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Abstract

Grid expansion remains a key strategy for increasing electricity access

across Sub-Saharan Africa (SSA). However, whether utilities can gener-

ate sufficient revenue under current tariffs to support capital investment is

unclear. We compile a comprehensive dataset of residential electricity tariffs

for 48 SSA countries and develop a standardized model to estimate electric-

ity bills using the Multi-Tier Framework (MTF). Affordability is assessed

across income percentiles using simulated income distributions. Under

current tariffs, around 608 million people (50%) may not afford Tier 4 elec-

tricity, rising to 1.05 billion (85%) for Tier 5 under a 10% energy-poverty
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threshold. Sensitivity analyses using 5% and 15% thresholds confirm the

robustness of these findings. Even where higher-tier electricity is affordable,

usage remains low. Combining affordability estimates with utility financial

performance, we identify where grid expansion could be viable and where

affordability constraints and utility deficits can create electrification traps.

In many countries, off-grid solutions may be the only feasible pathway to

achieving SDG7.

Introduction1

Expanding electricity grids is seen as essential for achieving ‘universal access to2

affordable, reliable and modern energy services’ by 2030 as stipulated in Sustainable3

Development Goal 7.1 [1], because it remains the most scalable and long-term path-4

way for mass electrification in Sub-Saharan Africa (SSA). Yet, while many countries5

have relied on grid expansion as their primary electrification strategy [2, 3], progress6

using this approach has been slow. The reported number of people without access to7

electricity in the region decreased only marginally from 614 to 584 million between8

2015 and 2021 [4].9

Grid expansion requires capital investments from national utilities. However, many10

SSA utilities face major financial struggles. According to 2024 data, 63% of power11

utilities in SSA operated at a loss over the three most recent years, with deficits12

exceeding 80% of total revenues in São Tomé and Príncipe, Angola, and Central13

African Republic [5]. For utilities to achieve or maintain financial sustainability, they14

need to generate adequate revenue from customers. This requires a customer base that15

is both connected to the grid and consuming sufficient levels of electricity. Empirically,16

however, we observe issues in both.17
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First, households often remain disconnected from the grid even though access is tech-18

nically feasible [6, 7, 8]. For example, in Kenya, a study showed that although the19

electricity grid covered 74% of households in the surveyed areas, only 54% had a20

physical connection [9]. This gap is even more pronounced in rural areas [10]. Low con-21

nection rates often stem from affordability constraints, as power grids in SSA impose22

high connection fees and tariffs that rank among the highest in the world [11, 12].23

Second, even after gaining grid access, electricity usage has remained low in coun-24

tries such as Rwanda [13], Tanzania [14], and South Africa [15], largely because grid25

electricity is unaffordable [9]. In some settings, low reliability further discourages elec-26

tricity use [16, 17, 18]. Even worse, arbitrary or unsubstantiated tariff-setting may27

drive high-consuming customers off-grid (e.g. farms and agribusinesses in South Africa28

[19]). To better inform grid expansion decisions, we need evidence on whether house-29

holds with different income and consumption levels can afford electricity bills under30

existing tariff structures across SSA [6].31

Here, we assess the viability of grid expansion to increase electricity access under32

current residential tariff structures in 48 SSA countries. We focus on grid-based electri-33

fication because most countries still treat it as their primary strategy, and because data34

availability constrains comparable analysis of off-grid solutions. The grid retains clear35

advantages in densely populated areas with higher demand, where economies of scale36

apply. These advantages weaken for last-mile connections in remote or sparsely pop-37

ulated regions, where off-grid solutions remain critical and may be the more effective38

pathway to universal access.39

Using the Multi-Tier Framework for Measuring Energy Access (MTF) [20], we evaluate40

the affordability of residential electricity at different demand levels (i.e., tiers). To41

do so, we compile a comprehensive dataset of residential electricity tariffs for each42

SSA country and use this to estimate electricity bills by tiers. As expanding access43
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requires high capital expenditure to reach more remote populations, we use current44

tariffs to provide a maximally optimistic estimate of affordability. Based on estimated45

income distributions by country, we calculated the share of the population able to46

afford prevailing grid electricity tariffs under different demand levels. We find that47

affordability declines substantially at higher consumption tiers, constraining electricity48

consumption for large segments of the population in many SSA countries. The results49

are juxtaposed with the financial health of utilities to systematically map potential50

opportunities and pitfalls when trying to reach electrification goals via grid expansion.51

Results52

Grid tariffs and electricity bills53

Monthly electricity bills are first estimated for each country in SSA separately, based54

on the energy usage of Tier 4 (T4) (i.e., 102 kWh per month—see Methods for details).55

T4 is assumed to be the lowest consumption level that would justify grid expansion as56

opposed to off-grid electrification [20]. We provide results for Tier 3 (T3) and Tier 557

(T5) in the Supplementary Information as lower- and upper-bound sensitivity cases.58

All results are discussed in US dollars ($). Electricity bills across SSA countries exhibit59

large variance, as shown in Fig. 1. We find that monthly residential electricity bills60

at T4 range from as low as $1 in Angola to a staggering $52 in Comoros. Bills range61

from $0.13 to $15 for T3 and escalate to $7 to $125 for T5 (see Supplementary Fig. 162

and 2), highlighting that electricity bills rise sharply with higher consumption levels.63

Moreover, Fig. 1 highlights distinct regional patterns. Geographically adjacent coun-64

tries such as Angola, Zambia, and Democratic Republic of the Congo show low65

bills, averaging around $5 per month. In contrast, neighbouring countries in West66

Africa—Mali, Burkina Faso, and Senegal—exhibit much higher bills, averaging around67
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$30 per month. These regional disparities may reflect differences in production costs,68

market structures, and cross-border power-pool dynamics.69

We also find that electricity bills are largely driven by demand-based charges (Fig.70

1b), which vary based on how much electricity a household consumes, rather than71

by standing charges (Fig. 1a), which are fixed fees that households pay regardless of72

their consumption. Among the 48 countries analyzed, 27 impose no standing charges,73

and most of the remaining countries set standing charges below $6 per month. South74

Africa is the notable exception, with a relatively high standing charge of $12 per75

month [21, 22]. This indicates that, in most SSA countries, connection-related costs76

are either subsidised or excluded from monthly cost recovery; however, electricity77

remains expensive due to high demand-based tariffs78

Residential electricity bills in SSA are determined not only by the distinction between79

standing and demand-based charges, but also by tariff band structures and targeted80

mechanisms such as social tariffs. While Fig. 1 decomposes bills into standing charges81

and demand-based components, Fig. 2 indicates how the average unit price ($/kWh),82

inclusive of both components, varies with electricity consumption across countries83

under different residential tariff structures, suggesting four distinct patterns (Groups84

I–IV).85

Countries in Group I (15 countries) impose consumption-independent standing86

charges, resulting in high average unit prices at low consumption levels (T1-T2) and87

disproportionately burdening poorer households. This regressive effect is persists even88

among the eight countries within this group (e.g. Benin, Burkina Faso, and Côte89

d’Ivoire) that operate social/lifeline tariffs intended to support low-income and vul-90

nerable households. Because standing charges apply under the social/lifeline tariff as91

well, households consuming less than 30 kWh per month still face higher effective92

per-kWh bills than higher-consuming households on standard tariffs.93
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Countries in Group II (13 countries) apply increasing block tariffs (IBTs) with-94

out standing charges. In these countries, average unit prices increase progressively95

across consumption levels, although the steepness of the tariff structure varies widely96

depending on block thresholds and corresponding prices. Although most countries in97

this group—aside from Kenya and Uganda—do not implement explicit social/lifeline98

tariffs, the IBT structure itself offers lower effective prices for low-consumption house-99

holds. When block increments are moderate, households can transition more smoothly100

to higher consumption levels; however, steep marginal price increases may render101

additional consumption unaffordable, suppress demand, and in some cases encourage102

households to disconnect from the grid. At one extreme, households in Guinea-Bissau103

pay $0.15/kWh in Tier 1 (T1) and $0.40/kWh in T5; by contrast, in Kenya, Malawi,104

and Gambia, the increase from T1 to T5 is less than $0.05/kWh.105

Countries in Group III (9 countries), five of which have social/lifeline tariffs, exhibit106

patterns similar to those in Group II. However, the combination of IBTs and standing107

charges produces more abrupt price increases at specific consumption thresholds. This108

leads to elevated effective unit prices at the lower end of each tariff band. For example,109

in Sierra Leone, the unit price triples from $0.11/kWh to $0.35/kWh once monthly110

electricity consumption exceeds 25 kWh. As a result, marginal increases in electric-111

ity consumption at tariff thresholds can trigger disproportionately large increases in112

effective residential electricity prices.113

Countries in Group IV (11 countries) set linear tariffs without standing charges. Four114

countries in this group implement social/lifeline tariffs (e.g., Gabon and Lesotho),115

while the others apply uniform linear tariffs across all consumption levels. Without116

standing charges or block thresholds, the effective unit price does not vary with con-117

sumption, so affordability outcomes depend on the level at which the linear tariff is118

set rather than on the structure itself.119
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Across all groups, Fig. 2 shows that unit prices at T4 and T5 exceed the global average120

(i.e., $0.15/kWh in Q4 2024 [24]) in more than half of SSA countries. Notably, in Benin,121

Burkina Faso, Cape Verde, Togo, and South Sudan, electricity prices are two to three122

times higher than the global average. In these predominantly low-income countries,123

such high price levels substantially limit the ability of households to increase electricity124

consumption and progress toward higher MTF tiers, a key objective of SDG7. While125

the MTF tiers are used here as a comparative benchmark, owing to their role in126

SDG7 monitoring [20], they do not necessarily correspond to national tariff blocks.127

Nevertheless, they provide a useful reference framework for evaluating affordability128

across different levels of electricity consumption. Overall, the substantial cross-country129

variation in tariff levels and structures, combined with generally high unit prices at130

moderate and high consumption levels, suggests that affordability remains a major131

barrier to meaningful electricity use across the region.132

The extent to which these tariffs constrain electricity use depends on how residential133

bills compare with household incomes. When bills exceed what households can afford,134

electricity demand and grid connection rates are suppressed. Lower consumption, in135

turn, reduces utility revenues and limits the financial capacity of utilities to maintain136

reliable supply and extend the grid. We examine these three linked questions in turn:137

(1) residential affordability across income percentiles, (2) the gap between affordability138

and realised demand, and (3) the financial position of utilities at prevailing tariffs,139

which we disentangled in the sections below.140

Affordability141

To evaluate the affordability of grid electricity, we construct income distributions for142

each country by fitting a lognormal model to population, GDP per capita, and the143
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Gini index, and then compare the resulting income percentiles with the monthly res-144

idential electricity bill for T4 and T5 consumption levels (see Methods). Households145

at a given income percentile are classified as unable to afford electricity when the146

required bill exceeds 10% of the income at that percentile, with 5% and 15% used as147

sensitivity bounds. We adopt 10% as the primary threshold because it is widely used148

to define energy poverty [14, 15, 25, 26, 27, 28, 29]. Under this threshold, approxi-149

mately 50% of the SSA population cannot afford T4 electricity, rising to 85% for T5.150

Sensitivity bounds give 71% and 38% at T4 (5% and 15% thresholds), and 97% and151

76% at T5 (Supplementary Table 2). Although absolute affordability levels vary across152

thresholds, country rankings remain broadly consistent under the 5%, 10%, and 15%153

thresholds.154

Fig. 3 presents the aggregated income distribution for SSA along with the percentage155

of the population capable of obtaining electricity access to T4 and T5 under 10%156

energy-poverty threshold. It also includes seven illustrative country cases to highlight157

how affordability outcomes vary according to where electricity bill levels intersect with158

each country’s income distribution, ranging from the lowest affordability in Burundi159

to the highest in Angola. Detailed results are provided in Supplementary Table 2.160

Although the shapes of the distributions differ, the key driver of affordability is the161

relative position of the T4 and T5 bill levels within these distributions.162

We find that approximately 608 million people (50% of the total population in SSA)163

may not afford the minimum electricity consumption required to achieve access to164

T4 under the 10% poverty line. Affordability constraints are particularly severe in165

countries such as Burkina Faso, Burundi, Central African Republic, Chad, Comoros,166

Eritrea, Guinea-Bissau, Liberia, Madagascar, Mali, Niger, and Sierra Leone, where167

fewer than 10% of the population can afford T4-level electricity access at the 10%168

benchmark. By contrast, in countries such as Angola, Mauritius, Seychelles, over 90%169
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of the population are theoretically able to cover the associated electricity bills (Sup-170

plementary Table 2). At the T5 level, affordability deteriorates sharply: approximately171

1.05 billion people, representing 85% of the SSA population, are unable to afford the172

required electricity expenditure. In Mauritania, affordability declines by 82 percentage173

points, leaving only 2% of the population able to afford T5 electricity access. Similar174

declines are observed in Nigeria (66%), Tanzania (65 %), and Guinea (62%), as shown175

in Supplementary Table 2. These findings underscore that higher tier electrification176

via grid access is beyond reach for most households under current income levels.177

Cross-country differences in affordability are shaped by both income levels and elec-178

tricity tariffs, although income disparities account for much of the variation observed179

across SSA. This pattern is illustrated by contrast between Burundi and Zimbabwe:180

although similar T4 and T5 electricity bills ($0.10–$0.30 per kWh; see Fig. 1 and181

2), affordability outcomes differ strikingly. In Burundi, only the wealthiest 1% of the182

population (0.14 million) can afford the bills associated with T4 and T5 electricity183

consumption. By contrast, affordability is far more widespread in Zimbabwe, where184

an estimated 46% of the population (7.65 million) can afford T4, and 7% (1.16 mil-185

lion) can afford T5. This disparity reflects the large income gap, with average monthly186

per capita income at $145 in Zimbabwe versus just $20 in Burundi (see Data Avail-187

ability). Conversely, countries with comparable low-income levels can display very188

different affordability outcomes when tariff levels diverge. For example, Angola and189

Comoros have similar incomes among the lowest decile, but Comoros’ T4 bill ($52)190

is more than fifty times higher than Angola’s ($1), shown in Fig. 1. As a result, T4191

access is effectively unaffordable for low-income households in Comoros while remain-192

ing easily attainable in Angola. These contrasts suggest that tariff levels may exert193

their strongest influence at the lower end of the income distribution, where even mod-194

est price differences can completely exclude low-income households from accessing195

higher electricity tiers. Overall, national affordability profiles are primarily shaped by196
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broader economic capacity, whereas affordability differences across income groups are197

strongly influenced by tariff structures.198

This asymmetry is further reflected in the Group I countries in Fig. 2. With the199

exception of Mauritius, standing charges raise the effective unit price of very low con-200

sumption levels (T1–T2) to levels that are already unaffordable for most low-income201

households. Although the effective unit price declines as consumption increases toward202

T4 and T5—a pattern observed across all tariff structures—affordability simulations203

indicate that these households remain unable to afford the resulting total monthly204

electricity expenditure, even under optimistic assumptions. In practice, low-income205

households are therefore caught between prohibitively high unit prices at minimal206

levels of consumption and unaffordable total bills at higher consumption levels, ren-207

dering grid electricity effectively out of reach. Consequently, despite the existence of208

nominal social/lifeline tariffs in several countries, prevailing tariff structures fail to209

provide meaningful protection for low-income users and do not facilitate progression210

beyond minimal levels of electricity access.211

Demand expectations212

Our analysis suggests that electricity affordability does not always translate into high213

actual demand, as illustrated in Fig. 4. To examine this relationship, we compare214

country-average electricity affordability with observed electricity demand using data215

from the International Energy Agency (IEA) and Index Mundi (see Methods). Due to216

data availability, the analysis is conducted at the national level, with corresponding217

electricity access tiers identified accordingly. This allows us to assess whether countries218

with the financial capacity to afford T4 and T5 levels of electricity consumption219

achieve these consumption levels in practice.220
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We find that affordability is a necessary but not sufficient condition for achieving221

higher-tier electricity consumption. Even in settings where T4 and T5 electricity222

is theoretically affordable, actual household demand often falls short. For example,223

among countries where T4 electricity is considered affordable on average, 88% of the224

population—equivalent to approximately 499 million people—do not attain T4 con-225

sumption levels in practice. Specifically, in Ethiopia, Guinea, and Tanzania, where226

households can theoretically afford T4 electricity access, average monthly residential227

electricity demand remains at only 21 kWh, 29 kWh, and 18 kWh, respectively, corre-228

sponding to Tier 2 (T2) (see Supplementary Tables 3 and 4). Furthermore, among the229

four countries where T5 electricity is generally affordable, only Botswana, Mauritius,230

and Seychelles exhibit a clear alignment between affordability and actual demand,231

together representing a population of approximately 4 million people. In the fourth232

country, Angola, average monthly residential electricity consumption is approximately233

128 kWh, corresponding to mid-T4 rather than T5 (see Supplementary Tables 3 and234

4).235

These discrepancies highlight that once affordability barriers are removed, supply-side236

constraints become the binding limitation, such as grid reliability. Nigeria provides237

a notable example: despite households spending only 8.5% of income on electricity238

(see Supplementary Table 3) and around 70% of the population having access to elec-239

tricity [7], frequent voltage collapses hinder consistent electricity use [30]. From 2010240

to 2023, the national grid has experienced approximately 222 instances of partial or241

total collapse, leading to recurrent blackouts and undermining the stability of elec-242

tricity supply [31]. This underscores the need for granular, country-specific analyzes243

of supply-side bottlenecks to support meaningful electricity access.244
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Balancing utility health and tariff affordability245

Fig. 5 indicates how the feasibility of grid expansion jointly depends on residential246

electricity affordability under T4 consumption and the financial health of national247

utilities, leading to distinct electrification pathways across SSA. Corresponding results248

for T3 and T5 are presented in Supplementary Figs. 3 and 5, respectively.249

First, countries in the grid electrification opportunity quadrant (A) combine strong250

residential electricity affordability with solvent utilities, yet still contain approximately251

110 million unelectrified people. Expanding the grid could bring substantial benefits to252

underserved region. However, although countries in quadrant A exhibit strong poten-253

tial for grid expansion, the spatial distribution of unelectrified households remains a254

critical consideration for implementation. In Gabon, households spend, on average,255

only 3% of their income to afford T4 electricity access, while the national utility,256

Société d’Énergie et d’Eau du Gabon (SEEG), maintains a profit margin equivalent257

to 1.7% of revenue. These findings suggest that the utility possesses sufficient finan-258

cial capacity to support grid expansion and that households are generally able to259

afford electricity at prevailing tariff levels. Despite this favourable combination, elec-260

trification remains highly uneven. By 2023, although Gabon had achieved a national261

electrification rate of 94% [32], rural areas lagged substantially behind, with only 29%262

coverage [33]. Rural populations are widely dispersed across tropical rainforests and263

hilly terrains, whereas electricity generation and transmission infrastructure is con-264

centrated in coastal and central urban centres such as Libreville, Port-Gentil, and265

Franceville. This spatial mismatch reduces the economic viability of grid expansion to266

remote rural areas. Similar rural–urban disparities in Ethiopia and Tanzania indicate267

that affordability and utility solvency are primarily supported by urban customers268

[32, 33, 34], whereas rural electrification remains economically challenging without269

cross-subsidisation from urban revenues or dedicated public support. By contrast, in270
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smaller island states such as Mauritius and Seychelles, grid expansion can more readily271

deliver last-mile electrification.272

Second, countries in utility stress (B) and affordability stress (C) face at least one273

major barrier to grid expansion. In the affordability stress quadrant, countries such as274

Senegal and Uganda maintain financially viable power utilities; however, high electric-275

ity prices constrain residential consumption and limit new connections to the grid. In276

contrast, in the utility stress quadrant, countries such as São Tomé and Príncipe, and277

Angola (see Supplementary Fig. 4), exhibit relatively strong affordability; yet, their278

electricity providers incur financial losses amounting to 1.75 times and 0.88 times their279

revenue, respectively. Such conditions may result from inadequate cost recovery, low280

utility management efficiency, high generation costs, and unsustainable tariff struc-281

tures, thereby constraining utilities’ ability to finance even basic system maintenance,282

let alone grid expansion [35].283

Finally, countries in the grid electrification trap quadrant (D)—such as Madagas-284

car and Sierra Leone—experience both utility deficits and low household purchasing285

power. Approximately 220 million people in this quadrant are unlikely to gain access286

to affordable grid-based electricity in the short term. A particularly severe example287

is Central African Republic, where the national utility incurs financial losses equiva-288

lent to 87% of its revenues, and households would need 65% of their income to afford289

electricity (see Supplementary Fig. 4). In Central African Republic, only around 0.3290

million people (6% of the population) currently have access to electricity [7], while291

approximately 60% of the population resides in rural areas [36]. The combination of292

limited grid infrastructure, a weak national utility, spatially dispersed households ,293

and political instability makes large-scale grid expansion neither technically feasible294

nor financially viable in the short term [36]. In such contexts, off-grid or mini-grid295

solutions, particularly through Public Private Partnership (PPP), may offer a more296
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viable path to electrification. Under models in which governments retain ownership297

of infrastructure while private operators manage system operation and maintenance,298

capital and operational responsibilities can be shared more effectively. Such arrange-299

ments may reduce the financial burden on public utilities while improving the stability300

and reliability of electricity supply.301

Discussion302

To examine the reasons behind the current grid electrification status in SSA, this303

study provides a macro-level evaluation of residential affordability under existing bills304

in different MTF energy tiers. We developed the most comprehensive electricity tar-305

iff database for SSA to date, covering both standing and demand-based charges.306

Our findings indicate that grid electrification progess are shaped by the interac-307

tion between residential electricity unaffordability, suppressed electricity demand, and308

utility underfunding.309

Taken together, affordability challenges arise not only from low incomes but also from310

tariff structures that systematically constrain low-income households from progress-311

ing beyond minimal levels of electricity consumption. Even where social/lifeline tariffs312

are in place, prevailing tariff designs often fail to deliver effective affordability, both313

at existing levels of electricity use and in supporting sustained progression toward314

higher energy tiers. This disconnect underscores the urgent need for several SSA coun-315

tries—particularly those in Group I shown in Fig. 2—to reassess the tariff design and316

targeting mechanisms to ensure that cost recovery objectives can be achieved without317

trapping low-income households in persistently low levels of electricity consumption.318

However, even where grid electricity is theoretically affordable, actual consumption319

often remains far below potential (see Fig. 4 and Supplementary Table 4). On the320

demand side, low electricity consumption is driven in part by limited household ability321

17
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to afford appliances required for higher-tier electricity use [37, 38], as well as continued322

reliance on traditional fuels such as charcoal [39]. On the supply side, underfunded util-323

ities frequently struggle to recover costs and to maintain or expand grid infrastructure324

(see Fig. 5). The resulting service unreliability—manifested in frequent outages, volt-325

age instability, and, in some cases, large-scale grid collapses [40]—further suppresses326

residential electricity use, reinforcing a persistent electrification trap. Together, these327

findings suggest that expanding grid access alone is unlikely to deliver meaningful328

electrification outcomes unless affordability, appliance access, and service reliability329

constraints are addressed.330

Against this backdrop, grid expansion must be carefully assessed, as it is not always331

practical or economically viable. Extending services into low-affordability areas with-332

out complementary demand-side support—such as connection subsidies or appliance333

financing schemes— may impose additional fiscal pressure on utilities and reinforce334

patterns of underutilisation and declining investment (the grid electrification trap335

quadrant in Fig. 5). Governments should therefore give careful consideration to when336

and where grid electrification is viable under prevailing tariffs. In many cases, although337

beyond the primary scope of this paper, off-grid solutions may offer a more viable338

alternative. Such approaches have already been successfully implemented in several339

SSA countries, including Tanzania, Mali, and Ghana [41, 42].340

Nevertheless, several sources of uncertainty should be acknowledged. Income distribu-341

tions were modelled using lognormal functions calibrated to GNI per capita and the342

Gini coefficient, which may not fully capture the multimodality or heavy upper tails343

observed in empirical income data, thereby introducing uncertainty into affordabil-344

ity estimates. In addition, the assessment of utility financial performance considers345

only residential tariff revenues and does not fully account for cross-subsidisation from346

industrial, commercial, and public-sector customers. Finally, residential demand was347
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approximated using observed consumption data because consistent demand datasets348

remain unavailable for many SSA countries. Observed consumption may therefore349

underestimate latent demand under affordability or reliability constraints.350

Despite these limitations, the analysis highlights how affordability constraints, sup-351

pressed electricity demand, and utility underfunding can interact to reinforce persis-352

tent electrification challenges across SSA. More fundamentally, the findings suggest353

that the success of electrification strategies should not be evaluated solely by the num-354

ber of grid connections achieved, but by whether electricity services are affordable,355

reliable, and capable of supporting meaningful residential electricity use. Achieving356

this will require electrification strategies that are better aligned with local demand357

conditions and institutional realities, supported by measures such as appliance financ-358

ing, targeted tariff subsidies, selective utility reform, and, where appropriate, off-grid359

alternatives. Such approaches will likely be essential for avoiding the electrification360

trap and achieving equitable and sustainable energy access across SSA.361

Methods362

Our methodology offers a transparent and comparable framework to assessing resi-363

dential electricity affordability across population percentiles in 48 countries, despite364

limited data availability. We rely on country-specific residential tariff structures and365

model income distributions using widely applied approaches (e.g., log-normal distri-366

bution) to ensure consistency. Although the modelled distributions inevitably simplify367

some within-country heterogeneity, they enable the identification of broad regional368

patterns and the assessment of affordability across energy tiers for different income369

groups in a manner that is both robust and replicable.370
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Building a comprehensive tariff database for SSA371

Residential electricity tariffs were collected for 48 countries. Tariffs effective on 15372

November 2024 were obtained from official utility documents for 38 countries. For373

Angola, Burundi, Chad, Comoros, and Equatorial Guinea, tariffs were compiled from374

third-party sources. For the Democratic Republic of the Congo, Eritrea, Somalia,375

Sudan, and the Republic of the Congo, where residential tariff structures were unavail-376

able, average tariff values were adopted. All tariff data and sources are provided in377

the Electricity_Tariff_Calculator.xlsx dataset on Zenodo.378

Electricity Bill Estimation379

Electricity tariff structures differ across countries. Most use social/lifeline tariffs and380

standard tariffs with either linear or increasing-block pricing for households, based381

on metrics such as electricity usage (kWh), active power (kW), apparent power382

(kVA), duration (hours), and current (A). Namibia (NAM) is the only country with383

clearly defined pensioner tariffs separate from its social/lifeline tariffs, shown on384

Supplementary Table 1.385

Because residential demand data are often unreliable or even unavailable across most386

of SSA [43, 44], we use the MTF framework to estimate potential electricity bills for387

each energy tier based on prevailing residential tariff structures. The MTF provides388

comprehensive qualitative descriptions of energy service consumption across tiers [20,389

45], but it does not specify numerical values for all metrics. Tier-specific current and390

apparent power can be derived from the defined electricity consumption and active391

power for each tier based on the MTF framework [20] (see Equation 1, Equation 2,392

and Table 1). For T1 to T4, active power is explicitly defined. For T5, we assume393

households utilize high-power appliances, with peak demand occurring when multiple394

appliances operate at the same time. Based on our calculations in Supplementary395
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Table 5 and supporting literature [46], we estimate a peak demand of approximately396

14 kW before applying diversity adjustments.397

The apparent power is derived using the power triangle formula:

S =
P

PF
(1)

where S denotes apparent power, P denotes active power, and PF denotes the power398

factor. A residential power factor of 0.95 is assumed [47].399

The current range for each tier is determined by the country-specific rated residential

voltage [48] and the MTF-defined active power, calculated based on Watt’s law:

I =
P

V × PF
(2)

where I denotes current and V is voltage.400

Electricity bills are estimated using one of two approaches, depending on the tariff401

structure:402

• Consumption-based approach. For tariff structures based solely on electricity con-403

sumption (kWh), electricity bills are calculated using the minimum consumption404

threshold required for each MTF tier.405

• Capacity-based approach. For tariff structures that include capacity restric-406

tions—defined by active power (kW), apparent power (kVA), duration (hours), or407

current (A) to differentiate residential customer categories—monthly charges asso-408

ciated with maximum capacity levels (A, kVA, or kW) are incorporated alongside409

minimum electricity consumption requirements (kWh).410
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Therefore, electricity bills for different MTF tiers are calculated using the lowest411

applicable tariff at each consumption level, following the two approaches described412

above. When multiple tariff schedules exist, the average tariff is applied. Detailed413

calculation procedures for each country and tier are provided in the Electric-414

ity_Tariff_Calculator.xlsx dataset on Zenodo.415

The electricity cost estimation is based on the following assumptions:416

• Connection type. Only single-phase residential connections are considered, as they417

represent the standard configuration in most countries, while three-phase connec-418

tions are primarily used in commercial and industrial settings. Although some419

countries (e.g., ZAF [49, 50]) offer three-phase domestic tariffs, residential adoption420

remains limited.421

• Tier scope. We focus primarily on grid electricity bills associated with T4 access,422

while T3 and T5 are treated as lower- and upper-bound sensitivity cases, respec-423

tively. This approach is better suited to assessing the potential for grid expansion424

and providing long-term guidance for achieving SDG7. By contrast, for T1 and425

T2 access levels, alternative off-grid solutions (e.g., solar PV systems and diesel426

generators) are generally more practical and cost-effective.427

• Climatic influence. Climatic conditions may affect electricity consumption patterns;428

however, no data are currently available for this purpose.429

• Currency and year standardization. All electricity tariff structures, originally430

reported in different currencies and reference years, are converted into 2024 US431

dollars using Equation 3 and 4.432

Cy0,USD =
Cy0,Local

FXc
(3)

Ci,USD = Cy0,USD ×
i∏

j=y0+1

(
1 + πUSD

j

)
(4)
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where Cy0,USD denotes the electricity bill in the base year y0, expressed in US dollar.433

The term πUSD
j represents the annual USD inflation rate in year j, where j runs434

from y0 + 1 to the target year i = 2024. The resulting value Ci,USD represents the435

inflation-adjusted electricity bill in the target year.436

Income Distribution Modelling437

We model income distributions using log-normal distributions [51, 52], because it

captures the positive skew and long right tail typical of income data, and also can be

parametrized with limited inputs, as specified in Equation 5:

f(x, µ, σ) =
1

x
√
2πσ

e−
1
2 (

ln(x)−µ
σ )

2

, 0 < x < ∞ (5)

where x denotes monthly income per capita, while µ and σ denote the mean and stan-438

dard deviation of the log-transformed income distribution, respectively. This model439

uses the Gini index, population size, and Gross National Income (GNI) per capita to440

account for economic disparities within country.441

We use the Gini coefficient and monthly GNI data (Equation 6) to calibrate the442

monthly income distribution and achieve a target income distribution. First, a set of443

random samples from the income log-normal distribution y = {y1, y2, . . . , yn} is sorted444

in ascending order. Then, we use Equations 7-10 to calculate Gini coefficient, defined445

as Gcurrent, based on the initial monthly income distribution (IMID). In Equation 8,446

both relative income and population mapping are scaled to the range [0, 1]. Through447

iterative adjustments, the Gcurrent gradually converge to Gtarget. Finally, Equations448

11 and 12 are used for model calibration.449

M =
GNIpc,2024

12
(6)
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where M denotes monthly income per capita and GNIpc,2024 represents annual gross450

national income per capita in 2024.451

L(k) =

∑k
f=1 yf∑n
f=1 yf

(7)

where L(k) denotes the cumulative income share; {y1, y2, . . . , yn} denotes the sorted452

income sequence, n denotes the population size, and k represents the cumulative453

population rank, where k = 1, . . . , n.454

P (k) =
k

n
(8)

where P (k) denotes the cumulative population share.455

A =

∫ 1

0

L(P ) dP (9)

where A denotes the area under the Lorenz curve.456

Gcurrent = 1− 2A (10)

where Gcurrent denotes the current Gini coefficient [53, 54].457

AF =

(
Gtarget

Gcurrent

)0.5

(11)

where AF denotes the adjustment factor, Gtarget denotes the target Gini coefficient458

obtained from the World Bank (see Data Availability), and Gcurrent denotes the Gini459

coefficient calculated from the IMID model.460

ID = xAF ×
(
M

x̄

)
(12)

where ID denotes the adjusted monthly income distribution, x denotes the random461

variable generated within the IMID framework, and x̄ represents the mean of the462

IMID distribution.463
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Affordability Calculation and Assessment464

Using the previously modelled income distribution, we calculate electricity affordabil-465

ity for each income percentile within the country. We adopt the widely recognized466

"Ten Percent Rule" as our affordability threshold, under which households spending467

10% or more of the income on electricity are classified as energy poverty [25, 26]. This468

criterion has been applied in various international studies [14, 15, 27, 28, 29]. To test469

robustness, we also conduct sensitivity analyses with 5% and 15% thresholds [55, 56],470

confirming that while absolute magnitudes shift, the geographic patterns and policy471

conclusions remain consistent.472

The national average affordability is calculated as the mean share of electricity expen-473

diture relative to income across all population percentiles, as defined in Equation474

13:475

At,c =
1

100

100∑
q=1

(
Ct

Ic,q

)
(13)

where At,c denotes the average share of electricity expenditure relative to income for476

country c at tier t, Ct denotes the monthly electricity cost for tier t, q denotes the477

population percentile (1–100), and Ic,q denotes the income associated with percentile478

q in country c.479

All affordability calculations and income distribution modelling were implemented in480

Python using custom scripts archived on GitHub.481

Residential Electricity Demand482

Residential electricity demand data are presented in Supplementary Table 4. For483

countries with available total residential electricity consumption data, per-household484

electricity demand was estimated by dividing total residential consumption by the485

number of households. Where only per capita electricity consumption data were486
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available, total residential consumption was estimated by multiplying per capita con-487

sumption by the national population before deriving per-household demand using488

household numbers.489

Data Availability490

All data used in this study were obtained from publicly available sources without491

access restrictions. Net profit margin data were derived from UPBEAT [5] using492

the average of the latest three years available for each country’s power utility.493

Only vertically integrated utilities (VIUs) and distribution utilities were included.494

Tariff data were collected from official utility websites or, where unavailable, from495

third-party sources, and are provided in the Electricity_Tariff_Calculator.xlsx on496

Zenodo. Data on exchange rates, Gini coefficients, GNI per capita, household size,497

inflation, population, and residential electricity consumption are provided in Supple-498

mentary Table 6. All data used in this study are available in the Zenodo database at499

https://doi.org/10.5281/zenodo.20122603.500

Code Availability501

The code for the simulated income distributions and tier-specific electricity afford-502

ability calculations in this study has been deposited in GitHub at https://doi.org/503

10.5281/zenodo.20348086 [57].504
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Tables691

Table 1: Electricity consumption and power requirements across MTF energy tiers
[20, 45]

Tier 1 Tier 2 Tier 3 Tier 4 Tier 5

Load level Very low load Low load
Medium

load
High load

Very high

load

Daily

electricity

consump-

tion

(kWh)

Min 0.012 Min 0.2 Min 1 Min 3.4 Min 8.2

Monthly

electricity

consump-

tion – 30

days

(kWh)

Min 0.36 Min 6 Min 30 Min 102 Min 246

Active

power

(kW)

0.003–0.05 0.05–0.2 0.2–0.8 0.8–2 2–14

Apparent

power

(kVA)

0.003–0.053 0.053–0.211 0.211–0.842 0.842–2.105
2.105–

14.737

Current

(A)
0–0.139 0.139–0.554 0.554–2.226 2.226–5.540

5.540–

38.781
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Tier 1 Tier 2 Tier 3 Tier 4 Tier 5

Duration

per day

(hrs)

Min 4 Min 4 Min 8 Min 16 Min 23

Possible

service

Lighting, Phone

charge, and

Radio

Electrical

lighting, Air

circulation,

Television, and

Phone charging

Air cooler,

Refrigera-

tor, Food

Processor,

Water

Pump, and

Rice cooker

Washing

machine,

Iron, Hair

dryer,

Toaster,

and

Microwave

Air condi-

tioner,

Space

heater,

Vacuum

cleaner,

Water

heater, and

Electric

Cookstove

Technology Solar lantern

Stand-

alone/Solar

Systems

Generator/

Mini-grid

Generator/

Grid
Grid

Figure Legends/Captions (for main text figures)692

Fig.1: T4 Monthly residential electricity bills across SSA countries in 2024693

USD ($). a, Monthly standing charges (fixed monthly fees paid by households). Green694

hatched areas indicate countries without standing charges. b, Monthly demand-based695

charges based on electricity consumption (kWh), active power (kW), apparent power696

(kVA) and current (A), including applicable taxes. c, Total electricity bills derived697

from panels a and b. For countries with missing data in panels a and b (grey areas),698

total bills in panel c were estimated using average residential electricity bills. All699

underlying data are available on Zenodo in Summary_Electricity_Bills.xlsx. African700
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administrative boundaries were obtained from Esri ArcGIS [23]. Countries are labelled701

using ISO alpha-3 country codes.702

Fig.2: Residential electricity unit prices ($/kWh) at different monthly con-703

sumption levels across SSA countries. Countries are grouped into four categories704

(I–IV) according to how tariff structures shape effective unit prices as consumption705

increases. The unit price in each panel was calculated by dividing the total monthly706

electricity bill by the corresponding monthly consumption level. Background shading707

shows the corresponding MTF electricity access tiers (T1–T5). For the Democratic708

Republic of the Congo (COD), Republic of the Congo (COG), Eritrea (ERI), Somalia709

(SOM), and Sudan (SDN), only average price were available. Detailed residential tar-710

iff structures are shown in Supplementary Table 1. Countries are labelled using ISO711

alpha-3 codes.712

Fig.3: Income distributions by country and the proportion of the popu-713

lation able to afford T4 and T5 electricity access. The first curve shows the714

aggregated population-weighted income distribution in SSA. The remaining curves715

present seven illustrative countries spanning a range of electricity affordability out-716

comes. Each distribution is estimated using kernel density estimation (KDE) in717

log-income space and transformed to linear scale via Jacobian correction. The x-axis718

shows monthly income (USD/month) and the y-axis population density. Different719

colours indicate the affordability of T4 and T5 electricity bills under the 10% income720

rule. Detailed results for all 48 countries under 5%, 10%, and 15% affordability thresh-721

olds are provided in Supplementary Table 2. Countries are labelled using ISO alpha-3722

codes.723

Fig.4: Comparison between theoretical electricity affordability and724

observed residential electricity consumption. Each country is assigned to an725

36



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

observed MTF energy tier based on national average residential electricity con-726

sumption, and total population is aggregated accordingly. Bars show the population727

distribution across tiers for the 13 countries where T4 or T5 electricity access is the-728

oretically affordable under the 10% income rule. Detailed country-level results for729

affordability and electricity consumption are provided in Supplementary Tables 3 and730

4.731

Fig.5: Utility financial health and T4 residential electricity affordability732

comparison. The x-axis shows the net profit margin of distribution utilities or verti-733

cally integrated utilities (VIUs), used as an indicator of utility financial health, with734

data obtained from UPBEAT [5]. The y-axis shows the percentage of household income735

remaining after T4 electricity expenditure (102 kWh/month). The dashed horizontal736

line at 90% represents the affordability threshold, indicating that electricity expendi-737

ture does not exceed 10% of household income. And the dashed vertical line at zero738

net profit margin represents the financial health threshold. Within this framework,739

the four quadrants illustrate different electricity access conditions and challenges: the740

upper-right quadrant (A) represents grid electrification opportunity; the upper-left741

quadrant (B) indicates utility stress; the lower-right quadrant (C) reflects affordabil-742

ity stress; and the lower-left quadrant (D) represents a grid electrification trap. Bubble743

size represents population and colour indicates national electrification rate. Net profit744

margin data were unavailable for Equatorial Guinea (GNQ), Eritrea (ERI), Republic745

of the Congo (COG), Somalia (SOM), and South Sudan (SSD), which are indicated by746

grey parallel lines in the inset African map. Angola (AGO), Central African Republic747

(CAF), and São Tomé and Príncipe (STP) are excluded as outliers. Complete Figure748

is provided in Supplementary Fig. 4. African administrative boundaries were obtained749

from Esri ArcGIS [23]. Countries are labelled using ISO alpha-3 codes.750
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T4 Monthly demand 
based charge ($)

T4 Monthly total electricity bills ($)

No standing charge

No data No data
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Income distributions by country and the proportion of the population able to a�ord T4 and T5 electricity access.} The a�ordability threshold is de�ned as electricity expenditure equivalent to 10\% of income. Income distributions are shown for seven selected countries as illustrative examples, while a�ordability results for all 48 countries under the 5\%, 10\%, and 15\% a�ordability thresholds are provided in Supplementary Table 2. The SSA-wide income distribution represents the aggregation of all country-level distributions and is included for illustrative purposes only (see Methods). Countries are labelled using ISO alpha-3 codes.

           SSA
Tier 4: 50%  Tier 5: 15%

           BDI
Tier 4: 1%  Tier 5: <1%

           BEN
Tier 4: 7%  Tier 5: 1%

           KEN
Tier 4: 33%  Tier 5: 4%

           ZWE
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ETH
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Population (in millions)

Actual Electricity Usage by Tiers Tier 1 Tier 2 Tier 3 Tier 4 Tier 5
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Users
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(90.6%)

 67 m
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