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Geothermal Power Plants: Course objectives

Geothermal Power Plants

• To understand the energy conversion systems that can be used to exploit geothermal energy as a 
function of the characteristics of the different geothermal reservoirs.

• To use the principles of thermodynamics to analyze different aspects of the utilization of geothermal 
energy for electric power generation.

• To understand the basis of the use the Second Law Analysis and the Exergy Analysis to optimize the 
working parameters of geothermal power plants.

• To analyze the environmental impact of the use of geothermal energy for power generation.

• To introduce students to novel geothermal power production systems (EGS, hybrid systems, …)



Geothermal Power Plants: Prerequisite

Geothermal Power Plants

Completed the following courses:

• Thermodynamics for geothermal energy

• Geology for geothermal energy

• Deep geothermal engineering



Geothermal Power Plants: Learning outcomes

Geothermal Power Plants

• Identify appropriate system for power production from geothermal resources

• Analyze from a thermodynamic point of view different types of geothermal power plants

• Understand the specific aspects that influence the design and economics of geothermal power 
plants

• Select adequate geothermal power plant system depending on the characteristics of the resource

• Optimize the working parameters of simplified models of geothermal power plants using the exergy 
analysis.

• Evaluate ways to mitigate environmental effects, and meeting regulations

• Understand basic economic aspects of geothermal power plants



Geothermal Power Plants: Course content (syllabus)

Geothermal Power Plants

• Geothermal power generating systems. Thermodynamics of the energy conversion processes.

• High-enthalpy geothermal resources for power generation: Dry-steam  and flash steam power plants. 

• Low-enthalpy geothermal resources for power generation: Binary cycle power plants

• Advanced geothermal energy conversion systems. Hybrid geothermal power systems.

• Energy and exergy analysis applied to geothermal power systems. Working parameters optimization.

• Environmental aspects for geothermal power systems

• Economic aspects for geothermal power systems

• Case studies of geothermal power systems



A geothermal reservoir is a volume of 

rocks in the subsurface which 

exploitation in terms of heat can be 

economically profitable.

1.- High temperature at low depths

2.- Presence of water

 Permeable rocks

 Impermeable caprocks

 Natural recharge mechanisms

 

Geothermal reservoir
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Geothermal ‘doublet’

Geothermal Power Plants



Reservoir clasification

50ºC

100ºC

200ºC

300ºC

Middle temperature

High temperature
(vapor or liquid dominant)

Low temperature

Very low temperature

Hot Dry Rock (HDR)

With water No water
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Geothermal reservoir
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Fluid properties. Water
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Geothermal Power Plants

Fluid properties. Water



Geothermal Power Plants

Fluid properties

https://www.nist.gov/srd/refprop 

https://www.nist.gov/srd/refprop


Geothermal Power Plants

Fluid properties

https://trc.nist.gov/refprop/MINIREF/MINIREF.HTM 

- mini-REFPROP is a free sample version of the full REFPROP program ☺
- Contains only a limited number of pure fluids

- Not possible to use it linked to Excel (Add-in) 

https://trc.nist.gov/refprop/MINIREF/MINIREF.HTM
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Geothermal Energy Capacity Building in Egypt (GEB)

Thermodynamics: Energy analysis



•Objectives:

1. Conservation of mass principle.

2. Conservation of energy principle applied to control 
volumes (first law of thermodynamics). 

3. Energy balance of common steady-flow devices such as 
nozzles, diffusers, compressors, turbines, throttling valves, 
mixing chambers and heat exchangers.

MASS AND ENERGY ANALYSIS OF CONTROL VOLUMES

Geothermal Power Plants



ෝ𝐧: 𝐧𝐨𝐫𝐦𝐚𝐥 𝐮𝐧𝐢𝐭 𝐯𝐞𝐜𝐭𝐨𝐫

𝐕: 𝐅𝐥𝐨𝐰 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲

𝐕𝐧: 𝐧𝐨𝐫𝐦𝐚𝐥 𝐟𝐥𝐨𝐰 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲

𝐀𝐜: 𝐜𝐫𝐨𝐬𝐬 − 𝐬𝐞𝐜𝐭𝐢𝐨𝐧𝐚𝐥 𝐚𝐫𝐞𝐚 𝐨𝐟 𝐟𝐥𝐨𝐰

1. CONSERVATION OF MASS
❑Mass and Volume Flow Rates:

𝐌𝐚𝐬𝐬 𝐟𝐥𝐨𝐰 𝐫𝐚𝐭𝐞, ሶ𝐦 = න

𝐀𝐜

𝛒𝐯𝐧𝐝𝐀𝐜

ሶ𝐦 = 𝛒𝐯𝐧𝐀𝐜

𝐕𝐨𝐥𝐮𝐦𝐞 𝐟𝐥𝐨𝐰 𝐫𝐚𝐭𝐞, ሶ𝐕 =
ሶ𝐦

𝛒
= න

𝐀𝐜

𝐯𝐧𝐝𝐀𝐜

ሶ𝐕 = 𝐯𝐧𝐀𝐜

Geothermal Power Plants



1. CONSERVATION OF MASS

❑ Conservation of Mass Principle: 
The conservation of mass principle for a control volume can be expressed as: The net 
mass transfer to or from a control volume during a time interval t is equal to the net 
change (increase or decrease) in the total mass within the control volume during t. 
That is,

𝐓𝐨𝐭𝐚𝐥 𝐦𝐚𝐬𝐬
𝐞𝐧𝐭𝐞𝐫𝐢𝐧𝐠 𝐭𝐡𝐞 𝐂𝐕 𝐝𝐮𝐫𝐢𝐧𝐠 ∆𝐭

−
𝐓𝐨𝐭𝐚𝐥 𝐦𝐚𝐬𝐬

𝐥𝐞𝐚𝐯𝐢𝐧𝐠 𝐭𝐡𝐞 𝐂𝐕 𝐝𝐮𝐫𝐢𝐧𝐠 ∆𝐭
=

𝐍𝐞𝐭 𝐜𝐡𝐚𝐧𝐠𝐞 𝐢𝐧
𝐦𝐚𝐬𝐬 𝐰𝐢𝐭𝐡𝐢𝐧 𝐂𝐕 𝐝𝐮𝐫𝐢𝐧𝐠 ∆𝐭

෍ ቚ𝐦𝐢𝐧
𝐂𝐒
−෍ ቚ𝐦𝐨𝐮𝐭

𝐂𝐒
= ∆𝐦𝐂𝐕

In a rate form:

෍ ቚሶ𝐦𝐢𝐧
𝐂𝐒
−෍ ቚሶ𝐦𝐨𝐮𝐭

𝐂𝐒
=
𝐝𝐦𝐂𝐕

𝐝𝐭
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1. CONSERVATION OF MASS

𝐝𝐦𝐂𝐕

𝐝𝐭
=
𝐝 𝛒𝐕𝐂𝐕

𝐝𝐭
=

𝐝

𝐝𝐭
න

𝐂𝐕

𝛒𝐝𝐕 + 𝐕𝐝𝛒

o The rate of change of the mass within the control volume (CV) is due to 

the change of its volume 𝐝𝐕 and the change of the density of the fluid 

𝐝𝛒.

o
𝐝𝐦𝐂𝐕

𝐝𝐭
= 𝟎 if there is no change in volume 𝐝𝐕 and no change in density 

𝐝𝛒.

Geothermal Power Plants



1. CONSERVATION OF MASS
❑Mass Balance for Steady-Flow Processes:
During a steady-flow process, the total amount of mass 
contained within a control volume does not change with 
time (mCV = constant).

෍ ቚሶ𝐦𝐢𝐧
𝐂𝐒
=෍ ቚሶ𝐦𝐨𝐮𝐭

𝐂𝐒

o For steady-incompressible flow, i.e 𝛒 = 𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭:

෍ ቚሶ𝐕𝐢𝐧
𝐂𝐒
=෍ ቚሶ𝐕𝐨𝐮𝐭

𝐂𝐒

Geothermal Power Plants



2. FLOW WORK AND THE ENERGY OF A FLOWING FLUID
❑ Unlike closed systems, control volumes 
involve mass flow across their boundaries, and 
some work is required to push the mass into or 
out of the control volume. This work is known 
as the flow work, or flow energy, and is 
necessary to maintain a continuous flow 
through a control volume.

𝐖𝐟𝐥𝐨𝐰 = 𝐅. 𝐋 = 𝐩. 𝐀. 𝐋 = 𝐩𝐕 (𝐉)

𝐰𝐟𝐥𝐨𝐰 = 𝐩𝒗 (𝐉/𝐤𝐠)

Geothermal Power Plants



❑ For closed system:
𝐞 = 𝐮 + 𝐤𝐞 + 𝐩𝐞

❑ For open system (control volume):
The energy contained in a flowing fluid is 𝛉

𝛉 = 𝐞 + ด𝐩𝒗

flow work

= 𝐩𝒗 + 𝐮 + 𝐤𝐞 + 𝐩𝐞

𝛉 = 𝐡 + 𝐤𝐞 + 𝐩𝐞
❑ Energy Transport by Mass: 

o Amount of energy transport:    𝐄𝐦𝐚𝐬𝐬 = 𝐦𝛉 = 𝐦 𝐡 + 𝐤𝐞 + 𝐩𝐞

o Rate of energy transport:         ሶ𝐄𝐦𝐚𝐬𝐬 = ሶ𝐦𝛉 = ሶ𝐦 𝐡 + 𝐤𝐞 + 𝐩𝐞

2. FLOW WORK AND THE ENERGY OF A FLOWING FLUID

Geothermal Power Plants



❑ First law of thermodynamics for open-steady flow systems:

ሶ𝐄𝐢𝐧 − ሶ𝐄𝐨𝐮𝐭 =
𝐝𝐄𝐬𝐲𝐬𝐭𝐞𝐦

𝐝𝐭

ሶ𝐄𝐢𝐧 = ሶ𝐄𝐨𝐮𝐭
ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐄𝐦𝐚𝐬𝐬,𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐄𝐦𝐚𝐬𝐬,𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 +෍

𝐢𝐧

𝐂𝐒

ሶ𝐦𝛉 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 +෍

𝐨𝐮𝐭

𝐂𝐒

ሶ𝐦𝛉

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 +෍
𝐢𝐧

𝐂𝐒

ሶ𝐦 𝐡 +
𝐯𝟐

𝟐
+ 𝐠𝐳 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 +෍

𝐨𝐮𝐭

𝐂𝐒

ሶ𝐦 𝐡 +
𝐯𝟐

𝟐
+ 𝐠𝐳

3. ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

Zero, for steady-state steady-
flow process

Geothermal Power Plants



❑ Special cases:

1. Single stream ( ሶ𝐦𝐢𝐧 = ሶ𝐦𝐨𝐮𝐭 = ሶ𝐦:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

2. Single stream per unit ሶ𝐦 (single stream per unit mass per unit time):

𝐪𝐢𝐧 +𝐰𝐢𝐧 + 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = 𝐪𝐨𝐮𝐭 +𝐰𝐨𝐮𝐭 + 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

3. Single stream per unit ሶ𝐦 with negligible kinetic and potential energies:
𝐪𝐢𝐧 +𝐰𝐢𝐧 + 𝐡𝐢𝐧 = 𝐪𝐨𝐮𝐭 +𝐰𝐨𝐮𝐭 + 𝐡𝐨𝐮𝐭

or
𝐪𝐢𝐧 − 𝐪𝐨𝐮𝐭 + 𝐰𝐢𝐧 −𝐰𝐨𝐮𝐭 = 𝐡𝐨𝐮𝐭 − 𝐡𝐢𝐧

3. ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

Geothermal Power Plants



➢Nozzle:
• Nozzle is a device that increases the velocity of a fluid at the expense of its pressure. 
• Nozzle can be used with compressible or incompressible fluid flow.
• Energy balance for single stream:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

For single stream, neglected change in potential energy and adiabatic nozzle:

𝐡𝟐 − 𝐡𝟏 =
𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES

Zero Zero
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➢Diffuser:
• Diffuser is a device that increases the pressure of a fluid by slowing it down.
• Diffuser can be used with compressible or incompressible fluid flow.
• Energy balance for single stream:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

For single stream, neglected change in potential energy and adiabatic diffuser:

𝐡𝟐 − 𝐡𝟏 =
𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES

Zero Zero

Geothermal Power Plants



➢ Turbine:
• Turbine is a device that produces power from the fluid.
• Gas turbine, steam turbine and wind turbine use a compressible fluid flow.
• Water turbine uses an incompressible fluid flow.
• Energy balance for single stream fluid flow:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 − ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 − ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
For single stream, neglected change in potential energy and adiabatic turbine:

ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟏 − 𝐡𝟐 +
𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES

Zero

Geothermal Power Plants



➢ Turbine:
• Energy balance for single stream-incompressible fluid flow:

∆𝐡 =
∆𝐩

𝛒

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 − ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+

𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 − ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+

𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

For single stream, neglected change in potential energy and adiabatic turbine:

ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦
𝐩𝟏 − 𝐩𝟐

𝛒
+

𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES
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ሶ𝐐

➢ Compressor:
• Compressor is a device that delivers power to a compressible fluid.
• Energy balance for single stream-compressible fluid flow:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐢𝐧 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐢𝐧 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
For single stream, neglected change in potential energy and adiabatic compressor:

ሶ𝐖𝐢𝐧 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES

Zero
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➢ Pump:
• Pump is a device that delivers power to an incompressible fluid.

• Energy balance for single stream-incompressible fluid flow:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐢𝐧 = ሶ𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+

𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐢𝐧 = ሶ𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+

𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

For single stream, neglected change in potential energy and adiabatic pump:

ሶ𝐖𝐢𝐧 = ሶ𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+

𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢ Throttling valve:
• Throttling valves are any kind of flow-restricting devices that cause a significant pressure drop in the fluid.
• Throttling valves can be used with compressible or incompressible fluid flow.
• Energy balance for single stream fluid flow:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 + ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 + ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

For single stream and neglected change in potential energy:

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦 𝐡𝟐 − 𝐡𝟏 +
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
For single stream, neglected change in potential energy and adiabatic:

𝐡𝟐 − 𝐡𝟏 =
𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢ Throttling valve:

For single stream, neglected change in potential energy, adiabatic and constant velocity:

𝐡𝟐 = 𝐡𝟏

For single stream, neglected change in potential energy, adiabatic, constant velocity and ideal gas:

𝐓𝟐 = 𝐓𝟏

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢Mixing chamber:
• Mixing chamber is a section where the mixing process takes place.

• Energy balance:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 +෍ ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧 = ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 +෍ ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +

𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

• Mass balance:

෍ ሶ𝐦𝐢𝐧 =෍ ሶ𝐦𝐨𝐮𝐭

For instance, if the mixing chamber has two inlets and one outlet:
ሶ𝐦𝟏 + ሶ𝐦𝟐 = ሶ𝐦𝟑

ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐢𝐧 − ሶ𝐖𝐨𝐮𝐭 = ሶ𝐦𝟑 𝐡𝟑 +
𝐯𝟑
𝟐

𝟐
+ 𝐠𝐳𝟑 − ሶ𝐦𝟏 𝐡𝟏 +

𝐯𝟏
𝟐

𝟐
+ 𝐠𝐳𝟏 − ሶ𝐦𝟐 𝐡𝟐 +

𝐯𝟐
𝟐

𝟐
+ 𝐠𝐳𝟐

For neglected change in potential and kinetic energies, adiabatic and no work interaction:
ሶ𝐦𝟑𝐡𝟑 = ሶ𝐦𝟏𝐡𝟏 + ሶ𝐦𝟐𝐡𝟐

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢Heat exchanger:
• Heat exchangers are devices where two moving fluid streams exchange heat without mixing. 

• Energy balance:

ሶ𝐐𝐢𝐧 + ሶ𝐖𝐢𝐧 +෍ ሶ𝐦𝐢𝐧 𝐡𝐢𝐧 +
𝐯𝐢𝐧
𝟐

𝟐
+ 𝐠𝐳𝐢𝐧

𝛉𝐢𝐧

= ሶ𝐐𝐨𝐮𝐭 + ሶ𝐖𝐨𝐮𝐭 +෍ ሶ𝐦𝐨𝐮𝐭 𝐡𝐨𝐮𝐭 +
𝐯𝐨𝐮𝐭
𝟐

𝟐
+ 𝐠𝐳𝐨𝐮𝐭

𝛉𝐨𝐮𝐭

• Mass balance:

෍ ሶ𝐦𝐢𝐧 =෍ ሶ𝐦𝐨𝐮𝐭

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢ Heat exchanger:
The heat transfer associated with a heat exchanger may be zero or nonzero depending on how the 
control volume is selected.

• Energy balance:
ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦𝐁𝛉𝟐 + ሶ𝐦𝐀𝛉𝟒 − ሶ𝐦𝐁𝛉𝟏 − ሶ𝐦𝐀𝛉𝟑

4. SOME STEADY-FLOW ENGINEERING DEVICES
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➢ Heat exchanger:

For neglected change in potential and kinetic energies:
ሶ𝐐𝐢𝐧 − ሶ𝐐𝐨𝐮𝐭 = ሶ𝐦𝐁𝐡𝟐 + ሶ𝐦𝐀𝐡𝟒 − ሶ𝐦𝐁𝐡𝟏 − ሶ𝐦𝐀𝐡𝟑 = ሶ𝐦𝐀 𝐡𝟒 − 𝐡𝟑

ሶ𝐐𝐁𝐀

− ሶ𝐦𝐁 𝐡𝟏 − 𝐡𝟐
ሶ𝐐𝐁𝐀

For neglected change in potential and kinetic energies and adiabatic process:

ሶ𝐦𝐁𝐡𝟐 + ሶ𝐦𝐀𝐡𝟒 = ሶ𝐦𝐁𝐡𝟏 + ሶ𝐦𝐀𝐡𝟑
ሶ𝐦𝐀 𝐡𝟒 − 𝐡𝟑 = ሶ𝐦𝐁 𝐡𝟏 − 𝐡𝟐 = ሶ𝐐𝐁𝐀

4. SOME STEADY-FLOW ENGINEERING DEVICES
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Geothermal Energy Capacity Building in Egypt (GEB)
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Geothermal Energy Capacity Building in Egypt (GEB)

Thermodynamics: Exergy analysis



•Objectives:

1. Exergy.

2. Reversible work.

3. Exergy destruction.

4. Second-law efficiency.

5. Exergy balance.

EXERGY: A MEASURE OF WORK POTENTIAL

Geothermal Power Plants



EXERGY: WORK POTENTIAL OF ENERGY
➢ The work potential is the amount of energy we can extract as useful work. This 
work potential is exergy, which is also called the availability or available energy.

➢ The system must be in the dead state at the end of the process to maximize the 
work output.

➢ A system is said to be in the dead state when it is in thermodynamic equilibrium 
with the environment. At the dead state, a system is at the temperature and 
pressure of its environment (in thermal and mechanical equilibrium); it has no 
kinetic or potential energy relative to the environment (zero velocity and zero 
elevation above a reference level); and it does not react with the environment 
(chemically inert).

Geothermal Power Plants



EXERGY: WORK POTENTIAL OF ENERGY
➢ A system delivers the maximum possible work as it 
undergoes a reversible process from the specified initial 
state to the state of its environment, that is, the dead state. 
This represents the useful work potential of the system at 
the specified state and is called exergy. 

➢ It is important to realize that exergy does not represent 
the amount of work that a work-producing device will 
actually deliver upon installation. Rather, it represents the 
upper limit on the amount of work a device can deliver 
without violating any thermodynamic laws.

A system that is in equilibrium 
with its environment is said to be 

at the dead state

Geothermal Power Plants



Exergy (Work Potential) Associated

with Kinetic and Potential Energy

➢ Exergy of kinetic energy:

𝐞𝐱𝐤𝐞 =
𝐕𝟐

𝟐
& 𝐄𝐗𝐤𝐞 = 𝐦

𝐕𝟐

𝟐

➢ Exergy of potential energy:

𝐞𝐱𝐩𝐞 = 𝐠𝐙 & 𝐄𝐗𝐩𝐞 = 𝐦𝐠𝐙

Geothermal Power Plants



REVERSIBLE WORK AND IRREVERSIBILITY
𝐖𝐬𝐮𝐫𝐫 = 𝐩𝐨 𝐕𝟐 − 𝐕𝟏

𝐔𝐬𝐞𝐟𝐮𝐥 𝐰𝐨𝐫𝐤𝐖𝐮 = 𝐖−𝐖𝐬𝐮𝐫𝐫 = 𝐖− 𝐩𝐨 𝐕𝟐 − 𝐕𝟏
➢ Reversible work Wrev is defined as the maximum amount 
of useful work that can be produced (or the minimum 
work that needs to be supplied) as a system undergoes a 
process between the specified initial and final states. 

➢ The difference between the reversible work Wrev and the 
useful work Wu is due to the irreversibilities present during 
the process, and this difference is called irreversibility I.

𝐈 = 𝐖𝐫𝐞𝐯,𝐨𝐮𝐭 −𝐖𝐮,𝐨𝐮𝐭 𝐨𝐫 𝐈 = 𝐖𝐮,𝐢𝐧 −𝐖𝐫𝐞𝐯,𝐢𝐧

As a closed system expands, some work 
needs to be done to push the 

atmospheric air out of the way (Wsurr)

Geothermal Power Plants



SECOND-LAW EFFICIENCY, 𝛈𝐈𝐈
➢ Thermal efficiency 𝛈𝐭𝐡 and the coefficient of 
performance COP for devices as a measure of their 
performance. They are defined on the basis of the first 
law only, and they are sometimes referred to as the first-
law efficiencies 𝛈𝐈 . The first law efficiency, however, 
makes no reference to the best possible performance, 
and thus it may be misleading.

➢ The second-law efficiency 𝜼𝑰𝑰 as the ratio of the actual 
thermal efficiency to the maximum possible (reversible) 
thermal efficiency under the same conditions. 𝛈𝐫𝐞𝐯,𝐀 = 𝟏 −

𝐓𝐋
𝐓𝐡

= 𝟏 −
𝟑𝟎𝟎

𝟔𝟎𝟎
= 𝟓𝟎%

𝛈𝐫𝐞𝐯,𝐁 = 𝟏 −
𝐓𝐋
𝐓𝐡

= 𝟏 −
𝟑𝟎𝟎

𝟏𝟎𝟎𝟎
= 𝟕𝟎%
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SECOND-LAW EFFICIENCY, 𝛈𝐈𝐈

𝛈𝐈𝐈 =
𝛈𝐭𝐡

𝛈𝐭𝐡,𝐫𝐞𝐯

𝛈𝐈𝐈,𝐀 =
𝟎. 𝟑

𝟎. 𝟓
= 𝟔𝟎% 𝐚𝐧𝐝 𝛈𝐈𝐈,𝐁 =

𝟎. 𝟑

𝟎. 𝟕
= 𝟒𝟑%

With respect to the first law, both are similar in performance since they have the 
same efficiency. With respect to the second law however, Engine A is better in 

performance than Engine B

𝛈𝐈,𝐁 = 𝛈𝐈,𝐀

𝛈𝐈𝐈,𝐁 < 𝛈𝐈𝐈,𝐀

Geothermal Power Plants



SECOND-LAW EFFICIENCY, 𝛈𝐈𝐈

𝛈𝐈𝐈 =
𝐖𝐮

𝐖𝐫𝐞𝐯
𝐖𝐨𝐫𝐤 − 𝐩𝐫𝐨𝐝𝐮𝐜𝐢𝐧𝐠 𝐝𝐞𝐯𝐢𝐜𝐞𝐬

𝛈𝐈𝐈 =
𝐖𝐫𝐞𝐯

𝐖𝐮
𝐖𝐨𝐫𝐤 − 𝐜𝐨𝐧𝐬𝐮𝐦𝐢𝐧𝐠 𝐝𝐞𝐯𝐢𝐜𝐞𝐬

𝛈𝐈𝐈 =
𝐂𝐎𝐏

𝐂𝐎𝐏𝐫𝐞𝐯
𝐑𝐞𝐟𝐫𝐢𝐠𝐞𝐫𝐚𝐭𝐨𝐫𝐬 𝐚𝐧𝐝 𝐡𝐞𝐚𝐭 𝐩𝐮𝐦𝐩𝐬

𝛈𝐈𝐈 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

EXERGY: A MEASURE OF WORK POTENTIAL                                   Thermodynamics – MEP 211Geothermal Power Plants



EXERGY CHANGE OF A SYSTEM

−𝛅𝐐 − 𝛅𝐖 = 𝐝𝐔

𝛅𝐖 = 𝛅𝐖𝐮 + 𝛅𝐖𝐬𝐮𝐫𝐫 = 𝛅𝐖𝐮 + 𝐩𝐨𝐝𝐕

𝛅𝐖𝐇𝐄 = 𝟏 −
𝐓𝐨
𝐓

𝛅𝐐 = 𝛅𝐐 − 𝐓𝐨
𝛅𝐐

𝐓
= 𝛅𝐐 − −𝐓𝐨𝐝𝐒

𝛅𝐐 = 𝛅𝐖𝐇𝐄 − 𝐓𝐨𝐝𝐒

−𝛅𝐖𝐇𝐄 + 𝐓𝐨𝐝𝐒 − 𝛅𝐖𝐮 − 𝐩𝐨𝐝𝐕 = 𝐝𝐔

∴ 𝛅𝐖𝐭𝐨𝐭𝐚𝐥,𝐮 = 𝛅𝐖𝐇𝐄 + 𝛅𝐖𝐮

𝛅𝐖𝐭𝐨𝐭𝐚𝐥,𝐮 = −𝐝𝐔 − 𝐩𝐨𝐝𝐕 + 𝐓𝐨𝐝𝐒

Exergy of a Fixed Mass: Non-flow (or Closed System) Exergy

Geothermal Power Plants



EXERGY CHANGE OF A SYSTEM
By integration:

𝐖𝐭𝐨𝐭𝐚𝐥,𝐮 = 𝐔 − 𝐔𝐨 + 𝐩𝐨 𝐕 − 𝐕𝐨 − 𝐓𝐨 𝐒 − 𝐒𝐨

➢ If the closed system possess kinetic and potential energies:

𝐖𝐭𝐨𝐭𝐚𝐥,𝐮 = 𝐔 − 𝐔𝐨 + 𝐩𝐨 𝐕 − 𝐕𝐨 − 𝐓𝐨 𝐒 − 𝐒𝐨 +𝐦
𝐕𝟐

𝟐
+𝐦𝐠𝐙

= 𝐄𝐗 (𝐄𝐱𝐞𝐫𝐠𝐲)

➢ Per unit mass:
𝐄𝐗

𝐦
= 𝛟 = 𝐮 − 𝐮𝐨 + 𝐩𝐨 𝒗 − 𝒗𝐨 − 𝐓𝐨 𝐬 − 𝐬𝐨 +

𝐕𝟐

𝟐
+ 𝐠𝐙

𝐄𝐗

𝐦
= 𝛟 = 𝐞 − 𝐞𝐨 + 𝐩𝐨 𝒗 − 𝒗𝐨 − 𝐓𝐨 𝐬 − 𝐬𝐨

Geothermal Power Plants



EXERGY CHANGE OF A SYSTEM
➢ The exergy change of a closed system during a process is simply the difference 
between the final and initial exergies of the system,

∆𝐄𝐗 = 𝐄𝐗𝟐 − 𝐄𝐗𝟏 = 𝐦 𝛟𝟐 −𝛟𝟏 = 𝐄𝟐 − 𝐄𝟏 + 𝐩𝐨 𝐕𝟐 − 𝐕𝟏 − 𝐓𝐨 𝐒𝟐 − 𝐒𝟏

= 𝐔𝟐 − 𝐔𝟏 + 𝐩𝐨 𝐕𝟐 − 𝐕𝟏 − 𝐓𝐨 𝐒𝟐 − 𝐒𝟏 +𝐦
𝐕𝟐
𝟐 − 𝐕𝟏

𝟐

𝟐
+𝐦𝐠 𝐙𝟐 − 𝐙𝟏

➢ Per unit mass:

∆𝛟 = 𝛟𝟐 −𝛟𝟏

= 𝐮𝟐 − 𝐮𝟏 + 𝐩𝐨 𝒗𝟐 − 𝒗𝟏 − 𝐓𝐨 𝐬𝟐 − 𝐬𝟏 +
𝐕𝟐
𝟐 − 𝐕𝟏

𝟐

𝟐
+ 𝐠 𝐙𝟐 − 𝐙𝟏

The exergy of a closed system is either positive or zero

Geothermal Power Plants



EXERGY CHANGE OF A SYSTEM

𝐞𝐱𝐟𝐥𝐨𝐰 = 𝐩𝒗 − 𝐩𝐨𝒗 = 𝐩 − 𝐩𝐨 𝒗

𝐞𝐱𝐟𝐥𝐨𝐰𝐢𝐧𝐠 𝐟𝐥𝐮𝐢𝐝 𝛙 = 𝐞𝐱𝐧𝐨𝐧−𝐟𝐥𝐨𝐰𝐢𝐧𝐠 𝐟𝐥𝐮𝐢𝐝 𝛟+ 𝐞𝐱𝐟𝐥𝐨𝐰

𝛙 = 𝐮 − 𝐮𝐨 + 𝐩𝐨 𝒗 − 𝒗𝐨 − 𝐓𝐨 𝐬 − 𝐬𝐨 +
𝐕𝟐

𝟐
+ 𝐠𝐙 + 𝐩 − 𝐩𝐨 𝒗

𝛙 = 𝐡 − 𝐡𝐨 − 𝐓𝐨 𝐬 − 𝐬𝐨 +
𝐕𝟐

𝟐
+ 𝐠𝐙

∆𝛙 = 𝛙𝟐 −𝛙𝟏 = 𝐡𝟐 − 𝐡𝟏 − 𝐓𝐨 𝐬𝟐 − 𝐬𝟏 +
𝐕𝟐
𝟐 − 𝐕𝟏

𝟐

𝟐
+ 𝐠 𝐙𝟐 − 𝐙𝟏

Exergy of a Flow Stream: Flow (or Stream) Exergy
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EXERGY CHANGE OF A SYSTEM
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EXERGY TRANSFER BY HEAT, WORK AND MASS

Exergy by Heat Transfer, Q

𝐄𝐗𝐡𝐞𝐚𝐭 = 𝟏 −
𝐓𝐨

𝐓
𝐐
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EXERGY TRANSFER BY HEAT, WORK AND MASS

Exergy Transfer by Work, W

𝐄𝐗𝐰𝐨𝐫𝐤 = ቊ
𝐖−𝐖𝐬𝐮𝐫𝐫 (𝐟𝐨𝐫 𝐛𝐨𝐮𝐧𝐝𝐚𝐫𝐲 𝐰𝐨𝐫𝐤)
𝐖 (𝐟𝐨𝐫 𝐨𝐭𝐡𝐞𝐫 𝐟𝐨𝐫𝐦𝐬 𝐨𝐟 𝐰𝐨𝐫𝐤)

Exergy Transfer by Mass, m

𝐄𝐗𝐦𝐚𝐬𝐬 = 𝐦𝛙

Geothermal Power Plants



THE DECREASE OF EXERGY PRINCIPLE AND EXERGY DESTRUCTION

➢ Irreversibilities such as friction, mixing, chemical reactions, heat transfer through a 
finite temperature difference, unrestrained expansion, nonquasi-equilibrium 
compression or expansion always generate entropy, and any-thing that generates 
entropy always destroys exergy. The exergy destroyed is proportional to the entropy 
generated.

𝐄𝐗𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝 = 𝐓𝐨𝐒𝐠𝐞𝐧 ≥ 𝟎 𝐨𝐫 ሶ𝐄𝐗𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 ≥ 𝟎

➢ Exergy destroyed represents the lost work potential and is also called the 
irreversibility or lost work.

𝐄𝐗𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝 ቐ

> 𝟎 𝐈𝐫𝐫𝐞𝐯𝐞𝐫𝐬𝐢𝐛𝐥𝐞 𝐩𝐫𝐨𝐜𝐞𝐬𝐬
= 𝟎 𝐫𝐞𝐯𝐞𝐫𝐬𝐢𝐛𝐥𝐞 𝐩𝐫𝐨𝐜𝐞𝐬𝐬
< 𝟎 𝐈𝐦𝐩𝐨𝐬𝐬𝐢𝐛𝐥𝐞 𝐩𝐫𝐨𝐜𝐞𝐬𝐬

Geothermal Power Plants



𝐓𝐨𝐭𝐚𝐥
𝐞𝐱𝐞𝐫𝐠𝐲
𝐞𝐧𝐭𝐞𝐫𝐢𝐧𝐠

−

𝐓𝐨𝐭𝐚𝐥
𝐞𝐱𝐞𝐫𝐠𝐲
𝐥𝐞𝐚𝐯𝐢𝐧𝐠

−

𝐓𝐨𝐭𝐚𝐥
𝐞𝐱𝐞𝐫𝐠𝐲

𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝
=

𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐭𝐡𝐞
𝐭𝐨𝐭𝐚𝐥 𝐞𝐱𝐞𝐫𝐠𝐲
𝐨𝐟 𝐭𝐡𝐞 𝐬𝐲𝐚𝐭𝐞𝐦

𝐄𝐗𝐢𝐧 − 𝐄𝐗𝐨𝐮𝐭 − 𝐄𝐗𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝 = ∆𝐄𝐗𝐬𝐲𝐬𝐭𝐞𝐦 𝐉

EXERGY BALANCE: CLOSED SYSTEMS

Geothermal Power Plants

EX EX

EX

∆𝐄𝐗𝐬𝐲𝐬𝐭𝐞𝐦



EX

∆EXsystem

EX

EX

±෍ 𝟏−
𝐓𝐨
𝐓𝐢

𝐐𝐢 ± 𝐖− 𝐩𝐨 𝐕𝟐 − 𝐕𝟏 − 𝐓𝐨𝐒𝐠𝐞𝐧 = ∆𝐄𝐗𝐬𝐲𝐬𝐭𝐞𝐦 𝐉

Rate form:±σ 𝟏 −
𝐓𝐨

𝐓𝐢
ሶ𝐐𝐢 ± ሶ𝐖 − 𝐩𝐨

𝐝𝐕𝐬𝐲𝐬𝐭𝐞𝐦

𝐝𝐭
− 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 =

𝐝𝐄𝐗𝐬𝐲𝐬𝐭𝐞𝐦

𝐝𝐭
𝐉/𝐬

EXERGY BALANCE: CLOSED SYSTEMS
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EXERGY BALANCE: CONTROL VOLUMES

±෍ 𝟏−
𝐓𝐨
𝐓𝐢

𝐐𝐢 ± 𝐖− 𝐩𝐨 𝐕𝟐 − 𝐕𝟏 +෍

𝐢𝐧

𝐦𝛙−෍

𝐨𝐮𝐭

𝐦𝛙−𝐓𝐨𝐒𝐠𝐞𝐧

= ∆𝐄𝐗𝐂𝐕 𝐉

±෍ 𝟏−
𝐓𝐨
𝐓𝐢

ሶ𝐐𝐢 ± ሶ𝐖 − 𝐩𝐨
𝐝𝐕𝐂𝐕
𝐝𝐭

+෍

𝐢𝐧

ሶ𝐦𝛙 −෍

𝐨𝐮𝐭

ሶ𝐦𝛙 − 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐄𝐗𝐂𝐕
𝐝𝐭

𝐉/𝐬

Geothermal Power Plants



Exergy Balance for Steady-Flow Systems

±෍ 𝟏−
𝐓𝐨
𝐓𝐢

ሶ𝐐𝐢 ± ሶ𝐖 +෍

𝐢𝐧

ሶ𝐦𝛙 −෍

𝐨𝐮𝐭

ሶ𝐦𝛙 − 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = 𝟎

If single stream:

±෍ 𝟏−
𝐓𝐨
𝐓𝐢

ሶ𝐐𝐢 ± ሶ𝐖 + ሶ𝐦 𝛙𝐢𝐧 −𝛙𝐨𝐮𝐭 − 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = 𝟎

When ሶ𝐄𝐗𝐝𝐞𝐬𝐭𝐫𝐨𝐲𝐞𝐝 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = 𝟎 → ሶ𝐖 = ሶ𝐖𝐫𝐞𝐯

ሶ𝐖𝐫𝐞𝐯 = ±෍ 𝟏−
𝐓𝐨
𝐓𝐢

ሶ𝐐𝐢 ± ሶ𝐦 𝛙𝐢𝐧 −𝛙𝐨𝐮𝐭

If adiabatic:  ሶ𝐖𝐫𝐞𝐯 = ± ሶ𝐦 𝛙𝐢𝐧 −𝛙𝐨𝐮𝐭

Geothermal Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)
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Geothermal Energy Capacity Building in Egypt (GEB)

Power generation from high-enthalpy geothermal resources:
Dry-steam steam power plants

Energy and exergy analysis. Working parameters optimization



Dry steam
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1

2

3

Dry steam

Geothermal Power Plants



Dry steam: Energy analysis

Geothermal Power Plants

Bauman Rule for ‘wet’ turbines

ηtw = ηtd ·(x1+x2)/2 



Dry steam: Exergy analysis
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ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − 𝐄 ሶ𝐗𝐨𝐮𝐭 − 𝐄 ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝟏 − ሶ𝐖𝐨𝐮𝐭 − ሶ𝐦𝐞𝐱𝟐 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
The second-law efficiency:

𝛈𝐈𝐈,𝐓 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − 𝐓𝐨 𝐬𝟏 − 𝐬𝟐

𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐨𝐮𝐭 + ሶ𝐐 − ሶ𝐦𝐓𝐨 𝐬𝟏 − 𝐬𝟐
=

ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐫𝐞𝐯

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature
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ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝟏 − ሶ𝐦𝐬𝟐 −
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝟐 − 𝐬𝟏 +
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 +
𝐓𝐨
𝐓𝐨

ሶ𝐐 ≥ 𝟎

𝐁𝐮𝐭 ∶ ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 + ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐖𝐨𝐮𝐭 ≥ 𝟎
ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature
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Condenser (Heat Exchanger – HX):
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − ሶ𝐄𝐗𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐞𝐱𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐞𝐱𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐞𝐱𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Condenser (Heat Exchanger – HX):
The second-law efficiency:

𝛈𝐈𝐈,𝐇𝐗 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 − 𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭
𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 = ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜
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Condenser (Heat Exchanger – HX):
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐬𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐬𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐬𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐬𝐡,𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 ≥ ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Dry steam cycle:
Exergy balance:

ሶ𝐗𝐢𝐧 − ሶ𝐗𝐨𝐮𝐭 − ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭 − ሶ𝐦𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐗𝐥𝐨𝐬𝐬 = 𝟎
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭

Second-Law Analysis

ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

Geothermal Power Plants



Dry steam cycle:
The second-law efficiency:

𝛈𝐈𝐈,𝐑 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 ∆𝐡 − 𝐓𝐨∆𝐬

Second-Law Analysis

Geothermal Power Plants



Dry steam cycle:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐦𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 −
ሶ𝐐𝐋

𝐓𝐋
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 +
ሶ𝐐𝐋

𝐓𝐋
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 + ሶ𝐐𝐋 ≥ 𝟎

Where 𝐓𝐨 = 𝐓𝐋

Second-Law Analysis

Geothermal Power Plants



Larderello (Italy). Dry steam. 250 ºC.

Current power capacity installed: 500 MW.

Dry steam (Larderello)

Geothermal Power Plants



Dry steam (Larderello)

Geothermal Power Plants



Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)
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Dry steam (Larderello)

Geothermal Power Plants



The Geysers (California). Dry steam. 250ºC

20 units. Installed capacity 1400 MW

Recharge of the reservoir with treated municipal waste water.

Dry steam

Geothermal Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)

Geothermal Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)

Power generation from high-enthalpy geothermal resources:
flash steam power plants

Energy and exergy analysis. Working parameters optimization



Single - Flash

Geothermal Power Plants
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- Presure at Condenser is a function of the temperature of the cooling medium
- Pressure at the Separator (FV) is a design parameter

Single - Flash

Geothermal Power Plants



Single – Flash: Energy analysis

Geothermal Power Plants

Bauman Rule for ‘wet’ turbines

ηtw = ηtd ·(x4+x5)/2 



Single – Flash: Exergy analysis

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − 𝐄 ሶ𝐗𝐨𝐮𝐭 − 𝐄 ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝟏 − ሶ𝐖𝐨𝐮𝐭 − ሶ𝐦𝐞𝐱𝟐 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
The second-law efficiency:

𝛈𝐈𝐈,𝐓 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − 𝐓𝐨 𝐬𝟏 − 𝐬𝟐

𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐨𝐮𝐭 + ሶ𝐐 − ሶ𝐦𝐓𝐨 𝐬𝟏 − 𝐬𝟐
=

ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐫𝐞𝐯

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝟏 − ሶ𝐦𝐬𝟐 −
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝟐 − 𝐬𝟏 +
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 +
𝐓𝐨
𝐓𝐨

ሶ𝐐 ≥ 𝟎

𝐁𝐮𝐭 ∶ ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 + ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐖𝐨𝐮𝐭 ≥ 𝟎
ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − ሶ𝐄𝐗𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐞𝐱𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐞𝐱𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐞𝐱𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
The second-law efficiency:

𝛈𝐈𝐈,𝐇𝐗 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 − 𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭
𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 = ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐬𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐬𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐬𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐬𝐡,𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 ≥ ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Single - Flash cycle:
Exergy balance:

ሶ𝐗𝐢𝐧 − ሶ𝐗𝐨𝐮𝐭 − ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭 − ሶ𝐦𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐗𝐥𝐨𝐬𝐬 = 𝟎
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭

Second-Law Analysis

ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

Geothermal Power Plants



Single - Flash cycle:
The second-law efficiency:

𝛈𝐈𝐈,𝐑 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 ∆𝐡 − 𝐓𝐨∆𝐬

Second-Law Analysis

Geothermal Power Plants



Single - Flash cycle:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐦𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 −
ሶ𝐐𝐋

𝐓𝐋
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 +
ሶ𝐐𝐋

𝐓𝐋
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 + ሶ𝐐𝐋 ≥ 𝟎

Where 𝐓𝐨 = 𝐓𝐋

Second-Law Analysis

Geothermal Power Plants



A single-flash geothermal power plant operates from a reservoir that can provide 100 kg/s of 
saturated liquid at 230ºC.

Estimate:
- Optimal pressure (optimal temperature) at the flash vessel to obtain maximum power
- Net power for this optimal pressure and exergy efficiency
- Net annual energy production (utilization factor: 0.90)

Assumptions.
- The condenser temperature is 50 ºC
- Neglect auxiliary energy consumptions
- Turbine mechanical efficiency: 100 %. Electric generator efficiency: 100 %
- Turbine isentropic efficiency: 0.85
- Environmental conditions: 15 ºC, 1 bar

Use Solver Add-in in Excel, with Refprop linked for water thermodynamic properties.

Problem 1

Geothermal Power Plants



Double - Flash

Geothermal Power Plants



Double - Flash

- Presure at Condenser is a function of the temperature of the cooling medium
- Pressure at the Separators (FV) is a design parameter

Geothermal Power Plants
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Double – Flash: Energy analysis

Geothermal Power Plants



Double – Flash: Energy analysis

Geothermal Power Plants

Bauman Rule for ‘wet’ turbines

ηtw = ηtd ·(x4+x5)/2 

Bauman Rule for ‘wet’ turbines

ηtw = ηtd ·(x9+x10)/2 



Double – Flash: Exergy analysis

Geothermal Power Plants



Problem 2

Geothermal Power Plants

A double-flash geothermal power plant operates from a reservoir that can provide 100 kg/s of 
saturated liquid at 230ºC.

Estimate:
- Optimal pressures (optimal temperatures) at the two flash vessels to obtain maximum power
- Net power for this optimal pressure and exergy efficiency
- Net annual energy production (utilization factor: 0.90)

Assumptions.
- The condenser temperature is 50 ºC
- Neglect auxiliary energy consumptions
- Turbine mechanical efficiency: 100 %. Electric generator efficiency: 100 %
- Turbine isentropic efficiency: 0.85

Use Solver Add-in in Excel, with Refprop linked for water thermodynamic properties.



Krafla I y II (Iceland)

Double - Flash. 30 MW each.

Double - Flash

Geothermal Power Plants



https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2015/37008.pdf 

Environmental Impact (Dry steam and Flash)

Geothermal Power Plants

https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2015/37008.pdf


Geothermal Energy Capacity Building in Egypt (GEB)
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Geothermal Energy Capacity Building in Egypt (GEB)

Advanced geothermal energy conversion systems
Hybrid geothermal power systems



Hybrid Fossil – Geothermal Systems

Geothermal Power Plants



Solar-Augmented Flash Plants

Geothermal Power Plants



Bigger depths

Very high pressures (up to 1000 bar)

Temperature (150ºC – 200ºC)

High salinity

Natural gas reservoirs

Use

Water pressure (hydraulic turbine)

Water termal energy (district heating)

Natural gas (combined cycle)

Geopressured Systems

Geothermal Power Plants



Geothermal Power Plants

Hybrid Plant using a Geopressured System



Geothermal Power Plants

Combined Heat and Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)

Geothermal Power Plants 



Geothermal Energy Capacity Building in Egypt (GEB)

Power generation from low-enthalpy geothermal resources:
Binary cycle power plants

Energy and exergy analysis



Binary Cycle (ORC)

Geothermal Power Plants



Binary Cycle (ORC)

Geothermal Power Plants



Binary Cycle (ORC)

Geothermal Power Plants

Ts diagram contrasting normal and retrograde saturated vapor curves



Binary Cycle (ORC)

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Turbine

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Condenser

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Feed pump

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Heat Exchanger

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Heat Exchanger

Geothermal Power Plants



Binary Cycle (ORC): Energy análisis: Heat Exchanger

Geothermal Power Plants

- The brine inlet temperature Ta is known
- The pinch-point temperature difference, ΔTpp, is 

generally known from manufacturer’s specifications
- Tb to be found from the known value for T5 (while it is 

theoretically possible for the pinch-point to occur at 
the cold end of the preheater, this practically never 
happens)



Binary Cycle (ORC): Heat Exchanger Surface Area

Geothermal Power Plants



Binary Cycle (ORC): Energy analysis

Geothermal Power Plants



Binary Cycle (ORC): Energy analysis

Geothermal Power Plants



Binary Cycle (ORC): Energy analysis

Geothermal Power Plants



Binary Cycle (ORC): Exergy analysis

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − 𝐄 ሶ𝐗𝐨𝐮𝐭 − 𝐄 ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝟏 − ሶ𝐖𝐨𝐮𝐭 − ሶ𝐦𝐞𝐱𝟐 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
The second-law efficiency:

𝛈𝐈𝐈,𝐓 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − 𝐓𝐨 𝐬𝟏 − 𝐬𝟐

𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:

ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

𝛈𝐈𝐈,𝐓 =
ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐨𝐮𝐭 + ሶ𝐐 − ሶ𝐦𝐓𝐨 𝐬𝟏 − 𝐬𝟐
=

ሶ𝐖𝐨𝐮𝐭

ሶ𝐖𝐫𝐞𝐯

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



ሶ𝐖𝐨𝐮𝐭

𝐓𝐬𝐮𝐫𝐫 = 𝐓𝐨

ሶ𝐐

Turbine:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝟏 − ሶ𝐦𝐬𝟐 −
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝟐 − 𝐬𝟏 +
ሶ𝐐

𝐓𝐬𝐮𝐫𝐫
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 +
𝐓𝐨
𝐓𝐨

ሶ𝐐 ≥ 𝟎

𝐁𝐮𝐭 ∶ ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐐 = ሶ𝐖𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 + ሶ𝐦 𝐡𝟏 − 𝐡𝟐 − ሶ𝐖𝐨𝐮𝐭 ≥ 𝟎
ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐞𝐱𝟏 − 𝐞𝐱𝟐 − ሶ𝐖𝐨𝐮𝐭

Second-Law Analysis

Tsurr: is the surrounding temperature
To: is the dead-state temperature

Geothermal Power Plants



Pump:
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − 𝐄 ሶ𝐗𝐨𝐮𝐭 − 𝐄 ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝟏 + ሶ𝐖𝐢𝐧 − ሶ𝐦𝐞𝐱𝟐 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐖𝐢𝐧 − ሶ𝐦 𝐱𝟐 − 𝐱𝟏

Second-Law Analysis

To: is the dead-state temperature.
Pumping liquids is not usually      
associated with heat transfer

ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

Geothermal Power Plants



Pump:
The second-law efficiency:

𝛈𝐈𝐈,𝐏 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐏 =
ሶ𝐦 𝐞𝐱𝟐 − 𝐞𝐱𝟏

ሶ𝐖𝐢𝐧

𝛈𝐈𝐈,𝐏 =
ሶ𝐦 𝐡𝟐 − 𝐡𝟏 − 𝐓𝐨 𝐬𝟐 − 𝐬𝟏

ሶ𝐖𝐢𝐧
𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:
ሶ𝐦 𝐡𝟐 − 𝐡𝟏 = ሶ𝐖𝐢𝐧

𝛈𝐈𝐈,𝐏 =
ሶ𝐖𝐢𝐧 − ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏

ሶ𝐖𝐢𝐧

=
ሶ𝐖𝐫𝐞𝐯

ሶ𝐖𝐢𝐧

≈ 𝟏

Second-Law Analysis

To: is the dead-state temperature.
Pumping liquids is not usually      
associated with heat transfer

Geothermal Power Plants



Pump:
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝟏 − ሶ𝐦𝐬𝟐 + ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝟐 − 𝐬𝟏 ≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝟐 − 𝐬𝟏 ≥ 𝟎

Second-Law Analysis

To: is the dead-state temperature.
Pumping liquids is not usually      
associated with heat transfer

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
Exergy balance:

ሶ𝐄𝐗𝐢𝐧 − ሶ𝐄𝐗𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐄𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐞𝐱𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐞𝐱𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐞𝐱𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

ሶ𝐄𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐄𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
The second-law efficiency:

𝛈𝐈𝐈,𝐇𝐗 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐞𝐱𝐜,𝐨𝐮𝐭 − 𝐞𝐱𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐞𝐱𝐡,𝐢𝐧 − 𝐞𝐱𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 − 𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭
𝐁𝐮𝐭 𝐭𝐡𝐞 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰 𝐨𝐟 𝐭𝐡𝐞𝐫𝐦𝐨𝐝𝐲𝐧𝐚𝐦𝐢𝐜𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐬:
ሶ𝐦𝐜 𝐡𝐜,𝐨𝐮𝐭 − 𝐡𝐜,𝐢𝐧 = ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭

𝛈𝐈𝐈,𝐇𝐗 =
ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧

ሶ𝐦𝐡 𝐡𝐡,𝐢𝐧 − 𝐡𝐡,𝐨𝐮𝐭 − 𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Condenser & separator (Heat Exchanger – HX):
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐜𝐬𝐜,𝐢𝐧 + ሶ𝐦𝐡𝐬𝐡,𝐢𝐧 − ሶ𝐦𝐜𝐬𝐜,𝐨𝐮𝐭 − ሶ𝐦𝐡𝐬𝐡,𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

ሶ𝐦𝐜 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 ≥ ሶ𝐦𝐡 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦𝐜𝐓𝐨 𝐬𝐜,𝐨𝐮𝐭 − 𝐬𝐜,𝐢𝐧 − ሶ𝐦𝐡𝐓𝐨 𝐬𝐡,𝐢𝐧 − 𝐬𝐡,𝐨𝐮𝐭 ≥ 𝟎

Second-Law Analysis

To: is the dead-state temperature.
In heat exchangers, heat transfer to 
surrounding should be minimized

Hot out
ሶ𝐦𝐡

Hot in
ሶ𝐦𝐡

Cold in
ሶ𝐦𝐜

Cold out
ሶ𝐦𝐜

Geothermal Power Plants



Binary Cycle (ORC):
Exergy balance:

ሶ𝐗𝐢𝐧 − ሶ𝐗𝐨𝐮𝐭 − ሶ𝐗𝐥𝐨𝐬𝐬 =
𝐝𝐗𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭 − ሶ𝐦𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐗𝐥𝐨𝐬𝐬 = 𝟎
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 − ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝
ሶ𝐗𝐥𝐨𝐬𝐬 = ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − ሶ𝐖𝐧𝐞𝐭

Second-Law Analysis

ሶ𝐗𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝 ሶ𝐗𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

Geothermal Power Plants



Binary Cycle (ORC):
The second-law efficiency:

𝛈𝐈𝐈,𝐑 =
𝐄𝐱𝐞𝐫𝐠𝐲 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝
= 𝟏 −

𝐄𝐱𝐞𝐫𝐠𝐲 𝐥𝐨𝐬𝐬

𝐄𝐱𝐞𝐫𝐠𝐲 𝐬𝐮𝐩𝐩𝐥𝐢𝐞𝐝

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 𝐞𝐱𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐞𝐱𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧

𝛈𝐈𝐈,𝐑 =
ሶ𝐖𝐧𝐞𝐭

ሶ𝐦 ∆𝐡 − 𝐓𝐨∆𝐬

Second-Law Analysis

Geothermal Power Plants



Binary Cycle (ORC):
Entropy balance:

ሶ𝐒𝐢𝐧 − ሶ𝐒𝐨𝐮𝐭 + ሶ𝐒𝐠𝐞𝐧 =
𝐝𝐒𝐬𝐲𝐬

𝐝𝐭
= 𝟎 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐬𝐭𝐚𝐭𝐞, 𝐬𝐭𝐞𝐚𝐝𝐲 − 𝐟𝐥𝐨𝐰

ሶ𝐦𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − ሶ𝐦𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 −
ሶ𝐐𝐋

𝐓𝐋
+ ሶ𝐒𝐠𝐞𝐧 = 𝟎

ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 +
ሶ𝐐𝐋

𝐓𝐋
≥ 𝟎

ሶ𝐄𝐗𝐥𝐨𝐬𝐬 = 𝐓𝐨 ሶ𝐒𝐠𝐞𝐧 = ሶ𝐦𝐓𝐨 𝐬𝐫𝐞𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧 − 𝐬𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 + ሶ𝐐𝐋 ≥ 𝟎

Where 𝐓𝐨 = 𝐓𝐋

Second-Law Analysis

Geothermal Power Plants



An ORC geothermal power plant operates from a reservoir that can provide hot liquid at 440 K (167 ºC)

Net power 1200 kW
Brine inlet temperature, TA = 440 K (saturated liquid, cb = 4.19 kJ/kg·K)
Pinch-point temperature difference 5 K
Working fluid: isopentane
Preheater-evaporator pressure, P5 = P6 = P1 = 2.0 MPa
Condensing temperature, T4 = 320 K
Turbine isentropic efficiency  85 %
Feed pump isentropic efficiency  75 %

Estimate:
- Energy analysis. Thermal Efficiency
- Exergy analysis. Exergy efficiency. Exergy destruction
- Optimize preheater-evaporator pressure (P5)

- Environmental conditions: 25 ºC, 1 bar

Problem 3

Geothermal Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)

Geothermal Power Plants



Geothermal Energy Capacity Building in Egypt (GEB)

Power generation from low-enthalpy geothermal resources:
Binary cycle power plants

Energy and exergy analysis



Advanced Binary Cycle: Dual Pressure BC 

Geothermal Power Plants



Advanced Binary Cycle: Dual Pressure BC 

Geothermal Power Plants



Advanced Binary Cycle: Dual Fluid BC 

Geothermal Power Plants



Advanced Binary Cycle: Dual Fluid BC 

Geothermal Power Plants



Advanced Binary Cycle: Dual Fluid BC 

Geothermal Power Plants



Advanced Binary Cycle: Kalina BC 

Geothermal Power Plants

- The working fluid is a binary mixture of H2O and NH3

- Evaporation and condensation occur at variable temperature
- Cycle incorporates heat recuperation from turbine exhaust
- Composition of the mixture may be varied during cycle in some versions

- Improved thermodynamic performance of heat exchangers by reducing the 
irreversibilities associated with heat transfer

- Better match between the brine and the mixture.



Advanced Binary Cycle: Kalina BC 

Geothermal Power Plants



Operator Plant Plant Type Year
No. of

Units1

Net Rating

MW2

Gross Rating

MW
Mammoth-

Pacific
MP-1 Binary 1984 2 7 10

Mammoth-

Pacific
MP-2 Binary 1990 3 10 15

Mammoth-

Pacific
PLES-1 Binary 1990 3 10 15

Binary Cycle (ORC)

Geothermal Power Plants



1: Hot water at 74 ºC (57 ºC)   2: R-134a  3: Turbine (13500 rpm)
4: Cold water at 4 ºC (9 ºC)   5: R 134a  6: Pump

400 kW

Binary Cycle (74ºC ! )

Geothermal Power Plants



Binary Cycle (ORC)

Geothermal Power Plants



Binary Cycle (ORC)

Geothermal Power Plants



Binary Cycle (ORC)

Geothermal Power Plants



https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2015/37008.pdf 

Environmental Impact

Geothermal Power Plants

https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2015/37008.pdf


Geothermal Energy Capacity Building in Egypt (GEB)
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Geothermal Energy Capacity Building in Egypt (GEB)

Advanced geothermal energy conversion systems
Hybrid geothermal power systems



Hybrid Flash-Binary Systems

Geothermal Power Plants



Rotokawa (New Zealand)
- 4 extraction wells
- 5 reinjection wells
- 1 backpressure turbine (16 MW)
- 4 binary cycles (6.5 MW each)

Hybrid Flash - Binary Systems

Geothermal Power Plants



Solar-Augmented Binary Plants

Geothermal Power Plants



Formations with high temperatura and…

Low permeability and lack of water.

Use: EGS

Experimental phase

Hydraulic fracturing is needed to increase permeability.

Fluid is injected and circulated.

Hot Dry Rock (HDR) 
Enhanced Geothermal Systems (EGS)  

Geothermal Power Plants



Enhanced Geothermal Systems (EGS)  

Geothermal Power Plants



Enhanced Geothermal Systems (EGS)  

Geothermal Power Plants



Enhanced Geothermal Systems (EGS)  

Geothermal Power Plants



Enhanced Geothermal Systems (EGS)  

Geothermal Power Plants



http://www.bine.info/fileadmin/content/Publikationen/Englische_Infos/projekt_0409_engl_Internetx.pdf 

EGS (Soultz-sous-Forêts)

Geothermal Power Plants

http://www.bine.info/fileadmin/content/Publikationen/Englische_Infos/projekt_0409_engl_Internetx.pdf


http://www.bine.info/fileadmin/content/Publikationen/Englische_Infos/projekt_0409_engl_Internetx.pdf 

EGS (Soultz-sous-Forêts)

Geothermal Power Plants

http://www.bine.info/fileadmin/content/Publikationen/Englische_Infos/projekt_0409_engl_Internetx.pdf


EGS (Eavor-Loop)

Advanced geothermal system technologies focus on using horizontal drilling techniques to drill small, sealed 
horizontal boreholes between wells to allow for circulation of fluids that bring the heat to the surface. One 
example is Eavor Technologies’ “Eavor-Loop” system, which completed a successful demonstration at the 
Eavor-Lite facility in Alberta, Canada, in February 2020. Courtesy: Eavor

Geothermal Power Plants



Superhot Rock Systems

Geothermal Power Plants

https://www.quaise.energy/

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf


Superhot Rock Systems

Geothermal Power Plants

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf 

- Japan Beyond Brittle Project. 1994-1995, reaching to the “brittle-ductile transition zone” where rock is more 
plastic at temperatures above 500°C at a depth of 3.7 km

- Iceland Deep Drilling Project. First test well, IDDP-1 Krafla, completed in 2009, after drilling was terminated when 
it encountered magma. Projected energy flow of 36 MWe. The second well, IDDP-2 Reykjanes, reached its 
objective of supercritical (superhot) conditions at 426°C in 2017. IDDP is currently planning a third superhot well.

- DESCRAMBLE. Larderello (Italy) EU project 2015-18 to drill into superhot. Larderello’s Venelle-2 is the hottest 
geothermal well on record, registering 514°C at a depth of 2.9 km

- GEMex. EU-supported program focused on HDR/EGS development and SHR systems. It drilled several wells at the 
Acoculco geothermal field, reaching “well above” 300°C in dry wells

- Hotter and Deeper. New Zealand. Since 2009 The project hopes to investigate potential reservoir systems in the 
superhot plastic brittle-ductile transition zone at about 7 km where geophysics suggests there is little seismic 
activity

https://www.catf.us/wp-content/uploads/2021/09/CATF_SuperhotRockGeothermal_Report.pdf
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