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Thermal energy 

PHY 555 – Energy & Environment 

Erik Johnson, Mathieu de Naurois, Daniel Suchet 



Today’s menu 
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Heat = 50% TFC 
(+ losses in conversion) 

Is it possible to reach  
the same temperatures  

with less heat ? 

Is it possible to provide heat  
from different sources ? 

Is it possible to recover  
the energy lost as heat? 



Hot reminders 
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Exergy : in a given environment, how 
much work can be recovered from the 
provided heat? 

All heats are not equal!  

Heat is not stored. Thermal energy is.  

Heat [J] is not temperature [K]  
(even though heat is often used to increase temperature) 



Lecture 8 – thermal energy 

I. Overview of heat consumption (what, why, how much ?) 

 

II. Heat conduction 
• Heat transfer & heat equation 

• Insulation 101 

• Thermal energy management 

 

III. Heat generation 
• Geothermal energy 

• Heat pump 

• Combined heat and power generation 
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The roof, the roof, the roof is on fire 
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Industrial heat 
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High temperatures are required to reduce oxides 

2C+O2 = 2CO 

C+O2 = CO2 

2CO+O2 = 2CO2 

Ellington diagram : ΔG versus T 



Domestic heat 
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Average residential consumption per capita in France (data : CEREN (2019)) 

30 W 



French heat regulation 
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RT 2012 
Values in primary energy 
     1 kWh final   
 = 2.58 kWh for electricity 
 = 1 kWh for other vectors 

RT 2020 
Values in primary energy 
     1 kWh final   
 = 2.3 kWh for electricity 
 = 1 kWh for other vectors 



French heat regulation (cont’d) 
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Coriolis Seminar 
(January 2021) ! 



Heating and cooling 
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Global air conditioner stock [Million units] 

Today : 
Air conditioners  
and electric fans  

= 20% buildings electricity 

Data: RTE 

2050:  
The share of space cooling 

in total electricity use in 
buildings grows to 30%. 

Cooling becomes the 
strongest driver of growth 

in buildings electricity 
demand, responsible for 
40% of the total growth  



Cooling 

11 Jevon’s paradox again ! 



Perspective for domestic heating and cooling 
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Heating and cooling technologies’ contribution to CO2 emissions reduction  
World energy outlook, 2021 
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Heat loss mechanisms 
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Source: thermtest 

Newton’s cooling law 

Stefan’s law 

Fourier’s law 

See PC 8 

Evaporative cooling 



Heat loss scaling laws 
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 Heat is exchanged through the interface with the environment  

 Heat is produced in the volume of the system 

More surface means more losses 

More volume means more production 

The effect of size on efficiency:  
Power plants and vascular designs 

Actual exponent is still debated 



Heat conduction – Fourier’s law 

Thermal conductivity [W/K/m2] 

Gradient in temperature → flow of heat 

Gradient in potential(s) → flow of conjugated quantity(ies) 



Heat equation 
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Fourier’s law 

Energy conservation 

Heat capacity 

Heat equation Diffusion coefficient 

Typical diffusion behavior 

Scaling 
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Heat equation 
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Fourier’s law 

Energy conservation 

Heat capacity 

Heat equation Diffusion coefficient 

Typical diffusion behavior 

Scaling 

with 

x 

Te
m

p
er

at
u

re
 



Lecture 8 – thermal energy 

I. Overview of heat consumption (what, why, how much ?) 

 

II. Heat conduction 
• Heat transfer & heat equation 

• Insulation 101 

• Thermal energy management 

 

III. Heat generation 
• Geothermal energy 

• Heat pump 

• Combined heat and power generation 
19 

Three direct consequences : 
• Thermal resistance 
• Thermal inertia 
• Thermal comfort 

Two indirect consequences : 
• Thermal energy transmission 
• Thermal energy storage 



Stationnary state - Thermal resistance 
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Steady state 

We want to maintain a different temperature inside as compared to outside. 
What is the heat flow that must be sustained? 

Linear temperature profile 

Heat density of flux 

Heat flow 

Heat resistivity 

See PC 6 



Series resistance 
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Heat flow 

Flow continuity 

Equivalent resistance 

We want to maintain a different temperature inside as compared to outside. 
What is the heat flow that must be sustained? 

See PC 6 



Insulation 

Adding more layers will decrease the heat flow 

Thick layers with low conductivity 

Complementary approach: thermal transmittance [W/m²/K] 

Wall insulation 
Aim U ~ 0.2 W/m²/K 

Pipe insulation 
Current regulation : T < 60°C 

λ is actually  
temperature dependent ! 



Insulation – trade off 

+ Transparent to visible light 
+ Transparent to solar heat 

Window: not just insulation ! 
U: thermal transmittance 
 Ug = glazing only 
 Uw = full window 

S, g, F: Solar IR transmission  

LT : Optical transmission 

Heat loss 

Grey energy 

Total energy 

Increasing insulation thickness 

Return on investment 



Parallel resistance 
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Heat flows 

Flow additivity 

Equivalent resistance 

We want to maintain a different temperature inside as compared to outside. 
What is the heata flow that must be sustained? 

See PC 6 



Thermal bridge 
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Small resistance // large resistance = small resistance 

Why is insulation difficult 
Practical application: where is the thermal bridge? 



Law of the minimum 
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“You are dealing, you see, with the law of the minimum […] Growth is 

limited by that necessity which is present in the least amount. And, 

naturally, the least favorable condition controls the growth rate. ” 

Liet Kynes, imperial planetologist 

If the window is already more insulated than the wall, 
 there is no point adding a triple glazing… 



Periodic forcing 
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Day / night cycle 

Impact of external variations ? 
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Summer / winter cycle 

Skin depth 

Increases with conductivity 

Decreases with frequency 



Periodic forcing – skin depth 
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Day / night cycle 

Impact of external variations ? 
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Summer / winter cycle 

Skin depth 

Increases with conductivity 

Decreases with frequency 

Damping Dephasing 



Thermal inertia 

Day-night cycles 
→ δ = 10 cm 

Earth walls 

ρ = 1600 kg/m3 

C = 1 kJ/kg/K 

λ = 0,65 W/m/K 

Seasonal cycles 
→ δ ~1 m 



Temperature quench - effusivity 
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What happens when 2 systems at 2 different temperatures are put in contact? 

After a long time Before contact Right after contact 

? 



Temperature quench - effusivity 
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What happens when 2 systems at 2 different temperatures are put in contact? 

Effusivity 

The material with the largest effusivity  
imposes its temperature Before contact Right after contact 

? 



Thermal comfort 
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Thermal comfort 

33 



Sum up 
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Heat conductivity Diffusion coefficient Thermal resistance Skin depth Effusivity 
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Three direct consequences : 
• Thermal resistance 
• Thermal inertia 
• Thermal comfort 

Two indirect consequences : 
• Thermal energy transmission 
• Thermal energy storage 



Heat distribution 
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Small difference bewteen conducting and insulating material 

Exploiting waste heat potential by long distance heat transmission 

Transmission  
and distribution loss 

  
Power : 8% 

Heat : 4 – 20% 

Conductors 106 x D [m²/s] Insulator 106 x D [m²/s] 

Steel 12 Concrete 0,42 

Silver 171 Wood 0,45 

Copper 114 Granit 1,10 

Brass 33 Glass 0,58 

By constrat, 
Electrical conductivity [S/m] 

Silver ~ 107 

Quartz ~ 10-18 

Heat transport through convection, 
not diffusion 

Steam : 120 – 250°C 
 3-5 km 
 
Water : 90 – 175°C 
 30 km 



Heat (and cold) storage 
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Qin Heat storage 

To Q 

To P 

Cold storage Qout Qin 



Thermal Energy Storage (TES) 
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Sensible heat 
(change T) 

Water tank 

Molten salts 

Solid state (bricks…) 

Underground (Borehole, aquifer…) 

Latent heat 
(change phase) 

Phase change at constant temperature 

Much larger density 

Melt 1kg of ice == 1kg of water 0°C → 80°C 

Chemical looping (CaCO3 ↔ CaO + CO2) 

Sorption based (salt hydratation) 

Thermo chemical 
(reaction) 

Mechanical TES 
(reaction) 

Compressed / liquified air 



Heat storage technologies 
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Aquifer 

Borehole 



Compairing TES technologies 
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Heat generation - alternatives 
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Standard fuels  
Mostly gas 

Renewable heat source 
Solar (Lecture 6) 

Geothermal 

Recover heat wastes 
Combined heat and power (CHP) 

Power to heat 
Toaster (not addressed) 

Heat pump 
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Geothermal ressource 
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Gradient close to the surface : 

Heat flux 

Steven Earle, Physical Geology 

30 K / km 

Total power: 



Geothermal ressource: origin 

Thermal conductivity 
in the crust is typically in the range 2–4.5 W/mK. 

into mantle composition, structure and thermal evolution 

Earth cooling : -5 to 10 K / Myr 

Now with a source term 

Temperature profile: two contributions 

Heat flow at the surface 

Heat produced by  
Radioactive decay 



Geothermal ressource distribution 
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Predicting geographical suitability of geothermal power plants 



Low and high temperatures 
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Low temperature geothermy 

Natural applications 

 Glenwood Springs, Colorado  



Low temperature geothermy 
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Dogger aquifer :  
 15 000 km² large, 1700m deep 
 Temperature : 55°C – 85°C 

Ile de France region:  
 36 installations, 200 000 housings, 500 000 persons 
 1,5 TWh/yr 



Low temperature geothermy 
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Uneven distributions 

Cold bubbles ? (not as bad as expected) 

Simulation after 20 years 

Heat distribution 



Geothermal installed capacity 
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IRENA 



High temperature geothermy 

51 
Wikimedia Commons 

First geothermal plant  
 (1904, Lardarello, Italy) 
 

Most of currently operating plants Most of currently planned plants 

Flash Dry steam Binary 



Example of geothermal power plant 
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Nesjavellir Geothermal Power Station 

25 wells, down to 2km 
Water and steam 190°C 
~1 000 L / s 

Flash  
120 MWe 
+ 1000 L hot water @85°C / second 

Commissioned 1990 as thermal plant 
 upgraded to power plant in 1998 
 further improved capacity 

THE GEOTHERMAL POWER PLANT AT NESJAVELLIR, ICELAND, Ballzus et al., Proceedings World Geothermal Congress 2000  



Geothermal efficiency 

53 

“At best [this definition of efficiency]  
is merely unconventional; at worst it is 
unjustifiable. In my view, it is both.” 
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Heat pumps 
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Spontaneous 

Heat 
pump 

QC QH 

W 

Heat from the cold source 

Entropy coming along 

Heat given to the hot source 

Such that 

Energy conservation 

Leading to 

Refrigerator ‘’efficiency’’ Heat pump ‘’efficiency’’ 



Heat pumps – generic idea 

56 https://www.ehpa.org/technology/types-of-heat-pumps/ 

Air source heat pump Water source heat pumps 

Ground source heat pumps 

(From) 
External reservoir: 

(To) 
Internal reservoir: Water Air 



Heat pump in real conditions 
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Heat pump in practice 
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https://heatpumpingtechnologies.org 
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Entropy 

Iso-enthalpy 

Isobars 

Ideal cycle : 

Heat release by condensation 

Adiabatic decompression 

Heat intake by evaporation 

Adiabatic compression 



Heat pump in practice 
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https://heatpumpingtechnologies.org 
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Entropy 

Iso-enthalpy 

Isobars 

Real cycle : 

Heat release by condensation 

Throttling 

Heat intake by evaporation 

With overheating 

Joule-Thomson (isenthalpic) process 

Adiabatic compression 

Now without liquid droplets 



Refrigerant wish list 
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Thermodynamic properties 

Chemical properties 

Physical properties 

Low boiling T, low freezing T, high critical T  [working T] 
Reachable saturation pressure   [working p]  
High density, large latent heat   [low mass flow] 
Pressures slightly above 1bar    [avoid air inputs] 

Low viscosity 
High thermal conductivity 
Warming & Ozozon depletion potentials 

No reaction with oil / lubricants 
Leakage detection? 
Toxicity 



Refrigerant – ‘‘Freon’’ 
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CFC 
chlorofluorocarbon 

R11 R12 

HCFC 
hydrochlorofluorocarbon 

R22 

Issue : ozone depletion ! 



Refrigerant – ‘‘Freon’’ 
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CFC 
chlorofluorocarbon 

HCFC 
hydrochlorofluorocarbon 

HFC 
hydrofluorocarbon 

HFO 
Hydrofluo - olefins 

R134a 
Ozone Depleting Potential 

0 

R1234yf 

Global warming potential 
< 4 

Ozone Depleting Potential 
0 

Global warming potential 
1430 

HC 
Hydrocarbon 
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CHP - principle 
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Topping cycle system 
Collect heat normally wasted  

over electricity production 

Bottoming cycle system 
Turn wasted heat from industrial processes 

into electricity 

Main idea 
Try not to waste so much heat ! 

Two options 



CHP – equivalent cycle 
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Conventional power plant Combined heat and power 

Heat pump 
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Providing heat at a higher temperature than normal output 
reduces the work produced by the power plant 

As if part of this work was used to power a heat pump ! 



CHP – efficiency (?) 
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CHP - efficiency 
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+ simultaneous use of  

 heat and power 

David MacKay 



CHP - implementation 

CHP requirement 
 
● A ratio of electricity to fuel costs of at least 2.5:1; 
 
● Relatively high requirements for heating and / or cooling (e.g. 
annual demand for at least 5 000 hours); 
 
● The ability to connect to the grid (if present) at a reasonable 
price with the availability of back-up and top-up power at 
reasonable and predictable prices; 
 
● Availability of space for the equipment and (for non-DHC 
related systems) short distances for heat transport. 
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Example of CHP 

Biogas from brewery wastewater treatment 
 + natural gas 
 
Electricity : 400 kW (=20% brewery consumption) 
Heat : 545 kW  
 
Heat used for 
 wastewater preheating 
  brewery's pasteurization process 

“2G Energy inc. was selected to supply and 
install a fully containerized agenitor 212 
thermodynamically optimized MAN-based 
engine with 400 ekW/h or 3,320 MW p.a. 
electrical power and 474 kWh/th thermal 
power output.” 



District heating 
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Typical input 

• waste heat from thermal power stations 

• heat obtained from waste incineration 

• useful waste heat from industrial processes 

• natural geothermal heat sources 

• fuels difficult to manage 

 (wood waste, peat, straw, or olive stones.) 

First modern DH: Lockport, New York in 1877 

Input 

Return 



Example of District heating 
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Nuclear Power Plant in Beznau (Switzerland) 

 2 x 365 MW PWR reactors 

 Commissioned in 1969 

REFUNA District heating network 

 Operating since 1984 

 31 km transmission lines 

 100 km distribution lines 

 2400 consumers 

 Capacity : 76 MWth 

 Annual prod : 142 GWhth 



Take home messages 
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Thermal physics 101 

Thermal energy management 

Transport 

Storage 

Thermal cycles & Ts chart 

Usage 

Thermal energy perspectives 

Insulation 
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Underground 

Water tank 
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Example of CHP 

78 
Combined Heat and Power, Thorin et al., Handbook of Clean Energy Systems (2015) 


