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Sustainable Energy Systems

2. Systems Modeling
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Project
Aim: Critical evaluation of a technology (from a patent, an article, a news 
story…etc.) related to energy or sustainability. You should analyze 
(qualitatively and quantitatively) whether an idea or technology is feasible 
(technology scale) and can lead to a scalable solution (system scale) for an 
energy related issue. What are the bottlenecks? Can these bottlenecks be 
addressed, etc? 

• The project is done in groups of 2-3 (self-assembled)
• Timeline:

– April 1st: Make the groups, and present and discuss at least 1 proposal 
for a technology and a source with the assistant

– April 17th: Submit proposed outline and plan of work
– May 30th at midnight: Submit report (max 15 pages with figures but not 

references, 12 font size, no formatting tricks)
– Week after classes: oral presentation of report + questions (they will 

be scheduled individually for each group)
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Growth in knowledge
Knowledge is growing exponentially! 

Source: Scientometrics. 2010 Sep; 84(3): 575–603

Growth in records per year More knowledge will be 
published in the next 20 years 
than in all of history up to 
now.

What does this mean for 
scientists and engineers?

You cannot work alone 
anymore.
You need large teams!
You need computers!
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Systems modeling: required for 
complex questions

For example: How much will Temperature rise in the future?

Source: IPCC 2013, AR4, WG1

Many different 
factors influence 

the answer

The required 
models/theory and 

fields of 
knowledge largely 
surpasses that of  

one person
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Example: How much will 
Temperature rise in the future?

Source: MIT Global Change

Let’s look at a complex 
model: The Integrated 
Global System 
Modeling framework 
(MIT)

à Special emphasis 
on society-climate 
interactions

Requires extensive 
collaboration across fields
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Example: How much will 
Temperature rise in the future?

Source: MIT Global Change
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Example: How much will 
Temperature rise in the future?

Source: Climate central, Maping choices, 2015

Cities of more than 10 million 
inhabitants with significant 
populations at risk:

Starting at 4°C rise, effects are dramatic!

15   MAPPING CHOICES

Table 3b.Top 20 urban agglomerations most affected by locked-in sea level rise from 4 °C 
warming, by percent of population, with comparisons to 2 °C warming

2010 population below median locked-in sea level rise 
from different warming amounts (percent)

Urban Agglomeration Country 4 °C 2 °C Difference

Shanghai                   China 76% 39% 37%
Hanoi                      Viet Nam 60% 28% 32%
Haora                      India 60% 16% 44%

Khulna                     Bangladesh 58% 20% 38%
Shantou                    China 54% 22% 32%
Calcutta                   India 51% 24% 27%
Mumbai                     India 50% 27% 23%

Hong Kong                  China 46% 31% 15%
Dhaka                      Bangladesh 38% 6% 32%
Osaka                      Japan 38% 26% 12%
Tokyo                      Japan 30% 16% 13%
Tianjin                    China 29% 12% 17%

Rio de Janeiro             Brazil 24% 13% 11%
New York                   United States 23% 13% 10%

Jakarta                    Indonesia 22% 12% 11%
Surabaya                   Indonesia 22% 11% 11%
Shenzhen                   China 20% 9% 11%

Buenos Aires               Argentina 19% 8% 10%
Cuttack                    India 18% 7% 11%

Quezon City                Philippines 18% 9% 9%

Only urban agglomerations with total 2010 populations in this analysis exceeding 10 million are included.
Total populations estimated from LandScan data totaled within urban area boundaries from Natural Earth.

02. GLOBAL COAST, NATIONS AND CITIES AT RISK

Tokyo and Jakarta are among the cities making both total- and percentage-based lists. Across 
both lists, limiting warming to 2 °C would cut the threat by more than half in thirteen megacities, 
led by Dhaka, Bangladesh, where fewer than one-sixth as many people live on land at risk after 2 
°C warming, as opposed to 4 °C. Haora, India and Wuxi, China would see their risks cut more than 
threefold. 

Shanghai:

New York:
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Example: How much will 
Temperature rise in the future?

Source: MIT Global Change
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How does this concern you?
Most engineering decisions have always had an energetic 
component. More and more have an environmental 
component as well.

- You might participate in climate modeling efforts

- You are very likely to participate in technology/process 
choices that include energetic/environmental 
components

à This part of the course is designed to help you make 
these choices.
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Main themes of part 2
In this part of the course, we will answer these questions:

• Process systems modeling à What are the 
material/energy flows?

• Heat Integration à What is the process energy 
requirement?

• Life Cycle Assessment à What is the process 
environmental impact?

• Uncertainty analysis à How sure are we of the results?
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Overview of the approach

Process model

Energy
integration

Economic
optimization

TransportFeedstock, 
production, 
mining, 
harvesting… etc. 

Product use

Resources, land use…

Emissions

Life cycle inventory model

Environmental impact assessment
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Outline of 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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 S7 

S 1.3 Catalytic hydrothermal gasification 
 

The goal of this stage is to convert the biomass slurry into a mix of water, CO2, CH4 
and H2. The flowsheet of this entire process is shown in figure S4. The feed first enters into 
the heat-up operation (Blocks RB1 through DECOMPF). During this phase, the biomass 
decomposes as described for wood in (7). For successful use of the heat integration models, 
the stream’s enthalpy change must be successfully represented during its heat-up. In this case, 
the enthalpy change will be highly non-linear; not only because of a varying heat capacity but 
especially because of the decomposition. For this reason, the present stage has been modeled 
with 15 different blocks in order to effectively characterize the non-linear enthalpy evolution 
with temperature. In practice, these 15 blocks would probably only exist in the form of one or 
two heat exchangers. 
 

 
Figure S4: Catalytic hydrothermal conversion stage flowsheet 

 
The decomposition evolution with temperature can be described by equation using an 

equation describing the decomposition of cellulose as a function of temperature and the 
stream’s heating rate (12). As a first approximation, an approximate linear heating rate can be 

Process Modeling
Processes = assemblies of interconnected 
unit operations

Process models are usually represented as 
Flowsheets

 S6 

 
Figure S3: Wood feed preparation flowsheet. Full lines designate material stream, 

discontinuous lines designate electrical power streams and triangles designate the splitting or 
mixing of two streams. 

 
 

Assumptions for modeling the feed preparation stage 

Units concerned Enables Assumption 

Moisture content = 20wt% 
PRB2 (Manure) 

Centrifugation 
simulation Centrifuge diameter = 1 m 

PRB3 (Manure) Filtration simulation Pressurization up to 20 bars 

Outlet pressure  = 300 bars 

Polytropic efficiency = 0.72 PRB7 (Manure) 
Compression 

simulation 
Mechanical efficiency = 0.0316 

Crushers (Wood: 
PRB2-PRB3) 

Crushing simulation Wood's bond work index  = 720'000 kWh/ton 

PRB2 (Wood) Crushing simulation Particle size at outlet = 1mm 

PRB3 (Wood) Crushing simulation Particle size at outlet = 0.2mm 

Outlet pressure  = 300 bars 

Polytropic efficiency = 0.72 PRB4 (Wood) 
Compression 

simulation 
Mechanical efficiency = 0.0316 

Table S2: Modeling assumptions for the feed preparation stage. The polytropic and 
mechanical efficiencies used for the slurry-pressurizing compressor are taken from the power 

uptake data of an actual pump (11).  
 

Biomass size reduction and pressurization

Biomass gasification

These are just sets of equations!

15

Process Modeling

Processes = assemblies of interconnected unit operations
Our view in the course:

Our nomenclature for the course:

We will model processes directly as sets of equations, split into 3 
categories:
- Stream properties
- Thermodynamic relationships
- Unit models

The approach:

Components: a, b…

Stream a 

Stream b 

Stream c 

Stream d Unit j 
With Parameters j 

Unit i 
With Parameters i 

Stream e 

… … 

… 

Work or heat stream f Work or heat stream g 

16
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A real system to model and analyze…

17

Process Modeling

This is what we want!

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

20
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Stream properties
Types of streams:

• Heat streams
- Completely characterized by their energetic flux (energy/time)
- For heat integration, the temperature of heat exchange is 

needed

• Non-heat energetic streams: mechanical and electrical
- Characterized by their energetic power (energy/time)
- For mechanical work, shaft rotation speed must be specified

• Material streams
Are characterized by:
- Intensive properties (=independent of stream size/quantity), 

includes T, P, …
- Extensive properties (=dependent on stream size/quantity): 

includes m, V, …

22
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Material streams

A material stream is completely characterized when:

Number of 
required 
specified 
properties

Number of 
specified 
intensive 
properties

NS.P. = NS.P.I. + NS.P.E. = 2+ Nc

Number of 
specified 
extensive 
properties

Number of components in 
the stream

Additional conditions:

NS.P.E. ≥1 Some indication of size is required.

à Variables must be independent

23

Material streams: variable 
independence

How many intensive variables can be specified 
independently of each other?

Degree of 
freedom for 
intensive 
variables

Fint. = 2+ Nc − Np

Number of 
components 
in the stream

What is Fint. for liquid water at 1 atm?

à Phases reduce Fint. by imposing equilibrium conditions!

Number of 
phases

Gibbs phase rule:

2+1-1=2 à you can specify 
any T°

What is Fint. for boiling water at 1 atm? 2+1-2=1à T° is already 
specified

24
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Stream properties
Total number of specifications:

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

+ Nstreams,material (2+ Nc )

Total number of 
specifications

Heat streams 
(1 specification 
per stream)

Electrical work 
streams
(1 specification 
per stream)

Mechanical work 
streams
(2 specification 
per stream)

Material streams

This will take the form of a stream specification matrix. For 
stream a, we would have (Sa):

Sa (ma,Pa,hα,a,, xα,a, xβ ,a,...) = 0

Mass flow Pressure Enthalpy of 
component a 
in stream a

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

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

25

Stream properties
Total number of specifications:

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

+ Nstreams,material (2+ Nc )

This number of specifications is only needed for isolated 
streams. Units connecting these streams will reduce their 
degree of freedom through:

- 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 

26
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Stream properties
Total number of specifications:

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

+ Nstreams,material (2+ Nc )

Once a stream is specified, you might not have all of the 
properties you need (e.g. you might have T, P, H and m but 
need V to size the equipment or S to calculate the entropic 
efficiency). How do you calculate the properties you need?

à Thermodynamic relationships

27

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
This will be a brief overview of 
thermodynamic property 
calculations, not a detailed 
review!

28
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Thermodynamic relationships: 1. Pure 
components in ideal conditions

The first step: consider individual components

Individual properties are available from databases. I 
strongly recommend:

http://webbook.nist.gov/chemistry/ 

Typical properties that are considered: Enthalpy, Entropy, Cp, viscosity etc…

At this point, we ignore non-ideal behaviors like pressure or mixing effects.

29

Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

We start with a reference state: Elemental species in the 
gas phase (298 K, 1 bar)

Saturation 
pressure of a in 
bar

log10 (Psat,α ) = Aα − Bα / Tsat,α +Cα
"# $%( )

But before we start, we need to know:
Gas or liquid phase? à The Antoine equation will tell us!

Saturation 
temperature 
of a in K

Antoine parameters of a

30
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Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

In the gas phase:

Components,
Ideal gas, T0, P0

DHP=0 à acting ideally

Components,
Ideal gas, T0, P

Elemental 
Species at T0, P0

DHf

DHf: The enthalpy of formation. This is the difference between 
elemental species in an ideal gas state at T0, P0 (298 K, 1 bar) and 
the desired component at T0, P0 

à Find it in a database! 

Components, 
Ideal gas, T, P

DHT

DH

DH 
=DHf+DHP+DHT

=DHf+DHT

31

Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

In the gas phase:

Components,
Ideal gas, T0, P0

DHP=0

Components,
Ideal gas, T0, P

Elemental 
Species at T0, P0

DHf

Components, 
Ideal gas, T, P

DHT

DH

ΔHT (T ) = Cp(T ')dT '
T0

T
∫

Cpα (T ) =
Aα +BαT +CαT

2 +DαT
3 +Eα /T

2

Cp parameters for component a (Not 
the same as Antoine parameters!) 

ΔHv,α (T ) = ΔH
0
f ,α + Cpα (T ')dT 'T0

T
∫

To summarize:

32
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Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

In the liquid  phase:
Components

Ideal gas, T0, P0

DHP=0 à acting ideally

Components
Ideal gas, T0, Psat

Elemental 
Species at T0, P0

DHf

DHT
DH

DH 
=DHf+DHP+DHT
-DHvap+DHP=

=DHf+DHT-DHvap
Components, 

Ideal gas, T, Psat.

Components, 
Sat. liq., T, Psat.

Components, 
Liquid, T, P

DHP=0 
à acting ideally

DHvap

33

Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

In the liquid phase: Components
Ideal gas, T0, P0

Components
Ideal gas, T0, Psat

Elemental 
Species at T0, P0

DHf

DHT
DH

Components, 
Ideal gas, T, Psat.

Components, 
Sat. liq., T, Psat.

Components, 
Liquid, T, P

DHP=0 
à acting ideally

DHvap

We can calculate DHvap

with the Watson correlation: 

ΔHvap, α (T ) = ΔHvap, α (Tα,b ) Tα,c −T
Tα,c −Tα,b

#

$
%

&

'
(

η≈0.38

Vaporization 
enthalpy of a at 
temperature T

Vaporization 
enthalpy of a at 
Tsat for Patm

Tsat for Patm

Critical 
temperature for 
component a

34
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Thermodynamic relationships: 1. Pure 
components in ideal conditions

Enthalpy

In the liquid phase: Components
Ideal gas, T0, P0

Components
Ideal gas, T0, Psat

Elemental 
Species at T0, P0

DHf

DHT
DH

Components, 
Ideal gas, T, Psat.

Components, 
Sat. liq., T, Psat.

Components, 
Liquid, T, P

DHP=0 
à acting ideally

DHvap

ΔHL,α (T ) =

ΔH 0
f ,α + Cpα (T ')dT 'T0

T
∫ −ΔHVap,α (T )

To summarize:

is subtracted because 
we are going from 
vapor to liquid. 

35

Thermodynamic relationships: 1. Pure 
components in ideal conditions

Entropy

In the gas phase:

Entropy does not need a 
reference state. It has an 
absolute value based a 
perfect crystal at 0K.  

Components
Ideal gas, T0, P0

S0

DSP,T

Components
Ideal gas, T, P

SV

Perfect crystal at 0K

S0: Standard molar entropies 
based on the perfect crystal 
at 0K

36



3/18/25

18

Thermodynamic relationships: 1. Pure 
components in ideal conditions

Entropy

In the gas phase:

As we saw previously, even 
for ideal gases, pressure 
effects on entropy cannot be 
discounted.

Components
Ideal gas, T0, P0

S0

DSP,T

Components
Ideal gas, T, P

SV

Perfect crystal at 0K

ΔSv,α (T,P) =

S0,α +
Cpα (T ')
T '

dT '
T0

T
∫ − R ln P

P0

$

%
&

'

(
)

T and P terms are separate because they can be changed 
separately (S is path independent!)
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Thermodynamic relationships: 1. Pure 
components in ideal conditions

Entropy (liquid phase) Perfect crystal at 0K

ΔSL,α (T,P) =

S0,α +
Cpα (T ')
T '

dT '
T0

T
∫ − R ln Psat

P0

$

%
&

'

(
)−ΔSVap,α (T )

Components
Ideal gas, T0, P0

S0

DSP,T

Components
Ideal gas, T, Psat

Components
Sat. liq., T, Psat

DSvap

Components
Liq., T, P

DSP,liq=0 for ideal 
solutions 

(dV=0)

SL

At equilibrium:
ΔG = 0 = ΔH −TΔS→ΔS = ΔH /T

ΔSvap, α (T ) =
ΔHvap, α (T )

T

Phase change is an equilibrium:

Overall:
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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

39

Ideal mixtures
We know how to calculate S, H, G or U for pure components. How do we 
calculate them for mixtures?

Let’s start with an easy case: an ideal mixture.

In ideal mixtures, U and H are simply additive:

For the total mixture 
of liquid or vapor Sum over all 

components (a, b, …)
Extensive property of 
component a

𝑈!	#$	%,'#' =#
(
𝑈!	#$	%,( and 𝐻!	#$	%,'#' =#

(
𝐻!	#$	%,(

For Entropy, we have to account for the entropy of mixing as well:

𝑆!	#$	%,'#' =#
(
𝑆!	#$	%,( −#

(
𝑛(𝑅 ln 𝑥(

Number of moles of  a
Mole fraction of  a

G is simply found with:
 𝐺 = 𝐻 − 𝑇𝑆
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Vapor liquid equilibriums
A key property of mixtures is to calculate their vapor liquid equilibria (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

41

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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