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H I G H L I G H T S  

 Thermal responses of men and women during physical activity were obtained and compared through energy and exergy 

analyses, as per the first and second laws of thermodynamics, applied to the respiratory muscles. 

 The effects of exercise were investigated to determine and compare differences between men and women from the 

thermodynamic point of view. 

 The entropy generation and exergy destruction is shown to be an indicator of performance and women was shown to 

have had higher entropy generation and exergy destruction than men during physical activities. 
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A B S T R A C T  

This study aimed to determine differences in the thermal response of the respiratory muscle 

between healthy men and women during exercise. We analyzed the lungs of eight men and 

eight women thermodynamically. Previous work of breathing data of 16 endurance-trained 

healthy subjects undergoing a progressive cycle exercise test to exhaustion was used for 

calculations. During exercise, glucose absorbed from the blood flow was 2.12 mmol/L for 

men and 4.1 mmol/L for women. Glucose consumed for respiration was found as 10.6 and 

20.49 mmol/min in men and women, respectively. Exergy destruction in the respiratory 

muscles of men and women was 0.41 and 0.79 kJ/min, respectively. Entropy generation rates 

for men and women were calculated as 1.38x10-3 and 2.66x10-3 (kJ/K)/min, respectively. 

Women were generated entropy remarkably higher than men and consumed more glucose 

than men during exercise for breathing due to their less efficient ventilatory response to 

exercise. In conclusion, gender-based alterations in lung and airway dimensions result in 

higher work of breathing and therefore glucose cost of respiration, higher exergy destroyed, 

and higher entropy generated in women during exercise for given exercise intensity. 
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1. Introduction 

Many studies aiming to characterize the respiratory response 

of healthy women to exercising have gender-based 

alterations in pulmonary gas exchange [1] and respiratory 

mechanics [2]. These investigations suggest that younger 

women without respiratory disorders may be more 

susceptible to lung restrictions in physical training, possibly 
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related to women having smaller lungs and airways than men 

of the same height [3].  

Women may have higher work of breathing (WOB) during 

physical training than men. However, which factors cause 

the higher WOB through physical training in women is 

unclear in the literature.  Although smaller lungs of the 

women may the one of the contributing factors for this 

difference, data are very limited in the literature. 

Thermodynamic analysis tests the performance of the 

system. Entropy, also known as the systems' energy losses, 

can be calculated by the second law of thermodynamics. 

In fact, identifying gender dissimilarities in respiratory 

mechanics is a major challenge due to the intrinsic 

complications of comparing males and females and the 

known distinctions in body dimension, and poor knowledge 

of the most relevant allometric scaling factor to use. The 2nd 

law of thermodynamics establishes that there must be some 

effect on the surroundings wherever there is an energy 

transference with a disequilibrium. However, this imbalance 

ensures vitality. Moreover, all biologicals maintain entropy 

at the maximum level when they come to death. Prigogine 

and Wiame (1946) proved that all alive are inclined to a 

minimum entropy generation [4]. 

Exergy analyses are involved in the human body and 

metabolism to assess the quality of the energy conversion 

process in the human body and muscle cells throughout 

specific activities. They aim to understand muscle efficiency 

better using the 2nd law of thermodynamics. In recent years, 

various exergy analyses have been applied and studied [5–

12]. Recently, in a study by Spanghero et al. (2018), two 

kinds of exercises were assessed to calculate the quality of 

the energy conversion process in humans, bicycle, and 

weight lifting, and the authors concluded that the bicycle test 

was more efficient than weight lifting [13]. 

Although entropy generation and exergy destruction for the 

whole body [13–15], heart [16, 17], and lung [18–21] during 

physical activities have already been calculated, the thermal 

response of women and men to exercise has not yet been 

discussed. This study aimed to determine differences in the 

thermal response of the respiratory muscle between healthy 

men and women during exercise. 

2. Material and Methods 

We analyzed the lungs of eight men and eight women 

thermodynamically. Previous WOB data of 16 endurance-

trained healthy subjects undergoing a progressive cycle 

exercise test to exhaustion were used for calculations [22]. 

The participants were healthy non-smokers and had no 

previous history of the cardiopulmonary disorder.  

 

Figure 1 Flow chart of the study 

A human breathing process was analyzed for men and 

women during exercising. Thermodynamic analyses were 

performed using the method described by [23]. The 1st and 

2nd laws of thermodynamics were applied to assess the 

respiratory muscles of the subjects. The equations used in the 

analyses are taken from Çatak et al. [23]. Glucose consumed 

(mglucose), entropy generated (sgen), and exergy destroyed 

(Exdestroyed) rates were determined by applying energy, 

exergy, and entropy balances to respiratory muscles as a 

function of 2nd law efficiency (ηıı). According to the 1st law 

of thermodynamics, the mass balance equation was 

implemented to calculate glucose absorbed by respiratory 

muscles. The entropy generation was calculated by applying 

the 2nd law of thermodynamics, which let us measure the 

energy losses. The flow chart of the study is shown in Figure 

1. 

Total WOB was 1.64x10-1 kJ/min for males and was 

3.17x10-1 kJ/min for females (Figure 2). The glucose 

consumed, entropy generated, and exergy destroyed, rates 

for males and females were calculated with the 2nd law 

efficiency of 0.30. In the study, the body temperature was 

taken as 37 °C and the environment air condition as 25 °C. 

This research is limited to the absorption of glucose to make 

ATP in the muscle cells of the respiratory system. 

 

Figure 2 Total work of breathing (WOB) values in exercising men and 

women. 

3. Results and Discussion 

The calculated amounts of glucose consumption, entropy 

generation, and exergy destruction in the respiratory muscles 

by men and women during exercise were given in Table 1. 

During exercise, glucose absorbed from the blood flow was 

2.12 mmol/L for men and 4.1 mmol/L for women. Glucose 

consumed for respiration was found as 10.6 and 20.49 

mmol/min in men and women, respectively. Exergy 

destruction in the respiratory muscles of men and women 

was 0.41 and 0.79 kJ/min, respectively. Entropy generation 

rates for men and women were calculated as 1.38x10-3 and 

2.66x10-3 (kJ/K)/min, respectively.  

In the current research, we have done several unique 

thermodynamical comparisons. We implemented an 

inclusive thermal analysis using previous data belonging to 

16 endurance-trained healthy people (eight male and eight 

female) that experienced a progressive cycle exercise test to 

exhaustion. This study suggests that the higher entropy 

generation in females during active exercise is due to a 

significantly larger total WOB. And this is probably because 

women's airways are smaller than men's and have a breathing 

pattern that supports a higher respiratory frequency. Glucose 

mass consumed in respiratory muscles was calculated using 
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WOB values by mass balance. It was determined that 

glucose consumption in women was remarkably higher than 

that of men. 

Table 1 Calculated quantities of glucose consumed, exergy destroyed, and 

entropy generated during exercise in the respiratory muscles of women and 

men. 

Thermal response Women Men 

ηII 0.3 0.3 

Mglucose (mmol/min) 20.49 10.6 

Glucose absorption in blood (mmol/L) 4.1 2.12 

Exdestroyed (kJ/min) 0.79 0.41 

Sgen (kJ/K)/min 2.66x10-3 1.38x10-3 

ηII, 2
nd law efficiency; mglucose, mass of glucose; Exdestroyed, exergy destroyed; 

Sgen, entropy generated. 

In the current research, we have done several unique 

thermodynamic comparisons. We implemented an inclusive 

thermal analysis using previous data belonging to 16 

endurance-trained healthy people (eight male and eight 

female) that experienced a progressive cycle exercise test to 

exhaustion. This study suggests that the higher entropy 

generation in females during active exercise is due to a 

significantly larger total WOB. And this is probably because 

women's airways are smaller than men's and have a breathing 

pattern that supports a higher respiratory frequency. Glucose 

mass consumed in respiratory muscles was calculated using 

WOB values by mass balance. It was determined that 

glucose consumption in women was remarkably higher than 

that of men. 

Men and women share the same physiological transport 

systems and phenomenological mechanism for exchanging 

heat and mass with the surroundings. However, it is reported 

in the literature that men and women have significantly 

different anatomies, metabolic rates, and hormonal cycles 

that affect individual comfort conditions. Increased entropy 

generation in females is probably because of their decreased 

ventilatory capacity, relatively more ventilatory restrictions, 

increased resistive WOB, and lesser efficient ventilatory 

response to exercise. 

In this study, we analyzed the aerobic reactions in the muscle 

cells, aiming to predict muscle performance during exercise. 

As earlier proves in the publications, the rate of destroyed 

exergy increases as a function of speed [17, 24, 25]. The 

energy balance allows the exergy variation of the respiratory 

system to be resolved through analysis. Therefore, it is 

achievable to compute the exergy destruction by the exergy 

study. Exergy rates depend on the level of exercise and the 

human metabolism. The present study indicates that the 

relationship between exergy destruction and metabolism 

greatly depends on the subject's gender. 

The 1st law is a conservation law that states energy can alter, 

despite the fact that the sum is all the time conserved. The 

2nd law is a dissipation law that states an amount, entropy, 

which we usually characterize with the disorder [26]. The 2nd 

law further states that entropy must rise in any real 

irreversible process; equilibrium is not expected. Entropy 

can, in fact, be recognized by irreversibility. It is essential to 

know that the 2nd law forces biochemical reactions. The 1st 

law reveals that the total energy expended on work, heat, and 

changes in biochemical components will stand constant. It 

does not give information about whether such a reaction will 

occur, or if it will, what the relative distributions of energy 

forms will be. We have to use the 2nd law that tells the 

entropy must rise to see the propensity of the response to be 

[27]. The human body can be thought of as a thermodynamic 

device that can exchange heat or work with its surroundings, 

or both. Biological systems use air, which includes O2, 

essential for reaction with carbohydrates, fat, and protein. 

These reactions generate heat and work to perform the vital 

actions of biological systems. Work is generated in the body 

and kept in ATP molecules. The reaction of glucose with 

oxygen generates heat. Since heat production is irreversible, 

it always occurs together with entropy production [28, 29]. 

Dissipative systems, such as living cells, are open systems. 

It is also essential to understand that living organisms are 

open systems, meaning they intake nutrients and oxygen and 

remove CO2, H2O, urea, and other waste products along with 

heat [27]. The earlier theories present essential interactions 

between life, energy, and thermodynamics. An important 

feature of biological systems is that they flourish on 

irreversibility. Therefore, they are not in thermal, chemical, 

and mechanical balance with their surroundings. To maintain 

life, living beings expend high-energy nutrients irreversibly, 

producing heat and entropy. Entropy is similarly moved to 

the environment through several waste-streams, namely 

advection containing perspiration and heat transference via 

the skin so that the living organism can maintain a stable 

thermal state [30]. 

Biological systems, like humans and other animals, 

continually require consuming energy to do physical work, 

sustain body temperature in the existence of heat transfer to 

the atmosphere, and generate, transfer, and substitute 

molecules that are their components. This energy is supplied 

by the oxidation of biological materials, namely 

carbohydrates, fats, and amino acids, mainly presented to the 

system by foods. Contrasting conventional heat motors 

where the chemical energy is initially transformed into 

thermal energy and then into mechanical work, biological 

systems can convert a fraction of nutrients' chemical energy 

directly into work. This is likely because the oxidation of 

nutrients within systems known as metabolism continues 

through numerous stages, allowing some of the energy in an 

intermediate chemical to be captured almost exclusively 

from ATP, which is used by biological systems for direct 

conversion to mechanical energy, as well as to support 

various biological reactions [9, 30]. 

To our knowledge, there are no investigations that have 

investigated the influence of exercise on the respiratory 

thermal response of men and women. However, in this study, 

entropy generated and exergy destroyed in women were 

significantly higher than in men. In addition, women 

consumed more glucose than men during exercise for 

breathing due to their less efficient ventilatory response to 

exercise. 

Compared to men, women have smaller lungs and airways, 

expanded operating lung volumes, increased work and O2 

cost of breathing, lesser diaphragmatic fatigue, greater 

accessory inspiratory muscle recruitment [31]. Therefore, 

with the work done as input in the exergy analysis, the men 

and women were evaluated and compared during the 

exercise. 
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In this study, the thermal behavior of the body was evaluated 

and used as a basis for applying the exergy analysis. The 1st 

and 2nd laws of thermodynamics were implemented to the 

respiratory muscles to assess the quality of the energy 

conversion during muscular activity. The results show that 

the exergy destroyed may be an indicator of performance. 

This application represents an essential topic in the exergy 

analysis of humans because the literature contains 

difficulties assessing the work done in some activities.  

4. Conclusions 

Respiratory muscles of the men and women during 

exercising were evaluated thermodynamically, and the 

glucose consumption, exergy destruction, and entropy 

generation by the respiratory muscles were calculated. The 

higher entropy generation in females during exercise is 

owing to a considerably higher work of breathing. And this 

is probably because women's airways are smaller than men's 

and have a breathing pattern that supports a higher 

respiratory frequency. Women were generated entropy 

remarkably higher than men and consumed more glucose 

than men during exercise for breathing due to their less 

efficient ventilatory response to exercise. In conclusion, 

gender-based alterations in lung and airway dimensions 

result in higher work of breathing and therefore glucose cost 

of respiration, higher exergy destroyed, and higher entropy 

generated in women during exercise for given exercise 

intensity. 
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