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FOREWORD

Today, innovations lad technology improvements within renewable energy are taking place at arapiy
pace. Long term energy planning is very dependentcostand performance of future energy producing
technologies. The objective of this technology chtgue is to estimatesuch data Having good
understanding of technologies in terms odstand performance isakey to good energy planning.

Thehistoricaldevelopment of costs for renewable energy is illustrated in the graph békmmewables have
seen adramatic cost decthie in the past yearsalong with otherrapidly developingtechnologies,well-
thought future cost prgections are peamount toenergy moddling activities.As an examplethe levelized
cost of electricity (LCOEDf photovoltaic (PV) systemslropped from0.38 $/kWhin 2010to 0.04 $/kWh in
2022 (world averagejFigurel).
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Due to the multistakeholder involvement in the data collectigprocess, the technologsatalogue contains
data that ha been scrutinised and discussed by a broad range of relevant stakeholders. This is essential
becauseamain objective is to havthe technology catalogue welanchored amongst all stakeholders.

The technology catalogue will assist the lostgrm energy modelling irEthiopiaand support government
institutions, private energy companies, think tanks and othersh a common set of data of electricity
producing technologies ithiopiain the future broadlyrecognized by the energy sectdfhe data can be

term targets.

The Ethiopian Technology Catalogue builds ohé approach of ThdanishTechnobgy Cataloguewhich
has been developed by the Danish Energy Agency and Enerfiinehany yearsn an open process with



stakeholders. The Ethiopian Technology Catalogue is inspired by a series of previdpigonceived
technology cataloguesuch aghe Indoresan and the VietnamesdechnologyCatalogues, published in
2017 and 2019 respectivelyurthermore, other relevanpublications fromthe IEA andiRENA hae been
used asnternationalreferences.

The text and datdnavebeen edited based oRthiopiancasedo represent local conditiong-or the far future
(2030 and 2050hternational references have been relied upfmn most technologies sincEthiopiandata
is expected toconverge to thesénternational valuesIn the short run differences may exist, esfly for
the emergingtechnologiesDifferences in the short run can be causecehy.,current rules and regulations
(e.g. local content policiesnd level of market maturity of the témology. Differences in both short and
long run caralsobe causedy local physical conditions

The current edition has been developed in close collaboration betwdedVIE, EEPthe Danish Energy
Agency and Ea Energy Analyses.
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METHODOLOGY

The technologies described in this catalogue cover bgghy mature technologies and technologies which are
expected to improve significantly over the coming decades, both with respect to performanceastdThis
implies that the price and performance of some technologies may be estimated with a ratherevghdf
certainty whereas in the case of other technologies both cost and performance today as well as in the future is
associated with a high levef uncertainty. All technologies have been grouped within one of four categories of
technological developmet (described in section about research and development) indicating their
technological progress, their future development perspectives and thesttainty related to the projection of

cost and performance data.

The boundary for both cost and performandata are the generation assets plus the infrastructure required to
deliver the energy to theearestgrid. For electricity, this is the nearest sibtion of the transmission grid. This
implies that a MW of electricitgapacity of the plantepresents thenet electricity deliveredj.e., the gross
generation minus the auxiliary electricity consumed at the plant. Hence, efficiencies are also nienefés.

Each technology is described by a separate technology sheet, following the faxpéined below.

Qualitative description

The qualitative description describes the key characteristic of the technology as concisely as possible. The
following paragraphs are included if found relevant for the technology.

Technology description
Brief description for norengineers of how the technology works and for which purpose.

Input
The main raw materials, primarily fuels, consumed by the technology.

Output
The output of the technologies in the catalogue is electricity. If relevant, other output siscprocess heat are
mentioned here.

Typical capacities

The stated capacities are for a single umifgy(,a single wind turbine or a single gas turbine), ad aglfor the
total power plant consisting of a multitude of units such as a wind farm. dte power plant capacity should
be that of a typical installation iRthiopia

Ramping configurations and other power system services
Brief description of rampig configurations for electricity generating technologigs., what are thepart load
characteristics, how fast can theyart-up, and how quickly are they able to respond to demand changes.

Advantages/disadvantages
Specific advantages and disadvantagetative to equivalent technologies. Generic advantages are ignored; for
example, thatrenewable energy technologies mitigate climate risk and enhance security of supply.



Environment
Particular environmental characteristics are mentionee.g., special enissions or the main ecological
footprints.

Employment
Description of the employment requirements of the technology in the manufacturing and installation process
as well as during operation.

Research and development
The section lists the masmportant challenges from a research and development perspective. Particularly
Ethiopianresearch and development perspectives is highlighted if relevant.

The potential for improving technologies is linked to the level of technological maturity. Thexetbissection

also includes a description of the commercial and technological progress of the technology. The technologies
are categorized within one of the following four levels of technological matufiiye correlation between
accumulated productiorvolume ard price for the four categories is shownFigure2.

Category 1 Technologies that are still in thresearch and development phaseeuncertainty related to price
and performance today and in the future is very significant.

Cdaegory 2 Technologies in theioneer phaseThrough demonstration facilities or sernommercial plants, it
has been proven that the technology works. Due to timeited application, the price and performance is still
attached with high uncertainty, sincdevelopment and customization is still needee.d., gasification of
biomass).

Category 3Commercial technologies with moderate deploymefar. Price and parmance of the technology
today iswell-known. These technologies are deemed to have a figamt development potential and therefore
there is a considerable level of uncertainty related to future price and performangedffshore wind turbines)

Category 4 Commercial technologies, with large deploynsentar. Price and performance of thechnology
today iswell-known, and normally only incremental improvements would be expected. Therefore, the future
price and performance may also be projectediwdt fairly high level of certaintg(g.,coal power, gas turbine).
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Figure2: Technological development phases. Correlation between accumulated production volume (MW) and price.

Investment cost estimation

In this sectioninvestmentost projections from different sources are compared, when relevant. If available, local
projects are included along with international projections from accredited souregs,(RENA). On top of the
table, the recommended codigures are highlighted. Local investment cost figures are reported directly when
available, otherwise they are degd from the result of PPAs, auctions and/or support mechanisms.

Cost projections based on the learning curve approach is added at therhaif the table to show cost trends
derived from the application of the learning curve approach (see the Appendix fisore detailed discussion).
Technological learning is based on a certain learning rate and on the capacity deployment defined as the
aveACA T £ OEA ) %! 60 30A0OAA 0711 EAEAO AT A 3000AET AAT A
cost of 1@% in 2020 (base year); values smaller than 100% for 2030 and 2050 represent the technological
learning, thus the relative cost reduction aigst the base year. An example of the table is shown below.

Investment costs [MUSDBo:dMW] 2018 2020 2030 2050
Technology catalogue for

Cdalogues | £ ionia (2021)

Ethiopian Local data |

data Local data Il

Danish technology catalogue

International

IRENA
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As for tre uncertainty of investment cost data, the following approach was followed: for 2020 the lower and
upper bound of uncertainty are derived from the cost span in the various sources analysed. For 2050, the central
estimate is based on a learning eabf 12.86 and an average capacity deployment from tBtated Policies

(STEBR and Sustainable DevelopmenSD) scenarios of the World Energy Outlook 2019. The 2050 uncertainty
range combines cost spans of 2020 with the uncertainty related to the technalegioyment and learning: a
learning rate range of X05% and the capacity deployment pathways proper of STEPS and SDS scenarios are
considered to evaluate the additional uncertainty. The upper bound of investment cost, for example, will
therefore be calclated asthe upper bound for 2020 plus a cost development based on the scenario with a
learning rate of 10% combined with the scenario with the lowest deployment towards 2050.

Examples of current projects

Recent technological innovations in fidtale commercial geration should be mentioned, preferably with
references and links to further information. This is not necessarily a Best Available Technology (BAT), but rather
a representative indication of the typical projects that are currently being commmgsio

Quantitative description

To enable comparative analyses between different technologies it is imperative that data is comparable. As an
example, economic data is stated in the same price level and value added taxes (VAT) or other taxes are
excluded.The reasn for this is that the technology catalogue should reflect the samonomic cost for the
Ethiopiansociety. In this context taxes do not represent an actual cost but rather a transfer of capital between
Ethiopianstakeholders, the projectlevebper,andthe government. Also,tiis essential that data be given for

the same years. Year 2020 is the base for the present status of the technologlidsst available technology

at the point of commissioning.

All costs are stated in U.S. dollatdSD), price year 209. Whenconverting costs from a year X to $2016 the
following approach is recommended:

1. If the cost is stated in ETB, converid8Dusing the exchange rate for year Kaplel- first table).

2. Then convert fronSDin year X tdJSDin 208 using the relationship between the US Producer Price Index
for Engine, Turbine, and Power Transmission Equipment Manufactowfigear X and 2@(Tablel- second
table).

For examplea 10@ ETBn 2015s converted td®.048 USD (2015) using the exchange rate@686. This further

converted t00.049 USD (2019) by multiplying to the ratietween PPIfor 2019 and 201§.e., 189/184.6=
1.024).

1C



Tablel: The yearly average exciye rate between ETB and $.

Year ETBto $
2010 11619
2011 16974
2012 17787
2013 18154
2014 19671
2015 20.686
2016 21837
2017 23967
2018 27668
2019 29.212
2020 33426

US Producer Price Index @burbine, and Power Transmission Equigirvanufacturing, Index Dec 1984 =100
This industry comprises establishments primarily engaged in manufacturing turbines, power transmission
equipment, and internal combustion engines (except automotive gasoline and @etrajt)

Year Producer Prie
Index
2007 152.6
2008 162.9
2009 174.6
2010 174.6
2011 177.7
2012 179.0
2013 180.9
2014 183.0
2015 184.6
2016 181.8
2017 181.8
2018 184.2
2019 189.0
2020 192.2
2021 196.4

The construction time, which is also specified in the data shesgiresents the time between thénancial
closure i.e.,when financing is secured, and all permits are at hand, and the point of commissioning.
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The outline of atypical data sheet containing all parameters used to describe the specific technolpgges
discussed belowThedata sheetconsists of a generic part, which is identical for groups of similar technologies
(thermal power plants, notthermal power plants and heat generation technologies) and a technology specific
part, containing information, whih is only relevant for the spdici technology. The generic technology part is
made to allow for an easy comparison of technologies.

Each cell in the data sheet should only contain one number, which i€g¢htral estimate for the specific
technology,i.e.,no range indications. Uncertainties related to the figures should be stated in the columns called
uncertainty To keep the data sheet simple, the level of uncertainty is only specified for years 2020 and 2050.
The level of uncertainty is illustrated/lproviding a lower and higher bound indicating a confidence interval of
90%.The uncertaintysOAT AOAA O OEA Oi AOEAO OOAT AAOAS OAAET T I
does not represent the product range (for example a product with lowfgeiehcy at a lower price or vice versa).

For certain technologies, the catalogue covers a product range, this is for example the case for coal power,
where bothsubcritical supercriticaland ultrasupercriticalpower plants are represented.

The level & uncertainty needs only to be stated for the most critical figures such as for example investment
costs and efficiencies.

Before using the data, please note that essential information may be found in the notes below the table.

Energy/technical data

Thedata tables hold information about 2020, 2030 and 2050. The iyetlue data table representte first year
of operation.

Generating capacity

The capacity is stated for both a single umtg., a single wind turbine or gas engine, and for the tqiaiver

plant, for example a wind farm or gas fired power plant consisting of multiple gas engines. The sizes of units and
the total power plant should represent typical power plants. Factors for scaling data in the catalogue to other
plant sizes than thossetated are presented later in this methodology section.

The capacity is given as net generation capacity in continuous operat®ngross capacity (output from
generator) minus own consumption (house load), equal to capacity delivered to the grid.

The wit MW is used for electric generation capacity, whereas the unit MJ/s is used for fuel consumption.

This describes the relevant product range in capacity (MW), for examplel@00 MW for a new codired
power plant. It should be stressed that datathe sheet is based on the typical capacity, for example 600 MW
for a coalfired power plant. When deviations from the typical capacity are made, economy of scale effects need
to be considered (see the section about investment cost).



Energy efficiencies

Efficiencies for all thermal plants are expressed in percentadevegr calorific heat valu@ower heating value
or net heating value) at ambient conditions iBthiopia considering an average air temperature of
approximately 28 °C.

The electric efficiacy of thermal power plants equals the total delivery of electricity to the grid divided by the
fuel consumption. Two efficiencies are stated: the nameplate efficiency as stated by the supplier and the
expected typical annual efficiency.

Often, the electicity efficiency is decreasing slightly during the operating life of a thermal power plant. This
degradation is not reflected in the stated data. As a rule of thumb, you may deduzt®35% points during the
lifetime (e.g.,from 40% to 37%).

In case btechnologies like hydro and windameplate and annuafficiencgy is considered to be same.

Forced and planned outage

Forced outage is defined as number of weighted forced outage hours divided by the sum of forced outage hours
and operation hars. Theweighted forced outage hours are the hours caused by unplanned outages, weighted
according to how much capacity was out.

Forced outage is given in percent, while planned outage (for example due to renovations) is given in weeks per
year.

Technical lifetime

The technical lifetime is the expected time for which an energy plant can be operated within, or acceptably close
to, its original performance specifications, provided that normal operation and maintenance takes place. During
this lifetime, some perfamance parameters may degrade gradually but still stay within acceptable limits. For
instance, power plant efficiencies often decrease slightly (few percent) over the years, and operation and
maintenance costs increase due to wear and degtah of componats and systems. At the end of the
technical lifetime, the frequency of unforeseen operational problems and risk of breakdowns is expected to lead
to unacceptably low availability and/or high operations and maintenance costs. At thisttim@lant wouldbe
decommissioned or undergo a lifetime extension, implying a major renovation of components and systems as
required to make the plant suitable for a new period of continued operation.

The technical lifetime stated in this catalogue ishedretical valueinherent to each technology, based on
experience. In real life, specific plants of similar technology may operate for shorter or longer times. The
strategy for operation and maintenance,g.,the number of operation hours, statips, andhe reinvestmens

made over the years, will largely influence the actual lifetime.

Construction time
Represents the time between the financial closure., when financing is secured, and all permits are at hand,
until commissioning completed (start obcmmercial operaipbn), expressed in years.



Space requirement

If relevant, space requirement is specified. The space requirements may among other things be used to calculate
the rent of land, which is not included in the financial since the cost item dependhe specifi location of the

plant.

Average annual capacity factor

Unless otherwise stated, the thermal technologies in the catalogue are assumed to be designed for and
operating for approx. 600&ull loadhours of generation annually (capacity factof just below70%).Some of

the exceptions are municipal solid waste generation facilities and geothermal power plants, which are designed
for continuous operationi.e., approximately 800Gull loadhours annually (capacity factor of 90%).

For nonthermal power genedition technologies, a typical average annual capacity factor is presented. The
average annual capacity factor represents the average annual net generation divided by the theoretigal ann
net generation, if the plant were operating at full capacity alhyeound. The equivaleriull loadhours per year

is determined by multiplying the capacity factor by 8,760 hours, the total number of hours in a year.

The capacity fact@for technobgies like solar, wind and hydropoware very site specific. In thesgases, the
typical capacity factor is supplemented with additional information, for example maps or tables, explaining how
the capacity will vary depending on the geographic locatiorihgf power plant. This information is normally
integrated in the brietechnology description.

The theoretical capacity factor represents the production realised, assuming no planned or forced outages. The
realised fulloads considers planned and forcedtage.

Ramping configuration

The electricity ramping configuratioof the technologies is described by four parameters:

1 Ramping (% per minute)e., the ability to ramp up and down when the technology is already in
operation.

1  Minimum load (percent of full load): The minimum load from which the boiler can operate

1 Warmstart-up time, (hours): The warm staitp time, used for boiler technologies, is dedd as the
time for starting, from a starting point where the water temperature in the evaporator is abovéCl100
which means that the boiler is pressurized.

1 Cold, startup time, (hours). The cold statip time used for boiler technologies is defined as thme it
takes to reach operating temperature and pressure and start production from a sia¢eethe boiler
is at ambient temperature and pressure.

For several technologs, these parameters are not relevamtg., if the technology can ramp to full al
instantly in on/offmode.

Environment

The plants should be designed to comply with the regulation that is currently in pld€thiopiaand planned
to be implemented wthin the 2020time horizon.
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CO emission values are not stated, but these may be calculated by the reader of the catalogue by combining
fuel data with technology efficiency data.

Emissions of particulate matter are exmsed as Phkin gram per GJ fuel

SQOcemissions are calculated based on the following sulphur contents of fuels:

Coal Fuel ol Gas oil Natural gas | Wood Waste Biogas
Sulphur (kg/GJ) | 0.35 0.25 0.07 0.00 0.00 0.27 0.00

The Sulphur content cavary for differen kinds of coal produa. The Sulphur content of coal is calculated from
a maximum sulphur weight content of 0.8%.

For technologies where desulphurization equipment is employed (typically large power plants), the degree of
desulphurizaton is stated in percentage terms.

NOx emissions represent emissions of lénd NO, where NO is converted to M@ weightequivalents. NQ
emissions are also stated in grams per GJ fuel.

Emissions of methane (GHand Nitrous oxide (dD) are notncluded in the catalogue. However, these ardtbo
potent greenhouse gas, and for certain technologies, for example for gas turbines, the emissions can be relevant
to include. In further development of the catalogue these emissions could also be included.

Financial data
Financial data are all in $ &d pricesprice leveR019 and exclude value added taxes (VAT) or other taxes.

For projection of future financial costs there are three oveaglproachesEngineering bottomup, Delphi
survey, and Learning curves. This catalogue uses the learning appreach. The reason is that this method
has proved historically robust and thétis possible to estimate learning rates for mdsthnologies.See
Appendix.

Investment costs
The investment cost or initial cost is often reported on a normalized bagis,cost per MW. The nominal cost
is the total investment cost divided by the hgenerating capacityi.e.,the capacity as seen from the grid.

If possible, the investment cost is divided into equipment cost and installation cost. Equipment coss toeer
plant itself, including environmental facilities, whereas installation casiserbuildings, grid connection and
installation of equipment.

Different organizations employ different systems of accounts to specify the elements of an investment cost
estimate. Since there is no universally employed nomenclature, investment cost®talways include the
same items. Actually, most reference documents do not state the exact cost elements, thus introducing an
unavoidable uncertainty that affects the vaiig of cost comparisons. Also, many studies fail to report the year
(price levelpf a cost estimate.



In this report, the intention is that investment cost shall include all physical equipment, typically called the
engineering, procurement and constructiqEPC) price or thevernight costConnection costs are included, but
reinforcements are not included. It is here an assumption that the connection to the grid is within a reasonable
distance.

The rent or buying of land iotincluded but may be asssed based on the space requirements specified under
the energy/technical data. Theeason for the land not being directly included, is that land, for the most part, do
not lose its value. It can therefore be sold again after the power plant has fulfilepurpose and been
decommissioned.

4EA T x1TAO0O08 bDOAARAOA I Itibnbdordsiltahcy Apfojodd Banggdmbenit, Bite [Bréparétidn, and
approvals by authorities) and interest during construction are not included. The cost to dismantle
decommissionedlants is also not included. Decommissioning costs may be offset by the resialu@l of the
assets.

Cost of grid expansion
As mentionedbefore, grid connection costs anecluded, however possible costs of grid expansion from adding
a new electricity gnerator to the grid are not included in the presented data.

Business cycles

Business cycles follow general and crssgtoral economic trends. As an example, the costeokrgy
equipment surged in 2002008 in conjunction with the financial crisis outlaik. In a study assessing generation
costs in the UK in 2010, Mott MacDonald reported tBitter a decade of cycling between $400 and $600 a kW
installed EPC prices for CC@creased sharply in 2007 and 2008 to peak at around $1250/kW in Q3:2008. This
peak reflected tender prices: no actual transactions were done at these prices.

Such unprecedented variations obviously make it difficult to benchmark data from rdeent years;
furthermore, predicting the outbreak of global recessions and their impacta@mplex supply chains (such as

the Covid19 2020 crisis) is challenging. However, a catalogue as the present needs to refer to several sources
and assume future cages. The reader is urged to bear this in mind when comparing the costs of different
techndogies.

Economy of scale

Theper unitcost of larger power planisusuallylowerthan that of smaller plants. Thistise effect of OAAT T 1 1 U
I £ O#fnkmpkiaBrelationship between power plant size and their cost was anaigsed article@Econany

of Scale in Power Plani$n the August 1977 issue of Power Engineering Magazine (p. 51). The basic equation
linking costs and sized two different power plantss:

Where: G = Investment cost of plant £(@.,in million US$)
G = Investment cost of plant 2
P. = Power generation capacity of plante.d.,in MW)

1€



P, = Power generation capacity of plant 2
a =Proportionality factor

For many years, the proportionality factor averaged about 0.6, but extended project schedules may cause the
factor to increase. However, used with caution, this rule may be applied to convert data in this catalogue to
other plant $zes than thosestated. It is important that the plants are essentially identical in construction
technique, design, and time frame and that the only significant difference is size.

For very largescale plants, like large coal power plants, we may haaehed a practial limit, since very few
investors are willing to add increments of 1000 MW or above. Instead, by building multiple units at the same
spot can provide sufficient savings through allowing sharing of balance of plant equipment and support
infrastructure. Tyjically, about 15% savings in investment cost per MW can be achieved for gas combined cycle
and big steam power plant from a twin unit arrangement versus a single @ibjected Costs of Generating
Electricityg, IEA, 2010). Thinancial data in this catague are all for single unit plants (except for wind farms
and solar PV), so one may deduct 15% from the investment costs, if very large plants are being considered.

Unless otherwise stated the reader of the catalogue may apgtyoportionality factor ¢ 0.6 to determine the
investment cost of plants of higher or lower capacity than the typical capacity specified for the technology. For
each technology, the relevant product range (capacity) is specified.

Operation and maintenance (O&M) costs

The fixed kare of O&M is calculated as cost per generating capacity per year ($/MWl/year), where the
generating capacity is the one defined at the beginning of this chapter and stated in the tables. It includes all
costs, which are indeperaht of how many hours thelant is operatede.g., administration, operational staff,
payments for O&M service agreements, network or system charges and insurance. Any necessary
reinvestments to keep the plant operating within the technical lifetime areoalincluded, whereas
reinvestments to extend the life beyond the technical lifetime are excluded. Reinvestments are discounted at
annual discount rate in real terms. The cost of reinvestments to extend the lifetime of the plants may be
mentioned in a notef data is available.

Thevariable O&M costs ($/MWh) include consumption of auxiliary materials (water, lubricants, fuel additives),
treatment and disposal of residuals, spare parts and output related repair and maintenance (however not costs
covered byguarantees and insuranced)lanned and unplanned maintenance costs may fall under fixed costs
(e.g.,scheduled yearly maintenance works) or variable costg.(works depending on actual operating time)

and are split accordingly.

Fuel costs are not inatled.It should finally benoted thatO&M costs often develop over time. The stated O&M
costs are therefore average costs during the entire lifetime.

References
1. U.S. Bureau of Labostatistics, Producer Price Index by Industry: Turbine and Power Transmission
Equipment Manufactung [PCU33363336], retrieved from FRED, Federal Reserve Bank of St. Louis;
https://fred.stlouisfed.org/series/PCU33363336



1. HYDRCPOWERPLANTS

Brief technology description

Hydropower has been a reliable amdoven methodfor electricity production for oer a century.The
concept exploits the head difference between two water reservoirs, benatural or artificiallycreated
through dams and weg. In a hydropower plant,ite potential energy is converted into rotational kinetic
energy,whichspins the blads of a turbine connected to a generator.

Hydropower plants can be classified in different wayshich for instance distinguishamong head
availability, plant size and operational regime. In terms of operational regithe,following classification is

widely acceptedref. 1):

1 Run-of-river (RoR)plants. A facility that channels flowing water from a river through a canal or
penstock to spin a turbine. Typically, a roftriver projecthaslittle or no storage facilityThey are
typically smalland find agplication also in ofigrid contexts.

1 Storage/resewoir plants. Uses a dam to store water in a resengaiater impoundment) Electricity is
produced bydischargingwater from the reservoir through a turbine, which activates a generatbey
can span ovea wide range of capacitiedepending on the hydnalic head and reservoir size.

1 Pumped storageplants. Provides peak load supply, harnesses water which is cycled between a lower
and upper reservoir by pumps which use surplus energy from the system atdfrteeg demandWhile
plenty of pumped hydro storagglants exist and are under construction in the world, Ethiopia does not
have anyof these facilities.

A schemefor RoRand reservoir plants is presentedrigure3.
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Figure3: Reservoir and reof-river hydropower plants (réﬁ‘, 3.

Run-of-river and reservoir hydropower plants can be combined in cascading river systems and pumped
storage plants canutilize the water stored in one or several reservioydropower plants. In cascading

systems Figure4), the energy output of a ruof-river hydropower plant can be retated by an upstream

reservoir hydropower plant. A large reservoir in the upper catchment generally regulatewsitfior

several rurof-rivers or smaller reservoir plants downstream. This likely increases the yearly energy potential

of downstream sitesa A AT EAT AAO OEA OAI OA 1T £ OEA OPPAO OAOAC
creates the dependence of downsam plants to the commitment of the upstream plants.
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Figured: Cascading Systems (réf.

Hydropower systemsan range from tens of Watts to hundreds of Megawatts. A classification based on the
size of hydropower plants is @sentedin Table2.

Table2: Classification dfydropoweplants based on sifeef.1).

Capacity Capacity
Type (international (Ethiopian

classification) classification)
Large hydropower >100MW >30 MW
Mediumhydropower 257 100MW 10z 30 MW
Smallhydropower 1- 25MW 1z10 MW
Mini/micro/picohydropower | < 000kW <1000 kw

Large hydropower plants often have outputs of hundreds or even thousands of megawatts and use the
energyof falling water from the reservoir to produce electricity using a variety of available turbine types
(e.g., Pelton, Francis, Kaplan) depending on tlkaracteristics of the river, the hydraulic head and
installation capacity. Small, micro and pico hydropower plants are-afiniver schemes. These types of
hydropower use Crosiow, Pelton, or Kaplan turbines. The selection of the turbine type dependthen
head and flow rate of the riveas visible ifrigureb. In Ethiopia, Francis turbines are the masimmon type

of energy conversion machine adopted, while Kaplan turbim@gefoundno current application.

For high heads and small flows, Pelton turbines are used, in which water passes through nozzles and strikes
spoonshaped buckets arranged on thenighery of avheel. A less efficient variant is the crefésw turbine.
These are action turbines, working only from the kinetic energy of the flow.

For low heads and large flows, Kaplan turbines, a prop#yiee water turbine with adjustable blades,
dominate. Kapla and Francis turbines, like other propellgpe turbines, capture the kinetic energy and
the pressure difference of the fluid between entrance and exit of the turlfin@ncis turbines are the most
common type, as they accommodate a wide ganof headsZ0 m to 700 m), small to very large flows, a
broad rate capacity and excellent hydraulic efficiency.
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Figureb: Hydropower turbine application chart (r6f.

The capacity factor achieved by hydropower projects nedbe looked at somewhat differently than for
other renewable projects. It depends on the availability of watedthe purpose of the plants whether for
meeting peak and/or base demandihe averagecapacity factor of hydropower plants settled at 48% in
20102019 (world figures)with a significant standard deviation acrogeography Figure6).
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Figure6: Total installed cost, capacity factor, LCOE for hydropower in the world. Blueepresent the standard
deviation from the averadeef.6).

Input
The water from either reservoir or reof-river having certain heafin] and flow ratefm?¥s].
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Output
Electricity.

Typical capacities

Hydropower systems can range from tens of Watts to hatt$ of Megawatts. Currently up to 900 MW per
unit (ref. 7). Accordingto the local case data receivethe expected plant capacity for future plants in
Ethiopiais expeced to haveawide range % to over 1000 MW).

Ramping configurations

Hydropower helpso maintain the power frequency by continuous modulation of active power, and to meet
moment-to-moment fluctuations in power requirements. It offers rapid ramp rates abdoad operational
regime, making it very efficient to follow steep load variatiomghe intermittent power supply of renewable
energy such as wind and solar power plants.

Advantages/disadvantages
Advantages:

w Hydropower is a clean source, agddtesn't pollute the air.

w Hydropower is a domestic source of energy

w Hydropower is a renewdb power source.

w (UAOTI PT xAO xEOE OOiI OACA EO CATAOAT T U AOAEI AAT A
through the turbines to produce electricityvhich provides flexibility to the system

w Hydroelectric energy offers grid support in case of major electrimitiages given their abilityto ramp
up in a short time.

w Hydropower facilities have a long service life, which can be extended indefinitely, atiterfu
improved. Some operating facilities in certain countries are 100 years and older. This makes for long
lasting, affordable electricity.

w Other benefits may include water suppiyigation, and flood control

w Hydropower is quite safe as there is cmmbustion offuel involved.

w Hydropower plants do not requiralot of staff, and maintenance costs are usudlbyv.

w Impoundmentsoffer a variety ofecreational activities suchsfishingand boating.

Disadvantages:

w Fish populations can be impacted if fish cannot migrate upstream past impoundment dams to
spawning grounds or if they cannot migrate downstream to toean.

w Hydropower can impact water quality and flow. Hydropower plants can cause lowhdissoxygen
levels in the water, a problem that is harmful to riverbank habitats.

w Hydropower plants can be impacted by drought. When water is not available, theopgdrer plants
can't produce electricity.

w Hydropower plants can be impacted by sedimentati®@edimentation affects the safety of dams and
reduces energy production, storage, discharge capacity and flood attenuation capabilities. It increases
loads on the dm and gates and damages mechanical equipment.

w New hydropower facilities impact the locaheironment and may compete with other uses for the land.
Those alternative uses may be more highly valued than electricity generation. Humans, flora, and fauna
may bse their natural habitat. Local cultures and historical sites may be impinged upon.

w Even hough hydropower is a flexible renewable energy source there are often limits to the flexibility

caused by irrigation needs and other needs.

Hydropower plants have ahigh initial cost, requiring investors that can finance the plant

There is a limited amount of areas that are suitabledam construction and/owhere hydraulic head
is big enough to justify a project. Oftemydropower plants are located far from bapgregate loads
(cities),which might require additional expenditurdsr grid development/strengthening.

€€

21



w Dams can cause the settlements to moskould these be in proximity of the flooded area.

w

In manyhydro plants across the globe, eutrophication leadgotential methane emissions.

Environment
Environmental issues identified in the development of hydropower include:

1

SafetyissuesHydropower is very safe today. Losses of life caused by dam faiawe been very rare

in the last 30 years. The populati at risk has been significantly reduced through the routing and
mitigation of extreme flood events.

Water use and water quality impacts. The impact of hydropower plants on water quality is very site
specific and depends on the type of plant, how it ieogted and the water quality before it reaches the
plant. Dissolved oxygen (DO) levels are an important aspect of reservoir water quality. Large, deep
reservoirs may have reduced DO levels in bottom wsit@vhere watersheds yield moderate to heavy
amountsof organic sediments.

Impacts on migratory species and biodiversity; Older dams with hydropower facilities were often
developed without due consideration for migrating fish. Many of these older plantge haeen
refurbished to allow both upstream and dowmsam migration capability.

Implementing hydropower projects in areas with low or no anthropogenic activity. In areas with low or
no anthropogenic activity the primary goal is to minimize the impacts be tnvironment. One
approach is to keep the impact stricted to the plant site, with minimum interference over forest
domains at dams and reservoir areasy., by avoiding the development of villages or cities after the
construction periods.

Reservoir sdimentation and debris. This may change the overalbgorphology of the river and affect

the reservoir, the dam/poweplant, and the downstream environment. Reservoir storage capacity can
be reduced, depending on the volume of sediment carried by the.rive

Life-cycle greenhouse gas emissions. Lifgcle CQ emissions from hydropower originate from
construction, operation and maintenance, and dismantling. Possible emissions lanchuserelated

net changes in carbon stocks and land management impactsengsmall.

Employment

Generallya large nevihydraopower plant (110 MW) project will provide around 2,@@0000 local jobs during

the construction phase. The kind of jobs expected are technicians, welders, joineries, carpenters, porters,
project accountants, electrical and mechanical engineers, cooksar@rs, masons, security guards and
many others. Of those, about 15@00 will continue to work at the faciliipr operations and maintenance

(ref. 8).

Research and development

Hydropower is a ery mature and welknown technology (category 4). While tisopower is the most
efficient power generation technology, with high energy payback ratio and conversion efficiency, there are
still many areas where small but important improvements in technatagdevelopment are needed.

1

Turbine design

The hydraulic diciency of hydropower turbines has shown a gradual increase over the years: modern
equipment reaches 90% to 95%igure7). This is the case for both new turbines and the replacement
of existing turbines (subject to physical liatibns).
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Figurer: Improvement of hydraulic performance over timeQyef.

Some improvements aim directly at reducing the environmental impacts of hydropower by
developing

0 Fishfriendly turbines

0 Aerating turbines

o Oil-free turbines

9 Hydrokinetic turbines Kinetic flow turbhes for use in canalqipes, and rivers. Irstream flow
turbines, sometimes referred to as hydrokinetic turbines, rely primarily on the conversion of energy
from free-flowing water, rather than from hydraulic lagl created by dams or control structures. 8o
of these underwater devices have horizontal axis turbines, with fixed or variable pitch blades.

1 Bulb (Tubular) turbines; Nowadays, very low heads can be used for power generation in a way that is
economicallyfeasible. Bulb turbines are efficient solos for low headup to 30 m. The terriBulbd
describes the shape of the upstream watertight casing which contains a generator located on a
horizontal axis. The generator is driven byaiable pitchpropeller(or Kaplan turbine) located on the
downstream end of the bulb.

1 Improvements in civil works; The cost of civil works associated with new hydropower project

construction can be up to 70% of the total project cost, so improved methods, technologies and

materials for planning, design and construction vea considerable potential (ref2). A roller
compacted concrete (RCC) dam is built using much drier concrete than traditional concrete gravity
dams, allowing speedier and lower cost construction.

Upgrade or redeelop old plants to increasefficiency and environmental performance.

Add hydropower plant units to existing dams or water flows.

= =

Investment cost estimation

The investment cost here is estimatansideringlocal estimated cost for planned plants, intetional
data and learning awe approach{discussed in appendix) based on the IEA WEDHAS distinction between
large and medium over here is considered based on international classification.



)T ORACORI nl @ Al Wdai X YoWwo YoQod YoV o
F-53$-7Y
Technology 2.4 (large) 2.3(large) 2.14 (large)
catalogue for 3.7(medium) 3.55(medium) | 3.29 (medium)
Caalogues s
Ethiopia
(2020)
Ethiopian 2.4(large)
data Local cases 3.7(medium)
International | IRENA(2012) 2.16(large)
data Africa 3224 (medium)
Projection Learning curve
Z cost trend 100% 96% 89%
[%]

The investment cost of hydropower in Ethiopia is basedeasibility studies which might benefitr@vision

to representmore up to datevalues.

The cost of hydropower istronglydependent on the topology of the mountains where it is constructed and
the hydro resources. Therefore, it is difficult to estimate a standard value for investment costs that can be
used for new hydropower plantslowever,it is highly recommended to take locabrditions into account

when estimating investment costs for hydro plants in energy plannkgrthermore, as hydropower is a
mature technology the expected cost reduction is relatively conservativaddition to hatit is difficult to
separate ouhow ome specific improvements might impact the overall cost especitigr considering the

fact that most of the best locations for hydro are probably already exploited.

Examples of current projects

Ethiopia is endowed with a significant hydropower potertigight major river basins are present in the
country, with a potential of over 48 G\Winistry of Water, Irrigation and Energy, 201$ome plant types
are currently notinstalled in Ethiopiag.g., pumped hydro storage and bele 1MW hydro facilities (mini,
micro and pico hydropower).

Hydropower is responsible for most of the electricity production in Ethiopia. Hydro plants have been a part
of the system for a very lonime with Abs Samuel commissioned in 1931 and still urageration. The

other plants currently operational in the system are Awash Il and lll, Beles, Fincha, Finchaa Amerti Neshe,
Genale Dawa lll, Gibell,and lll, Koka, Maleka Wakana, Tekeze |, TisyAkend Iwith a total installed
capacity of around 406BIW z Figure8 shows the location of the hydropower plants on the Ethiopian map
These plants are installed in locations with flow rates ranging from 18 to over 1880amd rated head
ranging from 46m to over 500m, highlightingthe wide range of resource locationsailable in Ethiopia.
Furthermore, for plants like Finch&jnchaa Amerti Neshe and Gibe Il the rated head is ~500m warranting
the use of Pelton turbines. The other plants have Francis turbines.

Currently in Ethiopighere are two megaiydroelectricprojects under construction. Koysha Hydroelectric
Project is one of theetwo projects under construction. It consists of a roller compacted concrete (RCC) dam,
necessary to impound approximately 6 billion cubic meters atex. The plant will generate electitg by

using eight~rancis turbine units, 2MW each, making the total installed capacity 2,160 MW and total rated
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discharge of 1,536 #s. The project is expected to have a total cost of 2.8 billion USD and will be
commissioned by 2023.

The Grand Ethiopian Renaissance Dam (GERD) is the other Hydro power project under construction
consisting of a roller compacted concrete (RCC) dam and a rockfill saddle dam, necessary to impound
approximately 63 billion cubic meterd$ water. It will have amistalled capacity of 5,150 MW at a total cost

of 3.7billion USD and will be commissioned in three phases by 2024.

Additionally, there are plans to have a total installed capacity of 9300 MW from candidate hydro power
plants likeBeko Abo,Geba 1 and 2, &hale 6, Genale 5, Dabus, Birbir Werabesa + Halele, Tams, Baro 1 and
2, Geniji, Wabi Shebele, Karadohlpper MendayaChimoga yadand Diedesa These will potentially be
commissioned betwee2026-2030.GERD and Koysha are spedates due to the size dié¢ projects. The

cost for the othercandidate projects listed aboves comparatively higher with an averagesstimated
investment cost of 2.4 MUSD/MW

rand Ethiopian Rehaissange:Main Dah (under contr.) < I
d 4 AN 1

merti Bam
J—‘mcha Dam

eGedadi Damd<e55em Dam

~£_ fba Samuel Dam ¢

FigureB8: GIS map with basin areas in Ethiopia dmldcations of hydropower plants

Norwegian example

Many current hydrgorojects around the world are not new plants but upgrades of existing plants. These
projects can involve including new catchment areas (insiegthe yearly generation) or increasirfietsize

of the reservoirs and adding turbine capacity. Higher capacity (for the same inflow) can make the plant more
suitable for peak load which might be needed to balance wind and solar power. One such mai@mnisa



and extension project is the Nedre Ragja station in Norway, which was completed in 2016. In addition to
modernising the existing turbines, a new power station with an additional turbine unit was installed,
increasing total installed capacity from @MW to 350 MW.
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Technology

Technology Hydro power plant - 100 to 2000 MW
2020 2030 2050 | Uncertainty (2020) | Uncertainty (2050) | Note [ Ref
Energy/technical data Lower Upper Lower Upper
Generating capacity for one unit (MWe) 150 150 150 100 2000 100 2000 1,8,10
Generating capacity for total power plant (MWe) 150 150 150 100 2000 100 2000 1,8,10
Electricity efficiency, net (%), name plate 95 95 95 85 97 85 97 A 7
Electricity efficiency, net (%), annual average 95 95 95 85 97 85 97 A 7
Forced outage (%) 4 4 4 2 10 2 10 1
Planned outage (weeks per year) 6 6 6 3 10 3 10 1
Technical lifetime (years) 50 50 50 40 90 40 90 B 1
Construction time (years) 4 4 4 2 6 2 6 1
Space requirement (100G/MWe) 62 62 62 47 78 47 78 c 1
Additional data for non thermal plants
Capacity factor (%), theoretical 50 50 50 20 95 20 95 1
Capacity factor (%), incl. outages 46 46 46 20 95 20 95 12
Ramping configurations
Ramping (% per minute) 50 50 50 30 100 30 100 3
Minimum load (% of full load) 0 0 0 0 0 0 0 3
Warm start-up time (hours) 0.1 0.1 0.1 0.0 0.3 0.0 0.3 3
Cold start-up time (hours) 0.1 0.1 0.1 0.0 0.3 0.0 0.3 3
Environment
PM 2.5 (gram per Ny 0 0 0
SO, (degree of desulphuring, %) 0 0 0
NOy (g per GJ fuel) 0 0 0
CH, (g per GJ fuel) 0 0 0
N,O (g per GJ fuel) 0 0 0
Financial data
Nominal investment (M$/MWe) 2.40 2.30 2.14 1.80 3.50 1.60 2.67 DEF | 14569
- of which equipment 30% 30% 30% 20% 50% 20% 50% 11
- of which installation 70% 70% 70% 50% 80% 50% 80% 11
Fixed O&M ($/MWelyear) 18,000 18,000 18,000 13,500 22,500 13,500 22,500 C 1456
Variable O&M ($/MWh) 0.65 0.65 0.65 0.49 0.81 0.49 0.81 C 15
Start-up costs ($/MWe/start-up) - - - - - - -
References:
1 Data on local cases from EEP
2Branche, 2011, AHydropower: the strongest performer in the CDM process, r

3 Eurelectric, 2015, "Hydropower - Supporting a power system in transition".
4 |EA, World Energy Outlook, 2015.
5 Learning curve approach for the development of financial paran
6 IEA, Projected Costs of Generating Electricity, 2015.
7St epan, 2011, Workshop on Rehabilitation of Hydropower, fAThe 3-Phase Apprc
8 Prayogo, 2003, "Teknologi Mikrohidro dalam Pemanfaatan Sumber Daya Air untuk Menunjang Pembangunan Pedesaan. Semioka Produk-produk Penelitian Departeme
Makassar".
9Energy and Environmental Economics, 2014, "Capital Cost Review of Power Ge
10 General Electric, www.gerenewableenergy.com, Accessed: 20th July 2017
11 ASEAN, 2016, "Levelised cost of electricity of selected renewable technologies in the ASEAN member states".
Notes:
A This is the efficiency of the utilization of the waters potential energy. This can not be compared with a thermal power plant that has to pay for its fuel.
B Hydro power plants can have a very long lifetime if operated and mainted properly. Hover Dam in USA is almost 100 years old.
C Uncertainty (Upper/Lower) is estimated as +/- 25%.
D Numbers are very site sensitive. There wil be an improvement by learning curve development, but this improvement will equalized because the best locations wil be utiliz
investment largely depends on civil work.
E Investment costs include the engineering, procurement and construction (EPC) cost. See description under Methodology.
For 2020, uncertainty ranges are based on cost spans of various sources. For 2050, we combine the base uncertainity in 2020 with an additional uncertainty span base
variying between 10-15% and capacity deployment from Stated Policies and Sustainable Development scenarios separately.



Technology

Technology Hydro power plant - 10 to 100 MW
2020 2030 2050 Uncertainty (2020) | Uncertainty (2050) | Note | Ref
Energy/technical data Lower Upper Lower Upper
Generating capacity for one unit (MWe) 50 50 50 10 100 10 100 2
Generating capacity for total power plant (MWe) 50 50 50 20 100 20 100 2
Electricity efficiency, net (%), name plate 95 95 95 85 97 85 97 A 1
Electricity efficiency, net (%), annual average 95 95 95 85 97 85 97 A 1
Forced outage (%) 4 4 4 2 10 2 10 1
Planned outage (weeks per year) 6 6 6 3 10 3 10 1
Technical lifetime (years) 50 50 50 40 90 40 90 1
Construction time (years) 3 3 3 2 6 2 6 1
Space requirement (100G/MWe) 14 14 14 11 18 11 18 B
Additional data for non thermal plants
Capacity factor (%), theoretical 88 88 88 50 95 50 95
Capacity factor (%), incl. outages 84 84 84 50 95 50 95 2,8
Ramping configurations
Ramping (% per minute) 50 50 50 30 100 30 100 3
Minimum load (% of full load) 0 0 0 0 0 0 0 3
Warm start-up time (hours) 0.1 0.1 0.1 0.0 0.3 0.0 0.3 3
Cold start-up time (hours) 0.1 0.1 0.1 0.0 0.3 0.0 0.3 3
Environment
PM 2.5 (gram per Ny 0 0 0
SO, (degree of desulphuring, %) 0 0 0
NOy (g per GJ fuel) 0 0 0
CH, (g per GJ fuel) 0 0 0
N,O (g per GJ fuel) 0 0 0
Financial data
Nominal investment (M$/MWe) 3.70 3.55 3.29 3.00 4.00 2.47 4.12 CD [2456,7
- of which equipment 30% 30% 30% 20% 50% 20% 50% 7
- of which installation 70% 70% 70% 50% 80% 50% 80% 7
Fixed O&M ($/MWe/year) 18,000 18,000 18,000 13,500 22,500 13,500 22,500 2457
Variable O&M ($/MWh) 0.50 0.50 0.50 0.38 0.63 0.38 0.63 B 1
Start-up costs ($/MWe/start-up) - - - - - - -
References:
1Stepan, 2011, Workshop on Rehabilitation of Hydropower, fAThe 3-Phase App!

2 Data on local cases from EEP

3 Eurelectric, 2015, "Hydropower - Supporting a power system in transition”.

4Energy and Environmental Economics, 2014, "Capital Cost Review of Power

5 IEA, World Energy Outlook, 2015.

6 IEA, Projected Costs of Generating Electricity, 2015.

7 ASEAN, 2016, "Levelised cost of electricity of selected renewable technologies in the ASEAN member states".

8Branche, 2011, AHydropower: the strongest performer in the CDM process,
Notes:

A This is the efficiency of the utilization of the waters potential energy. This can not be compared with a thermal power plant that have to pay for its fuel.

B Uncertainty (Upper/Lower) is estimated as +/- 25%.

C Numbers are very site sensitive. There wil be an improvement by learning curve development, but this improvement wil equalized because the best locations will be t

investment largely depends on civil work.
D Investment cost include the engineering, procurement and construction (EPC) cost. See description under Methodology.
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2. WIND TURBINES

Brief technology descrption

The typical large onshore wind turbine being installed todayh®@zontal axis three bladed, upwind, grid
connected turbine using active pitch, varialsipeed,and yaw control to optimize generation at varying wind
speeds.

Wind turbines work # captuing the kinetic energy in the wind with the rotor blades and transferring it to
the drive shaft. The drive shaft is connected either to a spigeteasing gearbox coupled with a medium

or high-speed generator, or to a lowpeed, directdrive geneator. The generator converts the rotational
energy of the shaft into electrical energy. In modern wind turbines, the pitch of the rotor blades is controlled
to maximize power production at low wind speeds, and to maintain a constant power output andHnit
mechanical stress and loads on the turbine at high wind speeds. A general description of the turbine
technology and electrical system, using a geared turbine as an example, can be Ségura®.

; |
3 | f
I ~Blades
—3 %
| / lotor
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| - Low-speed shaft
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Wind direction Yaw derqj D |
Yaw motorﬂ' SNacelle Windvane
Tower« Gonerator High-speed shaft

Wind Inflow

Substation

The Grid

Wind Farm

e

Figured: General turbine technology and electrical system

Wind turbines are designed to operate within a wind speed range, which is bounded by@&ulsiwdwind

speed and a higlut-outdwind speed. When the wind speed is below the-tuspeed the engyy in the

wind is too low to be utilized. When the windaghes the cuin speed, the turbine begins tgenerate As

the wind speed increases, the power output of the turbine increases, and at a certain wind speed the turbine
reaches its rated power. Atigher wind speeds, the blade pitch is controlled to mainttie rated power
output. When the wind speed reaches the @uit speed, the turbine is shut down or operated in a reduced
power mode to prevent mechanical damage.
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Three major parameters define éhdesign of a wind turbine. These are hub height, nameptateacity (or
rated power) and rotor diameter. The last two are often combined in a derived metric d3ifeetific
powerd, which is the ratio between nameplate capacity and swept area. The sppoifier is measured in
W/m2,

The wind turbine design depels on the wind conditions at the site. In the IEC6X4RD05, the
International Electrotechnical Commission (IEC) defines three types of wind classes, as repdiadteB
Values in this tablehould notbe considered as point value, but rather representative of a range of possible
wind speeds These classes can be further dividetb turbulence class AB, and C. This is based on
turbulence intasity, whichquantifieshow much the wind varies typically within 10 minate

Table3: Wind site classification accordioghe IEC.

Class | (High wind,| Class Il (Medium wind,| Class Ill (Low wind,
HW) MW) LW)
Average annual wind speed htib height 10 8.5 7.5
[m/s]
50year extreme wind speed over 1 50 42.5 37.5
minutes [m/s]
50year extreme wind speed over 70 59.5 52.5
seconds [m/s]

The turbine design differs consistently depending on the type of wind resouktéw wind (LW) sites,
turbines ae generally taller and sweep a larger area. In other terms, they are characterized by taller hubs
and a smaller specific power. This way, turbines access higher wind speeds (the wind speed increases with
height above ground) and mage to convert more wid power into electricity. In fact, the wind power
picked up by the turbine is proportional to the swept areand the third power of the wind spead

0 TMJ DA

mbeing the air density. The real electric power delivereths grid is affected by mechanical and electrical
conversion efficiencies. With a different turbine design, LW turbines can reach an annual production
comparable to that oHW turbines which, on the contrary, aphysically smallerAdvancements in the
desgn of Class Il wind turbineslow less windy sites to also be considefedthe development of wind
projects

Onshore wind turbines can be installed as single turbinkssters or in larger wind farm€ommercial wind
turbines are operated unattendednd are monitored and controlled by a supervisory control and data
acquisition (SCADA) system.

The arrangement of the technical requirements within grid codes varies betwadectricity systems. See
ref. 16 and 17. However, for simplicity the typicaluggments for generators can be grouped as follows:

9 Tolerance- the range of conditions on the electricity system for which wind farms must continue to
operate

Control of eactive power often thisis relatedto voltage controlrequirementsin the network

Control of active power

Protective devices

Power quality.

=A =4 =4 =9
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According to Solar and Wind Energy Resoulssessmen{SWERA) conducted by Hydrochina in July 2012,
Ethiopia hagoughly 1000GW of wind potentigHowever, aly a part of this resoure could be exploited for
on-grid applications.

Unlike the Solar PV farms, the Wind farms require intensive data collection and E & S impact assessment
works. Keepingthis in mind,Ethil B EMirds®y of Water, Irrigation and Electricity of Ethiopia (MOWIE),
World Bankand Danish Government have set up partnership to launch Accelerating Wind Power Generation
in Ethiopia program The main targetsfor this programare to ensure availabilit of hgh quality wind
resource assessments at a number of prioritized sites, assist collection of high quality wind resource data
national using thel7installed masts. These activities are aimed ahabling the participatiorof private
developers in addion to the government for the preparation of bankable wind energy IPP auctidissa

part of this activitythe World Bank Group (WB@&hdthe Danish Governmertave been providing technical
supportby assisting in the analysis and verification of wind sw@a@merts by screening potential wind farm
sitessuitablefor auction processs. Ninesites have been identified for further investigation

Input
The nput is wind. Cuin wind speeds 3-4 m/s. Rated power generation wind speed is1P0m/s. Cubut or
transition to reduced power operationccursat wind speed around 225 m/s.

The annual energy output of a wind turbine is strongly dependent on the average wind speed at the turbine
location. The average wind speed depends on the geographical locdtienhub height, and the surface
roughness. Hills and mountains also affect the wind flow, and therefore steep terrain requires more
complicated models to predict the wind resource, while the local wind conditions in flat terrain are normally
dominated by he surface roughness. Also, local obstacles like forest and, for small turbines, buildings and
hedges reduce the wind speed dowakes from neighbouring turbinegurthermore,factors likethe high
altitude range(with various locations being above 2000and thin air athesehigher altitudes need to be
accounted for in the wind turbine selection and design.

The Eastern part of Ethiopia has a good wind resoume {0 mediumwind sites). An annual wind speed of
6-7m/s at 100m above ground (lot@ medium-wind site) is usually considered the minimum threshold for
the feasibility of a wind project (alternatively, power densities aroub@\&/m? at hub height). Some areas
in the Eastern part of Ethiopia are endowed kv wind resource greater than 9 m/sl®0m height above
ground Figurel0). These areas are characterized by a reasonably flat, clear terrain and little vegetation.

Table4 reports wind speed datat hub height (whee available)for the exising and under development
wind projects in Ethiopia.

Table4: Wind speed and hub height of existing wind projects in Ethiopia.

Site Capacity | Hub height | Wind speed at Investment Cost Status
[MW] [m] hub height [m/s] | [M$/MW]

Aysha 120 80 8.9 2.14 Committed

Adamal |51 2.29 Existing

Adama2 | 153 70 9.5 2.25 Existing

Ashegoda| 120 70-80 8.5 2.08 Existing

Assela 100 84 8.4 1.44 Committed
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Mean Wind Speed@ 100 m - [m/s]
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Figurel®: Wind resource at 100m above ground level in Etliiep23).

Output

Electricity. The relationship between input (wind speed) and output (electricity) is givgrolwer curves,
which are part of the manufacturér catalogue. An examplis shown inFigure1l, where the cuin, rated
andcut-out speedare also indicated.

Wind measurementsor at least 1 yeashouldbetakento predict generatiorat a site along with considering
its validity inthe long-term. Measurements should be at the same heigliiove groundas thepredicted
nacelk height.
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Figurell Power curve for a typical wind turbine. Instead of the traditoiaut curve, some turbines have a gradual
cut-out curve (dshed line).

Typical capacities
Wind turbines can be categorized according to reptate capacity. Athe present time, new onshore
installations are in the range of 2 to 6 MW (ref. 16).

Two primary design parameters define the overall production capacity of a wind turbine. At lower wind
speeds, the electricity production is a functiohthe swept area of the turbine rotor. At higher wind speeds,
the power rating of the generator defingke power output. The interrelationship between the mechanical
and electrical characteristics and their costs determittesoptimal turbine design foa given site.

The size of wind turbines has increased steadily over the y@agsire12). Larger generators, larger hub
heights and larger rotors have all contributed to increase the electricity generation from wind turbines.
Lower specific power improves the capacigcfor (that is, the yearly energy yield), since power output at
wind speeds below rated power is directly proportional to the swept area of the rotor (see above).

However, installing large onshore wind turbinesquires well developedinfrastructure to & in placeto
transport the big turbine structures to the site. If the infrastructure is not in place, the installation aests
much higher, and it might be favourable to invest in smaller turbinesttiiae existing infrastructure can
manage. However, there are cases where such infrastructure is built together wighrdject,e.qg..6 AOOA 08
Lake TurkanaVind Powerproject in Kenyavhere small turbines (5&1) were usedref. 15).
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Figurel2 Evolution of rotor diameter and rated power in 208.Qworld figures). Source: own elaboration from ref. 12.

Ramping configurations

Electricity production from wind turbines is highly variable because it depends on the actual wind resource
avalable.Therefore, the ramping configurations depend on the weather situation. In periods with low wind
speeds (less than-@ m/s) wind turbines cannot offer ramping regulati@xcept forvoltage regulation.

With sufficient wind resources available (wisdeed higher thar-6 m/s and lower than 230 m/s) wind
turbines can alwaysamp downand- in many casesalsoup, providedthat the turbine is running in power
curtailed mode i¢e., with an output which ideliberately set below theotential output based on the
available windesourcg.

In general, a wind turbine will run at maximum power according to the power curve and up ramping is only
possible if the turbine is operated at a power level below theialcavailable power. This mode of operation
istechnicallypossible and, in many countriegurbines are required to have this feature. However, it is rarely
used sincahe system operator will typically be required to compensate the owner for the redumezhue

(ref. 2).

Generation from wind turbires can beregulated downfor grid balancing. The stamip time from no
production to full operation depends on the wind resource available.

Sometypes of wind turbines (DFIG and converter based) also haveligy to provide supplementary
ancillary sevices to the grid such as reactive power control, spinning reserve, inertial response, etc.

Advantages/disadvantages
Advantages:
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No emissions of local pollution from operation.

No emission ofreenhouse gasses from operation.

Stable and predictable costiue to low operating costs and no fuel costs.

Modular technology allows for capacity to be expanded according to demand, avoiding overbuilds
and stranded costs.

Short lead timefor constructioncompared to most alternative technologies.

Land required fowind farms can beised for activities like agriculture between thevters.

= =4 =4 =4

= =4

Disadvantages:

1 Land use:

0 Wind farm construction may require clearing of forest areas.

o High population density may lee little room for wind farms.
Variable power production
Due © the uncertainty of future wind speed forecast of generation can be a challefgese
forecasts are needed for better operation and planning of the power grid.
Moderatecontribution tofirm capacityprovisioncompared to thermal power plants.
Need for rgyulating powet
Visual impact and noise.
Endangerment of animal species affected by the turbine/farm erection.

=a =

= =4 =4 =

Environment

Wind energy is a clean energy sourd@ée visual impact of wind turbines is an issue that creates some
controversy, especially sinaenshore wind turbines have become largémother issuein some cases is
flickering, whichis generally managed through esmbination of prediction tools and turbine control.
Turbines may in some cases need to be shut down for brief periods when fligkeffect couldaffect
neighbouring residencegiowever, this is not an issue in remote areas.

Noise is generally dealt witim the planning phaséy accounting for sufficient distance between hougin

areas and the wind turbines installedllowable soundmission levels are calculatdzhsed onallowable

sound pressure levels at neighbours. In some cases, it is necessary to operate turbines at reduced rotational
speed and/or less aggressive pitch settingneet the noise requirementglowever, there is aeed to have
regulations for the noiseelels, which is not the case in most countries.

The environmental impact from the manufacturing of wind turbines is moderate and is in line with the
impact of other normal industrial productiorHHowever, most wind mijects require an environmental
assessmant to understand the overall impact linked to the erection and operation of the turbine. In addition,
the mining and refinement of rare earth metals used in permanent magnets is an area of concern (ref. 3,4,5).
Life-cycle assessment (LCA) studies of wiadns have concluded that environmental impacts come from
three main sources:

91 bulk waste from the tower and foundations, even though a high percentage of the steel is recycled

(~96% of the wight of the wind turbinegenerator)
1 hazardous waste from compamts in the nacelle.
1 greenhouse gase®(g.,CO2 from steel manufacturing and solvents from surface coatings).

However, it should be noted thatind energy has a significantly lower energgd carborpayback timeg(less

than a yearps compared to most othezlectricity generation technologie€nergypayback is the period of

time for which a wind turbine needs to be in operation before it has generated as much electricity as it
consumes in its lifecycleCarbon paybak is the periodof time for which a wind turbine needs to be in



operation before it has, by displacing generation from fo$sélledpower stations, avoided as much carbon
dioxide as was released in its lifecycle.

Area requirements

Thedirect areas thearea covered Y the installations (turbines and access roads). fthal areais the areas
of the field. Wind farms can cover a large area. With a distance between turbines$ d¢ifrées the rotor
diameter, the total area of a wind farm is in the orderOc2 n¥/W. Howe'er, after installation more than
90% of the total area can still be usedg.,for agricultural purposes. This gives a direct area < 0.6%vin

The NREL report (ref.8) features a detailed discussion on challenges related to defininfpibtprint areas
Values for specific projects depend on turbine capacity and wind resources.

Employment

In India, a total instalment of 22,465 MW onshore wind power, as of 2014, has resulted in an employment of
around 48,000 people, meaning that an inktal MW of windpower generates around 2.1 jobs locally in
onshore wind power (ref. 7, 8). The 300 MW Lake Turkana onshore wind project in Kenya is employing 1,500
workers during construction and 150 workers at the operational state, of whom three quavrittse from

the local communities, thus generating Gdng-term jobs per MW (ref. 14).

Figure 13illustrates the distribution of direct employment in different industries related to wind power in
Europe. Figures almost double hen considering indirect employmentService providers include
transportation of equipment, engineering and construction, maintenance, research and consultancy
activities, financial services.

Figue 13 Direct employment by type of company based on wind farm projects in Eurépe (

Research and development
Thewind powertechnology isa commercialtechnology, but subject to sizeable technical improvements
andcost decreasegcategory 3)TheR&D potentialis linked to(ref. 3, 9):
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