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Forewordoby DGRE

This document is the outcome of research conducted on the OnSSET decentralised electrical planning moc
commissioned by SNV Netherlands Development Organisatiamtiership with the General Direction of
Energy Resources of Benin and carried out by the Royal Institute of Technology (KTH). It was commissioned t
demonstrate that energy service planning requirements can be met with increasingly powerful tools. Th
éectrification planning software is one such tool, developed to address the challenges of electrification, includi
rural and ofigrid electrification, focused on dedicated online databases and designed to solve issues related to
availability and uptilag of data.

The research report is based on experiences gained by the Ministry of Energy during the planning of rural and urt
electrification and in the deployment of Energy Information Systems (EIS), sometimes based on Geograph
Information System#. is also based on data collected from energy sector stakeholders or from the Directorate
General of Energy Resources, and from online data by the World Bank, the International Agency for Renewak
Energy, the African Development Bank through "Africaggnortal” (launched in November 2018), and the
United Nations Development Programme (UNDP), as well as a number of additional institutions that place
planning at the heart of sustainable development, including the achievement of SDG 7 or the Sestgynable E
for All initiative (SEforALL).

The project "Electrification Pathways for Benin" takes advantage of the tremendous success of the deployment
this planning tool by KTH, particularly in Afghanistan, Nigeria, Tanzania and Zambia.

| thank SNV and KTHdr their noble ambition and would also like, on behalf of the Government of Benin, to
express my deep gratitude to all the Development Partners and people who have worked tirelessly in the field
energy services planning for several years.

Also, it is wath noting that the capacity strengthening of stakeholders, as identified by SNV with the support of
KTH, is the foundation required to achieve the goals of the energy sector and reach the targets identified in tl
20162021 Government Action Programme.

Wehope that you will enjoy reading this report.

Dona JeaiClaude HOUSSOU,

Minister of Energy of Benin.



Forewordby SNV

At SNV, we are committed to ending energy poverty, and providing clean energy for the billions of people the
currently do not &ve access to electricity and/or clean cooking facilities. In order to achieve universal access t
affordable, reliable and sustainable energy by 2030 (Sustainable Development Goal 7), comprehensive en
planning is key to help guide the developmentada nt r y6s ener gy system. I nt e
planning tools, such as the Open Source Spatial Electrification Tool (OnSSET), can be used to ensure a custon
driven approach that takes account of not only the technology issues, bhetgatseth of demand (including
productive uses) and social, environmental and health aspects.

Traditional, supplgiriven energy systems (based on centralised power production and extensive transmission ar
distribution grids) are often not the most slatab economical electrification option for developing countries,
especially for rural areas. Sstlle decentralised -gffd energy systems, such as-gnids and stanalone solar

for households, businesses and institutions, play a vital rokeidingraccess to electricity for the millions of
people living in remote areas.

The choice between grid extension and decentralised electrification depends largely onaathbtemesach
electricity newly connected households and businesses &d expse. The cestfectiveness of grid extension
decreases significantly in less densely populated and remote areas with relatively low electricity demand comp
to urban areas. With the edeclining costs for renewable technologies, renewablesystéems are expected to
become the least dysiption in more and more locations.

However, most financiers still perceivegatf renewables as higsk options with low return on investment. At

the same time, established technologies mainly bé&sssilduels often benefit from favourable laws, regulations,
subsidies and tax incentives. A level playing field for renewaghilg @ftions is important to reduce investment

risks. This requires a conducive enabling environment for renewable&maotpgtes, and more certainty about
future energy policies. The development of adwngenergy vision, resulting in national energy plans that outline
the role of renewables, is a prerequisite to improve the energy investment climate, and &b thespoertbst
communities get access to clean and affordable energy. Innovatipeiyatielisector financial approaches will

often be needed, combining commercial finance with incentives such as targeted subsidies and credit scheme:t
the poorest cagumers.

With the application of the Open Source Spatial Electrification Tool (OnSSET) to explore different electrification
pathways for Benin, SNV intends to contribute to the national energy plan of the country. By utilising local dat
and involving key stakehetd from government, private sector and academia in the process, we aim to ensure tha
this tool provides realistic assessments, which can be translated into concrete implementation projects.

We would like to stress that this report is not an end inAtsttle level of KTH, the outcomes of the modelling

will be continuously reviewed, and will be updated with the further development of the OnSSET tool, when fol
example the incorporation of productive uses has adwalscadcountry the assessmentnde updated at any

time by local stakeholders. Representatives in Benin from government, universities and the private sector have
trained in using the OnSSET tool and are able to adapt the planning assessment according to new needs ident
or to changes in the context observed.



With the positive experiences in using OnSSET and collaborating with KTidamdrinstakeholders in Benin,
SNV is now very walllaced to apply its learnings to develop concrete projectsdind @fiectrification iBenin
and other countries with similar needs.

Tom Derksen
SNV Netherlands Development Organisation

Global Managing Director Energy
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Abbreviations

CBE Communauté Electrique du Bénin

DGRE Direction Générale des Ressources Energétiques du Bénin
ESMAP Energy Sector Management Assistance Program
EUEI EU Energy Initiative

GDP Gross Domestic Product

GIS Geospatial Information System

HV High voltage

IRENA International Renewable Energy Agency

km Kilometre

KTH Royal Institute of Technology in Stockholm

kWh Kilowatthour

LCOE Levelized Cost of Electricity

LV Low voltage

META Model for Electricity Technology Assessment
MTF Multi-Tier Framework

MV Medium voltage

MW Megawatt

OnSSET Open Source Spatial Electrification Tool

PV Photovoltaic

SBEE Soci ® ® B®ninoise dO0Energie Electrique
TEMBA The Electricity Model Base fsfrica

usD United States Dollar

Wp Wattpeak

Key Terminology

Centralized electricity generationRefers to the larggeale generation of electricity at centralized facilities, located
usually away from enders and connected to a network of-hadtage tansmission ling4].

Distributed electricity generation:Refers to a variety of technologies that generate and distribute electricity at or
near where it will be used. It may serve selected loads in the vicinity or it may be part of a gr@aigioagstem
and/or national gridR] [3].

Under this perspective and for the purposes of this report we define the following:

National grid (or grid): A system of centralized and distributed electricity generation facilities that are inter
connected through an extensive transmission networdisgraoughout the country.

Mini -grids: Isolated power generatidistribution systems that are used to provide electricity to local communities
(power output ranging from kilowatts to multiple megawatts) covering domestic, commercial and/or industria
demand.

Standalone systemsSmall power systems that are not tied to the national grid, operate autonomously on island
mode, and can satisfy on site, low electricity demand for a limited time.
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Abstract

Access to electricity is strongly linked to s@gidl economic developméatl As of 2016 in Benin, residential

access to electricity was limited to 29%. Targeting universal access to electrictabp@030G7/mandates
drequires a combination of grid expansion and deploymengdtiaéchnologies. In this study, the Open Source
Spatial Electrification Tool (OnNSSET) was used to examine 21 electrification pathways for Benin. The tool leverag
geospatial inbfrmation and uses a leagst approach to identify the most cost effective electrification solution in
each settlement.

The selected scenarios, study the effects and implication of targeting different levels of access to electricity as
as sensitiyitto technology costs. Results show th&2%8 of the population in 2030 is expected to receive
electricity from the grid. The remainindg286 is expected to gain electricity access througdriesnor stand

alone systems. The total investment costeedo achieve universal electrification in Benin by 2030, ranges from
1.2 to 5.9 hillion USD, depending on the level of service provided and technology cost developraoite Stand
technologies are favoured at lower electricity access targetsaoie iy e sparsely located areas:gnits and
gridconnections are observed at higher demand levels and in more densely populated areas.

! Sustainable Development Goal 7 (SDG7) of the 2030 Agenda for Sustainable Devel6pment
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1. Introduction

1.1Background of the study

Benin isdcated in West Africa, surrounded by Togo in the West, Nigeria in the East, Burkina Faso and
Niger in the North and the Atlantic Ocean in the South. The population ing10%8 million people,

of which 44% lived in urbameasWith a poverty ratef 496%in 2015, Benin lags slightly behind the rest

of SubSaharan Africa which has redymmebrty rates to 426 in 205 [7]. Furthermore, with a GDP per

capita of 830 US[R017estimate)the country falls behind the averddess4 USD/capitin SubSaharan
Africa[7]. Access to modern fuels, especially electricity, is often considereduigite fodevelopment

[8]0[10]. Currently, only 28 of the population in the country has access to ele¢tidgity urban areas

this numbers higher71% whileadversely in rural areasrey 1856 of populatiorhas access to electricity

[12] As pertheReflection group on the State vision of the ¢@REE)tbaxtectrificationarget i95%

in urban areas and 65% in rural areas by %25

Beninds power sector is closely tied to its nei ¢
under the control of Communauté Electrique du Bénin (CEB). A large majority of the electricity consumed
in the country is imported. Currently Benin is highly dependent on ioimestricityfrom Nigeria and

Ghana from warethey get approximately 90% of their electricity supmydomestic power generation

is also dependent on imports of Natural gas fr@ighbouring countrie€EB supplies the only power
distribution utility SociéetdB ®ni noi s e d 0 EBBEB,inithe cobntrewith elactgcitye The
dependency on other countries has prtavbachallenging. Fluctuations in the electricity gdifmph the

supplying countries results in severe black outs and power skibtjaesmitigate the effects of these
challenges$SBEE reliedon inefficient thermal generators and expensive emergency power rentals to meet
the demandin addition, thetransmission and distribution network is of poor quailtty lossesof
approximatel24% Finally, SBEE haset lowelectricitytariffs (on averaddS 22.1 / KWh); this is not
reflective of averagmst ofgenerationS 26/ KWh, thus damaging for the long term economic
sustainability of the utility5]

1.2Energy Policyand Plans

In response to thesbkallengeshe government of Benin has put forward an Action Plan for the electricity
sector.The planpledgsto increase the domestic production of electeaniytherajre decreasamport
dependenc A number of different actions are to be undertsikeimas[14}

1 Expansion of domestic thermal electricity plants

91 Increase the share of renewables in thefameusing on hydro, solar BRd biomass
1 Restructure the power distribution and open it to the private sector

1 Increasehe energy efficiency in the public and residential sector

The government has also recefireahcial support fronmternationationors. h 2015a 375 million USD
contract was signedwith Millennium Challenge Corporation (MA@3ludng actions aimed at
strengthening the power sector through

2 The internabnal poverty line defined a8QLUSD a day (2011 purchasing power pléiity)
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91 Increasing generation capacity by building an additional 60 MW from renewable and thermal
sources

1 Strengthening the grid network and connecting and increasing the connectivity rate

1 Increase the accessibility togftl technologies for electricity generation

As part of theproject,there is also an Electricity Distribution project that @isisengthe the grid in
several areas of the country. These chasgée to educe technical losses in the transmission and
distribution networkand decreagbe severity of poweutage$16]

1.3 Scope and objective

KTH 0 in collaboration with SNd examind a number of electrification pathwaysing at universal
electricityaccess Benin by 2030'he overall scope of thgsignment entailed:

1. Gathering and validation of dataThisactivityincludel collection of datasetsdt are necessary
for the geospatial electrificatamalysisSuch data inclugecieeconomic parameters (population
density andistribution, existing and planned infrastructure, resource availahil@gdcetechno
economic parameters (types of posystems, technology costs, technical properties etc.). All
collected and derivative data are publicly availableeoyydata.info

2. Preparation of an electrification model for BeninThis activity included the @édapment of a
customized OnSSET electrification model for Béninumber of scenariosere createdto
examine how residential dematgthnology costs and other parameters affect the optimal
electrification mix. The impact of the cost eéli, solar P¥chnology costs agdid electricity
price wasexaminedn particularas part of a sensitivity analyAis.upto-date version of the
electrification model developed and used in this activity is publicly avaiétblaksn

3. Result dissemination: This activity includel the analysis of the electrification results and
preparation of assisting material (maps, tabkag)port policy design and stratdgyelopment
for electrificationFurther, a ongveek training workshop was held in Benin with theipation
of stakeholders from differentcsars.

2.Geospatiatlectrification analgdior Beninusing OnSSET

2.1 What is OnSSET

The 2030 Agenda for Sustainable Develogiélfitas set the goal of universal electacitgsby 2030.

The challenge is significant. It involves reaching popsilaiibriimited income, often living in sparsely
populated areas, mostly in developing and least developed countries. The choitecbiwligh to use

for increasing electricity access depends on a number of parameters, from socialketwrieatino

including e.g. target level of energy access, local population density, distance to the national grid and local
resource availability. 83e parameters are spatial in nature, making geospatial information very useful for
their evaluation on regional, national anehatibnal scale.

3 https://github.com/KTHAESA/PyOnSSET/tree/Bedlifferentiated-costs/pyonsset@18/Benin
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Over the past few years, ttiwision of Energy Systems Analysis at KTH has been embracing the
advancements ithe geospatial field, by developing together with padneopen source, geospatial
electrification toolkid the Open Source Spatial Electrification TOOSSE). OnSSET is &eospatial
Information Systent3|S) basedool developed to identifyptimal electrification pathways for a region
under certain timeframes.

ONSSET calculates the optimal split betweercamitection, staralone and mingrid systems for
electrification. Theelection processcarriesut on the premise of minimiziteyelized cost of electricity
(LCOE), which allows for easy comparison of the cost of providing electricity using different generation
technologiefl8] Seven electricity generation technolaggetsken into accoufiiaple .

Table1. The seven technology configuration options considered in OnSSET for increased access to electricity. The seven
technologies are divided into three categories; grid, fgiid and stanealone systems.

Category Definition Supply technology
Grid-connection (Grid) Connection to the nationgdid. National Grid

A system with its own distribution Diesel generator
Mini -grid systems (MG) network operating independently of tf Hydropower

national grid serving multiple custom{ Solar PV

[19] Wind turbine

i i Diesel generator

Standalone systems (SA) An energy system serving one single] g

customer. Solar PV

ONSSET divides the study area into a mesh of square grid cells. The user can define one household electricity
access target (kWh/year) for urhanseholds and one for rural households. This division comes from the
notion that electricity demand may often be higher in urban areas. In,¢aehatallelectricity demand

is calculated based on the population in 2088heassignedlectricity access targets.

LCOE for generating electricity in each cell is calculated for thegsid t§€hnologies based on factors
such as renewable energy resource availability, diesel cost arddachmoal information of generation
technologes[10] For minigrid systemsan additional cost for the distribution network is added. Then for
eactcell the mostost effectiveff-grid technology shosenlL COE for gridconnected electricity is based

on the cost of generating electricity for thegmithected power plants plus the marginal cost of grid
extension to reach each cell. The-aptdnsion algorithm determines where-aytiension is the
economically preferred alternative tegofi technologies based on population densities, length and cost
of transmission network and comparisons to thgrioffLCOES[20] The algorithm considers all cells
within 50 km from the current and plaschmetwork to be built by 2030 to determine which cells should be
gridkconnected in an iterative process where connection of one cell may lead to economical connection of
neighbouringells as well. The algorithm stores the additional length of mediwow andtdge lines
required to be built as well the additional reinforcementsquirementsf the current gridAt each
iteration, the reinforcement cost increbgea default value of 10%. Extensions further than 50 km from
the main grid may be sigrafitly more expensive due to techoonomic aspects and are therefore not
considered in the algoritij&0]

4 United Nations, The World Bank, International Energy Agency, ABB, Swedish International Development Agency (SIDA) etc.
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The results indicate the technology mix, capacity and investment requirements for achieving universal access
in a modelled countrwithin certain time periods (usually until 2030). The findings can be presented in
various formats such aseirsictive maps, graphs, images, tabléFigtare 1).
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Figurel. Optimal electrification mix for 44 S8bharan African countries, based on certain electricity access targets, diesel price and grid
electricity cost per countBesults indicate that achieving universal electrification in-#en8nént will requirketweer$s0 billion to
$12 trillion by 2030, with investment targeted towards smgilicbffystems or grid extension for low and high access targets
respective]10]

Input data to the electrification model have been collected under a fourfold approach:

1 Peerreviewed data from previousspetial electrification @gses undertakf2il][22]

9 Datacollected via literature review

1 Data collected by SNV in collaboration with local stakeholders in Benin, in particular the (DGRE)

1 Data discussed with local stakeholders during a training workshop on geospatial electrification
modelling using OnSSET. Therksshop was held in October 2018 in Calavi, Benin with participants
from the public and private sector as well as universities.

Data wereross validatemhd selectet best reflect the local conditions. In general, data provided by local
stakeholders dndata where there was a consensus during the workshop were prioritized. The notable
exception is the migrid hydro capital cost, where the value provided by the local stakeholders was more
than three times higher than the value derived from litetia¢uiier value was usedt ags considered

more realisticThe followingsectionsdescribe in detail th#atasets anihput parameters used in the
electrification model.

2.2 Geospatial dtasets

OnSSETrelies on the collection and preparation of 14&ykSsTable Zprovides a brief description of
those along with their functionality and source for the case af Benin



Table2. The 14 geospatial datasets included in the OnSSET analysis for Benin. The use of each dataselahisraescribed

briefly in the table.

Dataset Purpose of use in the OnSSET analysis Source
Population Spatial identification and quantification of the current (base year) pog [23]
density & This dataset sets the basis of the OnSB&lysis as it is directly conne
distribution : - .

with the electricity demand and the assignment of energy access goal

Administrative Includes information (e.g. name) of the country(s) to be modellq [24]

boundaries delineates the boundaries of the analysis.

Existing grid Used to identify and spatially calibrate the currently electrifiedéuotrified) DGRE

network population.

Substations Currentsubstatiorinfrastructure used to identify and spatially calibraj DGRE
currently electrified/nceelectrified population. It is also used in orde
specify grid extension suitability.

Roads Current pad infrastructurenay beused to identify and spatialibrate thg [25]
currently electrified/neelectrified population. It is also used in orde
specify grid extension suitability.

Planned grid Represents the future plans for the extension of the national electrialgo| DGRE

network includes extension to current/future substations, power plants, min
queries.

Nighttime lights | Dataset used tmlentify and spatially calibrate the currently electrified| [26]
electrified population.

GHI Provide information about the Global Horizontal Irradiation (k\&lgéar) | [27]
over an area. This is later used to identify the availability/suitab
Photovoltaisystems.

Wind speed Provide information about the wind velocity (m/sec) over an area. This| [28]
used to identify the availability/suitability of wind power (using C4g
factors).

Hydro power Points showing potential mini/small hydropower potential. Dataset de\| [29]

potential by KTH dESA including environmental, social and topological restrictio
provides power availability irckédentified point. Other sources can be
but should also provide such information to reassure the proper
function.

Travel time Visualizes spatially thravel time required to reach from any individual c| [30]
the closest on with populatiomf more than 5000 people.

Elevation Map Filled DEM maps are used in a number of processes in the analysis| [31]
potentials, restriction zones, grid extension suitability map etc.).

Slope A sub product of DEM, used in forming restriction zones and to speci| Generated
extension suitability. from the

elevation map|

Land Cover Land cover maps are used in a number of processesaimalyss (Energ [32]

potentials, restriction zones, grid extension suitability map etc.).




2.3 Sociceconomic parameters

Soci@conomic parameters are usatksrribe the curresitatusf the country in terms of population and
electricity acceds, properlycalibrate the model. Future projections are also reiquinetbrto estimate
the future demand for electricity. Key socioeconomic paramepzesantedh Table3

Table3. Socieeconomic parameters used in the etdation model for Benin

Population total Million persons 10872[7] 15507[14]
Urban population Percent of total populatio 44395%[14] 513%[14]
Electricity access Percent of total populatio 29%][11] 100%

Urban household size People per household | Only value of 2030 use 25
Rural household size People per household | Only value of 2030 use 6*

24 Techno-economic parameters

As explained in Section Z.COE for gridconnected electricity is based on the cost of generating electricity
for the gridconnected power plants plus the marginal cost of grid extension to reach BaebaostIbf
generating electricityr the centralized gridoes not simply reflect the tariff the customers pay at the
moment, but the estimataderageost of producing BWh of electricity by the centralized grid (under its
most pobable mix) in 203@king into ecount capital investment, fuel and operation and maintenance
costs of the centralized power plantecentralized generatianix can bealefined either bstudiesthe

plans of thgovernment or by the optimization model TEMBALliseg: Table 4 presesthe gridrelated

costs that are common for all scenarios in this study. Further information on the cost of generating electricity
for the centralized grid and lossesha ttansmission and distribution network, which varies between
scenarios, is described in the paragraphs Aélewgrid capacityeightednvestment cosh Table 4
represents the average capital investmergerostVfor the plants to be installed dgrithe modelling
period.Note thattransmission and distribution network costs are treated separately.

Table4. Transmission and distribution costs used in thetefEation model of Benin

Parameter Default values Unit

Life 30 Years

HV line cost 53000 (108 kV) USD/km

HV line cost 28000 (69 kV) USD/km

MV line cost 9000 (33kV) USD/km

LV line cost 5000(02 kV) USD/km
Transformers 5000 USD/50 kVA
Additional connection cost per 150[33] USD/HH
household connected to grid

Additional connection cost per 100 USD/HH
household connected with minigrid

O&M costs of distribution 2% of capital cost/year
Grid capacity investment cost 2000 USD/kW
Base to peak load ratio 050

5> Estimated projection based on discussions with participants attending the OnSSET workshop in Benin
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Four combinations of grid electricity generation costs and grichenestssen reported, calculated and
optimized.First of alLDGRE reports that the current grid electricity generation cost amoOnt9 to
USD/kWh, and that the transmission losses are 23%. Thesemveskadso reported in a World Bank
studyas the current cost and log44$ In the OnSSET model, it is the grid cost and losses by the end year
that are used as input for comparison with thgrimftechnologies. However, in this sthdgarrent cost

and grid losses have besrd as part of the sensitivity analysgamine the effect if no improvements

to the grid take place

The base scenasio this analysis build on grid electricity developraetit2030eported in a studyy

the World Bankl4] These developments besed on the actions propobgdhe Action Progranj8sg
TheWorld Bankscenario consideirsstalment®f 80 MW of solar farms, 360 MW heavy fuel oil (HFO)
and 194 MW hydropower installed by 26804W of temporary rentals is also considered in the start, but
phasd out in the first years of the scenario. By 2030, this would result in a grid electrétiongerse

of 01022USD/kWh. Further, the grid losses are assumed to decrease to 20% until 2030.

The secondrid generation coiir 2030 used for sensitivjtgf 0,06USD/kWh is based on a lorigrm
optimization model, OSeMOSYS. The grid costs are retrieved from The Electricity Model Base for Africa
[35] (TEMBA). The model considers all countries on the African continepbimmdiialpower trade

between themin this analysithe projectecelectriciy demandn Beninwas modelled to be highban

what was considered in the World Bank samtytherefore also the new capacity requirements. The new
generation capacity until 2030 would consBO@MW coal, 25MW solar PV and 7 MW natural gas
plants The grid electricity generation cost avbe0,06USD/kWh and the grid capacity investment cost

2219 USD/KWThe grid losses are assumed to reach 20% by 2030 also in thisi$eekayimformation

on thetwo grid cost scenarios from the World Bank and TEMBA are summarized in Table 5.

Finally, the last grid electricity generation cost andftors2@30are based on discussions held during the
workshop in BenfaIn this case, the grid electricity generatioeftestts aituationwhere all electricity

is imported, at a cost of 0,10 USD/kWh. Also, the transmission losses were assumed to decrease to 15% by
2030. These costs are also treated as part of the sensitivity analysis.

Table5. Cost of generating electricity for the grimbnnected power plants by 2030 under two scenarios; one based on a World
Bank report and one based on the optimization model TEMBA.

New capacity (MW)

HFO/Dual fuel plants 360 007
Solar PV 80 257
Coal - 900
Natural gas - -
Hydro 194 -
Total generation 2030 (GWh) 3368 6258
Grid costs

Grid electricity generation cost (USD/kWh) 0,122 0,06
Grid capacity investment cost (USD/kKW) 2000 2000

6 ONSSET workshop Benin



Off-grid technologies

Default values ardased on literature review (ESMAP, IRENA Hi) or previous electrification
exercises of the KTH teafurthemore countryspecific information provided for Benin through SNV

have been used when available. A summahg afatuess presented iMable6. One should notice

however, that the capital costs, in terms of USD/kW, for tigeidffechnologies vary depending on system

size. Standlone PV system costs highly depend on the electricity service they aim to provide. In the
ONnSSH analysis, electricity consumption relates to the targeted access tier (Tier 1 to Tier 5). The cost of
different sizes of staralone PV systems in Benin were based on values provided from the private solar
sector during the workshop in Benin (Table @aldy, the two smaller system ranges are DC systems,
explaining the lower cost per kW compared to the two following larger systems sizes which are AC systems.

Table6. Electricity generation technology parameters used in the On®8&dl.

Plant type Default | Benin values Default Default Default values
values (DGRE) values values
Mini -grid Diesel 100 72F - 10 33 15
Mini -grid Hydro 1000 5000 16440 2 - 30
Mini -grid Solar PV 100 4300 5280* 2 - 20
Mini -grid Wind 100 3000 - 2 - 20
Standalone Solar PV 03 5500 5870 2 - 15
Standalone Diesel 1 938 - 10 28 10

* These values have been used dm#ie focapital investment costs for the base scenarios.

Table7. Changes in type and cost of staalbne PV systemwith different capacitiesThe first column presents the indicative
peak power capacity of the solar panel, whic@ries dependingrothe solar resource. Thievestment cost per kW for these
systems is presented in the following column.

<20 Wp 5000
<50 Wp 3400
<100 Wp 8000
<200 Wp 4580
>200 Wp 3330

The investment costs of the mnid systemaredifferentiated with regards to the system size to be
installed in each location. The system size in this case depends not only on the target terthmit also
population in each location that sharesylséeemThe total demand to be supplied by the-gridisystem

in each grid cell is determined by the population multiplied by the targeted electricity access level per capita.
Using this number together with local energy resource availability trekspspeine capacity is calculated.

Drawing on available dARENA and ESMAP for different technologiselationship between installed
system size and investment toskeen. fliis relation has been applied to the-gridiinvesment costs
presented indble 6o derive differentiated migriid investment costs applicableBenin For each of

the four minigrid technologies the differentiated costs found in the literature and the corresponding costs

" Reported by local actors in the PV market attendingt®8ET workshop Benin
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calculated for this projestepresented ifables8 d 11below.The costs presented in Tab&18 include
battery costs when applicable.

The costs of mirgrid PV follow the same pattern as found in dataai@gousAfrican countriesrom
IRENA [36] The other three migrid technologies$ollow the patterns found in ESMAR®del for
Electricity Technology Assessm®HETA) database

In the scenarios where the differentiated @stused, this refers to the values in the rightmost column in
tables & 11

Table8. Differentiated costs for mirgrid PV system#\ reference relationship between system size and investment cost from
IRENA has been appliedtte cost presented in Tabeto derive differentiated costs following the same pattern depending

on system sizdézor PV mingrids, systems larger than 200 kW are estimated to be 42% less expensive per kW compared to
100 kW systems, while smaller systeans up to 181% more expensive per kW compared to 100 kW systems.

Maximum Cost adjustment factor based on ftata | Costs based on Benin value 888 USD/kW for
Capacity (kW) IRENA using 100 kW system as a bal 100 kW
50 2,81 14827
75 1,80 9498
100 1 5280
>200 0,58 3081

Table9. Differentiatedcosts for mingrid wind systemsA reference relationship between system size and investment cost
from META has been applied to the cost presented in Tabledgriee differentiated costs following the same pattern
depending on system sizeor wind minigrids, systemsip to 1 00kW and nare are estimated to be 46 less expensive per
kW compared to 100 kW systems, whsjstems up to 10 000 kW and mare are estedao be 41% less expensive per kW.

Maximum Cost adjustment factor based on ftata | Costs based on defawdtiue of 00 USD/KW for
Capacity (kW) META using 100 kW system as a ba 100 kW
100 1 3000
1000 0,96 23889
>10000 0,59 1773

Tablel0. Differentiated costs for mirgrid hydro systemsA reference relationship between system size and investment cost
from META has been applied to the cost presented in Table 5 to derive differentiated costs fahewsagne pattern
depending on system siZeor hydro mirgrids, systems up to 5 000 kW and mare are estimated to be 39% less expensive per

kW compared to 1 000 kW systems, while systems below 1 kW are estimated to be 69% more expensive per kW compared to
1000 kW systems.

Maximum Cost adjustment factor based on @fata | Costs based on defawdtiue of D00 USD/KW for
Capacity (kW) META using 1000 kW system as a bas| 1000 kW
1 1,69 10556
1000 1 5000
>5 000 0,61 2457

8 Available atittps://www.esmap.org/node/3629
9 Interpolated using linear interpolation to provide useful-poéats in tle model.
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Tablell. Differentiated costs for mirgrid diesel systemsA reference relationship between system size and investment cost
from META has been applied to the cost presented in Table 5 to derive differentiated costs following the tsaime pa
depending on system sizEor diesel mirgrids, systems up to 1 000 kW are estimated to be 6% less expensive per kW
compared to 100 kW systems, while systems up@d®BkW and 25 000 kW are estimated to be 35% and 46% less expensive
per kW comparedb 100 kW systems respectively.

Maximum Cost adjustment factor based on &tatm | Costs based defaulvalue of 721 USD/KW for
Capacity (kW) META using 100 kW system as a bas 100 kW
100 1 721
1000 0,940 674
5000 0,65 467
>25000 0,54 392

Standalone diesel generatalgeady have a low capital @rst are assumed to operate at a smaller range
of capacities, arhvethereforebeen left to a constant value in terms of USD/KW of installed capacity.

Diesel price

The diesel pump price (USD/I) in the country is based on a projection of the current price to 2030. It is
assumed that the price will follow the same trajectory as the crude Ailhigicend a low diesel price
have been used as seen in Tahle 12

Tabk 12. Current and future diesel pricésis assumed that the price of diesel will increase at the same rate as the crude oll
price projections.

Crude oil current price 4423[37] USD/barrel
Crude oil future low price 96[35] USD/barrel
Crude oil high future price 11535] USD/barrel

Litre per barrel 15899
Diesel current price 104[37] USD/litre
Diesel future low price 225 UsD/litre
Diesel future high price 2,70 USD!/litre

25 Population

Population isa key driver of electricity demand in OnSSHE magnitude and thiéstributionof the
population as well as ttiemographics are all important factors affetctingyreatr extenf theresults of
the electrification analysis

25.1. Population distribution

Population distribution in OnSSESTusuallyderivedirom GIS data ané where geospatially available

national statisticén this case, th&lobal Human Settlement Layexs used anchlibratedso that the
populatiorit indicated for Benireflectgheofficialpopulationvalue (presenté&d Table  The settlements

were divided into urban and rural based on population density. The nedgtpidgndated settlements,

together containing the same amount of people as the official urban population rate in Table 3, were defined

10 nterpolated using linear interpolation to provide usefulpoists in the model.
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as urban in the model. In practice, this meant all settlements with mor&Ohare&ple per Kmvere
considered urban this study. Finally, growth sateereapplied taurban and rural settlements in order
for the total population in 2030rmatch nationgdopulatiorprojectiongFigure 2)

Future population
0-10
10 - 50
50 - 100
100 - 500
500 - 1,000

+ 1,000 - 5,000

+ 5,000 - 10,000

+ 10,000 - 30,000

Existing Transmissionlines

= = = Planned Transmissionlines

0 25 50 100 Kilometers
I

Figure 2. Population distribution in Benin 2030. The populated settlements are overlaid witbxtsgng and planned
transmission networkDarkercoloursindicate more densely populated areas, which may be more suited fecaritection
or minigrids compared to standlone systems.

25.2. Populatioriving in proximity to grid network

The economic viability of grecktension versus egfid technologiedepend largely on the current extent

of the grid network and how the population is distributed in relation to it. Long distances from a settlement
to the gridmayresult in high network extension costs, making grid connectionasitythan offgrid

solutions Converselysettlements located in close proximity to the grid can often be connectedrat a low
cost. Other factoi®.gpopulation densityesource availability, technology costg)also affect tivhoice

of the leastost electrification thonology. However, an analysis of the population distribution in relation
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to the grid network gives an indication to which extent grid connection can increase electrification rates in
a country in the shetb medium term. The share of the populatiorgliwithin 5 and 15 km of the current
and planned gricetwork is summarized in Table TIBis information is also visualized in Figure 3.

Table 13. Population living in proximity of the current and planned transmission network 8§. Zthemajority of the
population (932%) live within &m from the network. Another 3% live between 5 to 15 km of the grid network. This means
that there is a large potential to increase electrification rates by-goignection in Benin.

Population within 5 km from Population within 15 km from
existing or planned grid by 2030 existing or planned grid by 2030
14 458 000  (932%) 15280 000 (985%)

Settlements within 5 and
15 km of transmission lines

U4_R2.csv Events

Existing Transmissionlines

= = = Planned Transmissionlines

0 25 50 100 Kilometers
I

Figure3. Population living in proximity of thurrent and planned transmission network by 20B0southern Benin, the most
densely populated area of Benin, virtualy of the population lives close to the grid. Some settlements are located further
than 15 km from the grid, mainly in central and ti@rn Benin.
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25.3 Calibration of electrified settlementhimbase year

A precondition for any et¢rification modelling effort is to determine who already has access to electricity,
and who is ydb be electrified. Detailethtaon thisis oftenscarce or scattered in many cowsBi&]
ONnSSET is therefore equipped with a flexible calibration module making us¢eo$ersiog data to
estimate where there is access to electricity in the ba3éeesmttlements from the Giata were
considered to be electrified if they a) weahens0km from thegrid networkandb) had a high population
densityabove 5Q0people/knt and c¢) had nighime lights detected by the VIIRS sateid The
settlements fulfilling all three of the above comdititherefore considered to be electrifiem seen in

Figure 4.

Electrified settlements in
start year

Electried
— Existing Transmissionines

-—=== Planned Transmissionlines

Figured. Electrified settlements in 2016he light blue settlements were found to be electrified in the OnSSET model based on
night-time lights, population desty and distance to the grid networkThe rest of thesettlementsin Beninremain to be
electrified by 2030.
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2.6 Electricity access target

The residentiaklectricity access taget the study are adopted from ESMAPs Muéir Framework

(MTF) for measuring energy acdesfiousehold§39] Five tiers with different electricity consumption

levels, power capacity requirements and reliability measures etc. are presented in the framework. Each tier
relateso thedifferent electricity services that can be provided. A summarij\af tiees are seen in Table

14

Tablel14. Electricity access tiers of the Mdlier FrameworkThe table describes the power requirements, reliabiliglke

hours of supply and services that can be provided at eaciTtiervalues are given per household.

Min 3 W Min 50 W Min 200 W | Min 800 W | Min 2 kW
Min 12 Wh| Min 200 Wh | Min 1 kWh Min 34 Min 82
kWh kwh
Min 4 hrs Min 4 hrs Min 8 hrs | Min 16 hrs | Min 23 hrs
Min 1 hr Min 2 hrs Min 3 hrs Min 4 hrs Min 4 hrs
Max 14 hrs| Max3 hrs
disruption/ | disruption/
week week
Task General lighting Tier2 and | Tier3and | Tier3and
lighting and  and phone any any high any very
phone chargingand | medium power high-power
charging | television and power appliances| appliances
fan appliances

Energizing Development (EnDev) lesodeveloped a tidrasedramework aiming at identifying key
aspects of energy poverty in the residential Sactdrichthey define different levels of access in terms of
servicgprovisionand level of consumption. Based on this framework a houséhadcess to 220 kWh

per person and yeaould have the ability to use electricity for productive uses in the hdd&3fdic
fallsunderTier 4 of ESMAPs MTF. Further discussions on the MTF also suggest that some level of
productive uses in the household could be sustained at Tier 4 afi@bove
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3.Model outputsresults andnalysis

Three base scenarios were developed with different electricity access targetsordflectimga o Me di u n
and OHi gho c o n $Shesegamineetectrdicatem pathways for Benin to achieve universal
access to electricity by 2030. Fumioee 18 additional scenarios were developed as part of a sensitivity
analysis to examine the effect of different develogratrg. These includedrariation oftechnology

costsas well as different levels of electricity access.tailgetensitivity analysisves grid cost and

losses, mirgridand standilonePV capitakostsand electricity demand for health and education facilities.

3.1Base scenarios

In 2016 total residential elecity consumption amounted to 43Wh in Benif41]} With a population
of 103 million people and an electriciycess rate of &9 the average consumption per capita
electricity access was k8. This is in the lower range of Tier 3 of the MTiFeebasescenarios have
been developed based on variations of targeicgleetrcess tiers.

Scenario 1the lowest consumption scenario, considers a case where all the urban population would
receive a similar amount of electricity as the current national average. The rural population would get access
onlyto enough electrtgifor the most basic electricity services.

Scenario Zonsiders electricity services that are one tier higher in both urban and rural areas compared
to Scenario 1n the highest consumption scenario

Scenario3, the urban population would reachliighest Tier of the MT’B,and the rural population
woul d gain access to todayds average | evel of el

A summary of théhreescenarios is seen in TableSBnarios 1, 2 andndve been examined using the
differentiatedff-grid tebinologycostpresentedin Tablelo.These scenari os reflect
and oHighdé consumption scenari o.

Tablel5. Descrption of scenarios 1, 3 and 5, serving as the base scenarios in this report. These refleteaiom,and high
electricity consumption scenario for universal access to electricity in Benin by 2030.

1 3 1 01022 20
2 4 2 01022 20
3 5 3 01022 20

3.1.1. Leastost technology split

In all three scenarios, gertension providethe leastost electrification option for a majority of the
population. At the lowest electricity targes,tiél% of the population would live in areas where grid
intensificdon or gridextension ithe most cosgffective optionThis number increase to 67 and 78% for
Scenario 2 and Scenario 3 respediiviglyre 5), as the higher electricity access targets economically justifies
the cost of grigextension to more locatioffe remaining population gelectricity from one of the eff

grid technologiel Scenario 7% of the population would magtordablyget electricity by PV or hydro
mini-gridsand the remaining 33% by statamhe PV systems. The mgnds in this aenarioareonly

deployed for the urban population, as the rural electricity access target is too low to economically justify
min-grids in rural areas.
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In Scenario 2amere 1% of the populatioeceive electricity at the lowest cost from-gnids. As e
urban electricity access target incseggdextension irthe areas where marids ardound to be most
affordable in Scenariasimotivatedin this scenario, all urban populatahget their electricity from the
centralized grid-he increaskrural electeity access target justif®ds and hydraonini-grids in some rural
areas. In@&nario 3, gridxtensions again the leasbst option for all of the urban population. At Tier 3
levels of electricity consumption in rural aR&snd hydranini-gridsarethe most economiption for
7% of thetotalpopulation These ardivided into 121 hydro migrids and 538 PV migrids.

Figure 68 display the spatial distribution of leastt technologies considering the differentiatsts.c

Mini-grids are mainly foundtime northern parts of the country, in areas where the population density, and
therefore demand, remains adequately high for these technologies to be Sepieyd#dhese migrids

are found irclose proximity to thgridconnected settlemen®onsidering the small distances frorsethe
mini-grids to the grid, technical specifications and policies should be put in place to ensure that these can
later be conected to the griggnsuring that there is a viable busicess for mingrid deployment.

Leastcost technology split by 2030
(Percent of population per technology)

0, —
0

80%
70%
60%
50%
40%
30%
20%
10%

0%

Scenario 1 Scenario 2 Scenario 3

Grid Stand-alone diese’ Stand-alone PV ® Mini-grid wind

H Mini-grid diesel = Mini-grid PV ® Mini-grid Hydro

Figure5. Leastcost technology split for the three base scenarios. The diffe@otrsshow how large share of the total
population in Benin by 2030 wllé served by each of the seven generatémhnologies. In all scenariosjadyconnection (light
blue) willbe the most deployed technology¥and-alone P\{yellow)will be the most utilized offrid technologyfollowed by

PV minigrids (red)A small share of fdro minigrids (dark blue) wiklso be deployed for less than 1% of the population. In
Scaario 1, the PV mirgrids willbe utilized in urban areas, but as demandreasesgrid-extension becomefsvourablein
these areas. In Scenario 2 and 3 the PV-grids are instead found in rural areas.
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Least-cost technology split
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Figure6. Distribution of leastost electricity generation technologigsBenin by 2030 for Scenarig¢Tier 3 target level of
electricity access in urban areas and Tier 1 target level of electricity access in rasy @nél-connection (light blue) wilie
deployed aound the larger cities, and the rest of areas balsypplied by stanehlone PVy(ellow) or minigrids. Despite
coveringa smaller areahan standalone PV grid-connectionservesthe majority of the population as it is deployed in the
most densely populated areas.
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Figure7. Distribution of leastost electricity generation technologies in Beryn2030 for Scenarid (Tier4 target level of
electricity access in urban areas and Tearget level of &ctricity access in rural arep Gril-connection (light blue) is
depbyed around the larger cities andaas, and the rest of areas arelie syplied by stanealone PVyellow) or minigrids.
Mini-grids are toa large extenfound close to gritonnected areasDespite covering a smaller aréiaan standalone PY
grid-connection would serve the majority of the population as it is deployed in teedansely populated areas.
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Figure8. Distribution of leastost electricity generation technologigsBenin by 2030 for Scenariq@er 5 target level of
electricity access in urban areas and Tier 3 target level of electricity access in rural ardagni@ction (light blue) wile
deployed aound the larger citiesand the rest of areas would bepplied by stanehlone PVyelow) or minigrids. Minigrids
are to a large extenfound close to grigtconnected areas where the population density is sufficiently high, while-atand

PV is deployed in more sparsely populated areas.
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