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Abstract 
Heat waves are a growing phenomenon, both in intensity and frequency, and are directly 
linked to Climate Change and this threat is confirmed by both scientific models and real 
life occurrences. Due to the link between human mortality and high temperatures on one 
hand and the growing urbanisation on the other hand, urban population is more vulnerable 
to heat-related hazards, i.e. heat and air pollution. Heat waves do not only take a toll on 
human lives,  they are  also causing malfunction of  various  systems,  such as  electricity 
supply and consumption. Using the system dynamic modelling approach, this study builds 
a conceptual framework based on the situation of Grenoble (France) to assess how urban 
population and electricity system exposure to heat-related hazards are connected. These 
two subsystems (urban population health and electricity system) are analysed separately 
including contingency plans to reduce air pollution; as there is no contingency plans 
activated to reduce the primary hazard; heat. The Causal Loop Diagrams (CLDs) show that 
both subsystems are reinforcing the heat-related hazards, and determine the variables 
linking both subsystems: transportation policy, health facilities and population behaviour 
toward heat exposure. 

Útdráttur 
Tíðni og styrkur hitabylgna er að aukast og eru þær í síauknum mæli tengd við loftlagsmál. 
Þessi ógn hefur verið staðfest af vísindalegum líkönum  og atburðum sem hafa átt sér stað. 
Hitabylgjur eru þekktar fyrir að ógna mannslífum, sérstaklega i þéttbýli þar sem mikill 
lofthiti getur myndast sem í kjölfarið eykur loftmengun. Borgir treysta í ríkum mæli á 
raforkukerfið. En staðreyndin er sú að aukin rafmagnsframleiðsla hefur tvíbent áhrif á 
lofthita. Hún getur aukið hitabylgjur og leitt til meiri loftmengunar sem setur íbúa í aukna 
hættu. Þessi rannsókn byggir á kvikum kerfislíkönum, stuðst er við rannsókn sem var gerð 
í Grenoble (Frakklandi) til þess að kanna hvernig áhrif hitabylgjur hafa á eftirspurn eftir 
rafmagni og hvaða áhrif þær hafa á fólk sem býr í borgum. Þessir tveir þættir eru 
rannsakaðir í sitthvoru lagi,  ásamt viðbragðsáætlun sem gerð var virk í kjölfar hitabylgju í 
þeim tilgangi að minnka loftmengun sem af henni stafaði. Ekkert viðbragðskerfi var 
hinsvegar til staðar til þess að minnka aðal áhættu þáttinn, sem stafaði að hitabylgjunni 
þ.e.a.s. lofthitann sem ógnaði lífi fólks. Rannsóknir hafa sýnt fram á að  þéttleiki byggðar 
og framboð á rafmagni eru áhættu þættir sem ógna lífi fólks, þegar hitabylgja í borgum 
skellur á. í þessu verkefni eru rannsakaðir áhættuþættir sem myndast í kjölfarið. Þeir eru 
eftirfarandi: stefna í samgöngum, ástand á heilbrigðisstofnunum og hvernig yfirvöld 
bregðast við þegar slík ógn vofir yfir.  
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Glossary 

Canicule Term used by french government, “canicule” is defined when 
the minimum temperature stay higher than usual minimum 
temperature for several days. This indicator is used to activate 
contingency plans for fragile population, it differs slightly 
from the definition of “Heat Wave”.

Heat Wave  
(French definition)

“Heat Wave” is declared when maximum temperature are 5°C 
higher than temperatures normales for 5 successive days.

Météo France French National Meteorological Office

NO Nitrogen Monoxyde

NO2 Nitrogen Dioxyde

Temperature normale Temperature normale is defined for each weather station in 
France from daily temperatures measured between 1976 and 
2005. This definition is the one shared with Ministry of 
Environment for climate projections.

PM pollution Particles Matter air pollution; including PM10, PM5 and 
PM2,5

SO2 Sulphur Dioxyde
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1.  Introduction 
1.1. Heat waves, an increasing threat 

The effects of Climate Change are various and difficult to assess, but the consensus is it 
would trigger many catastrophes which will deeply affect the living conditions (Habeeb, 
Vargo, & Stone, 2015; Intergovernmental Panel on Climate Change, 2007). Among the list 
of catastrophes, extreme weathers are the easiest to be attributed to Climate Change.  

Beside Climate Change, four other conditions (Figure 1) explain heat waves, from global 
and long term conditions to local and short term conditions: favourable meteorological 
conditions, soil moisture, anticyclonic conditions, favourable geographic conditions and 
local source of heat. The occurrence of one or several of those phenomena during the same 
period increases the chances of heat waves (Perkins-Kirkpatrick et al., 2016).  

Figure 1: Heat wave schematic illustrating the various physical processes contributing to heat waves  

During summer, soils tend to be naturally drier due to a long exposure to warm 
temperatures, and hotter temperatures are accelerating the soil desiccation (Miralles, 
Teuling, van Heerwaarden, & de Arellano, 2014); dry soil and hot air temperatures have 
been linked in various studies (Bador et al., 2017; Folwell, Harris, & Taylor, 2016; Meng 
& Shen, 2014; Miralles et al., 2014; Perkins-Kirkpatrick et al., 2016). Unlike anticyclones, 
soil moisture can be controlled by human activities through urban planning by favouring 
urban greening (Bowler, Buyung-Ali, Knight, & Pullin, 2010). 

“Anticyclonic conditions” refers to high pressure air up in high atmosphere, preventing hot 
air to ascend; heat trapped between soil and this high pressure mass is stopping the natural 

Figure 1: Heat wave schematic illustrating the various physical processes contributing to 
heat waves. (source: Perkins-Kirkpatrick et al., 2016)
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convection movements of air (Bador et al., 2017; NOAA, 2017; Perkins-Kirkpatrick et al., 
2016). This phenomenon also prevents the formation of clouds in the area, ensuring a clear 
sky, preventing cooling from rain falls and reinforcing the amount of heat reaching the 
ground (Météo France, 2017b). The Azores high pressure system situated off the coast of 
Portugal affects western European weather. 

Human infrastructures are known to modify the albedo, and to absorb more heat than other 
elements of the surroundings, they are considered as “Localised amplification” and 
contributing to Urban Heat Island in urban areas. 

Heat waves worldwide during 20th and 21st centuries. 

Figure 2: Heat waves worldwide in 20th and 21st centuries  

Figure 2: Heat waves worldwide in the 20th and 21st centuries (source:EM-DAT). The 
number of heat waves during the 21st century is based on the number of heat waves 
declared between 2000 and 2016. 
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Heat waves are more frequent (Bador et al., 2017; Intergovernmental Panel on Climate 
Change, 2007) and the consequences more severe (Mazdiyasni et al., 2017) and the trend is 
expecting to be reinforced (Meehl & Tebaldi, 2004). Using Centre for Research on the 
Epidemiology of Disaster (CRED) data (EM-DAT, 2017), Figure 2 shows the repartition 
and the frequency of heat waves worldwide during the 20th and 21st centuries. As seen 
previously, heat waves definitions differ (see chapter Approaching heat wave as a disaster), 
and the CRED is having its his own definition based on fatalities and casualties criteria. 
Finally, the CRED database relies on the good will of local agencies to be updated, 
therefore data regarding heat waves might not be exhaustive depending on the local 
resources or priorities. 

Three events are analysed in depth in literature; 1995 in Chicago (Semenza et al., 1996), 
Europe 2003 (Chaxel & Chollet, 2009; Fischer, Brunekreef, & Lebret, 2004; Fouillet et al., 
2006) and Russia in 2010 (Osborn, 2010; Otto, Massey, van Oldenborgh, Jones, & Allen, 
2012; Zvyagintsev et al., 2011); during these events, human loss reached at least 0.015% of 
the national population. 

Between 2010 and 2016, almost every continent suffered from at least two heat waves 
which have been analysed in scientific literature:  
 North Asia (Russia & China) in 2010 and 2013 (Osborn, 2010; Otto et al., 2012; Xia, 
Tu, Yan, & Qi, 2016; Zvyagintsev et al., 2011),  
 South Asia in 2014 and 2015 (Hussain, Nagaraja, & Menezes, 2016; Malini, Lalitha, 
Raju, & Rao, 2016; Min, Kim, Paik, Kim, & Boo, 2015),  
 Europe in 2011 and 2013 (Elliot et al., 2014; Green, Andrews, Bickler, & Pebody, 
2012; Khare et al., 2015),  
 North America in 2011 and 2012 (Bonne et al., 2015; Luo & Zhang, 2012; Mills et 
al., 2013; White-Newsome et al., 2014),  
 Australia in 2012 and 2014 (Black, Karoly, & King, 2015; White & Fox-Hughes, 
2013). 

Heat waves in South America are mostly mentioned in newspapers in 2012 (Merco Press, 
2012). In Africa few heat waves are declared; one reason might be the limited amount of 
weather stations in the countries (Ceccherini, Russo, Ameztoy, Marchese, & Carmona-
Moreno, 2017). However, using the Heat Wave Magnitude Index and the data available 
from 260 weather stations unevenly distributed across Africa, Ceccherini assessed an 
increase of frequency and intensity of heat wave since 1996 (Ceccherini et al., 2017). 

For several decades, temperatures were rising, 1998 was the hottest year on record globally 
(McCarthy, 1998), which was surpassed in 2010 (Jarraud, 2011). Since 2014 temperatures 
are rising continuously, and each year is declared “the hottest year/month ever 
recorded” (Deng, 2015; NASA, 2016a, 2016b, 2016c; Tollefson, 2016). 

Nowadays, governments and agencies are monitoring the phenomenon closely, but the 
goals of these organisations are different, so their indicators to define heat waves differ 
according to the field of study or the entity performing the investigation. Although there is 
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no standard model to define a heat wave, all definitions have in common the concept of 
unusually high temperatures during several days (Perkins & Alexander, 2013). 

1.2. Impacts on society and urban areas 

Heat waves are known to have a negative effect on human mortality, although their effects 
can be assessed in various other fields. A lot of sources are available nowadays about this 
topic, with newspapers describing mainly their impacts (Birkmann, Garschagen, Kraas, & 
Nguyen, 2010) and scientific literature on the other hand providing support to explain or 
assess the observations. Initially most research was about human mortality (Oudin Åström, 
Bertil, & Joacim, 2011), but as the link to climate change goes more under investigation 
(Habeeb et al., 2015; Intergovernmental Panel on Climate Change, 2007), other aspects are 
now being developed such as economical impact (K. S. Fu, Allen, & Archibald, 2015; Heal 
& Park, 2013), electricity consumption and production (K. S. Fu et al., 2015; Sathaye et 
al., 2013) or air pollution (Zvyagintsev et al., 2011). Although there is no standard model 
to define a heat wave, all definitions have in common the concept of unusually high 
temperatures during several days (Perkins & Alexander, 2013). 

The impacts of heat waves on population are more severe in densely populated area, where 
more than 54% of worldwide population is living (United Nations Human Settlements 
Programme, 2016). However, many aspects of society are exposed to high temperatures as 
well, in urban areas and beyond as the area impacted by heat waves can affect several 
hundred square kilometres (Miralles et al., 2014; Perkins-Kirkpatrick et al., 2016), the 
effects can be observed for great distances and still have an effect on cities life style. Rees 
and Wackernagel suggest that areas surrounding the cities have a vital function in urban 
sustainability since cities are not self sufficient: they are dependent on surroundings to fuel 
their metabolisms and absorb their waste (Rees & Wackernagel, 1996). An increase of 
temperature in the city is modifying their metabolism, and surroundings have to adapt to 
these changes. Due to the wide area affected by heat waves, surroundings are likely to be 
impacted by warm spells as well, facing both the change of needs from the cities and the 
need to adapt their activities to high temperatures. 

Research about heat waves is a rather recent topic, the 1995 heat wave in Chicago seems to 
be the starting point of the growing interest in scientific literature. 

1.3. Research problem and research questions 

If the topic “heat wave and mortality” is widely studied, some tried to extend the field of 
research to agriculture, transportation, energy and environment (Intergovernmental Panel 
on Climate Change, 2007; Klinger, Landeg, & Murray, 2014; Smoyer-Tomic, Kuhn, & 
Hudson, 2003). The goal of those existing studies is to provide scientific facts to support 
contingency plans, thus they are assessing the impacts of heat wave, not the mechanisms 
leading to those impacts. 

The hypothesis developed here is that the increase in mortality is not only directly caused 
by heat, but that heat and its side effect (air pollution) trigger a succession of events 
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regarding exposure of population and electricity supply & consumption system to heat-
related hazards, which leads to the increase of death. Based on Klinger findings (2014), 
this study shows that during heat waves, air temperature, electricity supply & consumption, 
and sanitary issues are intertwined, and are reinforcing each other. The goal of this study is 
to develop a conceptual system dynamics framework that expresses the link between two 
systems which might look unrelated during heat wave: electricity system including 
production and consumption and health of urban population. This happens during a heat 
wave, a necessary step in order to design effective mitigation and contingency plans. 

Research Question answered 

What is the chain reaction linking heat-related hazards, health and electricity availability? 
What are the parameters and society functions that make them interrelated? 

To answer the main question, the system is decomposed into two subsystems (population 
exposure to heat-related hazards and electricity supply and consumption), analysing how 
each subsystem reacts when exposed to heat-related hazards, and also pointing the 
influence of those subsystems on heat and air pollution. 

This study is important because this phenomenon will happen more and more frequently 
around the globe (Intergovernmental Panel on Climate Change, 2007), and in France 
(Bador et al., 2017). It highlights some key factors which could be used to reduce the 
impact of heat waves, and ultimately on human loss. 

2.  Literature Review 
First, this section presents the processes that lead to higher temperatures especially in 
urban areas, then, an overview of the electricity consumption and supply and the changes 
as temperature rises. Finally, the disaster framework is used to define the heat-related 
hazards and assess the vulnerability of population and electrical system when exposed to 
heat-related hazards. 

2.1. The difficulty to compare heat waves or 
temperatures in the cities 

Traditionally summer is defined as the hot season, but all summers are not equivalent 
temperature-wise. Some factors are influencing the temperature; their conjunction can lead 
to a particularly hot period called “warm spell” or “heat wave”.  

This section gives an insight about the different indicators used to define heat waves, and 
the importance of the Urban Heat Island effect on temperature within the city. 
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2.1.1. Heat waves definitions and indicators 

This section emphasises the wide definition of heat waves. 

Comparing the definitions of heat waves given by different sources, it appears that no 
consensus emerges: indicators are multiple (Perkins & Alexander, 2013), and each country 
and institute is using its own definition. 

In Australia, three consecutive days or more with a maximum temperature above a certain 
threshold based on historical records is used to define a heat wave (Perkins-Kirkpatrick et 
al., 2016), and Canada considers a hot episode to be a heat wave when temperature 
exceeds 32°C three days or more (Smoyer-Tomic et al., 2003); in the UK, a heat wave is 
declared when maximum temperature exceeds 30°C and night temperature exceeds 15°C 
for two days in a row (Met Office, 2017). In the United States, the National Weather 
Service issues a heat wave warning when the Heat Index exceeds 38°C during the day and 
29°C at night two days in a row (National Weather Service, 2017). The Heat Index is using 
both air temperature and relative humidity (NOAA, 2017). Some indicators are adding 
spatial components, like the heat wave index used by Bador et al. (2017) in which at least 
30% of the domain is affected, or the Danish Meteorological Institute which considers heat 
waves if more than half the territory is affected above 28°C for three consecutive days 
(Danish Meteorological Institute, 2015). 

In France, a heat wave is declared when the maximum temperature is higher than a 
threshold based on historical records for five consecutive days or more (Météo France, 
2017b), and a different indicator (Canicule) is used to activate health contingency plan 
(Lemonsu, Beaulant, Somot, & Masson, 2014). 

Despite the wide variety of used indicators, three indicators are often applied to detect heat 
waves: minimum temperature, maximum temperature and duration. 

In the requirements for the installation of weather stations according to the World 
Meteorological Organisation (WMO), meteorological stations are not installed next to 
“artificial heat sources” (Météo France, 2014), thus most weather stations are located out 
of the city centre (Météo France, 2014); heat wave detection is based on measurements 
from surroundings, and data displayed for inner cities are modelled (Pinson, Ruas, Masson, 
& Chancibault, 2015). Within kilometres, temperature can change (see Appendix); studies 
on the Urban Heat Island effect estimate the difference could be about 3.5°C between a 
dense urban area and the suburbs (Figure 3) (Tremeac et al., 2012). 

2.1.2. Temperature in the city: Urban Heat Island effect 

The presence of human constructions (such as asphalt and concrete structures) modifies the 
albedo of the landscape, and heat released by human activities (transportation, industry 
such as smelting plants or fossil fuel power plant) are creating “artificial heat 
sources” (Météo France, 2014), increasing the air temperature. In urbanised areas, this 
accumulation of infrastructures is creating the “Urban Heat Island” effect. This effect 
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explains why temperatures in a city are higher than in its park and residential suburban 
areas (Blue curve in Figure 3) (Tremeac et al., 2012).  

With the increasing occurrence of heat waves, people are seeking thermal comfort indoor, 
massively using Air Conditioning: pumping indoor heat out of the building. The most used 
apparatus (dry tower) are pumping indoors heat and release it directly in the streets, 
increasing the air temperature (red curve on figure 3). According to Tremeac (2012), the 
extensive use of wet towers would increase temperatures by 2.5°C in the hottest areas 
compared to a “no A/C” scenario (black curve on figure 3). However, even if the use of AC 
is increasing with outdoor temperature as populations are seeking thermal comfort, this 
effect could be mitigated through air conditioning management, releasing heat into local 
waterbody — called “deep water cooling” — (Newman & Herbert, 2009; Tremeac et al., 
2012), or improving building code toward passive houses (Alavipanah, Wegmann, 
Qureshi, Weng, & Koellner, 2015; Porritt, Shao, Cropper, & Goodier, 2011; Pyrgou, 
Castaldo, Pisello, Cotana, & Santamouris, 2017).  

Figure 3: Night temperature profiles in Paris Area  

2.2. Electricity supply & consumption during 
heat waves 

Accessibility to energy and especially electricity is a key factor of wealth, safety and health 
(Klinger et al., 2014). First this section provides an overview of the electricity 
consumption globally and locally, then an overview of the electricity production 
technologies and the impact of air temperature on their efficiency. 

Figure 3: Night temperature profiles in Paris Area, along an East-West axis. (source 
Tremeac et al., 2012)

!

!7



2.2.1. Electricity consumption 

The consumption of electricity has grown worldwide in the last decades, driven by the 
economic development (K. S. Fu et al., 2015; Lam, 1998; Payne, 2010) and the ever 
increasing electric need for our modern lifestyle (Sanquist, Orr, Shui, & Bittner, 2012). In 
less than 45 years, electricity consumption worldwide has been multiplied by 5 (Figure 4) 
(World Bank, 2017). Interestingly, the main driver of electricity consumption in cities 
appears to be related to climate (K. S. Fu et al., 2015; Lam, 1998; Sanquist et al., 2012). 

The need for electricity depends on the regional climate, it has been assessed that in 
tropical and subtropical cities, 60% of the electricity consumption is dedicated to cooling 
devices, while this portion represents 30% of electricity bill in Los Angels nowadays (K. S. 
Fu et al., 2015). If traditionally electricity consumption is higher in winter time due to 
needs for heating, Climate Change would revert this trend is some part of the globe, where 
shorter winter, higher temperatures and longer summer time would lead to higher 
consumption in electricity in summer time, and the increasing use of cooling devices (K. S. 
Fu et al., 2015; Intergovernmental Panel on Climate Change, 2007; Ruddell, Salamanca, & 
Mahalov, 2014). 

Figure 4: Electricity consumption worldwide between 1971 and 2014  

In France, that trend is verified nationally, and a close up look at repartition of 
consumption habits between 1970 and 2015 shows that households and service sector 
multiplied their consumption by 7 while most sectors increased twice or thrice (Figure 5) 
(Ministère de la Transition Écologique et Solidaire, 2017). Most energy consumed in 

Figure 4: Electricity consumption worldwide between 1971 and 2014, globally and per 
capita. While average consumption per capita has almost doubled, total electric 
consumption multiplied by 5. This difference is explained by the increase of population 
worldwide. (source: Worldbank database)
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residential and service sector is related to climate (Lam, 1998; Sanquist et al., 2012), 
Person & Werner (2015) estimates that about 10% of residential and tertiary buildings are 
equipped with cooling devices in Europe and in France. With the development of air 
conditioning and fan technologies, the energy demand increases during heat wave periods 
(Tremeac et al., 2012; U.S. Department of Energy, 2013); and at the same time, extensive 
use of air conditioning is increasing outdoor temperature, extending the air conditioning 
use (Tremeac et al., 2012). During heat waves, the time scale of data chosen for analysis is 
important, according to Pechan & Eisenack (2014) the electricity consumption increased 
by 2% in Germany during the 2003 heat wave, while hourly data in American cities seems 
to acknowledge that the electricity consumption peak matches with temperature peak 
(Gutierrez, Gonzalez, Bornstein, Arend, & Martilli, 2013; Ruddell et al., 2014). 

Figure 5: Stacked electricity consumptions in France between 1970 and 2015.  

2.2.2. Electricity supply 

Electric infrastructures are exposed to extreme heat conditions, and that exposure has an 
impact on the production capacity. 

Thermal power stations: fossil fuel and nuclear power plants  

Thermal plants are releasing heat in local water bodies while is use, as feeding water 
temperature is a key element to thermal efficiency of a plant (C. Fu, Anantharaman, Jordal, 

Figure 5: Stacked electricity consumptions in France per sector between 1970 and 2015. 
Steel industry consumption did not change much, while Industry and Transportation 
doubled and agriculture tripled their consumption. Services and residential multiplied 
their consumption by 7 in the same period. (source: Pegase database)
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& Gundersen, 2015; Pechan & Eisenack, 2014), and temperature of feeding water depends 
on cooling systems inputs: water bodies temperature and air temperature (Pechan & 
Eisenack, 2014; U.S. Department of Energy, 2013). 

Summer time is also a favourable season for droughts (Birkmann et al., 2010), reducing 
rivers flow and increasing rivers temperatures (Autorité de Sûreté Nucléaire, 2003); and 
thus, reducing the cooling capacity of plants. Climate Change has an impact on water 
supply through drought or extreme rainfall, and access to water is identified as an 
important parameter to ensure electricity supply (Feeley et al., 2008; U.S. Department of 
Energy, 2013). Indeed, depending on design, nuclear plants are withdrawing about 168 
cubic meters per MWh produced, against 5 cubic meters per MWh produced for coal 
plants (Macknick, Newmark, Heath, & Hallett, 2012). In order to protect local fauna and 
flora, temperature of cooling water is regulated (Autorité de Sûreté Nucléaire, 2003), 
limiting the capacity of plants to produce electricity. Overheating in power plants can be 
the source of accidents, thus in order to secure parameters, cooling towers can be added, 
using air temperature to cool the system through evaporation. However, as temperatures 
rise, cooling tower efficiency drops (U.S. Department of Energy, 2013). Derogations and 
outages already happened in the past in the US (U.S. Department of Energy, 2013), and 
France (Autorité de Sûreté Nucléaire, 2003, 2006; Poumadère, Mays, Le Mer, & Blong, 
2005). 

Rising temperatures involve consuming more fuel to reach the same production; implying 
more CO2 emissions (Autorité de Sûreté Nucléaire, 2003; C. Fu et al., 2015), putting a 
spike on governments wheel and the fight against Climate Change (UNFCCC, 2015), but 
on a local scale, releasing more SO2, NO, NO2, and particles maters pollution from fuel 
combustion in the air. 

Renewables: Photovoltaic plants, wind farms, hydro plants. 

Solar Photovoltaic Plants (PV Plant) production is restricted by daylight time and wind 
farm production is limited by wind conditions. 

Wind farms are not sensible to hot temperatures as such, but during heat waves, the natural 
convection process is interrupted (see chapter Urban Heat Island effect), reducing air flux. 

PV plants efficiency relies on solar irradiance and also on air temperature; for the same 
exposure, simulations estimate the power decreases by 20% between 25°C and 40°C 
(Bellia, Youcef, & Fatima, 2014; Dubey, Sarvaiya, & Seshadri, 2013; Nishioka et al., 2003; 
Skoplaki & Palyvos, 2009). 

Finally, hydropower plants in mountains are converting water stored in altitude. Air 
temperature and water temperature do not affect the dam efficiency, however, drought 
period affects the available stock of water (Birkmann et al., 2010; U.S. Department of 
Energy, 2013). 
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Renewable energies are claimed as an alternative to thermal power plants regarding their 
low CO2 emissions and low water consumption, but they have their limitation in case of 
high temperatures and drought (Nishioka et al., 2003; U.S. Department of Energy, 2013). 

2.3. Vulnerability to extreme temperature 

Previous chapters present the physical processes of heat concentration in urban areas, and 
its impact on electricity supply & consumption. This section provides an analysis of the 
hazards provoked by heat waves, the way to mitigate them, and ways to reduce the 
exposure. 

People used to gather together in order to benefit from division of labour and economy of 
scale, but a deeper analysis identifies sharing, matching and learning mechanisms as 
drivers of urban development (Duranton & Puga, 2004). Over time, the density of 
population is being associated with productivity, innovation and wealth (Glaeser & 
Gottlieb, 2009; United Nations Human Settlements Programme, 2016). Nowadays, more 
than half the world population is living on about 5% of the globe surface (Liu, He, Zhou, 
& Wu, 2014); and urban population could reach 66% of world population by 2050 in 
expending urban areas (United Nations Human Settlements Programme, 2016). Heat 
waves are affecting wide areas, but the high density of population in urban area make the 
effects on health more visible in the restricted area. 

There is a large consensus that extreme temperature events will take place more often with 
increasing temperatures (Intergovernmental Panel on Climate Change, 2007; Meehl & 
Tebaldi, 2004), and that increased mortality and heat waves are linked (Filleul et al., 2006; 
Fouillet et al., 2006; Green et al., 2012; Mazdiyasni et al., 2017; Oudin Åström et al., 
2011); some compared mortality and morbidity of various natural hazards and came to the 
conclusion that heat waves are the deadliest of all (Bahrampour, 2002; Knowlton, Chen, & 
Kalkstein, 2012; Poumadère et al., 2005). The danger of heat waves come from their 
duration (days or weeks); they can be forecast which allows some preparation time and 
might give a false impression of safety (Bahrampour, 2002). Their occurrence and their 
impact on health and economy are monitored by the World Health Organization (WHO) 
under “extreme temperature” (EM-DAT, 2017; Hoyois, Scheuren, Below, & Guha-Sapir, 
2007).  

2.3.1. Approaching heat wave as a disaster 

There is no consensus to consider heat waves as “Disaster”, due to the lack of physical 
damages on structures heat waves impacts are difficult to assess. In literature, heat waves 
are not systematically mentioned as disasters (Berz, 1988; Houston, Pfefferbaum, & 
Rosenholtz, 2012) and despite the deadly episode in Chicago in 1995 and the following 
ones in the United States, the Federal Emergency Management Agency (FEMA) does not 
propose a disaster declaration for heat waves (FEMA, 2017), while Canada is considering 
heat waves in its disaster database (Public Safety Canada, 2017). The UNSDR definition of 
disaster has been updated in February 2017 as “A serious disruption of the functioning of a 
community or a society at any scale due to hazardous events interacting with conditions of 
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exposure, vulnerability and capacity, leading to one or more of the following: human, 
material, economic and environmental losses and impacts.” (UNISDR, 2017) which could 
now includes heat waves onto the panel of disasters. WHO is monitoring any event which 
killed more than 10 people or has been subject of a declaration of state of emergency 
among other criteria (Hoyois et al., 2007). Heat waves are fulfilling these criteria, and are 
monitored in CRED database (EM-DAT, 2017). Even if UNISDR does not refer to heat 
waves in its reports, it refers to “meteorological events” and provide link to EM-DAT data.  

It seems that the idea of managing heat waves as a natural disaster is gaining strength, 
therefore analytic tools used in disaster management should apply in heat waves cases. 
Traditional disaster planning guides present four phases of disaster life cycle: Mitigation 
and Preparedness prior to the disaster, and Response and Recovery triggered once the 
disaster has happened. This model implies that these phases are taking place 
chronologically, which does not reflect the reality of the interventions (Thorvaldsdottir, 
2016). The latest models are separating the activities pre- and post-disasters, and phases 
are replaced by functions, unconstrained from a chronological framework. In the pre-
disasters activities, a function has been added: Risk Analysis (Thorvaldsdottir & 
Sigbjornsson, 2014). This pre-disaster functions are used as a guideline to present the 
different action plans put in place. 

2.3.2. Risk Analysis 

This section presents some action plans put in place by governments worldwide, regarding 
Disaster Risk Analysis. The objective of the Risk Analysis function is to “understand the 
disaster risk, its component and context” (Thorvaldsdottir & Sigbjornsson, 2014, p. 51). 

The understanding of the natural processes of heat waves is usually supported by 
Meteorological Organisations (Danish Meteorological Institute, 2015; Met Office, 2017; 
Météo France, 2017b; NOAA, 2017), which are shared with academics agencies to run 
simulations in order to define the peak values, durations and probabilities globally 
(Intergovernmental Panel on Climate Change, 2007) and regionally (Bador et al., 2017; 
Gershunov & Guirguis, 2012; Habeeb et al., 2015; Kikumoto, Ooka, & Arima, 2016; 
Lemonsu et al., 2014; Meehl & Tebaldi, 2004; Perkins-Kirkpatrick et al., 2016). 

Generally, governments are reacting to heat waves from a health point of view and are 
collecting data about the population characteristics using national statistics, determine 
vulnerable populations using past experiences and estimate consequences on human loss 
(Bosch, 2004; Carter et al., 2015; Knowlton et al., 2012; Mazdiyasni et al., 2017; Pascal et 
al., 2005; Weber, Sadoff, Zell, & de Sherbinin, 2015). Elderly, young and people with 
medical condition are vulnerable to heat (Carter et al., 2015; Poumadère et al., 2005; 
Semenza et al., 1996) as well as people living alone, foreigners — unable to understand 
warnings — and low income population are identified as vulnerable (Carter et al., 2015; 
Semenza et al., 1996). Population indoor with no access to air conditioning or population 
with daily outdoor activities are more exposed to heat-related hazard and are identified as 
population in vulnerable situation (Carter et al., 2015; Semenza et al., 1996). The 
vulnerability of population varies with the population density within the city, the type of 
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housing and the topography of the city; highly populated area and non proper buildings 
are increasing the vulnerability of population, while it decreases in higher altitude areas 
(Keramitsoglou et al., 2013). 

Specialised agencies and academics are inventorying the structures and services exposed to 
the heat and assess the vulnerability factors and the consequences from electricity service 
perspective (Gutierrez et al., 2013; Klinger et al., 2014; Pechan & Eisenack, 2014; Sathaye 
et al., 2013; U.S. Department of Energy, 2013), transportation perspective (Kellermann, 
Bubeck, Kundela, Dosio, & Thieken, 2016; Nguyen, Wang, & Wang, 2012; Vajda et al., 
2013), or health perspective (Klinger et al., 2014; Poumadère et al., 2005). 

Severity of heat wave is assessed through the combination of three components: duration, 
intensity — which is assessed according to the local definition of heat wave — and the 
time since the previous event (Keramitsoglou et al., 2013). 

The second hazard identified during a heat wave is the exposure to air pollution; urban 
population is regularly exposed to Particles Matter (PM) and chemical pollution, NOx, 
SO2 and PM coming from fossil fuel combustion in transportation or industries (World 
Health Organization, 1992, 2003; Zvyagintsev et al., 2011), but ozone is produced under 
sunny and warm conditions (Fischer et al., 2004) adding up to the regular chemical 
pollution (Chaxel & Chollet, 2009). Various studies had linked mortality rate, respiratory 
issues and air pollution during heat waves with a special emphasis on ozone concentration 
(Chaxel & Chollet, 2009; Fischer et al., 2004; Zvyagintsev et al., 2011). To reduce the 
sanitary risks among population WHO recommended thresholds (World Health 
Organization, 2006), while the EU and governments regulations regarding air pollution 
monitoring and alert (Commission, 2018) (In France, Environmental code, “livre II, Titre 
II: Air et atmosphère”). In France, the exposure to ozone goal is set at 120 µg/m³ daily 
max, no more than 25 days per year; during the 2006 heat wave maximum, the 
concentration recorded in Grenoble was 120 µg/m³ for 1 day (Atmo Auvergne Rhône 
Alpes, 2018). 

2.3.3. Mitigation Analysis 

This section presents some action plans put in place by governments worldwide regarding 
Disaster Mitigation Analysis, the long term actions to avoid extreme temperature event and 
the hazards associated. The objective of Risk Mitigation function is to “measurably reduce 
known disaster risk” (Thorvaldsdottir & Sigbjornsson, 2014, p. 51). 

Mitigation Analysis provides solutions to reduce the severity or the probability of a risk, 
defined in risk analysis. The main risk for population is to be exposed to extreme heat or 
air pollution, while the main risk for infrastructure is the exposure to extreme heat. 
Mitigation plans can be cumulative, adopted at different levels: international or local. 

The most emblematic example of international cooperation to reduce or stabilise the 
probability of extreme temperature events is the fight against climate change and the 
reduction of CO2 emissions worldwide (UNFCCC, 2015). The goals are international, but 
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the strategy to achieve the sustainable development goals are at hand of the governments 
who finance and decide on the action plans at a national level (United Nations, 2015). 

At a local scale, there are two ways to reduce the heat exposure of population: reduce the 
exposure duration, or reduce the temperature. Urban planning and land use are taken into 
account, especially in cities, to reduce the outdoor temperature, by increasing the 
vegetation (Alavipanah et al., 2015; Birkmann et al., 2010), or updating building code  and 
inciting construction of green roofs and high albedo roofs (Birkmann et al., 2010), or 
through air conditioning use management (de Munck et al., 2013; Tremeac et al., 2012). 

Extreme heat goes along high solar irradiance, which reacts with particles in the air, 
creating ozone pollution, enhancing air pollution. Ozone pollution is considered an induced 
hazard of heat wave. As ozone pollution is related to heat, any mitigation plan to limit the 
heat exposure will have an effect on ozone pollution. Nevertheless, the effects of air 
pollution exposure are different from the effects of heat exposure; preparedness to air 
pollution and heat exposure are two different strategies (Chaxel & Chollet, 2009; Fischer et 
al., 2004; Zvyagintsev et al., 2011). 

2.3.4. Operation Preparedness  

This section provides a non-exhaustive benchmark of procedures and contingency plans 
applied in several cities. 

The objective of Operation Preparedness function is to “prepare future operations for 
dealing with future disasters” (Thorvaldsdottir & Sigbjornsson, 2014, p. 51). When 
“Mitigation Analysis” is the plan to avoid a situation, Operation Preparedness is 
anticipating the situation, and can be considered as a procedure to follow when the 
situation is taking place. For this reason, “Operation Preparedness” is performed prior to 
the event. 

In risks analysis, two risks are identified for human health and electricity supply: exposure 
to air pollution and exposure to extreme air temperature. Chapter Results shows how those 
risks are intertwined. The actions to reduce the exposure to the risks are elaborated based 
on a risk analysis. The accountable entity for their application depends on resources, 
influence and skills, they can be national, local or individual (Alberini, Gans, & Alhassan, 
2011; Bedsworth, 2009; Health Canada, 2012b). 

National meteorological agencies are in charge of monitoring and forecasting climate data 
(Danish Meteorological Institute, 2015; Met Office, 2017; Météo France & Pérarnaud, 
2007) because of their access to technology and their long time experience in recording 
and interpreting weather data, and issuing the warnings in accordance with communication 
plans. Meteorological offices are entrusted with the mission to assess the severity and 
define the thresholds to declare a heat wave (Pascal et al., 2005; Smoyer-Tomic et al., 
2003). 

Based on meteorological informations, governments activate “heat contingency plan” in 
order to protect populations, especially the most vulnerable population (see chapter Risk 
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Analysis) (Health Canada, 2011b, 2011c, 2011d). According to the severity of the event, a 
wide scale of resources could be mobilised such as health care personnel (Health Canada, 
2012a; Pascal et al., 2005; Sheridan & Kalkstein, 2004), media (Sheridan & Kalkstein, 
2004) (Health Canada, 2011a), firefighters (Sheridan & Kalkstein, 2004) or even army 
(Bosch, 2004; Pascal et al., 2005) or government crisis centre (Direction Générale du 
Travail, 2013). 

Law is a powerful tool at national level; the French government issued a set of laws in the 
Health code (art. D. 6124-201), in Social Actions and Families Code (art. D. 312-160 & 
D. 312-161) and issued a decree (décret n°2008-1382 du 19 décembre 2008) reinforced by 
a law in Work Code (art R. 4121-1). “Plan National Canicule 2017” has been applied in 
2017 thanks to a decree involving all ministries and local administrations (Direction 
Générale de la Santé, 2017). 

To act at a local scale, local authorities are activating public transportation policies (Ville 
de Grenoble, 2017b), opening hours of air conditioned places such as malls or public 
libraries (Bedsworth, 2009), or specific plans oriented to vulnerable populations like 
visiting elderly living on their own (Sheridan & Kalkstein, 2004). 

Companies have their part to play in order to limit the exposure to heat. The French 
government is encouraging companies to adopt a series of adjustments in work conditions 
in order to reduce the exposure of employees to extreme heat, such as adaptation of 
working hours, adaptation of work place — providing shelter and drinking water —, ask 
for staff information sessions delivered by Health Inspection agents (Direction Générale du 
Travail, 2013). Some utility companies, especially electricity providers, have their own 
contingency plans in order to ensure the installation safety; these plans are involving power 
outages (Sheridan & Kalkstein, 2004; U.S. Department of Energy, 2013). 

At a personal level, individuals would instinctively put themselves out of risk (Alberini et 
al., 2011) by seeking cool places and keeping housing cool (Gao, Kuklane, Wang, & 
Holmer, 2012; Khare et al., 2015) or avoiding physical activities and outdoors activities 
(Alberini et al., 2011; Health Canada, 2011d; Khare et al., 2015). Different campaigns to 
raise public awareness toward heat-related hazards are emphasising the increase of 
drinking (Health Canada, 2011b; Khare et al., 2015), avoiding outdoors activities during 
the hottest hours (Health Canada, 2011d) and watch over vulnerable population (Health 
Canada, 2011c; Khare et al., 2015).  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3.  Research Design 
This section describes the methodology chosen in this study, the elements taken into 
account for each subsystem: population exposure and electricity consumption and supply. 

3.1. Scope  

The analysis of the impacts is limited to population and electricity system exposure to 
extreme heat and air pollution during the event. The effects of heat waves on human 
mortality decrease with the temperature (Poumadère et al., 2005), the impacts on electricity 
supply system is not assessed beyond the event timeframe. However, heat waves are 
known to have long term effects on certain sectors; the effects can be detected weeks or 
months after the event in sectors such as agriculture (Intergovernmental Panel on Climate 
Change, 2007; Sugiura & Yokozawa, 2004), cattle (Kaltenboeck et al., 2014) and food 
(Dinh, Janssens, & Stoks, 2016; Petter, Weitere, Richter, & Moenickes, 2014; Sikka, Rao, 
& Rao, 2016), economy (Heal & Park, 2013) or the environmental hazards like drought 
and wildfire (Bedsworth, 2009; Birkmann et al., 2010; Intergovernmental Panel on Climate 
Change, 2007). This study focuses on the specific time, the sector whose effects are 
delayed are not part of this study. 

According to the common definition, heat waves can happen anytime of the year, but the 
population is more sensitive to warm spells happening during summer, adding extra heat to 
traditionally hot period when the population is already exposed to heat-related hazards. 
The conceptualisation of the chain reaction does not apply to milder seasons, when 
population and electricity system are not stressed by heat; although more study cases in the 
area would confirm the findings in the area, and wider scale or other area case studies 
would lead to a generalisation. 

3.2. Research Process 

The goal of this study is to express the link between two systems which might look 
unrelated during heat waves: electricity system including production and consumption, and 
health of urban population. The research process consists in four steps: a preliminary study 
about air temperature measurement and air pollutant is led to corroborate that temperature 
measured about 38km away from Grenoble can be used to declare a heat wave within the 
city (see Appendix); and establish the list of air pollutants typically related to warm 
temperatures in Grenoble (see Appendix). Then a literature review of the key elements 
relevant for building each of the two subsystems (figure 6), which will be used in third step 
to draw the Causal Loop Diagrams (CLD) for the two subsystems. Finally, the 
identification of the variables common to both CLDs that shows the relation between the 
two subsystems.  
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Figure 6: System and sub systems boundaries  

As no similar study have been performed, this model is based on Grenoble (France) 
situation (Figure 7). Grenoble and its surroundings (163 000 inhabitants, 446 000 
inhabitants including suburbs) has been chosen because it is regularly affected by heat 
waves (Météo France, 2006) (Figure 8) recognised by the French Meteorological Office 
(Météo France) according to its definitions of heat waves. Grenoble is situated in the 
french region which would be the second most impacted by high temperatures in the future 
(Bador et al., 2017). Given the topography of the area (Figure 9), the densely urbanised 
area is clearly delimited by the steep surrounding mountains. 

Figure 7: Grenoble situation and additional heat in July 2006 heat wave in France.  

Figure 6: System and subsystems boundaries.
�

Figure 7: left: Grenoble situation, Right: Difference between maximum average 
temperature and temperature “normale” in °C during the July 2006 heat wave in France 
(Source: Météo France, 2006)

�

!
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Figure 8: Heat waves recorded in Saint Étienne de Saint Geoirs station since 1980  

Figure 9: Grenoble topography and landcover  

Figure 8: Heat waves recorded in the Saint Étienne de Saint Geoirs station since 1980. 
The X axis shows the duration (in days), the Y axis, the mean of maximum temperatures 
(in °C), the disk area the severity. (Source: Météo France, personal communication)

�

Figure 9: left: Topographic map of Grenoble area and meteorological stations based in 
Saint Etienne de Saint Geoirs, Le Versoud and Saint Martin d’Hères. The darker the 
colour, the highest is the altitude (source: https://www.geoportail.gouv.fr/donnees/carte-
ign) Right: Grenoble area land cover. Red represents continuous urban fabric, purple 
represents industrial or commercial use, blue represents water courses and water bodies, 
and greens represent different forests. (source:https://www.geoportail.gouv.fr/carte)
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3.3. Input Datas and Sources 

Data provided by Météo France are use to perform the preliminary analysis regarding 
temperature measurements; first an history of the heat waves recorded in Saint Étienne de 
Saint Geoirs station (Figure 9) with their start date, duration, and intensity (expressed with 
the sum of degrees above the temperature normale during the event). Then a dataset is 
provided by Météo France including daily data for minimum temperature, and maximum 
temperature during summer months from 2001 to 2016.  

Analysis of air pollution is performed based on data extracted from Atmo Auvergne Rhône 
Alpes site, with daily records from eight measuring stations across the city, for pollutants 
NO2, NO, Ozone, SO2, PM10 and PM2.5 from May 1st 2000 to September 9th 2016. 

The elements described in the Literature Review are used to build the models. France 
mainly relies on nuclear power and hydro power; and saves fossil fuel power plant as a 
backup supply solution; thus air pollution from power plants is limited. At the end of 2015, 
the electricity production capacity in France was 105 GW, including 77.6% of nuclear 
energy (International Energy Agency, 2017). 

3.4. System Dynamics Methodology 

The system dynamics methodology appeared in 1961 with the publication by Jay W. 
Forrester “Industrial Dynamics” (Richardson, 1999). The methodology was inspired and 
developed for the industry, but the field of application broadened and nowadays the system 
dynamics approach can be found in industry but also in resources management (Stave, 
2003), education (Richardson, 1999) or disaster management (Thorvaldsdottir, 2016) to 
name a few. The strength of system dynamics modelling is its ability to describe complex 
models in an understandable way and to model the effects of feedback loops and 
interactions in a complex system over time. A system is defined by its boundaries, its inner 
components and their interactions. If at least one component behaviour depends on its own 
previous state, there is a feedback loop in the system which would lead to a non-linear 
response of the system. Components are categorised in two groups: stocks and flows. The 
stocks behaviour is modelled in flow charts, describing the actions which have an impact 
on the stock state; while flows behaviour and their affect on stock are modelled in Causal 
Loop Diagrams (CLD). Some flows variables are indicators, used to monitor the system 
behaviour, while others can be seen as an input to the system and can be adjusted directly 
to influence the behaviour of the whole system. 

The fours stages of creating a system dynamics model are: Conceptualisation, Formulation, 
Testing and Implementation. 

The Conceptualisation phase sets the limits of the system; it is performed to answer a 
research question within the system boundaries. The boundaries of the system are set to an 
appropriate scale in order to answer the problem, therefore some aspects of the system are 
ignored because not related to the problem. The key variables (stocks, flows) are defined 
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during the conceptualisation phase as well as their behaviour, before being translated into 
flow charts and CLD. 

The translation of the behaviours into mathematical equations is taking place during 
Formulation phase, along with the estimation of parameters values. The Testing phase 
implies the support of computer-based solutions to simulate the system behaviour using the 
equations determined previously and validates the system behaviour in normal conditions. 
Finally, during implementation, several hypotheses are simulated, modifying the 
parameters of the studied variables and the ones that can be adjusted (such as policies) and 
the result presented using readable support. 

Given the potential width of the topic, this study is restricted to the conceptualisation 
phase; the result shows flow charts and CLDs, without the mathematical approach. To 
answer the main problem, this study is decomposed into two subsystems: population 
exposure to hazards and electricity supply & consumption (Figure 6). 

3.4.1. Population exposure to hazard 

This study presents a pattern of the activities of population in urban areas, and the 
exposure of heat wave-related hazards: air pollution and extreme heat. 

During warm spells, people living in urban areas are more vulnerable, because the 
temperature is enhanced in urban areas (UHI) (see chapter Urban Heat Island effect). The 
system considers the health of the population, the effect of the exposure to hazards related 
to heat waves on population, and the contingency plans to limit them. 

System Boundary 

The study analyses the effect of urban population exposure to heat-related hazard; effects 
on non-urban populations are not directly considered; due to the local topography, 
Grenoble surroundings have a very low population density, with a very different climate. 
Moreover, the population in surroundings is moving to the city to go to hospital, the non-
urban population is taken into account as soon as they get into the city when they are 
exposed to heat-related hazard, which would get them sick. The flow of healthy people 
getting sick is considered constant in a regular period. The analysis look at the population 
getting sick due to extra heat. 

This analysis considers only two hazards; heat (measured with “air temperature”) and air 
pollution. Literature mentions the amplification of pre-existing conditions such as diabetes 
or respiratory issues; it is considered in the model that those conditions are amplified by 
heat exposure and pollution. Population with pre-existing conditions are considered 
“healthy” as long as their condition does not require hospitalisation. Nevertheless, their 
condition is taken into account in the variable “vulnerable population”. 

Regarding air pollution, literature mentions fossil fuel power plants as source of air 
pollution; the closest thermal plant (gas) is situated in Martigues, about 200km south 
beyond the Alps mountains (source EDF), so air pollution from oil, gas or coal power 
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plants is not considered in the analysis. At a local level, air pollution is not considered 
filtered through air conditioning devices.  

Finally, the public transportation offer in Grenoble consists into tramways, buses and 
trains; all are powered by electricity, limiting chemical air pollution. 

3.4.2. Electricity supply & consumption 

Electricity supply is affected by extreme heat, as well as electricity consumption. This 
study shows the relations between heat, electricity production, electricity consumption and 
the contingency plans available to face the effects. 

System Boundary 

Electricity produced within the city is negligible, this system considers electricity produced 
out of the city boundaries. South East region electricity supply relies on nuclear energy 
(70%) and hydro power (25%), the other energy sources are ignored here. 

In this model, only the electricity consumption in the city is considered, and the dual effect 
on temperature in the city. Since there is little agricultural activity in this dense urban area, 
the agriculture electric consumption is not considered. 

4.  Results 
4.1. Population exposure to extreme heat and 

air pollution  

Air t° and Chemical & PM air pollution are the two hazards population is exposed to, 
they are input of the subsystem. Air t° is the main input as it is the indicator defining heat 
waves; the analysis focuses on the behaviour of the system responding to changes of this 
parameter. 

Population within the city is regulated by the flow of vacationers and commuters and 
death (at hospital and population not treated). Commuters are going into the city for work, 
and are leaving for the night. Vacationers include tourists living away and going in the city 
for a limited amount of time, as well as city inhabitants living inside the city who are 
leaving for a limited amount of time. They have a positive impact on city population when 
they arrive (or come back), and a negative impact when they leave. Finally death (at 
hospital and out of hospital) reduces the population in the city. Hospital capacity 
represents the amount of patients which can be admitted in hospitals in the city, it is an 
input of the system. Due to the available equipments and skills at the hospital, the 
mortality rate in the hospital is lower that the mortality rate population not treated, 
they are input of the system. 
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% of population outdoor includes all population present in the streets, whether they are 
working (e.g. construction workers) or walking. Both indoor and outdoor population is 
exposed to air pollution, but people outdoors are more exposed due to the absence of air 
filtration on the streets. People outdoors are accounted in % population in a vulnerable 
position, along with population living on their own, low income population and population 
with no access to air conditioning. % of vulnerable population represents the portion of 
the population identified as “more vulnerable to heat wave”, this includes young, elderly, 
foreigners and people with pre-existing health condition. All population is considered 
healthy before being exposed to heat-related hazards, the health of population with pre-
existing medical conditions deteriorates with exposure to hazards. 

To reduce air pollution, authorities are activating air pollution contingency plans, with 
two aims: reducing directly Chemical & PM air pollution, or reducing the quantity of 
vehicles in use which eventually reduce air pollution. The first option reduces the speed 
limit to 70km/h in the urban area, including freeway and highways in order to reduce the 
chemical pollution from fuel combustion (Ville de Grenoble, 2017a). The second option 
aim is to reduce the quantity of vehicle in use by forbidding the use of the most polluting 
vehicles. Electrical vehicles do not emit chemical pollution produced by fuel combustion, 
but still produce PM pollution. When a contingency plan is activated, the public 
transportation offer increases in quantity, with extended running hours (Ville de 
Grenoble, 2017b), increasing air pollution. 

The Flow Chart on figure 10 shows how the population in the city is regulated through 
commuters and vacationers, and death. Within the city, there is an amount of healthy 
people getting sick which would either get hospitalised, self-recover or die. 

Figure 10: Flow Chart population health  

This study analyses the behaviour of the system when the population is exposed to extreme 
heat. The following figure (Figure 11) shows how healthy population reacts when exposed 
to heat-related hazards — namely air t° and chemical & PM air pollution. 

In CLD, the influence between two variables is indicated by “-” or “+” near the arrow 
head; “+” indicate similar behaviour between two components while “-” shows an opposite 

Figure 10: Flow Chart Population health
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effect. Feedback loops are formed from at least two links; when all the signs are positive 
(or feature an even number of “-”) they are called “reinforcing loops”, otherwise they are 
“balancing loops”. Reinforcing Loops can be compared to snowball effect with 
components gaining strength over time, while Balancing Loops tend to regulate flows and 
stocks to reach equilibrium over time. In this study, they are highlighted with the following 
symbols  !   (B) or  !  (R). 

Loop B1 shows that only the healthy population can get sick from exposure to air 
pollution, meaning that the amount of population getting sick is limited by the amount of 
healthy population. A similar loop — not highlighted in the figure — shows a similar 
situation for population exposed to hot temperatures. The amount of healthy population is 
regulated by loop B2, when commuters and vacationers are leaving or entering the city. 

Figure 11: CLD Population exposure to extreme heat and air pollution  

When the air temperature increases, the population tends to avoid heat by leaving the city, 
or staying indoor, preferably in cooled places. When the population is not in vulnerable 
position, it is less likely to get sick. However, Loop R1 and R2 show that sick population 

Figure 11: CLD Population exposure to extreme heat and air pollution
!
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that was cured or did recover from heat-related sickness can be sick again when exposed 
again to heat-related hazards. 

As air temperature and air pollution drop with the end of the event, sick people are less 
affected, and will recover by themselves, limiting the amount of hospitalisation. when Air 
t° or Air pollution drops beyond hazardous level, the cycle is broken. 

When air pollution reaches regulation levels, contingency plans are activated to reduce the 
air pollution (Figure 12). Several contingency plans are available, creating balancing 
nested loops (B3 & B4) which can be activated independently depending on the severity of 
air pollution event; loop B3 has the least restrictive action, B4 is the most restrictive and 
has a large impact on city functions. 

Loop B3 aims to limit chemical pollution from combustion engines, while loop B4 aims to 
reduce the amount of vehicles in use, reducing both chemical pollution but also PM 
pollution. To balance the lack of personal vehicles use induced by the contingency plan, 
local authorities increase the public transportation offer by additional buses and trains and 
extended running hours. This measure increases the amount of vehicles in used (Loop R3), 
but those additional vehicles are electric vehicles, increasing the % of electrical vehicles, 
which are emitting less pollution than combustion vehicles (loop B5). 

Figure 12: CLD Air pollution contingency plans  

Figure 12: CLD Air pollution contingency plans
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4.2. Energy Supply and Consumption 

Electricity can not be stored, it is consumed as soon as it is produced; flow chart has no 
added value in the analysis. 

Electricity production is limited by the sum of power plants rated power, in other words, 
the amount of power plants built and the sum of their individual rated power. This 
maximum capacity depends on building new power plants and decommissioning power 
plants. However this rated power is affected by air temperature at production site, 
especially for nuclear power plants. Summer time and heat waves are associated with 
droughts and warmer temperature of rivers, the first is reducing the supply capacity from 
hydro power and from nuclear power plants, and the second is reducing thermal efficiency 
of thermal plants, and thus reduces the supply capacity from nuclear power plants. 

As electricity can not be stored, the amount of electricity produced (producing electricity) 
is strictly driven by the energy demand (total electricity need). This electricity need is 
decomposed into 5 needs: on one hand electricity need for hospital needed to cure sick 
population, electricity need for transportation especially public transportation offer, 
electricity need for cooled places and electricity need for basic utilities such as sewage, 
water supply or communication systems — their sum constitutes the minimum electricity 
need for basic functions, and electricity need for other use such as industry on the other 
hand. Running heavy industries is electricity consuming, but also increases chemical and 
PM air pollution and air t°. 

Electricity need for basic functions has priority upon electricity need for other use: the 
higher the need for basic function and the lower the electricity production, the less 
power available for other electricity use is left and the probability of power outage 
increases. Then contingency plans are activated to increase producing electricity or 
decrease the total electricity need. 

Figure 13 represents the electricity system, how the air temperature at the power plant 
affects supply, and the impact of electricity consumption on air temperature and air 
pollution in the city. 
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Figure 13: CLD Electricity supply and consumption  

The rated power of a region depends on the amount of plants in service. The more plants 
are built, the higher is the rated power, but the capacity drop when air temperature 
increases. Electricity production is driven by electricity need (Figure 13), which is the sum 
of electricity need from hospital, transportation, cooling devices, basic utilities and other 
uses. Industry is included among “other use” and is a releasing air pollution and additional 
in air. Cooling places using air conditioning also releases additional heat in the air, 
increasing air temperature in the city (loop R4). 

As total electricity need increases, electricity produced can not exceed the supply capacity 
without contingency plans activated when available power for electricity use decreases 
(Figure 14). 

Figure 13: CLD Electricity supply and consumption
!
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Figure 14 shows how the general reinforcing loop — not highlighted in the figure — is 
balanced by contingency plans regarding producing electricity and total electricity need. 
Electricity production is increasing with electricity need, to keep the equilibrium at all 
times, contingency plans are ready to be activated, from using backup facilities (loop B6) 
to the worst scenario where basic functions would be switched off (loop B9, B10, B11, 
B12). Loop B6 and B7 aim is to provide additional electricity to cope with increasing 
demand and/or decreasing supply capacity. These contingency plans have no direct impact 
on city functions; if these actions are not enough to reach the equilibrium between 
production and demand, shutdowns are activated by priority. Non-basic functions are 
shutdown gradually (loop B8), then the crisis mode is set into action to define priorities 
between B9, B10, B11, B12.  

Figure 14: CLD contingency plans for electricity supply and consumption system  

4.3. Causality between air temperature and 
health 

Previous figures show how the increase of air temperature influences human health and 
electricity system. Several variables are part of both systems, letting think the subsystems 

Figure 14: CLD contingency plans for electricity supply and consumption system
!
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are somehow connected and are part of a bigger picture. Figure 13 shows the direct effect 
of air temperature in the city affects human health, but the heat wave impact on 
temperature goes beyond the city boundaries, and its effect on electricity supplies 
emphases the risks on health of urban population. 

Based on the previous CLDs, Figure 15 shows the path linking air temperature to deaths, 
removing all side arrows for readability purpose. Connections are made through 30 
variables which shows the inter-dependability of the subsystems. Some reflect the state of 
the system, such as a producing electricity, quantity of vehicles in use, or sick population, 
while others such as sum of power plants rated power, activating contingency plans or 
public transportation offer, can be used as inputs of the system by authorities to control its 
behaviour. 

Figure 15: Causality between air temperature and health  

Figure 15: Causality between air temperature and health. It shows parts of the two 
preceding subsystems and shows how they are intertwined, and influence each others.
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5.  Summary discussion and 
conclusions 

The research questions required to study the reaction of the systems to an increase of 
temperature during summer time, when population and environment are already exposed to 
warm climate.  

The preliminary studies were to make sure the choice of Grenoble area was wise regarding 
the exposure to both hazards (air temperature and air pollution). Regarding air pollution, 
the Grenoble urban area is considered very polluted; ozone and PM concentrations are 
correlated to temperatures, and PM are mainly emitted by industry and transportation. 

The study of the first subsystem reaction to an increase of air temperatures might look like 
labouring the point; when healthy population is exposed to air pollution or high 
temperatures, it gets sick until it is cured or die, and the effects stop when air pollution and 
air temperature drop. The added value of this analysis is to bring forward the variables 
which can influence the system reaction, such as the requirements to run an hospital or the 
amount of places equipped with cooling devices. It also shows the limited power of 
authorities to control hazards: contingency plans are only aimed at regulating air pollution 
through traffic regulation, which has a limited impact on ozone concentration. 

The study of the second subsystem shows that electricity need increases with temperature 
while power plants production capacity decreases. The CLDs are showing the concept, but 
the mathematical formulation would require a much larger area as a study case; indeed 
electricity production market is globalised, and electricity production is not driven by the 
local need, but European needs. Moreover, France generally is producing more electricity 
than needed nationally and export the surplus to neighbour countries, and this constraint 
during warm spells events could influence new energy policies. However, following the 
analysis of the possible contingency plans that authorities could activate, one can notice 
that six variables are already mentioned in the first subsystem. These variables are used to 
build a global picture of how the subsystems are connected (Figure 15). 

One aspect of the system is present in both subsystems and is subjected to both 
contingency plans, namely the transportation system. Transportation also has a critical 
contribution into curing sick population; not only by transporting sick population into 
hospitals and out once cured, but also involved into transporting staff to hospitals and 
supplying essential equipments and consumables. Some newspapers and research papers 
are relating the impact of heat on transportation, but the impacts are still understated. 

Interestingly, contingency plans in this study aim to reduce air pollution or prevent power 
shortage, but none is aiming at reducing the primary hazard: heat. The mitigation of this 
variable could be taken into account in mitigations plans, which are not represented in this 
framework due to the limited timeframe.  
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This framework is a conceptual model, and the next step would be the Formulation using 
numerical data, Testing and Implementation of scenarios to estimate the hazards and 
impacts of future heat waves. The framework could be updated to include parameters from 
different places, such as the air pollution coming from fossil fuel plants or temperature 
depending on urbanisation rate. 

Heat waves are one of the numerous effects of Climate Change, and their impact on human 
health is amplified in urban areas, putting urban population in a vulnerable position. 
Unfortunately, the impact of heat waves on the environment is more tenuous that it seems, 
and goes beyond health casualties, and this study shows that these impacts beyond city 
boundaries can be related to the vulnerability of the urban population.  

The phenomenon is now recurring, breaking new records of temperature and accompanied 
by unforeseen impacts; Europe was suffering from a heat wave in June 2017, Météo 
France announced the hottest temperatures ever recorded in France since the beginning of 
official measurements (Météo France, 2017a), bringing new disruptions in society, e.g. a 
radio station was shut down due to extreme heat (Yohan Blavignat, 2017). Early 2018, 
Australia is suffering from extreme temperatures, affecting all the aspects described in this 
study: population urged to stay indoor, power outages and shutdown, overcrowded 
hospitals, air pollution partly due to bush fires, and on top on it, melting roads making 
transportation difficult (Butcher, 2018).  

This work is limited to the relations between electricity consumption and health during a 
limited period of time, more analysis could be done to extend the picture to different fields 
such as transportation, which seems to be a recurring aspect. Several newspaper articles are 
mentioning the impacts of heat on all kinds of transportation means during heat waves, 
from melting roads (Butcher, 2018; Sims, 2016), buckling rails (Nguyen et al., 2012), even 
air transportation (Davies, 2012; Wang, 2017). This wide range of transportation means 
impacted confirms that the effects of heat are far beyond the sanitary impact. 
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Appendix: Preliminary studies 
Two preliminary studies were performed in order to make sure that Grenoble is exposed to 
high air temperatures and air pollution influenced by temperatures. 

Temperature measurement 

No meteorological station is assessing actual temperatures within the cities, due to the 
requirements of the note 35b describing the technical specifications for a meteorological 
station (Météo France, 2014). To get data within 1°C margin (class 2), a meteorological 
station must be installed more than 30 meters from “artificial heat source”, i.e. buildings, 
concrete or asphalt; and more than 30 meters from any body of water, and no shadow from 
environment (trees or buildings) when sun is 7° or more from the horizon. For wind 
measurement within 30% margin with possible correction (class 2), the obstacle should be 
over ten times its height from the station. 

Due to these technical requirements, no station is located in the cities; temperatures in 
urban areas are estimated based on records from nearby meteorological stations (see 
chapter Heat waves definitions and indicators). The French Meteorological office is now 
relying on 554 meteorological stations over french territory, most were installed between 
1995 and 2008 (Météo France & Pérarnaud, 2007). 

Three weather stations are monitoring the climate in the Grenoble region, two are situated 
in airports (Figure 9). The oldest station Saint Etienne de Saint Geoirs is the only one 
which was recording between 1976 and 2005, period which is used to define the 
temperature normale, from which the heat wave threshold is calculated (see chapter Heat 
waves definitions and indicators). It is situated 37.9 km from the city (table a.1), in a 
surrounding very different from Grenoble surroundings; Saint Étienne de Saint Geoirs is 
situated in plains while Grenoble is surrounded by mountains.  

Table a.1: Characteristics of weather stations in Grenoble area  

The goal of this study is to verify that temperature records show higher temperature closer 
to urban areas, then it evaluates if the temperatures recorded in Saint Étienne de Saint 
Geoirs are representative of the temperatures recorded closer to the city. 

Station Station 
description

Distance to 
Grenoble

Altitude Recording 
starting date

Saint Étienne de 
Saint Geoirs

National Airport 37.9 km North 
West

384m 1973

Grenoble Le 
Versoud

Local Airport 10.1 km East 
North East

220m 2000

Saint Martin 
d’Hères la 
Galochère

Private property
3.8 km East 
South East 220m 2004
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This analysis provides the general trend of data using minimum and maximum daily 
temperatures. As expected, minimum and maximum temperatures are increasing as the 
distance from the urban area decreases (Figure a.1). This is explained by the Urban Heat 
Island effect (see chapter Urban Heat Island).  

Looking at the general shape of the temperature curves (Figure a.1), maximum 
temperatures curves and minimum temperatures curves have similar shapes, suggesting a 
strong correlation between the records of the stations.  

Figure a.1: Average maximum temperature and average maximum temperature between May and September during period from 2001 to 2016 per station.  

The correlation coefficient to compare two stations is calculated using the Pearson 
formula:  

It is applied on the full series of maximum daily temperatures during summer over 16 
years. The correlation coefficients calculated from maximum daily temperatures are all 
above 0.95 (table a.2), the lowest being between Saint Étienne de Saint Geoirs and Saint 
Martin d’Hères, which are respectively the furthest and the closest station from the city. 

Figure a.1: Average minimum temperature and average maximum temperature between 
May and September recorded in three stations during period from 2001 to 2016. Blue 
curves (saint Étienne de Saint Geoirs) are below the green ones (Le Versoud), and both 
below the orange ones (Saint Martin d’Hères). 
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This means that the temperature records in Saint Étienne de Saint Geoirs can be used to 
issue heat waves alerts in Grenoble area. As expected, the correlation coefficient for the 
two stations situated within 7km in the same plain is even higher (0.987). 

Table a.2: Correlation coefficients for the meteorological stations  

To assess the difference between the records from Saint Étienne de Saint Geoirs and Saint 
Martin d’Hères, the dataset used for the second analysis is the difference between 
maximum daily temperatures in the two stations between May and September. For 
visualisation purposes, the results are regrouped by monthly distributions. 

During summer time, records from Saint Martin d’Hères are on average 3°C warmer than 
the ones from Saint Étienne de Saint Geoirs (see Figure a.2). The full range of temperature 
differences between the stations can be important (from -3.8°C to 9.2°C), the second 
quartile of data is consistently close to a range between 2 and 4°C. 

This analysis shows a consistent shift between the two stations. Nevertheless, the spread 
closes to 2°C is too large to rely on the Saint Étienne de Saint Geoirs station, given the 
sensibility of the heat wave indicators. 

Figure a.2: Comparison between maximum temperature in Saint Étienne de Saint Geoirs and Saint Martin d’Hères  

St Geoirs Le Versoud St Martin d’Hères
St Geoirs 1.000000 0.960739 0.959566

Le Versoud 0.960739 1.000000 0.986939
St Martin d’Hères 0.959566 0.986939 1.000000

Figure a.2: Comparison between maximum temperature in Saint Étienne de Saint Geoirs 
(reference) and Saint Martin d’Hères recording stations. The distribution for each month 
(daily temperature difference on 16 years) is represented by a vertical line (full range) 
and a rectangular block containing 50% of the distribution values. Number in italic 
shows the average temperature difference in °C between the two stations.
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Chemical & PM air pollution 

The Grenoble urban area is considered very polluted; a low altitude city surrounded by 
high mountains prevents the wind from dissipating air pollution, so wind conditions do not 
need to be taken into account in air pollution measurements. This preliminary study aims 
to identify the pollutants which concentration is increasing on summer time, by calculating 
Pearson correlation coefficients between concentration and temperatures daily records. 

Figure a.3: Daily average concentration of pollutants  

Of all air pollutants, only the ozone concentration increases steadily on summer time and 
decreases on winter time, showing an obvious correlation with temperature (Figure a.3).  
Other pollutants concentration, especially Particles Matters, seems to increase slightly 
during summer months. For this reason, correlation coefficients were computed only over 
summer months (table a.3). 

Generally speaking, coefficient correlation between air pollution and temperatures are 
more pronounced with maximum temperature than with minimum temperature. Also, 
records from urban traffic monitoring stations (Rocade Sud and Grands Boulevards) show 
lower correlation with temperature. 

Correlation coefficients for ozone support the hypothesis that ozone concentration and 
maximum temperature are positively correlated: Table a.3 shows the highest coefficients, 
close to 0.6, regardless of the station. PM10 and PM2.5 correlation with maximum 

Figure a.3: Daily concentration of pollutants averaged over 8 stations over the 
2001-2015 period: Nitrogen dioxide, Nitrogen monoxide, Ozone, Sulfur dioxide and 
PM10 and PM2.5 particles
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temperatures show lesser coefficient values and consistency over the stations. NO2 and 
SO2 concentration correlations are consistently very weak. NO correlation coefficients are 
also weaker than ozone and PM ones but show an interesting difference depending on the 
station, with higher negative correlations (0.4) in urban traffic areas. 

Table a.3: Correlation coefficients of each pollutant concentration with daily maximum 
and minimum temperatures for each station. 
A background colour was added to distinguish relatively high (green, orange) to low or 
inexistent correlations (white, grey)  

Station Pollutant T° max T° min
Pont De Claix 
(urban industrial area)

PM10 0.594249 0.445251

Fontaine les Balmes 
(urban area)

NO2 -0.065783 -0.027005
NO -0.181914 -0.228361

Ozone 0.630316 0.323612
PM10 0.472471 0.365746

Grenoble Caserne de 
Bonne 
(urban area)

NO2 0.083721 -0.076348
NO -0.169767 -0.204899

Ozone 0.593480 0.283289
PM10 0.574975 0.331840

Grenoble Grands 
Boulevards 
(urban trafic)

NO2 0.106115 -0.008977
NO -0.399045 -0.297642

PM10 0.232458 0.192624

Grenoble Rocade Sud 
(urban trafic)

NO2 0.151085 0.093576
NO -0.404013 -0.229806

PM10 0.401962 0.277995
PM2.5 0.295198 0.254386

Grenoble les Frenes 
(urban area)

NO2 0.083637 0.000541
NO -0.109727 -0.225352

Ozone 0.608023 0.355160
PM10 0.498651 0.351669
PM2.5 0.421761 0.329949
SO2 0.055097 -0.154450

Saint-Martin d’Heres 
(urban area)

NO2 0.000771 -0.081671
NO -0.160713 -0.227536

Ozone 0.622409 0.347182
PM10 0.443207 0.306025
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