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Redaktdrernas forord

Denna utgéva ingér i den serie av systematiska kunskapssammanstillningar
som ges ut av Goteborgs Universitet. Dessa kunskapssammanstéllningar hade
sin bakgrund i ett behov att ange riktlinjer for hur man faststiller samband 1
arbetsskadeforsikringen. Arbetet inleddes 1981 nér en grupp ortopeder, yrkes-
medicinare, andra arbetsmiljoforskare och ldkare fran LO i Lakartidningen
diskuterade en modell for bedomning av vilka arbetsstillningar som utgjorde
skadlig inverkan for besvir i brost och lindrygg. Gruppen pekade ocksa pa
vikten av att systematiskt stélla samman kunskap inom omrédet (Andersson
1981). Dérefter publicerades flera systematiska kunskapssammanstéllningar
med avsikt ge riktlinjer for forekomst av skadlig inverkan vid arbetsskade-
bedomningar (Westerholm 1995, 2002, Hansson & Westerholm 2001).

AFA Forsikring finansierar sedan 2008 ett langsiktigt projekt med avsikt
att ta fram nya kunskapssammanstéllningar inom arbetsmiljoomradet. Arbetet
samordnas av Arbets- och miljomedicin vid Goteborgs Universitet. Dessa
systematiska kunskapssammanstéllningar har som syfte att beskriva arbets-
miljons betydelse for uppkomst eller forsdmring av sjukdom eller symptom i
ett bredare perspektiv. Tillimpningen av resultaten far ske inom berdrda
myndigheter, arbetsplatser och forsikringsbolag.

Kunskapssammanstéllningarna genomfors av experter inom respektive
omréadet. Deras bedomning granskas sedan av andra experter inom omrédet.
Den nya serien av systematiska kunskapssammanstéllningar inleddes 2008
med en fornyad oversikt om psykisk arbetsskada (Westerholm 2008), som
sedan foljdes av sammanstéllningar om fukt och mdgel, helkroppsvibrationer
och arbetets betydelse for uppkomst av depression, stroke, Parkinsons sjuk-
dom, ALS, Alzheimers sjukdom och prostatacancer (Torén 2010, Burstrom
2012, Lundberg 2013, Jakobsson 2013, Gunnarsson 2014, 2015a, 2015b,
Knutsson 2017). Under 2016 presenterades ett uppméarksammat dokument om
skador efter exponering for handéverforda vibrationer (Nilsson 2016). Dess-
utom har vi tagit fram ett mycket efterfragat dokument om hur diabetiker klarar
av olika pafrestande arbetsmiljoer (Knutsson 2013). Eftersom kunskapsliaget
fordndras finns det ett behov av uppdateringar av gamla kunskapssamman-
stillningar, samtidigt som det finns ett behov av kunskapssammanstillningar
inom nya omraden.

Detta ar den forsta systematiska kunskapssammanstéllningen, i en serie om
tvd, som behandlar betydelsen av exponering for vdrme. Denna Oversikt
handlar om hur man paverkas av varma miljéer och hur man kan skydda sig
Den andra &versikten kommer behandla hur sjuka individer klarar att arbeta i
varma miljoer. Arbetet har genomforts av Kalev Kuklane och Chuansi Gao,



Lunds Universitet. Externa referenter har varit Lars Barregard, Géteborg och
Juhani Smolander, Helsingfors. Vi dr tacksamma for forfattarnas gedigna
arbete liksom de vérdefulla och konstruktiva bidrag som referenterna har
tillfort.

Goteborg, Lund och Umeé juli 2017

Kjell Torén
Maria Albin
Bengt Jarvholm
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Abstract

The present review covers a wide scope of occupational heat stress related-
issues. The problematics related to climate change have placed heat exposure
on the agenda. As a result, the research on heat effects has increased in recent
years and a considerable amount of new material has become available. The
literature includes general and specific reviews that focus on various heat-
related aspects in detail. The aim of the current review is to compile the most
relevant information, both past and present, that primarily covers knowledge
on how one can carry out simple evaluations of heat stress in occupational
settings. Very specialised information is described in full in the specific papers.
The present review covers basic information on exposure to heat, descriptions
of climatic factors and how they are measured. The review takes up human
thermoregulation, heat exchange with the environment, and responses to heat.
Several common hot environment evaluation methods along with heat
assessment and management strategies are discussed. Sample industries are
described.



OCCUPATIONAL HEAT STRESS

Introduction

In recent years the problems related to heatwaves have gained actuality due to
climate change. At the same time occupational exposure to workplace heat in
Swedish industries has diminished. To a large extent, human work activities in
heat have been taken over by automated processes. However, human work in
heat has not disappeared totally. There are jobs in food processing, metallurgy,
the ceramics industry, paper works, glass manufacturing, etc., where heat
exposure is a part of daily routines. In some cases, unexpected events force the
personnel to act in extreme heat until the normal processes are restored.

At the same time, higher daily temperatures and the more common occur-
rence of heatwaves affect many other jobs, such as those in the construction
and agricultural sectors. Higher temperatures also affect the time it takes to
recover between work periods in heat. Due to globalisation and Swedish
companies acting on the international market, the extreme weather conditions
affect the companies’ productivity and profitability in many countries where
climatic conditions have already reached the limits of human physiological
tolerance.

The actualisation of the heat problematics has increased the number of
research papers in the area. Reviews are available that are more or less specific
in the details they provide. The overview presented here covers a wide scope
of issues related to occupational heat exposure. It aims to summarise the
literature of past and present material of relevance, and direct the reader to
specific studies and reviews of in-depth information that can be of interest.
Meanwhile, we have tried to cover all the basic aspects of occupational heat
exposure, heat assessment and management, and provide examples from
relevant industries.

Background

Exposure to heat

In Sweden the highest air temperature of 38 °C was recorded in Ultuna in 1933,
while the daily maximal air temperatures in July commonly stay between 22
and 23 °C in the Swedish “heat pole” of Mélilla (SMHI 2015). Globally, the
highest measured air temperature was 56.7 °C in Death Valley, California,



USA in 1913 (WMO 2015). Although several records have reached above
50 °C, it is a rare air temperature of daily exposure. Temperatures reaching
40-45 °C in arid areas and 35-40 °C in tropics are, however, common (Climate
CHIP 2015). The lower air temperatures in the tropics do not necessarily mean
a lower thermal load. On the contrary, the thermal load can be accentuated
when the air humidity is high and the evaporative cooling from the skin is
restricted compared to dry heat. Solar radiation can cause the surface tempera-
tures to easily reach above 70 °C even at considerably lower air temperatures.
Under these conditions, any activity can be considered as a challenge, and
occupational exposure should be avoided. However, this may not be easy to
accomplish due to the nature and time pressure of the work, like during the
harvesting season in agriculture.

In industrial settings the air temperatures in extreme cases may reach
several hundred degrees Celsius, such as during the repair and maintenance of
ovens, or when a process is stopped e.g. due to products falling off their
waggons and blocking the path in ceramic industry. Under heat radiation the
air temperatures do not necessarily reach such high levels, but radiant
temperatures do stand for increased risks for heat-related disorders in steel
works and glass factories, for example.

Protective equipment and clothing are needed in many working conditions.
Additional layers of protection interfere with the human body’s ability to
exchange heat with the surrounding environments and can increase heat-
related risks, even at temperatures that are not commonly associated with heat
stress. The protective gear that firefighters usually work in is intended for
extreme fire protection, even when they are carrying out other types of rescue
activities (Ilmarinen et al. 2008). Their occasional need to use impermeable,
totally encapsulating gas and chemical protective garments with heavy
breathing apparatus imposes a particularly demanding situation.

In work tasks that combine high levels of energy expenditure and a thermal
load, the work time must be limited. If firefighters’ smoke diving lasts about
30-45 minutes (limited either by heat or breathing apparatus capacity or both),
then the total rescue process time may take hours (Lee et al. 2015). If the heat
stress is intolerable, the exposure time needs to be limited and cooling breaks
should be introduced in order to achieve acceptable strain levels. Exceeding
the limits has occurred during sports events where extreme exertion in heat,
such as marathon running or the combination of protective gear, high exertion
and heat in American football, has led to heat-related disorders and even the
death of very fit and highly motivated individuals (Howe and Boden 2007).

In addition to strenuous physical activities, heat stress can be caused by
climatic factors, usually when the air temperature exceeds 25 °C with or with-
out solar radiation. Such conditions are routinely observed at construction
sites, in the forestry, agriculture, power and telecom sectors, and during



recreational activities such as hiking, tourism, and sports. Additional sectors
exposed to heat are mining, power plants, bakeries, kitchens and other food-
related industries. Any work involving fire involves health risks related to heat.
Offices and dwellings can also turn into heat traps on hot days and during heat
waves, especially when power failures or the breakdown of air-conditioning
systems occur (Klinger et al. 2014, Anderson and Bell 2012). The mortality in
European cities has been shown to increase with increasing temperatures
(Table 1). Epidemiological studies on workplace heat exposure and health
show that manual workers are at increased risk for heat stress; the occupational
groups include farmers, construction workers, firefighters, miners, soldiers,
and manufacturing workers (Xiang et al. 2014).

Table 1. Regional meta-analytic and city-specific estimates of threshold and percent
change in natural mortality associated with 1 °C increase in maximum apparent temp-
erature above the city-specific threshold (modified from Baccini et al. 2008).

Threshold (°C) % Change

Region
North-continental ~ 23.3 1.84
Mediterranean 29.4 3.12
City
Athens 32.7 5.54
Helsinki 23.6 3.72
London 23.9 1.54
Milan 31.8 4.29
Paris 24.1 2.44
Rome 30.3 5.25
Stockholm 21.7 1.17

In Sweden, the latest statistics on work-related disorders show that during
a twelve-month period, such disorders due to heat, cold or draught in percent
of the employees occurred mainly in the following sectors: 1) food, beverage
and tobacco industries (2.0 %); 2) warchousing and support activities for
transportation (1.4 %); 3) land transport, transport via pipelines (0.9 %); 4)
building (0.8 %); 5) public services (defence, police, fire, etc., 0.8 %)
(Arbetsmiljoverket 2014). However, three factors in the statistics were lumped
together: heat, cold and draught. It is not clear what proportion of the disorders
was attributed to heat only, but it can be seen from another source (Blom 2016)
that the number of heat-related occupational injuries or illnesses resulting in
sick leave that were registered at the Swedish Social Insurance Agency in
recent years goes up and down (Figure 1). This seems to correlate positively
with the weather data for July, for example (SMHI 2016), when higher
monthly mean temperatures lead to higher numbers of workers on sick leave,
and lower monthly mean temperatures to lower numbers. Of the cases reported,



the major ones were related to skin trouble (23 %), unspecified hypersensitivity
(14 %), problems in the airways and breathing organs (8 %), and other unspeci-
fied causes (40 %).

2010 2011 2012 2013 2014 2015
Year

- - Pt [ w w
o in =] w o )

Number of sick leave cases related to heat

w

Figure 1. Number of heat related sick leave cases per year (Blom 2016).

Sources of heat stress

There are three major sources that cause heat stress as described in the
introduction:

o work/exercise (i.e. metabolic heat production);
e environmental heat, and;
o clothing (i.e. restriction to body heat dissipation).

These factors are often combined in occupational settings where, for
example, heavy physical work is carried out in hot workplaces that requires
protection against environmental hazards. The rise in the core temperature of
the workers can be controlled as long as adequate heat loss can be maintained.
However, when heat cannot be dissipated either due to high environmental heat
load or encapsulating clothing, a rise in core temperature of 1 °C/hour can be
expected for each 100 W of workload.

Increases in either air temperature or activity are related to an increase in
core temperature that stabilises at higher levels if a heat balance is achieved. If
the body’s heat balance cannot be maintained, the risk of various heat-related
disorders (see the Heat-related disorders section) will increase depending on
the level of heat stress (Davies 1979, Lind 1963, Taylor 2006).

With increasing age, the thermoregulatory system deteriorates and heat
tolerance decreases. Elderly people make up the most vulnerable group in heat



waves (Fouillet et al. 2006). The age-related differences in heat tolerance are
observed even in occupationally active age groups (Larose et al. 1985).
Significant differences between young and older firefighters occur above the
age of 40 (Kenney et al. 2015). Since a physically active life-style and fitness
contribute to heat acclimatisation, age-related responses to heat can also be
modified by fitness.

Climate factors

The major climate factors that affect the human heat balance are air tempera-
ture, air velocity (wind), humidity, radiation and surface temperatures (Parsons
2014). Measurements and instruments for the physical environment are
described in specific standards, such as ISO 7726:2002, and in the literature
(Olesen and Madsen 1995, Parsons 2014). In order to cover all the major terms
and definitions in one place, the reader is referred to the book entitled Human
Thermal Environments by Parsons (2014) and to ISO 13731:2001 (2001).

Air temperature

Air temperature is the temperature of the air around the body and determines
the convective heat exchange. It should be measured with a sensor that is
protected against radiation (ISO 7726:2002). Forced air flow around the sensor
increases the accuracy.

Air velocity

Air velocity is the speed of streaming air. An omnidirectional probe should be
used to measure air velocity and it is represented by the mean of a 3-minute
recording (ISO 7726). In hot dry conditions evaporation is enhanced by air
motion and this successfully counteracts the convective heat gain (Jay et al.
2015). Air motion increases convection and evaporation from the body by
blowing away warm and humid air near the body. Air speed (indoors) or wind
(outdoors) has a cooling effect on the human body up to an air temperature of
about 40 °C, but a warming effect when the air temperature is above 40 °C. At
high air temperatures the convection effect will be negative and the body gains
heat.

Air humidity

Air humidity can be expressed as absolute humidity or relative humidity.
Absolute humidity occurs when the quantity of water vapour in the air is
expressed as water vapour pressure or dew point (Tq). Relative humidity (RH)
is expressed in percent as the relative amount of water vapour that air at a
specific temperature contains in relation to the maximum possible at that



temperature (saturation). Skin that is saturated at 100 % humidity can still lose
a considerable amount of heat to 100 % moist air if the skin temperature is
higher than the air temperature. This is because the water vapour pressure
difference between the skin surface and the air drives the evaporative heat loss.
The effect works in the opposite direction in a sauna when water is thrown on
hot stones — the water vapour temperature is higher than the saturation tempera-
ture of the skin. The water vapour from the air condenses on the skin because
it is a cooler surface. In firefighting activities, when hot steam is generated
when extinguishing a fire, such an effect can cause scald burns (Kahn 2012).

Traditionally, air humidity is measured with a psychrometer that has a wet
and a dry bulb thermometer. An air flow is forced over the bulbs in order to
reach maximum evaporation. This has a stable cooling effect on the wet bulb
and results in an accurate air temperature from the dry bulb (ASHRAE 2005,
Parsons 2014). Based on the thermometer readings, humidity values can be
read out from a psychrometric chart (e.g. Molliere diagram). Various instru-
ments are currently available that utilise both traditional and modern measure-
ing principles (Chen and Lu 2005), and often the humidity readings can be
logged and/or the instant values are directly displayed on the screen.

Radiant temperature

The mean radiant temperature depends on the temperatures of the surrounding
surfaces. It defines the magnitude of possible radiant heat exchange. In order
to calculate it correctly for a specific location in a room, the temperatures of
all the surrounding surfaces have to be weighted according to view angle in
relation to that location (Olesen and Madsen 1995). A simplified method utili-
ses a standard matt black globe temperature with correction for air temperature
and air speed (Parsons 2014). Solar radiation is a special case outdoors (Clark
and Cena 1978, Blazejczyk et al. 1993). In relatively homogenous conditions
and low air velocity, the globe temperature represents the mean radiant
temperature, but this is not the case if a directional radiation source is present.
For a standard globe (150 mm diameter), the mean radiant temperature is
calculated by:

t = [(tg + 273)4 +2.5x%x 108 x 173-6 % (tg _ ta)]o.zs P

where:
t, is mean radiant temperature (°C);
ty is globe temperature (°C);
v, is air velocity (m/s);
t, is air temperature (°C).
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Surface temperatures

The surface temperatures interact with the human body by radiation but also
by direct contact. The hands and feet are usually the only body parts that come
in contact with surfaces, but in some cases, larger body areas may be affected,
such as the back. This can happen when working in a seated or lying position,
and requires that heat exchange by means of conduction be taken into con-
sideration.

Heat exchange between the human body and
the environment

The heat exchange between the body and the environment occurs via con-
vection, evaporation, respiration, radiation, and conduction (Parsons 2014).
Various heat exchange pathways are affected or driven by different climate
factors, by clothing thermal insulation and evaporative resistance, and by the
body’s metabolic rate.

Convection

Convective heat exchange depends on air temperature and air velocity. It is
driven by the temperature difference between the skin or clothing surface and
the surrounding air. Wind (forced convection) blows away the stagnant air
layer around the body and thus increases the heat exchange. Convection sup-
ports heat loss up to an air temperature of around 35-36 °C. At higher air temp-
eratures, the body will start gaining heat from the environment by convection.
The thermal insulation of clothing affects the convective heat exchange by
hindering the heat transfer from the skin to the environment. Clothing air per-
meability, especially of the outer layer, has a significant influence on thermal
insulation, and thus, on the convective heat exchange.

Evaporation

Evaporation is the most powerful way to lose heat in hot environments and the
major one if the air temperature is above 35 °C. Evaporation depends on air
humidity and air velocity. The water vapour pressure gradient between the skin
or clothing and the air is the driving force. Air movement reduces the water
vapour pressure of the air around the body, and thus increases evaporation and
heat loss from the body to the surrounding air. The evaporation is also influ-
enced by the evaporative resistance of the clothing, and by the pumping effect
during walking in combination with the clothing design.

11



Respiration

Heat exchange via respiration involves both convective and evaporative
components. The inhaled air in the airways is warmed to a temperature that is
near the internal body temperature, and moistened up to 100 %. Thus, both the
air temperature and the ambient water vapour pressure influence the heat
exchange, which is the result of the level of work intensity and the concomitant
ventilation rate. Consequently, the calculations to estimate heat exchange via
respiration are based on the metabolic rate (Parsons 2014).

Radiation

Heat radiation can be divided into IR (infrared, long wave) and UV (ultraviolet,
short wave) radiation (Elert 2015). In nature, IR and UV radiation are com-
ponents of solar radiation that involves the whole spectrum. Visible light also
has its energy potential but it is just a small area between the IR and UV span
(Elert 2015). The absorption of IR radiation is not affected by colour, but by
reflectivity/emissivity of the surface. Absorption of UV radiation also depends
on the darkness of the surface (Brode et al. 2010, Jogard 2004, Kuklane et al.
2006) (Figure 2). Heat flux is always transferred from a warmer body to a
cooler body and there needs to be a space between the surfaces for the radiation
to work.

Radiation heat flux depends on the temperature gradient between the inter-
acting surfaces (e.g. the skin and/or clothing surface temperatures) and the
temperatures of the surrounding surfaces. In workplaces where specific point
sources of radiant heat exist (e.g. glass factories, metallurgical works) or in the
sun light, the direct radiation may be of interest, especially in relation to local
heat load (e.g. head, upper chest, hands). The extra-terrestrial solar irradiance
on the Earth’s atmosphere is about 1361 W/m? (Kopp and Lean 2011), while
at sea level the maximum normal surface irradiance under clear sky is approxi-
mately 900-1000 W/m? depending on location and properties of the atmo-
sphere. In the case of solar load, light coloured and loose fitting clothes reduce
the heat load. In the case of industrial point sources of radiation, the reflective
layers reduce heat gain (Figure 2). Even an extra layer of insulation may be
needed to keep the heat from reaching the skin too quickly because flames and
hot surfaces may emit more than 100 kW during firefighting (Rossi 2014).

Emissivity is a surface parameter that affects heat exchange via radiation.
Clothing is an example of such a surface. The emissivity of most textiles (>0.9)
and the human skin (0.97) is relatively high, which supports radiant heat ex-
change between the body and the environment. The emissivity is very low for
reflective layers, such as polished metal surfaces (<0.08), while their
reflectivity is very high (Bergman et al. 2011, Parsons 2014, Wikipedia 2015).
In the sun and under point radiation sources, the affected body area needs to
be considered because the total load is dependent on the exposed area, which

12



in turn depends on the angle from the heat source (Btazejczyk et al. 1993,
Underwood and Ward 1966).

90

80
70
BN ON wC RN

Figure 2. Effect of solar radiation (large UV component) on heat loss from a thermal
manikin dressed in different coveralls: BN — black Nomex®, ON — orange Nomex®,
WC — white cotton, RN — reflective (aluminised) Nomex®. High heat loss means low
heat gain from solar radiation. The ensembles were of similar design, but differed in
colour and fabric. The test days were selected to correspond to as similar environmental
conditions as possible (clear sky, air temperature 10-15 °C, wind 0.7-0.9 m/s, time of
day 12-15 o’clock) (modified from Kuklane et al. 2006a).
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Conduction

Conductive heat exchange occurs when objects are in contact with each other.
In many situations the heat exchange via conduction is minimal. A very strong
local effect may be present when handling various materials (ISO 13732-
1:2006). In some maintenance tasks, a worker may need to lie or lean on the
hot surface, in which case the contact area can be quite large. Conductive heat
exchange is defined by the contact area, the heat content and the heat con-
ductivity of the material, along with the temperature gradient between the skin
and the materials that are in contact. Liquids or moisture on the surfaces impro-
ves the contact and may increase the heat transfer. Contact insulation, which is
insulation in a compressed state (measured, for example, by EN 511:2006 for
gloves), affects the heat exchange. Any surface treatment, such as groove or
coating, also affects the heat transfer.
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Clothing

The elements of fashion are from the very beginning a part of the clothing
design. However, the major aim of the clothing is to create a comfortable
microenvironment around the body and to protect against environmental haz-
ards. There are two major clothing properties that affect body heat exchange
with the environment: insulation (thermal resistance) and evaporative resis-
tance (Holmér 2004, Parsons 2014). Clothing insulation is measured in
m>K/W or clo (1 clo = 0.155 m*K/W); 1 clo corresponds approximately to
the insulation of a full set of items comprising a business suit (Gagge et al.
1941) and the evaporative resistance unit is m?-Pa/W. The thermal insulation
resists dry heat loss from the body via convection and radiation. The evapo-
rative resistance hinders evaporative heat loss from the body.

Heat exchange is also affected by body motion and wind (air velocity). The
two clothing properties decrease in relation to the air permeability of the
clothing material, especially the outer layer air permeability, and the pumping
effect in the clothes. The latter is created by body motions that induce pressure
differences in various clothing sections. The pumping effect is dependent on
clothing design, size, air gaps, body position and the ability to close openings,
usually at the neck, wrists, and ankles (Bouskill et al. 2002, Ueda and Havenith
2005, Havenith et al. 2015, Ismail et al. 2015).

Measurement of the thermal insulation and evaporative
resistance of clothing

The thermal resistance and evaporative resistance of a textile or textile package
can be measured on a hot plate (ISO 11092:2014). The thermal insulation and
evaporative resistance of clothing that accounts for the 3-dimentional heat
exchange of the human body are measured on thermal manikins (ASTM
F1291-15, Holmér 2004, ISO 15831:2004). The effects of motion and wind on
clothing have been studied extensively (Olesen and Nielsen 1983, Nielsen et
al. 1985, Havenith et al. 1990a, Havenith et al. 1990b, Holmér et al. 1999,
Nilsson et al. 2000, Havenith and Nilsson 2004, Lu et al. 2015b, 2015¢). The
correction equations for wind and motion for the individual clothing pieces and
the whole ensembles are summarised in an international standard (ISO
9920:2007). The clothing tables were originally compiled by McCullough et
al. (1985) and have been gradually extended with the latest input being the sets
of non-western clothing (Havenith et al. 2015).

Evaporative resistance measurements on thermal manikins have been
carried out over quite a long period (Meinander 1997, Fan and Chen 2002,
McCullough 2002, Richards and McCullough 2005, ASTM F2370-15). The
research on moisture effects in clothing expanded after the publication of the
Thermprotect studies on radiation and moisture (Brdode et al. 2008a, 2008b,
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Brode et al. 2010; den Hartog and Havenith 2010, Fukazawa et al. 2005,
Havenith et al. 2005, 2008, 2013, 2015, Kuklane et al. 2007). Specific techno-
logies and methods were used to more accurately determine the evaporative
resistance values (Lu et al. 2015a, Ueno and Sawada 2012, Wang et al. 2010,
2011, 2012a, 2012b, 2015a, 2015b). The effects of wind and motion on
evaporative resistance have also been studied (Ueno and Sawada 2012, Wang
et al. 2012a). The latest findings provide a scientific basis for further revisions
of the relevant standards.

Effect of clothing on heat exchange

Any clothing influences heat exchange. Higher clothing insulation is often re-
lated to a higher evaporative resistance. To improve our understanding of the
thermal properties of clothing so that we can select proper ensembles from the
comfort viewpoint, the ratio of the two major properties (insulation and eva-
porative resistance) is used and is called the vapour permeability index (im;
dimensionless) (Woodcock 1962, ISO 9920:2007). For normal clothes, a
standard value of 0.38 is used. The values above 0.38 correspond to improved
permeability, and the values below to reduced permeability. For example, im-
permeable clothing has an in very close to 0, semipermeable clothing around
0.07, and a relatively tight but still permeable outer layer about 0.20 (Havenith
et al. 2008, Kuklane et al. 2015b). The length of safe working times in imper-
meable protective clothing is drastically reduced compared with permeable
coveralls, even at air temperatures just above 20 °C, while at temperatures
above 40 °C, the human physiological limits are reached rapidly even in per-
meable clothing (Epstein et al. 2013, Holmér 2006, Kuklane et al. 1996,
Kuklane et al. 2015b) (Figure 3).

A general recommendation for clothing used in warm and hot climates is
to reduce the insulation and evaporative resistance, increase vapour perme-
ability, and improve ventilation by following the habits of how traditional clo-
thes are worn in warm countries (Havenith et al., 2015). Loose fitting clothes,
however, may be difficult to combine with other industrial safety requirements.
In the case of moderate radiation (e.g. solar radiation), light coloured textiles
are recommended (Figure 2). They should restrict direct skin exposure to the
radiation (Roy and Gies 1997). When working under extreme radiation levels,
clothing needs to be well insulated (Rossi 2014) and may also contain a reflec-
tive outer layer (Figure 2) (Kuklane et al. 2006a).
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Figure 3. Prediction of work time with a modified ISO 7933 (predicted heat strain,
PHS). Continuous work times for 2 work rates (200 W and 300 W) at different air
temperatures before reaching a core temperature limit of 38 °C in relatively tight but
still permeable (P, in=0.2) and impermeable (I, im=0.0) clothing. In the reference
conditions, air velocity is 1 m/s and relative humidity is 75 %.

Metabolic heat production

During calm sleeping the body heat production is about 40 W/m? (basal
metabolic rate); when sitting at rest, it is about 55 W/m? (ISO 8996:2004).
Under maximal physical effort it can reach over 1000 W/m? for trained
individuals. However, that effort can be sustained only over a short period of
time. For average fit people, metabolic rates over 600, 475 and 400 W/m? can
be maintained less than 5 minutes, 15 minutes and 2 hours, respectively,
without any rest pauses (Holmér and Gavhed 2007). For normal office work
the metabolic rates stay commonly between 70-100 W/m?, while industrial
work often requires considerably higher effort that involves metabolic rates
above 100 and reaching even 300 W/m? for very heavy traditional work tasks
(ISO 8996:2004). Keep in mind, though, that all metabolic energy is not always
converted only into heat. In some cases, a part of the energy turns into
mechanical work, such as bicycling (up to 25 % of the energy), ascending
slopes and stairs. In terms of most industrial activities however, the energy
used for mechanical work is approximately equal to 0. The heat produced by
the body will increase the core temperature if it is not dissipated to the
surrounding environments.
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Body heat balance

The human body is in heat balance when the metabolic heat production and the
heat loss to the environment are equal and result in no change in the body’s
heat content (S=0). If the heat storage is positive, the core temperature will
increase; if the heat storage is negative, the core temperature will decrease. The
heat balance equation is as follows:

5= (M M/)'(Hres‘l‘ E+ R+ C+1()

where:
M is metabolic energy production;
W  is external mechanical work;
Hres 1s respiration;

is evaporation;

is radiation;

1S convection;

is conduction;

is the body heat storage.

wXOoMm

All the quantities above can be represented in Watts (= Joule per second;
intensity), Watts/m? (intensity adjusted to body size/body surface area) or in
kJoules (total amount of energy) (Parsons 2014). They can be calculated by
specific equations that consider the influencing factors described in the
previous sections (ISO 9886:2004, Parsons 2014).

Human body temperatures

Skin temperature

The principles of measuring the temperature of human skin and core are de-
scribed in ISO 9886:2004. Because the skin temperature can differ in different
body regions, the calculation of the mean skin temperature has to be based on
several points. During heat exposure the blood vessels are dilated, and the
temperature is relatively even at different skin sites. Consequently, the number
of measuring points can be relatively small. At least four points are usually
recommended to be used in heat, while in cold conditions where vasoconstric-
tion may prevail, at least eight measuring points are recommended. In warm
conditions, where the presence of a radiation source may create an uneven heat
load on the subject, more points on the skin should be measured. One com-
monly used equation to calculate mean skin temperature based on four skin
locations (Ramanathan et al. 1964) is given below. For other equations that are
more or less complex, the user can refer to ISO 9886:2004 or Liu et al. (2011).
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Esk = 0.3 " tepese + 0.3+ tupper arm + 0.2+ tupper leg + 0.2 tiower leg

where:
(" is mean skin temperature (°C);
tenest is temperature measured on chest (°C);

tupper arm 15 temperature measured on upper arm (°C);
tupperieg 1S temperature measured on upper leg (°C);
tiowerleg 1S temperature measured on lower leg (°C).

Core temperature

The core temperature is used in a human thermal status evaluation to limit the
exposure and to define the severity of the situation (see the sections on Hyper-
thermia and Evaluation of heat stress and strain). Core temperature can be
represented by rectal, oesophageal, auditory canal, oral, tympanic temperatures
(ISO 9886:2004). The names specify the location where the temperatures are
recorded. All of them have their advantages and disadvantages related to user
acceptance (e.g. rectal, oesophageal) or accuracy (e.g. oral, auditory canal).
The oesophageal temperature is considered to reflect core temperature best
because it allows one to relatively quick changes. A rectal probe is often used
for core temperature measurement, but it is not sensitive enough for measuring
quick changes. Measuring the oral, tympanic and auditory canal temperatures
requires precautions to avoid influences from the environment on the measure-
ment (e.g. by using insulating padding on the ear).

Mean body temperature

The mean body temperature is the average temperature of the human body
including skin and core compartments. Changes in mean body temperature
reflect the change in heat content (heat storage) of the body. In cold, the core
takes up less volume due to vasoconstriction in the extremities and other skin
areas. During heat exposure, the core covers about 80 % of the total body
volume. Thus, the mean body temperature is calculated by:

tb = 08 : tcore + 02 : fSk
where:

ty is mean body temperature (°C);
teore 1 core temperature (°C).
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Human responses to heat

Thermoneutral and thermal comfort zones

The thermoneutral zone (TNZ) refers to ambient thermal conditions in which
autonomic thermoregulatory responses are not yet activated. In a warm situa-
tion, the onset of sweating and simultaneously increased skin blood flow mark
the upper limit of the TNZ. The thermal comfort zone is narrower than the
TNZ. Both zones do vary, for example, according to changes in clothing insu-
lation.

Within the TNZ, the stability of the core temperature is finely controlled
and maintained by what is referred to as “sensible heat loss” which is caused
by changes in skin vasomotor tone, i.e. skin blood flow. In TNZ, the regulation
of core temperature occurs through controlled variation of skin blood flow in
all skin regions, but most importantly in the distal parts of the body. Human
skin contains special heat exchange organs: the arteriovenous anastomoses
(AVAs) (Vanggaard et al. 2015). AVAs are thick-walled blood vessels speci-
ally designed for heat transfer, and are found abundantly in our fingers, palms,
toes, feet, ears and lips (Burton 1939, Caldwell et al. 2014, Taylor et al. 2014).
These areas are called non-hairy, glabrous or acral skin. Heating of the skin
causes a direct sensory stimulation that raises our awareness of the potential
heat load and triggers behavioural responses, such as seeking shade and
opening up clothing to enhance evaporation from the skin, before the bound-
aries of the TNZ are reached (Kingma et al. 2014). Behavioural thermosregula-
tion is the first line of defence against thermal stress, and often operates in a
preventive fashion (feed-forward mechanism) through skin temperature e.g.
dipping one’s finger in a hot bath to assess the suitability of water temperature.

If any or a combination of the above responses are not sufficient to com-
pensate heat gain, the tissue temperatures will increase, the upper limit of the
TNZ will be reached, the sweat glands will activate and the blood flow to the
skin will be elevated. These autonomic heat loss mechanisms operate in a
feedback fashion where the hypothalamus senses and integrates the sensory
information of temperatures from the different body parts (set-point), which
again controls the sweating and skin blood flow responses. These responses
occur outside the glabrous skin. If the heat loss mechanisms cannot compen-
sate the heat accumulation, heat strain will ensue.

Sweating

The sweating response is an effective reaction for body cooling, where sweat
glands expel water onto the skin surface to be further evaporated to ambient
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air. The latent heat of sweat evaporation at 32 °C is 2425 kJ/kg, and one litre
per hour of sweat evaporation results in 674 W of heat loss.

Several recent research papers have examined the local and total sweat
rates on human skin surfaces covering body parts, such as the hands (Machado-
Moreira et al. 2008a), the feet (Smith et al. 2013, Taylor et al. 2006), the head
(De Bruyne et al. 2010, Machado-Moreira et al. 2008c¢), the torso (Havenith et
al. 2008, Machado-Moreira et al. 2008b), and the whole body and its separate
regions (Smith and Havenith, 2011, 2012, Taylor and Machado-Moreira 2013),
even including the effects of psychological sweating (Machado-Moreira and
Taylor 2012a, 2012b).

Several studies investigated body sweat mapping with the aim of improving
comfort in sports and leisure clothing (Smith and Havenith 2011, 2012).
Human skin wetness perception affects comfort sensation (Filingeri and
Havenith 2015). Better tactile comfort is often achieved by effective moisture
transport away from the skin. Although sweat transport away from the skin is
important from a comfort viewpoint (Fukazawa and Havenith 2009), it may
not be the best solution from the body cooling viewpoint. The further from the
skin the sweat evaporates, the less heat is taken from the body and more is
taken from the environment (Havenith et al. 2013).

The sweating capacity is generally higher in men compared to women
(Madeira et al. 2010, Havenith et al. 2008, Smith and Havenith 2012). To a
large extent it depends on body size and physical fitness (Havenith et al. 2008).
A high sweating capacity is especially beneficial in hot dry climates, while in
hot wet conditions excessive sweating that drips down from the body without
evaporative cooling results in a higher risk for dehydration.

Effects of heat

As discussed earlier, heat exposure is commonly connected with a rise in skin
and core temperatures. At a certain level the increase is counteracted by sweat-
ing and evaporative heat losses. The skin temperature may drop when full
sweating for specific conditions is reached. The temperature rise causes ther-
mal discomfort, but also tactile discomfort due to sweating.

Effects on circulation

Heat stress imposes a considerable load on the circulatory system (Gaftin and
Moran 2007, Parsons 2014). Skin and extremity blood flows increase together
with heart rate. Increased skin blood flow raises the volume of blood in com-
pliant skin veins, particularly in the upright position, and the venous return of
blood is slower than in cool conditions. Cardiac filling is reduced with a re-
duction of central venous pressure. Stroke volume is reduced, which is com-
pensated by the increase in heart rate.
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A noticeable increase in circulatory response can be observed in the heat
compared to the ordinary room temperature, where the heart rate for the same
activity can be 20 or even 40 beats/min higher in the heat (Rowell 1983,
Kuklane et al. 2015a) (Figure 4). If the heat stress cannot be compensated, then
the heart rate will increase gradually and may reach maximal heart rate.

Increased sweat loss and the development of dehydration increase the
viscosity of the blood, which in turn increases the load on the cardiovascular
system. Altogether, this may lead to orthostatic intolerance. Special precau-
tions should be taken when work is suddenly stopped. Even in hot conditions
muscle contractions help the venous return (referred to as the “muscle pump”),
but a sudden cessation of muscle work may cause a critical drop in cardiac
filling pressures and subsequently also in arterial pressure and oxygen supply
to the brain resulting in fainting (Figure 5). After exercising in hot conditions
it is advisable to keep one’s arms and legs moving in order to reduce the risk
of fainting (heat syncope) or to sit/lay down. If fainting occurs, the treatment
is to place the person in a lying (recumbent) position and raise the legs to
promote venous blood return to the heart (Howe and Boden 2007).
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Figure 4. Heart rate under various activities at room temperature (21 °C, 52 % relative
humidity) and in heat (40 °C, 30 % relative humidity) (modified from Kuklane et al.
2015a).
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Figure 5. Heart rate during exposure to heat (50 °C, 30 % relative humidity) and heat
syncope (Kuklane and Gao, 2010). S2 and S3 denote subject number. Heat exposure of
the subjects started at the same time. Commonly, a low activity was maintained except
for a 6-minute period where both subjects exercised on a bicycle ergometer with a load
of 100 W. After their individual exercise period, the subjects stood still and started to
feel dizzy. They got help to leave the chamber. S2 sat on a chair and fainted, and was
laid down. S3 laid down at once after exiting the chamber.

Local effects

Air has a low specific heat and thus it contains relatively little energy even at
high temperatures. Still, extreme exposures to heat require respiratory and skin
protection. The following summarises the hot air effects due to convection on
bare skin and on the respiratory tract (Pryor and Yuill 1966):

nasal breathing becomes difficult at 125 °C;

mouth breathing becomes difficult at 150 °C;

injury to the skin occurs after 30 s at 180 °C;

there is about 5 min tolerance at 140 °C (dry sauna);
there is about 5 min tolerance at 110 °C (humid sauna).

The pain threshold temperature of human skin is around 43-45 °C (Parsons
2014). The stronger thermal and pain sensations are related not only to the
specific temperature but also to the rate of the temperature change. Siekmann
(1989) describes the maximum temperatures human skin can tolerate on
contact with hot surfaces. The severity of contact skin burn depends on the
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contact material properties, contact area, duration, pressure, etc. (ISO 13732-
1:2000).

In the 1950s, Stoll and Green (1959) carried out basic research on how
energy from thermal radiation affects human tissue. Since then the methods
have been developed by looking at the effects of protective clothing, air gaps
and moisture on heat transfer to human skin (Barker et al. 2006, Crowe et al.
2002, Gholamreza and Song 2013, den Hartog and Havenith 2010, Song et al.
2004). The effects of energy from thermal radiation on bare skin as threshold
values can be summarised as:

e 10 kW/m? leads to pain in 5 seconds;
e 15 kW/m? leads to second-degree skin burn in 5 seconds;
e 50 kW/m? leads to second-degree skin burn in 1 second.

Hyperthermia

The normal human core temperature is around 37 °C. It is not significantly
different for males and females (Gagnon et al. 2009, McGann et al. 1993,
Sund-Levander et al. 2002). Any differences can be related to body composi-
tion and eventually to fitness, and to the normal core temperature changes at
different times of day (circadian rhythm) and under the follicular and luteal
phases of the menstrual cycle in women.

In occupational settings (8 work hours per day) the core temperature of
38 °C is generally considered as the upper limit value for population average
levels (AFS 1997:2, ISO 7243:1989, ISO 7933:2004). Individual heat sensi-
tivity varies. If self-pacing is possible, most people behaviourally start lower-
ing their work pace when the core temperature reaches 38 °C (Mairiaux and
Malchaire 1985, Miller et al. 2011). In specific occupational settings (shorter
than 8-hour continuous exposure) considerably higher core temperatures can
be observed. For example, in firefighting activities the core temperatures may
exceed 39 °C (Eglin 2007, Holmér et al. 2006). In such conditions, the work
team is expected to support the exposed worker as he or she may not be in full
control of his or her own situation: decision-making abilities deteriorate and
the risk of adverse health effects is high (Svensson et al. 2009).

In endurance sports, the core temperatures of 40-40.5 °C appears to be the
maximal tolerable temperature (Nielsen et al. 1993), although even higher
temperatures have been recorded after the end of the exercise (Table 2). Core
temperatures above 42-43 °C commonly lead to death (Shibolet et al. 1976).
The tissue damage is also dependent on exposure time, and the damage rate
steepens at temperatures above 43 °C (Dewhirst et al. 2003). The highest reco-
vered human core temperature elevation reported without permanent injury
was 46.5 °C (Slovic et al. 1982).
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Table 2. Human responses to heat (modified from Bohgard et al. 2009).

Change in Core Psychological
body heat temperature, Medical/physiological reactions .

reactions
storage, kJ °C
>1120 >41 Risk for heat stroke, increased risk
. ofirreversible tissue damage
860 40 Failing temperature regulation Intolerable
590 39 Temperature during heavy Approaching
____________________________ workinheat  exhaustion
290 38 Vasodilatation, sweating Growing discomfort
0 37 Normal body temperature Thermal comfort

Heat-related disorders

One should avoid working alone in hot conditions. Some unexplained acci-
dental deaths in warm confined spaces, like cleaning of tanks, have raised the
possibility of heat syncope (see the section Effects on circulation) being a
contributory or even a causative factor. Heat syncope is a major risk in un-
acclimatised persons, and adaptation to hot conditions greatly diminishes the
number of casualties. Sufficient fluid intake helps in part to prevent fainting
but does not replace acclimatisation.

Heat stroke is a serious heat disorder with high mortality, and thus requires
immediate emergency care when suspected (Gaffin and Moran 2007, Howe
and Boden 2007). In heat stroke patients the core temperature is extremely high
(over 40 °C). The body thermal regulation mechanisms collapse. Sweating
stops and the skin is dry. This is often preceded by changed and/or impaired
mental functions like aggressiveness, confusion, and disorientation followed
by sudden coma or convulsions. Rapid cooling (high cooling rate) is needed
for treatment, for example by using prompt, vigorous cold water immersion
with a cold water temperature of approximately 10 °C and by maximising the
body surface contact by using whole-body immersion whenever possible
(Zhang et al. 2015).

Heat exhaustion includes circulatory overload, fatigue, and physical ex-
haustion. It is sometimes considered as a pre-stage of heat stroke, and the
separation is based on the level of core temperature. Heat cramp consists of
involuntary muscle contractions caused by an uncompensated loss of salt
(Schwellnus 2009). The treatment is to provide water with salt. Heat rash
(miliaria rubra) is a skin disorder that results from the malfunction of the sweat
glands (Holzle and Kligman 1978).

The increase of fatal chronic kidney disease (CKD) is observed in heavy
agricultural activities (e.g. sugar cane harvesting) in hot and humid areas, and
may be associated with heat exposure and dehydration (Wesseling et al. 2014).
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Other contributing factors can be exposure to agricultural chemicals (e.g.
herbicides, insecticides, combustion products) and the quality of the available
drinking water, or combinations of some or all of these factors. According to
Moran and Gaffin (2007) with reference to Knochel (1974) and Knochel and
Reed (1987), heatstroke results in a 25 % higher risk of kidney failure. This
evidence supports it as being a cause of heat-related CKD. If heatstroke does
indeed increase the risk of kidney failure, then long-term exposure that is close
to heat tolerance limits may do so as well. The very recent studies have con-
firmed that heavy work in heat together with excess dehydration is the major
cause of CKD development (Roncal-Jiménez et al. 2016, Wesseling et al.
2016).

In a similar way, if people with cardiovascular diseases are at risk of
increased heat-related incidents (Fouillet et al. 2006), then exposure to heat
elevates the load on the cardiovascular system and may in the long run result
in chronic health effects. Wallace et al. (2007) studied the effect of prior heat
illness on early death risk among military personnel indicating there are
chronic effects of heat on heart, kidneys and liver. There are several other long-
term effects related to heat exposure, such as increased vulnerability to heat-
related illness, and effects on the reproductive system (Bogerd and Daanen
2011, Liu et al. 2015).

Dehydration

Dehydration corresponding up to 2 % of the body weight is considered to be
reasonable. Physical performance decreases by 10 % per each percent of body
weight loss. Water losses reaching 6 % and more may be life threatening and
require medical treatment (Gopinathan et al. 1988, Montain et al. 1995). The
treatment is to hydrate and to rest in a cool place.

Both increases in core temperature and body water loss are considered as
critical responses in heat strain assessment. They are used to limit exposure
time in international standards on heat exposure assessment (e.g. the predicted
heat strain model) (PHS, ISO 7933). The standard evaluates and recommends
scheduling work, rest and recovery to reduce the risks of heat-related disorders.

Mental and physical performance

The effects of heat on mental performance, vigilance and arousal already occur
before core or skin temperatures reach any limit values. The moment of
entering hot environments may trigger reactions that disturb performance of
the set tasks. On the other hand, air temperatures up to 32 °C in combination
with low activity levels (e.g. seated office work) have not been associated with
much cognitive performance degradation for acclimatised persons while the
effect could be seen on physical performance (Caldwell et al. 2012). At these
temperatures the cognitive performance reduction was related to dehydration.
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Heavy workloads and environments with conditions close to human thermos-
regulation limits will degrade productivity (Kjellstrom 2009, Kjellstrom et al.
2009, Lin and Chan 2009, Sahu et al. 2013, Spector and Sheffield 2014),
reaching the levels where survival prevails (Horowitz et al. 2015).

The above effects have a negative effect on work capacity. The relative
workload at the same activity increases (Figure 4) while endurance drops.
Excessive heat strain may lead to heat disorders and injuries, such as heat
stroke, heat syncope, heat exhaustion, heat cramps, heat rashes (Binkley et al.
2002, Gaffin and Moran 2007, Parsons 2014). Several publications examine
heat illnesses in relation to specific occupations, including Hunt et al. (2013)
in connection with mining and Crowe et al. (2015) with sugarcane harvesting.
Various emergency medical treatment strategies are described by Binkley et
al. 2002, and Moran and Gaffin (2007), and occupational heat management
strategies by Parsons (2014). Some of these are described in the section
Management of heat stress.

Evaluation of heat stress and strain

The methods for prediction of thermal stress and strain include empirical meth-
ods (epidemiology), regression models, heat exchange models and physio-
logical models. There are many thermal indices available to evaluate the ther-
mal environment and comfort, and heat stress (de Freitas and Grigorieva 2015,
Epstein and Moran 2006). A critical review of some indices is also provided
by d’ Ambrosio Alfano et al. (2011).

A few of the thermal indices have become international standards (Parsons
2013). A selection of the indices is described in the following sections. The
work with the standards is ongoing; for example, several standards related to
heat are under revision, and a risk assessment and management standard for
hot workplaces similar to ISO 15743:2008 is under development.

Wet Bulb Globe Temperature (WBGT)

The Wet Bulb Globe Temperature (WBGT, Yaglou and Minard 1957) is the
most widely used occupational heat stress index across the world. The WBGT
index functions as a simple screening tool for the assessment of heat stress
(Epstein and Moran 2006, Parsons 2013). The WBGT applies to hot environ-
ments with and without solar radiation. Equipment for measurements should
meet standard specifications (ISO 7243:1989).

Limitations of the WBGT have been summarised by Budd (2008) and
d’ Ambrosio Alfano et al. (2014). The major criticism has been related to under-
estimating the effect of air velocity, and neglecting metabolic rate and clothing
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effect. The WBGT has limited use in high humidity or low air movement
environments. The WBGT index only considers the increase of core tempera-
ture, but does not consider the risk of dehydration. The clothing factor has not
been integrated into the WBGT. As standard instruments may be expensive,
the use of non-standard ones is widespread, which leads to variance in expo-
sure evaluations.

The latest research has focused on the possibility of using weather station
data in the heat stress evaluation of outdoor work or in the corrections for non-
standard instruments (Bernard and Barrow 2013, Lemke and Kjellstrom 2012).
The use of weather station data should be treated with care because it com-
monly does not reflect the actual thermal conditions at the workplace. Impro-
vement of the WBGT interpretation method has been attempted by taking into
consideration clothing, metabolic rate and gender, thus, aiming to meet the
most common criticisms (Ashley et al. 2008, Bernard et al. 2007).

Inside buildings and outside buildings without solar radiation:

WGBT = 0.7 taw+ 0.3+ 45

While outside buildings with solar radiation:

WBGT = 07tnw+ 021"g+ Olta

where:
tw  is the natural wet bulb temperature, °C;
ty  is the temperature of a 150 mm diameter black globe, °C;
ta  is the air temperature shielded from radiation, but not restricted for air
circulation around the sensor, °C.

The recommended maximum WBGT exposure levels (°C) at different
work intensities and rest/work ratios for an average acclimatised worker
wearing light clothing are available in section Management of heat stress and
Table 3.

Predicted Heat Strain model (PHS)

ISO 7933:2004 should be used for a detailed assessment of occupational heat
stress (Parsons 2013). In contrast to the WBGT, the PHS describes a method
based on a human body heat balance equation for predicting both sweat rate
and core temperature. The heat transfer between the body and the environment
is calculated from all the important parameters such as the four thermal climate
factors, physical work intensity (metabolic rate) and clothing thermal proper-
ties (Havenith et al. 1999; Malchaire et al. 2000, 2001; Malchaire 2006;
Parsons et al. 1999). Currently the PHS method is one of the most developed
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methods for predicting potential heat strain due to work in the heat (Parsons
2013).

The PHS has been considered to be complicated for users in occupational
settings, while it has been used for the evaluation and planning of work in heat
(Rowlinson and Jia 2013). With the present development of digital aids, it
should not be a problem to create an easy-to-use mobile application that would
allow an even broader use of the PHS model. Several such standard-based tools
are already available on the Internet, for example, the PHS simulation at
www.eat.lth.se/fileadmin/eat/Termisk miljoe/PHS1/PHS .html.

One should keep in mind that the algorithms may not fully follow the
standard as each application creator may have included his or her own inter-
pretation, or the algorithms may contain errors. The PHS has been criticized as
well (d’Ambrosio Alfano et al. 2007, Wang et al. 2013). However, during any
change or planned improvement, one has to consider how the updating of a
single equation can affect the entire estimation of heat exposure (d’ Ambrosio
Alfano et al. 2015).

Heat Index (HI)

In 1979, Steadman proposed the Heat Index (HI) that accounted for all relevant
climatic, physiological and clothing factors. Based on a regression analysis of
all the factors, a simplified equation was derived that utilises only air tempera-
ture and humidity (Rothfusz 1990), although doing so resulted in the loss of
precision. Although, the simplified HI is a handy screening tool that does not
require expensive equipment, a proper assessment of the hot environments
should be based on standard methods that include the WBGT and the PHS
(Bernard and Theanacho 2015). The major drawbacks of the HI are that it does
not account for radiant heat, nor does it consider air speed. It is also insensitive
to clothing. When evaluating the heat exposure of construction workers, Yi
and Chan (2015b) showed that the WBGT functioned better than the HI.

Individual heat strain monitoring

A relatively quick and simple way to evaluate how workers respond to heat is
to use checklists like ILO 2010, or subjective assessment scales like ISO
10551:1995. However, to monitor in detail the individual thermophysiological
responses in the heat, actual measurements should be taken of the core
temperature (usually rectal), body mass loss (dehydration) due to sweating,
heart rate and skin temperature (ISO 9886:2004). In some cases, the medical
supervision of individuals exposed to extreme heat is required (ISO
12894:2001).
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Medical supervision methods related to dehydration include, for example,
analysis of urine osmolality, urine specific gravity, etc. (Armstrong 2005). The
changes in urine parameters are reflected in urine colour. Beside weight
measurements, comparison of urine colour to special colour charts is a simple
indicator of dehydration status. However, the method should be used with care
because urine colour can also be affected by other factors such as illness,
medicine, diet, etc. (NIOSH 2016).

Thermal Work Limit (TWL)

The Thermal Work Limit (TWL) is defined as the limiting (or maximum)
sustainable metabolic rate that fully hydrated, acclimatised individuals can
maintain in a specific thermal environment within a safe core temperature
(<38.2 °C) and sweat rate (<1.2 kg/h, Brake and Bates 2002). The TWL utilises
five environmental parameters: dry bulb temperature, wet bulb temperature,
globe temperature, wind speed and barometric pressure. Clothing is also taken
into account in the estimation of a safe metabolic rate (W/m?). The higher the
TWL, the lower the limits for work in this thermal environment. The lower the
TWL, the higher the risk for body overheating. The TWL can be used to
schedule work and rest, or to recommend work cessation if the TWL reaches
very low values (Miller and Bates 2007). Examples of specific cases are given
in Brake and Bates (2002).

Universal Thermal Climate Index (UTCI)

A Universal Thermal Climate Index (UTCI, utci.org) has recently been pro-
posed based on a model of human thermoregulation and is believed to be a step
in the link between meteorological data and predicting the impact of climate
on health (Brode et al. 2012a, 2012b, Fiala et al. 2012, Havenith et al. 2012,
Jendritzky et al. 2012, Kampmann et al. 2012, Parsons 2013). The UTCI pro-
vides a simple, one-dimensional characteristic of complex thermal environ-
ments as determined by air temperature, heat radiation, humidity and wind
speed. The UTCI equivalent temperature for a given combination of wind,
radiation, humidity and air temperature is then defined as the air temperature
of the reference environment, which produces the same heat strain index value.
A reference environment is defined as an environment with 50 % relative
humidity (but vapour pressure not exceeding 2 kPa), still air (va = 0.5 m/s) and
mean radiant temperature equal to the air temperature (Brode et al. 2012a).
Since the mean radiant temperature is usually not measured at weather stations,
the application of the UTCI to the assessment of body heat strain is apparently
limited by the lack of data on solar radiation. In addition, the assessment of
heat strain using the UTCI does not consider local workplace conditions. Thus,
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it needs a standard to deal with meteorological data for occupational heat stress
assessment. Some research has been carried out that compares the UTCI to
other thermal indices and applies it in work environment and heat stress
evaluations (Blazejczyk et al. 2012, Kriiger et al. 2015, Vatani et al. 2015).

Advanced physiological models

Today many advanced thermal physiological models provide enough accurate
and detailed predictions that also combine the environmental and clothing
parameters into the calculations (Curran et al. 2014, Fiala and Havenith 2015,
Rida et al. 2014, Kobayashi and Tanabe 2013). The physiological models are
connected to clothing models and are prepared to be coupled with physical
manikins to evaluate complex human-clothing-environment systems (Psikuta
et al. 2015). Future heat exposure evaluation is expected to move in this
direction.

Management of heat stress

Currently, the official recommendations on indoor environments in Sweden
are issued by the Public Health Agency (Folkhédlsomyndigheten, FOHMFS-
2014-17). For practical guidelines, including heat-related recommendations,
one can still refer to the National Board of Health and Welfare document
(Socialstyrelsen 2005) or to the report by Gavhed and Holmér on thermal
climate at the workplaces (2006). In United States the National Institute of
Occupational Safety and Health (NIOSH) compiled lately a new criteria docu-
ment on occupational exposure to heat and hot environments (NIOSH 2016).
A review on firefighters’ exposure is provided by Barr et al. (2010).

When it comes to more specific advice and situations, several textbooks are
available (Auerbach 2007, Parsons 2014) where heat management strategies
are covered in various sections. Several overviews are also available on heat
illness management from the perspectives of public health (Glazer 2005) and
sports (Binkley et al. 2002).

Organisational measures

If an organization intends to rely on its employees to make their own be-
havioural adaptations to heat, then the workers should be allowed to carry out
self-pacing in extreme heat work situations (Miller et al. 2011). As the core
temperature approaches 38 °C, people tend to slow down their work rate in
order to cope with the growing heat stress (Nag et al. 2013a). During paced
work in emergency situations, and for highly motivated individuals, the risks
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for heat overload are higher and need to be compensated by organisational and
other measures, such as shifting between heavy and light work, and the
selection of time of day for work. A rest/work schedule in relation to WGBT
values is given in Table 3. These WBGT values are taken from a graph in the
international standard, ISO 7243,) and are approximate (Kjellstrom et al.
2009).

Table 3. Recommended maximum WBGT exposure levels (°C) at different work
intensities and rest/work ratios for an average acclimatised worker wearing light
clothing (adapted from Kjellstrom et al. 2009).
1 2 3 4
(light work) (medium work) (heavy work) (very heavy work)
WBGT (°C)  WBGT (°C)  WBGT (°C) WBGT (°C)

Continuous work,

0 % rest/hour 31 28 27 25.5
25 % rest/hour 31.5 29 27.5 26.5
50 % rest/hour 32 30.5 29.5 28
75 % rest/hour 32.5 32 31.5 31

Acclimatisation to heat

Systematic studies on acclimatisation started in the 1960s in connection with
work-related exposures in South African mines (Williams et al. 1967,
Wyndham 1973, Wyndham et al. 1960, 1973). Full acclimatisation is consid-
ered to take about 10 days. During that period, the workers should not be
exposed to a full workload, but instead should have reduced work time in heat
along with prolonged recovery breaks. This process should also be supervised
by experienced and acclimated colleagues. Keep in mind that different WBGT
limit values apply to them as well (ISO 7243:1989).

Acclimatisation procedures require 2-4 hours of heat exposure per day in
order to have the most effective result. Physical training is also a type of heat
acclimatisation — during exercise the core temperature rises and the body starts
to deal with the excess heat in the same way as during environmental heat load.
Thus, it will be less strenuous for people who regularly train and are physically
fit to be exposed to heat (Tipton et al. 2008).

The most difficult period for heat exposure is the first 3-4 days (Pandolf
1998, Spitz et al. 2012) during which most of the adaptive changes occur. The
onset of sweating is quicker, the sweat rate is higher, the plasma volume
increases, the sweat has a lower salt content, the core temperature and heart
rate are lower at a given work level, the risk of fainting is reduced, and the
person experiences less discomfort. Acclimatisation to heat also contributes to
a higher sustainable sweating capacity (important for tolerance times), a
redistribution of sweating from trunk to limbs, and an increase in the total body

31



water content. An effective acclimatisation process requires adequate fluid
intake during the heat exposures. Acclimatisation to heat is considered to be
the most dramatic physiological adaptive response in humans.

In connection with heat waves, heat incidents increase a few days after the
first day of the heat wave for the most part (Fouillet et al. 2006). This may be
related to the thermal inertia of the buildings where the temperature change of
construction materials takes time, and allows only a gradual increase of
thermal stress. If one only considers physiology and acclimatisation, then the
first two exposure days entail the highest risk (Spitz et al. 2012). On the other
hand, if people are commonly exposed to air-conditioned premises and the
actual exposure to heat consists of very short periods of building-to-car type of
exposures, then acclimatisation may not develop, and any power failure could
easily contribute to a high risk of heat exposure.

Acclimatisation effects are considered to be lost if the heat load has not
been experienced for over two weeks (Pandolf 1998). However, if the work in
the heat is resumed within less than 30 days, it takes less than 10 days to
achieve full acclimatisation again (Tipton et al. 2008). Ashley et al. (2015)
suggest increasing the number of acclimatisation days depending on how many
weeks one has been away from the heat. Two weeks away would require four
days of re-acclimatisation, four weeks would require five days, and six weeks
away would require the full acclimatisation process to be followed again.

Water balance

Each percent of body water loss corresponds to 10 % of loss in maximal work
capacity. Access to drinking water is an easy way to keep hydrated. Plain water
is often sufficient, since salts will be available from food if meals are taken
regularly. Sport drinks are often too sweet and sugars impair water absorption
mainly in the stomach. During heavy work in hot weather with high sweating
rate, salt loss also needs to be replaced. In this case mineral water or adding
some salt to plain water is a solution (Ladell 1955, Moran et al. 2007, Spitz et
al. 2012). However, Meyer et al. (1995) showed that adding electrolytes was
not an advantage. Some natural drinks, such as coconut water, are not too sweet
and contain all the important ingredients for recovery (Saat et al. 2002). The
temperature of the drink is not so important from a heat loss viewpoint (Price
et al. 2011) as the liquid quantities required would be too large to make a dif-
ference. However, the temperature of the drink may affect the instant comfort
sensation.

One should consider that the body can take in about 300-400 ml of water
at a time. Thus, drinking 3-4 times per hour 4 200-400 ml of water compensates
a water loss of about 1 litre per hour during heavy work in the heat (Montain
et al. 1999, Moran et al. 2007, Spitz et al. 2012). Sweat rates much above 1 I/h
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over longer periods of time need to be compensated by recovery periods. Even
though hot workplaces may have good routines for water replacement, it needs
to be considered that off-job drinking habits may also affect the development
of heat strain (Peiffer and Abbiss 2013).

Auxiliary cooling

There are different principles available to improve or regulate heat loss from
the body. Examples include the use of phase change materials (PCM) (Gao et
al. 2010, 2011, 2012a, House et al. 2013) and ice (Smolander et al. 2004) in
protective clothing; decreasing and increasing clothing insulation according to
user needs by utilising smart textiles (Park et al. 2012); applying a liquid
cooling garment or device (McCullough and Eckels 2009, Xu et al. 2006);
using air cooling systems (McCullough and Eckels 2009, Kuklane et al. 2000);
and increasing ventilation of the garments (Gao et al. 2012b, Kuklane et al.
2006b, Xu and Gonzalez 2011, Zhao et al. 2012, Zhao et al. 2015). Kuklane et
al. (2012) have summarised the approaches that apply various ventilation
solutions. A recent study has shown that the use of electric fans is a simple and
low cost method that could have helped to alleviate heat strain in most of the
recent heat waves (Jay et al. 2015). Combinations of the above cooling meth-
ods can also be used to achieve the maximal cooling effect under a variety of
conditions, an example being the incorporation of a personal cooling system
(PCS) with phase change materials (PCMs) and ventilation fans (Lu et al.
2015d, Song and Wang 2015).

Elson and Eckels (2015) proposed a method for the evaluation and selec-
tion of a PCS that incorporates the PCS, subject, and equipment weights; PCS
run time; user task time; PCS cooling power; and average metabolic rate. Eva-
luation methods for cooling systems are also described by Bogerd et al. (2010).
Chan et al. (2015) carried out a meta-analysis of the effects of microclimate
cooling systems on human performance in thermally stressful environments.
The results showed that cold air garments, liquid cooling garments and hybrid
cooling garments that combine air and liquid cooling are applicable for work
where workers do not move frequently. Ambient air-cooled garments and PCM
garments are more applicable for the majority of occupational workers.

Making use of the AVA-rich skin areas (see section Thermoneutral and
thermal comfort zones) in human extremities for cooling during work may
have a limited effect. However, cooling the hands and arms, and feet and legs
for recovery or in the case of heat disorders may be effective (Caldwell et al.
2014, House et al. 1997, Taylor et al. 2013). Even moderately cool water (about
26 °C) would be enough for reaching reasonable cooling rates while generated
cold discomfort is much less than in cold water (Taylor et al. 2008). Special
applications have been developed that allow one to maximise the effect of
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extremity cooling (Grahn et al. 2009). When electing the cooling solution one
needs to consider the specific prerequisites and not only the cooling power.
Thermal comfort in occupational settings is an important factor. For example,
a liquid cooling device for the head (a hood) provided the best core cooling
with circulated media at 10 °C; it provided reasonably good core cooling but
considerably better thermal comfort at 15 °C (most preferred by users); and it
resulted in poor cooling and high discomfort from heat with cooling media at
20 °C (Shin et al. 2015).

First aid principles for acute heat-related disorders

e Move away from the heat, at least into shade, and if possible into an
air-conditioned location.

e Open or remove clothing.

e Lay the person on his or her side (lying down position) if unconscious,
or has fainted.

e Put the person’s legs in a higher position to allow blood flow to the
heart and brain.

o Cooling by the use of moist towels, water, electric fans, etc.

e Cold water (<26 °C) immersion of the extremities or the whole body
in case of heat stroke (Taylor et al. 2008, Zhang et al. 2015).

o Drink water or water with salt if necessary.

Care at the scene in the case of burns

e Flame burns: Put out the flame with a fire blanket by smothering or
rolling. If possible, remove clothing but be aware that synthetic
material may have melted to the skin and should be dealt with very
carefully or left for medical personnel.

Scalds and grease burns: Remove the heat, remove wet clothes.
Airway: Keep airway clean.

Cold application: Apply cool water to the affected areas.

Swelling: Remove constricting clothing, jewellery.

Electrical burns: Most dangerous as damage cannot be seen; medical
treatment is needed.

e Chemical burns: Wash with running water 5-10 minutes.

Estimate the burned surface area using the rule of nines (Mann and
Heimbach 2007). The rule of nines is used to estimate the total body surface
area that is affected by a burn. The rule divides the body (100 %) into sections
that have surface areas related to 9: the lower leg, the thigh, the entire arm and
the head each account for 9 %; the front and back torso each account for 18 %,
and the groin for 1 %. If the burn area is smaller, the entire palm of the hand
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(from wrist to fingertips) is used to represent 1 % of the body area (Mann and
Heimbach 2007). First degree burn (superficial burn that leads only to redden-
ing of the skin) should not be counted into burn area calculation (Kearns 2013).

Occupational exposure cases

The following sections cover some specific occupations where heat is an ac-
knowledged stress factor. Based on these examples the generalisation of the
solutions may be applicable to many other workplaces where heat stress is an
issue. Several of the examples are related to warm countries. However, with
the global warming of the climate and expected increase in the number and
severity of extreme weather events such as heat waves, the methods and solu-
tions will be useful for temperate climate areas. Although air conditioning may
be an option in office spaces and some industries, during heat waves the load
on the central power systems may cause power failure, and local and/or simpler
cooling strategies need to be available and known to the workers (Gao et al.
2012a, 2012b, Jay et al. 2015, Lundgren and Kjellstrom 2013). Work organisa-
tional solutions include planning rest-work schedules and alternately shifting
work tasks that are carried out in hot and cool areas or during cooler time
periods. It is important to plan these solutions for sustained productivity during
normal conditions (Yi and Chan 2013, 2015a). The availability of drinking
water and proper routines of water replacement are essential in order to avoid
heat strain and heat-related illnesses. Sustainable work activity can be sup-
ported by the selection of optimal clothing and protective equipment or means
of auxiliary cooling (Barr et al. 2010, Bernard et al. 2010, Kuklane et al. 2014,
Kuklane et al. 2015b, Lundgren et al. 2014, Potter et al. 2015), but there is a
limit beyond which heat exposure results in the cessation of work.

Agriculture

Agricultural activities are largely dependent on weather and the season.
Although modern agricultural techniques utilise air conditioning in operators’
cabs, much of the work is still carried out in an outdoor environment. Even in
tractor cabins one may need to keep the windows open for improved vision,
and the vehicle climate is known for its complexity related to the inhomo-
geneity of temperatures due to the positioning of air inlets and solar radiation
through the glazing, for example (Bohm et al. 1990, Bohm et al. 2002). ISO
standards are available for the evaluation and improvement of vehicle climate
(ISO/TS 14505-1:2007, ISO 14505-2:2006, ISO 14505-3:2006).

The major heat issues in agriculture are related to the warm countries where
daily temperatures are high and are expected to rise even more with increasing
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global temperatures, which will have a negative influence on productivity
(Cecchini et al. 2010, Crowe et al. 2013, Culp et al. 2011, Nag et al. 2007, Sahu
et al. 2013). The heat stress on the workers is considerably increased if they
have to use protection against reactive agents in fertilizers, herbicides, pesti-
cides, etc. (Schenker et al. 2002). Impermeable protective layers can cause heat
strain even at moderate temperatures (Bohm et al. 1990, Bohm et al. 2002). In
temperate climates the work in greenhouses also involves higher risks of heat
stress due to high temperature and humidity (Callejon-Ferre et al. 2011,
Marucci et al. 2012).

As previously discussed, self-pacing may be an option to cope with heat
stress (Mairiaux and Malchaire 1985, Nag et al. 2013a). If this is not possible
and/or not sufficient, then tighter organisational rules are the option and in-
clude the planning of work-rest schedules, drinking pauses, provision of drink-
ing water, and shading the rest areas from solar radiation (Callejon-Ferre et al.
2011, Cecchini et al. 2010, Crowe et al. 2015). The work rates in agricultural
activities may remain at around 60 % of the workers’ maximal capacity
(Davies et al. 1976). This corresponds to up to 2 hours of continuous work until
exhaustion (Bohgard et al. 2009). Avoiding work, especially heavy work dur-
ing the hottest work hours is suggested (Cecchini et al. 2010). That, of course,
may affect the workers’ daily lives, especially if the transport to fields is long.
In some cases, working during late evenings and night allows for relief from
the heat (Xiang et al. 2014), but in that case the solutions for lighting (project-
tors, powerful head lamps) need to be provided. A choice for auxiliary cooling
may be an option, especially, if protective layers have to be worn (Gao et al.
2011, Smolander et al. 2004, Zhao et al. 2012). Autonomous auxiliary cooling
devices should be of interest since agricultural activities are often mobile (Song
and Wang 2015). Evaporative cooling options are not effective in hot humid
climates, and they will not help under impermeable protective layers, while the
use of contact cooling solutions, like PCM, that cover large body areas and
restrict evaporation may not be the best under hot dry exposures (Zhao et al.
2013).

In addition to human performance and well-being, the environmental con-
ditions in agriculture need to consider the well-being of the crops for the best
yield, otherwise the whole season’s efforts may be lost (Siebert and Ewert
2014). The same is valid for livestock (Kadzere et al. 2002).

Construction industry

Like agriculture, the largest sources of heat stress in the construction industry
are the weather in combination with hard physical work, and in some cases,
with personal protective equipment and clothing (Nag et al. 2013a, Rowlinson
and Jia 2013). While it is possible in housing construction to work indoors or
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in the shade, it is not the case in road construction where outdoor workers are
often more exposed (Nag et al. 2013b). Thus, one step in reducing heat stress
is to offer shade from the solar radiation and to create cool areas for resting. Yi
and Chan (2013, 2015a) suggest optimisation of working hours and resting
breaks with a longer lunch break during the hottest time of the day. Coherent
continuous work periods in the afternoon when the temperature is higher
should be shorter between the breaks. Regular fluid intake should be promoted,
and fluids should be available in large quantities close to the work and rest
areas. The workloads at the construction sites commonly range between mod-
erate and heavy intensity (Farshad et al. 2014, Lundgren et al. 2014). Clothing
used in the heat should preferably be in light colours and should allow ven-
tilation; under strong solar radiation it should cover the skin (Roy and Gies
1997). At the same time, it may be difficult for well-ventilated clothing to
comply with safety issues related to the possibility of getting caught in objects.
Rowlinson et al. (2014) summarises what is known and reports on the future
perspectives of construction work management in heat, including useful tables
for the mitigation of risks.

Process industries: Ceramics and metal industry,
glassworks, food processing

In many industrial settings the processes define the work routines and the ther-
mal environment. The ceramics, glass, metal and other industries are tradi-
tionally recognised as being hot working places due to their industrial pro-
cesses (Bernard and Cross 1999, Mairiaux and Malchaire 1985, Oliveira et al.
2015, Vangelova et al. 2008). A study comparing the work conditions in the
Portuguese ceramic industry in 1994 and 18 years later showed that in spite of
a reduction in temperature extremes, the heat stress is still at a similarly high
level (Oliveira et al. 2015). Occupational heat stress is even accentuated when
industrial processes are combined with hot weather (Nag et al. 2013a, Vatani
etal. 2015). Hot weather does not support recovery because heat stress is main-
tained even outside the process areas. Chaudhary et al. (2012) and Parikh et al.
(1978) have suggested breaks to counteract body heating, but as productivity
drops, so will the workers’ income. Chaudhary et al. (2012) strongly advocate
for organisational measures by alternating work in hot and cool areas in order
to avoid a large drop in productivity. The availability of drinking water is
essential. Examples of evaluation procedures, reporting and recommendations
in hot work conditions at a glass bottle factory can be found in a NIOSH health
hazard report (Dowell and Tapp 2007).

Clothing should allow for ventilation while in some work areas it may need
to have high insulation to protect from excessive heat. Clothing insulation is
commonly around 0.6 clo and depends on the work area (Oliveira et al. 2015).
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If specific protection is required, then insulation layers will be added. When
exposed to strong heat radiation sources, the reflective clothing layers need to
be used to protect exposed body parts. The workload ranges between 180 and
400 W (Oliveira et al. 2015). The authors also show a general trend that if
thermal conditions are milder, breaks are shorter and work rates tend to be
higher. A similar trend is observed by Sett and Sahu (2013) where the brick
carriers and moulders work until exhaustion and then only take a rest in the
shade. Based on their heart rates it can be estimated that even these women
work at approximately 60 % of their maximal capacity, similar to the agri-
cultural workers studied by Davies et al. (1976). Often the only way to reduce
heat stress is to lower the work pace. This in turn will affect the workers’
productivity and income (Sett and Sahu 2013).

Food processing is traditionally an activity where exposure to heat and
heat-related risks are high (Lundgren et al. 2014, Matsuzuki et al. 2011). The
estimated physical workloads in food processing usually remain below the
ones estimated for agricultural tasks and tasks in construction-related indus-
tries (Davies et al. 1976, Lundgren et al. 2014, Sett and Sahu 2013). Cooking
and baking do not only increase the risks for radiation heat, contact with hot
surfaces and steam burns, but also increase the temperature of the work envi-
ronment above the exterior environment values. The cooking environment also
commonly involves higher air humidity because cooking processes involve
evaporation.

Firefighting
Firefighting involves a high risk of skin burns (Kahn et al. 2012), very heavy
activities (Eglin 2007, Holmér and Gavhed 2007), and requires protection
against flames, flashfires, high air temperatures, and chemicals. (Barr et al.
2010, McQuerry et al. 2015, Mékinen 2010). However, over 90 % of the time,
firefighters are involved in tasks that are not related to fire but to various rescue
activities (e.g. during traffic accidents) (Ilmarinen et al. 2008). As firefighters
have to always be prepared to move to the scene of a fire, they often use the
same turnout gear when carrying out other tasks. This exposes them to heat
stress due to excess protection and adds to the workload (Dorman and Havenith
2009). From this viewpoint, improving and optimising firefighter clothing and
gear is a high priority. Different fire scenes also require different types of pro-
tection, such as when dealing with wildland fires (Alexander et al. 2007) and
fires on ships (Bilzon et al. 2001). The tactical approaches differ from scene to
scene as well (Svensson et al. 2009).

Radiant heat tests for fabrics or fabric combinations are carried out
according to ISO 6942:2002. The effects of flames (i.e. convective heat) (EN
367:1992) are tested similarly but with a propane flame. Requirements for
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firefighter clothing are available in EN 469:2005. Fire tests of firefighter cloth-
ing ensembles have been carried out on a fire manikin with a propane flame at
80 kW/m? for 8 seconds (ISO 13506:2008, Rossi et al. 2014, Song et al. 2004).
Sensors on the manikin’s surface detect the heat flux and temperature, and
allow the evaluation of degrees of skin burn.

Hot water tank diving

An international standard (EN 14225-3:2005) sets the requirements for cooling
systems and exposure times when considering the exposure to water, for
example during occupational diving in hot tanks. During the tests the subjects
should be able to stay 6045 minutes at a depth of 3+0.5 m in the water of
30«£1 °C. The mean skin temperature during the dive should always stay under
40 °C in warm water and the body core temperature should not increase more
than 1 °C when using auxiliary cooling solutions.

Conclusions

In spite of industrial developments and the automation of processes, occupa-
tional heat exposure remains a challenge in the globalised world. Heat stress
levels are in fact increasing internationally due to climate change. Because of
this, knowledge about the human capacity to tolerate heat stress and about heat
stress assessment and management methods is needed more than ever. Recent
and past research on human thermal physiology, climatic factors, protective
clothing and support technologies has been reviewed in this article in order to
effectively meet heat-related challenges in work environments. The human
body is limited in its ability to tolerate heat stress. Consequently, the preven-
tion of heat stress — including the selection of proper work routines and strate-
gies, and personal protective equipment — is essential in order to maintain pro-
ductivity, thermal comfort and health.
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Redaktdrernas sammanfattning och
slutord

Det finns en betydande kunskap om hur péfrestningen pa den ménskliga org-
anismen vid arbete i varma milj6er kan begransas och kontrolleras, vars huvud-
drag redovisas i denna 6versikt. Det inkluderar kroppens egen anpassnings-
process (acklimatisering), skydd mot vdrmestralning, arbetets organisering,
skyddskldder, vétskeintag, med mera. Den som é&r dldre, har till exempel hjért-
kérlsjukdom eller tar mediciner som paverkar kroppens formaga att avge dver-
skottsviarme, har en nedsatt tolerans mot virmebelastning. Detta dr en proble-
matik som blir mer aktuell dé fler arbetar hdgre upp i aldern och da fler kan
atervinda till arbetslivet efter allvarlig sjukdom tack vare béttre behandling.
Denna problematik diskuteras i en separat dversikt (Kjellstrom 2017). Denna
oversikt dr skriven pé engelska och nedan finns en sammanfattning av texten
pa svenska och referenserna till figurer och artiklar finns i den engelska texten.

Exponering for hetta
De viktiga killorna till virmebelastning i arbetslivet &r:

1. Klimatfaktorer (omgivningstemperatur, med mera)
2. Fysisk arbetstyngd (kroppens egen virmeproduktion)
3. Kiédsel (hindrar kroppens virmeavgivning)

De hogsta utomhustemperaturerna varierar kraftigt fran plats till plats.
Studier av dodlighet i relation till hoga temperaturer visar att den temperatur
dér dodligheten borjar 6ka varierar pad motsvarande sitt (till exempel 22 °C i
Stockholm och 33 °C i Aten), det vill sdga, det dr snarast avvikelsen fran den
normala &n den absoluta temperaturen som ar avgorande. Detta innebér att den
temperaturtroskel da speciella forsiktighetsatgérder behdver vidtas for att
skydda den allménna befolkningen (sdrskilt de dldre) varierar fran land till
land. Detta har bade med samhillsbyggnad, beteende och acklimatisering att
gora.

Vid tungt fysiskt arbete kan kroppstemperaturen hallas normal sa linge
kroppen kan avge extravirmen till omgivningen. Om det inte &r mojligt, till
exempel pa grund av skyddsklader, kommer kroppstemperaturen att hdjas med
1 °C for varje 100W 6kning av belastningen.

Kroppens forméga att hantera virmestress &r dldersberoende (mindre vid
hogre alder) och médrkbar dven i yrkesverksam édlder. Detta kommer att ha en
Okande betydelse da uttrddesaldern fran arbetslivet hojs.

Flera industriella processer genererar hoga temperaturer. Skyddsklader
kommer att bidra till att 6ka varmestressen. Om arbetet dessutom ar fysiskt
kréavande okar det virmestressen ytterligare, till exempel hos rokdykare.
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Klimatfaktorer

De klimatfaktorer som huvudsakligen paverkar kroppens varmebalans ar luft-
temperatur, lufthastighet (vind), luftfuktighet, stralningsvirme och yttempera-
tur (Parsons 2014). Definitioner och méatmetodik &r vil utarbetade i [ISO-stand-
arder och larobocker (ISO 7726:2002, Parsons 2014). Kléder ger en isolerande
effekt och sérskilt genomsléppligheten i det yttre lagret har stor betydelse.

Luftrorelser minskar virmestressen genom att transportera bort varm och
fuktig luft fran kroppen om lufttemperaturen ar hogst 35-36 °C. Vid tempera-
turer dérutover kommer effekten att bli den motsatta.

En hog luftfuktighet minskar kroppens formaga att halla nere kroppstemp-
eraturen genom svettavdunstning, som &r det effektivaste sattet att bli av med
viarme och den huvudsakliga mekanismen vid lufttemperaturer 6ver 35 °C.
Men édven hud med 100 % fuktighetsméttnad kan avge vésentliga virme-
mangder till luft med 100 % fuktighet sa lange hudens temperature dr hogre én
den omgivande luftens, pa grund av angtrycksskillnaden mellan hud och luft.
Kladselns fuktgenomslépplighet paverkar, liksom klddernas utformning (om
luften ror sig kring kroppen till exempel vid géng).

Stralningsvéirme kan vésentligen indelas i infrardd (till exempel fran ugnar)
respektive ultraviolett (en viktig komponent av solljus) stralning. Absorption-
en av infrardd stralning paverkas inte av firg men av ytans reflektion, medan
absorptionen av ultraviolett strdlning paverkas ocksa av hur mork ytan &r
(Figur 2, sida 13).

Yttemperatur dr en del av strdlningsvirmen, men kan ocksa bidra till vér-
mestress genom direkt kontakt vanligen med hénder och fotter, men ibland
med storre kroppsytor (till exempel rygg) om man maste luta sig/ligga mot den
varma ytan.

Fysisk arbetstyngd

Amnesomsittningen i kroppen bildar virme (40 W/m? kroppsyta i sémn, basal
metabolism). Virmen okar snabbt vid fysisk anstrédngning. Vid normalt kont-
orsarbete bildas 70-100 W/m?, medan manuellt arbete oftast producerar dver
100 W/m? (upp till 300 fér mycket tunga arbetsuppgifter, ISO 8996:2004). Om
inte denna virme kan avges till omgivningen kommer kroppens karntemp-
eratur att 6ka. Kérntemperaturen ar det matt som anvénds for att definiera hur
allvarlig virmebelastningen dr. Den mits oftast i d&ndtarmen. Den kan ocksa
maétas i matstrupe (speglar snabba fordndringar), horselgdng och munhala (ISO
9886:2004).

Kladsel

All kladsel paverkar virmeutbyte med omgivningen genom att isolera och
begrinsa avdunstning fran kroppen. Den tid under vilken man kan arbeta sikert

61



ar drastiskt reducerad i impermeabla jamfort med permeabla skyddskldder,
dven vid temperaturer kring 20 °C, medan den fysiologiskt sékra grinsen nas
snabbt vid temperaturer 6ver 40 °C dven i permeabla kldder (Figur 3, sida 16).
I varma klimat med UV-strilning (solstralning) som en visentlig virmekélla
rekommenderas generellt ljusa 16st sittande kldder med lag termisk resistens
och avdunstningsresistens och som ocksa tillater luftcirkulation kring kroppen,
men 16st sittande kldder kan vara svart att kombinera med andra sikerhets-
aspekter 1 till exempel industriella miljéer. I arbete med extrem virmestralning
behovs vilisolerade kldder som ocksa kan innehalla ett reflekterande yttre
lager (Figur 2, sida 13).

Beddmning av varmestress och varmebelastning

Flera olika metoder kan anvéndas for att beddma vérmestress och virmebe-
lastning. Ett arbete pagér med revidering av flera standarder (bland annat ISO
7243 och ISO 7933).

Wet Bulb Globe Temperature (WBGT) ér det globalt mest anvdnda indexet
pa yrkesmdssig varmestress, det fungerar som ett screeningverktyg (Epstein
and Moran 2006, Parsons 2013) som kan anvindas for varma miljéer bade med
och utan solstralning. Anvindningen begrinsas av flera saker. En praktisk
sadan &r att den utrustning som moter kraven i standarden (ISO 7243:1989) &r
dyr i inkop. Metoden beaktar dessutom bara 6kning av kdrntemperatur men
inte risk for uttorkning och tar inte hdnsyn till klddsel. Den har begrinsad
anvindning vid hog luftfuktighet eller lag lufthastighet. Rekommenderade
maximala WBGT exponeringsnivaer (°C) vid olika arbetsbelastning och for-
héllande mellan arbete/vila for en arbetare som &r acklimatiserad till virmen
och bér latt kladsel finns i Tabell 3 (sida 31).

Beriknad viarmebelastning (Predicted Heat Strain, PHS, ISO 7933:2004)
ar en av de mest utvecklade metoderna for att berdkna yrkesmassig virmebe-
lastning (Parsons 2013). I denna berdknas bade paverkan péa kidrntemperatur
och vitskeforlust pa grund av svettning, den inkluderar férutom klimatfaktorer
ocksa fysisk belastning, &mnesomsittning (metabolic rate) och klddselns ter-
miska egenskaper. Den har tidigare ansetts vara for komplicerad for anvandn-
ing pa enskilda arbetsplatser, men simuleringsverktyg finns nu tillgéngliga pa
Internet, exempelvis:

www.eat.lth.se/fileadmin/eat/Termisk miljoe/PHS I/PHS .html

Tillgéngligheten skulle kunna okas ytterligare genom till exempel mobil-
applikationer.

Varmeindex (Heat Index) utvecklades frén en matematisk modell som
inkluderade klimatfaktorer, fysiologiska faktorer och kléder till en férenklad
ekvation som bara anvinder luftens temperatur och fuktighet. Fordelen &r att
ingen dyr utrustning krévs men den tar inte hinsyn till stralningsvdrme eller
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lufthastighet och &r okénslig for kladsel. Den anses dérfor inte vara en metod
som kan ersidtta WBGT eller PHS.

En annan mojlighet 4r att direkt méta hur individen reagerar pa virmen
genom checklistor, s& som ILO 2010, eller subjektiva skattningsskalor, s som
ISO 10551:1995. Men for en mer detaljerad bedomning krdvs métningar av
kirntemperatur (vanligen i dndtarmen), viktforlust (dehydrering), puls och
hudtemperatur (ISO 9886:2004). I vissa fall krdvs en medicinsk 6vervakning
av de individer som utsétts for extrem hetta vad géller till exempel individens
forutséttningar att klara belastningen (ISO 12894:2001).

Termiskt arbetsgrans (thermal work limit) d4r den maximala d&mnesom-
sattning (fysiska belastning) som en individ, vid god vétskebalans och som é&r
acklimatiserad till virmen, kan upprétthélla i en given termisk miljé med séker
(<38,2 °C) kédrntemperatur och svettning (<1,2 kg/tim). Berdkningar av den
termiska arbetsgrinsen kan anvéndas for att schemaldgga arbete och vila, eller
for att ge riktlinjer for nér arbetet skall stoppas (Miller and Bates 2007).

Ett universellt termiskt klimatindex (universal thermal climate index,
UTCI, www.utci.org) har utvecklats relativt nyligen och foreslas kunna fung-
era som ett steg mellan meteorologiska data och att forutspa hilsoeffekter.
UTCI ger en ekvivalenttemperatur for en given kombination av lufttemperatur,
fuktighet, varmestralning och vindhastighet. En begrinsning ar att det inte
beaktar lokala forhallanden pa arbetsplatsen. Utvérdering pagar i relation till
andra sétt att forutsdga varmestress pé arbetsplatser.

Effekter pd den friska méanniskan

Det finns en fin reglering av kroppens kérntemperatur som utnyttjar specifika
organ i huden (arteriovendsa anastomoser). De finns sérskilt pa ickeharbe-
klddda ytor pa véra fingrar, handflator, tér, fotter, 6ron och ldppar. Om inte
detta ricker for att hélla kérntemperaturen konstant kommer blodflodet i huden
att 6kas ytterligare och svettningen okar. Svetten pa hudytan ger en avkylning
genom avdunstning (svettning pd 1 lI/timme motsvarar 674 W). Klader som
transporterar bort fukt fran hudytan upplevs oftast ha bast komfort, men sam-
tidigt minskar avkylningseffekten. Mén har i allménhet en hogre forméga att
svettas dn kvinnor. Férmagan beror ocksa pa kroppsstorlek och kondition. En
god formaga att svettas ar sérskilt vardefull i en varm och torr milj6, medan
det inte ger samma fordel i en varm miljo med hog luftfuktighet. Svetten har
da svart att avdunsta. Vid kraftig svettning behover vitskeforlusten ersittas.

Virmestress belastar kroppens cirkulationsorgan. For mattligt till tungt
fysiskt arbete kan skillnaden i pulsfrekvens, mellan 20 °C och 40 °C, vara 20-
40 slag/minut (Figur 4, sida 21). Vitskeforlusten genom svettning kan ge en
Okad risk for blodtrycksfall. Det kan upptrdda da en fysisk antrdngning pléts-
ligt upphor.
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Extremt het luft kan ge lokala effekter pa4 hud och andningsorgan. Vid
125 °C forsvaras ndsandning, vid 150 °C &r det svart att andas genom munnen,
huden skadas efter 30 sekunder vid 180 °C.

Den mentala prestationsformagan, vaksamhet och reaktionstid, paverkas av
hetta redan innan kroppens temperatur nar nagra grinsvirden. Lufttempera-
turer upp till 32 °C har vid arbete som endast kriver lag fysisk aktivitet (sit-
tande kontorsarbete) inte visats ge ndgon betydande kognitiv prestationsned-
sattning for acklimatiserade personer, medan déremot den fysiska prestations-
formagan minskade. Om forlusten vid svettning inte ersétts sa paverkas snabbt
den kognitiva forméagan.

En vitskeforlust som motsvarar upp till 2 % av kroppsvikten betraktas som
acceptabel. Den fysiska prestationsformégan minskar med 10 % for varje pro-
cents forlust av kroppsvikt. Vitskeforlust pa 6 % och mer kan vara livshotande
och kriver medicinsk behandling. Behandlingen ar vétsketillforsel och vila i
sval miljo.

Den normala kdrntemperaturen i kroppen dr 37 °C for bade mén och kvin-
nor. For yrkesmadssig exponering (8 timmar per dag) betraktas generellt en
karntemperatur pa 38 °C som &vre genomsnittlig grians for acceptabel virme-
belastning (AFS 1997:2, ISO 7243:1989; ISO 7933:2004). Den individuella
kénsligheten varierar. Om det finns mdjlighet att sjélv styra arbetstakten kom-
mer de flesta att borja sénka takten da kdrntemperaturen i kroppen nér 38 °C.
I uthéllighetssporter forefaller den maximala tolerabla kdrntemperaturer vara
40,0-40,5 °C. En kérntemperatur pa 42-43 °C leder ofta till doden.

Man bor undvika ensamarbete i hetta. Svimning pa grund av hettan har
framforts som en bidragande eller till och med utlosande orsak av dodsfall i
heta slutna utrymmen, som tankrengéring. Svimning pa grund av hetta &r en
avsevard risk framfor allt hos icke-acklimatiserade personer.

Viarmeslag dr en allvarlig foljd av virmestress, med hog dodlighet och
misstinkta fall méste dérfor behandlas skyndsamt. Hos patienter med véirme-
slag &r kdrntemperaturen extremt hog (6ver 40 °C) och kroppens egna regler-
ingsmekanismer fungerar inte langre, svettningen upphdr och huden é&r torr.
Ofta har detta foregitts av ett forvirringstillstand.

Virmeutmattning inkluderar verbelastning av hjértkarlsystemet, mental
och fysisk utmattning. Det riknas ibland som ett forstadium till virmeslag.
Viarmekramper orsakas av okompenserad forlust av salt och behandlas med
saltat vatten. Varmeutslag (miliaria rubra) &r en hudsjukdom som orsakas av
funktionsstérning i svettkortlarna.

En 6kning av kronisk njursjukdom med dodligt forlopp har observerats i
tungt lantbruksarbete i varmt och fuktigt klimat och foreslagits beror pa virme-
stress och vitskebrist (Wesseling et al 2016).
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Att forebygga varmestress

Organisatoriska atgérder, acklimatisering, vétskebalans och kylning, &r viktiga
komponenter for att forebygga varmestress. Riktlinjer vad giller temperaturer
inomhus har utfirdats av Folkhédlsomyndigheten (2014). En mer omfattande
genomgang av det termiska klimatet pa arbetsplatsen har gjorts av Gavhed och
Holmér (2006). Det amerikanska arbetslivsinstitutet NIOSH har nyligen sam-
manstéllt ett kriteriedokument om yrkesméssig exponering for hetta (2016).

For att den enskilde medarbetaren sjélv skall kunna gora anpassningar vid
exponering for hetta, krivs det att arbetsgivaren tillater att arbetstakten minskar
vid hoga temperaturnivier (Miller et al 2011). Det finns en 6kad risk for 6ver-
belastning av virmen om arbetstakten dr styrd och for hogmotiverade indi-
vider, sarskilt i utryckningssituationer. D& 6kar kravet pé organisatoriska atgéar-
der, till exempel vixling mellan tungt och létt arbete eller att arbetet anpassas
efter tidpunkt p& dagen. Ett schema for arbete och vila i relation till WGBT-
virden (ungefarliga viarden fran ISO 7243, Kjellstrom et al 2009) ges i Tabell 3
(sida 31) i denna 6versikt.

Acklimatisering till hetta ar en viktig skyddande faktor. Systematiska stu-
dier visar att det tar cirka 10 dagar att bli fullt acklimatiserad. Under den perio-
den skall arbetsbordan vara ldgre, med ldngre vilopauser mellan arbetspassen
1 hetta (2-4 tim/dag for full effekt). Erfarna och acklimatiserade arbetskamrater
bor finnas pé plats. Fysisk tréning &r ocksé en sorts acklimatisering — under
trining stiger kdrntemperaturen i kroppen och kroppen borjar hantera overs-
kottsvirmen pd samma sétt som virmebelastning fran omgivningen. Darfor ar
den fysiska pafrestningen vid exponering for hetta mindre for den som ar vél-
tranad (Tipton et al 2008).

Kroppens anpassning till hetta anses vara en av de mest dramatiska fysio-
logiska anpassningarna hos médnniskan. Den mest pafrestande perioden under
acklimatiseringen ar de forsta 3-4 dagarna, da huvuddelen av den fysiologiska
anpassningen sker!. Anpassningen innebir att svettningen kommer tidigare, ir
rikligare (med en omfordelning frén kroppen till armar och ben) och innehaller
mindre salt, en 6kning av vitskeinnehéllet i kroppen med 6kad plasmavolym,
karntemperatur och pulsfrekvens ar ldgre vid en given arbetsbelastning, risken
for svimning minskar och personen kénner mindre obehag. For att acklimati-
seringen skall vara effektiv kréivs ett tillrickligt vitskeintag.

Acklimatiseringseffektern forsvinner efter tva veckor om man inte utsétts
for virmebelastning. Om man aterigen utsétts for virmestress inom en ménad

! Det kan mot bakgrund av den beskrivna acklimatiseringen tyckas motségelsefullt att 6kningen
av insjuknanden relaterad till hetta i samband med en viarmebdlja vanligen kommer forst efter
nagra dagar och sedan tilltar under hela virmebdljans varaktighet. Detta beror sannolikt pa att
det finns en troghet i temperaturforandringen i byggnader, med mera, som gor att befolkningens
exponering for varme gradvis 6kar under ett sdédant forlopp.
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ar acklimatiseringstiden kortare &n 10 dagar och ett schema for den tid som
behovs efter olika uppehall har foreslagits.

Varje procents forlust av kroppsvitska motsvarar 10 % forlust av den
fysiska arbetskapaciteten. Tillgang till dricksvatten &r viktigt for att bibehélla
viitskebalansen. Ater man regelbundet riicker ofta vanligt vatten eftersom det
finns salt i maten. Sportdrycker &r ofta for s6ta och socker forsdmrar vattenupp-
taget i magen. Vid tungt arbete i hetta med hog svettning, behover saltforlusten
erséttas. DA dr mineralvatten eller vanligt vatten med salttillsats en 16sning.

Det finns flera olika sitt att 6ka kroppens virmeavgivning. Exempel pa
detta dr virmereglerande material i skyddsklader, skyddskldder med varier-
ande isoleringsfaktor, luftkylande system, 6kad ventilation i kldderna. Elek-
triska fliaktar kan ocksa ge effektiv kylning (Jay 2015). Dessa metoder kan
kombineras for att oka effekten (Lu et al 2015d, Song och Wang 2015).
Metodvalet maste ta hinsyn till bade arbetets art och ge rimlig komfort. En
personlig kylningsmetod som fungerar vid rorligt arbete &r exempelvis en
kylande huva. Den sidnkte kdrntemperaturen béast om mediet holl 10 °C, men
komforten upplevdes som mycket béttre och det gav fortfarande god effekt pa
kirntemperaturen om mediet holl 15 °C (Shin et al 2015).

Virmebelastning och atgirder 1 ndgra branscher

Hanteringen av vérmestress i ndgra olika branscher kan visa pa mojligheter att
handskas med problemet ocksa i andra typer av verksamhet. Aven om flera av
exemplen kommer fran lander med varmt klimat, kan de med tanke pa klimat-
fordndringen med aterkommande, langre och svérare virmebdoljor ocksa vara
relevanta for svensk arbetsmarknad. Luftkonditionering finns ibland pa kontor
och 1 industriella miljéer, men under virmebdljor kan belastningen pé strom-
forsorjningen bli s hog att stromavbrott uppstar. Det ar da viktigt att de an-
stdllda har kunskap om och tillgang till enkla, alternativa sétt att minska varme-
stressen (Gao et al 2012 a, 2012b, Jay 2015, Lundgren och Kjellstrém 2015).
Arbetsorganisatoriska atgirder inkluderar att planera scheman for arbete res-
pektive vila, eller vaxling mellan arbetsuppgifter i varma respektive svala
miljder, eller under svalare tider pa dygnet. Det &r viktigt att denna planering
gors under normala forhallanden sa att produktionen/servicen kan uppratthall-
as. Tillgangen till dricksvatten och rutiner for att sdkra tillrackligt vitskeintag
ar nodvéndigt for att undvika viarmestress och sjukdom orsakad av denna. En
bibehallen produktion kan ocksa understodjas av rétt kladsel, skyddsutrustning
och kylningsatgirder, men det finns en grins dir exponeringen for hetta inne-
bar att arbetet maste avbrytas. Ett exempel pd nér detta skulle bli kraftigt
begriansande for effektiviteten var bekdmpningen av Ebola, som kravde full
skyddsutrustning for personalen i ett tropiskt klimat (Kuklane et al 2015b).
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Aven om forarhytterna i det moderna jordbruket vanligen #r luftkondi-
tionerade, gors mycket av arbetet utanfor dessa i det 6ppna landskapet. Det ar
inte heller ovanligt att fonstret i traktorn maste hallas 6ppet for att fa battre sikt.
Fordonsklimat ar ocksa komplexa eftersom temperaturen blir ojamn i hytten
och bestdms av till exempel luftintagens placering och solstralningen genom
fonstren (Bohm et al 1990 och 2002). Det finns ISO-standarder for att ut-
virdera och forbattra klimatet i fordon (ISO/TS 14505-1:2007, ISO 14505-
2:2006, ISO 1405-3:2006).

De huvudsakliga problemen med vérmestress i jordbruket finns i dagsliget
i redan varma ldnder och véntas 6ka ddr med en negativ effekt pa produkti-
viteten. Virmestressen Okar visentligt om skyddsutrustning maste anvéndas,
till exempel mot gédselmedel, eller mot bekdmpningsmedel (Schenker et al
2002). Skyddsklader med ldg permeabilitet kan orsaka varmestress dven vid
mattliga temperaturer. I ett tempererat klimat (som vart) kan véxthusarbete
vara forknippat med hog risk for varmestress pa grund av den hdga tempera-
turen och luftfuktigheten (Callejon-Ferre et al 2011, Marucci et al 2012).

Som tidigare beskrivits dr mdjligheten att sjilv reglera arbetstakten en
viktig vég att hantera problem med virmebelastning. Om det inte dr mdjligt,
eller tillrackligt, behdver, som tidigare namnts, arbetets organisering, vétskein-
tag, samt tillgéng till sval (skuggig) milj6 for vila, ses dver.

Klimatférhéllandena dr, i kombination med maéttligt tungt till tungt fysiskt
arbete och ibland personlig skyddsutrustning/-klédsel, den huvudsakliga killan
till vdarmestress i byggnadsindustrin. Vid husbyggen &r det ofta méjligt att
arbeta inomhus i skugga, medan man ar mer exponerad vid vigarbeten (Nag et
al 2013a och 2013Db). Ett sétt att minska viarmestressen &r att skapa skydd fran
solstralningen och svala omraden att pausa i. Lunchpausen kan forlangas for
att minska exponeringen for virme mitt pa dagen. Under eftermiddagen da
luften &r varmare kan fler pauser ldggas in. Vitskeintag skall sdkras. Klddseln
skall helst vara ljus och luftig, samt tdcka huden om solstrdlningen ar stark
(Roy och Gies 1977). Det kan vara svért att forena med andra skyddsaspekter,
inklusive risken att fastna. Rowlinson och medarbetare (2014) har samman-
fattat kunskapsldget och atgérder.

Keramisk industri, metallindustri, glasbruk och livsmedelsindustri, &r indu-
strigrenar med vilkidnda problem med hoga temperaturer pa grund av sina
industriella processer. Mycket tyder pa att problemen kvarstér, till exempel i
keramisk industri &ven om extrema temperaturer reducerats (Oliveira et al
2015). Viarmestressen kan accentueras av klimatférdndringen, till exempel
under en varmebdlja, om inte de anstéllda kan aterhdmta sig i omraden utanfor
den varma processen. Véxling mellan arbete i varma och kalla omraden i pro-
duktionen kan vara ett sdtt att uppratthalla produktiviteten. Vétsketillforsel &r
avgorande. NIOSH har publicerat utvédrdering och rekommendationer for
arbete i hetta i en fabrik som tillverkade glasflaskor (Dowell och Tapp 2007).
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Kladseln skall vara luftig, men i omraden med extrem hetta kan den behova
vara isolerande. Vid exponering for stark stralningsviarme behovs reflekterande
lager. Studier har visat att om vdrmestressen dr mattlig &r arbetstakten ofta
hogre och pauserna kortare &n om varmestressen ar mer uttalad (Oliveira et al
2015).

I livsmedelssindustrin kommer virmestressen fran varma ytor, uppvarmn-
ing av den omgivande luften och en f6rhdjd luftfuktighet pa grund av forangn-
ing. Risken for viarmestress dr hog dven om den fysiska arbetstyngden vanligen
ar ldgre 4n i jordbruk och byggnadsindustri (Lundgren et al 2014, Matsuzuki
etal 2011).

Brandmansarbete innebér en hog risk for brannskador, mycket tung fysisk
belastning och skydd mot till exempel eldslagor, hoga lufttemperaturer och
kemikalier. Brandméan arbetar 90 % av tiden med annat dn att sldcka brander,
till exempel med trafikolyckor (Ilmarinen et al 2008). Men eftersom de alltid
snabbt méste vara beredda att rycka in vid en eldsvada, har de vanligen full
utrustning hela arbetstiden. Det 6kar arbetsbelastningen och virmestressen och
g0r att optimering av brandménnens klddsel bor ha hdg prioritet.

Atgiirds-och forskningsbehov

Det finns en gedigen kunskap om betydelsen av virmestress i arbetslivet, sér-
skilt vid fysiskt krdvande arbete. Vi hoppas att denna kunskapséversikt skall
bidra till att tillgingligéra den. Som framgar av Gversikten finns det starka skél
att vid risk for varmestress gora en planering for hur man kan férebygga att de
leder till ohélsa. Varmestress, sarskilt 1 kombination med vétskeforlust, sinker
arbetsformagan. Vid hog varmestress ar hilsoriskerna betydande.

I vissa processer och yrken med exponering for extrema temperaturer &r
problematiken vélkéind (livsmedels-, metall- och keramisk industri, i pappers-
bruk, glastillverkning, med fler) och hér kan forbattringspotentialen kanske
framst finnas i systematiken i riskbedémningen, samt i val av skyddskldder m
m.

For andra arbeten, dér impermeabla skyddskléder och fysisk anstringning
kombineras med forhdjda temperaturer, kan problematiken vara undervird-
erad. En delvis ny problematik &r titare, intensivare och ldngvarigare virme-
boljor, som vid arbete i skyddskléder, till exempel i vard- och omsorg, kan ge
pataglig varmebelastning och kriva en riskbeddmning och eventuellt atgirds-
planering under normala forhéllanden. Riktad, branschspecifik, kortare infor-
mation (till exempel korta utbildningsfilmer) kan 6ka medvetenheten och kun-
skapen om hur man forebygger skador.

Arbete vid extrema temperaturer, till exemepl for rokdykare och vid be-
kdmpning av storre skogsbrinder, kan leda till att kérntemperaturen okar s
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mycket att omdomet sviktar. Detta har orsakat dodsfall. Effektivare over-
vakning av virmebelastningen under arbetet skulle minska risken. Det finns
teknisk mojlighet att 6vervaka virmebelastning under arbete, men en vidare
utveckling behovs for att omvandla den insamlade informationen sé att den ger
ett battre stod for atgdrder. En fortsatt forskning kring sékerhet och atgirder
for arbetssituationer da latt-mattlig kognitiv paverkan innebér en sékerhetsrisk
(till exempel yrkeschaufforer) dr ocksa motiverad.
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