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Abstract 

The widespread adoption of heating and air conditioning has reduced human exposure 
to thermal variability, potentially diminishing thermoregulatory energy expenditure. This 
paper investigates whether modest reductions in environmental temperature control 
can meaningfully influence energy balance and, specifically, visceral adiposity. Using a 
combined framework of energy balance modelling, thermogenic physiology, and the 
concept of the Personal Fat Threshold (PFT), the study quantifies the likely magnitude of 
thermal effects under real-world conditions. 

Mathematical modelling suggests that mild cold exposure (e.g., reducing indoor 
temperature by 2–4°C for several hours daily) may increase energy expenditure by 
approximately 50–150 kcal/day. However, behavioural and hormonal compensation 
substantially attenuate this effect. Crucially, visceral fat accumulation is shown to be 
governed primarily by fat storage capacity rather than total fat mass alone, with thermal 
exposure influencing outcomes only indirectly. 

The findings indicate that thermal modulation may contribute modestly to fat reduction, 
particularly near threshold conditions, but is insufficient as a primary intervention. It is 
therefore best understood as a supplementary strategy within a broader framework 
centred on energy balance, muscle preservation, and behavioural regulation. 

 

1. Introduction 

The global rise in obesity and metabolic disease has prompted extensive investigation 
into the determinants of fat accumulation, with particular emphasis on visceral and 
ectopic adiposity, which are more strongly associated with cardiometabolic risk than 
total body mass (Després, 2012; Neeland et al., 2019). While dietary intake and physical 
activity remain the dominant factors governing energy balance, increasing attention has 
been directed toward environmental modifiers of energy expenditure, including ambient 
temperature. 

In pre-industrial contexts, humans were routinely exposed to fluctuating thermal 
environments, requiring continuous physiological adaptation. In contrast, modern 
populations spend the majority of time within a narrow thermal range facilitated by 
central heating and air conditioning systems (Johnson et al., 2011). This has effectively 
minimised the energetic cost of thermoregulation by maintaining conditions close to 
the thermoneutral zone (TNZ), within which metabolic rate is at or near basal levels 
(Bligh and Johnson, 1973). 



This transition raises a quantifiable question of both physiological and public health 
relevance: 

To what extent does the reduction of thermoregulatory demand—via environmental 
temperature control—decrease daily energy expenditure, and can reversing this through 
modest thermal exposure meaningfully influence fat storage, particularly visceral 
adiposity? 

To address this question rigorously, it is necessary to move beyond qualitative 
assertions and establish a mathematical framework for estimating the energetic 
consequences of realistic changes in ambient temperature. 

 

1.1 Modelling Thermoregulatory Energy Expenditure 

Total daily energy expenditure (TDEE) can be expressed as: 

TDEE = BMR + TEF + PAEE + AT 

Where: 

• BMR = Basal metabolic rate 

• TEF = Thermic effect of food 

• PAEE = Physical activity energy expenditure 

• AT = Adaptive thermogenesis (including thermoregulation) 

Thermoregulatory energy expenditure is primarily captured within adaptive 
thermogenesis (AT), which varies as a function of ambient temperature deviation from 
the thermoneutral zone. 

A simplified linear approximation, supported by experimental data under mild cold 
exposure, can be expressed as: 

 

Where: 

 



Empirical studies suggest that under mild cold exposure (16–19°C), the thermogenic 
coefficient (k) typically lies within: 

 

depending on body composition, acclimatisation, and clothing (van Marken Lichtenbelt 
et al., 2009; Kingma et al., 2012). 

 

1.2 Defining a “Sensible Reduction” in Heating 

For practical relevance, this paper defines a “sensible reduction” in heating or cooling 
as: 

• A decrease of 2–4°C from typical indoor settings 

• Sustained for 6–12 hours per day 

• Without inducing discomfort, shivering, or behavioural compensation 

For example: 

• Standard heated indoor temperature: 22°C 

• Reduced temperature: 18°C 

• Temperature differential: 

 

 

However, this represents an upper-bound estimate under controlled conditions. 
Real-world adjustments—such as clothing, posture, and partial exposure—
substantially reduce this value. Empirical observations suggest a more realistic 
range of: 



 

(Yoneshiro et al., 2013; van Marken Lichtenbelt et al., 2009) 

 

1.3 Translating Energy Expenditure into Fat Loss Potential 

To assess the potential impact on fat storage, energy expenditure must be translated 
into fat mass equivalents. 

A commonly used approximation is: 

 

However, this linear model overestimates long-term fat loss, as metabolic adaptation 
reduces energy expenditure over time (Hall et al., 2012; Speakman and Hall, 2021). 
More realistic dynamic models suggest: 

• Approximately 2–4 kg/year equivalent, assuming no compensatory increase in 
intake 

 

1.4 Constraints: Behavioural and Physiological Compensation 

The above calculations assume no compensatory mechanisms, which is rarely the case 
in free-living humans. 

Cold exposure is associated with: 

• Increased appetite and caloric intake 

• Reduced spontaneous physical activity 

• Behavioural thermoregulation (e.g., clothing, posture) 

(Westerterp-Plantenga et al., 2002) 



Thus, the effective energy deficit may be substantially attenuated: 

 

significant proportion of the themogenic increase. 

 

1.5 Implications for Visceral Fat Reduction 

Crucially, even if a modest energy deficit is achieved, its effect on visceral fat is indirect. 

As established in metabolic research: 

• Visceral fat accumulation reflects overflow beyond subcutaneous storage 
capacity 

• It is governed primarily by chronic energy surplus and impaired glucose handling 

(Taylor and Holman, 2015; Neeland et al., 2019) 

Therefore: 

• Thermal exposure does not selectively target organ fat 

• Any reduction in visceral fat occurs only through overall energy balance 
improvements 

 

1.6 Framing Thermal Modulation as a Secondary Intervention 

The mathematical and physiological considerations presented here lead to a clear 
framing: 

• Mild thermal stress can produce a measurable but modest increase in energy 
expenditure 

• The magnitude is small relative to diet and physical activity 

• The effect is highly susceptible to behavioural compensation 

Accordingly, reducing reliance on heating and air conditioning may be considered: 

A secondary, low-intensity intervention that contributes marginally to energy balance, 
but is insufficient as a primary strategy for reducing visceral adiposity. 

This framing aligns with broader evidence emphasising: 



• Muscle mass preservation 

• Nutritional control 

• Sustainable behavioural change 

as the principal determinants of long-term metabolic health. 

 

2. Introduction to Part II 

Part I established that mild reductions in environmental temperature can produce a 
quantifiable but modest increase in energy expenditure, typically in the range of 50–200 
kcal/day under realistic conditions. However, the translation of this increased 
expenditure into meaningful reductions in fat mass—particularly visceral adiposity—
depends critically on underlying physiological mechanisms and behavioural responses. 

This section examines three key domains: 

1. Adipose tissue heterogeneity, with particular focus on brown adipose tissue 
(BAT) and its thermogenic capacity 

2. Endocrine responses to thermal stress, including thyroid hormones, leptin, and 
ghrelin 

3. Behavioural and metabolic compensation, which may attenuate or negate 
thermogenic benefits 

Together, these factors determine whether thermal exposure represents a viable 
adjunct in metabolic health interventions or remains physiologically marginal. 

 

2.1 Adipose Tissue Heterogeneity and Thermogenic Function 

2.1.1 White, Brown, and Beige Adipose Tissue 

Adipose tissue is not a homogeneous entity but comprises multiple phenotypically and 
functionally distinct depots: 

• White adipose tissue (WAT) 

o Primary role: energy storage (triglycerides) 

o Low mitochondrial density 

o Dominant contributor to total fat mass 

• Brown adipose tissue (BAT) 

o Primary role: heat production (thermogenesis) 



o High mitochondrial density 

o Expresses uncoupling protein 1 (UCP1) 

• Beige (brite) adipocytes 

o Inducible thermogenic cells within WAT 

o Exhibit BAT-like properties under stimulation 

(Cannon and Nedergaard, 2004; Rosen and Spiegelman, 2014) 

The thermogenic capacity of BAT arises from mitochondrial uncoupling: 

 

This process increases energy expenditure without contributing to mechanical work. 

 

2.1.2 BAT in Adult Humans: Quantity and Variability 

Historically believed to be negligible in adults, BAT has now been confirmed using 
positron emission tomography–computed tomography (PET-CT) imaging (Cypess et al., 
2009; van Marken Lichtenbelt et al., 2009). 

However, its mass and activity vary widely: 

• Typical detectable BAT mass: ~50–150 g 

• Greater prevalence in: 

o Younger individuals 

o Lean individuals 

o Females 

• Reduced presence in: 

o Older adults 

o Individuals with obesity 

(Lee et al., 2010) 

This variability has significant implications for the inter-individual response to cold 
exposure. 

 

2.1.3 Quantifying BAT-Mediated Energy Expenditure 



BAT activation during cold exposure can increase energy expenditure. Estimates 
suggest: 

• ~10–20% increase in resting metabolic rate (RMR) under controlled cold 
exposure 

(van Marken Lichtenbelt et al., 2009) 

However, in absolute terms: 

• This corresponds to approximately 100–300 kcal/day in optimal responders 

• Lower in individuals with reduced BAT activity 

To formalise: 

 

This reinforces the conclusion that BAT contributes incrementally rather than 
dominantly to total energy expenditure. 

 

2.2 Hormonal Regulation Under Thermal Stress 

Thermal exposure triggers a coordinated endocrine response involving multiple 
hormonal axes. 

 

2.2.1 Thyroid Hormones and Metabolic Rate 

The hypothalamic–pituitary–thyroid (HPT) axis plays a central role in thermoregulation. 

Cold exposure stimulates: 

• Increased thyroid-stimulating hormone (TSH) 



• Elevated triiodothyronine (T3) 

These hormones: 

• Increase basal metabolic rate 

• Enhance mitochondrial activity 

• Facilitate thermogenesis 

(Silva, 2006) 

However, the magnitude of this response under mild cold exposure is limited, and 
sustained activation may be attenuated through adaptation. 

 

2.2.2 Leptin and Energy Homeostasis 

Leptin, produced by adipocytes, regulates: 

• Appetite 

• Energy expenditure 

• Thermogenesis 

Cold exposure has been shown to: 

• Reduce circulating leptin levels 

• Potentially increase appetite 

(Kozak, 2010) 

This introduces a compensatory mechanism: 

 

2.2.3 Ghrelin and Appetite Stimulation 

Ghrelin, the “hunger hormone,” is responsive to energy deficit and environmental stress. 

Cold exposure may: 

• Increase ghrelin secretion 

• Enhance hunger signals 

(Westerterp-Plantenga et al., 2002) 



Thus, thermogenic energy expenditure may be offset by increased caloric intake. 

 

2.3 Behavioural and Metabolic Compensation 

2.3.1 Behavioural Thermoregulation 

Humans actively modify their environment and behaviour to minimise thermal stress: 

• Wearing additional clothing 

• Reducing exposed surface area 

• Seeking warmer environments 

• Reducing physical movement 

These responses reduce effective exposure time (t) in thermogenic models: 

 

2.3.2 Reduced Physical Activity 

Cold exposure may lead to: 

• Decreased spontaneous movement 

• Lower non-exercise activity thermogenesis (NEAT) 

Levine (2004) demonstrated that NEAT can vary by: 

• ~200–800 kcal/day between individuals 

Thus, even small reductions in activity can offset thermogenic gains. 

 

2.3.3 Appetite Compensation and Energy Intake 

As noted, increased energy expenditure often triggers: 

 

(Speakman and Westerterp, 2010) 

Thus: 



 

2.4 Heat Exposure and Air Conditioning Reduction 

While cold exposure has received greater attention, reduced use of air conditioning 
introduces heat stress, which has distinct metabolic effects. 

2.4.1 Energy Cost of Heat Exposure 

Heat exposure primarily induces: 

• Sweating 

• Increased cardiovascular load 

However: 

• The energetic cost of sweating is relatively low 

• Heat does not significantly increase metabolic rate 

(Kenny and Jay, 2013) 

Thus: 

 

2.4.2 Impact on Physical Activity 

Heat may reduce: 

• Physical activity levels 

• Exercise tolerance 

This may lead to: 

 

Therefore, reducing air conditioning may: 

• Decrease overall energy expenditure, particularly in hot climates 



 

2.5 Integrative Model of Thermal Modulation 

Combining the above components, the net effect of thermal exposure can be expressed 
as: 

 

 

2.6 Implications for Visceral Fat Reduction 

Given that: 

• Visceral fat accumulation is driven by chronic energy surplus 

• Muscle mass and glucose handling are primary regulators 

(DeFronzo and Tripathy, 2009; Taylor and Holman, 2015) 

Thermal exposure: 

• Does not selectively target visceral fat 

• Produces only indirect and limited effects 

In contrast: 

• Resistance training 

• Nutritional control 

• Sleep and stress regulation 

have substantially larger and more direct impacts. 

 

2.7 Discussion (Part II Conclusion) 

This section reinforces and extends the conclusions of Part I: 



1. Brown adipose tissue contributes to thermogenesis, but its total capacity is 
limited in adults 

2. Hormonal responses to cold may promote compensatory eating, reducing net 
energy deficit 

3. Behavioural adaptations significantly attenuate thermogenic effects 

4. Heat exposure is metabolically weaker and may reduce activity levels 

Accordingly, thermal modulation should be understood as: 

A biologically real but quantitatively modest contributor to energy balance, whose 
effects are frequently neutralised by compensatory mechanisms. 

 

3. Introduction to Part III 

Parts I and II established that: 

• Mild thermal exposure produces limited increases in energy expenditure 

• These increases are often offset by behavioural and hormonal compensation 

• Thermogenic pathways (e.g. BAT activation) are quantitatively modest in adults 

However, a critical unresolved issue remains: 

Why do some individuals develop metabolic disease at relatively low body weight, while 
others remain metabolically healthy at higher levels of adiposity? 

This question cannot be answered solely through total energy balance. Instead, it 
requires a framework that accounts for fat distribution capacity and overflow into 
ectopic compartments. 

This section formalises the concept of the Personal Fat Threshold (PFT) and integrates it 
into a mathematical model of fat storage, with particular attention to visceral and organ 
fat accumulation. 

 

3.1 The Personal Fat Threshold (PFT) Framework 

3.1.1 Conceptual Definition 

The Personal Fat Threshold (PFT) represents the maximum capacity of an individual to 
store fat safely within subcutaneous adipose tissue before excess energy is diverted to 
ectopic depots, including: 

• Liver (hepatic steatosis) 



• Pancreas 

• Skeletal muscle 

• Visceral adipose tissue 

(Taylor and Holman, 2015) 

Formally: 

 

3.1.2 Determinants of PFT 

PFT is not fixed but varies according to: 

• Genetics 

• Ethnicity (lower thresholds observed in South Asian and Black populations) 

• Adipocyte number and expandability 

• Hormonal environment 

• Early-life metabolic programming 

(Neeland et al., 2019) 

Thus, two individuals with identical BMI may have: 

• Vastly different metabolic risk profiles 

• Different propensities for visceral fat accumulation 

 

3.2 Mathematical Model of Fat Storage and Overflow 

To formalise fat accumulation, we define: 



 

3.2.1 Partitioning Fat Storage 

We introduce a partition function: 

 

3.2.2 Visceral Fat Accumulation Function 

A simplified proportional model: 

 

Empirical data suggest that visceral fat increases non-linearly once overflow begins 
(Després, 2012), which can be approximated by: 



 

3.3 Integration with Thermal Energy Modulation 

We now integrate thermoregulation into the energy balance equation: 

 

3.3.1 Effect on Total Fat Mass 

Substituting: 

 

 



3.3.2 Impact Relative to PFT 

The critical question becomes: 

Does this reduction meaningfully shift an individual below their personal fat threshold? 

Define: 

 

3.3.3 Threshold Sensitivity 

Consider two individuals: 

 

→ Significant reduction in visceral fat burden 



Thus: 

Thermal exposure may have disproportionate benefits only when it contributes to 
crossing below the PFT boundary. 

 

3.4 Explaining “Lean Diabetes” 

The PFT model provides a framework for understanding why: 

Individuals with normal BMI may develop type 2 diabetes 

(Taylor and Holman, 2015) 

 

Despite low total fat mass: 

• Visceral fat accumulation occurs 

• Insulin resistance develops 

Thermal modulation in this context: 

• Produces small reductions in total fat 

• May reduce overflow slightly 

• But does not address underlying capacity limitations 

 

3.5 Muscle Mass as a Modulating Variable 

We extend the model by incorporating muscle-mediated glucose disposal: 



 

This reinforces that: 

Muscle mass exerts a stronger influence on fat distribution than thermal exposure. 

(DeFronzo and Tripathy, 2009) 

 

3.6 Boundary Conditions and Biological Limits 

The PFT model suggests the existence of biological boundaries in fat storage: 

• Adipocyte expandability is finite 

• Lipid buffering capacity is limited 

• Beyond these limits, pathology emerges 

This aligns with broader constrained models of biological systems, in which: 

• Variation occurs within defined limits 

• Structural thresholds govern system behaviour 

Thus, thermal modulation operates within these constraints, and cannot override them. 

 

3.7 Discussion (Part III Conclusion) 

This section establishes several critical insights: 



1. Fat distribution—not total fat—is the primary determinant of metabolic risk 

2. The Personal Fat Threshold provides a mechanistic explanation for variability in 
disease onset 

3. Thermal exposure influences energy balance but: 

o Does not alter PFT 

o Does not directly target visceral fat 

4. Its effectiveness depends on: 

o Magnitude of energy deficit 

o Proximity to threshold boundaries 

Accordingly: 

Thermal modulation may contribute modestly to reducing visceral fat only when it 
assists in bringing total fat mass below an individual’s personal fat threshold. 

However, its effect remains: 

• Secondary 

• Indirect 

• Subordinate to dominant metabolic determinants 

 

4. Introduction to Part IV 

The preceding sections have established that: 

• Thermoregulatory energy expenditure is measurable but modest 

• Brown adipose tissue contributes incrementally to energy balance 

• Hormonal and behavioural compensations frequently attenuate net effects 

• Fat distribution is governed by personal storage thresholds rather than total 
mass alone 

This final section translates these theoretical and physiological insights into real-world 
contexts, with particular attention to: 

1. Household-level behavioural changes 

2. Seasonal and geographic variability (with UK-relevant modelling) 

3. Clinical and public health implications 



4. Limitations of current evidence and directions for future research 

 

4.1 Real-World Modelling: Household Thermal Adjustment 

4.1.1 Baseline Assumptions 

To evaluate the practical implications of reducing heating or air conditioning, we model 
a typical scenario: 

• Location: United Kingdom 

• Heating season: ~6 months/year 

• Standard indoor temperature: 21–22°C 

• Reduced temperature: 18–19°C 

• Daily exposure: 8–12 hours 

From earlier sections: 

 

4.1.2 Annualised Energy Impact 

Assuming: 



• Conservative estimate: 75 kcal/day 

• Duration: 180 days/year 

 

4.1.3 Sensitivity Analysis 

Scenario kcal/day Annual fat reduction (kg) Realistic adjusted (kg) 

Minimal change 50 1.2 ~0.8 

Moderate change 75 1.75 ~1.2 

Optimistic 150 3.5 ~2.0 

This demonstrates that even under favourable assumptions: 

The magnitude of fat reduction attributable to thermal adjustment alone is modest. 

 

4.2 Comparison with Primary Interventions 

To contextualise these findings, we compare thermal modulation with established 
interventions: 

Intervention 
Typical daily 
deficit 

Annual fat loss (realistic) 

Mild cold exposure 50–150 kcal 1–2 kg 

Walking (30 min/day) 150–250 kcal 2–4 kg 

Resistance training + metabolic 
effects 

Variable 
High impact on fat 
distribution 

Dietary adjustment (e.g. −300 
kcal/day) 

300 kcal 4–6 kg 



(Hall et al., 2012; Swift et al., 2014) 

Thus: 

Thermal modulation is quantitatively inferior to both dietary and physical activity 
interventions. 

 

4.3 Seasonal and Behavioural Variability 

4.3.1 Seasonal Effects 

Energy expenditure varies seasonally: 

• Winter: 

o Increased thermogenic demand 

o Reduced physical activity 

• Summer: 

o Increased activity (potentially) 

o Reduced thermogenic demand 

However: 

• Increased caloric intake during colder months 

• Holiday-related dietary excess 

may offset any thermogenic advantage. 

 

4.3.2 Behavioural Constraints in Free-Living Populations 

Real-world adherence is limited by: 

• Comfort preferences 

• Cultural norms 

• Occupational constraints 

• Vulnerable populations (elderly, children) 

Thus, sustained thermal exposure is often: 

• Inconsistent 

• Moderated by clothing and environment 



 

4.4 Clinical Implications 

4.4.1 Role as an Adjunct Intervention 

Thermal modulation may be appropriately positioned as: 

• A low-cost, passive intervention 

• A behaviourally light modification 

• A complementary strategy alongside primary interventions 

Particularly in: 

• Sedentary individuals 

• Early-stage metabolic dysfunction 

• Weight maintenance phases 

 

4.4.2 Limitations in Clinical Application 

Thermal exposure is unlikely to: 

• Produce clinically significant weight loss independently 

• Reverse established visceral adiposity 

• Replace structured interventions 

Moreover, excessive cold exposure may: 

• Increase cardiovascular strain 

• Pose risks to vulnerable populations 

(Kenny and Jay, 2013) 

 

4.4.3 Interaction with Muscle and Glucose Metabolism 

As established in earlier sections: 

• Muscle mass governs glucose disposal capacity 

• Loss of muscle promotes fat deposition in organs 

Thus: 



Any intervention that does not address muscle mass is inherently limited in its impact 
on metabolic health. 

Thermal modulation: 

• Does not directly increase muscle mass 

• Does not enhance glucose uptake capacity 

 

4.5 Public Health and Environmental Considerations 

4.5.1 Energy Consumption and Sustainability 

Reduced reliance on heating and air conditioning may: 

• Lower household energy consumption 

• Reduce carbon emissions 

• Contribute to environmental sustainability 

This introduces a dual benefit: 

 

4.5.2 Population-Level Impact 

At scale, even small individual effects may aggregate: 

• If 10 million individuals reduce energy expenditure by 1 kg/year: 

 

However: 

• Behavioural variability reduces uniformity 

• Socioeconomic disparities affect feasibility 

 

4.6 Limitations of Current Evidence 

Several limitations constrain the interpretation of thermal modulation effects: 

4.6.1 Experimental vs Real-World Conditions 



• Many studies conducted under controlled laboratory conditions 

• Limited ecological validity 

4.6.2 Short-Term Study Duration 

• Few long-term (>1 year) studies 

• Adaptation effects not fully characterised 

4.6.3 Individual Variability 

• BAT variability 

• Genetic differences 

• Age-related decline in thermogenic capacity 

 

4.7 Future Research Directions 

Further investigation is required in: 

1. Long-term cold exposure studies in free-living populations 

2. Integration of thermal exposure with exercise interventions 

3. Quantification of visceral fat response (via MRI/CT imaging) 

4. Exploration of PFT variability across populations 

5. Interaction between thermal stress and dietary composition 

 

4.8 Final Synthesis and Conclusion 

The central question of this paper was: 

Can reducing reliance on heating and air conditioning meaningfully influence fat 
storage, particularly visceral adiposity? 

The evidence supports the following conclusions: 

 

4.8.1 Thermoregulation and Energy Expenditure 

• Mild thermal exposure increases energy expenditure by: 

 

• This effect is: 



o Physiologically real 

o Quantitatively modest 

 

4.8.2 Compensation and Attenuation 

• Hormonal responses increase appetite 

• Behavioural adaptations reduce exposure 

• Net energy deficit is often: 

 

 

4.8.3 Fat Distribution and Threshold Effects 

• Visceral fat accumulation is governed by: 

o Energy surplus 

o Personal fat threshold 

• Thermal exposure: 

o Does not alter storage capacity 

o Does not selectively reduce organ fat 

 

4.8.4 Relative Importance of Interventions 

• Diet and physical activity remain dominant determinants 

• Muscle mass is critical for metabolic regulation 

• Thermal modulation is: 

o Secondary 

o Adjunctive 

o Limited in isolation 

 

4.8.5 Final Position 

Accordingly, this paper concludes: 



Reducing the use of heating and air conditioning may contribute modestly to energy 
expenditure and, under sustained conditions, produce small reductions in total fat 
mass. However, its effect on visceral adiposity is indirect, limited, and highly contingent 
on broader metabolic factors. It should therefore be regarded as a supplementary 
strategy within a comprehensive framework centred on energy balance, muscle 
preservation, and behavioural regulation. 
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