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Abstract: Earlier research in this journal suggests that nuclear power systems have prevented 16 
1.84 million air pollution-related deaths from 1971 to 2009 and could save an additional 7 17 
million deaths by 2050. Building on that work, we take a broader lens that looks at renewable 18 
energy and nuclear power as well as a greater range of energy pathways. We examine via 10 19 
scenarios and two-time frames the varying impact on avoided emissions and avoided mortality 20 
across China, the European Union, India, and the United States. From 2000 to 2020, we 21 
estimate the substitution of fossil fuels by nuclear power has saved 42 million lives and 22 
displaced more than 1,029 GtCO2.  Similarly, substituting fossil fuels with hydropower has 23 
saved 42.1 million lives (slightly more than nuclear power) and avoided 1,098.15 GtCO2. 24 
Finally, other forms of renewable energy have saved another 38 million lives and avoided 1,072 25 
GtCO2.  We project that from 2021 to 2040, nuclear power will save an additional 46.1 million 26 
lives and displace 1,198 GtCO2; hydropower will save a further 46.2 million lives and displace 27 
1,281.47 GtCO2; substituting fossil fuels with other renewable energy will respectively save 28 
an additional 41.2 million lives as well as displace over 1,250 GtCO2. 29 
 30 
Keywords: energy externalities; social costs of energy; energy pathways; nuclear power; 31 
renewable electricity; hydropower  32 
 33 

Introduction 34 

Externalities—the unintended and often unaccounted for side effects of any economic 35 
activity—represent a very vexing policy and technology problem. Many externalities result 36 
from extracting, producing, and using energy fuels or services, but these costs are rarely 37 
reflected in electricity rates1.  Markets often “externalize” negative environmental and social 38 
costs (e.g., hazardous working conditions) and fail to provide or adequately value public goods 39 
(e.g., clean air).  Air pollution, largely from fossil-fueled power plants and the tailpipes of 40 
conventional cars and trucks, is responsible for 4.9 million deaths and 147 million years of 41 
healthy life lost each year2. In comparison, pollution kills three times more people than HIV-42 
AIDS, tuberculosis, and malaria combined3. Lelieveld et al. recently calculated that fossil fuel 43 
combustion alone was responsible for 3.61 million premature deaths per year (with a range of 44 
2.96–4.21 million deaths) globally4. Looking forward across the next 40 years, Shindell et al. 45 
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project that decreased air pollution could lead to 153 million fewer premature deaths 46 
worldwide5. 47 

Low-carbon sources of electricity, notably nuclear power or renewable electricity tend 48 
to produce far fewer externalities per unit of energy delivered, including displaced air pollution 49 
but also enhanced mitigation of climate change. For example, Shindell and Smith note that 50 
phasing out of fossil fuels across electricity, industry, and transport “provides benefits for 51 
climate change mitigation and air quality at essentially all decadal to centennial timescales,” 52 
noting that “even the most aggressive plausible transition to a clean-energy society” has 53 
benefits that outweigh costs6.   Moreover, using historical production data, Kharecha and 54 
Hansen estimated that commercial nuclear reactors around the world prevented 1.84 million 55 
air pollution-related deaths (mainly offsetting particulate matter) from 1971 to 20097. They 56 
argued that these lives saved far eclipse the 4,900 deaths directly attributable to nuclear power 57 
accidents such as those at Chernobyl. Moreover, they concluded that nuclear power could save 58 
an additional 420,000 to 7 million deaths by 2050 if nuclear power expands to substitute for 59 
fossil fuels. 60 

However, the Kharecha and Hansen study was criticized (among other reasons) for 61 
failing to also look at the avoided deaths and greenhouse gas emissions from renewable 62 
energy8. This lacuna is potentially glaring, as renewable energy is also credited with having 63 
significant benefits in terms of displacing air pollution and avoiding climate change.  For 64 
example, each dollar invested in energy efficiency or small-scale renewable energy can 65 
displace nearly seven times as much carbon dioxide as a dollar invested in centralized energy 66 
supply, since the latter take so long to build compared to the former9. McKinsey & Company’s 67 
cost abatement curves have repeatedly affirmed that well-placed investments in efficiency, 68 
waste recycling, geothermal, and small hydro, among others, can cut carbon at a positive cost-69 
benefit ratio (meaning in simpler terms that they pay for themselves)10. Indeed, if one factors 70 
in levelized cost and capacity factors, hydroelectricity could be nine times more effective than 71 
nuclear power in terms of dollar per ton of CO2 avoided; wind energy is about five times better; 72 
and concentrating solar power (CSP) is almost twice as effective11. Modeling examining 73 
decarbonization pathways in the five Nordic economies of Denmark, Finland, Iceland, Norway 74 
and Sweden also noted that total additional estimated costs were more than offset by fuel 75 
savings and avoided health impacts of air pollution12—essentially meaning their low carbon 76 
transitions pay for themselves.  77 

In this study, building on the earlier work from Kharecha and Hansen, we investigate 78 
at the global scale the historical and projected contributions both nuclear power and renewable 79 
energy have made to improvements in public health (via displaced mortality) and 80 
enhancements in climate protection (via displaced greenhouse gas emissions). Utilizing a 81 
similar methodology to Kharecha and Hansen7, and based on raw energy data from BP as well 82 
as our own scenario analysis, we extend their work to include renewables (geothermal, biofuels 83 
& wastes, solar, wind) and hydroelectricity. The data from BP has been instrumental in 84 
providing primary energy composition by energy and fuel from which we have been able to 85 
extract associated equivalent deaths and emissions per TWh of energy consumed. Furthermore, 86 
we run detailed and rigorous analysis for 10 different future scenarios to understudy the varying 87 
impact of different technology configurations on emissions and mortality from 2021-2040. Our 88 
study is important not only for documenting the vast and positive externalities or co-benefits 89 
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of global decarbonization; but also, in pointing the way towards future, more suitable and 90 
valuable modeling that enables countries to better address global inequalities in the energy 91 
system and meet their moral responsibilities at giving their citizens a healthy and rewarding 92 
life13. 93 

Methods 94 

As a starting point, we synthesized from the peer-reviewed literature reliable 95 
estimations of both deaths per TWh from major energy sources (oil, coal, gas, nuclear, hydro, 96 
and other renewables) as well as tons of carbon dioxide equivalent emitted.  These are 97 
summarized in Table 1. These numbers reflect the health and climate impacts of each fuel 98 
source across its entire lifecycle, meaning for coal it includes not only mining deaths or 99 
accidents but also air pollution. For gas, it includes methane leakage from extraction, gas 100 
pipeline accidents, and even air co-emitted air pollution. For renewables, it would include land 101 
use issues as well as emissions related to manufacturing and construction.   102 

Table 1 presents the general mortality and GHG emission factors used in this study. All 103 
come from the peer reviewed academic literature. Mortality factors represent the sum of 104 
accidental deaths and air pollution-related effects. The mortality factor for coal is the mean of 105 
the factors for lignite and coal.  Mean values for emission factors are the midpoints of the 106 
ranges given in the sources, and as mentioned include the full lifecycle for each fuel source 107 
(that is not only direct combustion, but also indirect emissions related to extraction, processing, 108 
transport, etc.). Water pollution is also a significant impact but is not factored into these values.  109 
Same with other environmental impacts such as radioactivity, land degradation, habitat 110 
destruction, or species loss. 111 

To get a sense for projected future emissions and deaths, we then matched these to raw 112 
energy production data from BP’s most recent Statistical Review of World Energy (2019). We 113 
chose this source because it: breaks down energy demand by fuel source; disaggregates energy 114 
demand by geographic region; offers macroeconomic estimations that include energy demand 115 
as a whole (across buildings, industry, agriculture, etc.); and projects future energy demand 116 
outward to 2040 across China, India, the United States and the European Union. 117 

It is critical to highlight that some values presented in Table 1 are dated and relate to 118 
specific location areas that make generalization arduous. For instance, while a mean value of 119 
28.67 deaths/TWh is adopted for the US, EU and India for associated coal mortality, 77 120 
deaths/TWh is adopted for China. The implication of this variation is the possibility for wide 121 
disparity in results of future analysis of any of the considered scenarios. Another concern from 122 
Table 1 is the use of a computed value for geothermal energy associated mortality owing to 123 
lack of any credible value from scientific literature. 124 
 125 

Table 1: Mortality and GHG emission factors used in this study 126 
Energy 
source 

Mean value 
(Range) 

Unit Source Assumptions 
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Oil 18.4 (4.6-73.6) deaths/TWh 14 Data are global and refer to the 
mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. 

778 (no range 
given) 

tCO2-eq/GWh 15 Assumes heavy oil fuel 
utilized through various 
generator and turbine types 

 
Coal 

 
28.67 (7.15-
114) 

 
deaths/TWh 

14 Data are global and refer to the 
mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. 

77 (19.25-308) deaths/TWh 
(China)a 

14 Data are national and refer to 
the mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. 

1045 (909-
1182) 

tCO2-eq/GWh 16 Assumes conventional fuel 
cycles utilizing current (rather 
than best available) technology 
in the United States 

Natural gas 2.821 (0.7-
11.2) 

deaths/TWh 14 Data are global and refer to the 
mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. 

602 (386-818) tCO2-eq/GWh 17 Data are global and account 
for methane leakage 

Nuclear 0.074 (range 
not given) 

deaths/TWh 14 Data are global and refer to the 
mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. For nuclear power, 
they include all 
cancer-related deaths. 

65 (10-130) tCO2-eq/GWh 18 Data is global and assumes a 
mix of light water reactor and 
heavy water reactor fuel cycles  



The positive externalities of decarbonization 5 
 

Hydropower 0.0235 (range 
not given) 

deaths/TWh 19 Data is global and refers to 
onsite fatalities at hydropower 
plants related to an 
unintentional incident or 
event. 

11.5 (10-13 
depending on 
large or micro-
hydro) 

tCO2-eq/GWh 20 Assumes reservoir based 
designs for large hydro and 
run-of-river designs for small 
hydro 

Other 
renewables 

4.63 (1.16 to 
18.5) 

deaths/TWh 
(biomass) 

14 Data are global and refer to the 
mean estimate at 95% 
Confidence Interval. Deaths 
include acute and chronic 
effects. 

0.035 (no 
range given) 

deaths/TWh 
(wind) 

19 Data is global and refers to 
onsite fatalities at offshore and 
onshore wind farms related to 
an unintentional incident or 
event. 

0.0190 (no 
range given) 

deaths/TWh 
(solar) 

19 Data is global and refers to 
deaths related to installation of 
solar as well as operation and 
maintenance  

0.738 deaths/TWh 
(geothermal)b 

* * 

34.1 (0.4 to 
364.8)  
 

tCO2-eq/GWh 
(wind energy)** 

20 Assumes various sizes and 
configurations including 
onshore, offshore, and with 
and without energy storage  

49.9 (1 to 218)  tCO2-eq/GWh 
(solar energy)** 

20 Assumes various sizes and 
configurations including 
decentralized, centralized, 
building integrated, and 
standalone  

27.5 (14-41) tCO2-eq/GWh 
(biomass) 

20 Assumes various sizes and 
configurations including co-
firing with fossil fuels, forest 
wood, short rotation forestry 
and wastes and residues  

38 (no range 
given) 

tCO2-eq/GWh 
(geothermal) 

20 Assumes moderate scale (80 
MW) and a hot dry rock 
design 
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TWh = terawatt-hr, GWh = gigawatt-hr; tCO2-eq = tonnes CO2-equivalent missions, 127 
* Not in the literature, computed using an averaging of its equivalent when matched 128 
with oil, coal, gas, nuclear and hydro (see Appendix A). 129 
**Emissions for solar and wind are equivalent values computed based on full life 130 
cycle analysis (from cradle to grave). 131 
aValues such as this as well as others are timestamped and location dependent and 132 
could be considerably lower in future analysis owning to potential improvements in 133 
processes and technologies. 134 
bThe evaluation as shown in Appendix A may not necessarily hold when other energy 135 
sources are incorporated in computing a value. 136 
 137 

 138 
We converted tons of oil equivalent to TWh using the ratio 1 billion tons of oil 139 

equivalent = 11,630 TWh. We computed avoided deaths as shown in equation (1) while 140 
avoided emissions are computed as shown in equation (2). 141 

 142 
Scenario-x[avoided deaths] = BAU[deaths] – Scenario-x[deaths]  (1) 143 

 144 
Scenario-x[avoided emissions] = BAU[emissions] – Scenario-x[emissions]  (2) 145 

 146 
It should be noted that either results could swing both ways (+/-) (where 1<=x<=10 and 147 
represents the 10 main scenarios considered in this study). 148 
 149 
Scenarios, their description and coding 150 

Ten scenarios as shown in Figure 1 are tested across the four case studies. The 10 151 
scenarios (Sce-1, Sce-2, Sce-3,…, Sce-10) depict unique energy system configurations for each 152 
case study country/region under consideration. Each scenario as shown in Figure 1 represents 153 
a deviation from the business as usual (BAU) scenario via which a primary energy source or a 154 
mixture replaces existing primary energy source(s).  155 

The approach adopted is to compute for each scenario the resulting deaths and 156 
emissions (both historical and projected) to gauge how much deaths/emissions are avoided or 157 
added when benchmarked with the BAU scenario. In presenting the results for the different 158 
scenarios, 4 classifications are considered – deaths by country (1A), deaths by technology (1B), 159 
emissions by country (2A) and emissions by technology (2B). The first classification (1A) 160 
presents stats relating to total deaths with technologies stacked for each of the case studies. 161 
Classification 1B presents stats relating to total deaths with countries stacked while 2A presents 162 
stats relating to emissions generated with technologies stacked. Classification 2B presents 163 
emissions generated with countries stacked.  164 

It must be noted that whichever variable (technology or country) is stacked forms the 165 
dependent variable and is plotted across the timeline being considered. A full description of 166 
the ten scenarios and their codename/abbreviation is shown in Table 2. Table 2 provides further 167 
explanation to Figure 1. 168 
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The discussion of the results involves rigorous analysis of BAU scenarios for both 169 
deaths and emissions obtained across all case studies to provide a useful benchmark for the 170 
trialled scenarios and further validate our policy conclusions. 171 

 172 

Results and Discussion 173 

 In terms of countries, China followed by the United States are the two largest countries 174 
that will experience the most BAU mortalities associated with energy, but also have the most 175 
potential for avoided mortalities by substitution with nuclear power or renewable energy. While 176 
values and identifiers adopted in simulation for this work are valid as at time of writing, it is 177 
important to stress that improvement in processes and technologies as well as radical policy 178 
initiatives in case study areas with respect to energy mix configurations have the potential to 179 
significantly alter our projections. 180 

 181 

 182 
Figure 1: Scenarios, substitutes and replacement description 183 

 184 
Table 2: Scenarios considered and their description 185 

Scenario Description Substitute(s) Replaced Code 
Scenario 1 Nuclear substitutes for oil, gas, and 

coal (all other sources remaining 
BAU) 

Nuclear Oil, gas and 
coal 

Nu4FF 
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Scenario 2 Hydro and RES (exc. Hydro) at 50% 
contribution each substitute for oil, 
gas, and coal (all other sources 
remaining BAU) 

Hydro, RES Oil, gas and 
coal 

HRES4FF 

Scenario 3 RES (exc. Hydro) substitutes for oil, 
gas, and coal (all other sources 
remaining BAU) 

RES Oil, gas and 
coal 

RES4FF 

Scenario 4 Hydro only substitutes for oil, gas, 
and coal (all other sources remaining 
BAU) 

Hydro Oil, gas and 
coal 

H4FF 

Scenario 5 Hydro substitutes for nuclear (all 
other sources remaining BAU) 

Hydro Nuclear H4Nu 

Scenario 6 RES (exc. Hydro) substitutes for 
nuclear (all other sources remaining 
BAU) 

RES Nuclear RES4Nu 

Scenario 7 Hydro and RES (exc. Hydro) 
substitutes for nuclear (all other 
sources remaining BAU) 

Hydro, RES Nuclear HRES4Nu 

Scenario 8 Nuclear substitutes for hydro (all 
other sources remaining BAU) 

Nuclear Hydro Nu4H 

Scenario 9 Nuclear substitutes for RES (exc. 
Hydro) (all other sources remaining 
BAU) 

Nuclear RES Nu4RES 

Scenario 10 Nuclear substitutes for hydro and 
RES (exc. Hydro) (all other sources 
remaining BAU) 

Nuclear Hydro, RES Nu4HRES 

 186 
Mortality 187 

 BAU mortality by country shows China leading the pack with 27.8 million historical 188 
deaths and a projected 31.6 million deaths between (2001-2040). Highest mortality decline is 189 
observed within the EU where deaths fall by as high as 31% between historical and projected 190 
values. A common observation across all considered case study locations is that BAU 191 
operations for both historical and projected timeframes are at worst case scenarios. With 192 
regards to technology, coal, oil and gas contribute the highest to mortalities both historically 193 
and projected at 77.3%-74.7% (coal), 20.7%-20.7% (oil) and 1.6%-2.4% (gas) respectively. 194 
While India has the lowest deaths historically, the EU is projected to achieve the lowest deaths 195 
between 2001-2040. In all timeframes (historical and projected), solar generates the least 196 
mortality of 82 and 755 deaths respectively. 197 
 198 
BAU mortality by country 199 

Table 3 presents the cumulative BAU historical and projected deaths for the US, EU, 200 
China and India for 2000 – 2020 (historical) and 2021 – 2040 (projected). While China has the 201 
highest deaths for both historical and projected cases, the EU achieves the most significant 202 
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reduction in deaths of 31% between the historical and projected cases. Another significant 203 
observation from Table 3 is India with a 177% increase in deaths between historical and 204 
projected cases. This significantly outstrips the modest growth in mortality rates for China and 205 
overall mortality increase of 12%.  206 

 207 
Table 3: Cumulative BAU historical and projected deaths by country/region 208 

Country/Region US EU China India Total 
Historical* 2000-2020 7,003,244 4,917,741 27,817,482 2,504,519 42,242,986 
Projected** 2021-2040 5,320,620 3,414,605 31,593,920 6,938,740 47,267,885 

% change 24% 30.6% 13.6% 177% 11.9% 
Represents increase while  represents decrease. 209 

 210 
Avoided mortality by country 211 

Table 4 presents the avoided deaths or additional deaths caused for each case study 212 
country/region for 3 scenarios – maximum, minimum and average all benchmarked against 213 
BAU for historical consideration (2000-2020) and projected consideration (2021-2040) 214 
respectively. One major observation from Table 4 is that BAU deaths for all considered 215 
countries/regions is dangerously close to the maximum scenario deaths. Another observation 216 
is that while the US and EU maintain BAU deaths at 98% and 97.2% of the maximum scenario 217 
for projected deaths, BAU death for China increases from 93.8% of maximum scenario deaths 218 
(for historical deaths) to 99.6% of maximum scenario deaths (for projected deaths). 219 
   220 

Table 4: Historical and projected avoided/(generated) deaths 2000-2040 221 
Country/region (Historical 2000-

2020) 
US EU China India 

Maximum 
scenario 

(RES4Nu) 

Deaths 7,144,491 5,060,309 29,537,598 2,510,229 
Avoided/(generated) (141,247) (142,568) (1,720,115) (5,710) 

% change 2% 2.9% 6.2% 0.2% 
Minimum 
scenario 
(H4FF) 

Deaths 64,600 69,170 31,225 12,973 
Avoided/(generated) 6,938,644 4,848,571 27,786,258 2,491,546 

% change 99.1% 98.6% 99.9% 99.5% 
Average 
Scenario 

Deaths 4,462,020 3,133,910 16,875,754 1,577,974 
Avoided/(generated) 2,541,224 1,783,831 10,941,729 926,545 

% change 36.3% 36.3% 39.3% 37% 
Country/region (Projected 2021-

2040) 
US EU China India 

Maximum 
scenario 

(RES4Nu) 

Deaths 5,425,700 3,508,540 31,714,765 6,971,085 
Avoided/(generated) (105,080) (93,935) (120,845) (32,345) 

% change 2.0% 2.8% 0.4% 0.5% 
Minimum 
scenario 
(H4FF) 

Deaths 262,015 262,215 325,660 226,855 
Avoided/(generated) 5,058,605 3,152,390 31,268,260 6,711,885 

% change 95.1% 92.3% 99.0% 96.7% 
Average 
Scenario 

Deaths 3,473,230 2,229,415 19,286,275 4,409,235 
Avoided/(generated) 1,847,390 1,185,190 12,307,645 2,529,505 

% change 34.7% 34.7% 39.0% 36.5% 
 222 
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To further demonstrate the closeness between BAU and maximum scenario deaths, 223 
Figures 2 and 3 are presented. Figure 2 (a-d) presents the time series BAU death plot while 224 
Figure 3 (a-d) presents the time series maximum scenario death plot for each country/region 225 
under review. 226 

 227 
BAU mortality by technology  228 

To critically appraise the performance and dynamics of various energy generation 229 
technologies in contributing to the overall mortality for each country/region under review, 230 
Table 5 is presented. Table 5 highlights the cumulative BAU historical (2000-2020) and 231 
projected (2021-2040) deaths associated with each technology (combined for the US, EU, 232 
China and India) and the change over time (in percentage terms). Coal, oil and gas maintain 233 
their contribution to deaths historically and projected at 77.3%-74.7% (coal), 20.7%-20.7% 234 
(oil) and 1.6%-2.4% (gas) respectively.  235 

 236 

 237 
Figure 2: Time series BAU scenario deaths for (a) USA, (b) EU, (c) China and (d) India 238 

 239 
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 240 
 241 

Figure 3: Time series maximum scenario deaths for (a) USA, (b) EU, (c) China and (d) India 242 
 243 

Table 5: Cumulative BAU historical and projected deaths by technology 244 
  Historical deaths 

(2000-2020) 
Projected deaths 

(2021-2040) 
% change 

T
ec

hn
ol

og
ie

s 

Oil 8,750,347 9,778,365 11.7% 
Gas 694,124 1,127,785 62.5% 
Coal 32,650,884 35,321,385 8.2% 
Geothermal 623 7,060 1,033.2% 
Biofuels & Wastes 138,074 1,019,315 638.2% 
Solar 82 755 820.7% 
Wind 277 1,805 551.6% 
Nuclear 6,943 8,675 24.9% 
Hydro 1,632 2,745 68.2% 

 Total 42,242,986 47,267,890 11.9% 
 245 

Additionally, there is significant contribution from biofuels & wastes to projected 246 
deaths estimated at 2.2%. This is due in large part to the projected increase in participation of 247 
biofuels & waste in primary energy generation. The most significant change in deaths 248 
contribution from Table 5 is observed from Geothermal with a projected 1,033% increase in 249 
deaths. Figure 4 which is a time-series plot expatiates further by highlighting the historical and 250 
global outlook for coal, oil, gas and geothermal. 251 
 252 



The positive externalities of decarbonization 12 
 

Avoided mortality by technology  253 
Table 6 presents the historical and projected deaths for the maximum scenarios for all 254 

considered technologies (excluding coal, gas and oil) and benchmarked against BAU. The 255 
reason for the non-consideration of minimum and average cases is due to these considered 256 
technologies having multiple scenarios where they are fully replaced. Also, the non-257 
consideration of coal, gas and oil is based on their binary status (BAU or being replaced). They 258 
do not act as substitute in any scenario. Unlike classification 1A, classification 1B evidences 259 
that exploitation of renewables as well as nuclear and Hydro is still lagging especially 260 
considering historical figures. Table 6 shows a significant reduction in the difference between 261 
maximum case scenarios and BAU. With respect to deaths, Biofuels and wastes contribute the 262 
most deaths of (4,183,843 and 1,197,581) with solar (3,099 and 885) and wind (8,036 and 263 
2,008) having the least deaths for both historical and projected considerations respectively. 264 
 265 
Greenhouse gas emissions 266 

Similar to mortality rates, BAU emissions by country shows China having the highest 267 
emissions for both historical (440 GtCO2) and projected (574 GtCO2) timeframes. Significant 268 
decrease in emissions is observed for the US (13%) and the EU (27%) with increase observed 269 
across China (31%) and India (173%). It is observed that the increase in emissions are majorly 270 
from the Global South regions (China and India) with the decrease from the Global North 271 
region (US and EU). With regards to technology, coal, oil and gas contribute 99% of emissions 272 
both historically and projected. 273 
 274 

 275 
Figure 4: Time-series BAU deaths plot for (a) Coal, (b) Oil, (c) Gas and (d) Geothermal 276 

 277 
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Table 6: Cumulative historical and projected avoided/(generated) deaths by technology 2000-278 
2040 279 

Historical 
(2000-2020) 

 Geothermal Biofuels & 
Wastes 

Solar Wind Nuclear Hydro 

 
Maximum 
scenario 

Deaths 27,632 4,183,843 3,099 8,036 102,469 22,503 
Avoided/(generated) (27,000) (4,045,769) (3,017) (7,759) (95,526) (20,871) 

% change 4,333.9% 2,930.1% 3679.3% 2801.1% 1375.9% 1278.9% 
Scenario RES4FF RES4FF RES4FF RES4FF Nu4FF H4FF 

Projected 
(2021-2040) 

 Geothermal Biofuels & 
Wastes 

Solar Wind Nuclear Hydro 

 
Maximum 
scenario 

Deaths 41,780 5,987,905 4,425 10,040 123,270 29,750 
Avoided/(generated) (34,720) (4,968,590) (3,670) (8,235) (114,595) (27,005) 

% change 415.5% 414.9% 414.7% 410.1% 464.8% 453.9% 
Scenario RES4FF RES4FF RES4FF RES4FF Nu4FF H4FF 

 280 
A decline in individual contribution to overall emissions is observed specifically for 281 

coal (53% to 49%%) and oil (33% to 31%) with gas (13% to 18%) and other technologies 282 
having significant increase. In all timeframes (historical and projected), geothermal generates 283 
the least emissions of 0.03 GtCO2 and 0.35 GtCO2 of GHG respectively. 284 

 285 
BAU emissions by country  286 

Table 7 presents the cumulative BAU historical and projected emissions for the US, 287 
EU, China and India. It is observed from Table 7 that of the computed total cumulative BAU 288 
historical emissions of 1,121.2 GtCO2, China contributes 39% while the US, EU and India each 289 
contribute 30%, 22% and 9% respectively. However, projected cumulative BAU emissions 290 
show China still maintaining the lead at 44% but with India overtaking EU and tagging close 291 
to the US. Reduction is further observed between historical and projected emissions for only 292 
the US and the EU.  293 

 294 
Table 7: Cumulative BAU historical and projected emissions (GtCO2) by country/region 295 

Country/Region US EU China India Total 
Historical* 2000-2020 340.3 241.9 439.9 99.1 1,121.2 
Projected** 2021-2040 296.5 177.5 574 270.5 1,318.5 

% change 12.9% 26.6% 30.5% 173% 17.6% 
Represents increase while  represents decrease. 296 

 297 
Avoided emissions by country  298 

To gauge historical and projected BAU emissions levels and understand how much 299 
leeway exists in terms of possible adjustment, 3 extremities – maximum, minimum and average 300 
are computed and benchmarked against the BAU values. Table 8 presents the results for these 301 
extremities for both historical and projected emissions. Table 8 shows that current and 302 
projected emission levels are already at their worst-case or lie dangerously close to their worst-303 
case scenarios. For instance, India’s historical emissions are currently at 99.7% of Nu4HRES. 304 
This resonates with similar values obtained for US (99.6%), EU (99.3%) and China (99.5%) 305 
respectively. With regards to avoided emissions, the minimum scenario (H4FF) offsets the 306 
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highest emissions (1,281 GtCO2) in all case study areas compared to 498 GtCO2 offset under 307 
the average scenario. 308 
 309 

Table 8: Historical and projected avoided/(generated) emissions in GtCO2 2000-2040 310 
Country/region (Historical 2000-

2020) 
US EU China India 

Maximum 
scenario 

(Nu4HRES) 

Emissions 341.5 243.5 442 99.4 
Avoided/(generated) (1.2) (1.6) (2.1) (0.3) 

% change 0.4% 0.7% 0.5% 0.3% 
Minimum 
scenario 
(H4FF) 

Emissions 8.2 7.2 6.2 1.4 
Avoided/(generated) 332.1 234.7 433.7 97.7 

% change 97.6% 97.0% 98.6% 98.6% 
Average 
Scenario 

Emissions 210.6 150.3 270.8 60.9 
Avoided/(generated) 129.7 91.6 169.1 38.2 

% change 61.9% 62.1% 61.6% 61.5% 
Country/region (Projected 2021-

2040) 
US EU China India 

Maximum 
scenario 

(Nu4HRES) 

Emissions 299.5 181 581.5 273 
Avoided/(generated) (3) (3.5) (7.5) (2.5) 

% change 1% 2% 1.3% 0.9% 
Minimum 
scenario 
(H4FF) 

Emissions 9 7.5 15.5 5.5 
Avoided/(generated) 287.5 170 558.5 265 

% change 97% 95.8% 97.3% 98% 
Average 
Scenario 

Emissions 185 111.5 357 167 
Avoided/(generated) 111.5 66 217 103.5 

% change 37.6% 37.2% 37.8% 38.3% 
 311 

To further demonstrate the closeness between BAU and maximum scenario emissions 312 
and further evidence the varying proportion in emissions reduction between historical and 313 
projected values for all considered case study areas, radar plots as shown in Figure 5 (a-b) are 314 
presented. 315 

 316 
BAU emissions by technology 317 

The contribution of various primary energy sources to emissions varies across 318 
technologies and also across the considered case study areas (owing to varying levels of 319 
exploitation). Table 9 highlights the cumulative BAU historical (2000-2020) and projected 320 
(2021-2040) emissions (GtCO2) associated with each technology (combined for the US, EU, 321 
China and India) and the change over time (in percentage terms). It is observed from Table 9 322 
that Coal, oil and gas maintain their contribution to emissions both historically and projected 323 
at 53.1%-48.9% (coal), 33%-31.4% (oil) and 13.2%-18.2% (gas) respectively. Also observed 324 
from Table 9 is the increase in associated emissions for renewables - geothermal (1,067%), 325 
biofuels & wastes (650%), solar (900%) and wind (567%). The importance of gas in meeting 326 
primary energy needs is also observed. 327 

 328 
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 329 
Figure 5: BAU benchmarked extremities plots for (a) historical emissions and (b) projected 330 

emissions 331 
 332 

For instance, while it contributes 13% of historical emissions, it increases to 18% for 333 
projected emissions (despite a considerable decrease of 62% between historical and projected 334 
values). The most significant change in emissions contribution from Table 9 is observed from 335 
geothermal with a projected 1,067% increase in associated emissions. Figure 6 is a time-series 336 
plot that further expatiates on the historical and global outlook for geothermal, biofuels & 337 
wastes, solar and wind with respect to emissions generation under BAU considerations. 338 

 339 
Table 9: Cumulative BAU historical and projected GHG emissions by technology 340 

  Historical emissions 
(2000-2020) 

Projected emissions 
(2021-2040) 

% change 

T
ec

hn
ol

og
ie

s 

Oil 370 413.5 11.8% 
Gas 148.1 240.5 62.4% 
Coal 594.9 645 8.4% 
Geothermal 0.03 0.35 1,066.7% 
Biofuels & Wastes 0.8 6 650% 
Solar 0.2 2 900% 
Wind 0.3 2 566.7% 
Nuclear 6.1 7.5 23% 
Hydro 0.8 1.5 87.5% 

 Total 1,121.20 1,318.5 17.6% 
 341 
 342 
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 343 
Figure 6: Time-series BAU emissions plot for (a) Geothermal, (b) Biofuels & wastes, (c) 344 

Solar and (d) Wind 345 
 346 
Avoided emissions by technology 347 

Table 10 presents the historical and projected deaths for the maximum scenarios for all 348 
considered technologies (excluding coal, gas and oil) and benchmarked against BAU. The 349 
reason for the non-consideration of minimum and average cases is due to these considered 350 
technologies having multiple scenarios where they are fully replaced. Also, the non-351 
consideration of coal, gas and oil is based on their binary status (BAU or being replaced). They 352 
do not act as substitute in any scenario. Additionally, both tables evidence that exploitation of 353 
renewables as well as nuclear and Hydro is still lagging especially considering historical 354 
figures. 355 

 356 
Table 10: Cumulative historical and projected avoided/(generated) emissions in GtCO2 by 357 

technology 2000-2040 358 
 Historical (2000-

2020) 
Geothermal Biofuels & 

Wastes 
Solar Wind Nuclear Hydro 

 
Maximum 
scenario 

Emissions 1.4 24.9 8.1 7.8 90 15.6 
Avoided/(generated) (1.37) (24.1) (7.9) (7.5) (83.9) (14.8) 

% change 137% 2410% 790% 750% 8390% 1480% 
Scenario RES4FF RES4FF RES4FF RES4FF Nu4FF H4FF 

 Projected (2021-2040) Geothermal Biofuels & 
Wastes 

Solar Wind Nuclear Hydro 

 
Maximum 
scenario 

Emissions 2 35.5 11.5 7.5 81.5 14.5 
Avoided/(generated) (1.65) (29.5) (9.5) (5.5) (74) (13) 

% change 471.4% 491.7% 475% 275% 986.7% 866.7% 
Scenario RES4FF RES4FF RES4FF RES4FF Nu4FF H4FF 
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 359 
As is expected, the maximum scenario for the considered technologies is the scenario 360 

where considered technology fully displaces the major fossil-based technologies (coal, oil and 361 
gas). For instance, Table 10 shows that RES4FF, Nu4FF and H4FF are the maximum scenarios 362 
for renewables (geothermal, biofuels & wastes, solar and wind), nuclear and hydro 363 
respectively. With respect to historical emissions contributions, biofuels and wastes lead the 364 
pack with 24.9 GtCO2 while Nuclear with 81.5 GtCO2 is estimated to contribute the most for 365 
projected emissions. 366 
 367 
Discussion and sensitivity analysis 368 

Scenarios 2 (HRES4FF) and 7 (HRES4Nu) which are hybrid scenarios of substitutes 369 
(Hydro and Renewables) allow for varying degrees of participation of substitutes to understudy 370 
how deaths and emissions are influenced. Two extremities are considered each for HRES4FF 371 
and HRES4Nu. The first extremities (HRES4FFH and HRES4NuH) assume 90% Renewables 372 
and 10% Hydro while the second extremities (HRES4FFL and HRES4NuL) assume 10% 373 
Renewables and 90% Hydro. Considering that the extremes of HRES4FF will be RES4FF and 374 
H4FF while for HRES4Nu it will be RES4Nu and H4Nu, we plot a comparison graph to 375 
properly situate these in-between scenarios. 376 

Figures 7 and 8 present radar plots that attempt to show how deaths (including avoided 377 
and generated deaths) and emissions (including avoided and generated emissions) vary for the 378 
selected scenarios. From Figure 6, all considered scenarios excluding RES4Nu, HRES4NuL, 379 
HRES4NuH and HRES4Nu result in net reductions in deaths (when benchmarked with BAU). 380 
On the contrary, all considered scenarios result in net reductions in emissions when 381 
benchmarked against BAU as shown in Figures 9 and 10. 382 
 383 

 384 
Figure 7: Total and avoided/generated deaths for selected scenarios 385 

 386 
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 387 
Figure 8: Total and avoided/generated emissions for selected scenarios 388 

 389 
To further situate the performance of all scenarios considered in this study, we show 390 

the time series progression for both death and emissions between 2000 – 2040 in Figures 8 and 391 
9 respectively. As is observed from Figure 8, there is a decline in deaths for all scenarios except 392 
Nu4FF, HRES4FFH, HRES4FF, HRES4FFL, RES4FF and H4FF. Figure 9 however shows an 393 
increase in emissions for all scenarios. 394 

 395 
 396 

 397 
Figure 9: Death profile for all scenarios between 2000 – 2040 398 

 399 
 400 
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 401 
Figure 10: Emissions profile for all scenarios between 2000 – 2040 402 

 403 
Figure 11 presents a bubble plot of all considered scenarios using levelized values of emissions 404 
generated and deaths caused from 2000 - 2040. Baseline values for emissions and death is 405 
2,439.63 GtCO2 and 89,510,870 respectively. Two distinct clusters are clearly observed from 406 
Figure 11. The first cluster (fossil fuels displaced) shows that a displacement of fossil fuels 407 
with almost any combination of low-carbon technologies achieves significant reduction in 408 
emissions generated and deaths compared to the second cluster, which would be far less 409 
effective.  This creates a strong policy imperative to place technology trajectories and 410 
emissions pathways congruent with the first cluster of scenarios rather than the second.  411 
 412 

 413 

 414 
  Note: bubble size has been determined as LD/LE 415 

Figure 11: Bubble plot for all scenarios using levelized values for carbon emissions 416 
(LE) and avoided deaths (LD) 417 
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  418 
Implications 419 

This study has rigorously examined the varying impact of different combination of 420 
generation technologies on deaths and emissions across major energy producers globally – US, 421 
EU, China and India. Using two major time frames – historical (2000–2020) and projected 422 
(2020 -2040), this study has shown that maintaining BAU conditions will result in at least 42.2 423 
million and 47.3 million deaths for the historical and projected windows respectively. 424 
Similarly, emissions for the BAU scenario across both windows will be 1,121.2 GtCO2 and 425 
1,318.5 GtCO2 respectively. As Tables 11 and 12 summarize, this creates ample opportunity 426 
for nuclear energy to save 88.1 million lives, hydropower to save a total of 88.3 million lives, 427 
and other renewables 79.2 million lives. Similarly, all three classes of technology can save 428 
significant amounts of carbon (all more than 2.2 GtCO2). Renewables (excluding Hydro) and 429 
hydroelectricity by itself also displace more emissions than nuclear power over the period 430 
examined.  431 

 432 
Table 11: Summary results for lives saved by low-carbon technologies 2000-2040 433 

 Total lives saved  2000-2020 2021-2040 
Nuclear 88.1 million 42 million 46.1 million 
Res (exc Hydro) 79.2 million 38 million 41.2 million 
Hydro 88.3 million 42.1 million 46.2 million 

 434 
 435 

Table 12: Summary results for avoided emissions (in GtCO2) by low-carbon 436 
technologies 2000-2040 437 

 Total avoided emissions 2000-2020 2021-2040 
Nuclear 2,227.72 GtCO2 1,029.09 GtCO2 1,198.63 GtCO2 
Res (exc Hydro) 2,322.42 GtCO2 1,072.09 GtCO2 1,250.33 GtCO2 
Hydro 2,379.63 GtCO2 1,098.15 GtCO2 1,281.47 GtCO2 

 438 
In examining the extremities of deaths and emissions for the four considered case study 439 

locations, four important observations are made. First, results obtained for BAU and maximum 440 
or worst-case scenarios for both deaths and emissions are very close. As observed in this study, 441 
historical BAU deaths are currently at 98%, 97.2%, 93.8% and 99.8% of the worst-case or 442 
maximum scenario deaths for US, EU, China and India respectively. 443 

In a similar vein, BAU emissions are currently at 99.6%, 99.3%, 99.5% and 99.8% of 444 
maximum or worst-case scenario emissions. A closer look at projected scenarios reveals similar 445 
values. The implication of this reinforces urgency among considered case study regions to be 446 
more aggressive in achieving significant decarbonisation of their energy systems to meet the 447 
targets of the 2015 Paris Agreement as well as net-zero emission targets. 448 

Second, it is observed that even within renewable sources of energy, the need arises to 449 
more carefully distinguish between renewable energy sources in terms of their potential at 450 
avoiding deaths or emissions. One example is an extreme variation between deaths and 451 
emissions rates. That is, some of the technologies with the greatest potential to avoid emissions 452 
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(e.g., Biomass) can have high deaths. While Biofuels & Wastes have emissions values that are 453 
about 81% that of wind, the death rate for Biofuels & Wastes is more than 13000% greater than 454 
that of wind. The implication of this extreme variation is the lurking possibility of trade-offs 455 
between mitigating climate change (avoided emissions) and improving public health (avoiding 456 
deaths). Optimal energy system planning may need to carefully consider both reductions in  457 
deaths and emissions to reach an optimal balance insofar as the energy-health-climate nexus is 458 
concerned. 459 

Third, despite a declining contribution of major fossil fuel sources such as oil and coal 460 
in primary energy generation, projections show natural gas maintaining a significant role as a 461 
primary energy source. For instance, while gas is estimated to contribute 13.2% of historical 462 
emissions, computed projections show it increasing its share of emissions to 18.3%. This is 463 
despite a considerable decrease of about 62% between historical and projected values. A reason 464 
for this may be hinged on the ability of gas to help balance the intermittency of some renewable 465 
energy sources, notably wind and solar, and to also assist with compressed air energy storage. 466 
However, caution is advocated to ensure gas serves as a transitory energy provider rather than 467 
acting as a permanent replacement. 468 

Fourth, the increasing rate of emissions observed for both China and India which are 469 
representative of the global south reinforce the need for a more concerted effort by all parties 470 
across the north/south divide in driving sustainable electrification and energization policies in 471 
the global south. This is necessary to avoid increased energy demand from the global south 472 
negatively impacting global climate change agenda. 473 

Our projections suggest that going forward, renewable energy saves more 474 
lives/emissions in the 2021-2040 period than the 2000-2020 period. A reason for this is due to 475 
increasing energy demand growth from the global south (represented by China and India in 476 
this research) which far outpaces energy demand growth from the global north (represented by 477 
the EU and US in this study). Considering that the global south will form the bulk of future 478 
energy increases over the next decades, this region presents even greater future potential for 479 
exploiting diversified energy system mixes including just and sequential displacement 480 
decarbonization policy initiatives that focus on more exploitation of renewables in sufficiently 481 
displacing primary fossil fuel sources within this region. 482 
  483 
Limitations of study 484 

In many ways, our study is exploratory and justifies more sophisticated analysis.  Many 485 
major limitations exist in this study and will form major basis for improvement of this work.  486 
First, financial factors such as investment, capital costs, or even levelized costs of energy has 487 
not been factored in any of the considered scenarios. Considering that the reorganisation of 488 
future energy systems based on an optimal combination that can achieve significant reductions 489 
in mortality and emissions will rely on cost, future studies can examine how countries balance 490 
the cost implications with emissions targets. It is also imperative to highlight the fact that our 491 
analysis makes use of variables which are in some instances timestamped and location 492 
dependent. This implies that future analysis of any of the scenarios considered in our work may 493 
produce dramatically different results, possibly outside the ranges provided. 494 
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Second, renewable energy resources (such as wind or solar energy) are often 495 
intermittent in nature. This implies that its availability and abundance is location specific. 496 
Future studies can also explore how location plays prominent role in influencing the technology 497 
options countries adopt in diversifying their energy mix. Third, our use of general impact 498 
factors to estimate health and climate impacts of different energy choices (the same approach 499 
as Karecha and Hansen, whom we build on) is a necessary oversimplification.  500 

Impacts of different energy sources can vary for a number of reasons both related to the 501 
energy technology, and the study methodology. As just one example, the health impacts of 502 
those emissions can vary based on meteorology and proximity of populations downwind. As 503 
another, emissions can vary due to fuel quality and presence or absence of controls. As yet 504 
another, our health impact factors do not necessarily capture cross-region transfer of air 505 
pollution. Fourth, as per Karecha and Hansen, we rely on the peer reviewed literature which 506 
means the impact factors given have varying system boundaries in what is considered an impact 507 
and particular assumptions about the properties of the technology itself, and the location where 508 
a certain technology tends to be deployed.  We encourage future researchers to take up these 509 
considerations in more refined modeling exercises. 510 

 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
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Appendix A: Generation of death rates for geothermal energy 614 

 615 
Considering the difficulty in accessing a value for associated deaths due to geothermal as a 616 
primary energy source, we employ a basic method as shown in equations (3) and (4). 617 
 618 
The following are assumed: 619 

• (gCO2-eq/kWhe) is available for oil, coal, natural gas, nuclear, and geothermal. 620 
• Death per TWh is available for only oil, coal, natural gas, and nuclear. 621 

 622 

The idea is to estimate the death per TWh due to geothermal based on the two assumptions 623 
above. 624 

1. Determination of the ratio (𝑅!"!#$%&) of gCO2-eq/kWhe due to other 625 
technologies and that due to geothermal as: 626 

𝑅!"!#$%&(𝑖) = 	
'!"!–%)/+,-%		&/	0%1-	2

'!"!–%)/+,-%		&/	3%&4-%5678
              (3) 627 

 628 
2. Assuming a direct proportion between CO2 emissions and emission-related 629 

deaths across generation technologies, an average estimate of deaths due to 630 
geothermal (𝐷$%&#79%) is estimated based on deaths due to the four other 631 
technologies as: 632 
 633 
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𝐷$%&#79% = ∑ :"#$%(2)
=&'!()#*(2)

>
2?@                                    (4) 634 


