
Geothermal Resource Development

Thermodynamics for geothermal systems



Geothermal energy mines heat to do work.

How do we move heat and convert it to work?

How do fluids and materials behave when heated 
and cooled?

How does this affect the energy balance of 
geothermal systems?

We need to understand the thermodynamics of 
geothermal systems.
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1. First law of thermodynamics

2. The Carnot Cycle

3. Second law of thermodynamics

4. Work and heat capacity

5. Gibbs function and Gibbs energy

6. Thermodynamic efficiency

Topics covered today...



First law of thermodynamics:

Energy is conserved: mechanical work and heat are equivalent.



A system and its internal energy

System: Anything that can be described by parameters of state.

• Temperature

• Pressure

• Volume

Closed system: A system that is completely isolated from its surroundings such that no mass can 

move in or out of it.

• At any given set of conditions (P,T), the internal energy (E) is fixed and depends only on the 

properties of the materials of which the system is composed

• E changes in response to changes in P and T

• If heat (Q) is moved or work (w) is done, the internal energy (E) will change.



Any change in internal energy (E) of a system is solely the result of the work (w) 

done on or performed by the system, and any heat (Q) added to or removed from 

the system.

∆𝐸 = 𝑄 + 𝑤

∆𝐸 – change in energy in the system

Q – amount of energy added or removed from the system as heat

w - amount of work done on the system

First law of thermodynamics



A system and its internal energy

Source: Glassley, W. E., Geothermal Energy



A system and its internal energy

∆𝐸 = 𝐸𝑓 − 𝐸𝑖 
∆𝐸 – the change in internal energy 

𝐸𝑓 – the energy of the system in its final state 

𝐸𝑖 – is the initial internal energy

Simple, but critical.

You need to know Ef and Ei if you want to know how 
much energy is required to do something.

The pathway to get from Ei to Ef does not matter.

Source: Glassley, W. E., Geothermal Energy



Mechanical work: when a force is applied to a 

point, surface, or volume and results in 

displacement of that point, surface, or volume.

𝑤 = −𝑃 × 𝑉2 − 𝑉1 = −𝑃 × ∆𝑉

P – pressure in the system

V1 – initial volume of the system

V2 – final volume of the system

∆V – change in volume of the system

Convention:

• Mechanical work done on a system is positive

• Mechanical work done by a system is negative

Pressure-volume work

Source: Glassley, W. E., Geothermal Energy



When no mechanical work (w) occurs (and therefore no ∆V), changes in internal 

energy (∆𝐸) is due only to changes in heat (Q):

∆𝐸 = 𝑄𝑣 

(subscipt v denotes that the system has constant volume)

Enthalpy



When no mechanical work (w) occurs (and therefore no ∆V), changes in internal 

energy (∆𝐸) is due only to changes in heat (Q):

∆𝐸 = 𝑄𝑣 

(subscipt v denotes that the system has constant volume)

If volume changes, but pressure is constant, AND heat is added/removed to/from 

the system: 

∆𝐸 = 𝑄𝑝 − 𝑃 × ∆𝑉

Or

∆𝐸 = 𝑄𝑝 +𝑤

(subscipt p denotes that the system has constant pressure)

Enthalpy



When no mechanical work (w) occurs (and therefore no ∆V), changes in internal energy 
(∆𝐸) is due only to changes in heat (Q):

∆𝐸 = 𝑄𝑣 

(subscipt v denotes that the system has constant volume, w = 0)

If volume changes, but pressure is constant, AND heat is added/removed to/from the 
system: 

∆𝐸 = 𝑄𝑝 − 𝑃 × ∆𝑉

(subscipt p denotes that the system has constant pressure, w = −𝑃 × ∆𝑉)

Enthalpy (H): The heat added to or removed from the system at constant pressure. 

Change in enthalpy is defined:

 ∆𝑯 = 𝑬𝟐 + 𝑷 × 𝑽𝟐 − 𝑬𝟏 + 𝑷 × 𝑽𝟏 = 𝑸𝒑

Enthalpy



Enthalpy (H): The heat added to or removed from the system at constant pressure. 

Change is enthalpy is defined:

 ∆𝐻 = 𝐸2 + 𝑃 × 𝑉2 − 𝐸1 + 𝑃 × 𝑉1 = 𝑄𝑝

Units: J/kg

Enthalpy gives us a way to establish the behaviour of a system in the 
subsurface and allows for evaluation of the useful energy that can be 

extracted from a working fluid.

Week 8: Generating power using geothermal

Enthalpy



How much work can be done for a given amount of heat?

Efficiency is a measure of what proportion of heat can be used to do work.

100% efficiency: all the energy contained in a given amount of heat can be used to do 

work.

Mathematically, efficiency (e) of any situation involving heat and work is given:

𝑒 = −
𝑤

𝑄

100% efficiency: Q = -w and e = 1.0

Efficiency



The Carnot Cycle



Thought experiment to conceptually 

model efficiency: idealised (imaginary) 

engine that cycles through 4 steps to 

convert heat to mechanical work.

Recall:

∆𝐸 = 𝑄 + 𝑤

Carnot cycle

Source: Glassley, W. E., Geothermal Energy



Assumptions:

1. We do not consider how the system 

came to its initial state

2. At the end of the 4th cycle, the engine 

returns to its initial state.

• ∆𝑃, ∆𝑇, and ∆𝑉 = 0

• ∆𝐸 = 0

3. Each step is reversible: equilibrium is

achieved continuously throughout each

step.

Carnot cycle

Source: Glassley, W. E., Geothermal Energy



In its simplest form, the engine is a 

gas-filled cylinder with a frictionless

piston.

The gas obeys the Ideal Gas Law:

𝑃𝑉 = 𝑛𝑅𝑇

P – pressure

V – volume

n – moles of gas

T – temperature of the gas

R – universal gas constant (8.314 J/mol.K)

Carnot engine

Source: Glassley, W. E., Geothermal Energy



Step 1: Add heat (Q) to the system 

from an external reservoir, as work is

done on the gas.

• Isothermal expansion (T is constant)

• V increases

• P decreases

Carnot engine

Source: Glassley, W. E., Geothermal Energy

∆𝐸1= 0 = 𝑄1 + 𝑤1



Step 1: Add heat (Q) to the system 

from an external reservoir, as work is

done on the gas.

• Isothermal expansion (T is constant)

• V increases

• P decreases

Step 2: Work is done on the gas

without adding heat, to reduce gas T.

• Adiabatic expansion (Q = 0)

• V increases

• P decreases

• T decreases

Carnot engine

Source: Glassley, W. E., Geothermal Energy

∆𝐸2= 0 + 𝑤2



Step 3: Remove heat from the system 

and put it in an external reservoir, as 

work is done by the gas.

• Isothermal compression (T is

constant)

• V decreases

• P increases

Carnot engine

Source: Glassley, W. E., Geothermal Energy

∆𝐸3= 0 = −𝑄3 − 𝑤3



Step 3: Remove heat from the system 

and put it in an external reservoir, as 

work is done by the gas.

• Isothermal compression (T is

constant)

• V decreases

• P increases

Step 4: Work is done by the system, 

without adding heat, to increase gas T.

• Adiabatic compression

• V decreases to initial value

• P increases to initial value

• T increases to initial value

Carnot engine

Source: Glassley, W. E., Geothermal Energy

∆𝐸4= 0 − 𝑤4



Step 1: Isothermal expansion 

• Add heat to the system.

• Heat converted to work.

Step 2: Adiabatic expansion

• Work is done on the system (to reduce T) 
without adding heat.

Step 3: Isothermal compression

• Remove heat from the system.

• Heat converted to work.

Step 4: Adiabatic compression

• Work is done by the the system (to 
increase T) without adding heat.

Carnot engine

Source: Glassley, W. E., Geothermal Energy

Isotherms



What is the net work done by our

Carnot engine?

Recall:

∆E = 0 for a complete cycle.

Therefore: w = Q 

And 

w = Q1 – Q3

Carnot engine

Source: Glassley, W. E., Geothermal Energy

Add heat, Q1.

∆𝑻 = 0; ∆𝑬 = 0
w1 = Q1 

Remove heat, Q3.

∆𝑻 = 0; ∆𝑬 = 0
w3 = -Q3 

 

Decrease T.

∆𝑻 < 0; Q = 0
∆E = w2

Increase T.

∆𝑻 > 0; Q = 0
∆E = w4



Efficiency of the engine is related to 

the amount of heat converted to work: 

𝑒 = −
𝑤

𝑄𝑖𝑛
=
∆𝑄

𝑄𝑖𝑛
=
𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛

100% efficiency (e = 1.0) occurs 

when no heat is returned to the cold 

reservoir in step 3 (i.e. all heat is 

converted to work) and the system 

returns to its original state.

Carnot engine

Source: Glassley, W. E., Geothermal Energy

Add heat, Q1.

∆𝑻 = 0; ∆E = 0
w = Q1 

Remove heat, Q3.

∆𝑻 = 0; ∆E = 0
w = -Q3 

 

Decrease T.

∆𝑻 < 0; ∆𝑸 = 0
∆E = w

Increase T.

∆𝑻 > 0; ∆𝑸 = 0
∆E = w



Second law of thermodynamics:

The entropy of a system inevitably increases.



In the Carnot cycle: 

• The heat content at the beginning of the cycle does not get used to do work and we never access it 

• The system is entirely reversible: we lose no heat…

Entropy



In the Carnot cycle: 

• The heat content at the beginning of the cycle does not get used to do work and we never access it 

• The system is entirely reversible: we lose no heat…

In real life, we also lose heat through friction and conduction: this heat is not “useful”

Entropy (S) is the measure of this unattainable heat (both the heat of the initial system AND 
the heat lost to processes involved in moving through the cycle, which is not used for work).

𝑆 ≡
𝑑𝑄

𝑇

Entropy



𝑆 ≡
𝑑𝑄

𝑇

At a given temperature, the differential change in heat of 
the system results in change in entropy of the system:

Step 1: S increases because heat is added to the system at 
constant T

Step 2: T decreases but there is no change in Q, so dQ = 0 
and S does not change

Step 3: isothermal compression, S decreases because heat 
is removed from the system at constant T

Step 4: adiabatic compression, T increases but there is no 
change in Q, so dQ = 0 again

Entropy in the Carnot Cycle

Source: Glassley, W. E., Geothermal Energy



In reality, entropy increases: heat was added 
to and removed from the system using external 
heat reservoirs.

The high temperature reservoir loses heat.

The low temperature reservoir gains heat.

Over time, the two reservoirs approach the same 
temperature and the Carnot cycle ceases (e = 0) 
and S reaches a maximum.

No more work is possible.

Entropy in the Carnot Cycle

Source: Glassley, W. E., Geothermal Energy



Work and heat capacity



Geothermal energy mines heat to do work.

How do we move heat and convert it to work?

How do fluids and materials behave when 
heated and cooled?

How does this affect the energy balance of 
geothermal systems?

We need to understand the thermodynamics of 
geothermal systems.
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Heat capacity is a material property: different materials need different amounts of heat to achieve the 

same temperature difference.

Example: Consider two different material:

• When exposed to the same amount of heat, they will heat up to two different temperatures.

• When placed in contact, heat flows spontaneously from the warmer material to the cooler 

material.

• Eventually, both materials will be the same temperature, but the amount of heat needed to bring 

each material to temperature is different.

Conclusion: 

Different materials will reach a state of equilibrium (i.e., a state in which no heat flows between 

them) only when they are the same temperature, but the amount of heat each material contains 

will be different.

Heat capacity



Reminder: Heat capacity is a measure of the heat that must be added to or removed from a 
material to change its temperature.

Changes in volume and pressure change heat capacity and we can define heat capacity in two
ways: 

• At constant volume (Cv)

• At constant pressure (Cp) 

𝐶 =
𝑑𝑄

𝑑𝑇

The amount of heat that can be taken from a system to do work is equal to the number of degrees 
the temperature changes multiplied by the heat capacity:

𝐶 × 𝑑𝑇 = 𝑑𝑄

Heat capacity



Reminder: 

𝐶 × 𝑑𝑇 = 𝑑𝑄

∆𝐸 = 𝑄𝑣 (constant volume, no work is done)

∆𝐻 = 𝐻2 −𝐻1 = 𝐸2 + 𝑃 × 𝑉2 − 𝐸1 + 𝑃 × 𝑉1 = 𝑄𝑝 (constant pressure, work is done)

Therefore:

𝑑𝐻 = 𝐶𝑝 × 𝑑𝑇, at constant pressure

𝑑𝐸 = 𝐶𝑣 × 𝑑𝑇, at constant volume

And:
𝑑𝑤 = 𝐶𝑝 × 𝑑𝑇

Work and heat capacity



Gibbs function and Gibbs energy



In the Carnot cycle: we had no information 

about how we arrived at the initial state of the 

system.

A physical system does not record how it came to 

any given thermodynamic state.

We never know the absolute energy of a 

substance or system.

We can only determine how the internal energy 

changes as the system evolves from its current 

state to some other state.

Total energy and the Carnot Cycle

Source: Glassley, W. E., Geothermal Energy



We can compare two systems/substances and 

determine if they are in equilibrium and the 

absolute difference in their respective heat 

contents.

Key points: 

Two systems at the same T cannot do work 

on each other. 

Two systems at different T can do work on 

each other and are therefore a source of 

useful energy.

Source: Glassley, W. E., Geothermal Energy

Total energy and the Carnot Cycle



We need to know the difference in the heat 
contents of the systems.

In the Carnot cycle, 3 fundamental attributes 
contribute to the energy of that system at any 
given point in the cycle:

1. the energy in the system at the initial set of 
conditions before the cycle begins

2. the energy of the system along an isothermal 
paths (the system gives up or gains energy)

3. the energy the system give up or gains during 
the adiabatic paths

How do we determine « useful work »?

Source: Glassley, W. E., Geothermal Energy



Describes the energy in a system and how that energy 
is affected by changes in temperature and pressure.

The internal energy of a substance at some specified 
pressure (P) and temperature (T) is fully described 

through:

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume

Gibbs function

Source: Glassley, W. E., Geothermal Energy



We define the Gibbs energy of a substance with 
respect to some reference frame, which includes: 

Reference materials: e.g., pure metal, pure 
elements, specific oxides, or compounds

Reference conditions: e.g., room temperature 
(298K) and pressure (0.1 MPa) 

Reference frames are established for 
convenience: 

i.e., we define the energy content for the material at 
specified reference conditions (e.g., 0.0 J).

For geological applications, we usually go for: 298K 
(25°C, room T), 0.1 MPa (1 bar, room P).

Gibbs function and reference frames

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume



Important: 

The reference conditions and initial energy

values determine the total internal energy

values that are computed for a substance at 

any condition of interest.

But, the difference in internal energy from

one set of conditions to another set of 

conditions will be exactly the same, regardless

of reference frame.

The Gibbs function assumes reversible

processes: it provides the maximum energy
available in a system to do useful work.

Gibbs function and reference frames

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume



The Gibbs function is cast in terms of ∆’s of 
the thermodynamic properties.

This means we can compare states and 
properties ONLY on the basis of some 

arbitrary reference system that we define.

Usually, we assume that the Gibbs energy 
of formation of an element is 0 J at 0.1 MPa  

and 298K.

Standard state

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume



Example: 𝐻2 +
1

2
𝑂2 ⟶𝐻2𝑂

Assume this reaction takes place at standard 
conditions in a calorimeter.

(Calorimeter: instrument that measures the heat given off or 
absorbed by a reaction.)

The heat given off by the formation of a water 
molecule would be the energy of formation of 

water at a standard T and P.

We can do this with all simple oxides and 
compounds.

 The resulting data + Gibbs function allow us 
to determine the thermodynamic properties of 

all minerals and fluids.

Standard state

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume



Example: 𝐻2 +
1

2
𝑂2 ⟶𝐻2𝑂

Let’s redo the calorimetric measurements 

at different P and T.

We can develop equations of state which 

define how the energy content of a material 

changes with P and T.

These equations of state help us to 

determine the energy content of our 

systems at any set of conditions of 

interest.

Equations of state

∆𝐺𝑃,𝑇 = ∆𝐻𝑃1,𝑇1 − 𝑇 × ∆𝑆𝑃1,𝑇1 + 𝑇1׬
𝑇
∆𝐶𝑝𝑑𝑇 − 𝑇 × 𝑇1׬

𝑇 ∆𝐶𝑝

𝑇
𝑑𝑇 +

𝑃1׬
𝑃
∆𝑉𝑑𝑃

∆𝐺𝑃,𝑇  - Gibbs energy at P and T

∆𝐻𝑃1,𝑇1 - enthalpy at some standard state (generally 0.1 MPa, 298K)

∆𝑆𝑃1,𝑇1- entropy at the standard state

∆𝐶𝑝 - the heat capacity at constant pressure

∆𝑉 - the change in volume



Heat water at constant pressure.

The change in Gibbs energy is equivalent to the enthalpy contributed by the heating 

process minus the product of the temperature times the entropy change:

𝐺𝑃,𝑇 − 𝐺𝑆𝑇𝑃 = (𝐻𝑃,𝑇 −𝐻𝑆𝑇𝑃) − 𝑇 × (𝑆𝑃,𝑇 − 𝑆𝑆𝑇𝑃)

Equations of state: Energy content of water at P and T



What is the effect of temperature on the 

Gibbs’ energy of liquid and vapour?

What is the effect of pressure on the Gibbs’ 

energy of liquid and vapour?

Equations of state: Energy content of water at P and T

Source: Glassley, W. E., Geothermal Energy

1 MPa

1 MPa



1. At contant P changes in T affect a vapour phase more 

severely than a liquid 

2. At modest P, pressure has minimal effect on changes 

in the thermodynamic properties of liquids (and 

solids), but can dramatically change the properties of 

gases 

Points 1 and 2 imply that the energy content of gases is 

sensitive to physical conditions they experience: key for 

geothermal energy.

Why does water change phase from liquid to vapour?

Equations of state: energy content of water at P and T

Source: Glassley, W. E., Geothermal Energy

1 MPa

1 MPa



Thermodynamic efficiency



𝑒 = −
𝑤

𝑄
=

∆𝑄

𝑄𝑖𝑛
, depends only on temperature

Steps 2 and 4 of the Carnot engine are adiabatic: no heat is 

added or removed from the system: 𝑒 =
∆𝑄

𝑄𝑖𝑛
=

(𝑇𝑖−𝑇2)

𝑇𝑖
, Ti is the 

initial T and T2 is the temperature of the cooled gas.

This is thermodynamic efficiency.

Thermodynamic efficiency

Source: Glassley, W. E., Geothermal Energy



𝑒 = −
𝑤

𝑄
=

∆𝑄

𝑄𝑖𝑛
, depends on temperature.

It’s important to achieve the greatest T difference possible 

between a working fluid and its cooled state in any cyclic 

process.

Geothermal reservoirs: 5% to 10% absolute increase in 

effiiency for every 50°C increase in working fluid temperature.

Things to keep in mind: 

In nature, thermodynamic efficiency depends on the depth of 

extraction because the fluid experiences a pressure change. 

The thermodynamic properties of water are very 

important.

Thermodynamic efficiency

Source: Glassley, W. E., Geothermal Energy



1. Heat and work are directly related

2. The maximum amount of heat that can be converted to work is independent of 

pathway

3. All substances possess some quantity of heat

4. Gibbs function: Defines the available heat by considering the attributes and state 

of the system

5. To calculate Gibbs energy you need: enthalpy, entropy, heat capacity, T, P

6. Systems exist in their lowest-energy state

7. The availability of heat to do work depends on the temperature difference 

between the substance and its surroundings

Key points



Each phase has characteristic molar enthalpy, 

volume, heat capactiy, and entropy.

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



Example: Heat capacity

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



Enthalpy vs. pressure for water. 

What is the approximate enthalpy of water in 

the liquid state at near-surface conditions (P 

< 100 bars, T < 50°C)?

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



Enthalpy vs. pressure for water. 

What is the approximate enthalpy of water in 

the liquid state at near-surface conditoins (P 

< 100 bars, T < 50°C)?

About 200 kJ/kg

We will set this as a reference internal energy 

that the water contains.

(Hint: 1 kg of water at these conditions has a 

volume of approximately 1 L.)

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



If you have a ground source heat pump that 

removes 1000 J of heat energy from 1 L of 

water, by what percent do you change the 

enthalpy of that volume of water?

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



If you have a ground source heat pump that 

removes 1000 J of heat energy from 1 L of 

water, by what percent do you change the 

enthalpy of that volume of water?

By how much does the temperature of this 

volume of water change?

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



What happens across a phase change?

Consider a water-saturated geothermal

reservoir at a depth of 1500 m and 250°C.

We will assume that pumping the water to the 

surface is an adiabatic process.

Case Study: Thermodynamic properties of water

Source: Glassley, W. E., Geothermal Energy



What happens across a phase change?

Consider a water-saturated geothermal

reservoir at a depth of 1500 m and 250°C.

We will assume that pumping the water to the 

surface is an adiabatic process.

This process is irreversible: 

Constant enthalpy

Entropy changes.

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



What happens across a phase change?

Consider a water-saturated geothermal

reservoir at a depth of 1500 m and 250°C.

As the water ascends, pressure drops.

Water crosses the liquid-vapour boundary at 

about 40 bars (assuming 250°C).

At this point, vapour begins to separate from 

liquid, as bubbles: Flashing

Source: Glassley, W. E., Geothermal Energy
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What happens across a phase change?

As water continues to ascend, temperature will

follow the phase boundary.

Why?

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



What happens across a phase change?

Assume:

 The water leaves the wellhead at 100°C.

No heat or mass leaves the system.

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



What happens across a phase change?

Assume:

 The water leaves the wellhead at 100°C.

No heat or mass leaves the system.

This means:

Combined (liquid+vapour) enthalpy is 

constant.

Combined (liquid+vapour) mass is constant.

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



Heat and mass balance

Because the system has constant enthalpy:

𝐻𝑙,250°𝐶 = 𝑥 ×𝐻𝑙,100°𝐶 + 1 − 𝑥 × 𝐻𝑣,100°𝐶

Source: Glassley, W. E., Geothermal Energy
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Heat and mass balance

Because the system has constant enthalpy:

𝐻𝑙,250°𝐶 = 𝑥 ×𝐻𝑙,100°𝐶 + 1 − 𝑥 × 𝐻𝑣,100°𝐶

Source: Glassley, W. E., Geothermal Energy

Enthalpy at beginning 

of extraction

Enthalpy at end 

of extraction

Case Study: Thermodynamic properties of water



What is the enthalpy of the reservoir if:

Conditions at the bottom of a 3 km well: 

1000 bar

Conditions at the top of the well:

100°C, 1 bar, fluid is 70% liquid and 30% vapour.

Source: Glassley, W. E., Geothermal Energy
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Source: Glassley, W. E., Geothermal Energy
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Start: 250°C and 1000 bars.

Hl = 1113 J/gm

Source: Glassley, W. E., Geothermal Energy
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Start: 250°C and 1000 bars.

Hl = 1113 J/gm

Fluid ascends to 40 bar.

What happens?

Source: Glassley, W. E., Geothermal Energy

Case Study: Thermodynamic properties of water



Start: 250°C and 1000 bars.

Hl = 1113 J/gm

What happens as the fluid

continues to ascend?

Source: Glassley, W. E., Geothermal Energy

Wellhead

Case Study: Thermodynamic properties of water



Start: 250°C and 1000 bars.

Hl = 1113 J/gm

What is the proportion of 

liquid and steam that exits 

the wellhead, if the wellhead

temperature is 100°C?

Source: Glassley, W. E., Geothermal Energy

Wellhead

Case Study: Thermodynamic properties of water



Start: 250°C and 1000 bars.

Hl = 1113 J/gm

What is the proportion of 

liquid and steam that exits 

the wellhead, if the wellhead

temperature is 100°C?

Recall:

Hl,100°C = 419 J/gm and Hv,100°C

= 2676 J/gm

Case Study: Thermodynamic properties of water

Source: Glassley, W. E., Geothermal Energy

Wellhead
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