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Abstract

Background Scarcity of data on the health impacts and associated economic costs of heat waves may limit the will to invest
in adaptation measures. We assessed the economic impact associated with mortality, morbidity, and loss of well-being dur-
ing heat waves in France between 2015 and 2019.

Methods Health indicators monitored by the French national heat wave plan were used to estimate excess visits to emergency
rooms and outpatient clinics and hospitalizations for heat-related causes. Total excess mortality and years of life loss were
considered, as well as the size of the population that experienced restricted activity. A cost-of-illness and willingness-to-pay
approach was used to account for associated costs.

Results Between 2015 and 2019, the economic impact of selected health effects of heat waves amounts to €25.5 billion,
mainly in mortality (€23.2 billion), minor restricted activity days (€2.3 billion), and morbidity (€0.031 billion).
Conclusion The results highlight a significant economic burden on the French health system and the population. A better
understanding of the economic impacts of climate change on health is required to alert decision-makers to the urgency of

mitigation and to support concrete adaptation actions.
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Introduction

Extreme weather events are among the most direct conse-
quences of climate change [1]. Assessing their economic
impacts is challenging, and often the economic valuation
only covers the direct consequences on infrastructures,
with some additional consideration of the indirect socio-
economic impacts. These impacts were found to represent
between $94 and $130 billion each year between 2000 and
2012 worldwide, but health impacts and the associated eco-
nomic burden were reportedly seldom studied [2].

The frequency, intensity, and duration of heat waves are
increasing rapidly [1], making adaptation to heat a priority.
However, although they are among the deadliest extreme
events [3], they are under-represented in the total estimated
economic burden of extreme weather events, for several
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reasons. First, because they are less visible, being more
widespread and leading to less easily identifiable deaths
than those from hurricanes, floods or wildfires. Second,
because they are apparently less costly to society due to
their limited impact on insured goods like infrastructures,
cultures, and property [4]. Third, because they often hit the
most vulnerable segments of the population (the poorest or
the oldest), with lower economic impact and visibility, both
worldwide and within a specific country [S]. Few studies
have focused on estimating the economic burden associated
with heat waves (see [6, 7] for recent reviews). The August
2003 record-breaking heat wave led to about 70,000 deaths
in Europe [8] and 15,000 in France [9]. The associated direct
morbidity and mortality-related medical costs borne by the
French National Health Insurance system were estimated at
between €10 and €280 million [10], but this did not account
for the health-related and intangible effects supported by
the population. These intangible effects represent the loss of
well-being and quality of life associated with a health event
for the patient and his or her family (grief, fear, pain, stress,
lost time, etc.) and are not easily measurable in monetary
costs. The scarcity of data on the actual health impacts and
associated economic costs of heat waves, coupled with low
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heat-related risk perception among stakeholders, may limit
the will to invest in adaptation.

To fill this gap, we performed the first overall assessment
of the health-related economic burden of heat waves from
2015 to 2019 in France. We not only considered excess mor-
tality and morbidity based on epidemiological data, which is
standard, but also tackled two more rarely addressed issues.
First, we evaluated loss of well-being under exposure to heat
waves, due to restrictions in daily activities and symptoms
such as fatigue, cramps, heat stroke, decreased alertness
and cognitive function. Second, we jointly assessed epi-
demiological and economic uncertainties in an integrated
approach. Overall, taking a global perspective on health
impacts and economic burden and an innovative methodo-
logical approach, our paper contributes to the scanty litera-
ture on health effects observed during heat waves. In the
discussion, we point out that these health-related effects are
largely preventable through cost-beneficial measures, from
the most local to the most global level, making inaction
absurdly wasteful. This provides support for the approaches
of Sheehan et al. [11] or Limaye et al. [4] to how health-
cost assessment can be applied to health-protective heat
policy, with the aim of making decision-makers aware of
the urgency of prioritizing measures to prevent the adverse
health consequences of climate change.

Methods

This study was conducted in the 96 metropolitan French
departments for the period 2015-2019. Computations were
made at the department level and then aggregated at national
level. A negative number of excess cases was assumed to
represent an absence of heat effect. Consequently, any nega-
tive health effect at the department level is set to 0 when
computing the health impact and the economic evaluation
at the national level. We used the definitions, databases, and
indicators developed within the French national heat wave
plan to assess the heath burden of heat waves, as described
below [12, 13].

Heat wave definition and warning levels

Daily minimum and maximum temperatures were obtained
from the French National Meteorological Service (Météo
France). Heat waves were defined as periods when the aver-
age minimum and maximum temperatures over three con-
secutive days exceeded predefined departmental thresholds
[14]. Within the French heat action plan, each department
and each day is classified by Météo-France as green, yellow,
orange, and red. Orange and red levels exceed the thresholds
defined above (i.e., indicate heat waves), while the yellow
level indicates an intermediate situation (e.g., slightly below
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the thresholds), and the green level absence of risk. All but
three departments experienced at least one heat wave over
the study period, and many departments underwent several
heat waves per summer. The size of the population exposed
to each warning level is provided daily [13].

Estimation of health impacts from heat waves
Morbidity

Daily emergency department (ED) visits and outpatient
clinic visits (SOS Médecins) were obtained for each depart-
ment from the French syndromic surveillance system (Sur-
SaUD®). The database provides detailed information such
as age, sex, diagnosis, whether the visit led to hospitaliza-
tion, and covers approximately 93% of ED visits and 95% of
outpatient clinic visits in France. We selected visits involv-
ing at least one of the heat-related adverse effects: faintness,
hyponatremia, hyperthermia, heat stroke, isolated fever, and/
or dehydration [15, 16]. Three age groups were considered
(0-14, 15-64, 65 and older).

The morbidity impacts were computed strictly for the heat
wave periods because of their immediate health impact in
terms of adverse effects. We used quasi-Poisson models to
assess the daily number of expected cases per age group in
the absence of heat waves, and controlled for day of week,
month, and year. The total numbers of ED and outpatient
clinic visits recorded were also included as an offset to con-
trol for a possible confounding effect from variations in the
volume of activity and coding quality over time. Morbidity
data are highly dependent on the number of hospitals and
SOS Médecins emergency care associations reporting daily
data.

Excess morbidity during heat waves was estimated at
the department level as the daily observed number of cases
per age group minus the expected number of cases in the
absence of heat waves. The standard 95% confidence interval
(CI) of the model provided an estimation of the uncertainties
surrounding the estimates. We also tested three alternative
models as a robustness check, without significant differences
in assessments (data available upon request). Two depart-
ments were excluded from the analysis due to data quality
issues, and in some departments, analyses by age groups
were limited by the very small number of cases.

Mortality

The heat wave periods were extended by three days to
account for possible delayed effects [17]. We used yearly
estimates of the all-cause excess mortality by age groups
during heat waves (https://geodes.santepubliquefrance.fr)
[18]. These estimates are based on the daily number of all-
cause deaths (for age groups 0—14, 1544, 45-64, 65-74, 75
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and older) provided by the National Institute of Statistics and
Economic Studies (INSEE) for a sample of 3,000 munici-
palities accounting for 80% of deaths in France, and extrap-
olated to provide estimates for the whole country. Excess
mortality during heat waves is computed at the department
level as observed mortality minus expected mortality, based
on records from previous years, in the absence of heat waves.

For each period studied, the method provides five esti-
mates corresponding to the number of preceding years (from
one to five) considered, and summarized using the mean,
minimum, and maximum values. We thereby obtained a
range of possible values, although not equivalent to a 95%
CI. Results are expressed in numbers of excess deaths per
age group. We also derived an estimation of the associated
years of life lost (YLL) computed as the number of excess
deaths in each age group multiplied by the average remain-
ing life expectancy by age group and sex (see supplementary
Fig. 1 and supplementary Table 1 for details).

Loss of well-being

We approached loss of well-being through activity restric-
tion associated with the red heat wave level (cancellation of
various events, warnings to avoid travel and to reduce all
physical activities). From a medical perspective, the tem-
peratures during “red” days are likely to lead to symptoms
such as fatigue, cramps, faintness, decreased alertness and
cognitive function, even in young and healthy people. We
considered the situation analogous to a Minor Restricted
Activity Day (MRAD), i.e., “when individuals reduce most
usual daily activities and replace them with less-strenuous
activities or rest, but do not miss work or school” [19]. We
defined the population exposed to MRAD as those residing
in the departments throughout the red alert days. Data on
tourists’ visits by day and department were not available.

Monetary estimates: central values

The overall health burden of heat waves was considered from
a societal perspective and expressed through monetary esti-
mates of effects from morbidity, mortality, and loss of well-
being in euros 2017, which is the middle of the study period,
based on the French national consumer price index.

Morbidity

Morbidity costs were estimated using a “cost-of-illness”
(COI) approach that included direct medical costs (ED
visits, outpatient clinic visits and hospitalizations), indi-
rect costs (loss of production), and intangible components.
We used the French generic cost of an ED visit without
hospitalization: €151 [20]. The cost of an outpatient clinic
visit was assessed based on the French national health

insurance system fees, which depend on the times of day/
night and days of the visit. We calculated an average visit
cost weighted by the distributions of times and days of
consultation during heat waves. We assumed that the
hourly distribution of outpatient clinic visits attributable to
the heat wave was similar to the hourly distribution of the
total visits. We obtained an average cost of €48 per outpa-
tient clinic consultation. We added a €5 additional fee for
pediatric consultations (0—6 years) to cover the observed
pediatric fraction (33%) of the excess visits during heat
waves. Some ED and outpatient clinic visits were followed
by hospitalization, but no details of the causes were avail-
able. We, therefore, arbitrarily selected the cost of hospi-
talization for respiratory disease (heat being a known risk
factor for respiratory hospitalization [21, 22]). We chose
a value of €3866, the total cost of an average hospital stay
for a respiratory system condition in France [23].

Production losses were calculated using the average
French gross daily salary of €104.24 [24] for the 71.5% of
patients aged 15 to 64 in employment [25]. This calcula-
tion was also applied to children under 15, assuming that
one parent would have to take leave from work to take care
of his/her child, so that production losses were assessed
for 71.5% of the patients aged 0-65 years. We assumed
that one working day was lost for each ED and outpatient
clinic visit not followed by hospitalization. For patients
who were hospitalized, we considered a number of lost
working days equal to twice the average length of hospi-
talization, to account for the home rest period [26, 27].
We used an average length of hospitalization of 6.7 days
(average length of respiratory hospitalizations in France in
2017 [28]), i.e., loss of production for 13.4 days.

To account for the intangible components related to
morbidity, we used Willingness-To-Pay (WTP) for reduc-
ing the risk of emergency room visits and hospitaliza-
tion. Since the literature offered no heat-wave-specific
WTP, we felt that the most appropriate substitute would
be WTP estimated in the air pollution context [21, 22,
29]. We chose a WTP to avoid an ED visit of €267 from
Ready et al. [27] and a WTP to avoid hospitalization of
€1454, the arithmetic mean of the WTP values of €469
from Ready et al. [27] and €2440 from Chilton et al. [30].

Economists have not yet reached a clear consensus on
the best way to jointly account for direct, indirect, and
intangible components. Both the market price and the
stated preference methods underestimate the actual total
health burden, but combining the two methods could lead
to a possible overlap (part of administration and medi-
cal care costs and economic production losses). We fol-
lowed various studies [31-33] by grouping them together.
Should a separate assessment be preferred, it can easily
be obtained from the reported figures: the intangible com-
ponent / market component ratio is 54/46 for the overall
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ED visit assessment, and about 23/77 for the overall hos-
pitalization cost.

Mortality

We faced two main difficulties in valuing mortality effects,
an essential but delicate exercise. First, no monetary expres-
sion of mortality meets with consensus among economists.
Although it is common to use Value of a Statistical Life
(VSL) and Value of a Life Year (VoLY), the choices are con-
tinually evolving with methodological developments [34].
Second, to our knowledge, there is no heat-wave-specific
VSL or VoLY. To address the first challenge, we limit the
arbitrariness of a choice between valuing excess deaths via
VSL or via YLL with VoLY using both, as derived from
stated preference methods. In the absence of heat-wave-spe-
cific data, we rely on values from the air pollution context,
when available. For the VSL, we chose €3.17 million, as
recommended for French public policies [35]. This is based
on a study from the Organization for Economic Co-operation
and Development that proposes a meta-analytical VSL from
856 valuations to be used in the evaluation of environmental,
transport, and health policies [36]. For the VoLY, we chose
€82,000, the arithmetic mean of the VoLY of €42,000 rec-
ommended by Desaigues et al. [37] for air pollution policies
in the European Union and the €122,000 recommended by
Quinet [35] in France.

In addition, as recently recommended by Hammitt et al.
[34], we assessed the mortality impact for each year as an
annual risk shared by the population living in departments
experiencing heat waves, and expressed it in monetary terms
per year and exposed inhabitant:

Numb death
umber of excess deaths per year VSL

Number of inhabitants in the departments with heat waves

Loss of well-being

We used a stated preference approach to assess the WTP
to avoid a MRAD during red-alert periods. In the absence
of heat-wave-specific WTP, we selected the central value
proposed by Ready et al. [27] of €43 for a MRAD.

Accounting for uncertainties

Both the estimates of health impacts and the choice of eco-
nomic values involved uncertainty.

The health impacts were computed as the difference
between the observed number of cases during each heat
wave, and a theoretical expected number of cases for the
same period of the year in the absence of heat waves. For
morbidity, the uncertainty surrounding the modeling of the
expected numbers was expressed as a 95% CI, whereas for
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mortality, it was approached by considering several refer-
ence years, providing a range of possible estimates. An
additional uncertainty regarding mortality arose from the
need to extrapolate from the results obtained on a sample of
municipalities to the whole population. However, because
the difference between the 2015 estimates obtained from the
extrapolation and from the exhaustive mortality database
was as low as 0.2% [9], extrapolation-related uncertainty
can be considered negligible.

We also tried to capture the uncertainties associated with
the economic values. When the figures are derived from
stated preference methods (VSL, VoLY, MRAD, intangible
component of morbidity), uncertainties come from the inher-
ent variability of individual subjective WTP. When using
figures derived from medical costs, we tried to take into
account the cost ranges whenever possible. A major source
of uncertainty lies in our decision to use costs of hospitaliza-
tions for respiratory causes. Indeed, our database informed
us on the primary reason for an ED visit, but not on the
units where people were hospitalized afterwards. This would
influence the costs of hospitalization, as would patient age,
severity of diagnosis or average length of stay. Merrill et al.
found, for example, that a cold-related hospitalization stay is
twice as expensive as a heat-related stay in the U.S., mainly
due to the doubling of length of stay [38]. More detailed
information on the characteristics of hospitalizations for
heat-related causes would help reduce the uncertainties
surrounding future economic estimates. Finally, for indirect
costs (loss of production), the uncertainty comes from the
impossibility of attributing a specific income according to
the patient’s professional status, as detailed information on
occupation was not available.

We accounted for uncertainty using a (standard) inde-
pendent as well as an integrated approach.

The first approach considered the uncertainties for health
outcomes separately from the uncertainties for economic
values. For morbidity, the uncertainty comes from the 95%
CI around the central estimate; for mortality, it comes from
the minimum and maximum values. No health uncertainty
is associated with loss of well-being, which is based on
observed numbers of red days and population exposed.
For the estimates of the unit economic values, we applied
a+33% range around the economic estimate as a rule of
thumb previously recommended [39], to mimic a one-
standard-deviation change around the mean for a Normal
distribution. Researchers sometimes choose the minimum
and maximum unit economic values, like Limaye et al. [40],
who obtain a range of USD 1-24.4 million for the VSL. We
felt this would introduce too much variability relative to the
uncertainty from health outcomes, especially when jointly
considering the two sources of uncertainty. For production
losses, this range corresponds roughly to decile 3—decile 8
of the gross salary distribution [24]. We obtained a range of
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monetary valuations (low, central, and high) for each health
outcome and each year, providing a range of magnitude for
the monetary health benefits associated with heat waves.
The second approach combined the uncertainties related
to the health impact estimates and the economic values
through an integrated approach based on Monte Carlo simu-
lations [39, 41]. For morbidity, values were sampled from
a Normal approximation of the quasi-Poisson distribution
whose central value is the central estimate of the models,
and the standard deviation is derived from the 95% CI. For
mortality, values were equiprobably sampled from 4 esti-
mates considering 2 to 5 years. Expected mortality was
not assessed on a 1-year basis due to the large number of
missing data (as heat waves are increasingly frequent, it was
often impossible to assess mortality in the absence of heat
waves based on only 1 year’s data). Epidemiological uncer-
tainty associated with loss of well-being was not assessed,
as explained above. For each unit economic value, we used
a triangular distribution defined in terms of a central value,
a maximum and a minimum (here based on the +33% range
around the central value), standard practice when knowl-
edge of the variable is more subjective than objective. Once
defined, we generated 10,000 Monte Carlo samples from
these probability distributions, which provided a proba-
bilized distribution of the economic assessment of the heat-
wave-related morbidity and mortality impacts each year.

Results

Table 1 summarizes the economic impacts, detailed below.
Losses of well-being were only observed in 2019 following
the triggering of the red alert, and represent €2.3 billion that
year. Mortality effects account for the largest share, but the
valuation differs depending on the metric used. Valuations
based on VSL are around two to three times higher than
those based on VoLY, partly because almost two-thirds of
deaths occurred after the age of 75 and thus with low loss of
life expectancy. Morbidity accounts for a very small share
(around 0.1%) of the total. Overall, the largest impacts were

observed in 2019 (partly due to the loss of well-being) and
the smallest in 2016 and 2017.

Economic estimate of the impact of heat waves
on morbidity

Between 2015 and 2019, 8990 [6883-11,209] excess ED
visits and 3363 [2708-4024] excess outpatient clinic visits
not followed by hospitalization were observed during heat
waves. 4654 [3320-6105] visits were followed by hospi-
talization (Table 2). The figure for ED visits not followed
by hospitalization is €4.290 million [3.277-5.355], and
for ED visits followed by hospitalization €24.495 million
[17.458-32.299]. There were €0.361 million [0.287-0.435]
outpatient clinic visits not followed by hospitalization and
€1.506 million [0.882-2.181] visits followed by hospitali-
zation (see Table 2, and supplementary Tables 2 and 3 for
details). ED visits followed by hospitalization represented
80% of the morbidity costs, and ED visits not followed by
hospitalization 14%. The largest health impacts and the high-
est costs were observed in 2019, representing 36% of the
total morbidity costs observed over the period. 2019 was
indeed characterized by very high diurnal temperatures
(up to 46 °C) compared to the other years, while nocturnal
temperatures remained conducive to body heat dissipation.
Thus, the population’s acute diurnal exposure led to a high
number of ED visits, especially from the youngest due to
their intense daytime physical activities, but these visits were
not necessarily followed by hospitalization.

Economic estimate of the impact of heat waves
on mortality

Between 2015 and 2019, 7309 [5018-10,105] excess deaths
were observed during heat waves, representing 102,108 YLL
[67,005-147,931] (Table 3). In absolute numbers, the largest
impacts were observed in 2015, 2018, and 2019, and when
expressed in an excess death rate per 100, 000 exposed inhabit-
ants, in 2015 (5.37 [4.21-6.54]) and 2018 (4.09 [2.92-5.51]).
Mortality by age group is detailed in Supplementary Table 4.

Table 1 Summary of health-related economic impacts from 2015 to 2019 heat waves in France

Year Morbidity (in million €,;7)

Mortality (in billion €,,;7) based on

Loss of well-being  Total (in billion €,,;) based on

(in billion €,,,)

Excess deaths

YLL

Excess deaths

YLL

2015  6.97 [4.96-9.25] 5.71 [4.19-7.34]
2016 1.38 [0.98-1.84] 1.65 [1.23-2.08]
2017  4.24 [3.02-5.65] 3.33[2.374.39]
2018  7.14 [5.00-9.66] 5.94 [3.62-8.06]
2019 10.90 [7.54-14.76] 6.31 [3.51-8.80]

1.65 [1.21-2.12]
0.60 [0.44-0.75]
1.34 [1.00-1.69]
2.22[1.35-3.00]
2.47[1.59-3.30]

0
0
0
0
2.

32[1.72-2.92]

572 [4.20-7.35]
1.65 [1.23-2.08]
3.34[2.38-4.39]
5.95 [3.63-8.06]
8.64 [5.72-11.29]

1.66 [1.22-2.13]
0.60 [0.45-0.75]
1.35 [1.00-1.70]
2.22[1.36-3.01]
4.80 [3.71-5.86]

Figures were obtained from the integrated uncertainty approach, intervals in brackets are based on the Percentile 2.5 (P, 5) and Py, 5 of the under-

lying Monte Carlo distributions
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Table 2 Morbidity impacts and associated costs during heat waves in France 2015-2019

Health out-  Year Cases Economic evaluation (in thousand €,,,;)
comes Total  Expected number of  Excess number of Low 95% CI Central 95% CI  High 95% CI
number  visits in the absence  visits attributed to
of visits  of heat wave [95% CI| heat wave [95% CI]|
for
selected

causes

ED visitsnot 2015 7825 5941 [5488-6387]

1884 [1450-2337]

606 [466-751] 904 [696-1121] 1202 [925-1490]

followed by 2016 1770 1515 [1416-1616] 274 [196-360] 89 [64-117] 133 [95-174] 176 [126-232]
E‘(’;p“ahza' 2017 7001 5549 [5182-5912] 1474 [1147-1826] 477 [371-590] 711 [553-881] 946 [736-1172]
2018 9831 8134 [7613-8648] 1729 [1256-2229] 550 [398-710] 821 [594-1060] 1091 [790-1410]
2019 14,279 10,654 [9822-11,483] 3629 [2834-4457] 1154 [898-1420] 1722 [1340-2119] 2290 [1782-2818]
Outpatient 2015 1780 1001 [851-1150] 779 [630-929] 56 [44-67] 82 [65-99] 109 [87-131]
clinic 2016 342 232 [204-262] 121 [98-146] 8 [6-10] 12 [10-15] 16 [13-20]
Iféfl‘;;‘:;tby 2017 1473 898 [786-1010] 585 [482-689] 45 [36-52] 66 [54-78] 87 [71-103]
hospitaliza- 2018 1890 1180 [1041-1319] 711 [574-849)] 51[41-61] 75 [60-91] 100 [80-120]
tion 2019 2953 1786 [1542-2030] 1167 [924-1411] 85 [66-104] 125 [97-153] 166 [129-203]

ED visits 2015 4340 3372 [3061-3680]

followed by 2016 955 768 [703-833] 211 [161-263]

E‘;f]p“al‘za' 2017 3304  2821[2594-3048] 569 [407-757]
2018 5218 4209 [3874-4545] 1072 [781-1379]
2019 6891 5407 [4871-5941] 1534 [1071-2044]

Outpatient 2015 151 89 [54-128] 67 [33-97]

clinic visits 2016 24 16 [8-21] 11 [10-16]

ﬁfﬁgﬁﬁﬁ'ﬁy 2017 104 64 [43-86] 47 [27-63]

tion 2018 142 93 [60-119] 56 [37-83]
2019 184 110 [69-155] 82 [49-117]

1005 [744-1286]

3757 [2750-4858]
786 [596-986] 1173 [889-1472]
2145 [1515-2882] 3202 [2261-4300]
3985 [2873-5186] 5948 [4288-7741]
5738 [3963-7728] 8564 [5915-11,534]

5607 [4104-7251] 7458 [5458-9644]
1561 [1183-1958]
4259 [3007-5720]
7911 [5703-10,295]

11,391 [7868-15,341]

254 [122-376]
42 [37-60]

183 [105-249]
213 [139-319]
318 [188-457]

380 [182-560]
62 [55-90]

272 [156-371]
318 [208-477]
474 [281-682]

505 [242-746]
83 [73-120]

362 [207-494]
423 [276-634]
631 [374-907]

All intervals in brackets are standard 95% confidence interval (CI) of the underlying epidemiological models. Excess numbers attributed to heat
wave is not exactly equal to total numbers minus expected numbers due to negative number of excess cases

Estimates for children are to be interpreted with caution due
to the small number of cases. The total economic valuation of
excess mortality was estimated at €23 billion using the VSL
approach and €8.3 billion using the VoLY approach. Under the
VSL approach, the estimated economic impact of mortality
during heat waves ranged from €68 per capita in 2017 to €170
per capita in 2015.

Economic estimate of the impact of heat waves
on well-being

The red alert was only observed for two days in 2019, affect-

ing almost 27 million French citizens and economically esti-
mated at €2.3 billion [1.5-3.1].
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Accounting for uncertainties

Uncertainties of an epidemiological nature are shown as
95% CI for morbidity (Table 2) and as min—max values for
mortality (Table 3). Uncertainties of an economic nature are
shown as low and high estimates (Tables 2, 3), and associ-
ated with the range of health outcomes to provide a separate
treatment of uncertainties.

Figure 1 represents a more thorough treatment of uncer-
tainty, considered jointly thanks to Monte Carlo simulations.
For each year, the probabilized distribution of the total eco-
nomic assessment is plotted based on combined morbid-
ity, mortality (measured by excess deaths), and well-being
impacts, although mortality effects obviously dominate.
Years 2015, 2018, and 2019 have the highest total (health)
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impacts, the latter mainly because it is the only year where
heat reached red-alert levels, for which loss of well-being
due to MRAD is assessed.

Discussion

Between 2015 and 2019, we estimate that the selected health
impacts of heat waves amount to €25.5 billion, the majority
through mortality (€23.2 billion) and the remainder through
minor restricted activity days (€2.3 billion) and morbidity
(€0.031 billion). These results highlight a significant eco-
nomic burden on the French health system and society. Most
of these impacts come from premature mortality, which
simply means earlier medical and funeral costs associated
with a death, but whose intangible component represents a
societal burden often under-estimated and invisible. Also
important are intangible effects due to the loss of well-being
(MRAD), which raises questions about the social accept-
ability of using restrictions to prevent the impacts of heat
waves [13]. Morbidity hence represents a tiny fraction of the
economic burden, which suggests that the health system is
only slightly impacted.

However, there are several additional factors to consider.
First, these heat-related health impacts occur over a very
short time span, which can lead to health system congestion
with potential costly indirect consequences. Second, only
certain health impacts were explored here, not all possible
adverse outcomes. A growing literature links heat with a
wide range of adverse health outcomes (cardiorespiratory

effects [42], mental health [43], pregnancy outcome [44],
occupational health, and productivity loss [45, 46]). In
particular, the loss of productivity and of working time
directly affects the private sector: Vanos et al. [47] show
for Canadian outdoor industrial workers that the loss may
be about 1% of the annual number of hours worked, Orlov
et al. [48] estimate the hourly mean costs for agricultural
and construction workers in 10 European countries at about
$4.4 in July 2015, and Zhang et al. [49] estimate US labor
losses due to temperature differences between 2006-2016
and 1980-1990 at about $1.7 billion per year. However,
lack of epidemiological data prevented us from including
more health outcomes. Finally, our focus on heat waves cer-
tainly underestimates the total burden of heat-related health
impacts: high temperatures, even when not classified as heat
waves, impact health too, not only directly but also indirectly
through an increase in ozone pollution, allergenic risks, and
vector-borne diseases.

Monte Carlo simulations offer a way to combine uncer-
tainties associated with methodological choices in epidemio-
logical modeling and economic evaluation. When the simu-
lated mean and 95% CI are compared with the economic
evaluations (in Tables 2, 3, central, min, and max values),
the absolute average difference (over the 5 years) for the cen-
tral value is 3.03% using the VSL approach and 2.44% using
the VoLY approach. The average 95% CI interval ranges
are smaller for the Monte Carlo simulations, by about 24%
in the VoLY approach and 5% in the VSL approach. Over-
all, jointly accounting for uncertainty provides a better (and

Fig. 1 Monte Carlo simulated 5000
probability distribution of total
economic assessment by year (€ 4500
billion)
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narrower) representation of the distribution of the economic
impacts.

The values we found may appear low in comparison to
other public health issues. For example, Chanel et al. [50]
estimated the economic impact of avoiding 48,283 prema-
ture deaths from chronic exposure to fine particles (PM, 5) at
€145 billion for France. Heat waves are rare events happen-
ing on a few days per year—therefore with a much smaller
impact—but the expected rise in temperatures and in the
number of heat waves should sharply increase the associated
economic burden.

The World Meteorological Organization reported that
almost all attribution studies investigating major heat
waves since 2015 found that their probability was signifi-
cantly increased by anthropogenic climate change [51]. For
instance, the heat wave of July 2019 was actually deter-
mined to be almost impossible in the absence of climate
change (less than once every 1000 years) [52]. In France,
daily departmental warnings rose from 607 between 2010
and 2014, to 2252 between 2015 and 2019 [13]. It is note-
worthy that summer 2020 also saw exceptional heat waves,
resulting in the highest mortality burden observed since the
implementation of the French heat action plan [13]. There-
fore, our economic evaluation adds further evidence of the
overall economic burden associated with climate change and
underlines the urgent need for concrete adaptation actions.

Our study is subject to inherent uncertainties linked to
the choice and modeling of health impacts, as well as to the
economic values we used, often derived from air pollution
studies in the absence of heat-wave-specific values. First, we
assumed the entire excess deaths and health care utilization
calculated to be attributable to the heat waves. An alternative
would have been to model the fraction of mortality and mor-
bidity attributable to each heat wave, but such models also
involve high uncertainty, given the rarity of heat waves, the
strong non-linearity of the temperature-mortality relation-
ship, and its sensitivity to contextual factors (e.g., adverse
effect prevention campaigns, summer months when heat
waves occur). Models were previously shown to be unable
to capture all heat wave mortality impacts, especially dur-
ing the most extreme events [18, 53]. The capacity to model
morbidity has seldom been studied in the literature.

The mortality estimates we used were extrapolated from
a sample of municipalities, as it takes approximately 5 years
to obtain a complete mortality database in France. Com-
parison of observed and extrapolated data for the 2015 heat
wave showed that this extrapolation provided a reliable order
of magnitude of total mortality impact in France (data not
shown). Our morbidity data came from an almost exhaus-
tive sample of hospitals. Extrapolating these to the whole
country yields €30.8 million in excess ED visits and €1.96
million in excess outpatient clinic visits for 2015-19.

Second, regarding economic values, we implicitly
assumed that life expectancy at death for excess heat-wave-
related deaths was similar to that observed for all causes of
death, in the absence of relevant data. Clearly, a different life
expectancy value would change the share of mortality in the
total economic assessment, especially in the extreme case of
only one YLL per death [54, 55]. Less importantly, losses
of production were only included for the 0-64 age group,
although the French employed population aged 65-69 was
estimated at 7.8% in 2019 [36].

In the literature, we found about 20 studies investigating
the economic impacts of adverse health outcomes due to
heat waves, 12 at single-country level and 7 for the Euro-
pean Union (see [7] for a recent review of 10 of them). They
varied widely in their approach to heat wave definition, type
of health indicators used, computation of excess cases, thus
limiting comparability. Most of the studies only included
direct impacts in the economic valuation: mortality [40, 54,
56-68], hospital admissions or outpatient visits (emergency
room visits, hospitalizations, outpatient consultations, etc.)
[38, 40, 54, 56-58, 62-64, 67, 69-72] or the loss of produc-
tion associated with morbidity [40, 56, 58, 63, 66, 71]. Four-
teen studies built a model to obtain the number of hospital
admissions or outpatient visits associated with heat waves
[40, 54, 56-64, 69, 71, 72], while the others did not specify
their method of calculation. All the studies found the esti-
mated health costs of heat waves to be significant.

These studies, together with our wider perspective that
includes intangible effects, argue for stronger actions to
prevent adverse health consequences of heat waves. Such
actions are essential for several reasons. First, heat-related
health effects are generally preventable. Unlike other natu-
ral hazards—Ilike volcanoes, landslides, tsunamis or earth-
quakes—or other extreme weather events—Ilike hurricanes,
floods or wildfires—heat waves can be anticipated, and pre-
ventive behaviors are relatively simple to implement.

Second, heat-related health impacts may increase because
of climate change. The already-observed increased fre-
quency, duration, and intensity of heat waves [73] makes
adaptation desirable. In addition, the period when heat
waves occur is also extending; while events were historically
observed in July and August, they are now also recorded
earlier, in June, and later, in September.

Third, the most vulnerable in the population—the poor-
est, the elderly, people socially isolated or suffering from
chronic diseases—are more severely affected than the rest
of the population, and it is the responsibility of public
decision-makers to protect them. Inequities in heat-expo-
sure [74] can be combined with higher individual suscep-
tibility to heat [4, 70] and with limited access to protec-
tive behaviors [5]. The increase in vulnerability due to
aging, health inequities or socio-economic disadvantage
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associated with the COVID-19 outbreak is likely to worsen
the health consequences of heat waves [75].

Fourth, most actions aimed at preventing heat-related
health consequences are likely to be cost-effective, espe-
cially low-cost action such as heat-health action plans and
warning systems or behavioral changes at the individual
and community level. Heat-health early warning systems
are generally found to be cost-effective [76]. In Philadel-
phia, 117 lives are estimated to have been saved in 3 years
[77], with an annual benefit in terms of reduction in mor-
tality estimated at €157 million per year, and an operat-
ing cost of €154,000 per year after an initial development
cost of €80,000 [78]. In France, the preparation and devel-
opment cost of the national heat-wave and health alert
system initiated in 2005 was €287,000 and it involves an
annual operating cost of €454,000 [79]. Its health benefits
were not evaluated in terms of mortality. However, 75%
of the French population reported adopting at least one
heat-related protective behavior during heat waves [80].
Education and communication can trigger positive behav-
ioral changes at the individual level, like resting in cool
places for a few hours, avoiding extreme heat exposure for
outdoor workers or enhancing medical staff efficiency in
treating heat-related diseases [4, 11]. Actions on housing
or on the urban heat island are more costly, but they can
take a broader approach aimed at promoting a healthier
lifestyle and increasing resilience, while mitigating cli-
mate change. From a decision process perspective, there
is a need for novel approaches that manage a wide range
of climate- and non-climate-related risks by focusing on
receptor systems instead of conventional means, and mon-
etizing wider/cross-sectoral impacts [81]. Overall, allocat-
ing more resources in the short term would reduce longer-
term health spending.

Supporting the implementation of these adaptation
actions and alerting decision-makers to the urgency of the
situation will require a better understanding of the eco-
nomic impacts of climate change’s effects on health. Fur-
ther research on the health impacts of heat waves is needed,
together with their economic evaluation, to better under-
stand the non-linear effect of extreme temperatures and
events with no historical precedent. Efforts should be made
to obtain robust fractions attributable to mortality and mor-
bidity, to assess the risk of onset or exacerbation of chronic
heat-related diseases during heat waves and to estimate heat-
wave-specific monetary values. Attempts to predict the mag-
nitude of future heat waves would also be welcome.
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