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Abstract 
Given the current projections of climate change there is a need to consider the risk of elevated 
temperatures to building occupants, particularly those from vulnerable groups. This report 
focuses upon the calculation of rectal temperature using a novel dynamic heat stress model 
under different climate change scenarios. The data show that while the occupants exhibit 
elevated rectal temperatures the levels are such that they could be alleviated through 
treatment.  
 
Introduction 
There is unequivocal evidence that the climate is changing and current projections point to an 
increasingly warmer world. As such building overheating and the associated health 
implications are becoming an increasing concern especially for vulnerable groups such as the 
elderly or infirm. There is also expected to be a decrease in cold related deaths and a greater 
increase in heat related ones. Additional heat-related deaths in summer would outweigh the 
extra winter deaths averted as may happen in some northern European countries [1]. 

 
Figure 1 Schematic representation of how an increase in average annual temperature would affect the annual total of 

temperature-related deaths by shifting distribution of daily temperatures to the right. Image taken from [1]. 

 
Where the environment (in terms of air temperature radiant temperature, humidity, air 
velocity clothing and activity) provides a tendency for heat storage, the body’s 
thermoregulatory system responds to attempt to increase heat loss. This response can be 
effective at removing stored heat but can also incur a strain on the body (and sufficient heat 
may not be removed), which can become unacceptable and eventually lead to heat illness and 
death. People can lose heat through radiation when their skin is hotter than their 

Review

Physiological and behavioural adaptations can reduce
heatwave morbidity and mortality,20 as can changes in
public health preparedness.109 An overall drop in
mortality associated with heatwaves across a recent
three-decade period in 28 US cities29 shows that weather-
mortality relations can change over time. This decline
indicates that adaptations to climate change (air
conditioning, improved health care, and public
awareness—along with changes in underlying health
status) can reduce risks. Even so, under extreme
conditions an increase in deaths can arise in cities that
are accustomed to heatwaves and have high levels of
prevention awareness and air conditioning.110

Floods
Floods are low-probability, high-impact events that
overwhelm physical infrastructure, human resilience,
and social organisation. From 1992 to 2001, there were
2257 reported disasters due to droughts or famines,
extreme temperature, floods, forest/scrub fires,
cyclones, and windstorms. The most frequent natural
weather disaster was flooding (43%), killing almost
100 000 people and affecting over 1·2 billion people.37

Floods result from the interaction of rainfall, surface
run-off, evaporation, wind, sea level, and local
topography. In inland areas, flood regimens vary
substantially depending on catchment size, topography,
and climate.111 Where people live close to rivers, natural
flows have usually been modified to avoid floods (eg, by
constructing levees, dikes, and dams). Water
management practices, urbanisation, intensified land
use, and forestry can substantially alter the risks of
floods.38,39,45,111,112 The trend in high-income countries for
people to move to the coast, along with the world’s
topographic profile of deltas and coral atolls, means that
many settlements and much arable land are at
increasing risk from flooding due to rise of sea level.46

Floods have recently tended to intensify, and this trend
could increase with climate change.3,47 The ENSO cycle
determines inter-annual variability in temperature and
in rainfall, and the likelihood of flooding, storms, and
droughts in many regions.113 It is a major part of the
world’s pre-eminent source of climate variability: the
Pacific Ocean and its several regional climatic
oscillations. It has a far-reaching, quasi-periodic,
westward-extending effect every 3–6 years. Some health
consequences arise during or soon after the flooding
(such as injuries, communicable diseases,40 or exposure
to toxic pollutants41), whereas others (malnutrition42 and
mental health disorders43,44) occur later. Excessive rainfall
facilitates entry of human sewage and animal wastes
into waterways and drinking water supplies,
potentiating water-borne diseases.56–59 Globally, disaster
effects are greatest for droughts (and associated
famines) because of their regional extent.114

Infectious diseases
Transmission of infectious disease is determined by
many factors, including extrinsic social, economic,
climatic, and ecological conditions,115 and intrinsic
human immunity (analytic methods that differentiate
extrinsic and intrinsic influences are now evolving116).
Many infectious agents, vector organisms, non-human
reservoir species, and rate of pathogen replication are
sensitive to climatic conditions.60,61 Both salmonella and
cholera bacteria, for example, proliferate more rapidly at
higher temperatures, salmonella in animal gut and food,
cholera in water. In regions where low temperature, low
rainfall, or absence of vector habitat restrict trans-
mission of vector-borne disease, climatic changes could
tip the ecological balance and trigger epidemics.
Epidemics can also result from climate-related migra-
tion of reservoir hosts or human populations.117

In many recent studies investigators have examined
the relation between short-term climatic variation and
occurrence of infectious disease—especially vector-
borne disease. Studies in south Asia and South America
(Venezuela and Columbia) have documented the
association of malaria outbreaks with the ENSO cycle.65–68

In the Asia-Pacific region, El Niño and La Niña events
seem to have affected the occurrence of dengue fever
outbreaks.69–71 Similarly, inter-annual (especially ENSO-
related) variations in climatic and environmental
conditions in Australia affect outbreaks of Ross River
virus disease.72,73,118

Many of these associations between infectious
diseases and El Niño events have a plausible climatic
explanation. High temperatures in particular affect
vector and pathogen. The effect of rainfall is more
complex. For example, in tropical and subtropical
regions with crowding and poverty, heavy rainfall and
flooding may trigger outbreaks of diarrhoea, whereas
very high rainfall can reduce mosquito populations by
flushing larvae from their habitat in pooled water. 
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Figure 2: Schematic representation of how an increase in average annual
temperature would affect annual total of temperature-related deaths, by
shifting distribution of daily temperatures to the right
Additional heat-related deaths in summer would outweigh the extra winter
deaths averted (as may happen in some northern European countries). Average
daily temperature range in temperate countries would be about 5–30ºC.



surroundings, through convection and conduction though their skin and also via evaporation, 
sweating and water vapour in breath. This can be represented simply by the following 
equation. 
 
eqn. 1    

! 

M "W = E + R +C +K + S  
 
Where: M is the metabolic rate of the body 
 W is mechanical work done by the body when not at rest. 
 E is evaporative heat loss 
 R is radiative heat loss 
 C is convective heat loss 
 K is conductive heat loss 
 S is heat stored in the body. 
 
Each of the heat loss mechanisms is dependent on several environmental factors. For instance 
evaporative heat loss is dependent on the air temperature, relative humidity, air velocity and 
clothing coverage. Radiative heat loss depends on clothing insulation value, skin temperature, 
relative humidity and mean radiant temperature. The book entitled ‘Human Thermal 
Environments’ by Ken Parsons [2] gives further details on the relationships between the 
different variables, it also combines many different studies of human thermal responses. In 
order to avoid a core body temperature increase resulting in heat stress and heat related 
illnesses S needs to be zero (on average). The balance of eqn. 1 will change depending upon 
the activity of the person. Estimates of different metabolic rates can be found below. 
 

Table 1 Examples of metabolic rates by activity, for a typical human weight 65-70kg and 
surface area 1.8m2. 

Basic activity Metabolic rate W/m2 (W) 
Lying 45 (81) 
Sitting 60 (108) 
Standing (at rest) 70 (126) 
Typing / writing / drawing 90 (162) 
Walking on a level path at 2km/h 110 (198) 
Walking on a level path at 5km/h 200 (360) 
Going up stairs at 80 steps per minute 440 (792) 
Transporting a 10kg load on a level path at 4km/h 185 (333) 

 
As we can see from the table the metabolic rate of our bodies varies depending on our 
activity level. Our bodies are inefficient, while some of the energy produced by our increased 
metabolic rate will go into the activity (e.g. carrying your body weight up a flight of stairs, W 
in eqn. 1) the rest of the energy will go into warming our cells. As the table shows there can 
be a large increase in heat output depending upon activity.  
 
There are several different methods of calculating heart rate given different environmental 
variables, or physiological variables [2]. Most of these methods are based upon observations 
of test subjects exposed to different levels of heat stress. One of the most widely accepted is 
that developed by Givoni and Goldman [3] and is based upon data shown in figure 2. 



 
Figure 2 Results of various studies of heart rate versus rectal temperature. Image taken from [3].  

It is generally considered that older people prefer higher air temperatures than younger more 
active people. However, studies of 16 elderly and 16 young adult subjects have shown that 
when the data is corrected for the effects of clothing both groups of subjects would prefer an 
air temperature of 21.1°C on average [2]. It was concluded that the vulnerability of elderly 
people in their homes is due to a lifestyle involving low activity and increased risk because of 
poor thermoregulatory responses and blunted perception of temperature changes [2]. Comfort 
conditions however did not vary from those for young adults. Another opinion for why the 
elderly prefer elevated temperatures is due to their lowered metabolism this is a function of 
both their physiology and a low activity level. This as well as lifestyle and clothing factors 
appears to be the conclusion of most studies into the affects of age [2]. It has also been 
highlighted that comfort temperatures do not vary between men and women; however, 
women are more sensitive to deviations away from the comfort temperature.  

 
The Model 
Starting with the thermal model supplied by Gale & Snowden Architects 
(http://www.ecodesign.co.uk/), adaptations were made to account for the green roofs and 
external planting as documented in a previous report [4]. The internal gains were set to reflect 
realistic occupancy patterns and other equipment gains. Ventilation is provided by a 
mechanical system at 0.3ach–1 and infiltration of 0.03ach–1 typical of the Passivhaus standard. 
Dynamic window opening is also used with windows opening when internal air temperatures 
are above 22°C (night and day). Both lightweight and heavyweight wall and floor 
constructions were considered and analysis was performed for the 1970s base climate as well 
as for the 2030s and 2050s using the high emissions scenario 10th, 50th and 90th percentiles 
[5]. The UK Climate Projections 2009 weather generator [6] allows for the creation of several 
thousand examples of weather and climate change to be produced. However, it has been 
shown that the distribution of possible climatic change produced by the several thousand 
weather files can be represented with a small subset of probabilistic files such as those used 
for this study [7].  
 
The methodology is based upon the international standard ISO 7933 [8], however heat stress 
analysis is usually associated with miners and factory workers who work in constant 
conditions. Therefore a new dynamic version of the heat stress calculation had to be devised 
to allow for changing environmental conditions. The following environmental variables are 
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FIG. 1. Relationship between measured final heart rate and com- 
puted equilibrium recfal temperature (Tw,) from various experimental 

the predicted equilibrium rectal temperature could serve 
as a basis for the prediction of the expected equilibrium 
heart rate. 

There is, however, a difference between rectal tempera- 
ture and heart rate response to changes in the metabolic 
rate. The rectal temperature is affected only by metabolic 
heat production (i.e., the total energy cost, as measured by 
oxygen consumption, minus that portion transformed into 
external mechanical work) while the heart rate reflects 
the requirement for all oxygen transport. As a result, an 
index of the equilibrium heart rate level (IHR) can be 
computed in a similar way as the equilibrium rectal tem- 
perature (5) but must, however, take into account the 
total metabolic rate without adjustment for external work. 
Thus, equation I for the prediction of final equilibrium T,, 
has been modified to include the total metabolic energy 
production (M) instead of the metabolic heat generation 
CM - W,,). This form of equation I, using a zero origin 
and multiplying the constants by 100 for simplicity, can 
serve as an index for heart rate, IHRI viz: 

I HR = 0.4 M + (2.5/clo) (T, - 36) 

+ 80e 0.0047 (hx+,,,) 
(2) 

The relationship between HRf and Tref is linear up to a 
level of heart rate of about 150 beats/min as seen in Fig. 1. 
However, this linear relationship cannot continue in- 
definitely because at a very high stress level the rectal 
temperature at which equilibrium can be achieved will 
rise indefinitely with increased stress (although the subject 
may have to terminate his exposure, or collapse, long be- 
fore this level is reached); in contrast, the heart rate ap- 
proaches a maximum rate of about 170-l 90 beats/min 
before collapse of the subject is imminent. It can therefore 
be inferred that the relationship between the heart rate 
index (InR of eq 2) and the equilibrium heart rate HRf 
should involve two regions; up to a given limit the rela- 

tionship should be linear, while above this limit it should 
be exponential. 

In consequence, two predictive formulas have been de- 
veloped for the equilibrium heart rate (HRJ according to 
the computed range of InR; with InR below 225 a linear 
relationship between final heart rate and rectal tempera- 
ture has been assumed, and for Inn above 225 an ex- 
ponential relationship. The predictive formulas thus de- 
rived are : 

for 0 < In, < 225: HRf = 65 -l- 0.35 (IHR - 25) - (3) 

for InR 3 225: HRf = 135 + 42 [ 1 - e--(1HR-225)] (4) 

Should InR be less than 25, which could occur if this 
model is used in cold environments, HRi is assumed con- 
stant at 65 beats/min. 

TlME PATTERN OF HEART RATE DURING WORK AND AT REST 

The time pattern of elevation in heart rate upon expos- 
ure to metabolic and/or heat stress depends on the level of 
the total stress and whether the subjects are at rest or at 
work. Under work conditions, the greater the stress (i.e., 
the higher the equilibrium heart rate), the longer it takes 
to reach the final level. One feature cf the change from 
sitting at rest to a work condition is the instantaneous 
initial elevation in the heart rate while the sub.ject rises 
and anticipates work. Taking this feature into account, it 
was found possible to express the time pattern for heart 
rate during work (HR,& as: 

H&(w) = 65 + (I-& - 65) [l - 0.8e-!6-oo03(HRf--65))t] (5) 

and the time pattern for heart rate at rest (HR& is 
by: 

given 

HR t(r) = 65 + (HRI - 65) (1 - e-3t) (6) 

where : 

HRf = equilibrium heart rate given by equation ,3 or 4 
65 = assumed heart rate (beats/rnin) at rest in com- 

fortable conditions 
t = time in hours 

TIME PATTERN DURING RECOVERY 

After cessation of work, heart rate decreases toward the 
equilibrium resting level appropriate to the given climatic 
and clothing conditions. The rate of decrease, however, is 
not constant but depends upon the total elevation of the 
heart rate above its resting level and upon the cooling 
power available from the environment (CP). The effect of 
the magnitude of heart rate elevation on the rate of its 
decline can be expressed by an exponential factor k, and 
the effect of the available cooling power by a factor b. 
As in the case for T,, (5) the larger the cooling power (by 
convection and evaporation combined, cf. ref 5) the more 
rapid the decline in heart rate. Mathematically, this time 
pattern for heart rate during recovery, HRtcrec), can be 
expressed as : 

HR thee) = HR, - (HR, - HR,) eVkbt (7) 



output or calculated from the thermal modelling; air temperature (°C), mean radiant 
temperature (°C), relative humidity (%) and air velocity (ms–1). Sweat rate and rectal 
temperature are then calculated using the adapted version of the ISO 7933 [8] methodology to 
account for changing environmental variables. While the program used allows the user to 
choose various physiological factors such as metabolic rate, the methodology described in the 
ISO is intended for healthy adults. There is evidence that the older people demonstrate 
greater heat stress in response to increased temperatures [9]. The data shown in figure 3 
compares rectal temperature against time for young and older women during exercise in a hot 
box at 48°C (15% relative humidity). There has been no concise description of the effects of 
different disabilities on susceptibility to heat stress. Parsons [10] briefly studied the effects of 
different disabilities on thermal response and concluded that the susceptibility and 
requirements of people with disabilities should be considered on an individual basis. 
Therefore the rectal temperatures calculated here should be treated as a lower limit and extra 
measures implemented where appropriate by the care home staff. 
 

 
Figure 3 Rectal and mean skin temperature responses for older (squares) and younger (circles) women doing exercise 

within a hot box at 48°C. Taken from [9]. 

 
Rectal temperatures were calculated for the following person: 
Metabolic rate - 60W/m2 
Height -  1.6m 
Weight -  60kg  
Clothing insulation - 0.6Clo 
Posture -   seated 
Drinking freely -  no 
Acclimatised -  no 
 
A value of 0.6Clo is equivalent to the person wearing underwear, a shirt, trousers, socks and 
shoes or similar. The ability to drink freely alters the maximum permissible sweating. If 
allowed to drink freely the subject can lose up to 7.5% of their body weight as sweat. If they 
are not able to drink freely this is limited to 3%. Acclimatisation also increases the ability to 
sweat. These values were chosen as it is unlikely that the occupants of the care home will be 
acclimatised to the more extreme levels of climate change which are more likely to cause 
heat stress. Also there is evidence that the elderly do not drink sufficient fluids [2,9].  
 
Results 

AGING AND HEAT STRESS 

-6.5 T \I 
-5.5 * *\9+ 

x -f\ * 
-4.5 I\ T 

60 90 120 

time (min) 

FIG. 2. Local (scapular region) sweat rate (r&J, heat-activated 
sweat gland (HASG) density, and sweat gland flow (SGF) for older 
(squares) and younger (circles) women. Bars, mean t, SE. * Significant 
age difference at P < 0.05; t mean value significantly different (P < 
0.05) from group mean at min 30. 

by the change in weight after each work and rest period, 
was similar between the two age groups. However, the 
authors noted that the older men sweated more during 
the work periods and less during rest. They concluded 
that there was a slower response of the older men’s sweat 
glands to the additional heat load of work. Although both 
age groups had similar occupations, physique, and body 
fatness, the investigators did not account for possible 
differences between age groups in Vozrnax or state of 
acclimation. The similar metabolic work load required of 
each group during intermittent exercise may explain the 
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similar sweat production between groups, since sweating 
is dependent on the absolute exercise intensity. If the 
older men were working at a higher percent of their 
maximal aerobic power (no data on subject fitness level 
were provided), internal temperature and HR’s would 
consequently be higher since these variables are a func- 
tion of the relative exercise intensity. 

Using a slightly older population in moderate condi- 
tions (Tdb/Twb = 24-27/15.5-2O"C), HellonandLind (20) 
confirmed the work of their earlier findings. Again, dur- 
ing intermittent bench stepping, the older men showed 
a delayed onset of sweating. The younger subjects (age 
range = 18-23 yr) sweated more during the work than 
the rest periods, but the sweat produced by the older 
subjects (age range = 45-57 yr) was not statistically 
different between the two periods. The authors concluded 
that the older men were less responsive to changes in 
body heat demands and demonstrated a more “sluggish” 
sweating response to work in the heat. 

In contrast to these cross-sectional studies, the longi- 
tudinal study by Dill and Consolazio (7) found little 
decline in heat tolerance with age. This study compared 
the responses of these two active physiologists with ex- 
ercise in environmental temperatures ranging from 0 to 
50°C after a time span of 29 yr. HR’s were similar to 
initial test values except at 50°C where they were much 
higher. No other indexes of thermoregulatory function 
were reported. The higher HR’s indicate some loss of 
heat tolerance during extreme heat stress; however, the 
authors concluded this loss was minor compared with 
the decreased aerobic capacity observed over the 29-yr 
period. 

In the longitudinal study by Robinson, Belding, Con- 
solazio, Horvath, and Turrell (27), four men (age 44-60 
yr) exhibited heat strain (after acclimation) similar to 
that observed 21 yr earlier. Final internal and mean skin 
temperatures were similar between the two testing pe- 
riods, although sweat rate was 18% lower. These findings 
support the longitudinal study of Dill and Consolazio (7), 
and indicate that acclimation ability does not change 
with age. However, the exercise intensity was lower for 
the second testing session. This may have adjusted for 



The month of July is chosen for comparison here. July was chosen since it is consistently a 
warm month for all the weather files and in the case of the high emissions 2050s 90th 
percentile file contains a heatwave. Figures 4 and 5 in the appendix show traces of external 
air temperature for the different weather files. The different weather files exhibit different 
weather patterns and diurnal cycles. The effect of varying the ability to drink freely is shown 
in figure 6. The increased ability to sweat does lower rectal temperatures slightly, even at the 
modest levels of heat stress exhibited. Figures 7 to 12 show the calculated heat stress for the 
different rooms in the building. One room per floor was chosen based upon the highest mean 
temperature for the month of July. The café area was also considered. We can note that the 
rectal temperature of occupants and hence the likelihood of heat stress increases as we move 
up the building. All areas considered exhibit elevated rectal temperatures compared to the 
neutral temperature of 36.8°C.  
 
Discussion 
Using an adapted version of ISO 7933 to calculate rectal temperature as a proxy for heat 
stress, has shown that the occupants of the care home exhibit elevated rectal temperatures 
during the summer months. The level of the heat stress observed however, is minimal and is 
below the levels at which a healthy person would start to be at risk even for a mini-heatwave 
in the 2050s under higher estimates of climate change. Typically a person is not considered to 
be at risk from heat stress until their rectal temperature exceeds 37.5°C and not dangerous 
until it reaches 39°C [2,8,9]. Sweat rates are well below the warning (and danger) levels of 
260gh–1 (390gh–1) stated by ISO 7933 for a non-acclimatised person at rest. The empirical 
data shown in figure 3 indicates that the expected heart rates for individuals with rectal 
temperatures in the range shown in this report would not be sufficiently elevated to cause 
problems. Treatment for such levels of heat stress would take the form of increasing fluid 
intake to prevent dehydration and to allow the body to cool itself via sweating. Increasing air 
velocity would also increase the effectiveness of sweating [2].  
 
The risk of heat stress is smallest in the café area, which is partly cooled by the green roof as 
shown in a previous report [4]. The risk of heat stress is greatest for the fourth floor flats. The 
risk of heat stress in the building is likely mitigated against by the ventilation strategy. The 
mechanical system ensures that there is a flow of air during still periods when natural 
ventilation would be lessened. This allows the occupants to cool down at night thus resetting 
S in eqn. 1 to zero. The high levels of insulation present due to the Passivhaus design will 
also limit the transfer of heat through the façade as a result of solar radiation this is aided by 
the deep plan design of the residential spaces.  The heat stress model when run for a more 
standard residential care home model with standard building regulation constructions exhibits 
far higher levels of heat stress (not shown)[10]. The building as modelled does not exacerbate 
summertime external temperatures as shown in figure 13.  
 
In summary the design of the building and the levels of occupancy, heat gains and ventilation 
indicate that an average healthy person should not be at risk of harmful heat stress. However, 
as shown in figure 3 the elderly can exhibit a more pronounced response to elevated 
temperatures that is not accounted for in the ISO 7933 model. The effects of disabilities or 
infirmness are also not accounted for in the model and the responses are variable [11]. It is 
therefore recommended that the analysis presented in this report be treated as a lower 
estimate of possible heat stress and that staff remain vigilant and take measures to rehydrate 
and cool occupants as necessary during warm periods.  
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Appendix 
For all figures presented in this appendix the x-axis is the day number for July.  
 

 
Figure 4 Plots of eternal Dry Bulb Temperature for the month of July for the 1970s (green) and the 2030s, 10th percentile 

(turquoise), 50th percentile (blue) and 90th percentile (red). 

 
Figure 5 Plots of eternal Dry Bulb Temperature for the month of July for the 2050s, 10th percentile (blue), 50th percentile 

(red) and 90th percentile (turquoise). 



 
Figure 6 The effect of changing the ability to drink freely within the program on rectal temperature. Data shown for both 

lightweight and heavyweight structures for the 4th floor flat 49 and the 2050s 90th percentile file.  

 

 
Figure 7 Calculated rectal temperatures for the month of July for the Café area. Data shown for both lightweight and 

heavyweight structures and all weather files.  



 
Figure 8 Calculated rectal temperatures for the month of July for ground floor flat 7. Data shown for both lightweight and 

heavyweight structures and all weather files. 

 
Figure 9 Calculated rectal temperatures for the month of July for 1st floor flat 17. Data shown for both lightweight and 

heavyweight structures and all weather files. 



 
Figure 10 Calculated rectal temperatures for the month of July for 2nd floor flat 29. Data shown for both lightweight and 

heavyweight structures and all weather files. 

 
Figure 11 Calculated rectal temperatures for the month of July for 3rd floor flat 41. Data shown for both lightweight and 

heavyweight structures and all weather files. 



 
Figure 12 Calculated rectal temperatures for the month of July for 4th floor flat 49. Data shown for both lightweight and 

heavyweight structures and all weather files. 

 
Figure 13 Plot of internal versus external air temperature for the 4th floor flat 49 for the 2050s 90th percentile weather file. 


