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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.
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Life Cycle Assessment
With process modeling and energy integration, we can 
quantify matter flows, economics or efficiency.

What about sustainability?

This is a complex question… It depends on the precise 
definition of the product, process and the question.

For example:

Is an electric car more sustainable gasoline-powered car?
Probably… but what if the electricity comes from a gas-
fired power plant? What if the battery needs to be replaced 
every 3 years?
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Life Cycle Assessment
Recall our general systems modeling approach:

Production

TransportFeedstock, 
production, 
mining, 
harvesting… etc. 

Product use 
and disposal

Resources, land use…

Emissions

Life cycle inventory model

Environmental impact assessment

This is a cradle-to-grave model.
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Life Cycle Assessment
Recall our general systems modeling approach:

Production

TransportFeedstock, 
production, 
mining, 
harvesting… etc. 

Delivered 
products

Resources, land use…

Emissions

Life cycle inventory model

Environmental impact assessment

This is a cradle-to-gate model.

Cradle-to-grave 
models are 
usually used for 
comparing 
different products.

Cradle-to-gate 
models are 
usually used for 
comparing 
different 
processes.
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Life Cycle Assessment

Life cycle assessment is usually performed in three 
phases:

1. Goal and Scope Definition

2.  Life Cycle Inventory

3. Life Cycle Impact Assessment

à This is done before 
modeling 

à This is the bulk of the 
modeling 

à This links modeling input-
outputs with environmental  
impact models

Let’s look at these steps in order…
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Life Cycle Assessment

Goal and Scope Definition

This is where various aspects of your model are defined…
A good place to start is by defining a functional unit 
(=product quantity or action that will normalize the results)

Examples of functional units:

1 MW of CH4 produced globally
1 km driven in Switzerland
1 car used for it’s entire lifetime 
…

à Functional units often 
define scope and 
boundaries:

• Geographical boundaries
• Use boundaries (gate or 

grave)
• Assumptions
• …
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Life Cycle Assessment
Life Cycle Inventory
This is the modeling phase.
Let’s look at an example:

Extrusion/ 
assembly

Aluminum 130 kg

1 Car (medium Sedan)

Transport to
factory

Aluminum mining
and production

Transport to
factory

Polypropylene
20 Kg

Polypropylene
production

Resources, land use Resources, land use

Resources, land use

Resources, land use

Resources, land use

Emissions Emissions

Emissions

Emissions

Emissions

…

…
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Life Cycle Assessment
Life Cycle Inventory
This is the modeling phase.
Let’s look at an example:

Extrusion/ 
assembly

Aluminum 130 kg

1 Car (medium Sedan)

Transport to
factory

Aluminum mining
and production

Transport to
factory

Polypropylene
20 Kg

Polypropylene
production

Resources, land use Resources, land use

Resources, land use

Resources, land use

Resources, land use

Emissions Emissions

Emissions

Emissions

Emissions

…

…

These are activities.

They are generally the results 
of other LCIs with functional 

units like:

1 kg of aluminum at German 
foundry

or
1kg transported by medium 

truck over 1 km

You need a database for 
these LCIs

155



4/15/25

5

Life Cycle Assessment
Life Cycle Inventory
This is the modeling phase.
Let’s look at an example:

Extrusion/ 
assembly

Aluminum 130 kg

1 Car (medium Sedan)

Transport to
factory

Aluminum mining
and production

Transport to
factory

Polypropylene
20 Kg

Polypropylene
production

Resources, land use Resources, land use

Resources, land use

Resources, land use

Resources, land use

Emissions Emissions

Emissions

Emissions

Emissions

…

…

These are intermediate 
exchanges.

They link the main 
process/product with other 

activities
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Life Cycle Assessment
Life Cycle Inventory
This is the modeling phase.
Let’s look at an example:

Extrusion/ 
assembly

Aluminum 130 kg

1 Car (medium Sedan)

Transport to
factory

Aluminum mining
and production

Transport to
factory

Polypropylene
20 Kg

Polypropylene
production

Resources, land use Resources, land use

Resources, land use

Resources, land use

Resources, land use

Emissions Emissions

Emissions

Emissions

Emissions

…

…

These are elementary 
exchanges

(direct exchanges with the 
environment)

The LCI is finished when 
these are the only 

exchanges left aside from 
the functional unit

(within LCA’s scope)
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Life Cycle Assessment
Life Cycle Inventory
This is the modeling phase.
Let’s look at an example:

Extrusion/ 
assembly

Aluminum 130 kg

1 Car (medium Sedan)

Transport to
factory

Aluminum mining
and production

Transport to
factory

Polypropylene
20 Kg

Polypropylene
production

Resources, land use Resources, land use

Resources, land use

Resources, land use

Resources, land use

Emissions Emissions

Emissions

Emissions

Emissions

…

…

Elementary exchanges 
are generally broken 
down into 3 categories:

• Land use
• Resources consumed
• Emissions (to land, 

water, or the 
atmosphere)
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Life Cycle Assessment
Life Cycle Inventory
For the LCI, you need a database a database of activities. One of the 
better known databases is called Ecoinvent and was based on a Swiss 
Startup.

List of activities
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Life Cycle Assessment
Life Cycle Inventory
For the LCI, you need a database a database of activities. One of the 
better known databases is called Ecoinvent and was based on a Swiss 
Startup.

List of intermediate exchanges 
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Life Cycle Assessment
Life Cycle Inventory
For the LCI, you need a database a database of activities. One of the 
better known databases is called Ecoinvent and was based on a Swiss 
Startup.

List of elementary exchanges 
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Life Cycle Assessment
Life Cycle Impact Assessment

LCIA translates the elemental exchanges into 1 or several 
environmental impacts.

The difficulty: How do you compare very different 
exchanges with the environment

For example:

1 kg of CO2 emitted 
in the atmosphere
(emission)

1 kg of aluminum ore 
extraction (resource)

162

Life Cycle Assessment
Life Cycle Impact Assessment

The basic procedure:
1. Classification: Elementary 
exchange are grouped into 
impact categories
≈ physical phenomena (global warming 
potential or GWP, ecotoxicity…etc.)Classification, 

characterization

LCI

Resources   land use, emissions

Impact
category 1

Impact
category 2 …

LCIA

Interpretation
2. Characterization: 
Calculation of the category 
impact from the exchanges 
classified in this category
We use characterization factors that 
are generally based on physical 
phenomena (e.g. radiative forcing 
values for GWP)
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Life Cycle Assessment
Life Cycle Impact Assessment

The basic procedure:
Example of characterization 
and weighting:

Classification, 
characterization

LCI

Resources   land use, emissions

Impact
category 1

Impact
category 2 …

LCIA

Interpretation

You want to calculate the GWP100 from a list 
of elementary exchanges L:

L =

x  kg CO2  emitted

y m2  land  used
z kg CH4  emitted

...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

Characterization and weighting would likely 
occur simultaneously using a single 
characterization vector C:

GWP100 =C L = 1 0 25 ...!
"

#
$

x  kg CO2  emitted

y m2  land  used
z kg CH4  emitted

...

!

"

%
%
%
%
%

#

$

&
&
&
&
&

= x + 25z  kg CO2  equivalent

Radiative forcing values show 
that CH4 has 25x more GWP in 
100 years than CO2 

Result is a single impact 
quantified in kg of CO2 equivalent
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Life Cycle Assessment
Life Cycle Impact Assessment

The basic procedure:

3. Normalization/grouping 
/weighting: Category impacts 
are aggregated together into 
a single or several 
environmental impact 
indicators 
These methods can be more or less 
rigorous (some are based on polling of 
experts). One of the more rigorous 
methods is based on calculating 
economic damages (how much multiple 
impacts will cost our economies).

Classification, 
characterization

LCI

Resources   land use, emissions

Impact
category 1

Impact
category 2

…

Normalization
Grouping
Weighting

Single/aggregated
impact

…

LCIA

Interpretation

Interpretation
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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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Uncertainty analysis
Uncertainty estimation must be a key part of systems 
modeling because predictions of complex systems are 
inherently uncertain.

Source: MIT Global Change

The earth will warm 
by 2.1°C by 2100

These two predictions are very different:

Vs.

Uncertainty, can shape the conclusions!
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Uncertainty analysis
You can often measure or estimate the uncertainty of your 
inputs or parameters (e.g. crop yields in a field, accuracy of 
a measured temperature, purity of a chemical…etc.).

How do you measure the effect on your model?

Through error propagation:

Analytically:

σ e
2 =

δe
δxi

!

"
#

$

%
&

i
∑ σ xi

2

However, for a complex 
system, there is no 
analytical function!

An alternative for such 
systems is the computational 
Monte Carlo Method…

Cumulative variance of 
e (a function of 
variables xi)

Independent 
variable xi

Variance of xi

Dependent variable of 
interest e
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Monte Carlo Method
The Monte Carlo method is brute force method for 
calculating the unknown probability distribution of a 
dependent variable e from a set of known probability 
distributions of variables z.

This is ideal for complex system models!

It has 4 steps:

Step 1: Build a probability 
distribution function and 
cumulative probability 
distribution for each 
independent variable. CDF is calculated 

by integrating and 
normalizing PDF 
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Monte Carlo Method
The Monte Carlo method is brute force method for 
calculating the unknown probability distribution of a 
dependent variable e from a set of known probability 
distributions of variables z.

This is ideal for complex system models!

It has 4 steps:

Step 2: The cumulative 
distribution function is used 
to generate a random value 
of each variable z that 
follows it’s probability 
distribution.

The value on the y 
axis is chosen 
randomly between 
0 and 1 (based on a 
uniform distribution)

The corresponding 
value on the x axis 
(z) will follow z’s 
distribution!
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Monte Carlo Method
The Monte Carlo method is brute force method for 
calculating the unknown probability distribution of a 
dependent variable e from a set of known probability 
distributions of variables z.

This is ideal for complex system models!

It has 4 steps:

Step 3: Do this for all 
independent variables 
and calculate the 
dependent variable using 
your model

Do this many times!
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Monte Carlo Method
The Monte Carlo method is brute force method for 
calculating the unknown probability distribution of a 
dependent variable e from a set of known probability 
distributions of variables z.

This is ideal for complex system models!

It has 4 steps:

Step 4: Construct a 
probability distribution 
based on a histogram of 
your output data!

From this you can estimate 
the mean and variance of e: σ e

2 =

(ej − e )
j
∑

2

N(N −1)
e =

ej
j
∑

N
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Sustainable Energy Systems

3. Economic modeling
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Outline of Part 3

• Capital cost estimation

• Operating cost estimate
– Typical operating costs
– Externalities

• Time value of money
– Continuous and discrete interest
– Cash flows
– Minimum selling price and rate of returns

Objective: Introduce economic evaluation and the time value 
of money.
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Capital cost estimation
Easiest method: using existing data

Accounting for capacity: 
This is where economies of 
scale come from…. Equipment cost 

at capacity Q

𝐶! = 𝐶"
𝑄
𝑄#

$

Equipment cost 
at base capacity

Base 
capacity

Target capacity Q
Equipment-dependent 
exponent

Values of M: 0.6, average across the industry (It’s sometimes called the 6/10 rule)
0.8-0.9, Processes that use a lot of gas compression or mechanical handling 
(methanol plant, pulp and paper, etc.)

0.7, Petrochemical process
0.4-0.5, Highly instrumented process

179

Capital cost estimation
Easiest method: using existing data

Accounting for capacity: 
This is where economies of 
scale come from…. Equipment cost 

at capacity Q

𝐶! = 𝐶"
𝑄
𝑄#

$

Equipment cost 
at base capacity

Base 
capacity

Target capacity Q
Equipment-dependent 
exponent

Correcting for the age of 
the data: Equipment costs 
evolve due to change 
inflation, change in 
materials, labor, etc.

Equipment cost 
in year i

𝐶% = 𝐶&
𝐼𝑛𝑑𝑒𝑥%
𝐼𝑛𝑑𝑒𝑥&

Equipment cost 
in year j

Cost index in year j

Cost index in year i

Common indexes: Chemical Engineering indexes, Mashall and Swift indexes (both published in C&E News), 
Nelson-Farrar Cost indexes are given in the Oil and Gas Journal.
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Capital cost estimation
(from a list of individual equipment)

Correction factors:
Design 
temperature 
correction

𝐶!,()** = 𝐶"
𝑄
𝑄#

$
𝑓$𝑓+𝑓,

Material 
correction 
factor

Design 
pressure 
correction
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Capital cost estimation
(from a list of individual equipment)

Correction factors:
Design 
temperature 
correction

𝐶! = 𝐶"
𝑄
𝑄#

$
𝑓$𝑓+𝑓,

Material 
correction 
factor

Design 
pressure 
correction

𝐶-)./0 =*
%
𝐶1,% 𝑓$𝑓+𝑓, 1 + 𝑓+2+ % +

𝑓34 + 𝑓256, + 𝑓3738 + 𝑓9,27 + 𝑓:6
+𝑓#927; + 𝑓6+ + 𝑓;38 + 𝑓8:5, + 𝑓<8

 ∑%𝐶1,%

Installation costs:

Working capital: reserve for start-up, raw material and product inventory, cash on hand, gap 
between receiving materials and selling products, spare parts... etc.
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Operating cost estimation

Raw materials costs (𝑅𝑀) (chemicals, catalysts, etc…)

Utilities costs (𝑈) (fuel, electricity, steam, cooling water, 
refrigeration, compressed air…etc.)

Costs from Chemical Marketing reporter, European chemical News, Asia Chemical News, 
Alibaba.com (The last one is free! But use large quantity offers). 
à All of these costs are variable and fluctuate with the market!

- Electricity and fuel costs tend to be available on public markets.
- Cooling water is fairly cheap and can usually be neglected (but is not free).
- Refrigeration, steam or compressed air can be produced in house or at least modeled as such…

Taxes (𝑇): they are levied on gross profits (𝑃) after 
allowances (i.e. deductions 𝐷) have been subtracted: 

Typical costs:

𝑇 = 𝑃 − 𝐷 𝑡.
Tax rate
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Operating cost estimation

Operating labor costs (𝐿):

Typical costs:
Quick estimate of minimum number of shift 
positions:

Other fixed costs:
𝑆𝑢𝑝𝑒𝑟𝑣𝑖𝑠𝑖𝑜𝑛 ≈ 0.25 𝐿

𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑
≈ 0.5 (𝐿 + 𝑠𝑢𝑝𝑒𝑟𝑣𝑖𝑠𝑖𝑜𝑛)

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 ≈ 0.02 𝐶-)./0

𝑅𝑒𝑛𝑡 𝑜𝑓 𝑙𝑎𝑛𝑑 ≈ 0.02 𝐶-)./0

𝑃𝑙𝑎𝑛𝑡 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑∗
≈ 0.65 (

)
𝐿 + 𝑠𝑢𝑝𝑒𝑟𝑣𝑖𝑠𝑖𝑜𝑛

+ 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 + 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

*This includes, HR, R&D, IT, finance, legal, etc…
1 operator will cost you 60’000 € / year or more
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Externalities
Externalities in the context of building a technology are an 
indirect cost or benefit to an uninvolved third party. 

In the context of energy, they are often used to refer to the cost 
of environmental damages caused by the technology (i.e. a 
negative externality).

Two ways of dealing with them:

• Pay for the damages (after implementation)

• Impose an upfront tax (“Pigouvian tax”) to encourage 
abatement

The weakness of either approach is that the damages can lead to increasingly catastrophic costs.

𝐺𝐻𝐺 𝑡𝑎𝑥 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠8:!,#$ €/𝑡𝑜𝑛8:!  

~80€/ton in 5/22

e.g.

e.g. 𝑆𝐹: 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑑𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝑜𝑟 𝑎 𝑐𝑙𝑒𝑎𝑛– 𝑢𝑝 𝑠𝑢𝑝𝑒𝑟𝑓𝑢𝑛𝑑
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Total operating costs

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 =

*
%
𝑅𝑀% +*

&
𝑈& + 𝑇 + 𝐿 + 𝑆𝑢𝑝𝑒𝑟𝑣𝑖𝑠𝑖𝑜𝑛 + 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 +𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

+ 𝑅𝑒𝑛𝑡 + 𝑃𝑙𝑎𝑛𝑡 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 + 𝑆𝐹 + 𝐺𝐻𝐺 𝑡𝑎𝑥

Therefore, the total costs are:

These costs are future costs. They will happen during the 
lifetime of the project.

They are offset by sales or savings (i.e. avoided costs). The 
yearly difference (hopefully positive) is the yearly cash flow.

The total yearly cash flow over the lifetime can be discounted 
to the present value to cancel the total capital cost, which will 
allow us to calculate the discounted rate of return.
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Time and money
The value of money changes depending on when it is available 
because any money spent now cannot be used to earn interest 
in a bank or investment. Money also loses value over time due 
to inflation. This can be accounted for by a rate of return (𝑖).

Rate of return (compounded continuously)

𝐹 = 𝑃 𝑒%>

Future 
worth 
of P

Present cash flow

Time period

Conversely, the present worth of a future cash flow is:
Rate of return (compounded continuously)

𝑃 = 𝐹 𝑒?%>

Present 
worth 
of F

Future cash flow

Time period

This is for interest computed continuously… You are probably 
used to interest compounded once per year.
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Time and money

Rate of return (discrete compounding)

𝐹 = 𝑃 1 + 𝑖@ >Future 
worth 
of P

Present cash flow

Time period 
(nb of years)

Similarly, the present worth of a future cash flow is (for n=1):

𝑃 =
𝐹

1 + 𝑖@ >
Present 
worth 
of F

Future cash flow

Time period

This is for interest computed continuously… You are probably 
used to interest compounded once per year.

Rate of return (discrete compounding)

If you compound n times per year: 𝐹 = 𝑃 1 +
𝑖@
𝑛

A>
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Time and money

We can then compute a levelized annual rate of expenditures 𝐴 for a given 
continuous interest 𝑖B, such that:

Future cash flow at 
time t

E.g. for 𝑛 = 1

You can link continuous and discrete compounding:  

𝑖B = ln 1 +
𝑖@
𝑛

A

𝐹 = 𝑃 𝑒!%" = 𝑃 𝑒# $% &'!& = 𝑃 𝑒$% &'!& ' = 𝑃 1 + 𝑖( "

𝑃, = *
&
𝐹& 𝑒?%%>

We can calculate the present value of all expenses for a process:

𝑃, =*
&

𝐹&
1 + 𝑖@ Aor

𝐴 =
𝑖B

1 − 𝑒?%%,
𝑃,[

C

,
𝐴 𝑒?%%> 𝑑𝑡 = 𝑃,

Lifetime of the 
technology

Levelized annual 
rate of expenditures 

Integrating and 
rearranging:
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Minimum selling price or rate of 
return calculation

Here is the procedure to calculate the rate of return of a process or 
the minimum selling price of a product to make a given return:

1. Determine your cash flow (capital, 
operating costs, and revenue):

2. Bring all cash flows back to time 
zero and sum them up: 

𝑃, = *
&
𝐹& 𝑒?%%> 𝑃, =*

&

𝐹&
1 + 𝑖@ Aor

𝑃, = 03. Choose 𝑖)/ 𝑖( or alternatively the minimum selling price so that:

4. If of interest, redistribute all cash flows over the 
appropriate time horizon to calculate levelized annual costs
and revenues:

𝐴 =
𝑖B∑&𝐹&
1 − 𝑒?%%,

à They should be equal!
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