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Lecture 4: Mass & Energy Balance

Chapters 3-4, 7-8 (Textbook) plus additional material

Part-1: Extension of the mass balance model

Part-II: Different types-levels of decision

Part-III: Case-study (methods for design decision 

making plus application of simulator for mass & 

energy balance with simple model) 



Design decisions versus sequence of tasks

Tasks 1-3

Mass balance with 

simple model

Flowsheet & data 

(process, product, raw 

material)

Decide reactor, 

separator, purge 

specifications

Task 4

Check component 

flows of all streams

Tasks 5-6
Decide stream 

T & P

Mass & energy balance 

with simple model

Task 7Mass & energy balance 

with rigorous models*

Tasks 8-9

Check calculated 

stream & unit 

operation variables

Sizing, costing & 

economic evaluation*
Base case design

* Corresponding design decisions Tasks 10&12 Task 112
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H2 = 97.5

CH4=2.5

C6 H6 = 

100

mixer

D-1

SP-1

Cyclohexane

product

Purge gas

Recycle H2

• Other data: R-1 (heat of reaction, conversion, reference 

compound),  SP-1 (purge rate); product recovery rate

• Condition: H2/C6H6 in reactor feed=12: methane/H2 

balance for purge

R-1

Flowsheet for cyclohexane production – Mass Balance

M-1

S1

S2

S3

S4

S5

S8

S9

S10
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The objective is to fill-out the stream summary table! Which 

stream  variables are known? x are specified variables; x are 

calculated mass balance model; x are obtained from x

For mass balance: Number of streams (NS) = 8; Number of independent variables = 

NC*NS; Number of known variables = 2*NC; Number of unknown variables = 6*NC;   

NC is the number of compounds; subscript j indicates any stream j 

Variables Streams

S1    S2    S3    S4    S5    S8    S9    S10 

f1,j x x x       x       x      x       x      x

f2,j x x      x       x       x       x      x      x

f3,j x      x      x       x       x      x       x      x

f4,j x x      x       x       x      x       x      x

Fj    x      x      x      x       x      x       x      x   
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H2 = 97.5

CH4=2.5

C6 H6 = 

100

mixer

Isothermal 

reactor

T=497.2 K

 P=1 atm

E-1

E-2

E-3

C-1

D-1

SP-1

Cyclohexane

product

Purge gas

Recycle H2

T=322 K  P = 31.6 atmT=330 K  P = 34 atm

T=422.2 K  P = 33.3 atm

T=322 K

 P=0.5 atm
Other data: R-1 (heat of reaction, conversion, 

reference compound),  E-1 (U & A), SP-1 
(purge rate)

Condition: H2/C6H6 in reactor feed=12

methane/H2 balance for purge

R-1

Flowsheet for cyclohexane production - What are we solving?

M-1
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The objective is to fill-out the stream summary table! Which 

stream  variables are known? x indicate a specified variable.

Total number of stream variables = 13 (NC+2); Number of known stream 
variables = 2 (NC+2). Note: for energy balance, there will now be at least 2 

more rows for enthalpy, vapor fraction of the stream

Variables Streams

S1 S2 S3 S4 S5       …….    S13

f1 x x x x x ….. x

f2 x x x x x ….. x

f3 x x x x x ….. x

f4 x x x x x ….. x

T x x x x x ….. x

P x x x x x ….. x

Course: Process Design Principles & Methods, L4, PSE for SPEED, Rafiqul Gani



Course: Process Design Principles & Methods, L4, PSE for SPEED, Rafiqul Gani 7

Divider

Mixer Reactor Separator

Define 

Problem

Analyze 

results

Develop 

process 

model

Collect 

additional 

data

Solve model 

equations -

AE solver

Chemical Plant

Steady state process simulation - solve algebraic equations

h(x, y) = 0

g(x,y) = 0

Mass balance equations

Energy balance equations
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Two ways to perform mass & energy balance simulations

•Use a process simulator (see PROII manual)

•Build your own simulator (chapters 3, 7-8)

▪Derive the model equations 

▪Use a suitable solver to solve the model equations

Both alternatives will require you to specify* –

•The flowsheet

•Variables representing the input streams

•Parameters for all unit modules (reactor, stream calculator, 

divider)

•Specify temperatures, pressures and/or phase condition

* By making design decisions on variables that need to be 

specified



Mass & Energy Balance: Modelling Issues

h(x, y) = 0      mass (component) balance; j*NC per 
unit

g(x,y) = 0     energy balance; 1 per unit

Add the energy balance equations (model) 

to the simple mass balance model
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Mass & Energy Balance

Principle of conservation (mass)

Rate of accumulation = dM/dt

dM/dt = Massin – Massout + Massgen = 0 (for steady state)

Principle of conservation (energy)

Rate of accumulation = dE/dt

dE/dt = Energyin – Energyout + HR + Q = 0 (for steady state)

Process/unit

Q
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Stoichiometric 

conversion 

reactor

fi,j fi,j+1

fi,NM+1 = j fi,j j=1,NM

fi,j+1 = fi,j +r r,i r,k fk,j

r,i = > 0; or, < 0; or, = 0

fij+1 = i,U fi,j j=1,NS-1

fi,NS = (1 - j i,U)fi,j

Simple mass and energy balance model

Note: A flash or component splitter can use the same model as 

divider/splitter where iU (recovery of component i) is specified 

for each compound i 

Divider &

Note: Splitter in PROII is called stream calculator

fi,j

fi,j+1

fi,j+NS

fi,j

fi,j+NM

fi,NM+1

Fj+1 hj+1 + Qr + Fj Hr = Fj hj

FNM+1 hNM+1 + Qm = j Fj hj

Fj+1 hj+1 + Qs + Fj+2 Hj+2 = Fj hj

Q

Q

Q
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Models for Calculation of Enthalpies

Liquid Enthalpy

 h (T) =  h0 +  xi  (CPL(T)) dT   (from T0 to T) 

 h (T) =  H (T) -  xi HVAPi (T)

Vapour Enthalpy

 H (T) =  H0 +  yi  (CPV (T)) dT   (from T0 to T)

 H (T) =  h (T) +  yi HVAPi (T)

Heat of Reaction

HR =   i  hfi P - j  hfjR



Course: Process Design Principles & Methods, L4, PSE for SPEED, Rafiqul Gani 13

Model for Calculation of Enthalpies

 h (T) =  h0 +  xi  (CPL(T)) dT   (from T0 to T) 

 H (T) =  H0 +  yi  (CPV (T)) dT   (from T0 to T)

HR =   i  hfi P - j  hfjR

F1, x1

F2, x2

Q

F1 h1(T1) + Q = F2 h2(T2) + F3 H3(T3)

Calculation options:

*1: Fix T2 = T3 and then calculate Q ??

*2: Fix Q and calculate T2 = T3 ??

F3, y3

liquid

vapor

heat of reaction
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Design of Refrigeration Cycles (Chapter-4)
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Design of Refrigeration Cycles
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Design of Refrigeration Cycles

Stage 1: Consider propane as the refrigerant
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Design of Refrigeration Cycles

Stage 2: Consider ethylene as the refrigerant
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Design of Refrigeration Cycles (exercise in 
class – Exercise 6 from Ch-4 of textbook)

A stream of n-butane needs to be cooled from 300 K to 250 K. 

The change in heat content for this stream is 300 KW.

Possible refrigerants are:

Tb (K) TC (K)

Ethane 184.5 304

Propane 231.1 370

Isobutane 261.3 408

a) How many stages of refrigerants are required? Select the 

refrigerants for each stage.

b) Decide the operating pressure if ∆Tm = 5 K 

c) For coefficient of work = 5, determine the compressor

work and the cooling water duty.
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Design of Refrigeration Cycles

a) - Number of stages = (Tin – Tout) /∆Tcycle

- Check the Tb, Tc and the following rules:

Tb ≤ Tint ≤ Tcw ≤ 0.9Tc for stage 1

Tb ≤ Tint ≤ Tcw ≤ 0.9Tc for stage 2

b) Decide the temperatures for the heat exchangers in the two 

cycles (see the refrigeration cycle diagram); use the vapor 

pressure model to calculate the pressures at the selected 

temperatures – find the Antoine constants for each compound

b) Use Eq. 4-40 for work; Eq. 4-41 for Qc and Wb
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Property model 

selection and 

application: 

Rules for selection

Property model 

selection
system

Non-ideal

Ideal 

(hydrocarbons)

Equations of 

State (SRK, PR)

Ideal
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Property model 

selection options in 

PROII: 

Thermodynamic data
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Inconsistent choice of models: Consequences - I

A, B, Solvent

A, Solvent

B

Solvent

A

Or ??

Or ??
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Inconsistent choice of models: Consequences - II

Process for separation of 

styrene from ethylbenzene

Consequence of error in 

calculated separation factor 

on number of stages

Positive error means lower cost and infeasible 

separation, while negative error means 

feasible separation at significantly higher costs
Dohrn & Pfohl, Fluid Phase Equilibira, 194-197 

(2002) 15-29
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Inconsistent choice of models: Consequences - III
S

o
lu

b
il

it
y

Temperature

Polymorph I

Polymorph II

Metastable Zone for

Polymorph I

Metastable Zone for

Polymorph II

No seed  From II

Seed  Form I

OH

O OH

O

Terephthalic Acid

Form 1

Form 2

May obtain wrong product!
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Decisions related to generation of data

Calculation   

decisions ??

Make 

design 

decisions

• Modelling: Related to mass balance; mass & energy 

balance; unit operations; enthalpy; phase  behaviour; ....

• Operational phenomena: reaction; mass-heat 

transfer; phase separation; solubility; ...

• Phenomena: 

• Properties: pure component, mixture, phase-states

• Calculation options: data generator (phase diagrams, 

saturation conditons, kinetic data, solvent data, ...)

selection data

Analyze 

data
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Decisions: Verify design

Calculation   

decisions ??
Design        

decisions ??

• Modelling: Related to mass balance; mass & energy 

balance; unit operations; enthalpy; phase  behaviour; ....

• Unit operations: reactors; separators; pumps, ...

• Phase behaviour: fugacity, activity coefficients, 

vapor pressure, .....

• Energy: enthalpies; heats of reaction, heats of 

vaporization; ...

• Simulator options: models, calculation sequence, 

specified data, convergence criteria, ...

selection simulation 

results

Next design 

level
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Mass balance has been 
performed & the simulation 
results have been verified 
(this completes tasks 1-4). 

Start tasks 5-6 by defining 
the temperatures and 
pressures of all streams still 
using the simple model

With specified T & P for all 
streams, perform mass & 
energy balance and calculate 
heat addition/removal from 
each unit operation

Ethanol Process: Case Study (from Textbook)
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In order to perform mass & 
energy balance (simple) 
what do we need?

1. Models for each unit 
operation?

2. Identify which variables 
need to be specified? 

3. Use the flowsheet for 
MB-model!

4. Decide what values of P 
& T to specify

5. From the energy balance, 
obtain the heat duties for 
each unit operation

Ethanol Process: Case Study (from Textbook)



29

1. MIX 2. RXN 3. Splitter

4a. Mixer

5. DIV

6. MIX

9.Splitter

8. Splitter

7. Splitter

01

02

1 2

31

32

41

42

03

52

51

6

72

7181

82

91

92

On the simple MB-model flowsheet: Locate specified variables

4b. Splitter

If all the variables marked in blue are known, then all new variables Ej (energy 

of stream j) & QU (heat duty for unit U) in the simple flowhseet can be 

calculated!

r,k r TR, PR

5

4i

3i, T, P

7i
8i

9i T & P for all streams
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1. MIX 2. RXN 3. Splitter

4a. Mixer

5. DIV

6. MIX

9.Splitter

8. Splitter

7. Splitter

01

02

1 2

31

32

41

42

03

52

51

6

72

7181

82

91

92

Using option 1 from slide 13, perform mass+energy balance 

for the ethanol case study

4b. Splitter

First identify the ”tear stream”, the calculation sequence & 

a good estimate for the tear stream; specify calc Tj & 

selected Pj for all streams for M+E balance



Course: Process Design Principles & Methods, L4, PSE for SPEED, Rafiqul Gani 31

Close the recycle loop and add the last separator (end of task 4)

Check the converged stream compositions & flowrates for S1 and S2

Note: recycle loop is now closed. Check the calculation sequence.
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Identify P & T for the P-T Flash and replace the stream calculator with a 

model for the flash Unit-Op (start of tasks 5-6)

Note: choice of property model is important
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Specify T and P for distillate & bottom products in distillation columns

Dew point

Bubble point
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Specify T and P for distillate & bottom products in distillation columns
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Add heat exchangers, pumps, compressors, expansion valves, 

etc., to change stream T and/or P
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Mass and Energy balances for Ethanol Process Flowsheet

Compare the results with those obtained through PROII



Next task & next lecture
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Mass balance with 

simple model

Decide reactor, 

separator, purge 

specifications

Check component 

flows of all streams

Tasks 5-6
Decide stream 

T & P

Mass & energy balance 

with simple model

Task 7Mass & energy balance 

with rigorous models*


