industrial
efficiency measures. These can have the potential to save up to 30% of
the electricity consumed in the industry sector by 2040. Improved
lighting standards and DSM programs are expected to reduce the energy
intensity of urban households by 1% every year. In addition, electric
stove energy intensity is expected to achieve 0.5% per year. Similar
assumptions are applied for other home appliances. Replacement of
streetlights with efficient light emitting diodes (LEDs) with smart con-
trol can also reduce the electricity consumption by 60%.

In Ethiopia there are significant transmission and distribution (T&D)
supply side losses affecting the reliability and quality of service provided
to customers. The government is expected to implement network reha-
bilitation resulting in power quality and system efficiency improve-
ments. Accordingly, this scenario assumes a total power loss reduction
from the average historical loss of 23%-12.5% by 2030 and down to 9%
by 2035.

In this section, the modelling results for each of the developed sce-
narios are presented and compared in terms of composition of electricity
g energy e diversity, ec ic cost and emissi

4.1. Comparison of electricity generation and installed capacity mixes
under various scenarios

Fig. 2 shows the electricity g ion and cor ding installed
capacities for the reference scenario. The electricity gcneradon for the
base year 2018 is 31 TWh. The predicted growth in electricity for the
year 2030 is more than 300% with a total generation of 99 TWh. In the
next two decades, the generation is expected to show rapid increase to
meet the rising demand in different sectors. In 2050, the total generation
is expected to reach about 255 TWh. Comparison of reference and other
alternative scenarios (see Figs. 3-6) shows that the generation growth
pattern is similar for all scenarios except for the improved efficiency
scenario, in which the total generation is 6 TWh and 39 TWh lower in
2030 and 2050, respectively, due to energy savings at the demand and
supply-sides (see Fig. 6).

Looking at the electricity g jon mix, the ition from a
hydro-dominated source to diversified sources is slow. In all the sce-
narios, the OSeMOSYS-Ethiopia model prioritizes hydropower due to
the abundant resource availability, flexible properties, low capital, and
fixed costs together with a negligible variable cost. Between the years
2018 and 2030, the penetration of hydro in the energy mix is mostly
above 90% for all scenarios. However, in later years, the electricity
supply share of hydro decreases to about 40% by 2050. CSP, natural gas
combined cycle (NGCC) and wind energy are the major alternative
sources used in ref, grx and Eff scenarios.

In the mix and vRE scenarios, solar PV and geothermal sources
displace the CSP and NGCC technologies. In the ref scenario, small-scale
wind turbine is the major distributed technology that is used to supply

Table 5
Household electricity access and d d projection-ref rio, 2018-2050
(64]).
2018 2025 2030 2040 2050
Grid off-grid ¢
Coverage (%) 205 65 65 65 65
Demand (TWh) 094 *Qr 134 265 40.6
Off-grid
Coverage (% 795 35 35 35 35
Demand (TWh) 36 41 7.2 142 218

omers in addition to small-scale hydropower and rooftop
solar PV. Small-scale wind turbines account 21%, 42% and 62% of the
off-grid demand in the years 2030, 2040 and 2050 respectively while the
remaining 44% and 22% are covered by small-scale hydropower in the
years 2030 and 2040. By 2050, rooftop solar PVs gradually increase
their share to 14% while small-scale hydmpower decrass The model
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Fig. 7. Levelized cost of electricity (LCOE) for modelled technologies.

has also deployed distributed small-scale diesel generators to meet the
ining off-grid d q
Nuclear power and waste incineration plants are not favored by the
model in any of the scenarios except when it is forced to include mini-
mum capacities in the mix scenario. Biomass is also not included in the
energy mix due to high investment, fixed and variable costs. This is

reflected in the levelized cost of electricity (LCOE) shown in Fig. 7 that
measures the cost per unit of electricity supplied from various technol-
ogies. LCOE is lowest for hydro, utility PV, wind and natural gas, and
highest for diesel, waste incinerator, biomass and nuclear.

Even though the LCOE primarily determines the ranking of tech-

logies, it does not g higher dispatchability in the model. This
is demonstrated by the larger deployment of CSP over utility PV. This is
because the objective of finding the mlnlmum annual cost also includes
capacity and energy balance c that depend on the availability
and capacity factor (annual operation time) of the technology. CSP is
equipped with a heat storage system to allow for electricity generation at
night or when the sky is cloudy. This will offer additional flexibility and
significantly increase the capacity factor in comparison to solar PV.

In 2018, more than 90% of the total installed capacity is acc dto
hydropower (see Fig. 2-B). This proportion decreases to about 54% by
2040 and 37% by 2050 as a result of increased capacity mixes from other
alternative resources. By 2050, the total installed capacities are expected
to reach 91 GW, 83 GW, 77 GW, 72 GW and 68 GW for the scenarios
VRE, ref, grx, mix and Eff respectively. Compared to the grx scenario, the
Eff scenario has reduced the installed capacity by 9 GW. As discussed
below in subsection 4.2., this capacity reduction has resulted in a sig-
nificant financial saving by avoiding unnecessary future power plant
investments.

4.2. Economic cost

Fig. 8 (subplot a) shows the total (MUSD) and unit discounted cost of
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Fig. 8. Total and unit discounted costs (a) and di
technology (b).

cost of hyd

P

energy (USD/MWh) for all the scenarios. The technology costs are dis-
counted to the base year 2018 considering the period b 2018 and
2050. Total cost comprises of capital cost, fixed O&M cost and fuel cost
for generation and T&D infr ture. The g ion system has the
highest share of disc d cost accounting more than 69% in all the
scenarios. Transmission, substation and distribution infrastructure come
next accounting 14%, 12% & 5% share respectively. Comparing the total
discounted costs over the time horizon (2018-2050) between the sce-
narios shows that the mix and vRE scenarios (about 37 BUSD each) are
approximately 12% higher than the grx scenario (about 32 BUSD). The
ref scenario (about 35 BUSD) is higher by about 9% while the Eff sce-
nario (about 28 BUSD) is less by 11% compared to the grx scenario. The
lower cost in the Eff scenario which is close to 4 BUSD is mainly as a
result of loss reduction on the T&D network but also due to efficiency
improvements on the supply and demand-sides.

Fig. 8 (subplot b) shows the discounted cost of energy from hydro-
power plant. Almost all of the discounted cost is due to capital invest-
ment with negligible fixed ion and mai e (O&M) cost and
salvage value. The diﬂ'crmce among the discounted costs of the five
sC ios is due to ec y of scale of the capacity and produced energy
from the ¢ ding hyd plants.

¥ o 1Y Ly

4.3. Emissions

Given the higher use of g elec-
tricity in all scenarios, the greenh gas emissi lted from
generation technologies is quite low. Overall annual CO, emissions for
the period between 2030 and 2050 is estimated to be about 15 kton/y.
NO, are also negligible. These low-level CO; and NO, emis-
sions are mainly generated from the natural gas power plants.
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4.4. Model validation

In order to verify that the OSeMOSYS-Ethiopia model is performing
as expected, the energy bal of the output is checked according to the
RES developed for Ethiopia (see Fig. 1). For instance, under the grx
scenario in 2018, the produced electric energy from various technolo-
gies to 31 TWh, lines transported about 29 TWh
and distribution lines about 24 TWh which equals the total exogenously
given domestic demand. The reduction in value from generation to
transmission and all the way to final demand is because of T&D losses.
Such pattern is similar to all the remaining scenarios and years that
confirms the model is executing correctly.

4.5. Sensitivity analysis

Sensitivity analysis has been carried out on the results found from the
0SeMOSYS-Ethiopia model by varying the discount rates and capital
cost of hydro. This will provide crucial information regarding the effects
of changes in critical inputs and assumptions.

4.5.1. Electricity generation sensitivity to different discount rates

Four different discount rates: 5%, 7%, 12% and 15% are applied in
the reference and alternative scenarios and compared with the 10%-rate
used in the study. Such comparison of different discount rates is inten-
ded to show the lnvcstmen( choice, and capacity-mix implications for
power g ion technologies. Table 6 the total disc
cost (MUSD/y, 2018) with the alternative discount rates applied to each
of the considered scenarios. The results generally show that the total
discounted cost decreases as discount rates are incremented from 5% to
15%. This is consistent with the theory that “the larger the discount rate,
the lower the impact of the future extra costs™ [69). In addition, the
0SeMOSYS discounted cost equations (refer Egs. (1) and (2)) also justify
this result. The effect of the discount rate on choice of technologies and
energy-mix is shown in Fig. 9 for discount rates of 5% and 15%. The
results show that the electricity generation mix vary according to the
assumed discount rates. Natural gas, utility-scale wind technology and
small-scale diesel generators are partly displaced by CSP, medium-scale
hydrop: plant and rooftop solar PVs (i.e. with higher investment
mst)asﬂnvalmofﬂnediscmml rate decreases. On the contrary, the
share of natural gas and distributed diesel generators increases by dis-
placing rooftop solar PV and a small portion of hydro as the discount rate
increases. This shows that higher discount rates favour expansion of
natural gas power plants, and the country may be required to invest
more on the technology.

4.5.2. Electricity generation sensitivity to increased hydro capital cost
Increased capital costs of hydro will change the shape of the energy-
mix of the grid i rio as d. d in Fig. 10 with in-
crements of 20% (i.e. 2400 USD/kW) and 50% (i.e. 3000 USD/kW). 20%
increase in capital cost partly displaces hydro by raising the production
level of NGCC. Further increase of capital cost results in reduction of the
share of hydro that is replaced with other competitive sources such as
natural gas, geothermal, wind and CSP. With 50% increase in capital
cost, the model chooses not to allocate any additional new capacity to

Table 6

Sensitivity analysis of the t d cost with di: rates of 5%, 7%,

12% and 15% relative to 10%.
Total discounted cost [2018 MUSD/y]

5% 7% 10% 12% 15%

ref 14,543 12516 10,927 10,085 8898
grx 12,605 12,188 11,086 10,265 9078
mix 12,605 12,188 1,125 10,329 9213
vRE 12,605 12,188 11,086 10,265 9078
Eff 12,564 12149 11,050 10,232 9049
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Fig. 9. Electricity generation mix under the reference scenario with a 5% (A) and 15% (B) discount rates.
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Fig. 10. Electricity generation mix under grid extension scenario with a capital cost increase by 20% (A) and 50% (B).

hydro, keeping only the residual capacity.
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250 4.5.3. Electricity generation sensitivity with no thermal storage of CSP
Fig. 11 shows the model outputs of the electricity generation mix
200 without considering the th 1 ge of CSP. CSP is entirely excluded
150 from the energy mix being replaced mainly by geothermal and some part
by biomass. This shows that CSP without storage is not competitive as it
100 is with storage mainly due to the unavailability of the technology in
most periods of the year where there is no sunlight and no production.
50
0 5. Discussion
>
x°¢ 160 '@b 16'0 & »&% '\99 x°°b '»&0 This paper identifies potential pathways of the Ethiopian power
sector using an improved electricity system rep ion that
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Fig. 11. Electricity generation mix under grid extension scenario with no and intermi e target (VRE) and impi

thermal storage of CSP.
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using Ethiopia as a case. They represent alternative technologies, policy
choices and strategies addressing electricity access, security, sustain-
ability, and affordability issues.

'mestudyisapplyingan pproach based on soft-linking of the LEAP
and OSeMOSYS A hat similar approach has been used
employing OSeMOSYS [1,6,7] and LEAP [4,7-9,21], but the method-

ology applied by the current work is different compared to the published
literature. Due to the unique features and characteristics of energy and
electricity systems of developing countries (as introduced in section 1),
an improved representation of the electricity system is needed in both
the supply and demand models. None of the published studies fully
address these features.

In the present study, sector wise and technological ion of
end-uses at a disaggregated level in lenns of urban—mml dividc, elec-
trified and non-electrified areas, ec ic and/or technological tran-
sitions, informal sector and supply shortage f are incl d d in the
LEAP model. Moreover, the effects of unsustainable use of traditional
energy sources, high population growth and modernization and urban-
ization are analyzed whilc making the projection of the energy demand.
Few of these aspects are reflected in Ref. [21] that attempts to forecast
the future demand of Ethiopia using the LEAP framework. However, that
assessment was not « 1 idering the rate-of-ch in
socio-economy, technological chanse, infonnal economy, supply
shortage and future governmental direction. Further, the time horizon
was constrained up to 2030.

Furth e, with the i of improving the low electricity
access and poor performance of the power sector, the feasibility of
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production at night or when the sky is cloudy. The current study shows
that CSP equipped with heat storage and declining cost with technology
learning increases its competitiveness and leads to a higher contribution
in the context of Ethiopia.

Compared to the present study [14), anticipated a much lower value
of the annual electricity production. In the best-case scenario, the
electricity production grew from 11 TWh in 2015 to 170 TWh in 2045.
The main reason for the difference is assumption of annual growth in
electricity demand for various sectors. The average growth rate of
electricity demand by sector (2012-2030) was used to estimate elec-
tricity demand till 2045. The present study draws a feasible assumption
of reducing gross domestic product (GDP) growth rates of 9%, 7% and
4% over the years 2018-2030, 2031-2040 and 2041-2050 respectively.
Similar to Ref. [17], it also uses multi-variable regression and dis-
aggregated model that represents the useful energy demand in all sec-
tors. Apart from demand forecasting, this study provides a way of
exploring different possible futures that can show the maximum ex-
pected rise in demand under different drivers and the best-case energy
saving opportunities. Cooking and baking appliances (injera, bread,
etc.) that are the major power consuming loads in Ethiopia are repre-
sented in the energy use by h hold , latest develop
and governmental plans are also d in esti g the capacity
and operation period of future industrial parks, export plans and railway
lines.

'F)

The selection of a certain temporal luti ly infl the
resulting long-term generation and capacity-mixes, parucularly with the

increasing penetration of VRE [70-77]). In our case, increasing the

including new technologies to the system is analyzed with lized

dec lized technologies in the developed Ethiopian OSeMOSYS
model. In connection with this point [10], considered off-grid technol-
ogies of the rooftop solar PV and mini-hydro to contribute to the uni-
versal electricity access targeted in Gambia by 2030, however, the
aulhors did not further explore the feasibility of rural electrification

1ol

ber of time slices beyond six (dry & rainy season with day, night,
peak hours) would likely result in higher vRE deployment of the gen-
eration and capacity-mix outputs, specifically under the vRE scenario,
mainly since solar PV likely would have a significantly higher share due
to a better capture of diurnal matching between solar generation and
demand [76). This could in turn mﬂy improve the contribution of VRE

of grid ion and/or off-grid systems options. capacity i to firm ity, which in turn would lead to
chhnology leaming and investment cost reduction aspects werc mducdon of pczk-capadty investment.
included in Refs. [10,12,14,40] and high system losses were rep , inc ing a model's lution of time ires detailed

in Refs. [4,7,10,14], while in the current study and model, all these,
declining cost with technology leaming, high system losses and future
policy-driven energy savings, are included and thus accounted for.
Further, in addition to taking into account reliable sources and estima-
tions, the data used in the current study considers the context of the
country in terms of resource availability, technology maturity, govern-
mental plan, construction period and labor cost. As opposed to trying to
use correct absolute costs, more attention is given to the relative costs of
different technologies since the relative costs are determining the
model’s technology selection. These factors are important in improving

q

and quality datasets which are not readily available in developing
countries like Ethiopia. Therefore, the rep ion of vRE impact in
the generation-mix needs further study over time, with the advancement
of data availability, scope and quality of models. In addition, the model
and analysis consider a spatial scope of a single-region and did not
consider the disaggregation of the country based on socio-economic
status (level of urbanizati size, ec ic structure, human re-
sources, etc.), resource availability, political challenges, or climate

the data quality which would have some impact on capacity, g i
technology mix, and costs.

Comparison of the findings with these of other studies is difficult due
to differences in approaches and scenarios. Considering the first period,
2018-2030, and second period, 2031-2045, in accordance with in Refs.
[14,17), the current study shows the electricity mix to be domi d by

conditions by region. A detailed disaggregated/multi-regional model-
ling analysis may provide better insight lnloscctorwisercgionalmergy
with regard to electricity access, p of

cncrgles, total system costs and identification of cost-optimal locations
ble and grid develop [ 1g the network bottle-
necks (78).

2plad

6. Conclusi

hydropower. The least-cost optimization model employed in Ref. [14])
also found greater lnvestmmt in hydro and wind power while solar PV,

h 1l and ¢ d gas plants only contributed to a limited
extenl However, CSP was not selected by their model in the entire time
horizon because of the unavailability of heat storage which led to zero

T

and policy implications

A soft-linki

h of coupling two modelling frameworks has
beenadop(edinthlssmdywlﬂle- idering the unique f and
context of developing ¢ ries. Unique fe of traditional energy

, urban-rural divide, low electrification,

P

ion, informal
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supply shortage, data and skill needs are reflected while developing the
energy supply and di d models that Ited in better electricity
system representation. The open-source long-term energy modelling
framework - OSeMOSYS is used to analyze the long-term capacity
expansion of the electricity supply system while the future energy de-
mandisanalyudlnmeLEAPframcwork.ﬂteres\ﬂtsmaypmvidc
useful i ion to policymakers in developing effective policies that
address Mpanlmlarnccdsandalsomppoﬂlhemchndogicaland
efficiency innovations in the power sector.

In all the assumed scenarios, the model always prioritizes hydro-
power and uulhy scale wind energy attributed to abundant resource

ilability, comp y nature to tackle variation [79] and low
economic cost of the technologies compared to others. This results in a
slow transition of the historically hydro-dominated source into a more
diversified energy resource mix. Other alternative technologies used in
the energy mix in most scenarios are natural gas combined cycle,
concentrated solar power, wind, and geothermal. Technologies such as
nuclear, bi and waste inci ion plants are not included in most
scenarios unless they are forcefully policy-driven. This is associated with
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important focus area for the energy policy in a hydro dominated country
like Ethiopia. In this regard, the diversification of the power generation
mix with altemnative resources, particularly fuel-based dispatchable
generation (e.g. natural gas) can enhance the system’s resiliency to the
adverse impacts of climate change. However, additional measures are
also needed to effectively manage the dry periods. These include: 1)
electric power exchange with neighbouring ¢ ies (i.e. adjusti
export/import), 2) d d (i.e. change in end
user electricity consumption to hclp balance the generation), 3) rede-
signing infrastructure (e.g. enhance reservoir capacity).

CSP and natural gas are new technologies to the country that need
local leaming and increased number of skilled workforces. The country
actually needs to build its own army of competence and capability in all

ble energy es to successfully deploy and manage the
future technologies. In addition, given the use of large-scale renewable
resources, policymakers are expected to allocate adequate land for
possible development of solar PVs, wind and CSP farms. Furthermore,
vast expansion of the g and i ion of
mergyrsoumesofsolarandwmdtotheyldwﬂllikdybﬂngbls
challenges for energy providers and system operators in Ethiopia.
Therefore, the T&D grid capacity should improve in parallel with the
generation expansion.

Our analysis shows that the impl i pr

Hahbl

of i

d efficiency
in the cleclridty sys(cm is expected to have important roles in future

higher ec ic cost of the technologi: andcostofhnponcdﬁ»el The

results show that ble technologies are more competitive and

favourable in the comext of Elhlopla. Moreover, the higher use of
ble t to g electricity maintained the country’s

greenhouse gascmlsslonalalow level.

In the reference scenario, c d technologies of hyd
NGCC, (SPa.ndwindaremainlyuuuzedlomect dlcgrid-dcmandwhﬂe
off-grid di d is lied th technologies of small-

scale wind turbine, small-scale hydro, and_rooftop solar PV. The

energy i ys. Accordingly, policymakers are suggested
to develop eﬁ'ective policies that support the technological and effi-
ciency innovations in the power sector. It is also worth mentioning that
the followed approaches and developed supply-demand models an

rapidly declining cost of PV and wind t logies can p
stimulate both grid and off-grid invstmcnts By 2050, thc lmpmved
efficiency scenario is expected to reduce the installed capacity by 9 GW
which 1 into approxi ly 11% total discounted cost saving
over the entire time hori This ec ic benefit evidently made the
Eff scenario the most desirable compared to the other scenarios.

The sensitivity analysis carried out by taking alternative discount
rates of 5%, 7%, 12% and 15% show that the total discounted cost and
electricity generation mix vary according to the assumed discount rates.
In line with [69), the sensitivity results in general show that higher
discount rates favour expansion of natural gas power plants while lower
discoum rates lead to increased utilization of CSP, medium-scale hy-

P plant and p solar PVs.

Each of the assessed scenarios and policy options has serious impli-
cations on major aspects such as technology and capacity choice, in-
vestment cost, GHG emission, universal access, and supply security.
Given that the electricity access of Ethiopia is currently at an early stage
and there is a long way ahead for the power sector to expand and
improve, policymakers can get useful information to evaluate and
decide on how the electricity sector might evolve in the future.

The specific policy implications in view of the followed methodology
and results d for the ¢ d scenarios would be as discussed
below.

The results show that Ethiopia needs to invest in renewable energy
resources. Hydropower will continue to play a key role in the future
electricity supply with the addition of alternative resources like wind,
natural gas, geothermal, solar PV and CSP. Given the presence of a large
hydropower capacity in the supply mix and its exposure to climate
change, proper measures to enhance resilience to dry years are an

btai <
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Fig. Al. Overview of the methodology used to explore the potential pathways of the future power supply and demand evolution in Ethiopia.
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Appendix B: Modeling tools

Table A - 1 Comparison of models by modelling approaches [Bhattacharyya and Timilsina, 2010]

Criteria Bottom-up, Bottom-up, Top-down, Hybrid Electricity
optimization accounting econometric Planning
Geographical Local to global, National but can | National National or National
coverage but mostly be regional global
national
Activity Energy system, Energy system Energy system, Energy system, Electricity
coverage environment, and environment | environment environment and | system and
trading energy trading environment
Level of High High varied High Not applicable
disaggregation
Technology Extensive Extensive but Variable but Extensive but Extensive
coverage usually normally limited | usually
predefined predefined
Data need Extensive Extensive but High High to Extensive
can work with extensive
limited data
Skill Very high High Very high Very high Very high
requirement
Capability to High Does not exist High Normally Available
analyse price- available
induced policies
Capability to Good Very good Very good Very good Good
analyse non-price
policies
Rural energy Possible but Possible Possible but Possible but Difficult
normally limited normally limited | normally limited
New technology | Possible Possible Difficult Possible but Possible
addition often limited
Informal sector | Difficult Possible Difficult Possible Difficult
Time horizon Medium to long- | Medium to long- | Short, Medium Medium to long- | Medium to long
term term or long-term term term
Computing High end, Not demanding Econometric Could require Requires
requirement requires software commercial commercial or
commercial LP required software licensed
solvers software

i.  MESAP PlaNet

Mesap (Modular Energy System Analysis and Planning Environment) is an energy-system analysis
toolbox, and PlaNet (Planning Network) is a linear network module for Mesap that is designed to
analyse and simulate energy demand, supply, costs and environmental impacts for local, regional and
global energy-systems. It was originally developed by the Institute for Energy Economics and the

Rational Use of Energy (IER) at the University of Stuttgart in 1997.

Energy systems are represented in Mesap in a standardized form as a diagram of commodities and
transformation processes that is called the Reference Energy System (RES). Mesap PlaNet calculates
energy and emission balances for any kind of RES. A detailed cost calculation determines the specific
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production cost of all commodities in the RES based on the annuity of investment cost and the fixed
and variable O&M cost [MESAP]. The model uses a technology-oriented modelling approach where
several competitive technologies that supply energy services are represented by parallel processes. All
thermal generation, renewable, storage and conversion, and transport technologies are considered in the
simulation. The simulation is carried out in a user-specified time-step which ranges from one minute to

multiple years, and the total time-period is unlimited.

ii. LEAP

LEAP, the Long-range Energy Alternatives Planning System is a software tool that is used for energy
policy analysis and climate change mitigation assessment developed by the Stockholm Environment
Institute. It is usually used to analyse national energy systems. LEAP functions use an annual time-step
and the time horizon can extend from 20 up to 50 years. LEAP supports bottom-up, end-use accounting
techniques as well as top-down macroeconomic modeling [LEAP, 2009]. On the supply side, LEAP
provides a range of accounting and simulation methodologies for modeling electric sector generation
and capacity expansion planning. On the demand side, LEAP supports the representation of various
sectors in a detailed, disaggregated level. LEAP is designed with the concept of scenario analysis.
Scenarios are the possible alternatives that represent how an energy system might evolve over time.
Accordingly, it is important for policy makers and planners to create and evaluate potential scenarios
by comparing their energy requirements, their social costs and benefits and their environmental impacts.
Usually the alternative scenarios are compared with the reference or business-as-usual scenario. LEAP
displays its results as charts, tables and maps which are user-defined and can be exported to Excel or
PowerPoint: these include fuel demands, costs, unit productions, GHG emissions, air-pollutants and

more.
iii. =~MESSAGE

MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environmental Impact)
has been developed by the International Institute for Applied Systems Analysis (ITASA) in Austria. It
provides a flexible framework for the comprehensive assessment of major energy challenges including
analyzing climate change policies, developing scenarios, planning medium to long-term energy
systems. It uses a 5- or 10-year time-step to simulate a maximum of 120 years [MESSAGE]. The
scenario analysis in MESSAGE is used to describe future uncertainties and develop robust technology
strategies with its investment requirements. The model’s principal results are the estimation of global
and regional, multi-sectoral climate mitigation strategies instead of climate targets. It allows
determining cost-effective portfolios of GHG emission limitation and reduction measures. Typical

scenario outputs of the model provide information on the utilization of domestic resources, energy
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imports, and exports and trade-related monetary flows, investment requirements, the types of
production or conversion technologies selected, pollutant emissions as well as temporal trajectories for

primary, secondary, final and useful energy [[TASA, 2019].
iv.  EnergyPLAN

The EnergyPLAN model is a computer model designed for energy systems analysis. It is developed and
maintained by the Sustainable Energy Planning Research Group at Aalborg University, Denmark. It is
a deterministic model which optimizes the operation of a given energy system on the basis of inputs
and outputs defined by the user. General inputs are demands, renewable energy sources, energy station
capacities, costs and a number of optional different regulation strategies emphasizing import/export and
excess electricity production. Outputs are energy balances, annual productions, fuel consumption,
import/export of electricity, and total costs. The main purpose of EnergyPLAN model is to analyse the
energy, environmental and economic impact of various energy strategies [EnergyPLAN]. EnergyPLAN
simulates the operation of national energy systems on an hourly basis, including the electricity, heating,

industry and transport sectors.
v. MARKAL/TIMES

MARKet Allocation (MARKAL) is a generic model tailored by the input data to represent the evolution
over a period of usually 40 to 50 years of a specific energy system at the national, regional or community
level. It was developed by the Energy Technology Systems Analysis Programme (ETSAP) of the
International Energy Agency (IEA). TIMES (The Integrated MARKAL-EFOM System) is a successor
of MARKAL that combines technical engineering approach and an economic approach. It is a
technology rich, bottom-up model generator which uses linear programming to produce a least-cost
energy system, optimized according to a number of user constraints, over a medium to long-term
horizon [Loulou et al., 2004]. The entire energy system can be modelled by representing it as a network,
from resource extraction, through energy transformation and end-se devices, to demand for useful
energy services. All thermal, renewable, storage and conversion and transportation technologies can be
simulated by the model. Many different energy networks or Reference Energy Systems (RES) are
feasible for each time period. MARKAL/TIMES finds the “best” RES for each time period by selecting
the set of options that minimizes total discounted system cost or the total discounted surplus over the

entire planning horizon, within the limits of all imposed policy and physical constraints.
vi.  0SeMOSYS

0seMOSYS: The Open-Source Energy Modelling System is a full-fledged system optimization model
that is designed to inform the development of local, national and multi-regional energy strategies. It

was developed in collaboration with a range of institutions in 2008. OseMOSYS computes the energy
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supply mix by minimizing the total discounted costs under the constraint of meeting the demand every
year and in every time step of the case under study [KTH-dESA, 2018]. Similar to the other tools, it
can cover all or individual energy sectors, including heat, electricity and transport and it has a user-
defined spatial and temporal domain and scale. The energy demands can be met through a range of
technologies which have certain techno-economic characteristics and draw on a set of resources. In
addition, desired policy scenarios can impose certain technical, economic and environmental
constraints. OseMOSYS is a deterministic, linear optimization, long-term modeling framework.

However, mixed integer programming may also be applied for certain functions.
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Table A - 2 Comparison of bottom-up models [Bhattacharyya and Timilsina, 2010]

Criteria RESGEN EFOM MARKAL TIMES MESAP LEAP

Approach Optimization Linear optimization Linear optimization Optimization Optimization Accounting

Geographical coverage | Regional and national Country or multi- Country or multi- Local, regional, national | National Local to hational to
country country or multi-country global

Activity coverage

Energy system

Energy system

Enhergy system

Energy system and
energy trading

Energy system

Energy system and
environment

Level of disaggregation | Pre-defined User-defined User defined User defined Pre-defined sector Sector structure pre-
structure defined
Technology coverage Good Extensive Extensive Extensive Extensive Menu of options
Data need Variable, limited to Extensive Extensive Extensive Extensive Extensive but can work
extensive with limited data

Skill requirement Limited High High to very high Very high High to very high Limited

Portability to another Difficult Difficult Difficult Difficult Difficult Difficult

country

Documentation Limited Good Extensive Good Good Extensive

Capability to analyse Exists Exists Exists Exists Exists Does not exist

price-induced policies

Capability to analyse Good Very good Very good Very good 6ood Very good

non-price policies

Rural energy Possible Possible Possible Possible Not known Possible

Informal sector Not possible Not possible Not possible Not possible Not possible Possible

New technology Difficult Possible Possible Possible Possible Possible

addition

Energy shortage Not explicitly Not explicitly Not explicitly Not explicitly Not known Possible explicitly

Subsidies Difficult Possible but often Possible but normally Possible but normally Not known Not considered
ignored ignored ignored explicitly

Rural-urban divide Possible but not Possible but not Possible and covered Possible and covered Not known Possible and covered

covered usually covered usually usually
Economic transition Not covered Not covered Not covered Can be covered Not known Usually covered

through scenarios
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Table A - 3 Comparison of hybrid models [Bhattacharyya and Timilsina, 2010]

Criteria NEMS POLES WEM SAGE
Approach Optimization Accounting Accounting Optimization
Geographical coverage Country Global but regional | Global but Global but regional
and country regional and and country
specific studies country specific specific studies
possible studies possible possible
Activity coverage Energy system Energy system Energy system Energy system
and energy
trading
Level of disaggregation Pre-defined Pre-defined Pre-defined Pre-defined
Technology coverage Extensive but pre- | Extensive but pre- | Extensive but Extensive but pre-
defined defined pre-defined defined
Data needed Extensive Extensive Extensive Extensive
Skill requirement Very high High to very high High to very high | Very high
Portability to another Difficult Difficult Difficult Difficult
country
Documentation Extensive Limited Good Extensive
Capability to analyze price- | Good Good - Good
induced policies
Capability to analyze non- Good Very good Very good Good
price policies
Rural energy Possible and Possible but not Possible and Possible but not
covered in a limited | included included ina included
way limited way in
recent version
Informal sector Difficult and not Possible but not Possible but not Not included
included included included
New technology addition Possible but Possible but Possible but Possible but
difficult difficult difficult difficult
Rural-urban divide Possible and Possible but not Possible and Possible but not
considered considered included in the considered
recent version
Economic transition Not applicable Considered Considered Considered
implicitly implicitly implicitly
Table A - 4 Comparison of various energy models based on the eight classification ways
Criteria 0SeMOSYS | MARKAL/TIMES | MESSAGE MESAP EnergyPLAN | LEAP
PlaNet
Purpose Investment Investment Investment Scenario Scenario, Scenario
decision, decision, scenario | decision, investment
scenario scenario decision,
operational
decision
Model scope Energy- Energy-system IAM, Energy- | Energy- Energy- Energy-
system ecohomy system system system
Analytical Bottom-up Bottom-up Bottom-up Bottom-up Bottom-up Bottom-up
approach
Methodology Optimization | Optimization Optimization | Simulation, Simulation, Simulation,
econometfric | optimization econometric
Mathematical | LP, MIP LP, DP DP LP, DP Analytical N/A
approach programming
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Geographical Local, Local, national Local, Local, Local, All

/spatial national, national national national,

coverage regional regional

Sectoral Energy Energy Energy All Energy All

coverage

Time horizon Medium, long- | Medium, long- Short, Short, Short, Medium,
term term medium, long- | medium-term | medium-term | long-term

term

Table A - 5 Unique features and possible tools for developing countries [ Irsyad et al., 2017]

Criteria Sub-criteria 11213 5|6 8
Analysis To determine best options X X X | X
purposes To determine economic impacts of a policy X X | X X
To estimate environmental impacts of a policy | X | X | X X[ X|X|X
To understand energy mix impacts of a policy | X | X X | X X
Developing Rural electrification/energy access equity X | X XX X|X]|X
country issues Data availability and analysis capability X|X|X|X|X]|X
Informal economy
Income inequality XX X X
Affordability issue for green energy X | X X X|X|X
Traditional energy XXX X[ X[ XXX
Free tools XX X[X|X[X[X]|X

1: Optimization model, 2: Simulation model, 3: Top-down model, 4:Multi-criteria decision

analysis, 5: System dynamics, 6: Agent-based model, 7: Life cycle thinking, 8: Hybrid tool, x:

Common features.
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Appendix C: Demand model

Table A - 6 Historical data input in LEAP

Index Unit 2001 | 2003 2006 2009 2012 2015 2017
Population Million 619 | 65.6 717 779 84 90.7 95.2
Population Percent - 3.0 3.0 2.8 24 25 25
growth rate
Household size | People per HH 485 | 4.84 4.81 479 477 4.75 473
No. of Million 128 | 136 14.9 16.3 17.6 19.1 20.1
households
GDP
Agriculture Million USD 4448 | 4184 7742 15100 18570 | 24829 | 28995
Industry Million USD 739 911 1518 3108 4965 9614 20672
Service Million USD 2898 | 3379 5753 13659 | 19778 | 30132 | 30938
Total Billion USD 8.1 8.5 15.0 319 433 64.6 80.6
Per capita usD 131 131 215 415 524 725 876
Income
Urban Percent 14.9 153 15.9 16.9 18.2 19.4 20.4
population
Electrification % of HH 27 43 6.3 8.1 8.3 8.3 117
Total loss Percent 27 21 23 25 26 26 23
Total loss G6Wh 391 347 523 751 1252 1837 1719
Number of customers
Domestic Thousand 511.8 | 572 820.5 1216.3 | 1450.3 | 16485 | 2093.1
LV Industrial Thousand 7.9 8.2 114 18.1 217 25 345
HV Industrial Customers 91 93 131 169 142 94 315
Commercial Thousand 758 | 83.8 1143 162.2 209.2 258.9 317.2
Public Connhections 917 1139 1782 2635 3036 3307 3600
Electricity demand
Domestic GWh 508 584 760 1193 2140 2549 3509
HV Industrial GWh 262 314 468 543 560 1086 1495
LV Industrial GWh 276 370 494 520 1057 1565 2155
Commercial GWh 332 394 562 633 881 1628 2240
Public GWh 10 17 32 19 20 34 47
Export GWh - - - - 332 762 1305
Transport, Rail GWh - - - - - - 62
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Table A - 7 Key assumptions

Index Unit 2001 | 2005 | 2010 | 2015 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Population Million 619 |69.6 | 799 | 907 | 1141 | 126 137.8 | 149.5 | 160.8 | 1724
Household size People per | 4.85 | 482 | 478 | 475 | 471 | 468 | 467 | 464 | 463 |46
HH
Rural household % of HH 85.1 | 843 |827 |806 |[756 |729 |701 |622 |bBll |40
Total GDP growth % 7.4 126 |104 |104 |9 9 7 7 4 4
Industry GDP growth | % - 9.3 126 199 |10 10 7 7 7 7
Service GDP growth % - 124 | 129 |11 9 9 8 8 4 4
Agriculture GDP % - 135 |76 6.4 9 9 8 8 5 5
growth
Electric car ‘000 - - - - 1 10 30 150 300 | 1100
penetration vehicles

*Population figures for 2001-2037 are from CSAE (2013) whereas the projections for 2038-2050 are estimations based

on previous growth rate trend.

Table A - 8 Household appliance activity level and energy intensity in 2017.

Sub- Sub-sub End-use Fuel source/ Activity Level Energy Intensity
sector sector appliance type Unit Value Unit Value
Urban Electrified Lighting Electricity 100 kWh/HH 503
(204%)  (94%) Kerosene 5.1 Liter/HH 18
Cooking Electricity 16.3 kWh/HH 587
Wood (self-build) % saturation 136 Kg/HH 783
Wood (manufactured) ~ °f MOUseholds 54 5 Kg/HH 609
Charcoal 60.3 Kg/HH 181
LPG 1 Kg/HH 52.5
Wood (Injera/bread) 100 Kg/HH 161457
Refrigerator Electricity 50.5 kWh/HH 453
Other uses Electricity 611 kWh/HH 133
Total urban electricity consumption per household kWh 1676
Non- Lighting Kerosene 4.8 Liter/HH 36
Electrified  (¢40king Wood (self-build) 13.6 Kg/HH 1566
6%) % saturation
Wood (manufactured) of households 543 Kg/HH 1218
Charcoal 60.3 Kg/HH 362
LPG 1 Kg/HH 105
Wood (Injera/bread) 100 Kg/HH 3229.14
Rural Electrified Lighting Electricity 100 kWh/HH 235
(79.6%) (11.68%) Kerosene 25.8 Liter/HH 18
Cooking Electricity 5.1 kWh/HH 106
Wood (self-build) 14.4 Kg/HH 1566
Wood (manufactured) 7 safuration ¢ 7 Kg/HH 1218
of households
Wood (three-stone) 77 Kg/HH 1740
LPG 1 Kg/HH 105
Wood (Injera/bread) 100 Kg/HH 3229.14
Refrigerator Electricity 57 kWh/HH 168
Other uses Electricity 75.3 kWh/HH 50
Total rural electricity consumption per household kWh 559
Non- Lighting Kerosene 326 Liter/HH 36
Electrified  cooking Wood (self-build) 14.4 Kg/HH 1566
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(88.32%) Wood (manufactured) 6.7 Kg/HH 1218

Wood (three-stone) % saturation 77 Kg/HH 1740
of households

LPG 1 Kg/HH 105

Solar 0.09 kWh/HH 450

Wood (Injera/bread) 100 Kg/HH 3229.14

Table A - 9 Relative cost of cooking on the basis of useful energy (October 2014 prices).

Source: Gaia Association, (2014)

Fuel type Firewood Charcoal Kerosene LPG Electricity Ethanol
Kg Kg L Kg kWh L
Price (ETB/unit) 1 87 16 43.8 0.567 13.99
Energy content (MJ/unit) 15 29 353 45.2 3.6 24
Price of stove (ETB/unit) 0 70 90 460 450 1035
Life of stove (years) 0 4 5 10 10 10
Thermal efficiency of stove (%) 10 25 42 55 60 60
Anhualized capital cost (CFR @ 10%) - 221 237 73.2 73.2 168.4
Fuel cost (ETB/year) 1740 3152 2816 4598 685 2535
Total expenditure per year (ETB) 1740 3154 2840 4671 758 2704
Total expenditure per month (ETB) 145 263 237 389 63 225
Index (firewood=1) 1.00 1.81 163 2.68 0.43 155
Rank 2 5 4 6 1 3

*LPG: liquefied petroleum gas, ETB: Ethiopian birr, CFR: capital financing requirement

Table A - 10 LEAP model energy demand projection

Fuel type Final energy consumption (PJ)
2017 2030 2050

BAU E&U HEG IEE-3 BAU E&U HEG TEE-3
Total 1551.7 29473 21150 3021.0 2,066.0 4,899.8 2,854.7 5,254.9 2,651.5
Household 1,383.1 2,273.0 1,439.0 2,273.0 1,4285 2,844.4 977.3 28444 894.1
-Electricity 145 741 90.0 741 795 2249 296.8 2249 213.6
-Natural Gas - 1.2 29 12 2.9 6.5 17.3 6.5 17.3
-Kerosene 6.5 8.7 29 8.7 2.9 10.3 0.6 10.3 0.6
-LPG 0.9 18.0 18.0 18.0 18.0 39.1 54.0 39.1 54.0
-Wood 13475 21375 1,298.4 21375 1,298.4 24574 535.5 2,457.4 535.5
-Charcoal 13.7 26.7 17.4 26.7 17.4 82.3 313 82.3 313
-Ethanol . 35 6.4 35 6.4 19.1 38.1 19.1 38.1
-Solar 0.0 33 29 33 2.9 4.9 3.6 49 3.6
HV Industry 5.4 120.1 120.1 1325 1127 2379 237.9 277.9 209.3
-Electricity 5.4 67.8 67.8 69.1 60.4 130.3 130.3 142.2 101.6
-Gasoline - 121 121 145 121 20.8 20.8 23.1 20.8
-Coal Anthracite - 9.4 9.4 9.4 9.4 20.9 209 209 20.9
-Coal Unspecified - 308 30.8 39.6 30.8 65.9 65.9 91.6 65.9
LV Industry 7.8 36.6 36.6 47.9 311 134.2 134.2 205.5 98.4
-Electricity 7.8 339 339 440 28.4 1191 119.1 168.5 83.3
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-Gasoline
Commercial
-Electricity
-LPG

-Wood
Agriculture
-Electricity
-Gasoline
Transport
-Electricity
-Gasoline
-Jet Kerosene
-Diesel
Public
-Electricity
Export
-Electricity
-Natural Gas
Loss

-Electricity

17.3
8.1
3.2
6.1
09

09
120.0
0.2
12.2
215
86.1
0.2
0.2
55
55

115
115

27
43.1
233
6.7
13.0
18.6
159
27
3377
53.8
49.7
69.6
164.6
04
04
51.3
49.6
17
66.6
66.6
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69.9
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48.8
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04
04
53.1
49.6
3.4
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43.1
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336.0
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74.2
59.1
15.1
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261.1
454.1
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11
144.2
127.1
17.1
118.0
118.0

15.1
138.0
74.6
21.6
418
74.2
59.1
15.1
1,016.5
1125
309.9
261.1
333.0
11

11
1442
1271
17.1
1315
1315

37.0
183.0
96.7
29.4
56.9
86.6
59.1
275
13755
89.7
3477
330.8
607.3
11

11
151.0
1271
239
129.9
129.9

15.1
138.0
74.6
21.6
418
74.2
59.1
15.1
1,016.5
1125
309.9
261.1
333.0
04
04
1442
1271
17.1
76.4
76.4
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Appendix D: Supply model

Table A - 11 Residual capacities of various sources (GW)

Year Biomass Diesel- Geoth Hydro- Hydro- Hydro- PV- Waste- Wind-Util.
Util. Dam Med. small Util. Inci
2013 0.087 0.0075 1.6444 0.2936 0.00012 0.051
2014 0.087 0.0075 1.6444 0.2936 0.00012 0.171
2015 0.087 0.0075 1.6444 0.2936 0.00012 0.324
2016 0.087 0.0075 1.6444 0.2936 0.00012 0.544
2017 0.087 0.0075 3.5214 0.2936 0.00012 0544
2018 0.087 0.0075 3.5214 0.2936 0.00012 0.544
2019 0.087 0.0075 4.5254 0.2936 0.00012 0.544
2020 0.276 0.087 0.0075 6.6854 0.2936 0.00012 0.35 0.544
2021 0.683 0.087 0.0075 10.221 0.2936 0.00012 0.85 0.025 0544
2022 0.683 12.75 0.2936 0.00012 0.85 0.025 0544
2023 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2024 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2025 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2026 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2027 0.683 15.125 0.2936 0.00012 0.85 0.025 0544
2028 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2029 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2030 0.683 15.125 0.2936 0.00012 0.85 0.025 0544
2031 0.683 15.125 0.2936 0.00012 0.85 0.025 0544
2032 0.683 15.125 0.2936 0.00012 0.85 0.025 0544
2033 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2034 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2035 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2036 0.683 15.125 0.2936 0.00012 0.85 0.025 0.544
2037 0.683 15.125 0.2936 0.00012 0.85 0.025 0544
2038 0.683 15.125 0.2936 0.00012 0.85 0.025 0.493
2039 0.683 15.125 0.2936 0.00012 0.85 0.025 0.372
2040 0.683 15.125 0.2936 0.00012 0.85 0.025 0.372
2041 0.683 15.125 0.2936 0.00012 0.85 0.025 0.372
2042 0.683 15.125 0.2936 0.00012 0.85 0.025
2043 0.683 15.125 0.2936 0.00012 0.85 0.025
2044 0.683 15.125 0.2936 0.00012 0.85 0.025
2045 0.683 15.125 0.2936 0.00012 0.85 0.025
2046 0.683 15.125 0.2936 0.00012 05 0.025
2047 0.683 15.125 0.2936 0.00012
2048 0.683 15.125 0.2936 0.00012
2049 0.683 15.125 0.2936 0.00012
2050 0.683 15.125 0.2936 0.00012
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Table A - 12 Total annual maximum capacity under ref scenario (6W)

Year

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

Diesel-
Util.
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087

Geoth

Hydro-
Dam
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Hydro-
Med.
2

N DD NN NN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN NN NN NN NN NN

Hydro-
small

L T T T T S SO Y

N6&CC

o oo oo oo oo OO0 O O O O

N&6OC

o oo oo oo oo OO0 OO O O O

Wind-Util.

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
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Table A - 13 Total annual maximum capacity under grx and Eff scenarios (6W)

Year Diesel-  Diesel- Geoth Hydro-  Hydro-  Hydro NGCC  NG6OC PV-Roof Wind- Wind-Util.
Gen Util. Dam Med. -small small
2018 0 0.087 10 30 2 0 0 0 0 0 20
2019 0 0.087 10 30 2 0 0 0 0 0 20
2020 0 0.087 10 30 2 0 0 0 0 0 20
2021 0 0.087 10 30 2 0 0 0 0 0 20
2022 0 0.087 10 30 2 0 5 5 0 0 20
2023 0 0.087 10 30 2 0 5 5 0 0 20
2024 0 0.087 10 30 2 0 5 5 0 0 20
2025 0 0.087 10 30 2 0 5 5 0 0 20
2026 0 0.087 10 30 2 0 5 5 0 0 20
2027 0 0.087 10 30 2 0 5 5 0 0 20
2028 0 0.087 10 30 2 0 5 5 0 0 20
2029 0 0.087 10 30 2 0 5 5 0 0 20
2030 0 0.087 10 30 2 0 5 5 0 0 20
2031 0 0.087 10 30 2 0 5 5 0 0 20
2032 0 0.087 10 30 2 0 5 5 0 0 20
2033 0 0.087 10 30 2 0 5 5 0 0 20
2034 0 0.087 10 30 2 0 5 5 0 0 20
2035 0 0.087 10 30 2 0 5 5 0 0 20
2036 0 0.087 10 30 2 0 5 5 0 0 20
2037 0 0.087 10 30 2 0 5 5 0 0 20
2038 0 0.087 10 30 2 0 5 5 0 0 20
2039 0 0.087 10 30 2 0 5 5 0 0 20
2040 0 0.087 10 30 2 0 5 5 0 0 20
2041 0 0.087 10 30 2 0 5 5 0 0 20
2042 0 0.087 10 30 2 0 5 5 0 0 20
2043 0 0.087 10 30 2 0 5 5 0 0 20
2044 0 0.087 10 30 2 0 5 5 0 0 20
2045 0 0.087 10 30 2 0 5 5 0 0 20
2046 0 0.087 10 30 2 0 5 5 0 0 20
2047 0 0.087 10 30 2 0 5 5 0 0 20
2048 0 0.087 10 30 2 0 5 5 0 0 20
2049 0 0.087 10 30 2 0 5 5 0 0 20
2050 0 0.087 10 30 2 0 5 5 0 0 20
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Table A - 14 Total annual minimum capacity under mix scenario (GW).

Year Biomass Geoth NGCcC NGOC Nuclear PV-Util. Wind-Uftil. Waste-
Inci

2018

2019

2020

2021

2022

2023

2024

2025 15 2

2026

2027

2028

2029

2030 2 5 1 0.5 05 15 15 0.1

2031

2032

2033

2034

2035 15 3 3

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

2049

2050

188



Table A - 15 Total annual maximum capacity under mix scenario (6 W)

Year

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

CcsP

(S IS RS RS RS G G B S RS RS IS RS IS G RS RS RS S IS RS IS RS ) S RS IS G B S ) S RS S RS RS |

Diesel
-Gen
0

O O OO O 0O 0O 0O 00O OO0 00O O0OO0OO0OO0ODO0OO0ODODOLHLOHOLOOOOOOOoOOoO

Diesel
-Util.
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087

Geoth

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Hydro
-Dam
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Hydro
-Med.
2

N N N NN NN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN

Hydro-
small

O O O O O O O O OO0 0000000000 O0OO0OO0OO0ODOLODOLOOLOOOOOOoOOo

N6&CC

o oo o oo oOTOTOTOTGOLOTOTOTOTOTOLOLOTOTOTOTOLOO O OO

NGOC

oo oo o ool OOLOTOTOTOTOT OO0 O O OO

Nuclear

g o oo oooooooooaoooooo oo oTalool ool O O O O

Wind-
small

O O O O O O O O 0O 00000000000 O0OO0OO0OO0ODOLODOLOOLOOOOOOoOOo

Wind-
Util.
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Waste-
Inci.
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
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Table A - 16 Total annual maximum capacity under vRE scenario (6W)

Year

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

CcsP

(S IS RS RS RS G G B S RS RS IS RS IS G RS RS RS S IS RS IS RS ) S RS IS G B S ) S RS S RS RS |

Diesel
-Gen
0

O O OO O 0O 0O 0O 00O OO0 00O O0OO0OO0OO0ODO0OO0ODODOLHLOHOLOOOOOOOoOOoO

Diesel
-Util.
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087

Geoth

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Hydro
-Dam
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

Hydro
-Med.
2

N N N NN NN NN NN NN NN NN N NN NN NN NN NN NN NN NN NN

Hydro-
small

O O O O O O O O OO0 0000000000 O0OO0OO0OO0ODOLODOLOOLOOOOOOoOOo

N6&CC

O O O O O O O O OO0 0000000000 O0OO0OO0OO0ODODOLOOLOOOOOoOOoOOo

NGOC

O O O O O O O O OO0 00000000 O0OO0O0OO0OO0OO0ODOLODOLOOLOOOOOOoOOo

PV-roof

O O OO O 0O 0O 0O 00O OO0 00O 00O O0OO0ODO0ODO0ODODODODOLDOOOOOOOoOOoOOo

Wind-
small

O O O O O O O O 0O 00000000000 O0OO0OO0OO0ODOLODOLOOLOOOOOOoOOo

Wind-
Util.
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Waste-
Inci.
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
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Table A - 17 Total annual minimum capacity under vRE scenario (6 W)

Year Biomass Geoth NGCcC NGOC Nuclear PV-Util. Wind-Uftil. Waste-
Inci

2018

2019

2020

2021

2022

2023

2024

2025 15 2 15 15
2026

2027

2028

2029

2030 2 5 3 3
2031

2032

2033

2034

2035 5 5
2036

2037

2038 8 8
2039

2040 10 10
2041

2042

2043

2044

2045

2046

2047

2048

2049

2050
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Table A - 18 Evaluation of LCOE for different technologies

Basic technology characterization

Technology Hydro- | Hydro- Hydro- Geoth PV-util. | PV-roof. | CSP Wind-

large med. small (stora | util.
ge)

Technical data

Efficiency (%) - - - - - - - -

Fuel - - - - - - - -

Load factor (%) | 41 41 46 80 25 25 63 30

Operational 80 50 30 25 25 25 25 25

lifetime (years)

Economic data

Investment cost | 2000 | 2400 3533 4000 1100 2770 5238 | 1700

($/kW)

Fixed O&M cost | 18 50 50 88.8 21 21 67.3 46

($/kW/yr)

Variable O&M 0.1 0.36 0.36 8.4 - - 15 0.8

cost excl. fuel

($/MWh)

Fuel costs - - - - - - - -

($/63)

Fuel costs - - - - - - - -

($/MWh)

Interest/discou | 10% per year

nt rate

Calculation of LCOE

Annuity factor

(i) 0.100 | 0.101 0.106 0410 |0110 |0110 |0.10 |0.110

Investment 0.056 | 0.067 0.093 0.063 0.055 0.139 0.105 | 0.071

Fix O&M 0.005 | 0.014 0.012 0.013 0.010 0.010 0.012 | 0.018

Variable O&M 0.000 | 0.000 0.000 0.008 0.000 0.000 0.002 | 0.001

Fuel cost 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 0.000

LCOE $/kWh 0.061 | 0.082 0.106 0.084 0.065 0.149 0.118 0.090

LCOE $/MWh 60.824 | 81.678 105.774 83.953 64.925 148.934 | 118.25 | 89.569

Basic technology characterization

Technology Wind- | Biomass | Waste Nuclear | NG6CC NGOC Diesel | Diesel

small incin. -util. -small

Technical data
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Efficiency (%) - 38 34 33 55 36 35 35
Fuel - Biomass | Municipal | Uranium | Natural | Natural | Diesel | Diesel
waste gas gas

Load factor (%) | 30 50 50 85 80 80 80 80
Operational 20 30 25 40 25 30 25 20
lifetime (years)
Economic data
Investment cost | 2900 | 3333 7900 4500 1100 700 1600 | 692
($/kW)
Fixed O&M cost | 46 75.6 75.6 164 24 17 60 27.6
($/kW/yr)
Variable O&M - 6.5 6.5 20 2.6 35 6 6
cost excl. fuel
($/MWh)
Fuel costs 3.89 - 2.59 7.66 7.66 18.8 18.8
($/67)
Fuel costs 14.01 - 9.33 27.59 27.59 67.72 | 67.72
($/MWh)
Interest/discou | 10% per year
nt rate
Calculation of LCOE
Annuity factor
(%) 0.117 | 0.106 0.110 0.102 0.110 0.106 0.110 |o0.117
Investment

0.130 | 0.081 0.199 0.062 0.017 0.011 0.025 | 0.012
Fix O&M

0.018 | 0.017 0.017 0.022 0.003 0.002 0.009 | 0.004
Variable O&M

0.000 | 0.007 0.007 0.020 0.003 0.004 0.006 | 0.006
Fuel cost

0.000 | 0.037 0.000 0.028 0.050 0.077 0.193 |0.193
LCOE $/kWh

0.147 | 0.141 0.222 0.132 0.073 0.093 0.233 | 0.215
LCOE $/MWh 147.12 | 141.351 | 222.465 |132.099 | 73.481 |93.161 |[233.2 |215.02
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Fig. A - 1Overview of the methodology used to explore the potential pathways of the

future power supply and demand evolution in Ethiopia.
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Fig. A - 2 Demand by time slice under ref scenario
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Fig. A - 3 Demand by fuel under ref scenario
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Fig. A - 4 Annual transported energy with the transmission system under the ref

scenario
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Fig. A - 5 Annual transported energy with the transmission system under the grx

scenario
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Fig. A - 7 Annual emissions under the grx scenario
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Fig. A - 8 Total discounted cost (Million USD) for the grx scenario
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Fig. A - 9 Discounted Salvage Value under the grx scenario
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Fig. A - 11 Demand needing reserve margin (PJ) under the grx scenario
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Fig. A - 13 Accumulated new capacity (6W) for grx scenario
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Fig. A - 14 Accumulated new capacity (6W) for mix scenario
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Fig. A - 15 Accumulated new capacity (6W) for vRE scenario
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Fig. A - 16 Accumulated new capacity (6W) for Eff scenario
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Fig. A - 17 Energy mix under ref scenario with a 5% discount-rate.
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Fig. A - 18 Energy mix under ref scenario with a 15% discount-rate

202



700

600

PJ

@5Stacked (OStream  (QExpanded

2015

@Biomass and Cogeneration Flant

. Distributed Small scale Diesel iC Gensets

@ Geothermal Power Plant

@Medium scale Hydropower Plant (20-100MW)
@ Combined Cycle Natural Gas Power Plant

@ Nuclear Power Plant

@ Solar PV Utiity scale (1MW)

@ Small scale Wind Turbines

@ Concentrated Solar Power (with storage}

@ Centralized utility scale Diesel Power Plant

@Large scale Hydropower Plant (=100MW)

0 Small scale Hydropower Plant(<200W)
Open Cycle Natural Gas Power Plant

. Small scale Rooftop PV (with storage)

@ \Waste Processing Incineration Plant

@ Utiiity scale Wind Power Plant (= 1MW)

Fig. A - 19 Energy mix under grx scenario with a 5% discount-rate
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Fig. A - 20 Energy mix under grx scenario with a 157% discount-rate
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Fig. A - 21 Energy mix under mix scenario with a 5% discount-rate
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Fig. A - 22 Energy mix under mix scenario with a 15% discount-rate
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Fig. A - 23 Energy mix under vRE scenario with a 5% discount-rate
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Fig. A - 24 Energy mix under vRE scenario with a 155 discount-rate
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Fig. A - 25 Energy mix under Eff scenario with a 5% discount-rate
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Fig. A - 26 Energy mix under Eff scenario with a 15% discount-rate

206



oW

@Stacked (QOStream  (QExpanded

2015

@ Biomass and Cogeneration Plant

@ Centralized utility scale Diesel Power Plant

@ Medium scale Hydropower Plant (20-100MW)
Open Cycle Natural Gas Power Plant

@ Solar PV Utility scale (>1MW)

@ Utility scale Wind Power Plant (>1MW)

Fig. A - 27 New capacity under the ref scenario
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Fig. A - 28 New capacity under the grx scenario
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Fig. A - 29 New capacity under the mix scenario
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Fig. A - 30 New capacity under the vRE scenario
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Fig. A - 31 New capacity under the Eff scenario
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