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Recommended textbook: 
Elementary Principles of Chemical Processes, 
Richard M. Felder & Ronald W. Rousseau

Date Subject

28-Nov
Review on Heat of Reaction vs Heat of Formation Methods
4.5 Hess’s Law to compute the Heat of Reaction
4.6 Heat of Combustion

05-Dec
5. Energy balances on mixing processes
5.1 Distinction between ideal and real solutions
5.2 Heat of Solution

12-Dec
Review and Study Session
• Summing up with Mass and Energy Balances 

on Reactive Systems with Recycle

Date Subject

12-Sep

1. Fundamentals of Material Balances
1.1. Process definition and classification
1.2. Material balance calculations
1.3. Balances on multiple-unit processes

19-Sep Exercises

26-Sep 1.4. Chemical reaction stoichiometry
1.5. Balances on reactive Processes

03-Oct Review on Material Balances

10-Oct 1.6. Balances on multiple unit reactive processes

17-Oct

2. Fundamentals of Energy and Energy Balances
2.1. Energy balances on closed systems
2.2. Open systems at steady state
3. Balances on Non-Reactive Processes
3.1. Energy balance calculation
3.2. Changes in Pressure, Temperature, Phases

31-Oct

4. Balances on Reactive Processes
4.1. Introduction to the Enthalpy of Reaction
4.2. Heat of Reaction Method
4.3. Heat of Formation Method
4.4 General Procedure to solve energy balance in 
reactive systems

07-Nov
Review on Balances on Non-Reactive & Reactive Processes
Problems: Mass Balances on reactive and non-reactive & 
Energy Balances on non-Reactive Systems

14-Nov Midterm Exam: Mass Balances on Non-Reactive & Reactive 
Processes & Energy Balances non-Reactive Processes

21-Nov Review Midterm

Course Schedule
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During this session, we will review the following 
concepts

1. Material balances (Non-Reactive & Reactive)

2. Energy balances (Non-Reactive)

Revision Session II: Friday 06 November 2025
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Material Balances
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Material Balances: overview

It all starts with the mother of all equations:

Input + generation - output - consumption = accumulation

Entering

through

boundaries 

Leaving 

through

boundaries

Consumed

within

system

Build up 

within

system

Produced

in the 

system



6

Material Balances: overview

(Almost) all the systems we study represent steady-state continuous processes:
 

It all starts with the mother of all equations:
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Material Balances: overview

(Almost) all the systems we study represent steady-state continuous processes:
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From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element
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Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element
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Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element

Non-reactive systems:

input - output  =  0 

input = output  

input + generated - output - consumed =  0 
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Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element

Non-reactive systems: Reactive systems:

input - output  =  0 

input = output  

input + generated - output - consumed =  0 input + generated - output - consumed =  0 

input - output + generated - consumed =  0 

input - output + (generated – consumed) =  0 

input - output + reacted=  0 

input + reacted =  output 
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Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element

Non-reactive systems: Reactive systems:

input = output  input + reacted =  output 

𝑛!"#,%&	 = 𝑛!"#,()* 𝑛!"#,%&	 + 𝝂𝑪𝑯𝟒 ⋅ 𝝃 = 𝑛!"#,()*

𝝃 < 𝟎 𝝃 > 𝟎
Reactant: Product:

consumed generated
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Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element

Non-reactive systems: Reactive systems:

input = output  input =  output 

𝑛!,%&	 = 𝑛!,()* 𝑛!,%&	 = 𝑛!,()*



13

Material Balances: species vs atom balances

From there, we have seen 2 possible methods: 

Species Material Balances Atom Material Balances

We perform balances for 
each molecular species 

We perform balances for 
each element

Non-reactive systems: Reactive systems:

input = output  input =  output 

𝑛!,%&	 = 𝑛!,()* 𝑛!,%&	 = 𝑛!,()*

• No consideration of the extent of reaction with atom balance

• However, do not forget to multiply by the stoichiometric coefficient, e.g, in 

1 mole of CH4, there is 1 mole of Carbon BUT 4 moles of Hydrogen! 
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Material Balances: Considerations on Reactive Systems

Multiple reactions à multiple extents of reactions (species material balance)

𝑅.: 2	𝐶𝑂/ → 2	𝐶𝑂 + 𝑂/

𝑅/: 𝑂/ + 𝑁/ → 2𝑁𝑂

𝜉.

𝜉/
𝑛! = 𝑛!" +$

#

𝜈!#𝜉#
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Material Balances: Considerations on Reactive Systems

Multiple reactions à multiple extents of reactions (species material balance)

𝑅.: 2	𝐶𝑂/ → 2	𝐶𝑂 + 𝑂/

𝑅/: 𝑂/ + 𝑁/ → 2𝑁𝑂

𝜉.

𝜉/

If 2 reactions or more, it is generally easier to go with atomic material balance 

method 

𝑛! = 𝑛!" +$
#

𝜈!#𝜉#
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Material Balances: Considerations on Reactive Systems

Multiple reactions à multiple extents of reactions (species material balance)

𝑅.: 2	𝐶𝑂/ → 2	𝐶𝑂 + 𝑂/

𝑅/: 𝑂/ + 𝑁/ → 2𝑁𝑂

𝜉.

𝜉/

If 2 reactions or more, it is generally easier to go with atomic material balance 

method 

In reactive systems, moles of species are not conserved (look at reaction 1, we 

start with a total of 2 moles (CO2) and ends up with a total of 3 moles (2 moles CO 

and 1 mole O2). HOWEVER, the moles of elements are conserved à if we use the 

molecular species balance method, do not forget to convert the moles to mass 

when solving your material balances! 

𝑛! = 𝑛!" +$
#

𝜈!#𝜉#
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Material Balances: General Considerations

At a splitting point, the composition of the stream is maintained (unless 

mentioned otherwise)

50% A
50% B

50% A
50% B

50% A
50% B

50% A
50% B

100% B100% A
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Material Balances: Limiting and Excess Reactants

Limiting reactant in reactive process = reactant that would be completely 

consumed if the reaction proceeded to completion. 

All other reactants must either be fed in (1) stoichiometric proportion to the limiting 

reactant (the feed rates are in the ratio of the stoichiometric coefficients) or (2) in 

excess of the limiting reactant (in greater than stoichiometric proportion to it). 

%	𝑒𝑥𝑐𝑒𝑠𝑠 =
	𝑎𝑚𝑜𝑢𝑛𝑡	𝑓𝑒𝑑	 − 𝑎𝑚𝑜𝑢𝑛𝑡	𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙𝑙𝑦	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑎𝑚𝑜𝑢𝑛𝑡	𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙𝑙𝑦	𝑟𝑒𝑞𝑢𝑖𝑒𝑑
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Material Balances: Procedure for Calculations

1. Choose as basis of calculation an amount or flow rate of one of the process 
streams
1. Basis can already be given in the problem 
2. If no stream amount or flow rate is specified, take as a basis an arbitrary 

amount or flow rate of a stream with known composition
2. Draw a flowchart and fill in all known variable values, including the basis of 

calculation, then label the unknown stream variables on the chart
3. Express what the problem statement asks you to determine in terms of the 

labeled variables 
4. If you are given mixed mass and mole units for a stream, convert all quantities 

to one basis or the other. 
5. OPTIONNAL: Perform a degree-of-freedom analysis
6. OPTIONNAL: If the number of unknowns equals the number of equations 

relating them, write the equation in an efficient order (minimizing simultaneous 
equations), and circle the variables for which you will solve 

7. Solve the equations
8. Calculate the quantities requested in the problem statement if they have not 

already been calculated
9. OPTIONNAL: Scale if you chose a different basis than the one initially suggested.
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Energy Balances
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Where E transferred = Q - W

Conventions:

• Q > 0 when heat is transferred from the surrounding to the system

• W > 0 when work is done by the system on the surroundings *

* The opposite convention is sometimes used. The choice is arbitrary, if it is used consistently
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

1st law of thermodynamics for an open system at steady state
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 − (𝑊34 +𝑊2)
. . . . . .

Total	Work	Done	by	a	system	on	its	surrounding:
𝑾 = 	𝑾𝒇𝒍 +𝑾𝒔

𝑾𝒇𝒍:	Flow Work Rate= rate of work done by the 
output streams – rate of work done on the input 
streams

𝑾𝒔: Shaft Work Rate = rate of work transferred 
across the system boundary by 1) moving part or 
2) as electricity or 3) radiation

• “Useful mechanical or electrical work”
• Energy transferred through moving parts or fields, not by 

pushing fluid.
• Think of shafts, paddles, pistons, motors, turbines or electrical 

devices.
• Examples:

• Pump or compressor driven by a motor (work done on 
the system)

• Turbine driving a generator (work done by the system)
• Stirred tank: mixer shaft doing work on the liquid
• Electric heater: electrical work entering the system
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 − (𝑊34 +𝑊2)
. . . . . .

Total	Work	Done	by	a	system	on	its	surrounding:
𝑾 = 	𝑾𝒇𝒍 +𝑾𝒔

𝑾𝒇𝒍:	Flow Work Rate= rate of work done by the 
output streams – rate of work done on the input 
streams

𝑾𝒔: Shaft Work Rate = rate of work transferred 
across the system boundary by 1) moving part or 
2) as electricity or 3) radiation

• “Pressure work to move fluid across boundaries”
• The “pressure push” that forces mass to enter or leave the 

control volume.
• Each kilogram of fluid carries pv of flow energy (work of 

displacement).
• Examples:

• Pump pushing liquid into a pressurised pipe
• Compressed gas leaving a tank through a valve
• Any inlet or outlet stream of a heat exchanger or reactor
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 − (𝑾𝒇𝒍 +𝑊2)
. . . . . .

Δ𝑈 +𝑾𝒇𝒍 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . .
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 − (𝑊34 +𝑊2)
. . . . . .

Δ𝑈 +𝑊34 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . .

(Δ𝑈 +𝑊34) + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . .

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . 𝚫𝑯̇ = 𝚫𝑼̇ + 𝑾̇𝒇𝒍
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Energy Balances: closed vs open systems

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Why do we switch from internal energy to enthalpy when 
considering an open system (vs a closed system)? 

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊
. . . . .

Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 − (𝑊34 +𝑊2)
. . . . . .

Δ𝑈 +𝑊34 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . .

(Δ𝑈 +𝑊34) + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . .

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2
. . . . . 𝚫𝑯̇ = 𝚫𝑼̇ + 𝑾̇𝒇𝒍

𝚫𝑼̇ + 𝑾̇𝒇𝒍

=	 =
𝒐𝒖𝒕𝒑𝒖𝒕	

𝑼̇𝒋 	− =
𝒊𝒏𝒑𝒖𝒕

𝑼̇𝒋 + =
𝒐𝒖𝒕𝒑𝒖𝒕	

𝑷𝒋𝑽̇𝒋 	− =
𝒊𝒏𝒑𝒖𝒕	

𝑷𝒋𝑽̇𝒋

= =
𝒐𝒖𝒕𝒑𝒖𝒕	

𝑼̇𝒋 + 𝑷𝒋𝑽̇𝒋 	− =
𝒊𝒏𝒑𝒖𝒕	

𝑼̇𝒋 + 𝑷𝒋𝑽̇𝒋

= =
𝒐𝒖𝒕𝒑𝒖𝒕	

𝒎̇𝒋 B𝑼𝒋 + 𝑷𝒋B𝑽𝒋 	− =
𝒊𝒏𝒑𝒖𝒕	

𝒎̇𝒋 B𝑼𝒋 + 𝑷𝒋B𝑽𝒋

= =
𝒐𝒖𝒕𝒑𝒖𝒕	

𝒎̇𝒋 B𝑯𝒋 	− =
𝒊𝒏𝒑𝒖𝒕	

𝒎̇𝒋 B𝑯𝒋

= 𝚫𝑯̇
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

Most common
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Non-reactive Reactive

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

(Δ𝐻 =	?)
.

Most common
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Energy Balances: overview

Again, with the mother of all equations:

E accumulated = E input ‒ E output + E gen + E transferred

Non-reactive Reactive

Closed Open

Δ𝐻 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊2Δ𝑈 + Δ𝐸0 + Δ𝐸1 = 𝑄	 −𝑊

• Δ ∶ final – initial • Δ ∶ output – input 

. . . . .

(Δ𝐻 =	?)
.

Most common
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Energy Balances: considerations for non-reactive system

Arbitrarily designate a reference state for substance at which !𝑈 or !𝐻 is 
declared to equal zero. 

Tabulate !𝑈 or !𝐻 for the substance relative to the reference state

Reference state 
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Energy Balances: Hypothetical Process Paths

In the systems we study, there are internal energy and enthalpy changes 
associated with key processes. We are specifically interested in the 
following: 

• Changes in P at constant T and state of aggregation

• Changes in T at constant P and state of aggregation

• Phase changes at constant T and P 

• Mixing of 2 liquids or dissolving of a gas or a solid in a liquid at constant T 

and P 

• Chemical reaction at constant T and P
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Energy Balances: Hypothetical Process Paths

In the systems we study, there are internal energy and enthalpy changes 
associated with key processes. We are specifically interested in the 
following: 

• Changes in P at constant T and state of aggregation * 

• Changes in T at constant P and state of aggregation

• Phase changes at constant T and P 

• Mixing of 2 liquids or dissolving of a gas or a solid in a liquid at constant T 

and P **

• Chemical reaction at constant T and P

The ones you are 
expected to know 
for the midterm 

* For the processes and species seen in this class, we can neglect the enthalpy changes associated with changes in P(ressure).

** Enthalpy changes due to mixing were briefly covered in the last lecture. These will not be subject to examination 
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Energy Balances: Hypothetical Process Paths

Ph = phenol (C6H5OH)

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)

Proccesing Unit
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Energy Balances: Hypothetical Process Paths

Ph = phenol (C6H5OH)

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm)

Δ?𝐻 =	?



42

Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7

Δ?𝐻#

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm) Ph(v, 181.4°C, 1 atm)

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7 Δ?𝐻8

Δ?𝐻#

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm) Ph(v, 181.4°C, 1 atm)

Ph(v, 300.0°C, 1 atm)

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7 Δ?𝐻8

Δ?𝐻9

Δ?𝐻#

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm) Ph(v, 181.4°C, 1 atm)

Ph(v, 300.0°C, 1 atm)

Δ?𝐻 =	?
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Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7 Δ?𝐻8

Δ?𝐻9

Δ?𝐻#

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm) Ph(v, 181.4°C, 1 atm)

Ph(v, 300.0°C, 1 atm)

The Process Path 
mostly depends 

on the data 
available in the 

table

Δ?𝐻 =	?



46

Energy Balances: Hypothetical Process Paths

Ph(s, 25°C, 1 atm) Ph(v, 300°C, 3 atm)True Path

Proccesing Unit

Δ?𝐻 = Δ?𝐻. +⋯+ Δ?𝐻9

Δ?𝐻.

Δ?𝐻/

Δ?𝐻7 Δ?𝐻8

Δ?𝐻9

Δ?𝐻#

Ph(s, 42.5°C, 1 atm)

We create a hypothetical process path by changing 1 variable at a time

Ph(l, 42.5°C, 1 atm)

Ph(l, 181.4°C, 1 atm) Ph(v, 181.4°C, 1 atm)

Ph(v, 300.0°C, 1 atm)

The Process Path 
mostly depends 

on the data 
available in the 

table
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Changes in T at constant P and state of aggregation

There are 2 ways to calculate the enthalpy change associated to a change of 
temperature from T1 (initial temperature) to T2 (final temperature). 

Let’s take an example: 15 kmol/min of air is cooled from 430 C to 100C. 
Calculate the required heat removal rate. 
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Changes in T at constant P and state of aggregation

There are 2 ways to calculate the enthalpy change associated to a change of 
temperature from T1 (initial temperature) to T2 (final temperature). 

Let’s take an example: 15 kmol/min of air is cooled from 430 C to 100C. 
Calculate the required heat removal rate. 

Most common (harder) way: Integrate the heat capacity formula from table B2
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Changes in T at constant P and state of aggregation

There are 2 ways to calculate the enthalpy change associated to a change of 
temperature from T1 (initial temperature) to T2 (final temperature). 

Let’s take an example: 15 kmol/min of air is cooled from 430 C to 100C. 
Calculate the required heat removal rate. 

Easy way (not always possible): Use tabulated enthalpies (with linear 
interpolation)

?𝐻 100	𝐶 = 2.19
𝑘𝐽
𝑚𝑜𝑙

?𝐻 430	𝐶 = 11.24 + 0.3 14.37	 − 11.24 = 12.17

?𝐻 400	𝐶 = 11.24
𝑘𝐽
𝑚𝑜𝑙

?𝐻 500	𝐶 = 14.37
𝑘𝐽
𝑚𝑜𝑙

In
iti

al
Fi

na
l

Δ?𝐻 = N𝐻3%&:4 − N𝐻%&%*%:4 	 = 2.19	 − 12.17 = −9.98
𝑘𝐽
𝑚𝑜𝑙
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Note on interpolating from tabulated values
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Phase changes at constant T and P

Latent Heat:
The specific enthalpy change (ΔĤ) during a phase transition (e.g., melting, vaporization) at 
constant temperature and pressure is called the latent heat. It is distinct from sensible heat, 
which involves temperature changes without a phase change (that we have just seen).

Heat of Vaporization (from liquid to gas):
•For water at 100°C and 1 atm, the latent heat of vaporization is 40.6 kJ/mol.
•The heat of condensation is the negative of the heat of vaporization (-40.6 kJ/mol) because 
condensation is the reverse process of vaporization.

Heat of Fusion (from solid to liquid):
The heat of fusion (or melting) is the enthalpy difference between the solid and liquid forms of 
a substance at a given T and P.
Similarly, the heat of solidification is the negative of the heat of fusion.

Tabulated Values:
Standard heats of fusion and vaporization are typically provided at the melting or boiling 
points of a substance at 1 atm. These values can be found in Table B1 (more 
on this later)
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Know Thy Tables
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Know Thy Tables
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Know Thy Tables

(latent) heat of fusion/melting Hm : specific enthalpy from solid to liquid stage = - latent heat of solidification

(latent) heat of vaporization Hv: specific enthalpy change from liquid to gaseous stage = - latent heat of condensation 
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Know Thy Tables
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Know Thy Tables

Some specific enthalpies are already computed for you à Gain of time during the 
exam!
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Energy Balances: Heat of Formation vs Heat of Reaction

Heat of reaction method Heat of formation method

References given in terms of molecules References given in terms of elements

Δ𝐻 =$
!"#

𝑛$&𝐻$ 	−$
$%

𝑛$&𝐻$



Energy Balances: Heat of Formation vs Heat of Reaction
The Remodelor: Heat of reaction method The Deconstructor: Heat of formation method

References given in terms of molecules References given in terms of elements

Δ𝐻 =$
!"#

𝑛$&𝐻$ −$
$%

𝑛$&𝐻$

Heat of formation 
(cost of 

construction 
from building 

blocks)

Enthalpy change 
related to change 
of state (cost of 
modification of 

existing structure)

IN: ∑)*𝑛)#𝐻) OUT: ∑,-. 𝑛/E𝐻/IN: ∑)*𝑛)#𝐻) OUT: ∑,-. 𝑛/E𝐻/𝜉Δ𝐻00 = Heat 
of Reaction = 
net cost of 
Renovation

Total Enthalpy = (Value of Castle from Scratch) - (Value of 
Death Star from Scratch)

Renovation includes 
both destruction 
and reconstruction 
à Hess Law: you 
find the heat of 
reaction based on 
heats of formation

Total Enthalpy = (Cost of the Renovation Job) + 
(Temperature adjustments)



Energy Balances: Note on Sign
The Remodelor: Heat of reaction method The Deconstructor: Heat of formation method

References given in terms of molecules References given in terms of elements

Δ𝐻 =$
!"#

𝑛$&𝐻$ −$
$%

𝑛$&𝐻$

Heat of formation 
(cost of 

construction 
from building 

blocks)

Enthalpy change 
related to change 
of state (cost of 
modification of 

existing structure)

- IN: −	∑)*𝑛)#𝐻) OUT: ∑,-. 𝑛/E𝐻/- IN: −∑)*𝑛)#𝐻) OUT: ∑,-. 𝑛/E𝐻/𝜉Δ𝐻00 = Heat 
of Reaction = 
net cost of 
Renovation

Total Enthalpy = (Value of Castle from Scratch) - (Value of 
Death Star from Scratch)

Renovation includes 
both destruction 
and reconstruction 
à Hess Law: you 
find the heat of 
reaction based on 
heat of formation

Total Enthalpy = (Cost of the Renovation Job) + 
(Temperature adjustments)
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Heat of reaction method

Energy Balances: Heat of Reaction Approach

Know your tables!

2 different Cps for 2 different phases
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Know your tables!

2 different Cps for 2 different phases

Energy Balances: Heat of Reaction Approach

Heat of reaction method
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Heat of reaction method Heat of formation method

For a reactant or product, start with the elemental 
species at 25°C and 1 atm (the references) and form 1 
mol of the process species at 25°C and 1 atm at 
gaseous stage  (from Table B.1). Then bring the 
species from 25°C and 1 atm to its process state, 
calculating using the appropriate heat capacities from 
Tables

Energy Balances: Heat of Reaction Approach
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Heat of formation method

Energy Balances: Heat of Formation vs Heat of Reaction

This is the enthalpy of propane at 25°C (the process 
state) relative to C(s) and H2(g) at 25°C (the reference 
states). If the propane had entered at a temperature T0 
other than 25°C, a term of the form ∫12°3

45 𝐶6𝑑𝑇 would 
be added to the heat of formation of propane.
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Heat of formation method

Energy Balances: Heat of Formation vs Heat of Reaction



Heat of reaction method Heat of formation method

Energy Balances: Heat of Formation vs Heat of Reaction

𝚫𝑯 ==
𝒐𝒖𝒕

𝒏𝒊E𝑯𝒊 	−=
𝒊𝒏

𝒏𝒊E𝑯𝒊 = −𝟏. 𝟐𝟔×𝟏𝟎𝟓
𝒌𝑱
𝒔

𝚫𝑯 = 𝝃𝚫𝑯𝒓
𝟎 +=

𝒐𝒖𝒕

𝒏𝒊E𝑯𝒊 	−=
𝒊𝒏

𝒏𝒊E𝑯𝒊 = −𝟏. 𝟐𝟔×𝟏𝟎𝟓
𝒌𝑱
𝒔
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Energy Balances: Procedure for Calculations

1. Perform all required material balances calculations (as much as possible)
2. Write the appropriate form of the energy balance (closed or open systems) and 

delete any of the terms that are either zero or negligible for the given process 
system

3. Choose a reference state (phase, temperature and pressure) for each species 
involved in the process
1. If H or U for a species will be looked up in a table (such as the steam tables 

for water) choose the reference state used to generate the table
2. Otherwise, choose one of the inlet or outlet steates as the reference states 

for the species (so that at least one H or U may be set equal to zero)
4. Construct a table with columns for number of species and specific 

enthalpies/internal energies) relative to the chosen reference states
5. Calculate all the required values
6. Use the final energy balance formula to find the desired quantities
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Reminders

The Midterm grade (M) only benefits your Overall grade (O)
• Two cases, depending on your final exam grade (F):

1. M > F: O = M*0.3 + F*0.7
2. M < F: O = F

No electronic devices, except for calculators
•  Print physical property tables

If more questions/clarifications needed, still Q&A session!
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Think Like an Examiner
Maximize your points at the exam by understanding how you 

are graded and who grades you: 

• Examiner/Grader = PhD student
• ~80 exams to correct à significant time not 

dedicated to research projects
• What Examiner wants: Grade Fast

• Exam sheets have a clear structure 
and every piece of information is 
noted down: 
• Flowchart
• Basis
• Detailed computations
• Units
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Think Like an Examiner
How to minimize your points

• Your exam sheet is messy and unclear: 
• No explanations
• No detailed computations (if nothing is shown, 

how can we know you didn’t just guess?)
• Missing flowchart, basis, or units

• Make Correction Harder à 😡 Make 
Examiner Angrier 

• ❌ YOU LOSE POINTS!
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Questions?

The Midterm grade (M) only benefits your Overall grade (O)
• Two cases, depending on your final exam grade (F):

1. M > F: O = M*0.3 + F*0.7
2. M < F: O = F

No electronic devices, except for calculators
•  Print physical property tables

If more questions/clarifications needed, still Q&A session!


