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Supplementary Note 1: Electricity demand – present and future

Hourly demand data for Nigeria is not publicly available and difficult to obtain. However, a
study by Fichtner in collaboration with the Transmission Company of Nigeria (TCN) completed
an investigation to determine the amount of actual electricity demand in the country, i.e. including
the demand connected to the grid but not being met. The demand profile for two days in July
2016 was published and is illustrated in Fig. 1. This was extended and used as the demand profile
for the country over the year. As there is minimal seasonality in Nigeria’s demand patterns∗, this
was considered to be a reasonable approximation. An economic analysis carried out by the same
Fichtner study also forecast the electricity demand for each distribution region until 2050. The
analysis presented in this study scales the 2016 demand profile (by dividing the peak forecast
demand for a future year by the peak during the days shown) to determine hourly demand in future
years. Demand for each state is assumed to be equal to its share of population in its distribution
zone, which is shown in Fig. 3.

∗Corresponding author: Tel: +44 (0)7714 262868; E-mail: h.daggash16@imperial.ac.uk
∗Nigeria has two seasons: rainy and dry. Discussions with staff at the Transmission Company of Nigeria suggest

that no changes in demand are observed between the two seasons. Additionally, no studies have been published
suggesting otherwise.
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Supplementary Figure 1: Hourly power demand on 26/07/16 and 27/07/16 from the TCN National
Control Centre, Osogbo1

Supplementary Figure 2: Total forecast demand (including suppressed demand) by distribution
zone from 2016 to 20501
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After the partial privatisation of the power sector in 2013, 11 successor distribution companies
(DISCOs) were established and sold to private entities. Each DISCO is responsible for serving
electricity consumers in a group of states. Fig. 3 shows the distribution zones established:
Abuja Electricity Distribution Company (AEDC) – Kogi, Nassarawa and Niger states, and
the Federal Capital Territory; Benin Electricity Distribution Company (BEDC) – Delta, Edo,
Ekiti and Ondo states; Eko Electricity Distribution Company (EKEDC) – Lagos Island; Enugu
Electricity Distribution Company (EEDC) – Abia, Anambra, Ebonyi, Enugu and Imo states;
Ibadan Electricity Distribution Company (IBEDC) – Kwara, Ogun, Osun and Oyo states;
Ikeja Electricity Distribution Company (IKEDC) – Lagos Mainland; Jos Electricity Distribution
Company (JEDC) – Bauchi, Benue, Gombe and Plateau states; Kaduna Electricity Distribution
Company (KAEDCO) – Kaduna, Kebbi, Sokoto and Zamfara states; Kano Electricity Distribution
Company (KADCO) – Jigawa, Kano and Katsina states; Port-Harcourt Electricity Distribution
Company (PHEDC) – Akwa-Ibom, Bayelsa, Cross-River and Rivers states; Yola Electricity
Distribution Company (YEDC) – Adamawa, Borno, Taraba and Yobe states.

Supplementary Figure 3: Map showing the geographical remit of the 11 successor distribution
companies established after the privatisation of the Nigerian power sector in 20132
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Supplementary Note 2: Existing Transmission Network

The ESONE model only considers power transmission between nodes (i.e. states). Fig. 4 illustrates
the existing 132 kV and 330 kV interstate power transmission lines. In the initial year in the model
(2020), the transmission network is defined as below.
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Supplementary Figure 4: Map showing Nigeria’s existing high-voltage power transmission
network3

Supplementary Note 3: System-wide parameters

The system parameters implemented in the ESONE model are provided in Table 1. A minimum
reserve capacity margin of 5% and dynamic reserve (added capacity reserve due to increasing
penetration of iRES) of 15% of iRES generation is implemented in the ESONE model. This is
based on the UK electricity system because the current security and reliability requirements in the
Nigerian power system are well-below international security and reliability standards4. Network
losses are provided by the Nigerian Electricity Regulatory Commission, the sector’s regulator. The
amount of dynamic reserve to compensate for the variability of intermittent renewables is taken
from a study for the UK5, as there are no studies available on the effects of intermittency on
system operability within the Nigerian or sub-Saharan African (SSA) context.

The availabilities of solar and wind are obtained using Renewables.ninja, a tool that simulates
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hourly power output from solar and wind power plants using historical satellite data6. Hydro
availability profiles are determined from the three existing hydroelectric power stations in Nigeria.
How availability profiles are determined for each zone are described in detail in Section .

A discount rate of 5-15% was used in several studies to reflect the greater uncertainty of future
cash flows (relative to developed economies)1,7. 10% was selected for base case scenarios and a
sensitivity analysis was carried out on the value. No carbon capture and storage (CCS) technology
has been deployed at scale in SSA and discussion of the technology within the African context is
minimal so there are no reliable cost estimates for CO2 transport and storage (T&S) infrastructure
in SSA in the literature. The UK CO2 T&S cost (implemented in the ESO-XEL model) was also
assumed in the Nigeria case study. CCS is considered to be unavailable in the planning horizon
considered for the Nigeria case study (2020 to 2050), with the exception of one sensitivity analysis
carried out (see main article). Finally, the Value of Lost Load is estimated to be $10,000/MWh;
this ensures that unmet electric load is limited to <2% of annual demand even when the system
demand constraint is relaxed.

Supplementary Table 1: Data sources for system parameters assumed in the ESONE model

Nigeria electricity system Value Data source(s)
Hourly electricity demand - 1

Reserve margin 5% of demand 1

System inertia requirement 260 MW 1

Capacity reserve for intermittent renewables 15% 5

CO2 emissions targets until 2050 - 8,9

Power transmission and distribution losses 15.4% 1

Value of lost load 10,000 $/MWh -
Hourly availability of solar, onshore wind and offshore wind - 6,10–13

Discount rate 10% 1

CO2 transport and storage costs £10/tCO2
14

Supplementary Note 4: Technology parameters

Technology costs differ from country to country for technical, economic and sociopolitical factors.
Typically, power generation costs in sub-Saharan Africa are lower than in developed countries
because of fewer regulatory requirements and planning hurdles. The capital costs and efficiencies
assumed for power generation in Nigeria are provided in Table 2. Technology capital cost reduction
forecasts are taken from the International Energy Agency’s (IEA) World Energy Outlook 2018.

Supplementary Note 5: Fuel prices

The operating costs of different power technologies are determined based on the following factors:
fuel prices, efficiencies, carbon prices (assumed to be zero for Nigeria) and cost of CO2 T&S. A
range of fuel prices for power generation in Nigeria, obtained from the sources listed in Table 3, is
considered in the analysis presented in this study. Where no range is provided (coal and uranium),
data was insufficient as those resources have never been mined or used for power generation at
scale in Nigeria.
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Supplementary Table 2: Data sources for the technology costs and operational parameters
implemented in the ESONE model

Technology
2020
CAPEX
($/kW)

2030
CAPEX
($/kW)

2040
CAPEX
($/kW)

Fixed
O&M
($/kW/yr)

Efficiency
(HHV basis)

Data sources
reviewed

Steam 1,040 1,040 1,040 25 31% 15

Nuclear 4,000 4,000 4,000 170 37% 15,16

Coal (super-critical) 1,600 1,600 1,600 75 43% 15

Dedicated biomass-fired 2,150 2,150 2,150 75 35% 15

Combined cycle gas turbine (CCGT) 700 700 700 25 58% 15

Open cycle gas turbine (OCGT) 400 400 400 20 38% 15

Diesel (Off-grid) 2,981 2,981 2,981 15 50% 15,17–19

Coal post-combustion CCS 4,500 4,250 3,900 160 33% 15

CCGT post-combustion CCS 2,450 2,300 2,050 80 51% 15

Bioenergy with CCS (BECCS) 4,500 4,250 3,900 160 35% 14,20–24

Onshore Wind 1,860 1,740 1,720 46 100% 15

Offshore Wind 3,900 2,900 2,900 145 100% 15

Solar Photovoltaic (PV) 2,180 1,320 1,140 22 100% 15

Concentrated solar power (CSP) 5,050 5,050 5,050 180 100% 15

Solar (Off-grid) 2,580 1,580 1,360 26 100% 15

High-voltage direct current
interconnection (HVDC) 1,000 1,000 1,000 1 52% 25–27

Hydro (large-scale) 2,100 2,100 2,100 55 100% 15

Hydro (small, <1 MW) 3,300 3,300 3,300 65 100% 15

Lead-acid battery 1,000 1,000 1,000 1 - 15,28

Direct air carbon capture
and storage (DACCS-CE) 28,250 28,250 28,250 100 - 29

Direct air carbon capture
and storage (DACCS-CW) 16,890 16,890 16,890 200 - 30,31

Supplementary Note 6: Regional wind, solar and hydro resources

The spatial and temporal variation in the capacity factors of wind, solar and hydro power were
considered in the ESONE model. Hydro availability was calculated based on the daily generation
profiles of the three operational hydroelectric power stations in the country: Kainji, Shiroro and
Jebba dams, all located in Niger state. Fig. 5 illustrates their seasonal variations in power output
in 2018. The availability factor was calculated by daily peak generation for the year by the daily
generation. Hourly availability of wind and solar were obtained from Renewables ninja, a tool
which uses weather data from global reanalysis models and satellite observations to simulate the
output of wind and solar power plants6,10–13.

Nigeria is made up of 36 states and the Federal Capital Territory. These are further subdivided
into 774 local government areas (LGAs). Owing to the diverse geography within states and thus
varying weather/climate data, the hourly wind and solar availability were not obtained for a single
location within each state. Instead, the availabilities were obtained for the 774 LGAs in 2018 to
ensure higher-resolution data. For each state, the LGAs were ranked according to mean availability
(highest to lowest). The average availability of the top third of LGAs was then calculated and used
to represent the availability profile for the state. The hourly availability profiles were then clustered
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Supplementary Table 3: Fuel costs inputs in the ESONE Nigeria model

Fuel Scenario Fuel Cost ($/MWh) Data sources
2020 2030 2040 2050

Natural gas

Low 10.24 10.24 10.24 10.24

17,32Central 13.0 13.0 13.0 13.0
High 23.88 23.88 23.88 23.88

Biomass

Low 4.0 4.0 4.0 4.0

32,33Central 6.04 7.75 8.98 9.91
High 22.0 22.0 22.0 22.0

Coal 17.4 17.4 17.4 17.4 32,33

Diesel 62.2 62.2 62.2 62.2 17,33

Uranium (UO2) fuel 2.9 2.9 2.9 2.9 33

using the k-means clustering algorithm described in Section .
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Supplementary Figure 5: Power generated daily by Nigeria’s three hydroelectric power stations:
Jebba, Kainji and Shiroro dams

Supplementary Note 7: Data clustering

The ESONE model was selected for its ability to determine both optimal capacity expansion
(on a multiyear timescale) and electricity dispatch (on an hourly timescale). For ease of model
computation, temporal data implemented in the model (electricity demand, import prices, and
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wind, solar and hydro availabilities) were clustered using the k-means clustering algorithm. The
algorithm is an iterative one which seeks to partition a dataset into distinct sub-groups where each
data point belongs to only one group. Data points are assigned to a cluster such that the sum of
the squared distance between the data points and the cluster’s centroid (arithmetic mean of all data
points in that cluster) is minimised.

The algorithm was used to determine a number, n, of representative days (“clusters”) for each
temporal data parameter. The clustering algorithm was implemented in R34 as follows:

1. Collate hourly resolution data for all temporal parameters (electricity demand, electricity import
prices, and solar, onshore wind, offshore wind and hydro availabilities). Data sources for each
parameter are detailed in Sections and .

2. Divide the collated dataset into days. This sets the cluster size to 24 hours. For the ESONE
model, the clustering algorithm was applied to zone-specific parameters (37 zones were used to
represent Nigeria).

3. Extract the days with the peak values for each parameter. These will be the (n + 1)th

representative days with an assigned weighting factor of 1.

4. Normalise the electricity demand and import prices parameters so that the values are between 0
and 1. Availabilities are already normalised.

5. Specify the number of clusters, n, which is 10 for the analyses presented in this study35,36. This
value was selected based on previous work with the model which assessed incurred errors due
to data clustering37–39. The ESONE model was run with full temporal resolution (8760 hours),
and then with data clustered into 20 and 10 representative days. It was found that using 10
clusters reduced the computational time significantly—solve time was reduced to 1-12 hours for
the ESONE model. For non-technology specific variables (optimised total costs and capacity
installed), clustering resulted in an accuracy loss of -6% to 0% relative to the full resolution
case, which was considered to be acceptable for the increased ease of computation.

6. Apply the k-means clustering algorithm to the collated multidimensional data set. This
preserves the hourly and zonal correlation between the parameters. Each daily profile will
now be allocated to a cluster.

7. For each parameter, extract the n representative days given by the final iteration of the algorithm
and their corresponding weighting factors.

8. Add the (n+1)th representative day determined in Step 3.

Supplementary Note 8: Model implementation

The ESONE-Nigeria model was implemented in GAMS 25.0.3 and solved using CPLEX 12.8.0
solver on a x86_64 machine using 24 threads.
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update,” Feb. 2017. Available at: https://tinyurl.com/y7bwbuo4.

[6] S. Pfenninger and I. Staffell, “Renewables ninja.” https://www.renewables.
ninja/, 2016.

[7] IRENA, “Planning and prospects for renewable power: West Africa,” Nov. 2018.
International Renewable Energy Agency, Abu Dhabi. Available at: https://tinyurl.
com/w5q536y.

[8] Department of Climate Change, Federal Ministry of Environment, Nigeria, “Nigeria’s
Intended Nationally Determined Contribution,” Nov. 2015. Available at: https://
tinyurl.com/v2nktlo. Accessed on 23/01/2020.

[9] Climate Watch, “Historical GHG Emissions,” Dec. 2018. Washington, DC: World Resources
Institute. Available at: https://www.climatewatchdata.org.

[10] I. Staffell and S. Pfenninger, “Using bias-corrected reanalysis to simulate current and future
wind power output,” Energy, vol. 114, pp. 1224–1239, Nov. 2016.

[11] M. M. Rienecker, M. J. Suarez, R. Gelaro, R. Todling, J. Bacmeister, E. Liu, M. G.
Bosilovich, S. D. Schubert, L. Takacs, G.-K. Kim, S. Bloom, J. Chen, D. Collins, A. Conaty,
A. da Silva, W. Gu, J. Joiner, R. D. Koster, R. Lucchesi, A. Molod, T. Owens, S. Pawson,
P. Pegion, C. R. Redder, R. Reichle, F. R. Robertson, A. G. Ruddick, M. Sienkiewicz,
and J. Woollen, “MERRA: NASA’s Modern-Era Retrospective Analysis for Research and
Applications,” Journal of Climate, vol. 24, pp. 3624–3648, July 2011.

[12] R. Müller, U. Pfeifroth, C. Träger-Chatterjee, J. Trentmann, and R. Cremer, “Digging the
METEOSAT Treasure—3 Decades of Solar Surface Radiation,” Remote Sensing, vol. 7,
pp. 8067–8101, June 2015.

9

https://tinyurl.com/wheg5k6
https://tinyurl.com/u98c4hu
https://tinyurl.com/u98c4hu
https://tinyurl.com/t8u5d7z
https://tinyurl.com/uotwmdo
https://tinyurl.com/uotwmdo
https://tinyurl.com/y7bwbuo4
https://www.renewables.ninja/
https://www.renewables.ninja/
https://tinyurl.com/w5q536y
https://tinyurl.com/w5q536y
https://tinyurl.com/v2nktlo
https://tinyurl.com/v2nktlo
https://www.climatewatchdata.org


[13] R. Müller, U. Pfeifroth, C. Träger-Chatterjee, R. Cremer, J. Trentmann, and R. Hollmann,
“Surface Solar Radiation Data Set - Heliosat (SARAH) - Edition 1.” EUMETSAT Satellite
Application Facility on Climate Monitoring (CM SAF), 2015.

[14] IEAGHG, “CO2 Capture at Coal Based Power and Hydrogen Plants,” May 2014. Available
at: https://tinyurl.com/vnnsabg.

[15] International Energy Agency, “World Energy Outlook 2018,” Nov. 2018. Available at:
https://tinyurl.com/yaexrzp3.

[16] Department for Business, Energy & Industrial Strategy, “Electricity Generation Costs,” Nov.
2016. Available at: https://tinyurl.com/y9q2zmrr.

[17] M. Roche, N. Ude, and I. Donald-Ofoegbu, “True Cost of Electricity: Comparison of Costs
of Electricity Generation in Nigeria.” Report produced by the Nigerian Economic Summit
Group and Heinrich Böll Stiftung Nigeria, June 2017. Available at: https://tinyurl.
com/qqxxk8u.

[18] Shakti Sustainable Energy Foundation and ICF International, “Diesel Generators: Improving
Efficiency and Emission Performance in India,” 2014. Available at: https://tinyurl.
com/wr8bmll.

[19] Prescient & Strategic Intelligence, “Nigeria Diesel Genset Market by Power Rating (5
kVA–75 kVA, 76 kVA–375 kVA, 376 kVA–750 kVA, Above 750 kVA), by Application
(Commercial [Retail Establishments, Commercial Offices, Telecom Towers, Hospitals,
Hotels], Industrial [Manufacturing, Energy & Power], Residential) – Market Size, Share,
Development, Growth, and Demand Forecast to 2024,” Apr. 2019. Report Code: PE11661.
Available at: https://tinyurl.com/rmvgj7k.

[20] International Energy Agency, “World Energy Investment Outlook: Special Report,” 2014.
Available at: https://tinyurl.com/yap49crx.

[21] N. Mac Dowell and M. Fajardy, “On the potential for BECCS efficiency improvement
through heat recovery from both post-combustion and oxy-combustion facilities,” Faraday
Discussions, vol. 192, pp. 241–250, 2016.

[22] M. Fajardy and N. Mac Dowell, “Can BECCS deliver sustainable and resource efficient
negative emissions?,” Energy & Environmental Science, vol. 10, no. 6, pp. 1389–1426, 2017.

[23] M. Bui, M. Fajardy, and N. Mac Dowell, “Bio-energy with CCS (BECCS) performance
evaluation: Efficiency enhancement and emissions reduction,” Applied Energy, vol. 195,
pp. 289–302, June 2017.

[24] I. Tsiropoulos, D. Tarvydas, and A. Zucker, “Cost development of low carbon energy
technologies - Scenario-based cost trajectories to 2050, 2017 edition.” EUR 29034 EN,
Publications Office of the European Union, Luxembourg, 2018. ISBN 978-92-79-77479-9.
Available at: https://tinyurl.com/y92c6soa.

10

https://tinyurl.com/vnnsabg
https://tinyurl.com/yaexrzp3
https://tinyurl.com/y9q2zmrr
https://tinyurl.com/qqxxk8u
https://tinyurl.com/qqxxk8u
https://tinyurl.com/wr8bmll
https://tinyurl.com/wr8bmll
https://tinyurl.com/rmvgj7k
 https://tinyurl.com/yap49crx
https://tinyurl.com/y92c6soa


[25] M. Junginger, A. Faaij, and W. C. Turkenburg, “Cost reduction prospects for offshore wind
farms,” Wind Engineering, vol. 28, pp. 97–118, Jan. 2004.

[26] Department of Energy & Climate Change, “Electricity Generation Costs 2013,” 2013.
Available at: https://tinyurl.com/o25or2g.

[27] European Commission, “Electricity interconnection: Sweden - Lithuania (Nordbalt),” 2013.
Available at: https://tinyurl.com/y7v2pvvo.

[28] Lazard, “Lazard’s Levelised Cost of Storage Analysis—Version 4.0,” Nov. 2018. Available
at: https://tinyurl.com/ybw4n6fx.

[29] D. W. Keith, G. Holmes, D. S. Angelo, and K. Heidel, “A process for capturing CO2 from
the atmosphere,” Joule, vol. 2, pp. 1573–1594, Aug. 2018.

[30] R. Socolow, M. Desmond, R. Aines, J. Blackstock, O. Bolland, T. Kaarsberg, N. Lewis,
M. Mazzotti, A. Pfeffer, K. Sawyer, J. Siirola, B. Smit, and J. Wilcox, “Direct Air Capture of
CO2 with Chemicals: A Technology Assessment for the APS Panel on Public Affairs,” June
2011. Available at: https://tinyurl.com/yd7rxssk.

[31] Climeworks AG, “Capturing CO2 from the Air: Our Technology,” 2018. https://
tinyurl.com/yb5acjz8. Accessed on 08/11/2018.

[32] International Energy Agency, “World Energy Outlook 2016,” Nov. 2016. Available at:
https://tinyurl.com/y79wobwa.

[33] Lazard, “Lazard’s Levelised Cost of Energy Analysis—Version 10.0,” Dec. 2016. Available
at: https://tinyurl.com/gtppdj8.

[34] The R Foundation, “R,” 2015. https://www.r-project.org/.

[35] H. Daggash, C. Heuberger, and N. Mac Dowell, “The role and value of negative emissions
technologies in decarbonising the UK energy system,” International Journal of Greenhouse
Gas Control, vol. 81, pp. 181–198, Feb. 2019.

[36] H. A. Daggash and N. Mac Dowell, “Structural Evolution of the UK Electricity System in a
below 2◦C World,” Joule, vol. 3, pp. 1239–1251, May 2019.

[37] R. Green, I. Staffell, and N. Vasilakos, “Divide and conquer? k-means clustering of
demand data allows rapid and accurate simulations of the british electricity system,” IEEE
Transactions on Engineering Management, vol. 61, pp. 251–260, May 2014.

[38] C. F. Heuberger, I. Staffell, N. Shah, and N. Mac Dowell, “A systems approach to quantifying
the value of power generation and energy storage technologies in future electricity networks,”
Comput. Chem. Eng., vol. 107, pp. 247–256, Dec. 2017.

[39] C. F. Heuberger, E. S. Rubin, I. Staffell, N. Shah, and N. Mac Dowell, “Power capacity
expansion planning considering endogenous technology cost learning,” Applied Energy,
vol. 204, pp. 831–845, Oct. 2017.

11

https://tinyurl.com/o25or2g
https://tinyurl.com/y7v2pvvo
https://tinyurl.com/ybw4n6fx
https://tinyurl.com/yd7rxssk
https://tinyurl.com/yb5acjz8
https://tinyurl.com/yb5acjz8
https://tinyurl.com/y79wobwa
https://tinyurl.com/gtppdj8
https://www.r-project.org/

	References

