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24 1 Abstract

25 Coal-fired power generation is declining at many established sites in South Africa, while 

26 new capacity is being commissioned in drought-exposed parts of the Zambezi basin. 

27 This uneven transition raises concerns about the coincidence of industrial emissions, 

28 extreme heat and socioeconomic vulnerability. We assessed compound air-pollution 

29 and heat risk around coal power plants in Zimbabwe, Botswana and South Africa, 

30 focusing on atmospheric changes associated with the commissioning of Hwange Units 

31 7 and 8 in Zimbabwe in 2023.

32

33 We screened 25 coal-fired power plants using open satellite, meteorological, population, 

34 and health-care accessibility datasets. Seventeen utility-scale plants had detectable 

35 nitrogen dioxide (NO₂) signals and were retained for comparative assessment. Hazard 

36 indicators comprised plant-associated excess tropospheric NO₂ and sulphur dioxide 

37 (SO₂) columns measured by TROPOMI, modelled fine particulate matter (PM₂.₅), 

38 annual days exceeding 35 °C and land-surface heat anomalies. Exposure was 

39 characterised by residential populations within 25 km of each plant, while vulnerability 

40 was represented by young children, older adults and estimated travel time to health 

41 care. These measures were integrated into a compound risk index, with sensitivity 

42 analyses assessing rank stability. An interrupted time-series analysis and placebo-in-

43 space comparison examined pollutant changes at Hwange following the commissioning 

44 of the additional generating units.

45
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46 Pollution trajectories and overlapping climate-related hazards differed substantially 

47 among plants. At Hwange, post-commissioning NO₂ column excess increased by 9.4 

48 µmol m⁻² (95% confidence interval [CI]: 6.9–11.9), an 80% increase, while SO₂ excess 

49 increased by 63.0 µmol m⁻² (95% CI: 37.6–88.4), or 103%. These were the largest 

50 increases among the 17 plants, contrasting with declining signals at most South African 

51 sites. Communities surrounding Hwange experienced approximately 57 days annually 

52 above 35 °C, compared with fewer than two days around plants on the South African 

53 Highveld. Hwange also exhibited a night-time land-surface heat excess of 2.3 °C and an 

54 estimated travel time to health care of 27 minutes, compared with 2–13 minutes near 

55 South African plants. Hwange ranked second among the 17 plants on the compound 

56 risk index, ranging from first to fourth in sensitivity analyses. Lethabo ranked highest, 

57 with approximately 722,000 residents within 25 km. Across all detectable plants, an 

58 estimated 1.86 million people, including 166,000 children under five, lived within 25 km.

59 The pollution excess at Hwange peaked in 2024, coinciding with the greatest annual 

60 frequency of days above 35 °C in the analysed series. 

61

62 This concurrence highlights potential compounding of air-pollution and heat hazards, 

63 but does not establish individual exposure, adverse health outcomes or causation by 

64 the newly commissioned units alone. Satellite column concentrations reflect 

65 atmospheric pollution signals rather than directly measured ground-level exposure; 

66 similarly, the compound index prioritises potential concern rather than estimating 

67 disease burden. By integrating multiple environmental hazards with population 

68 distribution and health-care accessibility, the approach provides a transparent, 
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69 reproducible screening framework to identify communities where new coal capacity 

70 intersects with climatic stress, supporting targeted monitoring, public-health 

71 preparedness and equitable energy-transition planning.

72

73 1.1 Author summary

74 New coal power units are being built in hot, drought-affected parts of southern Africa, 

75 often to make up for hydropower lost to drought. We used freely available satellite and 

76 population data to look at every coal plant in sub-Saharan Africa and asked where air 

77 pollution, extreme heat, many residents, and poor access to health care occur together. 

78 After two new units opened at Hwange in Zimbabwe in 2023, nitrogen dioxide around 

79 the plant rose by about four-fifths and sulphur dioxide doubled, the largest increases of 

80 any plant, while most South African plants declined. People in Hwange live with about 

81 two months a year above 35 °C and travel much further to reach a clinic than people 

82 near South African plants. When pollution, heat, population and access to care are 

83 considered together, Hwange ranks second in the region. Our open approach can help 

84 governments and communities see where new coal adds to climate stress on health.

85

86

87

88

89

90
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92 2 Introduction

93 Air pollution is one of the leading environmental risks to health in Africa, and its burden 

94 is rising with industrial growth, energy demand and urbanisation. (Fisher et al., 2021). 

95 Coal-fired electricity is a concentrated source of nitrogen oxides, sulphur dioxide and 

96 primary particles, and it is also the most carbon-intensive way to generate power. 

97 Across sub-Saharan Africa, the coal fleet is dominated by South Africa, where most 

98 stations are ageing, and their output has fallen during years of breakdowns and load 

99 shedding. (Council for Scientific and Industrial Research, 2025). Elsewhere in the 

100 region, the trend runs the other way. New units have been built or planned in 

101 Zimbabwe, Zambia and Botswana, partly to secure supply when droughts reduce 

102 hydropower on the Zambezi (Conway et al., 2017; Global Energy Monitor, 2024). In late 

103 2022, low water levels in Lake Kariba forced Zimbabwe to cap generation at the Kariba 

104 South station at 300 MW. (Al Jazeera, 2022), and the two new 300 MW units at Hwange 

105 Thermal Power Station were synchronised to the grid in March and June 2023 (Mining 

106 Index, 2023a, 2023b; Techzim, 2023).

107

108 These choices place additional pollution in places that are already among the hottest in 

109 southern Africa. Heat and air pollution act on the same cardiorespiratory pathways, and 

110 their joint effect on mortality can be larger than the sum of their separate 

111 effects.(Anenberg et al., 2020; Rai et al., 2023; Stafoggia et al., 2023) Africa is warming, 

112 heat exposure is increasing, and the capacity to adapt is uneven(Romanello et al., 

113 2024). The exposome concept asks that such exposures be considered together, over 

114 the life course, rather than one pollutant at a time (Vermeulen et al., 2020; Wild, 2005). 
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115 The IPCC risk framework similarly treats risk as the product of hazard, exposure and 

116 vulnerability (IPCC, 2022). Applied to coal plants, this means asking not only how much 

117 a plant emits, but how many people live near it, how hot their environment is, and how 

118 well they can reach care.

119

120 Satellite observations make this possible where ground monitoring is sparse. The 

121 TROPOMI instrument on Sentinel-5P measures NO2 and SO2 columns daily at a 

122 resolution of a few kilometres (Theys et al., 2017; van Geffen et al., 2022; Veefkind et 

123 al., 2012)and its NO2 retrievals resolve individual power plants and their changes in 

124 output (Beirle et al., 2019; Goldberg et al., 2019). In Zimbabwe, residents of Hwange 

125 have long raised concerns about dust and smoke from the power station and associated 

126 coal operations, but published measurements are scarce. (The Southern, 2024). No 

127 study has examined how the 2023 expansion changed pollution around Hwange, or 

128 how the risk around Hwange compares with the larger and better studied South African 

129 fleet.

130

131 We therefore asked three questions. First, which coal plants in sub-Saharan Africa 

132 produce a detectable pollution signal from space, and how did that signal change after 

133 mid 2023? Second, did the Hwange expansion increase NO2 and SO2 around the plant, 

134 and how does that change compare with other plants? Third, where do pollution, heat, 

135 population, and limited access to care coincide, and how does Hwange rank on a 

136 compound risk index? We used only open data so that the analysis can be repeated as 

137 new units come online.
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138 3 Materials and methods

139 3.1 Study design and plants

140 This is an ecological, satellite-based exposure study with a quasi-experimental 

141 component. Plants were taken from the Global Power Plant Database version 1.3.0 

142 (Global Energy Observatory et al., 2021), selecting those with coal as the primary fuel in 

143 sub-Saharan Africa (24 plants). Medupi in South Africa (4,764 MW), which the database 

144 omits, was added, giving 25 plants in South Africa, Zimbabwe, Zambia, Botswana, 

145 Namibia, Mauritius, Madagascar, and Niger (Fig. 1). National and provincial boundaries 

146 came from geoBoundaries gbOpen at a fixed release (commit 9469f09) (Runfola et al., 

147 2020). A plant was treated as detectable when it had a capacity of at least 300 MW and 

148 a mean annual NO2 excess (defined below) above 5 µmol m−2 with a t value above 3 

149 across 2019 to 2025. Smaller plants were excluded because their signal could not be 

150 separated from that of the towns or industries around them. All processing used Google 

151 Earth Engine (Gorelick et al., 2017), Python 3.13 (Python Software Foundation, 2024) 

152 and statsmodels (R Core Team, 2024).
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153
154 Fig 1. The shifting coal frontier in southern Africa. Coal plants screened in this study, sized by 

155 capacity and coloured by the change in NO2 excess between July 2018 and February 2023 and July 2023 

156 and September 2026; crosses mark plants that were not detectable or smaller than 300 MW. Plants in 

157 Mauritius, Madagascar and Niger lie outside the map extent and had no detectable signal. Inset: location 

158 in Africa. Boundaries: geoBoundaries gbOpen ADM0 and ADM1; ocean, lakes and inset: Natural Earth. 

159 Lambert azimuthal equal-area projection.

160 3.2 Pollution hazard

161 Tropospheric NO2 columns and SO2 columns came from the TROPOMI offline level 3 

162 products in Earth Engine, which retain NO2 pixels with a quality value above 0.75 

163 (Theys et al., 2017; van Geffen et al., 2022; Veefkind et al., 2012). For each plant, we 

164 averaged columns within 10 km (the near zone) and within a background ring 40 to 80 

165 km from the plant, excluding pixels within 15 km of any screened plant. The excess is 

166 the near-zone mean minus the background mean, in µmol m−2. Subtracting a local 

167 background removes regional influences such as biomass burning, seasonal transport, 
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168 and changes in retrieval version that affect both zones alike (van Geffen et al., 2022). 

169 Annual means were computed for 2019 to 2025 for screening, and monthly means for 

170 July 2018 (NO2) or December 2018 (SO2) to September 2026 for the time series. Fire 

171 activity within 80 km of Hwange was summarised from FIRMS active fire detections to 

172 check whether burning could explain changes there. Fig. 2 maps the mean NO2 column 

173 around every plant. For plant p and period t, the excess is

174 𝛥𝐶𝑝,𝑡 = 𝐶near
𝑝,𝑡 ― 𝐶bg

𝑝,𝑡 (1)

175 where the bars denote mean columns in the near zone and in the background ring, a 

176 local-background contrast of the kind used to isolate point sources in satellite NO2 

177 (Beirle et al., 2019; Goldberg et al., 2019).

178

179 Annual PM2.5 for 2017 to 2022 came from the 1 km Global High Air Pollutants (GHAP) 

180 product (Wei et al., 2023), the same product used in our earlier provincial assessment. 

181 (Nyoni et al., 2026). GHAP does not extend beyond 2022, so PM2.5 describes the 

182 baseline burden around each plant and does not enter the before-and-after analysis. 

183 We report the population-weighted mean within 25 km and the near-zone excess over 

184 the background ring, defined as for NO2.
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185
186 Fig 2. Tropospheric NO2 around each detectable plant. Mean TROPOMI tropospheric NO2 column, 

187 July 2018 to September 2026 excluding the March to June 2023 transition, on one logarithmic scale for all 

188 plants. Labels give the mean annual NO2 excess and its change after mid-2023. Panels are ordered by 
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189 compound risk rank and share a 180 by 180 km extent in the local UTM projection, with the 10, 25 and 50 

190 km buffers (black) and the 40 to 80 km background ring (blue dashed).

191

192 3.3 Heat hazard

193 Daily maximum 2 m air temperature came from ERA5-Land (Muñoz-Sabater et al., 

194 2021). For each plant, we counted days above 35 °C per year, averaged over 2015 to 

195 2024 and weighted by population within 25 km, and estimated the linear trend in annual 

196 mean daily maximum temperature from 1981 to 2024. Local surface heat was 

197 measured with MODIS Terra land surface temperature (MOD11A2, collection 6.1) 

198 (Wan, 2014) as the mean day-night difference between a 5 km zone around the plant 

199 and the background ring for 2019 to 2024. At Hwange, we also counted monthly hot 

200 days for 2018 to 2026 to examine whether pollution and heat coincided in time. Fig. 3 

201 maps the night land surface temperature anomaly, each 1 km cell minus the mean of 

202 the plant's background ring.
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203
204 Fig 3. Night-time heat around each detectable plant. Night land surface temperature anomaly, 2019 to 

205 2024 (MODIS MOD11A2): each 1 km cell minus the mean of the plant background ring. Labels give the 

206 population-weighted number of days a year above 35 °C (ERA5-Land, 2015 to 2024) and the near-plant 

207 night excess. 
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208

209 3.4 Exposure and vulnerability

210 Residential population, children under five and adults aged 65 and over came from the 

211 WorldPop 2020 unconstrained 100 m grids (WorldPop/GP/100m) (Tatem, 2017), 

212 summed within 10, 25 and 50 km of each plant. Totals across plants were computed 

213 from the union of buffers so that people living near more than one plant were counted 

214 once. Travel time to the nearest health facility came from the Malaria Atlas Project 2019 

215 surface (Weiss et al., 2020), weighted by population within 25 km. Vulnerability 

216 combined the share of residents who are under five or 65 and over with this travel time. 

217 All zones were drawn in the local UTM projection of each plant so that buffers are true 

218 circles, and every plant was mapped at the same 180 by 180 km extent (Fig. 4). S1 Fig. 

219 gives one page per plant with the population surface, the change in NO2 after mid-2023, 

220 and night land surface temperature. Population-weighted means of an indicator x over 

221 the cells i within a buffer were

222 𝑥pw = 𝑖
𝑃𝑖 𝑥𝑖

𝑖
𝑃𝑖

(2)

223 where Pi is the population of cell i.
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224
225 Fig 4. Population distribution and analysis zones around each detectable plant. Population density 

226 (WorldPop 2020, 500 m cells) with the analysis zones; labels give the population within 25 km.
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227 3.5 Compound risk index

228 Following the IPCC framework (IPCC, 2022), each detectable plant received hazard, 

229 exposure, and vulnerability scores. Hazard was the mean of five indicators: NO2 excess, 

230 SO2 excess, PM2.5 excess, population-weighted hot days, and night land surface heat 

231 excess. Exposure was the population within 25 km, and vulnerability was the mean of 

232 the two indicators above. Each indicator was scaled from 0 to 1 across the detectable 

233 plants (NO2, SO2 and population after log transformation), and the compound index was 

234 the geometric mean of the three domain scores, so that a plant ranks high only when all 

235 three domains are elevated. We assessed robustness by recomputing ranks with an 

236 arithmetic mean and by leaving out each hazard and vulnerability indicator in turn. 

237 Indicators were normalised as

238 𝑥′𝑘,𝑝 =
𝑥𝑘,𝑝―𝑚𝑖𝑛𝑝𝑥𝑘,𝑝

𝑚𝑎𝑥𝑝𝑥𝑘,𝑝―𝑚𝑖𝑛𝑝𝑥𝑘,𝑝
(3)

239 and combined as

240 𝐻𝑝 =
1

𝑛𝐻 𝑘∈𝐻
𝑥′𝑘,𝑝,𝑅𝑝 = (𝐻𝑝𝐸𝑝𝑉𝑝)1 3 (4)

241 where Ep and Vp are formed in the same way from the exposure and vulnerability 

242 indicators. Min-max normalisation and geometric aggregation follow standard practice 

243 for composite indicators, in which a low score in one domain cannot be fully offset by a 

244 high score in another (IPCC, 2022; OECD & European Commission Joint Research 

245 Centre, 2008).

246 To show how compound risk is distributed around each plant, we also computed a cell-

247 level index on the 1 km grid. For every populated cell (at least one person per km2) 

248 within 50 km of the detectable plants, the mean NO2 column, night land surface 
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249 temperature anomaly, population density and travel time to health care were converted 

250 to percentile ranks q across all such cells, and

251 𝑟𝑖 = 𝑞NO2
𝑖 +𝑞LST

𝑖
2

𝑞pop
𝑖 𝑞acc

𝑖

1 3
(5)

252 mirrors Eq. 4 at the scale of single cells. We report the number of people within 50 km 

253 of each plant who live in cells in the top decile of r. Because hazard and vulnerability are 

254 defined everywhere, we also mapped a continuous risk surface over every cell of each 

255 window, replacing population density in Eq. 5 with the population within reach (density 

256 smoothed with a Gaussian kernel, σ = 3 km) and pooling percentiles over all cells, and 

257 summarised it as the population-weighted mean risk within 25 km. Both cell-level 

258 surfaces are mapped in five classes split at the quintiles of all cells (very low to very 

259 high), so that colours mean the same in every panel.

260 3.6 Hwange expansion

261 The pre-expansion period was July 2018 to February 2023. Unit 7 was synchronised on 

262 20 March 2023, and Unit 8 began supplying power around 9 June 2023 and reached full 

263 output on 13 June (Mining Index, 2023a, 2023b; Techzim, 2023). March to June 2023 

264 was treated as a transition, and July 2023 to September 2026 as the post-expansion 

265 period. We fitted an interrupted time series to the monthly excess, with an indicator for 

266 the post period and calendar-month fixed effects to remove seasonality, using Newey-

267 West standard errors with six lags (Lopez Bernal et al., 2017; Newey & West, 1987):

268 𝛥𝐶𝑡 = 𝛼 + 𝛽Post𝑡 +
12

𝑚=2
𝛾𝑚𝑀𝑚,𝑡 + 𝜀𝑡 (6)

269 where Postt indicates the post-expansion months, Mm,t the calendar-month indicators, 

270 and β the change in excess. Sensitivity analyses added a linear time trend, counted the 
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271 transition months as post, and tested placebo break dates in July 2020, July 2021, and 

272 January 2022 within the pre period.

273

274 To compare Hwange with the rest of the fleet, we estimated a difference-in-differences 

275 across the 17 detectable plants, regressing the log ratio of near-zone to background 

276 NO2 (and the SO2 excess) on plant and month fixed effects and an indicator for the 

277 treated plant after July 2023:

278 ln 𝐶near
𝑝,𝑡

𝐶bg
𝑝,𝑡

= 𝜇𝑝 + 𝜏𝑡 +𝛿 𝐷𝑝 × Post𝑡 + 𝜀𝑝,𝑡 (7)

279 Because only one plant was treated, inference used placebos in space (Abadie et al., 

280 2010): each plant j was assigned the treatment in turn and

281 𝑝 = 1
𝑁

𝑁

𝑗=1
𝟏 𝛿𝑗 ≥ 𝛿Hwange (8)

282 So that with 17 plants the smallest attainable one-sided p-value is 0.059. We also 

283 report, for every plant, the change in mean excess between the same calendar months 

284 before and after July 2023.

285

286 3.7 Conditional health contrasts

287 Satellite columns are not ground-level concentrations, so we did not translate NO2 or 

288 SO2 into health effects. For PM2.5 we estimated a conditional contrast for the near-zone 

289 excess, applying the long-term natural mortality risk ratio of 1.08 (95% CI 1.06 to 1.09) 

290 per 10 µg m−3 from the WHO systematic review (J. Chen & Hoek, 2020; World Health 
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291 Organization, 2021) to residents within 10 km, with national crude death rates averaged 

292 over 2017 to 2019 (World Bank, 2026):

293 𝐴𝐹𝑝 = 1 ― 𝑒―𝛽𝛥PM2.5,𝑝,𝛽 = lnRR
10 ,𝐷𝑝 = 𝐴𝐹𝑝·CDR𝑐

1000·𝑃𝑝 (9)

294 where ΔPM2.5,p is the near-zone excess, CDRc the crude death rate of country c, and Pp 

295 the population within 10 km. This contrast describes what the local PM2.5 excess would 

296 imply if the published function applied; it is not an observed burden and is reported to 

297 show order of magnitude only.

298

299 3.8 Ethics and data availability

300 The study used only open, aggregated environmental and population data and involved 

301 no human participants, so ethics review was not required. All inputs are public, and the 

302 code and derived datasets are archived on Zenodo https://doi.org/10.5281/-zenodo.-

303 23367004  as described in the data availability statement.

304 4 Results

305 4.1 Detectable plants and fleet-wide change

306 Of the 25 plants screened, 17 met the detection criteria: fifteen in South Africa, Hwange 

307 in Zimbabwe and Morupule in Botswana (Fig. 1, S1 Table). Plants in Mauritius, 

308 Madagascar and Niger showed little or no excess; Van Eck in Namibia was 

309 indistinguishable from the urban signal of Windhoek, and Maamba in Zambia (300 MW) 

310 had a mean NO2 excess of only 1.7 µmol m−2. Mean NO2 excess ranged from 6.0 µmol 

311 m−2 at Morupule to 151.3 µmol m−2 at Kriel, and SO2 excess was largest in the 
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312 Lephalale pair, Medupi (1,210 µmol m−2) and Matimba (1,027 µmol m−2). The NO2 fields 

313 in Fig. 2 show compact plumes over the Lephalale pair and Hwange and a regional 

314 haze over the Highveld cluster.

315

316 After mid-2023, the NO2 excess fell at most South African plants (Fig. 5), including 

317 declines of 22% at Tutuka and 55% at Grootvlei, and the SO2 excess fell significantly at 

318 Medupi, Matimba, Kriel, Matla, Kendal and Tutuka. Kusile, a station still being 

319 completed during the study period, was the only South African plant with a clear NO2 

320 increase (+37%). Hwange showed the largest relative increases of any plant for both 

321 pollutants (+78% for NO2 and +101% for SO2 in the same calendar months)

322 .

323
324 Fig 5. Change in pollution excess at each detectable plant after mid-2023. Mean change between 

325 the same calendar months before (July 2018 to February 2023) and after (July 2023 to September 2026) 

326 as a percentage of the pre-period mean, with 95% confidence intervals. Hwange is shown in red.

327
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328 4.2 The Hwange expansion

329 Before the expansion, the NO2 excess over Hwange averaged 11.8 µmol m−2, and the 

330 SO2 excess 60.9 µmol m−2 (Fig. 6). Both rose through the transition and stayed higher 

331 thereafter. Adjusted for season, the NO2 excess increased by 9.4 µmol m−2 (95% CI 6.9 

332 to 11.9; 80%) and the SO2 excess by 63.0 µmol m−2 (37.6 to 88.4; 103%) (Table 1). 

333 Estimates were larger with a linear trend (106% and 106%) and similar when the 

334 transition months were counted as post (75% and 96%). None of the placebo breaks 

335 within the pre-period produced an increase; the July 2020 break showed a decrease in 

336 NO2, reflecting lower levels in 2020 to 2022 than in 2018 and 2019. In the difference-in-

337 differences, Hwange had the largest estimate of the 17 plants for both NO2 and SO2 

338 (placebo-in-space p = 0.059, the smallest attainable). Fire detections within 80 km did 

339 not track the change: 2024, the year with the highest NO2 excess (22.9 µmol m−2), had 

340 fewer fire detections within 80 km than every other full year except 2020.

341

342 The annual NO2 excess was 10.3 µmol m−2 in 2020 to 2022 and 22.9 µmol m−2 in 2024. 

343 In the hottest months of the year, September to November, the NO2 excess averaged 

344 14.2 µmol m−2 before the expansion and 24.0 µmol m−2 in 2023 to 2025. The year 2024 

345 had 94 days above 35 °C at Hwange, the most in the series, so the hottest period on 

346 record in these data coincided with the highest pollution excess (Fig. 6).
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347
348 Fig 6. Pollution and heat at Hwange, July 2018 to September 2026. Monthly NO2 (a) and SO2 (b) 

349 excess over the plant with 12-month running means; dotted lines show pre- and post-period means. 

350 Dashed lines mark the synchronisation of Unit 7 (20 March 2023) and Unit 8 (June 2023), and shading 

351 indicates the transition. (c) Days per month with maximum temperature above 35 °C (ERA5-Land).
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352 Table 1. Change in NO2 and SO2 excess over Hwange after the commissioning of 

353 Units 7 and 8.

Pollutant Model Month
s

Pre 
mean

Change (95% CI) % p

NO2 Primary 95 11.8 9.4 (6.9 to 11.9) 80 <0.001
NO2 With linear trend 95 11.8 12.5 (8.1 to 16.9) 106 <0.001
NO2 Transition counted 

as post
99 11.8 8.8 (6.0 to 11.6) 75 <0.001

NO2 Placebo break 
2020-07

56 13.8 -3.7 (-5.9 to -1.5) -27 0.001

NO2 Placebo break 
2021-07

56 12.2 -1.3 (-4.1 to 1.5) -11 0.354

NO2 Placebo break 
2022-01

56 12.4 -1.8 (-4.3 to 0.6) -15 0.149

SO2 Primary 91 60.9 63.0 (37.6 to 88.4) 103 <0.001
SO2 With linear trend 91 60.9 64.7 (21.5 to 107.9) 106 0.003
SO2 Transition counted 

as post
95 60.9 58.4 (32.6 to 84.2) 96 <0.001

SO2 Placebo break 
2020-07

52 70.3 -16.3 (-37.9 to 5.2) -23 0.138

SO2 Placebo break 
2021-07

52 62.6 -3.6 (-30.2 to 23.1) -6 0.794

SO2 Placebo break 
2022-01

52 65.6 -15.6 (-35.9 to 4.7) -24 0.132

354 Excess is the mean column within 10 km minus the mean in a 40 to 80 km background ring (µmol m−2). 
355 Models include calendar-month fixed effects and Newey-West standard errors (6 lags). Pre: July 2018 to 
356 February 2023; post: July 2023 to September 2026; transition: March to June 2023. Placebo breaks use 
357 pre-period data only.
358

359 4.3 Heat, population and vulnerability

360 Heat exposure differed sharply across the fleet (Fig. 3, Table 2). Residents near 

361 Hwange experienced 57 days a year above 35 °C, compared with 46 near Medupi and 

362 Matimba, 35 near Morupule and fewer than two near every plant on the Highveld. 

363 Hwange also had the largest night-time land surface heat excess of any detectable 

364 plant (2.3 °C), with a daytime excess of 1.3 °C. The long-term warming trend in daily 

365 maximum temperature was weaker at Hwange (0.07 °C per decade, 1981 to 2024) than 

366 on the Highveld (0.38 to 0.50 °C per decade), so the heat hazard at Hwange reflects a 

367 hot climate rather than unusually fast local warming.
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368 In total, 228,000 people live within 10 km, 1,860,000 within 25 km and 4,810,000 within 

369 50 km of the 17 detectable plants, including 166,000 children under five and 90,000 

370 adults aged 65 and over within 25 km. Lethabo, on the edge of the Vaal industrial area, 

371 had the largest population within 25 km (722,000; Fig. 4), followed by Duvha (447,000) 

372 and Kusile (241,000). Hwange had 39,800 residents within 25 km, most of them 

373 (32,900) within 10 km in the town itself. Travel time to health care near Hwange (27 

374 minutes) was more than twice the longest near any South African plant (13 minutes).

375

376 Population-weighted PM2.5 in 2017 to 2022 ranged from 12.6 µg m−3 near Hwange to 

377 31.3 µg m−3 near Lethabo, above the WHO guideline of 5 µg m−3 everywhere (World 

378 Health Organization, 2021). The near-zone PM2.5 excess was small at Hwange (0.4 µg 

379 m−3) and up to 6.8 µg m−3 on the Highveld. Applied to residents within 10 km, the 

380 conditional mortality contrasts for this excess ranged from zero to 11 deaths a year per 

381 plant, with 0.9 at Hwange (S1 Table).
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382 Table 2. Hazard, exposure, vulnerability and compound risk for the detectable 

383 utility-scale coal plants.

Plant Count
ry

MW NO2 SO2 Hot 
days

LST 
night

Populati
on

Trav
el

Inde
x

Rank

Lethabo ZAF 3,708 111.4 412 1 0.6 721,959 2 0.43 1 (1–10)
Hwange ZWE 920 16.1 87 57 2.3 39,783 27 0.33 2 (1–4)
Matla ZAF 3,600 132.6 552 0 -0.4 116,371 6 0.28 3 (2–11)
Tutuka ZAF 3,654 58.8 220 0 0.1 59,431 4 0.27 4 (2–9)
Hendrina ZAF 2,000 67.7 205 0 -0.5 60,111 10 0.26 5 (4–8)
Majuba ZAF 4,110 65.5 342 0 -1.2 37,336 3 0.25 6 (3–14)
Kriel ZAF 3,600 151.3 587 0 0.0 79,365 6 0.25 7 (3–16)
Komati ZAF 1,000 79.1 237 0 -0.3 50,832 13 0.24 8 (5–17)
Kendal ZAF 4,116 82.2 384 0 0.0 66,988 6 0.21 9 (6–13)
Medupi ZAF 4,764 135.0 1,210 46 0.7 49,821 2 0.21 10 (6–13)
Arnot ZAF 2,100 46.8 147 0 -0.7 49,743 8 0.21 11 (8–13)
Matimba ZAF 3,990 107.2 1,027 46 -0.2 49,828 2 0.21 12 (7–14)
Camden ZAF 1,600 19.9 59 0 -0.9 98,493 2 0.21 13 (5–16)
Duvha ZAF 3,600 91.0 334 0 0.7 447,389 2 0.20 14 (7–14)
Kusile ZAF 800 54.5 169 0 -0.6 240,504 2 0.14 15 (11–

15)
Morupule BWA 732 6.0 30 35 -0.7 30,233 12 0.11 16 (15–

17)
Grootvlei ZAF 1,200 12.5 34 0 0.0 33,269 4 0.11 17 (14–

17)
384 NO2 and SO2: mean annual excess, 2019 to 2025 (µmol m−2). Hot days: population-weighted days with 
385 maximum temperature above 35 °C within 25 km, 2015 to 2024. LST night: night land surface 
386 temperature excess, 2019 to 2024 (°C). Population: WorldPop 2020 within 25 km. Travel: population-
387 weighted travel time to health care within 25 km (minutes). Index: geometric mean of hazard, exposure 
388 and vulnerability scores; rank range across leave-one-indicator-out analyses in brackets.
389

390 4.4 Compound risk

391 Lethabo ranked first on the compound index (0.43), driven by exposure, and Hwange 

392 second (0.33), driven by hazard and vulnerability (Table 2, S2 Fig.). Hwange combined 

393 the highest vulnerability score (0.74) with a hazard score (0.55) in the top third of the 

394 fleet. Its rank was stable across sensitivity analyses (first to fourth when indicators were 

395 left out, third with an arithmetic mean), whereas Lethabo ranged from first to tenth and 

396 Duvha from second to fourteenth, because their high exposure scores were offset by 

397 low vulnerability. Morupule had high vulnerability but the weakest pollution signal of the 

398 detectable plants.
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399 The spatial distribution of compound risk shows where these components overlap (Figs 

400 7 and 8). Around Hwange, high-index cells form a continuous zone over the town and 

401 its surroundings, and 20,700 people, 38% of those within 50 km, live in cells in the top 

402 decile of the pooled index. Around the South African plants, the corresponding share 

403 was 0.2 to 9.6%, and around Lethabo, the highest-ranked plant overall, only 0.2%, 

404 because its large population lives close to health care and in a cooler climate.

405

406 The continuous risk surface shows that compound risk is not confined to the plant sites 

407 (Fig. 8). It forms broad high-risk zones across the Highveld cluster and around Hwange 

408 town, whereas the Lephalale pair and Morupule sit in largely low-risk surroundings. The 

409 population-weighted risk within 25 km was highest near Komati (0.50) and Hwange 

410 (0.49), and lowest near Camden (0.23); Lethabo, first on the plant-level index because 

411 of its population, scored 0.26.
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412
413 Fig 7. Spatial distribution of compound exposure around each detectable plant. 
414 Cell-level compound index (Eq. 5) for populated 1 km cells, combining NO2, night heat anomaly, 

415 population density, and travel time to health care as percentile ranks pooled across all plants. Labels give 

416 the plant-level index and the number of people within 50 km who live in top-decile cells. Cells are shown 

417 in five classes split at the quintiles of all plants (very low to very high); unpopulated cells are grey. 
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418
419 Fig 8. Mapped compound risk around each detectable plant. Continuous compound risk surface for 

420 every 1 km cell: geometric mean of hazard (NO2 and night heat percentiles), exposure (population within 

421 reach, density smoothed with a Gaussian kernel of 3 km) and vulnerability (travel time to health care), 

422 with percentiles pooled over all cells of the 17 windows, shown in five quintile classes from very low to 

423 very high. Labels give the population-weighted risk within 25 km.
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424 5 Discussion

425 5.1 A shifting coal frontier

426 Coal pollution in southern Africa is moving. Most South African stations emitted less 

427 after mid-2023, consistent with the fleet's low availability during years of breakdowns 

428 and load shedding. (Council for Scientific and Industrial Research, 2025), whereas the 

429 NO2 excess around Hwange rose by about four-fifths and the SO2 excess doubled after 

430 Units 7 and 8 came online. The increase was immediate, persisted for more than three 

431 years, survived adjustment for season and trend, and was the largest in the fleet. The 

432 new units were built partly to cover hydropower shortfalls on the Zambezi, where the 

433 Kariba catchment shows marked hydroclimatic variability and generation was capped 

434 during the 2022 drought (Al Jazeera, 2022; Conway et al., 2017; Mwangala et al., 

435 2024). Climate stress on the energy system has therefore been converted into 

436 additional air pollution for nearby residents. Hwange is a modest emitter by Highveld 

437 standards, but this does not make its growth unimportant: in the United States, fine 

438 particles formed from coal power plant sulphur dioxide carried 2.1 times the mortality 

439 risk of fine particles from all sources (Henneman et al., 2023), and the doubling of the 

440 SO2 excess at Hwange points to more of this secondary particulate pollution downwind.

441

442 5.2 Where pollution meets heat

443 Hwange is also where the new pollution meets the most heat. Residents experience 

444 about two months a year above 35 °C; the town is the strongest night-time heat island 

445 of any detectable plant, and the pollution excess peaked in 2024, the year with the most 
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446 hot days in our series. Multi-country studies show that heat effects on cardiorespiratory 

447 mortality are stronger when particulate and gaseous pollution are high, and that 

448 pollution effects are stronger on hot days (Anenberg et al., 2020). Long-term NO2 

449 exposure is itself associated with higher mortality, with high certainty for chronic 

450 obstructive pulmonary disease and lower respiratory infections (X. Chen et al., 2024; 

451 Kasdagli et al., 2024). African evidence on these combined exposures is thin: a 2026 

452 systematic review found that only three African case-control studies of air pollution and 

453 respiratory health included temperature and none examined heat and pollution together 

454 (Wright et al., 2026), and a decade of time-series data from Limpopo, the province of 

455 the Lephalale plants, links ambient pollution to cardiovascular and respiratory deaths 

456 (Opiyo et al., 2026). The overlap of pollution and heat that our maps reveal around 

457 Hwange and Lephalale is therefore a gap in evidence as well as a hazard.

458

459 5.3 Unequal exposure and vulnerability

460 The contrast with the Highveld shows why single-pollutant rankings mislead. The 

461 Mpumalanga stations emit far more and sit within larger populations, and they dominate 

462 rankings of pollution or exposure. Their residents, however, experience almost no days 

463 above 35 °C and live within minutes of a health facility. People near Hwange, and to a 

464 lesser extent near Morupule and the Lephalale plants, face the same kinds of exposure 

465 with longer journeys to care and fewer resources to adapt (Fisher et al., 2021; Weiss et 

466 al., 2020). At the cell level, this difference is stark: more than a third of residents within 

467 50 km of Hwange live in the top decile of compound risk, compared with at most one in 

468 ten around any South African plant. Considering exposures together rather than one at 
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469 a time is the central argument of the exposome approach (Vermeulen et al., 2020; Wild, 

470 2005), and the absence of continuous monitoring near African emission sources has 

471 been described as a form of environmental injustice (Jenkins, 2025). Our results 

472 suggest that the communities on the expanding frontier are the least protected on both 

473 counts.

474

475 5.4 Implications for monitoring, policy and research

476 New coal units in hot, drought-exposed areas should come with emission controls, 

477 ground-level monitoring of NO2, SO2 and PM2.5 in nearby towns, and heat and air quality 

478 alerts that are issued together. Health services in Hwange district could plan for 

479 respiratory and cardiovascular demand in the hottest months. Satellite observations 

480 from Sentinel-5P and newer missions are now mature enough to support routine 

481 surveillance of such sources (Beirle et al., 2019; Stratoulias et al., 2024), and because 

482 our approach uses only open data, it can be repeated as Maamba's second phase 

483 (Zambia Monitor, 2024) and other planned units come online. The next step is to link 

484 these hazard maps with ground monitoring and routine health records around Hwange, 

485 so that the compound exposures identified here can be related to measured health 

486 outcomes (Achakulwisut et al., 2019; Khreis et al., 2017)

487 5.5 Strengths and limitations

488 The study combines a fleet-wide screen with a quasi-experimental evaluation, uses a 

489 local background to remove regional influences, counts shared populations once, and 

490 reports every sensitivity analysis. It has important limitations. TROPOMI measures 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


31

491 columns, not concentrations at breathing height, and the excess around a plant includes 

492 co-located sources such as towns, coal mines, coking plants, and traffic; at Hwange 

493 these operations are part of the same coal economy, and at Lethabo the Vaal industries 

494 contribute. The NO2 signal also depends on wind, sunlight, and chemistry, and we did 

495 not estimate emissions with flux methods. Monthly generation data for Hwange are not 

496 public, so we could not relate the satellite signal to output directly. The plant list is 

497 several years old, and the small Bulawayo, Harare and Munyati stations in Zimbabwe 

498 were not included. PM2.5 data ended in 2022, so the mortality contrasts describe the 

499 baseline and are conditional on transferring functions from other populations. The 35 °C 

500 threshold is an absolute marker of hot days and not a locally derived health threshold. 

501 Finally, the index is relative to the plants included, and its weights are a choice; we 

502 addressed this with alternative formulations. The cell-level index uses percentile ranks 

503 pooled across all plants, so it describes relative rather than absolute risk.

504 6 Conclusions

505 Coal pollution in southern Africa is declining at its traditional center and rising at its 

506 frontier. At Hwange, new units commissioned in 2023 increased NO2 and SO2 around a 

507 town that is among the hottest and least served of any coal plant community in the 

508 region, and Hwange ranks second for compound pollution and heat risk. Open satellite 

509 and population data can identify such places early. Energy planning in the Zambezi 

510 basin should treat air quality, heat and health as part of the cost of new coal capacity.
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534 2026b), https://doi.org/10.5281/zenodo.23367004, under the MIT licence (code) and CC 

535 BY 4.0 (derived datasets), and are maintained at https://github.com/Hbnyoni/-hwange-

536 coal-frontiers. Large raster extracts are not redistributed; the archived scripts require 

537 them from the public sources listed here. All inputs are public: Sentinel-5P TROPOMI 

538 tropospheric NO2 and SO2 offline level 3 products https://developers.google.com/earth 

539 engine/datasets/catalog/-COPERNICUS_S5P_OFFL_L3_NO2 and https://developers.-

540 google.com/earth-engine/datasets/-catalog/-COPERNICUS_-S5P_OFFL_L3_-SO2 

541 ERA5-Land daily and monthly aggregateshttps://developers.google.com/earth-

542 engine/datasets/catalog/-ECMWF_ERA5_LAND_-DAILY_AGGR, MODIS MOD11A2 

543 version 6.1 land surface temperature https://developers.google.com/earth-engine-

544 /datasets-/catalog/MODIS_061_MOD11A2) ; FIRMS active fires (https://developers-

545 .google.com/earth-engine/datasets/catalog/FIRMS); WorldPop 2020 population and age 

546 and sex structure https://developers.google.com/earth-engine-/datasets/-

547 catalog/WorldPop_GP_100m_pop); the Malaria Atlas Project travel time to health care, 

548 2019https://developers.google.com/earth-engine/datasets/-catalog/Oxford_MAP-

549 _accessibility_to_healthcare_2019, accessed through its successor asset 

550 projects/malariaatlasproject/assets/accessibility/accessibility_to_healthcare/2019); 

551 GHAP PM2.5 (https://gee-community-catalog.org/projects/ghap/); the Global Power Plant 

552 Database version 1.3.0https://datasets.wri.org/dataset/globalpowerplantdatabase); 

553 geoBoundaries gbOpen boundaries, commit 9469f09 https://github.com/wmgeolab-

554 /geoBoundaries/tree/9469f09); World Bank crude death rates https://data.-

555 worldbank.org/indicator/SP.DYN.CDRT.IN) ; and Natural Earth physical layers 
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556 (https://www.naturalearthdata.com). Earth Engine access requires a free registered 

557 account. No new human, survey, or clinical data were collected.
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