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Environmental conditions of Australia’s Northern Territory
are seasonally conducive to excessive body heat storage by
outdoor workers. For electrical utility workers who periodically work at height, in confined space, and in proximity to
live power sources, the impact of the climate may be considered a hazardous condition. Therefore, this study examined
the physiological and fluid balance responses of 20 power
network workers (31.5 years; 86.0 kg; 1.71 m; BMI 29.5)
throughout work shifts in the Northern and Southern regions
of the Northern Territory, Australia.
Twenty male heat-acclimatized power network workers
provided written informed consent to be monitored during
maintenance of electrical infrastructure that included replacing power pole components and transformer and substation
repairs in the Northern (n = 13) and Southern regions (n = 7)
of the Northern Territory (mean wet-bulb globe temperatures of
32.0◦ C and 28.7◦ C, respectively). An ingestible telemetry pill
provided measurement of gastrointestinal temperature (Tgi ),
that when combined with heart rate values, provided physiological strain index (PSI). Urine specific gravity, sweat rate,
and level of dehydration were also determined.
The Tgi values of this study were within the ISO9886 limit
for monitored, heat-acclimatized workers, with a peak of
38.4◦ C. Mean PSI was 2.6, which represents overall low strain,
with periods of moderate strain. Urinary analysis indicated
that workers were dehydrated prior to and following the work
shift, however the mean sweat rate of 0.44 L.h−1 was matched
by fluid consumption of 0.42 L.h−1 to limit body mass loss to
0.1% during the shift.
This study demonstrates that heat acclimatized electrical
utility workers adhere to ISO9886 requirements when undertaking self-paced activity in hot conditions.
Keywords

electrical, heat stress, hydration, occupational, physiology, thermal, utility

Address correspondence to: Matt Brearley, Thermal Hyperformance, PO Box 1356, Howard Springs, NT, Australia 0835; e-mail:
matt@thermalhyperformance.com.au

156

INTRODUCTION
ustralia’s Northern Territory (NT) covers ∼1.35 million square kilometers that can be broadly categorized
into Northern and Southern regions. The Northern region,
home to the capital and most populous city, Darwin, is classified as tropical with two distinct seasons, the dry and wet.
The dry season typically produces warm to hot ambient temperatures (27–32◦ C) with low to moderate relative humidity
(<40%), while the wet season is characterized by hot ambient
temperatures (30–34◦ C) and high levels of relative humidity
(>60%). In contrast, the Southern region is less tropical,
with a transition from two to four annual seasons as latitude
increases. The summer months are very hot with periods
of extreme conditions (>40◦ C), although the low relative
humidity (<30%) levels render this a dry heat. The harsh
conditions experienced during the Southern region summer
and Northern region wet season pose a significant challenge
to thermoregulation of outdoor workers. Despite an occupational heat stroke fatality during the past decade,(1) there is
a paucity of literature documenting the impact of heat stress
on worker health in the NT. There are however, anecdotal
reports of worker heat stress episodes across a variety of industries, including electrical utilities, where workers establish and
maintain electrical infrastructure, periodically requiring work
at height, in confined space, and in proximity to live power
sources.
Such reports are likely to become more frequent as the
trend for a warming environment, commonly known as climate change, is predicted to adversely impact the outdoor
working conditions of the NT. A recent report predicts the
number of days where ambient temperature exceeds 35◦ C
in Darwin to increase from the 9 days of 2008, to 221 and
312 days by 2070 and 2100, respectively.(2) Furthermore, heat
stress-related labor losses are expected to double by 2050,
with Australia to be among the worst hit continents.(3) The
harsh outdoor environments currently experienced in the NT,
combined with the predicted worsening of conditions renders
strenuous physical activity as a major seasonal risk for exertional heat illness. Management of outdoor staff will therefore
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TABLE I. Participant Characteristics of the NR and SR Cohorts
Cohort

n

Age (years)

Height (m)

Body Mass (kg)

Body Mass Index (kg.m−2)

Northern region
Southern region
Combined

13
7
20

34.6(11.2)
25.6(2.4)
31.5(10.0)

1.70(0.09)
1.73(0.04)
1.71(0.08)

91.4(15.5)
76.2(6.3)
86.0(14.8)

31.6(5.5)
25.6(2.6)
29.5(5.5)

Note: Data are mean (SD).

require a thorough understanding of physiological responses
to the tasks undertaken, and evidence-based strategies to limit
the impact of the hot climate on employee health. Therefore,
the purpose of this study was to assess the physiological
responses of electric power network field service workers
during the hottest seasons in the Northern and Southern regions
of the NT, thus providing preliminary data from which to develop measures mitigating the risk of worker exposure to heat
stress.
METHODS
Participants
Twenty male heat-acclimatized electric power network
workers volunteered and provided written informed consent
to participate in the study. Thirteen workers from the Northern
region (NR), and seven workers from the Southern region (SR)
were monitored on one of the five assessment days as they
undertook scheduled maintenance of electrical infrastructure
that included replacement of power pole components, electrical substation repairs, and transformer replacement Table
I shows the personal characteristics of the participants. Heat
sources were predominantly high ambient temperatures, direct
sunlight, metal, gravel and concrete surfaces, and cable joining
equipment. Planning, preparation of vehicles and equipment,
and obtaining permits were undertaken upon commencement
of the work shift. Travel to and from each work site took
between 5 and 40 minutes. Workers wore hard hats, heavyduty work boots, and 100% cotton drill long-sleeve shirt and
trousers with minimum weight of 185g.m−2 according to the
organizations’ personal protective equipment (PPE) procedure
for working near live electrical apparatus. Shift duration was
approximately 8 to 12 hr, commencing at 0500 for 12 hr shifts
and 0730 for 8 hr shifts.
Physiological Measures
NR participants ingested a telemetric temperature sensor
(CorTemp 100, HTI Technologies, Florida, MI) with breakfast
3–4 hr prior to monitoring. Gastrointestinal temperature (Tgi )
was determined via a handheld receiver (BCTM3, Fitsense
Technologies, Southborough, MA) as often as possible without
interrupting worker’s activity. Heart rate was measured by
a band fitted across the participant’s chest (Polar, Kempele,
Finland) and recorded throughout the shift. SR participants
had Tgi measured by an ingestible temperature sensor (Jonah,
VitalSense, Respronics, Pittsburgh, PA) consumed with break-

fast, 3–4 hr prior to data collection. The factory-calibrated
ingestible sensor transmitted Tgi to a wearable receiver that
also recorded the heart rate (SEM, Equivital, Hidalgo Ltd.,
Cambridge, UK) for storage. Heart rate and Tgi were input
into the physiological strain index (4) (PSI):
 

Tgit − Tgi0



(HRt − HR0 )
 +5
Physiological Strain Index = 5 
(180 − HR0 )
39.5 − Tgi0



where Tgit and HRt are simultaneous measurements taken at
any time during the exposure and Tgi0 and HR0 are the initial
measurements.
Fluid Balance
Urine specific gravity (USG) was assessed with a calibrated
refractometer (Atago UG-α, Tokyo, Japan) as an indice of
hydration status pre- and post-shift, and compared to the hydration classifications of Table II.(5) Body mass was measured
to the nearest 0.05kg in a semi-nude state on a calibrated scale
(UC321, A&D Mercury, Adelaide, SA, Australia) prior to and
following the work shift to determine dehydration according
to the following equation:

Dehydration(%) =

P re − work shif t body mass (kg)
P ost − work shif t body mass (kg)


× 100

Workers had ad libitum access to their drink flask and/or
fluid reservoir during the work shift. Fluid consumption was
monitored by determining the mass of individual hydration
reservoir and/or flask(s) pre- and post-consumption; the difference in mass was the volume of fluid consumed. Fully
clothed body mass was determined immediately prior to and
following toilet breaks, with the body mass difference equaling
urine volume.

TABLE II. Urine Specific Gravity and Equivalent
Level of Hydration
Condition

Urine Specific Gravity Value

Well Hydrated
Minimal Dehydration
Significant Dehydration
Serious Dehydration

<1.010
1.010 – 1.020
1.021 – 1.030
>1.030

Note: Data from Casa et al.(5)
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Sweat rate was calculated by the following equation:
Sweat rate (L.hr−1 ) =

Body mass diff erence (kg) + F luid consumption (kg) − U rine V olume (kg)
T ime (hours)

It was assumed that 1 kg was equal to 1 L of fluid.
Environmental Thermal Measures
On each day of monitoring, dry bulb, natural wet bulb, and
globe temperatures were measured at 30-minute intervals by
a portable weather station (QT34, QuesTemp, Onoconomac,
WI) and the outdoors wet bulb globe temperature (WBGT)
index was calculated according to the following equation(6) :
WBGT(◦ C) = (0.7 × Tnwb ) + (0.2 × Tg ) + (0.1 × Ta )
Tnwb = natural wet bulb temperature (represents integrated
effects of humidity, radiation + wind)
Tg = globe temperature (represents integrated effects of
radiation + wind)
Ta = ambient temperature
Data Treatment and Statistics
Based upon body mass and BMI differences between the
cohorts, the NR and SR data were pooled to report descriptive
statistics for the physiological measures, while fluid balance
variables were analyzed relative to body mass.
An independent t-test was utilized to compare NR and SR
cohorts for pre- and post-shift hydration differences. Sweat
rate, fluid consumption, and urine volume were expressed relative to body mass prior to independent t-test analysis. A paired
t-test examined differences between pooled pre- and post-fluid
balance data. Statistical analysis was performed using Prism 5
software (GraphPad, La Jolla, CA) with significance set at p
< 0.05. A statistical trend was identified by p < 0.10.
RESULTS
Environmental Thermal Conditions
During the monitoring, the mean ambient temperature, relative humidity, and outdoors WBGT for the NR were 33.7◦ C,
54%, and 32.0◦ C, respectively, across the 3-day period. Ambient temperature for the SR averaged 39.3◦ C with 9% relative

humidity, resulting in mean outdoors WBGT of 28.7◦ C. The
combined time-weighted mean outdoors WBGT was 30.8◦ C.
Core Body Temperature, Heart Rate, and
Physiological Strain Index (PSI)
Table III summarizes the mean and peak physiological
responses. Individual peak Tgi was 38.4◦ C, with four NR
participants exceeding a Tgi of 38.0◦ C. The mean PSI of
2.6 equates to a descriptor of low strain, while the mean of
individual peak PSI scores of 4.6 represents moderate strain.
No workplace accidents were reported during the study.
Fluid Balance
There was no statistically significant change in the combined USG data from pre- to post-shift (p = 0.372), as presented in Figure 1. There was a trend for the SR cohort to be
more dehydrated than NR counterparts prior to (p = 0.059),
but not at the end of the work shift (p = 0.591). Mean sweat rate
was 0.44 L.h−1 for the combined cohorts, with the SR cohort
demonstrating a trend towards higher relative sweat rate (p =
0.094) and fluid consumption (p = 0.061), resulting in mean
body mass gain of 0.5 kg compared to a mean loss of 0.4 kg
for the NR participants (p = 0.039). The maximal body mass
loss was 1.5 kg or 2.2%. Urine volume was highly variable
(Table IV) with eight participants (40%) not urinating during
the work shift.
DISCUSSION
Physiological Measures
Core body temperature is the key physiological variable to
assess the interaction between metabolic heat production and
heat dissipation to the environment, with multiple body sites
used as an index of core body temperature.(7) The

TABLE III. Combined Physiological Responses
Variable

Descriptor

Core Body Temperature (◦ C)

Pre
Mean
Peak
Pre
Mean
Peak
Mean
Peak

Heart Rate (beats.min−1)

Physiological Strain Index
Note: Data are mean (SD).
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Value
37.1 (0.1)
37.5 (0.3)
37.9 (0.3)
68.8 (9.8)
103.6 (13.6)
149.6 (9.3)
2.6 (0.8)
4.6 (1.4)

FIGURE 1.
results

Participants’ pre- and post-shift urine specific gravity
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TABLE IV.

Fluid Balance Variables for the Northern and Southern region Cohorts

Variable
Pre-Shift Urine Specific Gravity
Post-Shift Urine Specific Gravity
Sweat Rate (mL.h−1.kg−1)
Fluid Consumption (mL.h−1.kg−1)
Urine Volume (mL.kg−1)
Body Mass Change (kg)

Combined

NR

SR

p value

1.022(0.006)
1.022(0.007)
5.2(1.3)
5.1(2.5)
4.9(8.4)
−0.1(0.9)

1.020(0.007)
1.023(0.005)
4.9(1.3)
4.2(1.9)
2.9(3.2)
−0.4(0.9)

1.025(0.003)
1.021(0.009)
5.6(1.1)
6.8(2.8)
8.8(13.4)
0.5(0.7)

0.059•
0.591
0.104
0.061•
0.138
0.039∗

Note: Data are mean (SD).
∗ denotes p < 0.05, • denotes p < 0.10.

commercialization of ingestible temperature sensors provides
a relatively accurate, reliable, and acceptable index of core
body temperature in the field,(8) in scenarios previously reliant
on prediction of physiological responses and/or monitoring
of environmental conditions. To the authors’ knowledge, this
study is the first to describe the physiological responses of
electrical power utility crews to working in hot climates. Despite exposure to harsh environmental conditions, the Tgi data
of the utility workers did not breach the threshold limit of
38.5◦ C recommended by ISO9886(9) for healthy, monitored
heat-acclimatized workers, with mean Tgi of 37.5◦ C during
the work shift, a mere 0.4◦ C above pre-shift values.
Similar findings (mean Tgi 37.6◦ C) were reported for medical responders during a simulated disaster in the NR.(10) In
that study, the low PPE requirements, relatively mild environmental conditions, and low work load limited overall body
heat storage. Conversely, the PPE standards of mining are
similar to that of the utility workers, with miners operating in
hot conditions having demonstrated comparable mean Tgi of
37.6◦ C.(11,12) The hazardous nature of firefighting requires a
greater level of PPE than that worn by the utility workers with
two studies reporting substantially higher Tgi values. In warm
conditions, wildland firefighters exhibited higher mean heart
rates than the participants of the current study (excess of 8 – 24
bpm), indicative of greater physical work load and therefore
endogenous heat production.(13) Mean Tgi was 37.9 or 38.3◦ C
dependent upon the intensity of fire suppression. In NR wet
season conditions, firefighters increased their Tgi by 1.1◦ C
during 30 minutes of simulated tasks in full PPE, inclusive
of breathing apparatus, to attain mean Tgi of 38.5◦ C.(14) It
appears that a high work load and thorough insulation of body
surface area contributed to the greater body heat storage of the
firefighters, two factors not as relevant to the current study.
When exposed to harsh environmental conditions, the combination of relatively low physical exertion required to complete the maintenance tasks, moderate PPE, and ability to
self-pace limited utility worker body heat storage to meet the
standards of ISO9886. In the absence of thorough physiological monitoring of the utility workers, as would generally be
the case, the ISO9886 threshold limit is reduced to 38.0◦ C.
Application of the lower Tgi limit identified four participants
(20%), to have a maximal observation of 38.1 – 38.4◦ C.

The applicability of ISO9886 and alternative standards have
not been rigorously tested for staff that reside and work in
warm to hot conditions year round (NR cohort), otherwise
known as chronically heat-acclimatized. While the thermal
work limit(15) provides allowances for heat-acclimatized staff,
its restriction of work activities is based upon environmental
monitoring to limit core body temperature to a conservative
38.2◦ C. Evidence-based core body temperature limits for resident outdoor workers of the NT are warranted, and should be
expedited by the accessibility of the monitoring technology
utilized in this study.
The combination of Tgi and heart rate data revealed low
overall physiological strain interspersed with periods of moderate strain during the work shift. This outcome may be considered counter-intuitive when reviewing the environmental
conditions endured by the workers, as some standards recommend severe restrictions on work time and incorporate rest
periods in such climates to limit body heat storage.(16) Selfpacing by workers is a key consideration in the analysis of
physiological data. By understanding the tasks required, number of staff available, time frame for completion, anticipated
climatic conditions and factoring in their personal experience,
physical fitness, and acute physiological status,(17,18) workers
can initiate behavioral and work load adjustments, thereby
selecting an appropriate pace to complete the task and prevent
excessive body heat storage.(19) It is reasonable to expect that
regular exposure of the utility workers to hot conditions has
enabled pacing strategies to be routinely applied and modified.
In comparable environmental conditions to those of the
current study, self-paced Northern Australia miners exhibited
mean Tgi data of 37.6◦ C(11,12) in the absence of clinical heat
stress symptoms, supporting the ability of workers to selfregulate in thermally stressful environments. These data highlight the importance of communication to provide sufficient
detail facilitating informed pacing of effort, a strategy not
generally associated with heat stress mitigation. Identifying
circumstances that inhibit self-pacing may reveal activities
likely to induce heat stress when undertaken in the hot conditions. Emergency scenarios such as power service interruptions are such an example, as workers rapidly seek to
minimize the power outage and potentially priorities the restoration of power services at the expense of their acute health.
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Unfortunately, there are limited data in this regard. An examination of urban search and rescue personnel (USAR) during a realistic 24-hour simulation in harsh NR conditions,
resulted in 15 of 16 personnel having Tgi exceeding the limit of
38.5◦ C and six personnel exceeding 39.0◦ C(20) These findings
confirm that emergency situations can induce high physical
work loads in hot conditions, which result in physiological perturbation beyond occupational standards. Therefore,
additional data are required to determine the physiological
outcomes of time-sensitive electrical utility operations. In the
absence of such analysis, prolonged electrical emergencies
require consideration of active cooling strategies(7) to curb
body heat storage. The applicability of such strategies will be
site-dependent, yet with ice available at all electrical utility
depots within the NT, ingestion of crushed ice is considered a
potential strategy to prevent excess body heat storage of utility
workers.(21)

vention of severe dehydration in combination with strategies
that limit body heat production and/or augment body heat loss
are required to limit the short-term health impacts of physical
activity in hot conditions. Overall, while dehydration was
evident pre- and post-shift, fluid consumption approximated
sweat losses to limit mean body mass loss to just 0.1%, with
only one employee exceeding the recommended 2% body
mass loss limit.(32) Maintenance of this trend through daily
measurement of pre- and post-shift body mass combined with
improvements in pre-shift hydration on days when duties may
limit access to fluids would limit the detrimental effects of dehydration. The low urine output reported by this study reflects
the pre- and post-shift dehydration and could contribute to
the development of nephrolithiasis(33). Workplace education
packages therefore should address not only the short-term
but also the long-term health implications of inadequate fluid
consumption.

Fluid Balance
The majority of utility workers were significantly
dehydrated at the commencement and cessation of a shift, a
common observation for emergency responders(22,23) and miners(11,24,25) working in similar environmental conditions. Preshift dehydration combined with high sweat rates can result in
deteriorating hydration status. However, the mean sweat rate of
0.44L.h−1 was substantially lower than reported for construction activities (1.03L.h−1), firefighters (0.99L.h−1), and USAR
operations (0.92L.h−1)(14,20,25) and comparable to machinery
operators (0.38L.h−1) and medical responders (0.54L.h−1)
working in Northern Australia.(10,25) Sweat rates are indicative of the maximal evaporative cooling possible, but do not
account for actual heat loss by evaporation. The tropical conditions of the NR resulted in higher environmental water vapor
pressure, limiting the potential for sweat evaporation. The
lack of difference between regions for sweat rate expressed
relative to body mass may be explained by the limited drive
to dissipate body heat, as indicated by the relatively low mean
Tgi . Under higher physical work loads, the NR workers may
exhibit higher relative sweat rates than their SR counterparts
due to the limited body heat dissipation via sweat evaporation
in tropical settings.
Fluid consumption as a proportion of sweat rate was higher
than generally reported,(26,27) indicative of adequate access to
fluids on site. The trend for higher fluid consumption and
body mass gain by SR workers during a shift, is likely due
to their inferior hydration status before work, the reason for
which is not clear. The effects of dehydration on physiological,
physical, and cognitive performance are well reported in the
literature.(28,29) Of the strategies that contribute to the management of heat stress, fluid consumption is widely promoted in
the public domain,(30) with a concomitant focus on hydration
to mitigate occupational exposure to heat stress.
Yet despite the focus on hydration management, copious
fluid consumption does not confer immunity against the development of exertional heat illness in the field.(31) Rather, pre-

Workplace Accidents
The relatively brief period of physiological monitoring (five
days), prevented the combined longitudinal analysis of workplace incidents, accidents, and employee physiological status.
Workplace accidents are most prevalent in the hottest months
of the year,(34,35) and the greatest frequency of occupational
electrocutions occur during summer months,(36–38) supporting
the need to quantify the relationship between environmental
thermal conditions and health status for electrical utility workers. Such analysis should be prioritized throughout the NR
wet season and SR summer to facilitate identification of hazardous periods to target additional monitoring and provision of
cooling. In addition to the prevention of the short-term health
impacts, managing heat stress is likely to have multiple positive
outcomes with reference to lower individual and organizational
rates of morbidity, fewer accidents, greater sense of comfort,
improved renal health, increased productivity, and social wellbeing.(39)
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Limitations
Quantification of utility worker physical activity would
provide some insight into metabolic heat production; the absence of such data is a limitation of this study. The relatively
small cohort and lack of participant physical fitness and anthropometric profiles limits the applicability of this research.
Field-based physiological studies that address these challenges
will maximize the application of study outcomes to broader
occupational settings.
CONCLUSION

T

his investigation demonstrates that electrical utility workers undertaking self-paced work in hot conditions maintain core body temperature within the limits of ISO9886 for
monitored, heat-acclimatized workers, with overall low to
moderate physiological strain. While pre-shift dehydration
was evident, relatively low sweat rates were matched by fluid
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consumption to limit body mass loss during shift. Further
examination of physiological and fluid balance responses in
scenarios that prevent pacing of effort are warranted.
RECOMMENDATIONS

L

ongitudinal examination of exposure to environmental
heat, physiological responses, and workplace accidents
are recommended to develop risk profiles for specific tasks
in hot weather. Heat stress education sessions incorporating
preventive cooling strategies and first aid procedures for heat
stress in the field, are also recommended for outdoor staff prior
to the NR wet season and SR summer.
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