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Abstract 

 

The development of a methodology for determining levels of thermal discomfort 

in any company involving a series of studies that depart from the assessment of 

external environmental component associated with climate change, and the 

internal environment experienced by the worker within the company as a result of 

machine interaction , humidity levels and ventilation among other aspects inherent 

to relate to humans as metabolism or the type of clothing with which it covers as 

protective element components. 

 

This paper seeks to establish potential use of multivariate statistics in this kind of 

study, taking as reference the methodologies and standards associated with 

thermal comfort (ISO 7730) and evaluation to determine the effect workers 

productivity of the small and medium industries (MIPYMES) of fabric in Bogotá, 

Colombia 

 

Keywords: multivariate statistics, thermal comfort, productivity 

 

1 Introduction 
 

There are different standards related to the evaluation of work environments and 

some particular conditions that affect the perception that a worker may have about 

thermal discomfort, The main standard is ISO 7730/94, which one determines the  
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indices and the specification of the conditions for thermal comfort in moderate 

environments, where the final evaluation is expressed through two indices: PMV 

(Predicted Mean Vote)  and PPD (Predicted Percentage of Dissatisfied), when 

PMV would be defined estimate of the thermal sensation and, PPD would define 

an estimate on the degree of discomfort. The ISO 7726 version 1998 is also 

highlighted, in terms of instrumentation and recommended methods for the 

measurement of environmental variables, such as ISO 8996 version 1990 and ISO 

9920 version 1995, which address issues of ergonomics and the generation of 

metabolic heat, considering aspects of estimation in thermal insulation and 

resistance to evaporation offered by a worker's clothing. 

 

The study aims to develop the research of these indicators (PMV and PPD) to 

locate thermal comfort conditions in   MIPYMES dedicated to fabric production 

in Bogotá. The textile and clothing industry occupies an important role in 

productive activities that contribute to the Colombian economy, where studies by 

different government organizations such reflect that the sector represents on 

average 1.4% of GDP (gross domestic product) and 10.7 % of the national 

manufacturing GDP (Botero, 2012) [2]. 

In this sense, Colombian exports in this economic sector are led by the 

departments of Antioquia and Bogota by almost 70% equivalent to 643 million 

dollars, where Antioquia is the main exporter in fibers, yarns and clothing, while 

Bogotá leads in cloth, rugs and similar articles, which finally defined the subject 

area of study (National Association of Industrialists, 2012) [1]. 

 

In summary, the study begins to address the basic concepts that involve the ISO 

7730 standard in the reference of neutrality or comfort temperature in conjunction 

with the other standards mentioned above (ISO 7726, ISO 8996 and ISO 9920)  

and the importance of the use of multivariate statistics in information validation 

processes to establish levels of correlation and interference between variables; 

concepts on which a methodology is proposed to calculate the temperature of 

neutrality (thermal comfort zone) from the indicators PMV and PPD, it will 

establish the main incidence of thermal discomfort on the times of process in a 

critical operation of the textile industry; by a non-parametric method a loss of 

productivity situation will be exemplified based on a study developed by the 

Loughborough Technological University in the Netherlands, made from a thermal 

balance model (Gagge, Fobelets & Berglund, 1986) [4].   

 

2 Principles of thermal comfort 
 

   From the studies on environmental temperature developed by Ole Fanger 

towards the year 1970, the ISO 7730 international standard was defined, that 

determines the indices and the specification of the conditions for the thermal well-

being in moderate atmospheres (PMV and PPD), from the response of people to 

the thermal medium implementing principles of physics and physiology by heat 

transfer. 
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However, the origin of the ISO 7730 standard and the other laws related to the 

thermal comfort assessment such as ISO 7726, ISO 8996 and ISO 9920 have their 

origin in countries with a different context to the Colombian one, so some 

components have difficulty in calculating what will be adjusted when performing 

fieldwork. In fact, the problems arise when rational indices are used because in 

some cases they require knowing the isolation of the clothes and the metabolic 

rate of the individuals, it is not easy to estimate in addition to accurately 

measuring the environmental conditions which has contributed to the 

development of the adaptation approach to thermal comfort, based on the results 

of the thermal comfort surveys at the time of performing the fieldwork. In order to 

seek a state of balance when a person after experiencing a discomfort tends to 

restore their initial state of comfort, this will apply to thermal variables such as 

temperature, humidity and air speed (Nicol & Humphreys, 2001) [9]. 

 

To calculate PMV, the formula established by Ole Fange will be used (ISO 7730):  

PMV =  ts • (M-W - Ed - E - Eres - Cres - R – C) 

Where the related variables correspond to: 

 
Chart 1: PMV variables 

Var Description Amount Un 

ts Thermal sensation 

transfer coefficient 

0,303 • e-0,036M + 0,028 m2/W 

W Metabolic energy 

produced by the organism 

W W/m2 

M External mechanical work M W/m2 

Ed Loss of heat due to 

diffusion of water through 

the skin 

3,05 • 10-3 • [5733 – 6,99 • (M – W) – pa] W/m2 

E Loss of heat through 

evaporation of sweat 

0,42 • [(M – W) – 58,15] W/m2 

Eres Latent heat loss by 

respiration 

1,7 • 10-5 • M • (5867 - pa) W/m2 

Cres Loss of sensible heat by 

respiration 

0,0014 • M • (34 - ta) W/m2 

R Heat loss by radiation 3,96 • 10-8 • fclo • [(tclo + 273)4 – (TRM + 

273)4] 

W/m2 

C Heat loss by convection fclo • hc • (tclo - ta) W/m2 

 

Applying the thermal sensation scale of chart No 2, a dispersion diagram is 

established between the PMV and the operating temperature for each worker 

evaluated and, through the equation obtained, a PMV range defined on the neutral  
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point (zero) is obtained the thermal comfort zone. This validation can be graphed 

and corresponds to the highest percentage of satisfied people when they perceive 

that the real thermal sensations and those that they want coincide. 

 
Chart 2: Thermal Sensation Scale 

 

PMV PPD Sensation 

+3 99 % Hot 

+2 77 % Warm 

+1 26 % Slightly warm 

0 5 % Comfort 

-1 26 % Slightly Cold 

-2 77 % Cool 

-3 99 % Cold 

 

 

3 Importance of multivariate statistics 
 

Multivariate statistics comprise a set of statistical techniques or methods whose 

purpose is to simultaneously analyze information related to multiple variables for 

each individual or element studied. Some of these methods are purely descriptive 

of the sample data, while others use such sample data to make inferences about 

population parameters; among the purposes of these techniques we can mention 

describing information in a summarized form, grouping observations or variables 

into homogeneous subsets, exploring the existence of associations between 

variables and explaining (or testing) behaviors, the latter as a fundamental part in 

the development of the study on thermal comfort and productivity for research. 

 

In statistics, there are different classifications of multivariate analysis methods 

where, depending on the object of analysis, there are two major groups: methods 

of dependence and methods of interdependence, in each of which the nature of the 

variables plays an important role in the definition of the various methods, as in 

turn each method requires certain conditions of application to ensure the 

reliability of the results obtained. 

 

Dependency methods assume that the variables analyzed are divided into two 

groups: dependent variables and independent variables. The objective of the 

dependency methods is to determine if and how the set of independent variables 

affects the set of dependent variables. 
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Regarding the methods of interdependence, these do not distinguish between 

dependent and independent variables, but rather have as their objective to identify 

which variables can be related to each other, how they are and why (Ordaz, 2010) 

[10]. 

 

One of the subjects involved in the study corresponds to the regression, whose 

term was coined to denote all those that explain the dependence of one variable 

(y) with respect to another (x). The approach of these models is based on 

calculating the conditioned expectation of the variable "y" with respect to the 

variable "x", since this conditioned expectation (conditioned average) is the best 

prediction we can give of the variable "and" knowing the "x". If "x" does not have 

relevant information of "y", the conditioned expectation of "y" with respect to "x", 

will simply be the mean of "y"; so, the problem of regression was concreted in 

obtaining the relationships between the variables "x" with "y" from n pairs of 

observations (x1,y1),..., (xn,yn).; therefore, in the study it will be applied in a 

simple way and also in a multiple way when incorporating six (6) variables. 

 

 Otherwise, in some occasions the original distribution or the distribution of the 

statistics cannot be determined, so in reality we do not have a parameter to 

estimate, we only have distributions to compare. Therefore, we use the statistics 

of nonparametric methods or methods of free distribution, which often do not 

imply knowledge of any kind about the distributions of the fundamental 

populations, except that they are continuous. Finally, nonparametric or free-

distribution procedures are used more frequently by data analysts. There are many 

applications where the data are not continuous values, but an ordinal scale such 

that it is natural to show ranges to data. (Febrero, Galeano, Gonzalez & Pateiro, 

2008) [3] 

 

4 Proposed methodologies for fieldwork 
 

4.1 Definition of thermal comfort zone stage 

 Methods and devices. 

 

Determine a representative number of companies of your preference in the 

manufacture of fabric in Bogotá city, temperature and rainfall conditions for the 

months of the year selected when evaluating the field work, as these conditions 

will have an effect on the measuring devices, which is expected to be stable. 

Define in turn the operations that make up the weaving process to select those 

procedures that are common and allow establishing a homogeneous population by 

integrating equipment and activities, which will reduce uncertainty when 

calculating metabolic rates. The data that will be expected to be collected will be 

related to the measurement of environmental variables, a survey on thermal 

sensation and the collection of information to estimate the personal variables of 

the workers; which in accordance with ISO 7726 will demand the use in several 

cases 
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of specialized devices such as a psychrometer, a balloon thermometer and a 

thermoanemometer between others. 

 

 Personal variables 

 

In this step the values of the metabolic rate and the thermal insulation of the 

garment, necessary to calculation PMV, should be estimated from the tables 

related in ISO 8996 (1990) [7] and ISO 9920 (1995) [8]; Questionnaires should be 

applied, as well as observations of all other factors that may influence the 

measurements or the responses of the workers' test group. The questionnaires 

must include personal data such as age, sex, height, weight and the garment used 

by the individual for the execution of their work. 

 

 Field data 

 

The time periods for the realization of the field work must be defined and the 

measurement points that represent an average thermal condition for the group of 

people evaluated, looking for the way to perform the measurement when the 

worker is already in their functions and their machines also. 

 

 

 Metabolic rate  

 

For this point it is necessary to take into account the metabolic rate of each 

activity in relation to the time of completion, which is not an easy task if we 

consider that each worker has short rest periods (including active breaks) and 

other moments of greater demand ; so the final result will be a weighted value of 

all the partitioned calculations that arise from the decomposition of movements to 

reach an average value of the metabolic rate of the work cycle in accordance with 

ISO 8996 (1990) [7] 

 

 Thermal insulation by clothing  

 

This parameter is calculated by adding the insulation values of the individual 

pieces of workers' clothing calculated from tables such as those of ISO 7730 

(1994) [6] and ISO 9920 (1995) [8]. PMV calculation, estimation of operating 

temperatures and definition of thermal comfort zone, whereby the total data of the 

operating temperatures of the employees evaluated in PMV obtained in a scatter 

diagram are organized, then simple linear regression is done to obtain the result of 

the thermal comfort zone (the PMV range over the neutral point is assumed, 

generally in a scale of magnitude 0.5) 

 

4.2 Discomfort incidence over productive times 

At this point, operations that guarantee a greater level of homogeneity in the type 

of process will be analyzed, use of similar devices and processing times per unit;  
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looking for a sample between the data outside the thermal comfort zone; and thus, 

by nonparametric statistical analysis (sign test) determines if there is an incidence 

about thermal discomfort variable on production times and therefore on the 

productivity. 

 

4.3 Quantitative value about thermal comfort and the productivity 

In essence, the studies constituted as thermo-physiological models for the 

evaluation of people are taken as a reference, mainly two-layer Gagge model (the 

two-layer Gagge), from Netherlands and led by the Loughborough University of 

Technology; quantifying the loss of performance in people by thermal equilibrium 

and establishing the ratio PPD as a function of  PMV. (Roelofsen, 2002) [11]. 

 

5 Implementation and results 
 

Considerando que aún no se ha realizado el trabajo de campo y que el propósito 

del documento es vislumbrar el aporte de la estadística multivariada al tema de 

estudio, vale la pena exponer algunos escenarios que potencialmente podrían 

presentarse en la metodología propuesta y que demuestran la importancia de su 

implementación  

 

5.1 Thermal comfort zone stage 

 Initially, 16 MIPYMES are selected in a location similar to Bogota and 

external environmental conditions fabric sector, 368 workers are evaluated 

with a certain level of homogeneity in process (thread preparation, warp, 

lattice and retraction),  as well as the processing times, since the standard 

time per unit has been determined with a defined speed and tolerance 

factor. 

 All measurements have been made in the 16 MIPYMES, corresponding 

calculations according to Fanger in ISO 7730 (1994) [6] as regards clothes 

(Clo), metabolic rate, dry-bulb temperature (DBT), mean radiant 

temperature (MRT), Air Velocity, Relative Humidity (RH) and Operating 

Temperature (OT) to 368 workers selected and surveyed; under 

parameters of additional standard (ISO 7726, ISO 8996 e ISO 9920). Chart 

3. 

 
Chart 3: Operating Temperature 

 
Company 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Size   16 26 19 8 5 36 15 46 13 11 27 63 21 12 32 18 

OT  avg. ⁰C 27,4 26,3 26,7 22,5 25,9 28,0 26,4 26,1 27,7 26,8 27,1 26,6 22,8 26,2 26,5 25,7 

Minimum 21,5 21,5 20,9 19,8 21,7 21,6 24,0 23,9 21,6 26,3 21,0 19,8 19,9 21,7 21,6 23,6 

Maximum 32,8 29,6 32,1 26,5 29,4 30,2 31,9 30,5 34,3 28,9 32,8 34,3 26,7 29,6 30,6 29,0 

 



1540                                                                                  Robinson Pacheco García 

 

 

 The dispersion diagram corresponding to the PMV of each worker against 

the operating temperature is made; then, simple linear regression of the 

data is performed and, a range is chosen on the scale thermal sensation that 

approximates  neutral point. Fig1  

 

Figure 1: Simple linear regression - Operating Temperature versus PMV 

 

 
  

 

In this simple linear regression;  

a= 4,8; b= 22,2 where 

y= 4,8 (x) + 22,2 

So, comfort zone to -0,5 ≤ PMV ≤ 0,5 is  19,8 ⁰C   y  24,6 ⁰C 

5.2 Discomfort incidence over productive times 

 

 In this case, thermal discomfort is the situation that begins to generate 

discomfort to worker who is outside the Thermal Comfort Zone (TCZ),  

that is to say, all those values outside of 

 

19,8 ⁰C  ≤  TCZ  ≤  24,6 ⁰C 
  

Taking this into account, the majority is above 24.6 ⁰C and it is necessary 

to select them by affinity; that is to say, for the same productive activity 

within the process (yarn preparation, warp, weave and retraction). 

 

 Defining standard time for each operation within the fabric production 

process; which will be precisely located Thermal Comfort Zone (ZCT) 

and, for which there is the following relationship of inverse 

proportionality: 
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"The smaller the time per unit, the higher the production rate and vice 

versa" 

Initially we have tried to work with homogeneity of processes and 

activities, a number of samples will be determined and some values will be 

compared against their standard reference time for each of the companies, 

as long as it is feasible to do so 

 

 Now, for a company has taken a statistical sample "n = 17" with values 

outside the TCZ, the time obtained is established with respect to the 

standard reference time TCZ. Its purpose is to determine if, when the 

workers are subjected to a situation of discontent, the time for the unit of 

the activity that is presented increases to the front, this indirectly would 

indicate a decrease in productivity by the relationship started at previous 

item, let´s see chart 4. 

 

Chart 4: Comparative Total Times by Unit 

 

Operator Standard time on TCZ Time with discomfort 

1 14 seconds 16 seconds 

2 14 seconds 15 seconds 

3 11 seconds 11 seconds  

4 8  seconds 7 seconds 

5 15 seconds 16 seconds 

6 14 seconds 16 seconds 

7 11 seconds 10 seconds 

8 8  seconds 9 seconds 

9 15 seconds 15 seconds  

10 8  seconds 11 seconds 

11 15 seconds 12 seconds 

12 14 seconds 15 seconds 

13 11 seconds 13 seconds 

14 8  seconds 11 seconds 

15 8  seconds 9 seconds 

16 15 seconds 17 seconds 
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 In this case, we use the non-parametric test known as "sign test", where it 

shows us applications in a previous stage and in a later result, based on 

determination of difference signs and an associated probability of success 

to accept or reject hypothesis (any statistics). 

 

Step 1  

Signs of difference are established and discarded that do not vary. Seen in 

the following way. Chart 5 

 

Chart 5: Difference sign 

 

Operator Standard time on TCZ Time with 

discomfort 

difference sign 

1 14 seconds 16 seconds + 

2 14 seconds 15 seconds + 

3 11 seconds 11 seconds *  

4 8  seconds 7 seconds + 

5 15 seconds 16 seconds + 

6 14 seconds 16 seconds + 

7 11 seconds 10 seconds - 

8 8  seconds 9 seconds + 

9 15 seconds 15 seconds *  

10 8  seconds 11 seconds + 

11 15 seconds 12 seconds - 

12 14 seconds 15 seconds + 

13 11 seconds 13 seconds + 

14 8  seconds 11 seconds + 

15 8  seconds 9 seconds + 

16 15 seconds 17 seconds + 

*They are discarded because theirs variation is zero 
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 Step 2 

 

Define Null and Alternative Hypothesis 

 

Ho = Thermal Discomfort does not generate an increase in unit time to 

lower productivity 

 

 

H1 = Thermal Discomfort increases the time per Unit decreasing 

productivity  

 

 

Step 3 

 

The binomial distribution is used as a test statistic, so, the sign test is given 

for two results of "success" or "failure" with a 0.50 probability for each 

one. Then, Ho is p = 0.50, the sample is small and each evaluation is 

independent for each employee. 

 

 

  Step 4 

 

A level significance of 0.10 is defined and test statistic is determined, this 

case corresponds to the number of successes recorded in the experiment 

with a positive sign (+) 

  

 

Step 5 

 

The decision rule is raised, for which n = 14 is taken since 2 data were 

eliminated and consulting the binomial probability distribution p = 0,50, 

the nearest accumulated probability is sought without exceeding the level 

of significance 0,10, corresponding to 10. If the number of positives 

exceeds this value (with 12 in example) the null hypothesis is rejected and 

accepts the alternative hypothesis because it is rejection region. Fig 2 
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Figure 2: Acceptance and rejection regions 

 

 
 

 

5.3 Quantitative value about thermal comfort and the productivity 

 

From Gagge's two-layer thermos-physiological model, where as a result of your 

research and by adaptation about several researchers in accordance with levels 

exposed by Fanger, it concludes loss of performance is associated to a multiple 

regression analysis. Following this equation: 

 

P = b0 + b1PMV + b2PMV2 + b3PMV3 + b4PMV4 + b5PMV5+b6PMV6 

 

Where, P is dependent variable corresponding to percentage loss of performance 

(P ≥ 0) and PMV are independent variables, multiplied by regression coefficients 

bo - b6, following chart 6 Regression Coefficients. 

 
  Chart 6: Regression Coefficients productivity loss equation 

Regression 

Coefficients 

Calculated cold 

comfort zone 

Calculated hot comfort 

zone 

bo 1,2802070 -0,15397397 

b1 15,995451 3,8820297 

b2 31,507402 25,176447 
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b3 11,754937 -26,641366 

b4 1,4737526 13,110120 

b5 0,0 -3,1296854 

b6 0,0 0,29260920 

 

 

Accomplishing predict thermal perception and degree of dissatisfaction with the 

climate. Using the method, PMV - PPD concepts and, graphing the variable P loss 

of performance. Figure No 3 (Roelofsen, 2002) [11] 

 

 

Figure 3: Loss of productivity and PPD as a function of the PMV 

 

 
 

Therefore, in this case,  

the PMV of the same company is taken (about 16 intervened) outside the TCZ and 

will be taken warm side, since on the cold side there is no data at less than 19.8 

⁰C; so, the example to follow is next. Chart 7  
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Chart 7: PMV Data Company No 8. With -0.5 <PMV ≤ 1.76 

 

Type PMV PMV2 PMV3 PMV4 PMV5 PMV6 

Number 

n 

17 21 29 32 38 44 

Value 0,56 0,891 1,18 1,23 1,432 1,62 

Where, P is 

 

 

 

P = -0,15397397  +  (3,8820297)(0,56)  +  (25,176447)( 0,891) +                                

(-26,641366)(1,18) + (13,110120)(1,23) + (-3,1296854)( 1,432)  +  

(0,29260920)( 1,62) 

 

P = -0,15397397  + 2,173936632 + 22,432214277 – 31,43681188 + 16,1254476 – 

4,4817094928  +  0,474026904 

 

P = 5,13 %  this means that the loss of productivity is not so high and with the 

graph a PPD close to 20% of discomfort is seen by the samples outside the 

Thermal Comfort Zone (TCZ) 

 

5 Conclusions 
 

 The multivariate statistics is key in a study thermal discomfort when it is 

necessary to determine level of incidence some variables over others, in 

our case corresponds to the parameters established by international 

standards to temperature control. That despite being difficult reflects 

interest by research community in this issue. 

 

 It should be borne in mind that the examples are illustrative and, this kind 

of applications require a higher level  debugging to reduce error margin 

present at the time of doing the field work; situation that is evident when 

homogeneity principle is assumed in times of production and process and, 

it is not a simple job when the dynamic conditions environment increase 

the levels of uncertainty in reality; however, the viability of the statistics 

applied by the results obtained and  referrals used can be seen. 

 

 Finally, it is necessary to contextualize a better way the concept 

performance loss for local environment. Therefore, guide studies have 

been found in other different countries to Colombia and, it is necessary to 

validate the configuration of regression coefficients in this case 

 

 

 



Statistical variability in the methodological productivity analysis ...                1547  

 

 

References 
 

[1] Asociación Nacional de Industriales, Andi, La herramienta de los 

empresarios para el aprovechamiento del TLC, Colombia: Oficina para el 

aprovechamiento del TLC con EEUU, 2012. 

 

[2] H. Botero, América Latina en su Mejor Momento, Colombia: La República. 

(2012). 

 

[3] M. Febrero, P. Galeano, J. González, B. Pateiro, Estadística Ingeniería 

Técnica en Informática de Sistemas, Departamento de estadística e 

investigación operativa Universidad de Santiago de Compostela, España, 

2008. 

 

[4] A.P. Gagge, A.P. Fobelets, L.G. Berglund, A Standard Predictive Index of 

Human Response to the Thermal Environment, ASHRAE Transactions, 92 

(1986), no 2. 

 

[5] International Organization for Standardization. ISO 7726; Thermal 

Environments-Instruments and Methods for Measuring Physical Quantities, 

Geneva, 1998. 

 

[6] International Organization for Standardization. ISO 7730; Moderate Thermal 

Environments – Determination of the PMV and PPD Indices and 

Specification of the Conditions for Thermal Comfort, Geneva, 1994. 

 

[7] International Organization for Standardization. ISO 8996; Ergonomics-

Determination of Metabolic Heat Production, Geneva, 1990. 

 

[8] International Organization for Standardization. ISO 9920; ergonomics-

estimation of the thermal insulation and evaporative resistance of a clothing 

ensemble, Geneva, 1995. 

 

[9] J.F. Nicol, M.A. Humphreys, Adaptive thermal comfort and sustainable 

thermal standards for buildings, Proceedings of Windsor 2001, Moving 

Thermal Comfort Standards into the 21st Century, Windsor, UK, 2001. 

 

[10] J. Ordaz, Métodos Estadísticos y Econométricos en la Empresa y Para 

Finanzas, Departamento de Economía, Métodos Cuantitativos e Historia 

Económica Universidad Pablo de Olavide, Ed. Creative Commons, 2010. 

 

 

 

 



1548                                                                                  Robinson Pacheco García 

 

 

[11] P. Roelofsen, The impact of office environments on employee performance: 

The design of the workplace as a strategy for productivity enhancement, 

Journal of Facilities Management, 1 (2002), no 3. 247-264. 

 https://doi.org/10.1108/14725960310807944  

 

 

Received: April 17, 2018; Published: May 14, 2018 

https://doi.org/10.1108/14725960310807944

