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Abstract
We applied two metrics, apparent temperature and humidex, to calculate heat stress in both
present and future climates. We use an ensemble of CORDEX-Africa simulations to esti-
mate heat stress during a baseline period and at two specific warming levels, 2 and 4 ◦C
above pre-industrial. The increase in temperatures and changes to the precipitation distri-
bution under climate change are projected to increase the intensity of heat stress events in
Sahelian Africa and introduce new heat stress events in Northern and Central Africa. As the
intensity of heat stress increases, it is expected that the use of energy-intensive cooling will
increase. The energy system, therefore, will need to be able to supply more energy to power
fans or air conditioning units. The cooling demand to turn a heat stress event into a non-
heat stress event is computed. This value is then weighted by the population to find the total
cooling required to prevent heat stress across the continent. Country-level results indicate
that the greatest increases in cooling demand will occur in countries with densely populated
regions, most notably Nigeria. Supplying this additional cooling demand will present the
greatest challenge to less developed countries like Somalia. We find the least-cost future
energy system that meets the projected increase in demand and derive the increase in energy
system costs with the TIAM-UCL model. The total increase in energy costs to prevent heat
stress is found to be $51bn by 2035 and $487bn by 2076.
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1 Introduction

Heat stress is the inability of a body to cool sufficiently to maintain a stable internal temper-
ature. Methods of mitigating heat stress include evaporative cooling, seeking shade, utilising
additional space cooling or altering schedules to allow high intensity work in cooler temper-
atures (Suzuki-Parker and Kusaka 2016). An increase in the number of heat-related deaths
as a result of climate change has been observed (Field et al. 2014). With further increasing
temperatures, the number of heat-related deaths is likely to increase (Dunne et al. 2013).

Heat stress is affected by the ambient conditions and vulnerability or personal perception.
There are several different heat stress metrics (Buzan et al. 2015), which are dependent on
a number of variables including temperature, relative humidity, wind speed and radiation.
Tropical regions with high temperatures and humidity are more vulnerable to heat stress
than temperate or polar regions (Zhao et al. 2015). Coastal cities are particularly susceptible
to changes in heat stress as evaporation from the sea increases the water vapour pressure
which is a key component of heat stress (Diffenbaugh et al. 2007).

Increases in heat stress reduce a person’s ability to work; manual labour is increasingly
difficult as the body cannot disperse heat quickly enough (Kjellstrom et al. 2009). In envi-
ronments where body heat is not the limiting factor, it is still possible for heat to have an
effect, as hotter environments require more cooling for comfort and food requires more
energy to refrigerate. The economic costs of climate change impacts have been investigated
in Burke et al. (2015), which indicates that almost every country in Africa is vulnerable
to increasing temperatures causing a reduction in gross domestic product (GDP). Northern
Africa is vulnerable to urban heat stress amplification, where similar weather conditions
when combined with the urban heat island leads to significant heat stress. In future climates,
this vulnerability is expected to worsen, leading to higher levels of heat stress (Fischer et al.
2012). Heat stress incidence is expected to increase with climate change (Zhao et al. 2015);
in tropical regions, this will reduce industrial activity as workplaces become unsuitable. The
lost working time will lead to reduced economic productivity. This is of particular impor-
tance in the tropics which makes up a large portion of the developing world (Lundgren
et al. 2013). Large-scale heatwaves can cause fatalities in Western European nations; coun-
tries with fewer resources need to plan ahead to cope with heatwaves (Mitchell et al. 2018).
Within Africa the Great Lakes region will experience an increase in heat stress as a result of
climate change. Within this region Burundi, the Democratic Republic of the Congo, Uganda
and Mozambique are most vulnerable to heat stress (Asefi-Najafabady et al. 2018).

The urban fraction of the total global population is predicted to increase into the twenty-
first century. The urban heat island effect is expected to exacerbate the effects of increasing
temperatures increasing the frequency of heat stress (Fischer et al. 2012). The primary
response to heat stress is the use of space cooling devices such as fans and air conditioning
units. Both are heavily reliant on electricity, and therefore with an increase in potential heat
stress, there is likely to be an increase in demand for electricity.

Heatwaves are common in Sahelian Africa, and up to a third of the year is susceptible
to temperatures that are highly hazardous to health (Barbier et al. 2018). Globally increas-
ing temperatures as a result of climate change are expected to increase demand for energy
to cool residential and commercial properties (Davis and Gertler 2015). In a high emissions
scenario, Africa is projected to suffer significant heatwaves (Mora et al. 2017). As the devel-
oping world continues to develop, there is expected to be an increase in energy demand for
both industrial and residential uses (Medlock and Soligo 2001). In the period 2000–2011,
the global residential energy demand increased by 14%, and this increase was primarily
driven by urbanisation, population growth and economic growth (Nejat et al. 2015). The
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increase in residential energy demand is largely a result of demand in Asia for air condi-
tioning. There is a similar signal in Africa, however, it is smaller as Africa is projected to be
poorer and therefore unable to afford air conditioning (Isaac and van Vuuren 2009). Energy
consumption is expected to increase with the intensity of climate change and more intense
warming levels lead to higher demand. Global energy demand will increase by 17% in a
high emissions scenario which is driven by tropical changes of 32% in contrast to 7 and
18% for a less intense scenario (De Cian and Sue Wing 2017). Climate change is also pro-
jected to impact several parts of the energy supply system, and it is vital to understand the
potential for compound impacts, particularly in regions of higher vulnerability (Cronin et al.
2018); therefore, improved demand studies focused on health outcomes are valuable.

While reductions in heating energy demand may partially balance out the increases in
cooling energy demand, especially at the global scale, the two are not directly equivalent in
the energy system, as heating services are largely provided by a variety of different fuels and
cooling by electricity (Isaac and van Vuuren 2009). As these increased electricity demands
could necessitate increases in generation and transmission capacity, mitigating heat stress
with increased space cooling could thus have significant impacts on regional energy sys-
tems. These impacts include but are not limited to investment requirements, operating costs,
energy prices and thus the wider economy.

Previous studies have examined the impacts of climate change on heating and cooling
demands using degree days with set target temperatures and project significant impacts at
the regional scale (Isaac and van Vuuren 2009; Labriet et al. 2015). To the authors’ knowl-
edge, no studies have so far examined the costs of mitigating heat stress through increased
space cooling specifically. This study was conducted as part of the multinational high-end
climate impacts and extremes (HELIX) project and is part of a specific focus on Africa.
It addresses the research gap explained above by projecting heat stress across Africa on a
gridded basis with a climate model ensemble, then uses a least-cost energy system optimi-
sation model to project the change in energy demand for space cooling and the associated
costs of mitigating heat stress. Policymakers and energy system planners at national and
regional levels should consider the results, to feed into the consideration of climate change
mitigation and adaptation strategies.

2 Input data andmodel

The inputs for the analysis are the bias-corrected versions of data produced as part
of the Coordinated Regional Climate Downscaling Experiment (CORDEX) Africa
project (Nikulin et al. 2012). The CORDEX simulations were developed by driving regional
climate models (RCMs) with data from general circulation models (GCMs) used during
the CMIP5 project (Taylor et al. 2011). The bias correction was performed as part of the
HELIX project with a multisegment statistical bias correction method (Grillakis et al. 2013;
Papadimitriou et al. 2015).

The input data used were eleven actualisations of CORDEX-Africa with a temporal res-
olution of 1 day. In line with the HELIX focus on high-end climate change scenarios, for a
model to be used in the analysis, it was required that the GCM reach a global average tem-
perature change of + 4 ◦C for 30 years; six of the climate models which were used to drive
four regional models over Africa met this criteria. Supplementary Information (SI) Table 1
shows the combinations of GCMs and RCMs used in this study.

The baseline data time period was 1986–2005 which corresponds to the final 20 years
of the CMIP5 historic record. The CMIP5 outputs from this time period values were used
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as inputs for the CORDEX-Africa project. By requiring the temperatures reach + 4 ◦C, the
future simulations were all from RCP8.5 which is a high emissions scenario (for details on
RCPs see Meinshausen et al. (2011)). The mean of the ensemble of future climates reaches
+ 2 and + 4 ◦C during the 30-year periods centred on 2035 and 2076 respectively. The + 2
and + 4 ◦C time slices correspond to the specific warming levels (SWL) where the climate
is + 2 and + 4 ◦C warmer than the pre-industrial control. SI Table 2 shows the time slices for
the GCM results used for analysis. Due to the warming between the pre-industrial period
(1870–1899) and the historic period (1986–2005) of 0.7 ◦C, the + 2 and + 4 ◦C warming
levels are equivalent to + 1.3 and + 3.3 ◦C when compared with the 1986–2005 baseline
period.

The Shared Socioeconomic Pathway SSP3 was selected for this analysis, as it is consis-
tent with a future of continued high GHG emissions and high levels of climate change (Riahi
et al. 2017). This scenario corresponds to a world where policies allow the use of high
emission energy sources, and there is little technological development in the energy sector.
Furthermore, the focus is on regional rather than global trade and competition, and thus eco-
nomic interaction between Africa and other regions is minimal. Population data for SSP3
were downscaled to a 0.5-degree grid by Murakami and Yamagata (2016), and the outputs
were used to estimate the number of people affected by heat stress. Country-level GDP data
was obtained from the IIASA SSP database (O‘Neill et al. 2012) and used as a driver for
the energy system demand projections. The SSP3 OECD GDP projections were used in this
study (Jones and O’Neill 2016).

TIAM-UCL is a technology-rich global optimisation model, which derives the least-
cost future energy system within given technological, economic and policy constraints. It
models the flows of energy carriers from primary resources to final service demands via
stages of extraction, transformation and transportation. The model is calibrated with data
describing the global energy system for the base year 2005, taken from the IEA World
Energy Balances. The model uses projections of data—including availabilities and costs of
primary resources and technologies—to design the optimal energy system transformation
from 2005 to the end of the modelling period. Details of the input data are provided in the
model documentation (Anandarajah et al. 2011). With perfect foresight over the chosen time
period, the model selects energy technologies based on their investment and running costs
and operational parameters, so as to meet service demands while minimising the total cost
of the system. TIAM-UCL is chosen for this study, as it is a partial equilibrium, bottom-up
model. These characteristics allow modification of the demand as an exogenous input, while
the model has sufficient technological detail to describe the technologies suited to meet
that demand. Scenario analysis can be used to test the effects of features such as policies,
technology changes, socio-economic pathways or climate change impacts. The world is
represented as 16 regions, one of which is Africa (Anandarajah et al. 2011).

3 Methods

3.1 Heat stress indices

There are multiple heat stress metrics available for analysis (Buzan et al. 2015), two of
which have been selected for further analysis: apparent temperature (AT) (Steadman 1984)
and humidex (HD) (Masterton and Richardson 1979; Buzan et al. 2015). Both indices are
dependant on temperature and vapour pressure, the latter of which is dependent on surface
pressure and specific humidity. The derivation of the vapour pressure and the two indices are
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shown in SI Table 3. The heat stress indices are calculated on each grid cell (0.44◦ × 0.44◦)
with a temporal resolution of 1 day.

Each of the heat stress indices has different ranges for slight, moderate, strong and
extreme stress: these values were specified in Zhao et al. (2015) and are shown in SI Table
4. As discussed in SM DM1 of Zhao et al. (2015), HD is a comfort index which is used
for both indoors and outdoors conditions. The AT indoor version is used in this work and
the ranges of values span from just above indoor comfort (slight) to the point at which heat
stroke can occur (extreme). For each GCM-RCM combination, the number of days with
heat stress in each level were calculated and then averaged to produce the ensemble mean.

3.2 Heat stress-related cooling

A reduction in ambient temperature reduces the value of the heat stress indices for a given
water vapour pressure, and it is therefore possible with sufficient cooling to prevent a heat
stress event. It is possible to calculate the difference in temperature between a heat stress day
and a no stress day by rearranging the formulae in SI Table 3. The equations are combined
with the lowest limit in SI Table 4 (28 for AT and 35 for HD) to produce an equation that
defines the maximum possible temperature that combined with the fixed vapour pressure
would not cause heat stress. The rearranged temperature limit calculations are shown in SI
Table 5, where Ttarget is the target temperature at which any increase would cause heat stress
for that value of vapour pressure. The difference between the simulated temperature and
the target temperature is the cooling requirement. As part of this initial sensitivity study,
the impact of changing temperature on the water vapour capacity of the air parcel has been
neglected. This equation is solved for each day of the simulations and the results are summed
to find the annual cooling requirement in cooling degree days (CDDs). The cooling required
to mitigate heat stress under the baseline and future climate and population are calculated
on a gridded basis across Africa by multiplying the corresponding gridded CDD results by
the gridded SSP3 population data.

3.3 Energy demand for high stress mitigation

Energy service demands are an exogenous input to the TIAM-UCL model over the mod-
elled period. The 2005 energy demands for space cooling in the Africa commercial and
residential sectors is 21.8 and 27.8 PJ respectively, representing some use of fans and air
conditioning units. These figures are derived from the IEA World Energy Balances and
expert judgement (Anandarajah et al. 2011). Subsequent energy service demands are calcu-
lated for each modelled time slice (t) based on the previous timestep value (t-1) and growth
in various socio-economic drivers modulated by corresponding elasticity parameters. These
elasticities represent how closely the demands are coupled to the drivers and vary over the
modelled time horizon. Their values are taken from the ETSAP-TIAM model and are cal-
ibrated across the energy demands in the model to represent saturation of energy service
use and convergence between developing and industrialized countries. The energy demands
for residential cooling (RC) and commercial cooling (CC) are calculated with Eqs. 1 and 2,
where N is the number of households, GDPH is the GDP per household, k is an elastic-
ity parameter and PSER is the service industry activity (in trillion USD). These drivers are
derived from the country-level population and GDP projections for SSP3, summed over
Africa.

RCDt = RCDt−1 × N × GDPHk (1)
CCDt = CCDt−1 × PSERk (2)
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For this analysis, it is assumed that all space cooling services in the model are used to miti-
gate heat stress and so the total cooling demand is the sum of the cooling required to mitigate
each heat stress level. As described by Brown et al. (2016), the relationship between temper-
ature and cooling demand may be represented by different functions depending on factors
including building properties, diffusion of cooling technologies and cultural preferences.
Following the method of Labriet et al. (2015), this study assumes that the usage of cooling
appliances changes but the diffusion of appliances does not change as a response to climate
change. Based on this, the cooling demands are assumed to scale proportionally with the
change in cooling degree days.

Given these assumptions, to simulate the impact of heat stress mitigation on energy
demand, the CDDs required to mitigate heat stress are calculated by summing the
population-weighted apparent temperature CDD results (Section 3.2) over Africa. These are
used to derive the scaling factor A (Eq. 3), which is the ratio of the population-weighted
cooling degree days required to prevent all heat stress at the future and historic warming
levels: CDDfuture and CDDhistoric.

A = CDDfuture

CDDhistoric
(3)

3.4 Country-level cooling demands

The cooling demand required to mitigate heat stress for the whole of Africa is downscaled
to give the cooling demand for each country. This is done by apportioning the continen-
tal increase in energy demand between the countries according to the fraction of additional
population-weighted CDDs occurring in each country. See Eqs. 4 and 5, where �CDclimi,t

is the additional cooling demand for country i at time t due to climate change, �CDclimA,t

is the additional cooling demand for Africa at time t due to climate change. �PopCDDi,t−T

is the change in population-weighted CDDs for country i between times T (2005) and t

(2035 or 2076) and �PopCDDA,t−T is the change in population-weighted CDDs for Africa
between times T (2005) and t (2035 or 2076). CDA,t,CC and CDA,t,noCC are the cooling
demands for Africa at time t with and without climate change respectively. As an initial
high-level indication of the challenge these additional electricity demands present to each
country, the results are also presented per unit of GDP per capita. A schematic of the
approach linking TIAM-UCL to the heat stress data is shown in SI Fig. 1.

�CDclimi,t = �CDclimA,t × �PopCDDi,t−T

�PopCDDA,t−T

(4)

�CDclimA,t = CDA,t,CC − CDA,t,noCC (5)

3.5 Costs of heat stress mitigation

To calculate the costs of transforming the energy system to meet these increased demands,
the TIAM-UCLmodel is run for the period 2005–2100, the extended time horizon reflecting
the fact that policymakers and industry agents make decisions to prepare for, and which
affect, the years and decades to come. In TIAM-UCL, the Africa region is split into rural
(1) and urban (2) sub-regions for which the residential demand drivers and elasticities are
defined separately. This represents the significant differences in access to energy supply and
service technologies between the urban and rural populations. The commercial demand is
not split into urban and rural regions. The model is run with two scenarios: the base case
and the climate change case. In the base case, the cooling demands are only functions of
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the growth in the socio-economic drivers, as described above (Eqs. 1 and 2) and are not
affected by any change from the present climate condition. In the climate change case, they
are also scaled by the factor A (Eq. 3) to account for heat stress under a warmer climate in
the future. Thus, the cooling demands in the two scenarios are equal for the base year 2005,
then diverge through future years.

4 Results

4.1 Heat stress results

Figure 1 shows the impact of a two- and four-degree warming on apparent temperature
heat stress occurrence across Africa; the humidex results are shown in SI Figure 2. For
both indices, the same pattern emerges: either the number of slight heat stress events
increases, indicating that regions previously unaffected are now vulnerable, or where the
number of slight events decreases the number of moderate, and in the case of apparent
temperature strong, heat stress events increases. When global temperatures are 4 ◦C above
the historic average (Fig. 1, SI Figure 2), the heat stress changes follow a similar geo-
graphic pattern to a + 2 ◦C change but with a higher intensity. This higher intensity is also
accompanied by an increase in the number of strong heat stress events using the humidex
index.

The standard deviation of the number of days in each heat stress level were calculated and
the difference between the historic and future standard deviations are shown in SI Figures 3
and 4. The largest increase in variability is around central Africa where the number of heat
stress days moving from slight to moderate varies more across the GCM-RCM pairings.

The number of grid cells exposed to extreme heat stress increases significantly when
temperatures are 4 ◦C above the pre-industrial limits. In general, the distribution of heat
stress events increases in severity with climate change. The increase in moderate and
stronger events affects highly populated coastlines and West African Sahelian nations. The
same response is found in Central Africa over much of the Central African Republic and
the Democratic Republic of the Congo. The equatorial and tropical regions show higher
instances of heat stress with changes in strong heat stress events almost exclusively in the
Northern Hemisphere. The highly populated West African region experiences the largest
changes in moderate and strong heat stress events.

4.2 Increase in cooling demand

The difference in the cooling requirement to prevent heat stress between the historic
and future simulations are shown in Fig. 2. The variation in results from the 11 model
combinations was examined. The standard deviation in the cooling required to prevent
heat stress is shown in SI Figure 5. The spread in the cooling required is greatest in
central Africa; this is the result of the variability in the monsoon systems in the input
meteorology. The cooling demands taking into account future climate change are cal-
culated for the time slices at + 2 and + 4 ◦C and are linearly interpolated to define
the demand pathways. SI Figure 6 shows the cooling demands for the base and cli-
mate change cases. In 2005, space cooling accounts for 0.4% of the total final energy
demand in Africa. In the base case, this drops to 0.2% by 2100 but in the climate
change case space cooling rises to account for 1.2% of the total final energy demand by
2100.
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Fig. 1 Difference in apparent temperature events per year between the + 2 ◦C (left) and + 4 ◦C (right) and
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4.3 Country-level demand

Figure 3 shows the additional cooling demand that would occur in each country under + 2
and + 4 ◦C warming. Due to the significant increase in heat stress and high population
density, the greatest increases in cooling demand occurs in Nigeria, followed by the Demo-
cratic Republic of Congo, Egypt and Sudan. However, supplying these additional electricity
demands will present different challenges to each country, depending on factors such as the
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existing energy system, the country’s wealth, and the style of governance and system plan-
ning. As an initial high-level indicator of this, Fig. 4 shows the additional cooling demands
per unit of GDP per capita. This suggests the additional cooling demand will present the
greatest challenges to Somalia, Guinea Bissau, Djibouti and Central African Republic, par-
ticularly at the lower warming level (2 ◦C in 2035), as this occurs before the large increases
in GDP and population.

4.4 Impact of increased cooling energy demand

TIAM-UCL results for the base case and the case with heat stress cooling demand (climate
change case) are compared. SI Figure 7 shows the impact of the increased residential and
commercial cooling demand on the final energy consumption of all the economic sectors.
The changes in the residential and commercial sectors induce changes in the generation
technology and fuel mix in other sectors; for example, final energy consumption in the trans-
port sector decreases slightly in the middle of the century when gas is partially replaced with
electricity, and energy consumption in the upstream sector decreases around 2060 and 2080
as the use of electricity and heat respectively are reduced. The total energy consumption
of the Africa region is increased by 0.1% in 2035 and 0.3% in 2076 due to the additional
cooling to mitigate heat stress.

The increased cooling demands in the climate change case do not affect the technologies
selected by TIAM-UCL to fulfil these end demands. From 2020 onwards in both scenarios,
commercial cooling is entirely provided by rooftop chiller units and residential cooling is
entirely provided by room air conditioning units.

SI Figure 8 shows the mix of electricity generation technologies in the base case. The
share of renewable energy sources—solar PV and hydroelectricity—grows rapidly from the
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middle of the century. To provide the additional electricity required in the climate change
case, approximately 3% additional generation is required from 2040 onwards. Of this addi-
tional generation, solar PV provides an increasing share rising from 5% in 2045 to 15%
in 2070. This mainly replaces coal in the technology mix, while the share of natural gas
remains approximately constant around 3%.

TIAM-UCL models the transformation of the energy system through the modelling
period. The total cost of the regional energy system over that period is composed of
expenditures (such as capital required for building and decommissioning technologies, oper-
ations and maintenance, fuel costs, commodity imports, commodity delivery and taxes) and
revenues (from commodity exports, subsidies and the salvage values of decommissioned
technologies). In reality, these costs are paid and recouped by a number of different par-
ties over various timescales. As several of these finance streams occur earlier or later than
the energy generation which they facilitate, TIAM-UCL includes mechanisms to annualise
them over the period of generation (Loulou et al. 2016). As the energy supply in a given
year is made possible by the construction and operation of supply technologies in previous
years, the energy system cost (cost (ES)) relevant for this analysis is defined as the sum
of the annual investment and operations costs from the model base year up to the year in
question. These cumulative costs are all reported in year 2005 US $ and are undiscounted.

Table 1 shows the Africa cumulative energy system costs for the base case and climate
change case. Due to the increased cooling demand required to mitigate heat stress resulting
from the + 2 ◦C global average temperature rise, the integrated energy system cost from
2005 to 2035 increases by 0.26%, which is equivalent to approximately $51.3 billion. With
+ 4 ◦C global average temperature rise, the integrated energy system cost from 2005 to 2076
increases by 0.60%, which is equivalent to approximately $486.5 billion.

5 Discussion

Across the entire African continent, there is a projected increase in the total number of heat
stress events. In regions where the number of slight or moderate heat stress events falls,
there is an increase in the number of more severe events. The increase in overall intensity of
heat stress happens in highly populated regions such as the Nigerian coast, the Great Lakes
and along several major rivers including the Nile, Volta, Niger and Zambezi. Heat stress has
a more profound effect on the vulnerable members of society such as those living alone, the
young or the elderly (Uejio et al. 2011) or those will chronic health problems such as heart
conditions or mental health issues (Zhang et al. 2017); therefore, expected increases in heat
stress should be noted by social and health services in these regions. The cooling demand is
relatively consistent across the 11 GCM-RCM combinations; however, as the GCMs attain
the SWLs at different times, the variability in population is large.

Table 1 Energy system cost changes associated with preventing heat stress between the historic period and
the + 2 and + 4 ◦C timeslices

Period 2005–2035 2005–2076

Temperature increase + 2 ◦C + 4 ◦C
Cumulative additional cost (billion USD) $51.327 $486.526

Energy system cost rise over base case 0.26% 0.60%

Cost rise as fraction of GDP 0.03% 0.06%
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The apparent temperature heat stress results were used to scale the cooling service energy
demand for the Africa region in the TIAM-UCL model. Country-level analysis showed the
greatest demand increases in the latter part of this century in countries with the highest
warming levels and population density. However, it is expected that the greatest challenges
will be presented earlier in the century to countries where the increase in heat stress is high
relative to the level of economic development.

Meeting the additional energy demand had the effect of increasing the energy system
cost over the 2005–2076 period by 0.6%, which corresponds to 0.06% of the cumulative
GDP for Africa over the same period. The additional yearly cost increases with time (as
global warming increases). Although the population of Africa is projected to increase with
time, the cost per person also increases. Over the 10-year periods centred on 2035 (+ 2 ◦C)
and 2076 (+ 4 ◦C), the additional cost required to mitigate heat stress corresponds to an
average additional cost of $2.29 and $5.52 per person per year respectively. To put this in
context, between 2000 and 2013 investment in the power sector in Africa accounted for on
average $12 billion per year (International Energy Agency 2014), which is equivalent to
approximately $12 per person per year.

The estimated cumulative cost of $51.3 billion to prevent heat stress in Africa between
2005 and 2035 can be compared with the total infrastructure costs estimated in Parry et al.
(2009), where the removal of infrastructure deficit and adapting infrastructure cost is esti-
mated to be between $64.7 billion and $73.9 billion. The results in Parry et al. (2009)
employed the A1B emissions scenarios from IPCC Assessment Report 4, which is a mod-
erate emissions scenario and analogous to RCP4.5. This is a lower emissions scenario than
used in our study; however, the differences are not large by 2030. Therefore, the results
herein, which focus solely on the effect of increasing cooling demand on the energy system,
indicate that the total costs in Parry et al. (2009) may be underestimated.

The input data used in this study were based on bias corrected CORDEX-Africa simu-
lations that were driven by RCP 8.5 simulations from CMIP5. RCP8.5 is a high emission
scenario with limited adaptation and mitigation of climate change (Meinshausen et al.
2011). In the cases of RCP2.6, RCP4.5 or RCP6.0, the expected temperature change is
lower; this would results in a lower value for the heat stress metric and fewer events that
exceed the predefined limits. A lower number of heat stress events will result in lower
costs for adapting the energy system to provide sufficient electricity to prevent heat stress.
The highly non-linear relationship between climate scenario and costs however make it
impossible to provide a numeric value for the energy system costs in lower emission
scenarios.

This study has some key limitations, which should be addressed in further work. First,
in the heat stress calculation, the impact of changing temperature on the water capacity of
the air parcel has been neglected. In the economic modelling, the climate change effect
of heat stress is applied to the Africa region and cooling demand only. Clearly, climate
change will also affect other regions and elements of the energy system, such as heating
demand and renewable resources, whose combined impacts could affect the technology
choices made by TIAM-UCL in individual regions, commodity trading between regions,
and thus the regional and global mitigation costs. The urban heat island (UHI) effect can
raise the temperature of cities by several degrees in comparison with surrounding rural
areas (Tran et al. 2006; Oke 1982).

The analysis conducted in TIAM-UCL is performed using the multi-model ensemble
mean levels of cooling required to prevent heat stress. The range of values used to generate
this ensemble mean is dependent on the climate sensitivity of the GCM as this determines
when the SWLs are reached. The timing of reaching the SWLs contributes to the total CDD
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requirement primarily as a result of population change with lower climate sensitivity leading
to a later SWL and therefore a higher population. As the feedbacks within TIAM-UCL are
non-linear, further research into the range of cooling requirements is an area of future study.

The CMIP5 GCMs and CORDEX-Africa RCMs do not simulate the UHI effect; there-
fore, it is not possible to analyse it directly. Analysis of the UHI is often performed using
high-resolution models or nested domains such as in Vahmani et al. (2016).With the increas-
ing urbanisation of Africa (Cohen 2006; Parnell and Walawege 2011), the fraction of the
population exposed to the urban heat island effect will increase. Therefore, the actual cool-
ing demand and the associated costs are likely to be higher than the results presented here.
This analysis should therefore be considered a sensitivity study and a demonstration of the
use of technical (rather than economic) climate change feedback in the TIAM-UCL model
to evaluate adaptation costs. Further work should focus on including further impacts of
climate change on energy demand and supply in the TIAM-UCL model and adopting a
global approach. The country-level analysis of heat stress and cooling demand also suggest
energy system modelling and infrastructure planning for several countries should account
for climate change impacts on demand.

6 Conclusion

Heat stress is an existing problem that affects many countries in Africa, with the high-
est intensities present in the tropics. Exposure to heat stress is projected to increase into
the twenty-first century with increasing frequency of high-intensity events. In the highly
populated Sahelian region, strong and extreme events are projected to become much more
regular. The energy system will face extra demand as populations increase and urbanise.
The combination of extra heat stress and larger populations mean that the energy system
will need significant investment to prevent electricity grid failures.

The results herein indicate that the Democratic Republic of the Congo, Egypt, Nigeria
and Sudan are projected to have the highest costs incurred in adapting the energy system to
prevent heat stress. The financial impacts are different when spread over the populations,
Nigeria is relatively rich and highly populous and therefore faces a small individual cost. In
contrast, the nations of the Central African Republic, Djibouti, Guinea Bissau and Somalia
have the highest cost per unit of GDP per capita.

The energy system however cannot be treated in isolation and further research should
be conducted at a national or sub-national scale to asses the impact of heat stress. Heat
stress is associated with heatwaves; there is potential that there will be competition between
electricity generation, drinking water demand and irrigation for limited water.

With the signing of the Paris accord (United Nations 2015), the global community agreed
to work to prevent the catastrophic climate changes that are projected in RCP8.5. However,
strong action to reduce carbon dioxide emissions is necessary to reach the agreed goals. This
study indicates that under a high climate change scenario, infrastructure costs for adaptation
may be larger than previous estimated. This should be considered by energy system planners
and policymakers when balancing mitigation and adaptation options. With the long lead
time of energy systems, often measured in decades, decision-makers will be faced with
choosing between increasing capacity to prevent potential heat stress or being unable to
provide energy when the need is critical.
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