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Energy Intelligent Solutions  provides independent advice and solutions 

for energy transition and carbon reduction to industrial and commercial 

organisations where energy matters 

An Introduction to Exergy Analysis 

T 
he First Law of 
Thermodynamics (one 
of four laws – 0th, 1st, 
2nd and 3rd) states that 

energy is conserved*.  1 MWh of 
electricity is the same amount of 
energy as 1 MWh of heat.  
However, not all ‘energy sources’ 
are of equal value (or quality), 
either thermodynamically, in 
monetary value or in terms of 
carbon emissions.   

*Ignoring the possible exchange of 
energy and mass which is important in 
specific circumstances only (E=mc2). 

While 1 MWh of electricity can 
be transformed into 1 MWh of 
heat, the opposite is not true 
(and would violate the Second 
Law of Thermodynamics). 

In money terms, 1 MWh of 
electricity in the UK from the grid 
at the time of writing costs 
around £120 at the point of use.  
The same quantity of energy as 
heat generated from natural gas 
(methane) costs only around £30, 
for example. (Note that energy 
prices are volatile, however). 

In carbon terms, 1 MWh of 
electricity will have associated 
carbon emissions of about 220 kg 
if imported from the UK grid at 
the time of writing, and assuming 
the average grid factor for 
conversion between energy units 
and kg of carbon dioxide in 2021.  
The conversion factor depends 
on the sources of power 
supplying the grid, in this case a 
mix of nuclear, renewables and 
gas fired power plant.  The same 
quantity of heat at the point of 
use from a steam system, on an 
industrial site where the boilers 

are fired using methane and 
taking account of all typical 
losses (boiler losses, distribution 
losses), may have emissions of 
around 400 kg. 

Thermodynamically, 1 MWh of 
electricity (work) has greater 
value than 1 MWh of heat.  
Similarly, 1 MWh of fuel (where 
the energy content is defined as 
the gross calorific value 
multiplied by the amount of fuel) 
has more value than the 1 MWh 
of heat the fuel can generate 
from combustion. 

The value of energy 
thermodynamically depends on 
the amount of energy and its 
potential (to do work**). 

The value of energy overall 
depends on its cost, the carbon 
emissions and its thermodynamic 
value. 

An understanding of all these 
factors is necessary to identify 
optimum solutions to reduce 
energy use and associated 
carbon emissions.  In different 
circumstances, for example 
differing locations, the relative 
importance of these factors will 

be different. 
**Work is defined as the (scalar) 

product of the force acting on an object 
and the displacement caused by that 
force (shaft work). 

Balance efficiency, 
rate and capital costs 

Energy is needed to make 
things happen: to generate 
power and do work, to separate 
components, to heat a fluid and 
so on.  Making things happen 
requires the ‘sacrifice’ of 
potential, and there is generally a 
trade-off between the loss of 
potential and the ‘speed’ of the 
process required.  Heating with a 
higher temperature utility can 
speed up the rate of heating, for 
example, and/or reduce the size 
of the heat exchanger needed 
(and its capital cost).  Choosing a 
higher temperature hot utility 
means losing potential which in 
turn means losing some of the 
value of the energy (exergy) and 
generally an increase in carbon 
emissions. The objective is to find 
the correct balance: capital, 
operating cost, carbon emissions. 

 

Exergy is a concept that is frequently applied to reduce energy use and carbon emissions.  

A more comprehensive understanding can help with the optimisation of energy and  

carbon reduction strategies.  This document provides an introduction and some examples  

where exergy analysis can easily be applied. 

The value of energy 



A (thermodynamic) system is defined as any collection of 
matter within a boundary.  The boundary might be a heat 
exchanger, a distillation column or an entire process 
operation.  Systems can be closed, where only energy and no 
matter can cross the boundary, or open where both matter 
and energy can cross the boundary.  Open systems are more 
commonly encountered in industrial and utilities plant.  Heat 
and work can cross the boundary and matter can flow in an 
out.  

An isolated system is one where no energy or matter can 
cross a boundary, for example the universe. 

An example open system is shown in the figure. 

Energy is conserved. For an open system the heat added to 
the system is equal to the increase in enthalpy of the process 
streams passing across the boundary (ignoring changes in the 
gravitational potential and kinetic energy of the process 
streams) plus the work done by the system. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

More generally, the steady flow energy equation is: 

 

 
where m=mass flow rate, H=enthalpy, v=velocity, z=height and 

subscripts 1 and 2 refer to inlet and outlet streams.  

Heat engines, heat pumps and 
refrigeration 

A heat engine is a device that converts heat into work 
(electricity, or motive/shaft power).  

A practical example would be a Rankine cycle (e.g., a typical 
steam or organic fluid power cycle) or a gas turbine cycle.   

The figure below shows such a device where heat is 
absorbed in the evaporator (or boiler) at a higher temperature 
generating vapour at higher pressure which is then expanded 
to produce power in a turbine.  The lower pressure vapour 
exiting the turbine is condensed, rejecting heat at a lower 
temperature in the condenser.  The condensed liquid is 
pumped back to the evaporator. This is a Rankine Cycle. 

The energy balance is: 

The heat engine is typically 
represented as shown. 

There are no examples of 
heat engines where all the heat 
is converted into work, in other 
words where QC  is zero. Such 
an engine would violate the 
Second Law of 
Thermodynamics, which can be 
stated in a number of ways. 

Schematic diagram of an example open system - a compressor 
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Energy balance for an open system 

Open systems and energy conservation  
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Heat engine representation 



Planck’s statement of the Second Law, which is consistent 
with all other statements of the Law, is ‘no cyclic process is 
possible which has the sole result of continually absorbing 
heat and converting 100% of this heat into work’. The heat 
engine shown below is not possible. 

 
 
 
 

 

 

 

The efficiency of a heat engine is the work generated/heat 
used: 

 
 

 
 
 
 

Where the heat is absorbed all at one temperature and 
rejected all at another temperature, a Carnot Cycle, the 
efficiency becomes: 

 
 
 

Where all temperatures are in Kelvin (273+ temperature in 
Celsius). 

This equation defines the thermodynamic temperature 
scale, the Kelvin scale.  It can be shown that the 
thermodynamic temperature scale is equivalent to the ideal 
gas temperature scale. 

It can also be proven that this efficiency is the maximum 
possible efficiency of an ideal (reversible) Carnot heat engine 
operating between the two temperatures. 

Practical heat engines, for example Rankine Cycles (Steam 
and Organic), Gas Turbine Cycles, Stirling Cycles and Engine 
Cycles, will achieve significantly lower efficiencies. As a rule of 
thumb, the practical efficiency of a heat engine operating 
between two temperature levels will be around 60% of the 
ideal efficiency. 

Consider a heat engine operating with a heat source at an 
average temperature of 150°C and which rejects heat at an 
average temperature of 30°C. The amount of waste heat 
available to ‘drive’ the heat engine is 1 MW. 

 
The Carnot efficiency of the heat engine = 
 

Estimated efficiency in practice = 0.6*28.4 = 17% 
The heat engine will generate approximately 170 kW of 

power and will reject 830 kW of heat at the lower 
temperature.  

If the hot and cold temperatures were 200°C and 30°C, the 
power generated would increase to 254 kW. 

The example calculation shows how to estimate the power 
available from a practical heat engine. This is a useful 
approach to understand the heat to power options within a 
process operation or anywhere where waste heat is available.  
The example shows that the heat available at a higher 
temperature can generate more electricity (more work). 

This analysis also leads to the concept of the ‘work 
equivalent of heat’.  The maximum amount of work 
potentially available from heat can be defined as: 

 
 
 

Clearly, higher temperature heat sources have a higher 
exergy level.  Losing temperature loses potential (ability to do 
work) and loses exergy. Loss of exergy translates into 
increased energy costs and higher carbon emissions in 
general. 

A heat pump is the reverse of a heat engine, a device to use 
work (electricity) to move heat from a lower temperature 
source to a higher temperature sink. The term heat pump is 
generally reserved for systems where the focus is on the heat 
produced at the higher temperature. Heat pumps are also 
referred to as refrigeration systems when the focus is on the 
heat removed at the cold end. Heat pumps/refrigeration 
systems can deliver both useful heating and useful cooling at 
the same time and when operating in this mode (refrigeration 
systems with heat recovery) are more efficient in energy use 
and associated carbon emissions. 

With heat pumps/refrigeration systems, and with some heat 
engines, the working fluid (the refrigerant) can also be 
associated with global warming through the leakage to 
atmosphere of chemicals with high global warming potentials. 

An impossible heat engine - ‘perpetual motion of the 
second kind’ 
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These equations allow a quick understanding of the 
amount of power that can be generated from any heat 
source where the temperature and amount of heat is known 
and the temperature of the heat sink is also known (which is 
usually ambient temperature or the temperature of the site 
cooling medium, e.g., cooling water). 
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The efficiency of waste heat to power 

The economics of waste heat to power (using UK costs and 
benefits - August 2021) 
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The lowest temperature sink for the heat that is generally 
available is the ambient temperature, T0.  Therefore, the 
maximum work potential of heat, or the exergy, can be 
defined as: 
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The energy balance is: 
 
 
The minimum work required 
by a heat pump/refrigeration 
system operating between 
two temperature levels is: 
 
 
 

Where the focus is on heating (heat pump): 

 
 
 
Or where the focus is on cooling (refrigeration): 

 
 
 
The coefficient of performance, defined as the heat 

delivered (heat pump) or cooling achieved (refrigeration) 
divided by the work done, is the measure of the efficiency of 
the plant. 

The maximum COP of a heat pump is therefore: 
 
 
 
The maximum coefficient of performance of a refrigeration 

system is (less by 1 compared to a heat pump when operating 
at the same temperatures): 

 
 

 
In practice, a COP of 60% of the ideal COP is likely to be 

achievable in practice for both a heat pump and a refrigeration 
system. 

Consider a refrigeration system cooling a fluid at -10°C and 
rejecting heat to atmosphere at 30°C. The maximum possible 
COP is 263/40 = 6.6. In practice, a COP of 0.6*6.6 can be 
achieved, = 3.9. Therefore, to achieve 1 MW of cooling at          
-10°C, the power required will be 256 kW. 

If the cooling is at -20°C, the power required will be 330 kW. 

With heat pumps/refrigeration systems, the efficiency 
depends on the temperature levels. Lower temperature 
refrigeration requires more power per unit of cooling. 

The figure below shows the relative cost of cooling from 
refrigeration systems as a function of the cold temperature. 

Relative (energy) cost of cooling vs cold temperature 

The work potential of a refrigerated stream can, therefore, 
be defined as follows. This is the work that could be generated 
making use of the lower temperature and the ambient 

conditions (TO) - the exergy: 
 
 
 
For example, a cold stream at -10°C which can absorb 1 MW 

of heat (using a heat engine with the heat supplied from the 
ambient conditions at an assumed 30°C) would be able to 
support the generation of 1*40/263 MW of power 
theoretically (152 kW), or say 60% of this in a practical heat 
engine (91 kW). The same amount of heat absorbed at -30°C 
would support the generation of 148 kW in a practical heat 
engine. 

The figure below shows an example of a mechanical vapour 
recompression solution for a distillation column. MVR is a heat 
pump which is a practical solution for circumstances where 
the temperature lift is relatively low, for example evaporators 
and distillation columns where the components have relatively 
similar boiling points.   

In the example, the minimum power consumption would be 
179 kW and the practical power requirement would be 
300 kW. 300 kW of power in the UK would cost £36 per hour 
and the carbon emissions would be 66 kg. This contrasts with 
the cost of 3 MW of heat at around £75 per hour and carbon 
emissions of 1,200 kg if the heat were provided by steam 
generated in a boiler fired with methane. The carbon 
emissions reduction is 95%! 

 
Mechanical vapour recompression heat pump on a 
distillation column 
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Heat pumps and refrigeration systems 
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Real processes, entropy and exergy 
Ideal processes where the maximum work is generated or 

the minimum work is required are not achievable in practice. 
Ideal processes are reversible, have a zero driving force and 
are always at equilibrium. 

All real processes are irreversible and non-ideal, but some 
are less ideal than necessary or desirable.  

The analysis of reversible heat engines leads to the 
conclusion:  

 
 
 

Entropy, S, is defined by the equation: 
 
 
 

Entropy is, therefore, a state function (since the cyclic 
integral is zero) and its value is independent of path.  

 
 
 

For a practical cycle: 
 
 
 

From this equation, it can be shown that for any real, 
feasible process: 

 
 

Any change that occurs spontaneously in nature is 
accompanied by a net increase in entropy. 

The first and second laws of thermodynamics are often 
stated as: 

 The energy of the Universe is constant 
 The entropy of the Universe tends always to a maximum 

The usefulness of entropy (and thermodynamics generally) 
extends well beyond the analysis of heat and heat engines. A 
chemical reaction, for example, will be feasible provided the 
entropy change overall increases. 
For a reaction: 

 
 

At constant temperature, T: 
 
 
 

For a feasible reaction: 
 

 
 
 
 
 
 

At constant temperature and pressure, and ignoring non PV 
work, the Gibbs free energy, G, can be used, where: 

 
 

Therefore, for a feasible reaction at constant temperature and 
pressure: 

 
 

For a reaction at constant temperature and pressure and 
where only PV work is considered, the Gibbs free energy tends 
to a minimum value.  

 
The exergy loss, the lost ability to do work, is related to 

entropy and can be defined as: 
Exergy Loss = Overall Entropy Change multiplied by T0 

Consider 3 MJ of heat available at 600 K and rejected to 
ambient, and assume the ambient temperature is 300 K. The 
entropy change will be:  

-3000/600 + 3000/300 = -5+10 = 5 MJ/K   
Now consider a heat engine between the heat source and 
ambient heat sink.  The work produced in an ideal engine will 
be:  

3000*300/600 = 1500 MJ   
The waste heat would have lost the potential to generate 
1,500 MJ of work if rejected to the ambient. The lost ability to 
do work is equal to the entropy change multiplied by T0. 

It can be shown that this is a general result, even where the 
heat is not rejected to ambient temperature.  In any process, 

the product of the entropy change and T0 gives the lost 
ability to do work. 
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Related Insights available from Energy Intelligent Solutions include: 

 Heat Pumps 

 Heat Recovery 

 Efficient Use of Steam 

 Pinch Technology 

 Boiler Efficiency 

 Combined Heat and Power - gas engines 

 Combined Heat and Power - gas turbines 

 Renewable Combined Heat and Power 

 Renewable Fuels 

 Hydrogen 

 Heat to Power 

 Fuel Cells 

 Low Carbon Power 

 Carbon Capture, Use and Storage 

for further Insights visit our website: www.energyintelligentsolutions.com 

for advisory services contact: insights@energyintelligentsolutions.com 

While entropy change determines whether a process is 
feasible, exergy change identifies the losses in the process. 

Further exergy changes 
The exergy change associated with a process stream can be 

calculated from the initial and final conditions (1 and 2) using 
the equation: 

 
 

For a constant temperature changes, at temperature T, for 
example condensing or vaporisation: 

 
 
 

For changes where the specific heat capacity is constant: 
 
 
 

For changes in pressure: 
 for liquids,  
 
 for ideal gases 

 
For a chemical reaction: 

 

 

Using exergy 
Understanding the value of energy helps identify the 

opportunities to reduce energy losses and to reduce carbon 
emissions: 

 the importance of lower temperature differences in heat 
exchangers 

 the benefits of lower temperature hot utilities and higher 
temperature cold utilities 

 the power (work) potentially available from heat 
recovery 

 the optimum design and operation of refrigeration 
systems, heat pumps, compressors and power 
generation systems 

 optimum process operations that reduce the demands 
for energy and carbon  
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