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Recap: Part 2

• Importance of Systems Modeling in Renewable Energy

• Modeling systems
– Stream properties
– Thermodynamic relationships
– Unit models

• Heat integration & Pinch Analysis
– Basic Principles
– Composite Curves
– The Heat Cascade and the Grand Composite Curve

• Life Cycle Assessment
– Goal & Scope Definition
– Life Cycle Inventory
– Life Cycle Impact Assessment

• Uncertainty Analysis & The Monte Carlo Method

Objective: Cover the basic principles of Systems Modeling for a Renewable Energy 
Process and be able to model a simple system.
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Process Modeling

1. Stream 
properties
(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…)

The approach:

2. Thermodynamic relationships:
Calculation:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions

3. Unit models:
Provides connectivity and unit-specific relationships

Heat and material flows
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Vapor liquid equilibriums
A key property of mixtures is to calculate their vapor liquid equilibriums 
(VLLEs).

This is important in:
• Chemical processes: distillation, extraction…etc.
• Environmental processes: atmospheric and ocean modeling

We want to find the state at equilibrium. What is the thermodynamic definition 
of an equilibrium?

dG = 0
Total free energy change 
of the system

dG = −SdT +VdP + µp,αdnp,αα
∑p∑

Phase Component Chemical potential of 
component a in phase p

Change of the quantity of 
component a in phase p

46

Vapor liquid equilibriums

@ cst T and P, the only variable is na à To minimize G we have to find the 
point where:

dG = −SdT +VdP + µp,αdnp,αα
∑p∑ = µp,αdnp,αα

∑p∑ = 0

@ an equilibrium @ a 
given T and P

dG
dnα

!

"
#

$

%
&
T ,P,nα≠β

= 0 = µp,αp∑

µ1,α = µ2,α = µ3,α...

For independent 
components
(e.g. no reactions)

à

The chemical potentials of each component must be equal across phases.
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Vapor liquid equilibriums
For a vapor-liquid equilibrium:

µV ,α = µ
0
V ,α + RT ln

fα,V
f 0α,V

= µ 0L,α + RT ln
fα,L
f 0α,L

= µL,α

Chemical potential of 
pure a at a reference 
state in the vapor phase

Let’s develop this expression:

µV ,α = µL,α

Fugacity of component of pure a and its 
corresponding reference fugacity in the vapor 
phase 

µ 0αThe reference state for         and        is arbitrary but must be coherent.f 0α
à The same state must be chosen for both variables.
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Vapor liquid equilibriums
At the reference state, we have:

Since we are free to choose a reference state, let’s choose one where the 
two phases are at equilibrium (i.e. at Psat,a and Tsat,a):

Substitution into our V-L equilibrium equation:

µ 0V ,α − RT ln f
0
α,V = µ

0
L,α − RT ln f

0
α,L

µ 0V ,α = µ
0
L,α f 0V ,α = f

0
L,αà

µV ,α = µ
0
V ,α + RT ln

fα,V
f 0α,V

= µ 0L,α + RT ln
fα,L
f 0α,L

= µL,α

Leads to:

f V ,α = f L,α A fundamental rule of VLEs!

49



3/25/25

4

Vapor liquid equilibriums
At the reference state, we have:

What if we have a random reference state?

Substitution into our V-L equilibrium 
equation:

µ 0V ,α − RT ln f
0
α,V = µ

0
L,α − RT ln f

0
α,L

µ 0V ,α −µ
0
L,α = RT ln

f 0V ,α
f 0L,α µV ,α −µL,α = µ

0
V ,α −µ

0
L,α + RT ln

fα,V f
0
α,L

f 0α,V fα,L

Leads to:

f V ,α = f L,αOnce again, we get:

µV ,α −µL,α = 0 = RT ln
f 0α,V
f 0α,L

+ RT ln fα,V f
0
α,L

f 0α,V fα,L

Note: so far, no 
simplifications have been 
made (e.g. ideality, etc.)
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Vapor liquid equilibriums
We know that we can further develop VLE expressions based on:

f V ,α = f L,α
Let’s further define fugacities such that: 

f V ,α =ϕα,V yαP f L,α =ϕα,LxαP = γαxα f
0
L,α

Fugacity coefficient 
for a in the vapor 
phase

Molar fraction of 
a in the vapor 
phase

Pressure Molar fraction of 
a in the liquid 
phase

Activity 
coefficient for a 
in the liquid 
phase

Reference 
fugacity for a 
in the liquid 
phase

Which definition is chosen for        will 
depend on the property estimation model.

f L,α

Note: up to this point, we have not solved anything! We have just added 
terms to make xa , ya and P appear.
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Vapor liquid equilibriums
Our V-L equilibrium expression becomes:

Let’s start by defining        :

ϕα,V yαP = γαxα f
0
L,α

We just chose a reference state at T, P 
(the conditions of interest) and pure a.

Let’s add:

f 0L,α

f 0L,α = fL,α (T,P, xα =1) =ϕα,LxαP =ϕα,LP

f 0L,α =ϕα,LP =ϕ sat
α,LPsat

ϕα,LP
ϕ sat
α,LPsat

Fugacity 
coefficient of a 
at T and Psat

Psat for pure a at T
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Vapor liquid equilibriums
Our V-L equilibrium expression:

ϕα,V yαP = γαxα f
0
L,α

From Maxwell relations, we have:

ϕα = exp vα
RT

−1/ P dP
0

P
∫
#

$
%

&

'
(

Partial molar volume of a

Therefore:
ϕα,L

ϕ sat
α,L

= exp vα
RT

−1/ P dP − vα
RT

−1/ P dP
0

Psat∫0

P
∫
#

$
%

&

'
( = exp vα

RT
−1/ P dP

Psat

P
∫
#

$
%

&

'
(

= exp vα
RT

 dP − ln P
PsatPsat

P
∫
#

$
%

&

'
( =

Psat
P

exp vα
RT

 dP
Psat

P
∫
"

#
$

%

&
'

With this we can rewrite our equation for :

f 0L,α =ϕ
sat
α,LPsat

ϕα,LP
ϕ sat
α,LPsat

=ϕ sat
α,LPsat exp vL,α

RT
 dP

Psat

P
∫
"

#
$

%

&
'
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Vapor liquid equilibriums
Our V-L equilibrium expression becomes:

ϕα,V yαP = γαxαϕ
sat
α,LPsat exp vL,α

RT
 dP

Psat

P
∫
"

#
$

%

&
'

At this point, no simplifications have been made. So, why have we done this?

Poynting factor

à To organize our simplifications:

• Simplification 1: ideal solution  → γ =1 Can rarely be assumed…

• Simplification 2: ideal gas →ϕ =1 Can usually be assumed…

• Simplification 3: negligible changes in liquid molar volume (à 
incompressible liquids!)

→ exp vL,α

RT
 dP

Psat

P
∫
#

$
%

&

'
(= exp(0) =1 Can almost 

always be 
assumed…
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Vapor liquid equilibriums
Our equation:

With all these simplifications:

→ γ =1 →ϕ =1 → exp vL,α

RT
 dP

Psat

P
∫
#

$
%

&

'
(=1

ϕα,V yαP = γαxαϕ
sat
α,LPsat exp vL,α

RT
 dP

Psat

P
∫
"

#
$

%

&
'

Becomes:

yαP = xαPsat

Ideal case

Raoult’s law can be used to fully calculate VLEs in ideal conditions.
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Process Modeling

1. Stream 
properties
(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…)

The approach:

2. Thermodynamic relationships:
Calculation:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions

3. Unit models:
Provides connectivity and unit-specific relationships

Heat and material flows
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Process Modeling

1. Stream 
properties
(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…)

The approach:

2. Thermodynamic relationships:
Calculation:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions

3. Unit models:
Provides connectivity and unit-specific relationships

Heat and material flows
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Vapor liquid equilibriums
Starting point for real solution:

This is always true!

γ =1

GE = f (xα, xβ ,...,T )

ϕα,V yαP = γαxαϕ
sat
α,LPsat exp vL,α

RT
 dP

Psat

P
∫
"

#
$

%

&
'

Strategy 1: Activity coefficient models

The estimation is based on empirical functions that estimate excess Gibbs 
free energy:

The approximation that           is almost never true à We need a model for g

G =GId +GE

Partial molar 
Gibbs free 
energy

Partial molar 
Gibbs free energy 
in ideal conditions

Excess partial 
molar Gibbs free 
energy

Activity coefficient models usually 
model       with a function of xa and TGE
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Vapor liquid equilibriums
Strategy 1: Activity coefficient models

How does       relate to g ?

∂G
∂nα

"

#
$

%

&
'
T ,P,nα≠β

=
∂(nG)
∂nα

"

#
$

%

&
'
T ,P,nα≠β

=Gα

GE,α

GE

The definition of     : G

Recall that:

dG = −SdT +VdP + µp,αdnp,αα
∑p∑ à Gα = µα

Gα = µα = µ
0
α + RT ln

fα
f 0α

= µ 0α + RT ln xα + RT lnγα= µ 0α + RT lnγαxα

GId,α

GE,α = RT lnγα

Therefore:

=
∂
∂nα

nkk∑( ) GE( )#
$

%
& =

∂
∂nα

nkk∑( ) f (xα, xβ ,...,T )( )#
$

%
&

f α = γαxα f
0
α
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Vapor liquid equilibriums
Strategy 1: Activity coefficient models

This formula:

Allows us to relate g to our excess Gibbs free energy model f(xa, xb,…, T)

RT lnγα =
∂
∂nα

nkk∑( ) f (xα, xβ ,...,T )( )#
$

%
&

See an example of how to use this formula with the Margules model in Problem 
1 of Problem Set 6.

Common models include:

• Margules model: binary parameter model:

• NRTL (non-random two liquid): more complex binary parameter model

• UNIQUAC (Universal Quasi Chemical): parameters model based on 
functional groups

GE / RT = Ax1x2
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Vapor liquid equilibriums
Strategy 1: Activity coefficient models

From the excess free energy, we can calculate other 
thermodynamic properties:

In summary:  we can calculate all excess properties for the liquid phase and the 
activity coefficients for each component. 

V E,L =
∂GE,L

∂P
"

#
$

%

&
'
T

ΔSE,L = − ∂GE,L

∂T
$

%
&

'

(
)
P

ΔHE,L = ΔGE,L +TΔSE,L

This takes care of all cases where liquids do not behave ideally: → γ ≠1

à Very often

What about when the gases are acting non-ideally? →ϕ ≠1
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Vapor liquid equilibriums
Strategy 2: Equation of state (EOS) models

With activity coefficient models, we started by modeling a thermodynamic 
property (GE) and derived a volumetric property (VE). With EOS models, we 
start with volumetric properties and will arrive at thermodynamic properties.

From Maxwell relations:

ϕα,L = exp vα,L

RT
−1/ P dP

0

P
∫
#

$
%

&

'
( ϕα,V = exp vα,V

RT
−1/ P dP

0

P
∫
#

$
%

&

'
(

Where: vα, L or V =
∂VL or V

∂nα

"

#
$

%

&
'
T ,P,nβ≠α

à Allows you to calculate VL or VP = f (R,T,V, zα, zβ ,...)An EOS: 

Molar fraction of a in the 
total mixture
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Vapor liquid equilibriums
Strategy 2: Equation of state (EOS) models

With activity coefficient models, we started by modeling a thermodynamic 
property (GE) and derived a volumetric property (VE). With EOS models, we 
start with volumetric properties and will arrive at thermodynamic properties.

P = f (R,T,V, zα, zβ ,...)An EOS: 

Molar fraction of a in the 
total mixture

Note: Most EOS are P = f(V,T…) not V = f(P,T…), but we can use another 
Maxwell relation: 

RT lnϕα,L or V =
∂P
∂nα

"

#
$

%

&
'
T ,P,nβ≠α

− RT /VL or V

*

+

,
,

-

.

/
/
 dV − RT ln PVL or V

nRTVL or V

∞

∫

à Allows you to calculate VL or V
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Choosing your thermodynamic 
property estimation method

Do you have any polar 
components in the system?

Are the operating conditions 
near the critical region of the 

mixture?

Are there light gases or 
supercritical components in 

your system? 

Use EOS 
model

Use activity 
coefficient model 
with Henry’s law

Use activity 
coefficient 

model

YesNo

Yes

No

YesNo

Source: Aspentech
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Thermodynamic relationships

We have all the necessary thermodynamic relationships. 
We can use these relations to construct the matrix Tha (for 
stream a):

Tha (Ta,Pa,Cpa,,ha, zα,a, zβ ,a,...) = 0

Temperature Pressure Heat 
capacity 
of stream 
a

Molar (or mass) fractions of 
components a or b in the total 
mixture of stream a

An overall specification matrix Th is constructed by putting 
together all of these stream matrices. 

Now we have:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions
  

Enthalpy of 
stream a
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Process Modeling

1. Stream 
properties
(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…)

The approach:

2. Thermodynamic relationships:
Calculation:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions

3. Unit models:
Provides connectivity and unit-specific relationships

Heat and material flows
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Unit models
Recall the total number of specifications needed for 
streams:

NSpecifications = Nstreams,Q + Nstreams,Wel
+ 2Nstreams,Wmech.

+ Nstreams,material (2+ Nc )

This number of specifications can be reduced through unit 
models:

- Mass balances
- Energy balances
- Momentum balances
- Unit-specific relations

1. Stream 
properties 

 

(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…) 

2. Thermodynamic relationships: 
 

Calculation: 
-  Pure component properties in ideal conditions 
-  Mixture properties in ideal conditions 
-  Mixture properties in real conditions 

3. Unit models: 

Provides connectivity and unit-specific relationships 
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Unit models

For continuous processes, there is no accumulation. For 
total mass, energy or momentum balances, there is no 
source:

Momentum balances are used in specialized systems (including prominently in 
atmospheric models).

Basic balance structure (mass, energy or momentum):

In−Out = Accumulation+ Source

In−Out = 0

1. Balances:

Balances are the basis of connectivity in systems models!
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Unit models

Unit models are the second category of equations within 
Units. They define a relation that is specific to the unit in 
question and usually introduce model parameters which 
must be specified. 

Wrev. =ηWel.

2. Unit models:

Example 1:

Reversible 
work

Efficiency Electrical 
work

nα = nα,0 + XnβSα

Example 2:

Number of
moles of a

Conversion Number of
moles of b

Selectivity 
to a

Parameters are added to the total number of system variables.

Number of
moles of a 
entering 
the unit 
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Unit models

These equations will form their own matrix Ui (for unit i):

Ui (Ta,Pa,ha,...,Pi,1,Pi,2,...) = 0

Temperature Pressure Parameters for unit i

An overall specification matrix U is constructed by putting 
together all of these unit matrices. 

Overall we have:
- Balance equations (mass, energy, momentum)
- Unit equations  

Enthalpy of 
stream a

Relevant stream variables
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Process Modeling

1. Stream 
properties
(ma, Va, Pa, 
Ta, Ha, Sa, 

Cpa…)

The approach:

2. Thermodynamic relationships:
Calculation:
- Pure component properties in ideal conditions
- Mixture properties in ideal conditions
- Mixture properties in real conditions

3. Unit models:
Provides connectivity and unit-specific relationships

Heat and material flows
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Process modeling

We can now build an overall set of equations represented by the 
matrix F:

F =

Sa (Ta,Pa,hα,a, xα,a, xβ ,a,...)

Sb(Tb,Pb,hα,b, xα,b, xβ ,b,...)

...
Tha (Ta,Pa,ha,Cpa, zα,a, zβ ,a,...)

Thb(Tb,Pb,hb,Cpb, zα,b, zβ ,b,...)

...
Ui (Ta,Pa,ha,...,Pi,1,Pi,2,...)
U j (Tb,Pb,hb,...,Pj,1,Pj,2,...)

...

!

"

#
#
#
#
#
#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&
&
&
&
&
&

= 0

Now we have everything:
- Stream properties
- Thermodynamic relationships
- Unit models
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Process modeling

F =

Sa (Ta,Pa,hα,a, xα,a, xβ ,a,...)

Sb(Tb,Pb,hα,b, xα,b, xβ ,b,...)

...
Tha (Ta,Pa,ha,Cpa, zα,a, zβ ,a,...)

Thb(Tb,Pb,hb,Cpb, zα,b, zβ ,b,...)

...
Ui (Ta,Pa,ha,...,Pi,1,Pi,2,...)
U j (Tb,Pb,hb,...,Pj,1,Pj,2,...)

...

!

"

#
#
#
#
#
#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&
&
&
&
&
&

= 0

Requirements for solving 
F:
- The matrix must be 

square
à Number of variables must 

equal the number of 
equations 

- The equations must be 
independent
à Line and column 
permutations must lead to 
the placement of a nonzero 
element on each diagonal 
position 
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Process modeling

F =

Sa (Ta,Pa,hα,a, xα,a, xβ ,a,...)

Sb(Tb,Pb,hα,b, xα,b, xβ ,b,...)

...
Tha (Ta,Pa,ha,Cpa, zα,a, zβ ,a,...)

Thb(Tb,Pb,hb,Cpb, zα,b, zβ ,b,...)

...
Ui (Ta,Pa,ha,...,Pi,1,Pi,2,...)
U j (Tb,Pb,hb,...,Pj,1,Pj,2,...)

...

!

"

#
#
#
#
#
#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&
&
&
&
&
&

= 0 Overspecified 
System

Underspecified System

There are too many 
specifications

à More specifications are required
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Outline of Part 3

• Importance of Systems Modeling in Renewable Energy

• Modeling systems
– Stream properties
– Thermodynamic relationships
– Unit models

• Heat integration & Pinch Analysis
– Basic Principles
– Composite Curves
– The Heat Cascade and the Grand Composite Curve

• Life Cycle Assessment
– Goal & Scope Definition
– Life Cycle Inventory
– Life Cycle Impact Assessment

• Uncertainty Analysis & The Monte Carlo Method

Objective: Cover the basic principles of Systems Modeling for a Renewable Energy 
Process and be able to model a simple system.

79



3/25/25

17

Energy integration

Energy integration is the concept of recovering and 
valorizing heat within a process.

Energy integration shapes our current energy landscape

Without energy integration, several common products 
would be significantly more expensive, including:

- Gasoline
- Petrochemicals
- Electricity
- Heating in certain cities or complexes

80

Energy integration

Source: Wikimedia commons
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Energy integration

For energy production the important question is: How 
much energy do I need after a cost effective heat 

recovery was performed?

Heat integration answers that question.
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Pinch analysis

Definition: Pinch analysis is a systematic method for 
performing heat integration (it can be performed by a 
computer!).

Pinch analysis calculates:

- The minimum heating requirement
- The minimum cooling requirement

Let’s begin with an example…

These define the 
minimum external 
requirements of the 
process. Reaching 
these minima depends 
on economic factors…
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Pinch analysis

An example:

Key concepts of pinch analysis2
In this section, we will present the key concepts of pinch analysis, showing how it
is possible to set energy targets and achieve them with a network of heat exchan-
gers. These concepts will then be expanded for a wide variety of practical situations
in the following chapters.

2.1 Heat recovery and heat exchange

2.1.1 Basic concepts of heat exchange

Consider the simple process shown in Figure 2.1. There is a chemical reactor, which
will be treated at present as a “black-box”. Liquid is supplied to the reactor and
needs to be heated from near-ambient temperature to the operating temperature of
the reactor. Conversely, a hot liquid product from the separation system needs to be
cooled down to a lower temperature. There is also an additional unheated make-up
stream to the reactor.

Any flow which requires to be heated or cooled, but does not change in compos-
ition, is defined as a stream. The feed, which starts cold and needs to be heated up,
is known as a cold stream. Conversely, the hot product which must be cooled down
is called a hot stream. Conversely, the reaction process is not a stream, because it
involves a change in chemical composition; and the make-up flow is not a stream,
because it is not heated or cooled.

Cooler

Heater
200°

Product

Feed

Reactor

150°50°

20°
H

C

Figure 2.1 Simple process flowsheet

Ch002-H8260.qxd  11/6/06  5:09 PM  Page 15

This could be more efficient...
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Pinch analysis

A slightly more efficient example:

By introducing a heat exchanger, we can recover some 
of the heat, but how much?

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific

Table 2.1 Data for simple two-stream example

Mass Specific Heat Initial Final Heat
flowrate heat capacity (supply) (target) load 
W (kg/s) capacity flowrate temperature temperature H (kW)

CP (kJ/kgK) CP (kW/K) TS (°C) TT (°C)

Cold 0.25 4 1.0 20 200 !180
stream
Hot 0.4 4.5 1.8 150 50 "180
stream

Heat

Exchanger

E

Heater

Feed

Product

Cooler

Reactor

H

C

200°

150°50°

20°

Figure 2.2 Simple process flowsheet with heat exchange

Ch002-H8260.qxd  11/6/06  5:09 PM  Page 16
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Pinch analysis

How much heat can we recover? We are limited by:
- Temperature difference = the driving force of heat 

exchange
You cannot heat water from 90 to 100°C with water that needs to be cooled from 
80°C to 60°C

- 1st law of thermodynamics: heat loads are conserved
You cannot heat 1kg of water from 90 to 100°C with 1 g of water that needs to be 
cooled from 200°C to 190°C

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific

Table 2.1 Data for simple two-stream example

Mass Specific Heat Initial Final Heat
flowrate heat capacity (supply) (target) load 
W (kg/s) capacity flowrate temperature temperature H (kW)

CP (kJ/kgK) CP (kW/K) TS (°C) TT (°C)
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Figure 2.2 Simple process flowsheet with heat exchange
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Heat load calculation:

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific

Table 2.1 Data for simple two-stream example
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flowrate heat capacity (supply) (target) load 
W (kg/s) capacity flowrate temperature temperature H (kW)
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:
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The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:
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The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:
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The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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