Outline of Part 3

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

» 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
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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 inventory model .

Life Cycle Assessment

Recall our general systems modeling approach:

Resources, land use...

‘ ‘ .
S —
FeedstOCK,»TranSpor‘t» E RRRRRRR — Product use
production, - and disposal
mining,
harvesting... etc.
Production

Emissions

. Environmental impact assessment

This is a cradle-to-grave model.
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Life Cycle Assessment

Recall our general systems modeling approach:

Resources, land use... ™. Cradle-to-grave
. ' models are
—_ usually used for
comparing
"""" different products.
5 e :
Feedstock, > Transportssspp E “““““““ > Delivered
production, "/ products
mining,
harvesting... etc. Production Cradle-to-gate
| models are
*_Life cycle inventory model usually used for
' . comparing
* . different
Emissions processes.

“.__Environmental impact assessment

This is a cradle-to-gate model.
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Life Cycle Assessment

Life cycle assessment is usually performed in three
phases:

1. Goal and Scope Definition = This is done before
modeling

2. Life Cycle Inventory - This is the bulk of the
modeling

3. Life Cycle Impact Assessment - This links modeling input-
outputs with environmental
impact models

Let’s look at these steps in order...

152

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)

-> Functional units often
define scope and

1 MW of CH, produced globally ~ POundaries:
1 km driven in Switzerland » Geographical boundaries

1 car used for it's entire lifetime * Use boundaries (gate or
grave)

* Assumptions

Examples of functional units:
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Life Cycle Assessment

Life Cycle Inventory

This is the modeling phase.

Let’s look at an example:

Aluminum mining
and production

Emissions <—

le—Resources, land use

Emissions <= Transport to le—nResources, land use

factory

Aluminum 130 kg

Polypropylene

Resources, land use
Resources, land use Resources, land use

- — Extrusion/ 20Ky * Transportto e, Polypropylene
: assembly factory production
Emissions Emissions Emissions

1 Car (medium Sedan)

154
Life Cycle Inventory These are activities.
This is the modellng phase They are generally the results
, of other LClIs with functional
Let’s look at an example: units like:
Emissions <] Aluminum mining Resources, land use 1 kg of aluminum at German
and production foundry
or
1kg transported by medium
Emissions<«f=| Transportto Resources, land use truck over 1 km
factory
You need a database for
Aluminum 130 kg Resources, land use these LCls
Resources, land use Resources, land use
¥ :
v — Extrusion/ <_Polypropyleni__ Transportto |8 Polypropylene
: assembly 20 Kg factory production
¥ ¥
Emissions Emissions Emissions
1 Car (medium Sedan)
155
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Life Cycle Assessment

Life Cycle Inventory

This is the modeling phase.
Let’s look at an example:

Aluminum mining
and production

Emissions <—

Transport to
factory

Emissions «—

Aluminum 130 kg

These are intermediate

le—Resources, land use

exchanges.

They link the main
process/product with other

le—nResources, land use

Resources, land use

activities

Resources, land use Resources, land use

Polypropylene

- — Extrusion/ [ " 20Kg  *+1 Transportto e, Polypropylene
: assembly factory production
Emissions Emissions Emissions

1 Car (medium Sedan)
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Life Cycle Inventory
This is the modeling phase. These are elementary
) . exchanges
Let’s look at an example:
(direct exchanges with the
lm— A:;r;li;:lorzun;iifg:g 4—I—Resources, land use I enVIronment)
The LCl is finished when
these are the only
Transport to exchanges left aside from
factory -—I-Resources, land use I the functional unit
(within LCA’s scope)
Aluminum 130 kg IResources, land use I
| Resources, land use JResources, land use |
v 3
" —  Extrusion/ <_Polypropyleni_ Transportto || Polypropylene
: assembly 20 Kg factory production
] |
Emissions I Emiss'ions I Emissions I
1 Car (medium Sedan)
157
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Life Cycle Assessment

Life Cycle Inventory

This is the modeling phase.
Let’s look at an example:

lﬁ Aluminum minin
Emissions N 9 4—I-Resources, land use I
and production

m Transport to q—I—Resources, land use I
factory

Aluminum 130 kg IResources, land use I

Elementary exchanges
are generally broken
down into 3 categories:

¢ Land use
* Resources consumed

* Emissions (to land,
water, or the

atmosphere)

I Resources, land use IResources, land use I

y '

—]
Polypropylene

Extrusion/
assembly

Transport to
— L —
20Kg factory production

Polypropylene

] 1

[ Emissions | L Emissions ] Emissions |

1 Car (medium Sedan)
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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

activity uiid -
-9608-ece56003838a | treatment of used laptop computer, manual dismantling

eco nvent

te - ISIC number _ ~ |ISIC. :Iass ~ |specialActivityType
- fordinary transforming activity
o Emes e
ardiary transtorming actvty
S0 it ecown ey tantormngactty
3850 [Wateriats recovery—[ordnary ransforming activy
3830 [Materits recovery_[ordnary rarsforming activiy
[ e Ry kg
[830  |Materialsrecovery _[ordinary transforming activity.

P Norciore o i choeals iy g
[0S [Warufacture of plastis and synthordinary transforing activiy
‘m— [ordinary lrans!armmx activity

[ordinary trans mmmg activity

B roductior

13 OTTRSAT IDbAATTZA97-ISR o455 | market for sed focomaive

'0020a212-595b-427e-ae3a-317dcd769715___[softwood forestry, mixed species, sustainable forest manag

D077 o ol o et et ne
5

IEE_

0357317 8675-4778-657 bia TeTace—[ceatment o waste poyethylone torephiaate, mumcmal 7

'00352317-8629-4778-96a7-abfal Iciface __[treatment of waste polyethylene terephtalate, municipal i

00352317-8629-4778-96a7-abfal ciface __|treatment of waste polyethylene terephtalate, municipal
treaty

[electricity prudumun, natural gas, :wve«uonm poweer ma

s fatwat ooy |martatat
rdinarytans g EEVEY
5220 fordinary transforming activity
ardiary transforming actvty
T0220 ____ [logging _______________|ordinary transforming activity

Manufacture of power-driven handordinary transforming activity

[3621—[Tratmentand dsposal of nor-hafordnary rarsforming aciviy
[3621—[Tratment and diposal of no-hafordnary rasforming aciviy
[3621—[Treatment and disposal of non-hfordnary ransforming activiy
[362T—[Treatment and dsposl of or-afrdnary ransforming actviy
13510 [Electric power generation, transijordinary transforming activity
50 [lcutc power generaon, ransrlordhry Ganso

03ad59e-1069-4a8-adat-&785cf 974b | market fo wastewater from mediim densiy board Droduc

'003b13f0-1674-4670-9126-4201072dadaa___[market for elecmcvty, sl

O03eB692-1532-Abcc-bBA4-641988008e6d___[lath, hardwood, raw, air drying to u=20%
|etectricity production, hardcoal ——|NL

sforming activity
ity

Sewerage arket acti
S
11610 [sawmilling and paning of Wood_[ordnary ransforming Sty
F35T0Flectrc power generation, transr{ordnary Transforming actvy
gﬂ_ emmary transforming activity

rdir

[Electric power generation, transnjordinary transforming activity

4/15/25



Life

Life Cycle Assessment

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

1 [name [~ unitName
2_|kraft paper, unbleached

3| transport, passenger, motor scooter personkm
4| green manure, Swiss integrated production, until January ha
5_|bentonite quarry infrastructure unit
6 _|integrated circuit, logic type

7 _|iron scrap, sorted, pressed kg

8 | carboxymethy!l cellulose, powder kg

9 | transport, freight, lorry 28 metric ton, vegetable oil methyl ester 100% metric tonkm
10 | methane, 96% by volume, from biogas, high pressure, at user m
11 |bicycle unit
12_aircraft, medium haul unit
13 | lithium

14 aluminium remaved by milling, average ke
15 | polyurethane, flexible foam kg
16_|aluminium removed by turning, primarily roughing, computer numerical controlle kg
17 | rye seed, for sowin ke
18 | machine operation, diesel, < 18.64 kW, low load factor hour
19 |sewer grid, 4.7E10l/year, 583 km km
20 |lead smelter slag kg
21 |concrete, 30-32MPa m3
22 |fumnace, wood chips, with silo, SOkW unit
23 _|impact extrusion of aluminium, 4 strokes kg
24 |waste paperboard, sorted kg
25_|cement, blast furnace slag 18-30% and 18-30% other alternative constituents kg
26 |impact extrusion of aluminium, cold, initial surface treatment kg
27_|benzal chloride ke
28 alfalfa-grass silage ke
29 | diesel-electric generating set, 18.5kW unit
30_shale bric ke
31 |used window frame, wood-metal m2
32 |wastewater from grass refinery m3
33 |potato starch kg

CAS  [~[synonyms [~ comment 2

9000-11-7

000074-82-8

7439-93-2

9009-54-5

98-87-3

eco nvgn;

mix of alfalfa and thimothy ensiled for animal feed
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Life Cycle Assessment

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

A B @ [ D E I F
1 [name ~ compat~  subcompartment |~ unitName |~ casNumber |~ formula -

155 | Chlorsulfuron soil agricultural kg 064902-72-3
156 |Choline chloride soil agricultural 000067-48-1
157 |Chromium air urban air close to grour kg 007440-47-3
158 |Chromium VI air urban air close to grour kg 018540-29-9
1159 | Chromium, 25.5% in chromite, 11.6% in crude ore, natural re:in ground ke 007440-47-3
160 | Chromium, ion water  ground- kg 016065-83-1
161 | Chromium-51 air urban air close to grour kBq
162 | Chrysotile, in ground natural re:in ground ke

soil agricultural kg 142891-20-1

natural retin ground kg

natural reiin ground kg 001302789
166 |Clay, unspecified, in ground natural re in ground ke
167 |Clethodim soil agricultural kg 099129-21-2
168 | Clodinafop-propargyl soil agricultural ke 105512-06-9
169 |Clomazone soil agricultural kg 081777-89-1
170 | Clopyralid soil agricultural ke 001702-17-6
171 |Cloquintocet-mexyl soil agricultural kg 099607-70-2
172 |Cloransulam-methyl soil agricultural kg 147150-35-4
173 | Coal, brown, in ground natural re:in ground ke
174 |Coal, hard, unspecified, in ground natural re/in ground kg
175 |Cobalt air urban air close to grour kg 007440-48-4
176 | Cobalt, in ground natural re:in ground kg 007440-48-4
177 |Cobalt-57 air urban air close to grour kBq
178 |Cobalt-58 air urban air close to grour kBq
179 | Cobalt-60 air urban air close to grour kBq
180 |COD, Chemical Oxygen Demand water  ground- ke
181 | Colemanite, in groun natural retin ground kg
182 | Copper air urban air close to grour kg 007440-50-8
183 | Copper, 0.52% in sulfide, Cu 0.27% and Mo 8.2€-3% natural re in ground kg 007440-50-8
1184 | Copper, 0.59% in sulfide, Cu 0.22% and Mo 8.2E-3% natural re:in ground kg 007440-50-8
185 | Copper, 0.97% in sulfide, Cu 0.36% and Mo 4.1E-2% natural re:in ground kg 007440-50-8
1186 | Copper, 0.99% in sulfide, Cu 0.36% and Mo 8.2E-3% natural re:in ground kg 007440-50-8
591 | Occupation, traffic area, road network natural re:land m2‘year
592 | Occupation, unspecified natural re: land m2*year
593 |Occupation, unspecified, natural (non-use) natural re:land m2'year

eco'nvent
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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 CO, emitted
in the atmosphere
(emission)

1 kg of aluminum ore
extraction (resource)

162

Life Cycle Assessment

Life Cycle Impact Assessment

The basic procedure:

LCI

Resources

land use, emissions

LCIA

[mmm——t—y pmm—E=—— 1
1 Impact 1y Impact | .. < Interpretation

Classification,
characterization

S

1. Classification: Elementary
exchange are grouped into

impact categories
= physical phenomena (global warming
potential or GWP, ecotoxicity...etc.)

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:

LCI

Resources | land use, emissions

LCIA

Classification,
characterization

[ S

r Impact-:r Impact i

lcategory 11}category 25

[—» Interpretation

Example of characterization
and weighting:

You want to calculate the GWP;q, from a list
of elementary exchanges L:

L=

x kg CO, emitted
y m® land used
z kg CH, emitted

Characterization and weighting would likely

occur simultaneously using a single
characterization vector C:

100

GWP, =CL=[1 0 25 ]

Radiative forcing values show
that CHa has 25x more GWP in
100 years than COz

x kg CO, emitted
ym land used | x+25z kg CO, equivalent
z kg CH , emitted

Result is a single impact
quantified in kg of CO:z equivalent
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Life Cycle Assessment

Life Cycle Impact Assessment

The basic procedure:

LCI

Resources | land use, emissions

LCIA

Classification,
characterization

S

r Impact-:r Impact i

Grouping
Weighting

L Interpretation

3. Normalization/grouping
/weighting: Category impacts
are aggregated together into
a single or several
environmental impact
indicators

— Interpretation

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).
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Outline of Part 2

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

» 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
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Uncertainty analysis

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

These two predictions are very different:

The earth will warm
by 2.1°C by 2100

Uncertainty, can shape the conclusions!

Source: MIT Global Change

167
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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: Dependent variable of However’ for a Complex
interest e system, there is no

5 ( Se )02 analytical function!

An alternative for such

Cumulative variance of |ndependent Variance of x; SyStemS is the Computat|0na|
e (a function of

iable x;
variables x) variable x Monte Carlo Method...

168

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:
PDF, P (z)

Step 1: Build a probability :
msnmUQOnﬂnmno?and 10 Note normalization:
cumulative probability CDF, P<z total area = 1.0
distribution for each T
independent variable. ) Eﬂiﬁ;i%?ﬁﬁ

z 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:
1.0

Step 2: The cumulative P<z—R
distribution function is used /
to generate a random value .. \ae on the y 0 .
of each variable z that axis is chosen S \ The cormespo Z

iy e d ly betwi | Ol naing
fqlloyvs |_t s probability palborth {b o o s value on the x axis
distribution. uniform distribution) (2) will follow z's

distribution!

170

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:

One set of probabilistic

Step 3: Do this for all values for all independent
independent variables variables of 2

and calculate the

dependent variable using

your model

Deterministic

model g

e

Value of

. . dependent
Do this many times! parameter

Repeat N times to
obtain N values of

171
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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!

Number of

It has 4 steps: Cases 4" |<— Ae

Step 4: Construct a
probability distribution
based on a histogram of

your output data! > c
From this you can estimate _ Ze, , E(ef @)
the mean and variance of e: TN G, =M——D

172
Sustainable Energy Systems
3. Economic modeling
176
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Outline of Part 3

Objective: Introduce economic evaluation and the time value
of money.

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

178
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Capital cost estimation

Easiest method: using existing data

. P Target capaci@ _— Equipment-dependent
Accounting for capacity: M ponent
This is where economies of Co=Cp (@)
scale come from.... Equipment cdst N
atcapacity Q - gquipment cost c:;:city

at base capacity

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

Target capacity Q Equi - dent
Accounting for capacity: - Sdupment-dependen

Al . exponent
This is where economies of Cqo=Cp (Q_)
B
scale come from.... Equipment cdst ~
atcapacity @ Equipment cost caa;aecity

at base capacity

Cost index in year i

. -
Correcting fo_r the age of Indeéx;

the data: Equipment costs Ci =G\ rdex.

evolve due to change Equipment céet <
. . . . . Cost index in year j
inflation, change in in year i Equipment cost

in year j

materials, labor, etc.

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.

180

4/15/25

15



Capital cost estimation

(from a list of individual equipment)

Material Correction factor
. . fu
Correction factors:
Design
temp%rature Carbon steel 1.0
Q M correction Aluminum des) ;Z
C, corr = CB (_) ufefr Stainless steel (low grades -
Q Qp i f\f Stainless steel (high grades) 3'2
' Hastelloy C oy
Material Design Monel 4.1
correction pressure Nickel and inconel 4.4
factor correction Nickel and incone 58
Titanium .
Design pressure Correction factor Design Correction
(bar absolute) fr temperature factor
O fr
0.01 2.0
0.1 1.3
05107 1.0 0-100 0
50 1.5 300 1.6
100 1.9 500 2.1
181
Capital t estimati
(from a list of individual equipment)
Item Type of process
Correction factors: Rug o Sold
Design processing  processing
temperature Direct costs
Q M correction Equipment delivered cost 1 1
— =~ Equipment erection, fr 04 0.5
Co=Ca(g) fufefr T A
B \ Instrumentation & controls 02 0.1
(installed), f;
Material Design Elg;mclale(insm’“f;l)‘ feree 0.1 0.1
correction pressure b me o %2
: sites. fos ; 2
factor correction Buildings (including services), 0.2 0.3
Fovip
Sn:;élparalinn, fsp 0.1 0.1
702;;/[,5;:5:’4’1’ cost of installed 34 27
. Indirect costs
I nSta"atlon COStS . Design, engineering and 1.0 0.8
construction, fpec
Contingency (about 10% of 04 03
fixed capital costs), fconr
Crotal = Y Coi 1+  +
Total i er[foPfT( fPIP)]l Total fixed capital cost 48 38
i Working capital
fer + finst + feLEC + fuTiL + fos Y. Cp; Working capital (15% of total 0.7 06
+fsuiLp + fsp + foec + feont + fwe) =1 e, Jue
Total capital cost, f, 5.8 4.4

182

| between receivina materials and sellina products, spare parts... etc

Working capital: reserve for start-up, raw material and product inventory, cash on hand, gap

4/15/25
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Operating cost estimation

Typical costs:

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

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

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

T = (P — D)tg

Tax rate

183

Operating cost estimation

Typical costs:

Quick estimate of minimum number of shift

. positions:
Operating labor costs (L):

inventory

Other fixed costs:

Gas processing
No feed or product

1 shift position (assumes sharing of
" duties with other operators)
Large site

2 shift positions if remote operation
Stand-alone

Supervision = 0.25 L

Fluid processing
Continuous process

3 shift positions (1 inside, 1 outside,
1 in tank farm)

not feasible
o comesie |

Overhead

—>| Stand-alone

5 shift positions (2 inside, 2 outside,
1 in tank farm)

~ 0.5 (L + supervision)

Batch process

Fluid processing

JDetermine from batch sequence and
| extent of automation, minimum 3

Maintenance =~ 0.02 Crotal

Fluids + solids

Rent of land = 0.02 Crotal

Continuous process

| 3 shift positions + 1 for every solids
handling section

Plant overhead”

Fluids + solids
Batch process

~ 0.65 (L + supervision

'lDetermine from batch sequence and
| extent of automation, minimum 3

+ overhead) + maintenance

*This includes, HR, R&D, IT, finance, legal, etc...

1 operator will cost you 60’000 € / year or more

184

4/15/25

17



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)

e.g. SF:annualized contribution to decommissioning or a clean-up superfund
* Impose an upfront tax (“Pigouvian tax”) to encourage
abatement
€.9. GHG tax = Emissionscozﬁq €/tonco,

~80€/ton in 5/22

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

185

Total operating costs

Therefore, the total costs are:
Total costs =

Z RM; + z Uj + T + L + Supervision + Overhead + Maintenance
i j

+ Rent + Plant overhead + SF + GHG tax

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.

186
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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)

it/Time period

F=Pe
Future

worth
of P

Conversely, the present worth of a future cash flow is:

Rate of return (compounded continuously)

Present cash flow

p F _L,t/Time period
=re
/N

Present Future cash flow
worth

of F
This is for interest computed continuously... You are probably

used to interest compounded once per year.

187

Time and money

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

Rate of return (discrete compounding)

Future ) _—~Time period
woth —F = P (1 + ld)t (nb of years)
of P

Present cash flow

If you compound n times per year: F=P (1 +%’)

nt

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

Future cash flow

P = (1 T id)t/Time period
Present
rth
gfoF Rate of return (discrete compounding)

188
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Time and money

You can link continuous and discrete compounding:

ig1"
ic=1In [1 + —]
n
E.g.forn=1
F=pP eict =p etln[1+id] =P eln[1+id]t — P[l + id]t

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

—ict or P. Z b
Pr= Re RV AeETny
J

Future cash flow at
time t

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

Lifetime of the Levelized annual
technology \ rate of expenditures

Aeict g P Integrating and 4 ic P
e_ c t — . . T e—
o = rr rearranging: (1 e—lcT) T
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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, feome * T T o, Sales
operating costs, and revenue):

t

Expenses - ‘ l e.g., Machinery, Labor,
Fuel Costs, Taxes

+ 2. Bring all cash flows back to time

- *0/44 t zero and sum them up:
M x P Z d
= . o—lc = —J
Pr= et o Pr=) i
Ji J

3. Choose i,/ iy or alternatively the minimum selling price so that: Pr = 0

4. If of interest, redistribute all cash flows over the $ Ar Sy
appropriate time horizon to calculate levelized annual costs
and revenues: , T
_kXjF _
A= (1—e~wT) 0 Ac Slyr

- They should be equal!
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