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PLAN:PLAN:
•• Strategy of management of the problemsStrategy of management of the problems

•• BIOMED ResearchBIOMED Research
•• Development of PHSDevelopment of PHS

AlgorithmsAlgorithms
Limit criteriaLimit criteria

Validation Validation 

Demo of the programmeDemo of the programme
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Strategy for the Strategy for the 
management of the management of the 

thermal working conditionsthermal working conditions
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ClimaticClimatic factorsfactors, M, , M, cloclo

Prediction SW, Prediction SW, TcoTco, DLE, DLE

PredictedPredicted HeatHeat StrainStrain
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Sym bol Term  U nit Sym bol in  the 
program  

- code =1 if w alk ing speed entered, 0 otherw ise - defspeed 
- code =1 if w alk ing direction entered, 0 otherw ise - defdir 
α  fraction of the body m ass at the skin tem perature dim ensionless - 
α i sk in-core w eighting at tim e i d im ensionless TskTcrw g 
α i-1 sk in-core w eighting at tim e (i-1) d im ensionless TskTcrw g0 
ε  em issiv ity  of the bare skin dim ensionless - 
τ  tim e constant m in - 
θ  angle betw een w alk ing direction and w ind direction  degrees Theta 
A D u D ubois body surface area square m etre Adu 
A p fraction of the body surface covered by the c lothing dim ensionless Ap 
A r effective radiating area of the body dim ensionless Ardu 
C  heat flow  by convection at the skin surface W atts per square m etre C onv 
ce w ater latent heat of evaporation Joules per k ilogram  - 
C orr,cl correction for the dynam ic c lothing insulation for tota lly  

c lothed subjects 
d im ensionless C O R cl 

C orr,Ia correction for the dynam ic boundary layer insulation  d im ensionless C O R ia 
C orr,to t correction for the dynam ic c lothing insulation as a 

function of the actual c lothing 
dim ensionless C O R tot 

C orr E correction for the dynam ic perm eation rate dim ensionless C O R e 
cp specific  heat of dry air at constant pressure Joules per k ilogram  of dry air - 
C res heat flow  by respiratory convection W atts per square m etre C res 
csp specific  heat of the body W atts per square m eter per 

degree cels ius 
spH eat 

D lim  a llow able exposure duration m in D lim  
D lim  tre a llow able exposure duration for heat storage m in D lim tre 
D lim loss50 a llow able exposure duration for w ater loss, m ean 

subject 
m in D lim loss50 

D lim loss95 a llow able exposure duration for w ater loss, 95%  of the 
w orking population 

m in D lim loss95 

D m ax m axim um  w ater loss gram s D m ax 
D m ax50 m axim um  w ater loss to protect a m ean subject gram s D m ax50 
D m ax95 m axim um  w ater loss to protect 95%  of the w orking 

population 
gram s D m ax95 

dS i heat stored during the last tim e increm ent W atts per square m etre dStorage 
dS eq body heat storage rate for increase of core 

tem perature associated w ith the m etabolic rate 
W atts per square m eter dStoreq 
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Ereq = M - Cres - Eres - C  - R - dSeq

rreq = (1 - wreq² / 2)

SWreq = 0

Emax <= 0

Ereq <= 0

Emax = 0

Ep = wp Emax

wreq = Ereq / Emax

SWreq = Ereq / rreq

SWreq = SWmax

wreq >= 1.7 wreq = 1.7

rreq = (2 - wreq)² / 2wreq > 1

SWreq = SWmax

k >= 0.5

SWp <= 0

SWreq > SWmax SWreq = SWmax

SWp = 0.9048 SWp0 + 0.0952 * SWreq

k = Emax / SWp

SWp = 0, Ep = 0

wp = -k + SQR(k²+2)wp = 1

wp > wmax wp = wmax
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Y

Y

N

N

N

N

N

N

N

R1

R3

R2

Ereq = 0
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Experts

Risk
prevention

Medical
surveillance

External
OHS

Internal
OHS

M
L

ContextContext of Article 137 (118A)of Article 137 (118A)

Occupational Health Services structure
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OH partnersOH partners
•• EmployeesEmployees
•• ManagementManagement
•• Safety officersSafety officers
•• Occ. physiciansOcc. physicians
•• Occ. hygienistsOcc. hygienists
•• ErgonomistsErgonomists
•• ExpertsExperts

Working
situation

Occ. Health
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ObjectivesObjectives
•• Coordination of all Coordination of all partnerspartners

•• Qualitative vs quantitativeQualitative vs quantitative

••«« EvaluationEvaluation »» vs vs «« MeasurementsMeasurements »»

•• PreventionPrevention vs vs assessmentassessment

•• CostCost--effectivenesseffectiveness

•• MethodsMethods applicable by applicable by SMEsSMEs
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 Stage 1 
“Screening” 

Stage 2 
“Observation” 

Stage 3 
“Analysis” 

Stage 4 
“Expertise” 

• When? Systematically 
When a 

"problem" is 
detected 

More 
complicated 

Cases 
Very complex 

cases 

• How? Opinions Qualitative 
observations 

Ordinary 
measurements 

Specialised 
measurements 

• Cost? Very low Low Average High 

• Duration  
(order of magnitude) 10 min 2 hours 1 day A few days 

• By whom? 
Workers + 
company 

management 

Workers + 
company 

management 
Same + 

specialists 
Same + 

specialists 
+ experts 

• Knowledge 
- working conditions 
- ergonomics 

 
Very high 

Low 

 
High 

Average 

 
Average 

High 

 
Low 

Specialised 
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CharacteristicsCharacteristics
•• ParticipativeParticipative

Workers play the essential role in the dynamics of Workers play the essential role in the dynamics of 
improvementimprovement
Occupational health specialists and experts are helpingOccupational health specialists and experts are helping

•• Structured in 4 complementary stages Structured in 4 complementary stages 
Requiring complementary knowledge and competenciesRequiring complementary knowledge and competencies
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Prevention Strategy   SOBANEPrevention Strategy   SOBANE

Analyse

Expertise

Dépistage

Observation

Analysis

Expertise

Screening

Observation

Number of work situations
Number of risk factors

Sophistication
cost
Expertise

PREVENTION
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Expertise

Analysis

Observation

Screening

14415  People with Special Requirements 14415  People with Special Requirements 

12894  Medical supervision 12894  Medical supervision 

9886  Physiological measurements 9886  Physiological measurements 

11079  IREQ  11079  IREQ  

7933  PHS 7933  PHS 

7726  Instruments 7726  Instruments 

7730  PMV7730  PMV--PPD PPD 

8996  Metabolism 8996  Metabolism 

9920  Clothing9920  Clothing

7243  WB7243  WBGT GT 

152615265  Prevention 5  Prevention 

11399  Principles 11399  Principles 
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ClimaticClimatic factorsfactors, M, , M, cloclo

Prediction SW, Prediction SW, TcoTco, DLE, DLE

Black boxBlack box
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MethodologyMethodology

1616BOHS 15-11-2001 J. Malchaire

Stage 1: SCREENINGStage 1: SCREENING
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First stage: SCREENINGFirst stage: SCREENING

•• To get an overview of the working conditionsTo get an overview of the working conditions
for the main factors related to safety, health and well beingfor the main factors related to safety, health and well being

•• Conclusions:Conclusions:
Are there complaints related to the climatic conditions?Are there complaints related to the climatic conditions?
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Stage 1: SCREENINGStage 1: SCREENING

Collect information about the work situation, in Collect information about the work situation, in 
general:general:

the working conditionsthe working conditions
the physical conditions: heat, noise, pollution,the physical conditions: heat, noise, pollution,……
the psychosocial factorsthe psychosocial factors
……..

Define what is determinant for the workers health and Define what is determinant for the workers health and 
well beingwell being
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Stage 2 :  OBSERVATIONStage 2 :  OBSERVATION
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OBSERVATION OBSERVATION designed to:designed to:
Identify particular circumstances, specific tasks, Identify particular circumstances, specific tasks, 

unusual working conditions where a unusual working conditions where a ““problemproblem”” existsexists
Determine what to do to reduce or eliminate these Determine what to do to reduce or eliminate these 

problems: straightforward solutionsproblems: straightforward solutions
By or with the help of the workers themselvesBy or with the help of the workers themselves..

Conclusion:Conclusion:
Is the Is the ““problemproblem”” satisfactorily controlled or not?satisfactorily controlled or not?
If not, the assistance of specialists is needed.If not, the assistance of specialists is needed.
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Criteria for OBSERVATIONCriteria for OBSERVATION
Designed for the workers and their managementDesigned for the workers and their management

Simple to understand by untrained peopleSimple to understand by untrained people
Avoiding concepts or terms not readily understoodAvoiding concepts or terms not readily understood
Easy to use, maximum 1 hour for a specific Easy to use, maximum 1 hour for a specific 
circumstance of workcircumstance of work
Based on simple OBSERVATIONS (no measurement)Based on simple OBSERVATIONS (no measurement)
Oriented towards preventionOriented towards prevention
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Stage 2: OBSERVATIONStage 2: OBSERVATION
ProcedureProcedure
Discussion ofDiscussion of

The working conditionsThe working conditions
The technical processThe technical process
The characteristics of the heat or cold sourcesThe characteristics of the heat or cold sources

The possibilities of control measures.The possibilities of control measures.

•• Describe the working condition known to or Describe the working condition known to or 
likely to raise a thermal problemlikely to raise a thermal problem

•• Evaluate the situation for each of the six Evaluate the situation for each of the six 
parameters separately:parameters separately:
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Stage 2: Air temperatureStage 2: Air temperature

-3 
-2 
-1 
0 
1 
2 
3 

• Generally freezing 
• Generally between 0 and 10°C.  
• Generally between 10 and 18°C 
• Generally between 18 and 25°C 
• Generally between 25 and 32°C 
• Generally between 32 and 40°C 
• Generally greater than 40°C 

ActualActual situationsituation
Causes and sourcesCauses and sources
Actions of Actions of preventionprevention –– improvementimprovement
Future situationFuture situation
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Air temperature: SolutionsAir temperature: Solutions

• Locate the sources of heat or cold in the 
periphery 

• Eliminate the sources of hot or cold air 
• Insulate the hot surfaces 
• Exhaust hot or cold air locally 
• Ventilate without draughts 
• Use clothes with lower or higher insulation 
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Stage 2: HumidityStage 2: Humidity

 -1 
 0 
 1 
 2 

- Dry throat/eyes after 2-3 hours 
- Normal 
- Moist skin 
- Skin completely wet 

ActualActual situationsituation
Causes and sourcesCauses and sources

Actions of Actions of preventionprevention –– improvementimprovement

Future situationFuture situation

• Eliminate the leaks of vapour and water 
• Enclose all evaporating surface 
• Use clothes waterproof but permeable to vapour 
• … 
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Stage 2: Thermal radiationStage 2: Thermal radiation

-1 
 0 
 1 
 2 
 3 

- Cold on the face after 2-3 minutes 
- No radiation discernible 
- Warm on the face after 2-3 minutes 
- Unbearable on the face after > 2 minutes 
- Immediate burning sensation 

ActualActual situationsituation
Causes and sourcesCauses and sources

Actions of Actions of preventionprevention –– improvementimprovement

Future situationFuture situation

• Reduce the radiating surfaces 
• Use reflecting screens 
• Insulate or treat the radiating surface 
• Locate workstations away from radiating surfaces 
• Use special protective clothes reflecting radiation 
• … 
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Stage 2: air movementsStage 2: air movements

-2 
-1 
0 
1 
2 

• cold strong air movements 
• cold light air movements 
• no air movements 
• warm light air movements 
• warm strong air movements 

ActualActual situationsituation
Causes and sourcesCauses and sources

Actions of Actions of preventionprevention –– improvementimprovement

Future situationFuture situation

R ed u ce  o r e lim in ate  a ir d rau g h ts  
U se  screen s  to  p ro tec t lo ca lly  ag a in s t d rau g h ts  
L o cate  w o rksta tio n s  aw ay  fro m  a ir d rau g h ts  
…  
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Stage 2: workloadStage 2: workload

0 
1 
2 

3 

• office work: easy low muscular constraints, 
occasional movements at normal speed.  

• Moderate work with arms or legs 
• Intense work with arms and trunk 
• very intense work at high speed: stairs, ladders 

ActualActual situationsituation
Causes and sourcesCauses and sources

Actions of Actions of preventionprevention –– improvementimprovement

Future situationFuture situation

R ed u ce  th e  m o vem en ts  d u rin g  w o rk  
R ed u ce  d isp lacem en ts  
R ed u ce  th e  sp eed  o f m o vem en ts  
R ed u ce  th e  e ffo rts , u se  m ech an ica l ass is tan ce…  
Im p ro ve  th e  p o stu res…  
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Stage 2: clothingStage 2: clothing

0 
1 
2 
3 

- light, flexible, not interfering with the work 
- long, heavier, interfering slightly with the work 
- clumsy, heavy, special for radiation, humidity  
- special overalls with gloves, hoods, shoes 

ActualActual situationsituation
Causes and sourcesCauses and sources

Actions of Actions of preventionprevention –– improvementimprovement

Future situationFuture situation

• Improve the design of the clothing 
• Select more suitable materials 
• Look for lighter materials 
• … 
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Stage 2: Opinion of the workersStage 2: Opinion of the workers

-3 
-2 
-1 
0 
1 
2 
3 

- shivering, strong discomfort for the whole body 
- strong local discomfort overall sensation coolness 
- slight local cool discomfort 
- no discomfort 
- slight sweating and discomfort thirst 
- heavy sweating, work pace modified 
- excessive sweating, special clothing 

ActualActual situationsituation

Future situationFuture situation
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OBSERVATION: SynthesisOBSERVATION: Synthesis

 -3 -2 -1 0 1 2 3 
Air temperature       O 
Humidity      O  
Radiation     O   
Air movements    O    
Work Load      O  
Clothing       O 

Characteristics of the actual situationCharacteristics of the actual situation

3232BOHS 15-11-2001 J. Malchaire

OBSERVATION: SynthesisOBSERVATION: Synthesis
Comparison before and after improvementsComparison before and after improvements

 -3 -2 -1 0 1 2 3 
Air temperature      X O 
Humidity     X O  
Radiation     =   
Air movements    =    
Work Load     X O  
Clothing     X  O 
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•• Decide whether a more detailed ANALYSIS is needed to Decide whether a more detailed ANALYSIS is needed to 
quantify and to solve the problem.quantify and to solve the problem.

•• Determine the measures to be taken in the shortDetermine the measures to be taken in the short--term if term if 
needed:needed:

DrinksDrinks
Recovery periodsRecovery periods
Work organisationWork organisation
ClothingClothing……..

OBSERVATION: ConclusionsOBSERVATION: Conclusions
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Stage 3: ANALYSIS Stage 3: ANALYSIS 
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ANALYSIS: ObjectivesANALYSIS: Objectives
•• For the conditions selected during stage 2: OBSERVATIONFor the conditions selected during stage 2: OBSERVATION

To quantify the risk of thermal discomfort orTo quantify the risk of thermal discomfort or
To Identify more elaborated solutionsTo Identify more elaborated solutions
To determine the optimum work organisation.To determine the optimum work organisation.
To determine whether an EXPERTISE (stage 4) is needed. To determine whether an EXPERTISE (stage 4) is needed. 
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Stage 3: ANALYSISStage 3: ANALYSIS
Deal with specific conditions Deal with specific conditions 
Usually involve measurementsUsually involve measurements

Conducted with the assistance of OH practitioner with Conducted with the assistance of OH practitioner with 
adequate trainingadequate training

To find technical solutionsTo find technical solutions
To define organisational solutions and shortTo define organisational solutions and short--term term 
protection measuresprotection measures

ConclusionsConclusions
Is the assistance of an Expert required?Is the assistance of an Expert required?
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Criteria for ANALYSISCriteria for ANALYSIS

Designed for OH practitionerDesigned for OH practitioner
Use common concepts and techniquesUse common concepts and techniques
If necessary, simple measurements to identify If necessary, simple measurements to identify 

the causes of the problemsthe causes of the problems

the solutionsthe solutions
Useable in less than one dayUseable in less than one day
Oriented towards preventionOriented towards prevention

3838BOHS 15-11-2001 J. Malchaire

ANALYSIS: ProcedureANALYSIS: Procedure
Analyse the sequence of activities:Analyse the sequence of activities:

Description of the activities.Description of the activities.
Mean and maximum durations.Mean and maximum durations.
Period concerned by the working situation.Period concerned by the working situation.
Exposed workersExposed workers
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ANALYSIS of the working situation during ANALYSIS of the working situation during 
representative period(s) of timerepresentative period(s) of time

Measurement or estimation of the mean and maximum Measurement or estimation of the mean and maximum 
valuesvalues
Computation of the indices  PMV Computation of the indices  PMV -- PPD, PHSPPD, PHS

ANALYSIS: ProcedureANALYSIS: Procedure
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 Activity ... Activity ... 
 mean Max mean max 

ta 
RH 
tg 
va 

M 
Clo 

    

PMV 
PPD 
WBGT 
PHS / DLE 

    

ANALYSIS: SynthesisANALYSIS: Synthesis
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RRisk in the present situationisk in the present situation

cold constraint         PMV < -2 
cold discomfort -2 < PMV < -0,5 
comfort     -0,5 < PMV < 0,5 
warm discomfort      0,5 < PMV < 2 
constraint in the long term DLE < 480 min 
constraint in the short term DLE < 120 min 
immediate constraint DLE < 30 min 

ANALYSIS:InterpretationANALYSIS:Interpretation
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•• Determine the acceptability of the working condition by Determine the acceptability of the working condition by 
comparing:comparing:

meanmean--maximum duration of each activity maximum duration of each activity 
the the DLEsDLEs..

•• Define prevention/control techniques Define prevention/control techniques 
•• Define the optimum work organisation.Define the optimum work organisation.
•• Determine the residual risk after implementation of these Determine the residual risk after implementation of these 

prevention/control measures.prevention/control measures.

ANALYSIS: ProcedureANALYSIS: Procedure
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 Activity 
... 

Activity 
 

3. RISK 
• Class of risk 
• If heat stress 

• Sweating rate 
• Water loss per day 
• DLE 

  

4. ACCEPTABILITY   
5. PREVENTION/CONTROL MEASURES   
6. RESIDUAL RISK   
7. NEED FOR AN  EXPERTISE   
8. SHORT TERM MEASURES   
9. MEDICAL SURVEILLANCE   

ANALYSIS: synthesisANALYSIS: synthesis
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Stage 4: EXPERTISEStage 4: EXPERTISE
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•• Better characterise some heat or cold sources and/or some Better characterise some heat or cold sources and/or some 
unusual circumstancesunusual circumstances

Specific measurementsSpecific measurements
Specific investigation techniquesSpecific investigation techniques

•• Characterize the overall exposure of the workersCharacterize the overall exposure of the workers
•• Look for sophisticated prevention/control measures Look for sophisticated prevention/control measures 

StageStage 4: EXPERTISE4: EXPERTISE
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StageStage 4: EXPERTISE4: EXPERTISE
•• Sequence of activities:Sequence of activities:
•• Specialised measurements:Specialised measurements:

Radiation, air circulation,Radiation, air circulation,……
Metabolic rate: Oxygen consumption, HRMetabolic rate: Oxygen consumption, HR
Clothing insulationClothing insulation
Time variationsTime variations

•• Computation of indices according to time: Computation of indices according to time: 

PMV PMV -- PPD, Predicted Heat StrainPPD, Predicted Heat Strain
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Prevention StrategyPrevention Strategy

Analyse

Expertise

Dépistage

Observation

Analysis

Expertise

Screening

Observation

PREVENTION
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The The BiomedBiomed researchresearch
PredictedPredicted HeatHeat StrainStrain

PPHSHS
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ISO 7933 "Required Sweat Rate"ISO 7933 "Required Sweat Rate"
•• Main criticisms concerned:Main criticisms concerned:

The prediction of the skin temperatureThe prediction of the skin temperature
The influence of the clothing on convection, The influence of the clothing on convection, 
radiation and evaporationradiation and evaporation
The increase of core temperature linked to the The increase of core temperature linked to the 
activityactivity
The prediction of the sweat rate in very humid The prediction of the sweat rate in very humid 
conditionsconditions
The limiting criteria and in particular the "alarm" The limiting criteria and in particular the "alarm" 
and "danger" leveland "danger" level
The maximum water loss allowed.The maximum water loss allowed.
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Partners in the BIOMED research:Partners in the BIOMED research:

•• 8 European labs8 European labs
J. Malchaire, catholic university of Louvain, BelgiumJ. Malchaire, catholic university of Louvain, Belgium
H. H. GebhardtGebhardt, ASER, Germany, ASER, Germany
B. B. GriefahnGriefahn, P. , P. MehnertMehnert, IFADO, Germany, IFADO, Germany
B. B. KampmannKampmann, , institutinstitut ffüürr arbeitswissenschaftenarbeitswissenschaften, G. , G. 
G. G. AlfanoAlfano, , universitauniversita didi Napoli, ItalyNapoli, Italy
G. G. HavenithHavenith, E. Den , E. Den HartogHartog, TNO, The Netherlands, TNO, The Netherlands
I. I. HolmHolméérr, , ArbetsmiljArbetsmiljööinstitutetinstitutet, Sweden, Sweden
K. Parsons, Loughborough university, UKK. Parsons, Loughborough university, UK
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Predicted skin temperature (1/4)Predicted skin temperature (1/4)

ISO 7933 algorithmISO 7933 algorithm

−− Based on a limited set of data Based on a limited set of data 

−− For mainly nude subjects.For mainly nude subjects.

−− Skin temperature decreases with the Skin temperature decreases with the 
clothingclothing
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•• Material and MethodsMaterial and Methods
HEAT databaseHEAT database
Selection of data points in steady state conditions Selection of data points in steady state conditions 
Only data from MALE subjectsOnly data from MALE subjects

•• TTSKSK database: 1999 data points database: 1999 data points (from 1399 (from 1399 
conditions with 377 male subjects)conditions with 377 male subjects)

Separate analysis for nude Separate analysis for nude ((≤≤ 0.2 0.2 cloclo)) and clothed   and clothed   
(0.6 (0.6 ≤≤ IclIcl ≤≤ 1.0)1.0) subjectssubjects
Multiple linear regression technique Multiple linear regression technique (with re(with re--
sampling:  nonsampling:  non--parametric bootstrap)parametric bootstrap)

Predicted skin temperature (2/4)Predicted skin temperature (2/4)
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Prediction Prediction modelmodel: : nudenude subjectssubjects
tsk = 7.19+0.064 ta+ 0.061tr+ 0.198pa– 0.348va+ 0.616tre

Predicted skin temperature [°C]
30 32 34 36 38 40
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Predicted skin temperature (3/4)Predicted skin temperature (3/4)
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tsk = 12.17+0.020 ta+0.044 tr+0.194 pa– 0.253 va

+0.003 M+0.513 tre

Predicted skin temperature [°C]
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Predicted skin temperature (4/4)Predicted skin temperature (4/4)
Prediction model: clothed subjectsPrediction model: clothed subjects
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Skin Skin -- core temperature weightingcore temperature weighting

SWSWreqreq assumes weighting 30% assumes weighting 30% –– 70%70%

αα = 0.3 = 0.3 for for ttrere ≤≤ 36.836.8°°CC
αα = 0.1= 0.1 forfor ttrere ≥≥ 3939°°CC

αα varies between 0.3 and 0.1varies between 0.3 and 0.1 according toaccording to

αα = 0.3 = 0.3 -- 0.09 (0.09 (ttrere -- 36.8)36.8)
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Prediction of the rectal temperaturePrediction of the rectal temperature
Rectal temperature remains, with heart Rectal temperature remains, with heart 
rate, the easiest physiological parameter to rate, the easiest physiological parameter to 
record at the work placerecord at the work place

•• The core temperature The core temperature ttcoco is the mean ofis the mean of
the rectal temperature: characteristic of the muscle the rectal temperature: characteristic of the muscle 
massmass
the oesophageal temperature: characteristic of the the oesophageal temperature: characteristic of the 
blood and influencing the hypothalamus.blood and influencing the hypothalamus.

ttoeoe = 1.31 + 0.962 = 1.31 + 0.962 ttrere + 7.03 + 7.03 dtdtrere
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SWreqSWreq does not take into account the does not take into account the 
normal increase in core temperature due to normal increase in core temperature due to 
activity even in moderate and neutral activity even in moderate and neutral 
climate.climate.

•• SaltinSaltin (1966), in a neutral condition:    (1966), in a neutral condition:    

ttcorcor = 0.002M + 36.6           (M in watts)= 0.002M + 36.6           (M in watts)
•• The body does not attempt to loose this The body does not attempt to loose this 

stored heatstored heat

Increase in Increase in ttcoco associated with Massociated with M
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Evolution of Evolution of ttsksk and SW with time and SW with time (1/3)(1/3)

Main limitation of the ISO 7933 standard:Main limitation of the ISO 7933 standard:

−− Assume that a steady state is reached Assume that a steady state is reached 
instantaneously.instantaneously.

−− Impossible to predict the situation in Impossible to predict the situation in 
case of intermittent exposurecase of intermittent exposure

−− Heat accumulation assumed to remain Heat accumulation assumed to remain 
the same during the WHOLE exposurethe same during the WHOLE exposure
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Evolution of Evolution of ttsksk and SW with time and SW with time (3/3)(3/3)

V(t) = V(t) = VVmaxmax (1(1-- exp(t / exp(t / ττ))))
VVii = V= Vii--11 k + k + VVmaxmax (1(1-- k)k)
wherewhere

VVii is the value at time iis the value at time i
VVii--11 is the value at time (iis the value at time (i--1), 1), ΔΔt min beforet min before
VVmaxmax is the target valueis the target value
k = exp ( k = exp ( -- ΔΔt / t / ττ ))
ττ is the time constant (in minutes)is the time constant (in minutes)

−− 3 minutes for the skin temperature3 minutes for the skin temperature
−− 10 minutes for the sweat rate10 minutes for the sweat rate
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•• Observed and predicted SW Observed and predicted SW 
(using ISO 7933 and PHS)(using ISO 7933 and PHS)
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ISO 7933 assumes constant values of ISO 7933 assumes constant values of 
maximum sweat rate for acclimatised and maximum sweat rate for acclimatised and 
unacclimatised subjectsunacclimatised subjects

•• SWSWmaxmax =   2.6 (M =   2.6 (M -- 58)    g/h58)    g/h
for M < 300 watts : 650 g/hfor M < 300 watts : 650 g/h
limited to 1000 g/h for unacclimatised subjectslimited to 1000 g/h for unacclimatised subjects

•• For acclimatised subjects:For acclimatised subjects:
maximum capacity increase by 25%maximum capacity increase by 25%
sweating in a given environment can be sweating in a given environment can be 
greater by a factor 2greater by a factor 2

Maximum sweat rate: Maximum sweat rate: SWSWmaxmax
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ISO 7933 limit values questioned in the field, ISO 7933 limit values questioned in the field, 
and particularly in mines and particularly in mines 

•• Maximum tolerable Maximum tolerable dehydrationdehydration to be to be 
considered only in less severe conditionsconsidered only in less severe conditions

2% body mass: 2% body mass: threshold for thirst stimulationthreshold for thirst stimulation

3% body mass: increase in heart rate and 3% body mass: increase in heart rate and 
sweatingsweating

Max dehydration and water loss Max dehydration and water loss (1/2)(1/2)
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•• with exposure 4 to 8 hourwith exposure 4 to 8 hour
average rehydration rate of 60%average rehydration rate of 60%
rehydration rate greater than 40% for 95% of rehydration rate greater than 40% for 95% of 
the subjectsthe subjects

•• Maximum Maximum water losswater loss
7.5% of the body mass for an average subject7.5% of the body mass for an average subject
5% of the body mass for 95% of the working 5% of the body mass for 95% of the working 
populationpopulation

Max dehydration and water loss Max dehydration and water loss (2/2)(2/2)
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Limit criteria: ISO7933 Limit criteria: ISO7933 (1/3)(1/3)

ISO 7933 limits for acclimatised and ISO 7933 limits for acclimatised and 
unacclimatised subjectsunacclimatised subjects

2 levels of protection:2 levels of protection:
−− "alarm" level: to protect the entire population"alarm" level: to protect the entire population
−− "danger" level: to protect most of the workers."danger" level: to protect most of the workers.

Criteria  too vague and too stringent.Criteria  too vague and too stringent.

•• Prediction Prediction 
for the for the ““averageaverage”” subjectsubject

for percentile 95%for percentile 95%
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•• WHO document 1969: Limit of 38WHO document 1969: Limit of 38°°C C 
"It is inadvisable for deep body "It is inadvisable for deep body 
temperature to exceed 38temperature to exceed 38°°C in prolonged C in prolonged 
daily exposure to heavy work."daily exposure to heavy work."

commonly adopted and implicitly adopted in commonly adopted and implicitly adopted in 
ISO 7933ISO 7933

Document often quoted and alteredDocument often quoted and altered

Limit of internal temperature Limit of internal temperature (1/3)(1/3)
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•• Maximum rectal temperatures:Maximum rectal temperatures:
4242°°CC : the maximum internal temperature : the maximum internal temperature 
to avoid any physiological sequelsto avoid any physiological sequels
39.239.2°°C    : "may rapidly lead to total disability C    : "may rapidly lead to total disability 
in most men with excessive, often disturbing, in most men with excessive, often disturbing, 
physiological changes"physiological changes"

Limit of internal temperature Limit of internal temperature (2/3)(2/3)
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•• Maximum probabilities:Maximum probabilities:
for 42for 42°°:    < 10:    < 10--66 :  <1 heat stroke every 4 years :  <1 heat stroke every 4 years 
among 1000 workers (250 days/year)among 1000 workers (250 days/year)
for 39.2for 39.2°°: < 10: < 10--33 :  <1 person at risk among :  <1 person at risk among 
1000 shifts.1000 shifts.

Limit of internal temperature Limit of internal temperature (3/3)(3/3)
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1. 1. Prediction of Prediction of ttsksk

2.2. Prediction of heat exchangesPrediction of heat exchanges
3. Prediction of heat storage3. Prediction of heat storage
4. Prediction of 4. Prediction of ttrere taking into account the heat storage taking into account the heat storage 

in the skin layerin the skin layer
5.  Prediction of DLE: 5.  Prediction of DLE: 

total water loss 7.5 and 5%total water loss 7.5 and 5%
ttrere = 38= 38°°CC

Predicted Heat Strain  PHSPredicted Heat Strain  PHS

Main modifications ...Main modifications ...PHSPHS



VALIDATIONVALIDATION
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Database: 1113 experiments Database: 1113 experiments 
the primary parameters (the primary parameters (ttaa, p, paa……))
the physiological factors (the physiological factors (ttrere, sweat rate, sweat rate……))

Number of
experiments

Lab experiments
Subset 1
Subset 2

747
369
378

Field experiments 366
Men 1020
Women 93
Not acclimatised 452
Acclimatised 661
Nude experiments 244
Clothed experiments 869
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BIOMED databaseBIOMED database
•• Means, standard deviations and 95% confidence Means, standard deviations and 95% confidence 

interval for the 6 parameters, 672 lab interval for the 6 parameters, 672 lab 
experiments, 95689 pointsexperiments, 95689 points

m s 95% confidence
interval

air temperature ta (°C) 30.85 9.14 12.94 - 48.75
humidity pa (kPa) 1.95 1.26 0 - 4.42
radiation tr-ta(°C) 15.42 21.80 0 - 58.15
air velocity va (m/s) 0.40 0.25 0 - 0.90
metabolic rate M (W) 243 114 20 - 467
clothing
insulation (clo) 0.38 0.34 0 - 1.05
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Ranges of validationRanges of validation

Ranges of validity of the PHS model
Min Max

ta     °C 15 50
Pa      kPa 0 4.5
tr-ta    °C 0 60
va      m/s 0 3
M     W 100 450
Icl      clo 0.1 1.0
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 S W  tre  

L a b  e x p e rim e n ts   6 7 2  1 9 2 7  
F ie ld  e x p e rim e n ts  2 3 7  1 0 2 8  

Data selection for the validationData selection for the validation
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Validation in lab experiments: SWValidation in lab experiments: SW
S W  L a b  e x p e rim e n ts  

N  6 7 2  
O b s e rv e d  (m ± s ) 4 2 4  ±  1 7 2  
P re d ic te d  (m ± s ) 4 5 1  ±  1 5 4  

S lo p e  0 .8 4 8  
In te rs e c tio n  4 1  

R  0 .7 6 0 1  
 Predicted values:  in average 27 g/h greaterPredicted values:  in average 27 g/h greater

Standard deviation smallerStandard deviation smaller
•• SWSWobsobs = 0.848 * = 0.848 * SWSWpp + 41     R=0.76+ 41     R=0.76
•• SWSWobsobs = 0.918 * = 0.918 * SWSWpp
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Validation in lab experiments: SWValidation in lab experiments: SW
•• Observed and predicted sweat rates Observed and predicted sweat rates 
•• 95% confidence interval95% confidence interval
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Validation in lab experiments : Validation in lab experiments : ttrere
tre L ab  exp erim en ts  

  N  1937  
  O b served  (m ± s) 37 .45  ±  0 .47  
  P red ic ted  (m ± s) 37 .46  ±  0 .47  
  S lo p e  0 .664  
  In te rsec tio n  12 .57  
  r 0 .6585  

 

Means and standard deviations of observed Means and standard deviations of observed 
and predicted values about equal.and predicted values about equal.

ttrere obsobs = 0.664   = 0.664   ttrere pp + 12.57     R = 0.66+ 12.57     R = 0.66
ttrere obsobs = 1.000 * = 1.000 * ttrere pp
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Validation in lab experiments: Validation in lab experiments: ttrere
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•• Observed and predicted rectal temperature Observed and predicted rectal temperature 
•• 95% confidence interval95% confidence interval
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Validation in field experiments:SWValidation in field experiments:SW

SWSWobsobs = 1.056   = 1.056   SWSWpp -- 46 46 R = 0.74R = 0.74
SW SW obsobs = 0.851 * = 0.851 * SWSWpp

  N  2 3 7  
  O b s e r v e d  ( m ± s )  3 1 7   ±   1 8 7  
  P r e d i c t e d  ( m ± s )  3 4 4  ±  1 3 2  
  S l o p e  1 . 0 5 6  
  I n t e r s e c t i o n  - 4 6  
  r  0 . 7 4 4 8  

 

7979BOHS 15-11-2001 J. Malchaire

Validation in field experiments:SWValidation in field experiments:SW
•• Observed and predicted sweat rates Observed and predicted sweat rates 
•• 95% confidence interval95% confidence interval
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Validation in field experiments: Validation in field experiments: ttrere

ttrere obsobs = 0.770    = 0.770    ttrere pp + 8.60 + 8.60 R = 0.59R = 0.59
ttrere obsobs = 1.000 * = 1.000 * ttrere pp

  N  1 0 2 8  
  O b s e r v e d    ( m ± s )  3 7 . 4 0  ±  0 . 4 4  
  P r e d i c t e d  ( m ± s )  3 7 . 4 0  ±  0 . 3 4  
  S l o p e  0 . 7 7 0  
  I n t e r s e c t i o n  8 . 6 0  
  r  0 . 5 9 4 0  
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Validation in field experiments: Validation in field experiments: ttrere

•• Observed and predicted rectal temperature Observed and predicted rectal temperature 
•• 95% confidence interval95% confidence interval
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PHS model validation: conclusionsPHS model validation: conclusions

good correlation between observed and good correlation between observed and 
predictedpredicted
In view of the interIn view of the inter--individual differencesindividual differences

COMPARISON BETWEENCOMPARISON BETWEEN
PHS MODEL AND ISO7933PHS MODEL AND ISO7933
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Predicted sweat ratePredicted sweat rate

LAB EXPERIMENTS 
(n = 672) 

FIELD EXPERIMENTS 
(n = 237) 

 

Slope Inters r Slope Inters r 
SWISO   0.757 75 0.744 0.663 52 0.523 
PHS model 0.848 41 0.760 1.056 -46 0.745 
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Comparison of PHS and ISO 7933Comparison of PHS and ISO 7933
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DLEDLEPHSPHS Vs WBGT Vs WBGT 

•• DLE computed in 3680 sets of conditions:DLE computed in 3680 sets of conditions:

•• WBGT according to ISO 7243WBGT according to ISO 7243
•• WBGTWBGTlimitlimit = 34.3 = 34.3 -- M / 35.5M / 35.5 (with M in W).(with M in W).

Range Step Number of
values

Air temperature (°C) 20 - 50 5 7
Relative humidity (%) 20 - 80 20 4
(tr – ta) (°C)   (but tr limited at 60°C) 0 - 40 10 <5
Air velocity ( ms-1) 0.01 - 2 0.5 5
Metabolic rate (W) 100 - 450 50 7
Clothing insulation (clo) 0.6 - 1
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DLEDLEPHSPHS Vs (WBGT Vs (WBGT -- WBGTWBGTlimitlimit))
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ta  °C RH % tr  °C va ms-1 M  W clo WBGT WBGTlim
40 20 40 1.0 450 0.6 27.6 21.6
25 60 45 0 350 0.6 30.4 24.4
30 80 60 1.5 300 0.6 31.7 25.8

•• 3 conditions with the same WBGT difference:3 conditions with the same WBGT difference:

•• According to the PHS model: According to the PHS model: 
•• DLE respectively 30, 236 and 425 minutes.DLE respectively 30, 236 and 425 minutes.
•• ⇒⇒ WBGT plays role of screening methodWBGT plays role of screening method

DLEDLEPHSPHS Vs (WBGT Vs (WBGT -- WBGTWBGTlimitlimit))
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•• Evolution of the rectal temperature predicted by Evolution of the rectal temperature predicted by 
PHSPHS
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•• WBGT imposes work duration limitations WBGT imposes work duration limitations 
even in cases where, according to the PHS even in cases where, according to the PHS 
model, work would still be permitted for 8 model, work would still be permitted for 8 
hours continuously.hours continuously.

•• OK: WBGT screening methodOK: WBGT screening method

ConclusionConclusion
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