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ABSTRACT 
 

With the increasing prevalence of obesity and associated morbidity, research continues to 
investigate the associated factors as well as approaches for effective bodyweight management. 
While there is consensus that obesity is characterised by an energy imbalance, the interactions 
between the various components of energy components and the implications of the homeostatic 
determinants remain controversial. This review critiques the existing theories on energy balance in 
relation to the law of thermodynamics and proposes the inclusion of important determinants in the 
energy balance equation.      
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1. INTRODUCTION 
 

Energy is the ability to do work, and the study of 
energy is known as thermodynamics. Through 
the subject of thermodynamics, nature, 
characteristics, and forms of energy can be 
understood. Also, through the subject, the 

working principles and mechanisms of bodies 
that utilise energy can be understood [1]. The 
human body is a typical example, it requires 
energy for the perpetuation of biological functions 
and gains energy primarily through food intake. 
The energy contained within the food is 
metabolised through complex processes and 

Review Article 



 
 
 
 

Ekeagwu; CJAST, 40(25): 36-41, 2021; Article no.CJAST.72860 
 

 

 
37 

 

regulated within healthy limits by homeostatic 
mechanisms [2]. The roles of various 
homeostatic variables in the regulation of energy 
are well documented, collectively participating in 
regulating energy intake, expenditure, and 
storage in keeping with the laws of 
thermodynamics [3]. This review critically 
considers energy homeostasis with the first law 
of thermodynamics and proposes some 
interpretations of the energy balance            
equation. The propositions in this paper have 
significant implications for the management of 
obesity.   
 

2. ENERGY HOMEOSTASIS AND 
THERMODYNAMICS 

 
Compliance of the body’s energy regulation to 
the first law of thermodynamics is of unanimous 
consensus. However, the interpretation of this 
law as regards energy balance in the body has 
remained controversial [2]. The first interpretation 
of the law with regard to energy homeostasis is 
typified by the classical equation which states 
that the body energy store equates with the 
difference between the energy intake and 
expenditure (energy burned) {Energy stored= 
Energy intake – Energy expended}. This 
interpretation appears insightful and simple, 
however, may be critiqued for being static 
thereby misleading, in view of undermining the 
influence of the component metabolic 
homeostatic mechanisms in the regulation of 
energy. Also, it has been demonstrated to be 
unsuitable for predicting energy balance in living 
organisms since it does not account for 
increasing energy expenditure due to increasing 
fat-free mass [4], thereby expressing energy 
intake and expenditure as independent             
variables [5]. More so, it is said to promote the 
“calories-in-calories-out” ideology, which                 
implies that energy consumed in the diet                   
is only consciously expendable through physical 
activity. 
 
Based on these criticisms, another equation was 
proposed incorporating “rates”- a time 
dependency factor permitting the influence of 
changes in energy stores on energy expenditure 
[4]. The equation is represented thus: 
 

Rate of Change of Energy Stores = Rate of 
Energy Intake – Rate of Energy Expenditure  

 

Accordingly, energy stores (body fat) increase 
when the rate of intake exceeds the rate of 
expenditure, and vice-versa. The equation 

attempts to demonstrate a non-linear 
relationship, changes in energy stores and 
energy fluxes. Such that small initial increases in 
energy intake will not lead to large body fat 
changes over the long term since a mechanism 
of increasing energy expenditure is eventually 
triggered. However, the triggered energy 
expenditure does not necessarily counterbalance 
the increased energy store but results in the 
establishment of a new balance with larger 
energy stores. A major strength of this postulate 
is that it acknowledges the presence of a built-in 
feedback mechanism for energy balance. 
Notwithstanding, since it makes no claim on re-
establishing of body fat to the initial level by the 
said mechanism, a theoretical basis for the 
suggested mechanism can be argued. In other 
words, it raises obvious questions. For instance, 
why does the mechanism allow some proportion 
of the energy intake to be stored rather than 
restore energy balance to the initial level? Also, 
is the operation of this mechanism normal or due 
to inefficiency? Also, this postulate [4] fails to 
address the possible determinant factors of how 
much energy is stored. These questions ought to 
be resolved for the interpretation to be valid for 
the development of mathematical models 
capable of simulating changes in energy storage 
and expenditure due to energy intake for an 
individual.  
 
The research argues that a more fruitful 
approach towards understanding how energy 
intake is balanced against expenditure, and how 
changes might occur would involve dissecting 
energy balance into its various macronutrient 
components such as protein balance, 
carbohydrate balance, fat balance and alcohol 
balance [6]. This view urges for a single energy 
balance equation for each macronutrient to 
determine if an imbalance occurs between intake 
and utilisation. This is a reductionist approach 
that seems simpler than is feasible, as the 
energy derived from each macronutrient is not 
separately regulated and stored in its 
compartment. Also, it might become problematic 
to reconcile all equations to produce a unified 
equation for energy balance. Hence, how                     
can the first law of thermodynamics be 
interpreted as pertains to energy balance in the 
body? 
 
The first law of thermodynamics pertains to the 
transfer of matter (mass) and energy and applies 
only to bodies known as “thermodynamic 
systems.” Thermodynamic bodies could either be 
open, closed, or isolated. A closed system can 
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exchange energy (in form of heat or other), but 
cannot exchange matter with its environment, 
whereas an isolated system can neither 
exchange energy nor matter with its 
surroundings. An open system can exchange 
both matter and energy with its environment (for 
instance, the human body) [7]. Despite these 
differences, all of them (isolated, closed, and 
open systems) are said to obey the first law of 
thermodynamics with respect to energy and 
matter. Hence, a clear interpretation of this law 
is,  “in any given thermodynamic system, the 
energy or matter gained may be transformed but 
remains constant (or can neither be created nor 
destroyed).” If this law is limited to energy for the 
context of this paper (energy balance), the 
following equations will suffice. 
 

U = Q - W (for an open thermodynamic 
system) 
 

U = Q - W (for a closed thermodynamic 
system) 
 

U = Q (for an isolated thermodynamic 
system) since work done (W) is 0   

 

(Where; U= internal energy of the system, Q= 
energy supplied to the system, W= work done by 
the system on its surroundings).  
 

If the symbols are represented in terms of energy 
intake, energy storage, and energy expenditure, 
the energy balance equation will be given as;   

 

Energy stored = Energy intake – Energy 
expenditure 
 

Or 
 

Energy intake = Energy stored + Energy 
expenditure 

The above equation simply infers that a 
thermodynamic system such as the human body 
cannot create its energy but can derive it from a 
source. This also means that it can only utilise 
energy for either storage or expenditure, in 
proportion to what is gained or derived from an 
external source.  
 
  Energy intake = Energy stored + Energy expenditure 

  
 
 
 
 
 

The integration of a time dependency factor such 
as “rate” to the equation as proposed by Alpert 
[4], is originally not part of the law of 
thermodynamics and in actual terms becomes 
inconsequential since energy remains constant 
irrespective of the rate, provided a 
thermodynamic system (or body) is involved. 
This implies that at any point in the process of 
energy intake, the energy utilisable by the body 
is only equivalent to that gained via intake.               
This also means that energy intake expressed 
simply quantitatively (Ei) or as dependent                        
on time (Ei x time) neither predicts which aspect 
of energy utilisation (either storage or 
expenditure) is favoured nor suggests any 
influence on the determinants of the process of 
energy utilisation. Consequently, one may 
decrease their energy stores (body fat) by 
decreasing energy intake, but this outcome is not 
guaranteed due to the influence of some 
determinants. Hence, an adequate application of 
the law of thermodynamics to the body’s               
energy balance in consideration of the 
determinants or factors influencing each process 
should be: 

 
 

                    Energy Intake = Energy stored + Energy expenditure  
 

 
 
 
 
 
 
                    Ei(e1, a1)      =  Es  + REE(b1,b2…bn)+TEF(c1,c2…cn)+AAE(d1,d2…dn) 
 
 
 
 
 
 

Processes of Energy utilisation in vivo 
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Left side equation [Ei(e1, a1)]: Energy intake is 
expressed as a function of quantity (e1) (the 
amount of energy), and quality (a1) (form in 
which energy is consumed).  Right side equation: 
Energy storage is expressed as Es, while energy 
expenditure is represented as a function of its 
components; resting energy expenditure (REE), 
diet-induced thermogenesis (TEF), activity 
energy expenditure (AEE), with each, also 
expressed as a function of determinants 
“b1,b2…bn”, “c1,c2…cn” and “d1,d2…dn”, 
respectively. 
 

2.1 Energy Intake (Ei(e1, a1))  
 

Energy intake mainly occurs through the intake 
of macronutrients- carbohydrates, fats and 
proteins, and a little proportion of alcohol. Once 
ingested, energy is supplied to the cells for 
functioning. The amount of energy available to 
the cells for normal biological functioning, known 
as the metabolisable energy is highest for fat 
(9cal/g, or 38J/g) and least for carbohydrates and 
proteins (4cal/g or 17J/g). Since fat is the source 
with the highest energy content, one may argue 
that increased intake of dietary fat increases 
utilisable energy. However, this does not 
necessarily predict the specific aspect of energy 
utilisation favoured- storage or expenditure. 
Rather, this factor appears dependent on the 
metabolic and hormonal responses evoked due 
to the quality of the energy-containing diet. 
Results from a 20-year prospective cohort            
study on the influence of diet on body weight 
involving 120, 877 participants showed that the 
dietary source of energy had a larger influence 
on their weight compared to the number of 
calories consumed or expended [8]. 
Furthermore, in 2012, a clinical trial on the             
effect of dietary composition on weight loss in 
which 21 individuals were tracked concluded 
similarly [9]. In the study, participants were 
placed on three varying dietary regimens but 
isocaloric; a high protein but low carbohydrate 
diet, a low-fat diet emphasising whole                     
grains, fruits and vegetables, and a low 
glycaemic index diet. At the end of the 
experiment, each group recorded varying levels 
of energy expenditure, leading to the conclusion 
that the quality of energy in diet influenced its 
utilisation. Other researchers have similar 
findings in agreement that both quantity and 
quality of energy are important in predicting 
metabolic response [10].  
 

Some researchers have argued otherwise, 
proposing that a unit of energy consumed (a 

calorie) has the same metabolic implication 
regardless of the diet composition or quality of 
dietary intake and that it is in consonance with 
the first law of thermodynamics [11]. However, 
this rather seems to be a misconception, as the 
law neither places any limits nor predicts the 
mechanisms or processes through which the 
energy gained by a thermodynamic system is 
transformed. Furthermore, a review [12] clarifies 
that undermining the influence of the quality of 
energy intake violates the second law of 
thermodynamics- which predicts a unique 
increase in entropy of a substance in a 
thermodynamic system over time. This implies 
that accepting that the metabolic implication of a 
unit of energy (a calorie) is independent of the 
source is synonymous with claiming that the 
microscopic configurations (entropy) that are 
assumed by two chemically dissimilar 
compounds as they undergo metabolic 
processing are identical. A clear understanding 
can be gained from glucose and fructose. 
Although these are almost chemically identical, 
they are metabolised differently and elicit varying 
responses in the body. Glucose metabolism, for 
instance, is insulin-dependent and once 
consumed, it stimulates insulin release,                  
unlike fructose. Also, the increased presence of 
glucose in the liver results in the formation of 
glycogen, while in the case of fructose, it is 
channelled to the mitochondria where                    
excess acetyl-CoA is formed. Excess                       
acetyl-CoA then leaves the mitochondria                        
to form fat [13]. Furthermore, the ability of       
almost all cells in the body to use glucose                 
unlike fructose coupled with the distinct                  
pattern of regional brain activation characteristic 
of each of them [14] bears evidence of their 
difference.  
 
Additionally, a qualitative factor such as 
glycaemic index may also modify the metabolic 
response of energy intake. The glycaemic index 
defines the level of insulin response elicited by a 
given diet [15]. Research shows that foods of a 
higher glycaemic index promote weight gain 
compared to those of a low glycaemic index 
[16,17]. Put together, these arguments highlight 
the need to qualify energy intake to make sense 
of the influencing factors in energy balance. 
Hence, energy intake at the left side of the 
equation above may be incomplete without 
introducing the determinants (e1, a1), to indicate 
the quantity and quality of energy intake under 
consideration.  
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2.2 Energy Expenditure [REE(b1,b2…bn) + 
TEF(c1,c2…cn) + AAE(d1,d2…dn)], and 
Energy Storage (Es) 

  

Once food is ingested, it is transformed into 
absorbable substrates which is either stored as 
body fat (Es, as in the equation) or is used as 
energy to perpetuate biological processes. The 
use of energy as fuel for metabolism is regarded 
as energy expenditure and varies through the life 
of an individual [2] Energy is expended through 
processes such as growth, digestion, 
reproduction, respiration, renewal or broken 
tissue, physical activity, lactation and more. 
Energy expenditure can be categorised into three 
based on the activities involved. These include 
resting energy expenditure (REE), thermic            
effect of food (TEF), and activity energy 
expenditure (AEE) [2]. Resting energy 
expenditure refers to the amount of energy 
expended by one when at rest and constitutes 
about two-thirds of the total energy expendable. 
It is dependent on factors such as one’s              
energy status, body composition, and size. 
Regarding body composition, it increases in 
proportion to total tissue mass, with lean               
mass contributing more than fat mass. Inter-
individual variability has also been noted and 
suggested to be due to hormonal differences 
[18]. Given the determinants, it is thus 
represented in the above equation as; REE 
(b1,b2…bn). 

 

Activity energy expenditure (AEE) describes the 
energy expended due to any bodily movement 
produced by muscles, which may be under 
conscious (during exercise) or unconscious 
conscious (non-exercise activity) and can be 
influenced by body movement and body mass 
[19]. Hence, it is represented in the energy 
balance equation above as; AAE(d1,d2…dn). The 
thermic effect of food (TEF) otherwise              
regarded as diet-induced thermogenesis is the 
energy expended in processing food once 
ingested. The amount of energy expended                   
in this component varies with the component of 
the diet, especially macronutrients, increasing 
from fat to carbohydrate, to protein. It is 
influenced by other factors such as physical 
activity, meal size, one’s previous diet,                    
age, and determinants of food metabolism such 
as insulin sensitivity [20]. In consideration of the 
influencing factors, it is represented in the above 
equation as a function of its determinants; 
TEF(c1,c2…cn).    
 

3. CONCLUSION  
 

This paper makes two main propositions. First, 
the inclusion of qualitative and quantitative 
aspects of energy intake in the energy balance 
equation. Second, the inclusion of determinants 
of the various components of energy expenditure 
in the energy balance equation. The former 
emphasises that the amount of energy and the 
form in which it is ingested have metabolic 
consequences which moderate energy utilisation. 
Whereas the second proposes the inclusion of 
the determinants of energy expenditure such as 
physiological factors and other factors which 
serve as the indices by which homeostasis 
occurs. Understanding the determinants 
applicable under various conditions can support 
the development of mathematical models for 
simulating changes in energy storage and 
expenditure due to energy intake, beneficial for 
obesity research. More research is required to 
understand the full extent of the determinants of 
energy metabolism, and the compliance of the 
human body to the first law of thermodynamics. 
 

COMPETING INTERESTS 
 

Author has declared that no competing interests 
exist. 
 

REFERENCES 
 

1. Hochstein S, Rauschenberger P, Weigand 
B, Siebert T, Schmitt S, Schlicht W, 
Převorovská S, Maršík F. Assessment of 
physical activity of the human body 
considering the thermodynamic system. 
Computer methods in biomechanics and 
biomedical engineering. 2016;19(9):923-
33.  
DOI: 10.1080/10255842.2015.1076804. 

2. Hall KD, Heymsfield SB, Kemnitz JW, 
Klein S, Schoeller DA, Speakman JR. 
Energy balance and its components: 
implications for body weight regulation 
[Published correction appears 
in.  American Journal of Clinical Nutrition. 
2012;96(2):448]. 2012;95(4):989-994.  
DOI: 10.3945/ajcn.112.036350. 

3. Keesey RE, Powley TL. Body energy 
homeostasis. Appetite. 2008;51(3):442-
445.  
DOI: 10.1016/j.appet.2008.06.009 

4. Alpert SS. Growth, thermogenesis, and 
hyperphagia. The American journal of 
clinical nutrition. 1990;52(5):784-92.  
DOI: 10.1093/ajcn/52.5.784  

https://doi.org/10.1093/ajcn/52.5.784


 
 
 
 

Ekeagwu; CJAST, 40(25): 36-41, 2021; Article no.CJAST.72860 
 

 

 
41 

 

5. Fung J. The Obesity Code: Unlocking         
the Secrets of Weight Loss (Why 
Intermittent Fasting Is the Key to 
Controlling Your Weight). Greystone 
Books; 2016 Mar 3. 

6. Broskey, Nicholas T., Darcy Johannsen, 
and Leanne Redman. "Regulation of body 
weight in humans."; 2015. 

7. Tschoegl NW. Fundamentals of equilibrium 
and steady-state thermodynamics. 
Elsevier; 2000 Feb 14.  
DOI:https://doi.org/10.1016/B978-0-444-
50426-5.X5000-9 

8. Mozaffarian D, Hao T, Rimm EB, Willett 
WC, Hu FB. Changes in diet and lifestyle 
and long-term weight gain in women and 
men. New England Journal of Medicine. 
2011;364(25):2392-404.  
DOI: 10.1056/NEJMoa1014296. 

9. Ebbeling CB, Swain JF, Feldman HA, 
Wong WW, Hachey DL, Garcia-Lago E, 
Ludwig DS. Effects of dietary composition 
on energy expenditure during weight-loss 
maintenance. Journal of the American 
Medical Association. 2012;307(24):2627-
34.  
DOI: 10.1001/jama.2012.6607 

10. Ludwig DS, Hu FB, Tappy L, Brand-Miller 
J. Dietary carbohydrates: role of quality 
and quantity in chronic disease. British 
Medical Journal. 2018;361. 

11. Buchholz AC, Schoeller DA. Is a calorie a 
calorie?. The American journal of clinical 
nutrition. 2004;79(5) 

12. Feinman RD, Fine EJ. "A calorie is a 
calorie" violates the second law of 
thermodynamics. Nutrition Journal. 
2004;3(1):1-5.  
DOI: 10.1186/1475-2891-3-9 . 

13. Samuel VT. Fructose induced lipogenesis: 
from sugar to fat to insulin resistance. 
Trends in Endocrinology & Metabolism. 
2011;22(2):60-5.  
DOI: 10.1016/j.tem.2010.10.003  

14. Page KA, Chan O, Arora J, Belfort-
DeAguiar R, Dzuira J, Roehmholdt B, Cline 
GW, Naik S, Sinha R, Constable RT, 
Sherwin RS. Effects of fructose vs glucose 
on regional cerebral blood flow in brain 
regions involved with appetite and reward 
pathways. Journal of the American Medical 
Association. 2013;309(1):63-70.  
DOI: 10.1001/jama.2012.116975  

15. Jenkins DJ, Wolever TM, Taylor RH, 
Barker H, Fielden H, Baldwin JM, Bowling 
AC, Newman HC, Jenkins AL, Goff DV. 
Glycemic index of foods: a physiological 
basis for carbohydrate exchange. The 
American Journal of Clinical Nutrition. 
1981;34(3):362-6.  
DOI: 10.1093/ajcn/34.3.362  

16. Thomas D, Elliott EJ, Baur L. Low 
glycaemic index or low glycaemic load 
diets for overweight and obesity. Cochrane 
Database of Systematic Reviews. 2007; 
3:CD005105 .  
DOI: 10.1002/14651858.CD005105.pub2  

17. Brand-Miller J, Buyken AE. The glycemic 
index issue. Current Opinion in Lipidology. 
2012;23(1):62-7. 

18. Johnstone AM, Murison SD, Duncan JS, 
Rance KA, Speakman JR. Factors 
influencing variation in basal metabolic rate 
include fat-free mass, fat mass, age, and 
circulating thyroxine but not sex, circulating 
leptin, or triiodothyronine. The American 
Journal of Clinical Nutrition. 2005;82(5): 
941-8.  
DOI: 10.1093/ajcn/82.5.941  

19. Westerterp KR. Physical activity and 
physical activity-induced energy 
expenditure in humans: measurement, 
determinants, and effects. Frontiers in 
Physiology. 2013;4:90.  
DOI: 10.3389/fphys.2013.00090  

20. De Jonee L, Bray GA. The thermic effect of 
food and obesity: a critical review. Obesity 
research. 1997;5(6):622-31. 

_________________________________________________________________________________ 
© 2021 Ekeagwu; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle4.com/review-history/72860 

https://doi.org/10.1016/B978-0-444-50426-5.X5000-9
https://doi.org/10.1016/B978-0-444-50426-5.X5000-9
https://doi.org/10.1186/1475-2891-3-9
https://doi.org/10.1016/j.tem.2010.10.003
https://doi.org/10.1001/jama.2012.116975
https://doi.org/10.1093/ajcn/34.3.362
https://doi.org/10.1002/14651858.cd005105.pub2
https://doi.org/10.1093/ajcn/82.5.941
https://doi.org/10.3389/fphys.2013.00090
http://creativecommons.org/licenses/by/4.0

