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Course timeplan

When Day Session

15.08 Thursday Theory LCA

20.08 Tuesday Examples LCA

22.08 Thursday Exercise LCA

27.08 Tuesday Reference energy system, urbs introduction
28.08 Wednesday Consultation urbs

29.08 Thursday urbs continuation

03.09 Tuesday Impuls-urbs

05.09 Thursday Optimization and dual solutions
09.09 Monday Consultation Presentations
10.09 Tuesday Final Presentations
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A bit of history...

Evolution of Environmental Protection

Chronology

Strategy

1970°s to 1980°s

Mid 1980°s

Early 1990°s

Mid 1990°s

2000 and beyond

End-of-Pipe treatment

Waste Minimization/Reduction

Cleaner Production

Life Cycle Assessment

Sustainable Development/Life Cycle
Sustainability Assessment
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Sources: [1],[2], [3]
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https://www.aiche.org/resources/publications/cep/2015/october/life-cycle-assessment-systems-approach-environmental-management-and-sustainability
https://doi.org/10.1016/j.biombioe.2015.04.024
https://doi.org/10.1021/es101316v

A bit of history... UM

» First recognized as partial LCA study (unpublished)
« To account the resource requirements, emissions and waste flow of different beverage containers.

 \Worst container was not dismissed. —

« They adjusted its production to reduce the impacts. MM/

« For aluminium, they included the use - i
y Ceetsty

In the Distinctive Bottle

of recycled aluminium and reduced so catioms

90% of the energy demand along the

life cycle of this container.

1899 1900 1916 1957
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A bit of history... UM

“CODE OF PRACTICE FOR

LIFE CYCLE ASSESSMENT”

INTERNATIONAL ISO
STANDARD 14040

sl | International

Iso Organization for “ e
S22, 28 | Standardization

SETAC: Society of Environmental Toxicology and Chemistry

i@
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Why do we conduct LCA ? TUmM

« Every product has a life cycle, which we will discuss more in detail later. Environmental impacts happen at
each life cycle stage, but many environmental investigations consider only the impacts of the use case. LCA
takes a holistic view and considers all stages equally.

« The importance of individual stages of the life cycle become obvious and can lead to countermeasures.

The phase of production will gain weight while the use phase will lose weight as is the case for
renewable energies. A bigger emphasis is on material supply.

« Without LCA we run in to the danger to miss important impacts and design wrong policies.
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To answer questions... UM

Which product or process cause the least environmental impact, overall or in each stage of it's life cylcle?

How might changes to the current system affect the environmental impacts across all life cycle stages?

How can the process be changed to reduce a specific environmental impact of concern?
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Who will use LCA analysis and why?

* Product designers
* Policy makers
« NGO'’s and other interest groups

« Marketing departments

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Why do we conduct LCA ?

TUTI

« Eco-design example: What effects does the use of different materials have on the production phase of a

vehicle?

Manufacture Weight saving potential, depending on material and

manufacturing process (compared to steel, same functions)
100%

Semi-finished product
manufacture
75%
Component manufacture
50%
Production

25%

0%

Steel Aluminium Magnesium Carbon Fiber-Reinforced
Polymer

Source: Audi AG 2011, Life Cycle Assessment: Audi looks one step ahead
Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Why do we conduct LCA ? TUmM

« Eco-design example: Which impact does the use of different materials have on the production phase of a

vehicle?
Cumulative Energy Demand

400
350
300
250
200
150
100 p—

: —

0 T

Steel Aluminium Magnesium Carbon Fiber Polymer

MJ / kg Material

m fossil = nuclear = biomass = wind, solar, geothermal hydro
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Why do we conduct LCA ?

We can use the life cycle assessment:

« for asingle system or to compare 2 different products

Previous Audi A6 New Audi A6

Il 1. Steel/iron
2. Light metals

17 % Bl 3. Non-ferrous metals +
4. Special-purpose metals

. 5. Polymers +
6. Process polymers
Il 7. Other materials +

19% 8. Electrics/ electronics

Il ©. Fuelsand
auxillary means

 for internal or external use:

— ldentifying ways to reduce environmental impacts

— inform consumers

— to provide scientifically sound evidence for policy making
— as a marketing instrument

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Why do we conduct LCA ?

« Many LCAs lead to unexpected and non-intuitive results

« LCA s a holistic method aiming to get a whole picture of the system

Two examples:
« Water bottles

« Diapers

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Plastic (PET) vs refillable aluminium bottles

What is the most sustainable choice for drinking water? A life-cycle (LCA) analysis

=¥ VS

Further Information;
https://www.youtube.com/watch?v=-_eGOyAINIQ

https://www.youtube.com/watch?v=jwc-n3W9IrNY

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Plastic (PET) bottle production TUmM

What is the most sustainable choice for drinking water? A life-cycle (LCA) analysis

Ethylene
Ethylene Oxide

MEG

Material
Process

PETResin _R¥  PTA [ FOVCWore
{ S terephthalate

Production
Process

Stretch blow
molding

Q
O
m
|_
LLI
o

* MEG = monoethylene glycol; ** PTA = purified terephtalic acid. ABS = Acrylonitrile-butadiene-styrene, PET= Polyethylene terephthalate
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Refillable aluminum bottle production

What is the most sustainable choice for drinking water? A life-cycle (LCA) analysis

- ABS

a Injection molding

Material
Process

=
S
=
S
=
<

— Aluminum

a Sheetrolling

Production
Process

D
=
O
m

Coating powder

m DBottle Body §

- Enameling

(W]
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Production Phase TUmM

Production 1 bottle Production 1 year worth of water
. 16 _ 160
o 4 @ 140
Q12 S 120
210 2100
g 8 2 80
5 6 E 60
c_gs 4 = 40
@©
S 2 8 20
PET bottle Aluminium bottle PET bottle Aluminium bottle

The production required for 1 year of water, assuming:
« Daily water consumption: 1,5 L per day

500 ml PET Bottle — 3 required per day
« 750 ml Aluminum bottle, with a lifetime of 2.5 years — 0.4 bottles per year, technical lifetime 25 years
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Use phase TUmM

Washing the Aluminum bottle

Assuming washing the bottle once a
day with warm water and soap

)
= o Hot Water
@ _-I: Tap Water Hot water: Tap water+ heat
 Hand @R o

eat:
f;mﬁ o Dirty Bottle T 215 °C

o=

Tong= 49°C
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Consumption impacts per person per day

0,4

o
w
al

o
w

Global Warming kg CO, eq.
o
N

0,1

0,05

PET bottle Aluminium Bottle
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m Cap
m Bottle Body
m Heating of water
W Soap
Tap water
® Heat
m Electricity
PTA
m MEG

m Stretch blow moulding
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non-intuitive results

Reusable Diaper System Boundaries

Disposable Diaper System Boundaries

Cotton
Cultivation' and Cotton Ginning Cotton
Harvesting P - Spinning
v
? Fabric
- Production and
L L Wet Processing
Pesticide
Production
ackan = Other Nappy
ackaging appy Construction
Production Construction <—T— Materials
Det " e Wrap and Liner
etergen etail an <
Manufactre [ |  Distribution T
T Manufacture
T
A4
Electricity
Generation > Consumer Use — Sewage
Treatment
|
!
Water +
Treatment and Packag_ing Waste
Supply Disposal

Energy
recovery

==

Incineration

Landfill

I T T T T
Production of l
I Pulp Production Plastic SAP
& Bleaching Components Production
I T T T
I T T
Waste Disposable Nappy Production m

Recycling
I T
I Electricity

Generation Retail I
I Waste

T Recycling

I Source: LCA of disposable and reusable Nappies in the UK at www.environment-agency.gov.uk
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Life Cycle Assessment

TUTI

« technique to assess the environmental impacts associated with all stages of a product’s life cycle by:

« collecting an inventory of all inputs and outputs in terms of energy,
* raw materials, emissions, co-products, ...
« Evaluating the potential impacts associated to each input and output

* Interpreting the results to support decision makers.

« LCAIs a “cradle to grave” analysis

* 1SO 14040:2006; 14044:2006

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

INTERNATIONAL ISO
STANDARD 14040

Environmental management — Life cycle
— Principles and f: rk

o cv

i@
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The concept of a Life Cycle of a product

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

4 N . o
Resource Manufacturing Distribution Use Phase
Extraction and | and Retall >
Processing
\_ J VAN
4 A
Re-Use
\_ J
4 _ ) .
Recycling Collection
\_ J
: . )
Final Disposal i Energetic
o Recovery <
\_ L v
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The concept of a Life Cycle of a product

-

\_

Resource
Extraction and
Processing

\_

N\

—>

Final Disposal

Manufacturing
and Retall N

Energetic
- Recovery

/

Distribution

J
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Use Phase

ollection
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The production system TUmM

The System is the connection of many unit processes. | most cases the graph has a tree structure.

[ Inputs ] [ Inputs ] [ Inputs ]

NS \/ N\

Unit Process 1 Unit Process 2 Unit Process 2
Inter- Inter- Product
mediate mediate
Product Product
[ Emissions, ] Emissions, Emissions,
effluents, waste effluents, waste effluents, waste

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 28



The Unit Process

INPUTS

Energy
(thermal, elec)

Other inputs (water, e
air, land,...) -7

(Raw) materials

»

Preliminary products

e

e Air

/ - - -
-~ Waste heat«—— Emissions in

Unit process Material ‘
Product
Efluent
Water  Soil Exhaust air
OUTPUTS

Source: Klopffer and Wagner, 2007

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Some definitions

e the life CyC|e of a prOdUCt System environment System boundary
Raw materlal
Other acquisition
systems
Transport |—» -
Product \ \ r | Elementary
flow " flows
Production
Elementary Energy
flows T supply = Use
‘ l
Recycling/ Product | Other
Reuse flow systems
|
Waste
g
treatment

Source: 1ISO 14040:2006
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Phases of a LCA

« Goal and scope definition
* |nventory analysis
* Impact assessment

* Interpretation

/ Life cycle assessment framework

Goal and scope
definition

Inventory
analysls

Impact
assessment

N

R

Y

-

Interpretation

N

~

/

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

Source: 1ISO 14040:2006
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Phases of a LCA

TUTI

« Not at once through process- all phases are iterative!!

« Adjust as you go along

« Changes via iteration happen in almost 100% of the

studies.

\

Life cycle assessment framework

Goal and scop
definition

Inventory

o
D

(

analysis

>Interpretation

Impact
assessment

(

)
N

~
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Source: 1ISO 14040:2006
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Goal and scope definition

Definition of goal and scope should answer the following questions:

L

Why are we doing the analysis?

 What do we want to analyze?

« Who is the audience for our study?

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Goal and scope definition

O Scope defines the following aspects:

« The functions of the system,;

« The functional unit and the reference
flows:

* The system boundary;

Impact categories;
Allocation procedures;
data requirements;
main assumptions;
main limitations

needs of critical review and the type

type and format of the report

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024



The function of the system

What is the function of the system?

« Asystem can have a large number of possible functions.
« The function(s) selected for a study depends on the scope of the LCA.

« It describes the operational characteristics of the system.

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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The function of the system

O It describes the operation characteristics of the system

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

" N

B
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The function of the system

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 39



The functional unit and the reference flow

O FU quantifies the performance of a product system for use as a reference unit

TUTI

U Reference flow is a quantified amount of product necessary for a product system to deliver the performance

described by the functional unit

System B

» Function of the systems? - Drying hands
» Funtional Unit? —> Drying 100 pairs of hands size 7,5
» Reference flow? - System A: x m3 warm air

- System B: z kg of recycled paper

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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The functional unit and the reference flow

O A system can be analyzed from different approaches, depending on the
function.

O Agriculture residues

- From a waste management approach:

« treating 1 ton of agriculture residues by 2 technologic options

« FU: 1 ton of agriculture residues

- From an enerqy approach:

« Delivering energy

« FU: 1000 MWh of electricity produced from agriculture residues

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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The function of the system

« Example: Analysis of the environmental performance in the production of a car

* Function of the system: producing cars.

MMI 3G system
integration
Aluminium module
cross-member

Engines and transmissions
optimised for weight
saving - adoption of
lightweight materials

for functional integration

Cast aluminium
suspension strut domes

Aluminium
bonnet

Aluminium
bumper system

Aluminium pipes

Aluminium axle

Use of high-end steel
grades in the bodyshell,
including form-hardened
grades and tailored
blanks

Aluminium rear shelf

’7 Aluminium boot lid

Lightweight
forged wheels
Aluminium doors

Neodymium speakers

Aluminium fender

quattro drivetrain optimised
for weight saving

Lightweight composite

components

brake discs

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

System boundaries

Extraction of raw materials

£

Manufacture

Production

Utilisation/ transport




The function of the system

« Example: Analysis of the environmental performance of transport

* Function of the system: to transport people or goods from one place to another.

System boundaries

Extraction of raw materials

£

Manufacture

Production

Utilisation/ transport

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

43



The function of the system TUmM

* One product could belong to several product systems
« Example: Hydrogen

* Function of the system: several functions. We should define which is under our interest.

rower ‘ System 1: Electricity system

generation

Fuel cell

electric ‘ System 2: Transport system

Electrolyzers

Industrial ‘ System 3: Industrial system

processes

Power to gas - System 4: Storage system

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 44



The functional unit UM

« The functional unit quantifies the performance of a product system for use as a reference unit.

« The main purpose of a functional unit is to create a reference to which the input and output flows are related.

> Example: Analysis of the environmental : > Example: Analysis of the environmental

performance in the production ofacar : performance of transport
> Function of the system: Autos : > Function of the system: to transport
herstellen :  people or goods from one place to another.
> Functional unit: 1 vehicle, model Z, : » Functional unit: 1pkm
£H
Extéractinn of raéw rnateria[s; Production Manufacture Utilisation/ transport

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 45



The reference flows TUmM

« Itis very important to correctly define a functional unit when comparing two systems.

« The reference flow measures the outputs from a process required to fulfil the function, expressed by the
functional unit.

EB Reference flow for fuel: , X liters of fuel”

£\ Reference flow for car:

»Z kg of car

Functional Unit;
1 vkm

Use

Car production

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 46



The functional unit and the reference flows

* Other examples

Product system

Function

Functional Unit

Results in reference to the functional unit

Automobile factory

Production of car

1 Million vehicles

CED MJ / Million vehicles

Freight transport

Transport of goods

1 tkm

Kg PM2zs / tkm

Biofuels

Deliver energy

1MJ

Kg CO2 eq/ MJ

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Some definitions

System boundaries

[]

Raw materials Material -
malfgyivals . U . Manufacturin . Use . Waste
acquisition processing : treatment

M

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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The system boundaries TUmM

System boundaries for the LCA of an electric vehicle

Recycling | Secondary
process |™ good

/ Disposal

Raw material
production

Energy generation

"~ | Components treatment
production and EolL
Production/assembly | _ |vehicle assembly / <— Transport services
Infrastructure
and auxiliaries 7 f \ \ \
Energy Charging Road Energy
Transport services generation infrastructure| |infrastructure| |generation Infrastructure

Source: Del Duce et al 2013 Guidebook for LCA studies in the context of e-mobility

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 49



Impact categories TUmM

a) Impact category: category that represents important environmental issues

l.e.: Climate change.

b) Impact indicator: how we measure this environmental impact.

l.e.: CO, equivalent for climate change

c) Characterization factor: Factor derived from a characterization model.

In goal and scope, we define which categories will be covered in the LCA.

Performed in Impact

Assessment phase

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 50



Allocation procedures TUmM

O Many systems produce more than one product - multifunctional system

U How do we share the ,environmental responsibility® among the co-products? - solving this multifunction

Emissions
_ _ LI T
L Which procedure will be used, has to be T T
defined also in the goal and scope Input products _../ A
{gmd_s and —» —™ Product A
0 The type of procedure will influence results services) T
— Product B
Resources ----#
R
Wastes

Source: ILCD Handbook, 2012
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How to solve multifunctional systems? Subdivision of the[ T}
systems

O Whenever it is possible - Subdivision of the systems

Emissions i
Emissiol i f 1 Emissions iii
1 |
______________ I S
r 1 1
i = = ] l.l
Input products : E :
{goods and ] ; P2 P3 ! Product A
services) " : :
Al Iy Ry ——
: F & i & . |
—= D4 | P5 - = Product B
Resources I. -",‘ J -1 ‘ ) |
Vaste | Waste ii NMaste i
L | Y L )

Source: ILCD Handbook, 2012
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How to solve multifunctional systems? System expansiofLT}

O First rule: Expanding the system

Altemaﬁve Altemative
[G“m pmdul:linn ] ~ [ production }
of B of A

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 53




How to solve multifunctional systems? Allocation by

relationships
O Allocation through relationships Emissions
4 ' H
Input products rocess -
senvices) R

Recources - - = pr=

N [ _ o Prﬂd I..Ict B

Source: ILCD Handbook, 2012

Wastes

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Solving multifunctional systems following 1SO rules TUmM

[ ISO establishes some rules:

1. Whenever is possible, allocation will be avoided

2. If not, then allocation rules will be applied:
a. The inputs and outputs of the system - allocated based on physical relationships.

b. The inputs and outputs of the system - allocated based on other relationships

O Allocation: partitioning the input or output flows of a process or a product system between the product system

under study and one or more other product systems

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 55



Effects of allocation in LCA

T
5
O Example: LCA of water treatment with E a0
= "
different chemicals —
~
=
: . S 201
 Different procedures lead to different =
(=2 —
results 7 N
o 10- §
= \
s N
§ 0- T T T \
: Ferric Chlorine Sodium
= chloride gas hypochlorite
&
Chemical

@ System expansion 3 Mass allocation
== Exergy allocation Economic allocation

Source: Alvarez-Gaitan, J. P., Peters, G. M., Short, M. D., Schulz, M. and Moore, S. (2014), Understanding the impacts of
allocation approaches during process-based life cycle assessment of water treatment chemicals. Integr Environ Assess Manag

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024



Data requirements and limitations

Highest score

U Requirements for main data

TUTI

Lowest score
—

Indicator 1 2 3 4 5 (default)
. Verified data based
1
Veg'ﬂEdd data on a calculation Non-verified data D d Und d
Flow reliability ased on or non-verified data based on a oculmente n c:c.umente
measurement . estimate estimate
s based on calculation
measurements
Less than 3 Less than 10 Less than 15 Age of data
Temporal cars of Less than 6 years of ears of ears of unknown or
correlation J 5 difference Y Y more than 15
difference difference difference years
Data from same| Within one level of | Within two levels Qutside of two

From a different

an adequate
period®

data from >80% of

the relevant market,
over a shorter
period of time

data from 60-79%
of the relevant
market, over a

shorter period of
time

data from 40-59%
of the relevant
market, over a

shorter period of
time

Geographical resclution resolution of resolution  |levels of resolution K

correlation [and same arealand a related area of |and a related area but a related or unxnown
o 3 area of study
@ of study study of study area of study
b All technolo Three of the Two of the One of the None of the
Z[Technological - ateqories? agr?e technology technology technology technology
8| correlation 90 categories are categories are categories is  |categories are
c equivalent : : . :
o equivalent equivalent equivalent equivalent
@ Representative data Representative Representative
S P o data from 40- | data from <40%
& from 60-79% of the o

Representative | relevant market 59% of the of the relevant Unknown
; ’
3 data from over an adequate relevant market, rr;arket, over 'algi
Ll pata >80% of the period overan | adequate perio
. adequate period of time
collection relevant or representative | or representative
methods market5, over or representative P P or data from a

small number

of sites and

from shorter
periods

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Critical Review UM

O Critical Review: Process intended to ensure consistency between an LCA and the requirements of ISO 14040 series

standards.

O ISO requires critical reviews if a comparative assertion is disclosed to the public.

— Comparative assertion: An environmental claim regarding the superiority or equivalence of one product versus a

competing product that performs the same function

O Review should ensure:

1.

LCA methods are consistent with the ISO standards;

Data are appropriate and reasonable in relation to the goal of the study;

Limitations are set and explained,;

Performed in
Assumptions are explained; and

Interpretation phase

Report is transparent and consistent and the type and style are oriented to the intended audience.

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 58



Critical Review UM

Types of review: expert should be familiar with LCA and have the appropriate scientific and technical expertise.

O By an expert

— Independent external reviewer: not involved in the definition or development of the case nor in the
organisation that performed or commissioned the case study. Totally independent.

— Independent internal reviewer: not involved in the definion or development of the case but can be part of
the organization.

O By a panel of interested parties: at least three players. It may include government agencies, non-
governmental groups, competitors and affected industries.

Performed in

Interpretation phase

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 59
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Life cycle inventory analysis

O Data collection for process within the systems boundary
« energy inputs, raw materials inputs, ancillary inputs, other physical inputs,

« products, co-products and waste,

« emissions to air, discharges to water and soil and other environmental aspects.

1 Data calculation

 Validation of data collected

* Relation of data with processes, functional unit and references flows.

O Allocation of flows and releases

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Life cycle inventory analysis

O Foreground system: Primary data
» Collect specific data from specific companies for your processes.
« Some data are relatively easy to obtain from a company:
— Material input, energy, co-products, production waste...

« Some data are relatively complex to obtain from a company:

— Emissions into air and water, material input not from direct processes....

1 Background system: Generic data

« General data

* Mean values or representative single values

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Foreground and background data

O Back to our example: Refillable aluminum bottle production
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Life cycle inventory analysis

« Analysis of producing ethanol for a company

Resource extraction, production of auxiliary raw material and energy

I_Fuel and electricity

production/use

Chemicals production

Forestry and sawmill

system

operations

|

1

No control from
the company

Background

? chemicals

@spruce wood chips

Production of ethanol and co-products

Feedstock
pretreatment

-

Ethanol formation
(hydrolysis, fermentation)

Purification

(distillation)

!

system

Supporting activities

Energy (steam, electricity) production, water use

A
) distribution to the pum
Reference flow _/-\.':[ ' . pump

Source: Janssen et al. 2016 Life cycle impacts of ethanol production from spruce wood chips under high-gravity conditions.

Fe=-=te——,
| Use phase |
1

@ =transport

Biotechnology for Biofuels._https://doi.org/10.1186/s13068-016-0468-3
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Life cycle inventory analysis: Generic data UM

« The most important areas where generic data/ background data are needed are:

1. Energy:
— energy sources of fossil origin (natural gas, diesel/light oil, heavy olil, petrol, hard coal, lignite)
— Uranium ore ex deposit, enrichment
2. Transport
— Specific consumption of trucks, trains, aircraft, pipelines
— Specific load capacity, ...
3. Common materials
— production processes of various metals and plastics: iron, steel, aluminium, PVC,.

— manufacturing operations

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 65



Life cycle inventory analysis: Generic data UM

« Databases are a good source of generic data.

1. Free databases:

— European Life Cycle Database,

— US Life Cycle Inventory Database. NREL,

— Worldsteel Life Cycle Inventory Database

2. Commercial databases:

— Ecoinvent Database, Switzerland

— Sphera Database, Germany

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 66
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Life cycle inventory analysis
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Life cycle impact assessment TUmM

« It aims to assess the actual effects of environmental burdens on humans, ecosystems, and resources.

* Itis based on indicators of impacts or impacts categories.

* Indicators are evaluated under the impact methods previously defined in the goal and scope phases.

« ltis the least mature phase of LCA

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Life cycle impact assessment

O Mandatory

Mandatory elements

Selectjon of impact categories, category indicators and@&rizatinn m@

1 |

Assignment of LC| results

1 |

Calculation of category indicator results(characterization)

AVENENE

. = =

Category Indlcator results, LCIA results (LCIA proflle)

Source: ISO 14040:2006
Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Life cycle impact assessment

O Optional elements

Category Indlcator results, Ll:'_:JI.-'i'lL results (LCIA proflle)

JL

.

(/f Optlonal elements

Caleulatlon of the magnltude of category [ndlcator results
relatlve to reference |nformatlon (normallzatlon)

Grouplng

l\\ Walghtlng

Source: ISO 14040:2006
Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Life cycle impact assessment TUmM

« two impact indicators: mid-point and end-point indicators.

* End-point indicators have relatively high uncertainty; not recommended

1. Amid-point indicator is a measure of a scientifically describable effect that is related to the endpoint

of the effect.

— climate change — eutrophication

— Stratospheric ozone depletion — Toxic damage by fine dust
— Photochemical oxidant formation — resource depletion

— acidification

2. An end-point indicator, on the other hand, is a direct measure of the endpoint itself. The use of end-

point indicators requires complex models, which in turn are based on various assumptions.
— Human Health

— Ecosystem
— Resources

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 72



Life cycle impact assessment
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LC Inventory

Elementary Flows

* CO,

* CH,

* N,O

* PM

* NOx

* SOx

* Chromium
* Mercury

Life cycle impact assessment
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diseases/causes
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| Freshwater eutrophication species
| Trop. ozone (eco) Damage to ' Damage to

terrestrial ocoSVStems
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extraction costs
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energy cost

Damage to
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availability
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Life cycle impact assessment

« Classification: which pollutants cause which impacts.

Elementary flow Climate change Ozone layer depletion Eutrophication
1 kg CO; (Carbon dioxide) X

100 gram CH, (methane) X

1 gram CFC142b X X

5 gram NO, (nitrogen dioxide) X

« The result of classification—> substances are assigned to the impact category they contribute to.

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024
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Life cycle impact assessment TUmM

« Characterization: All substances are multiplied by a factor which reflects their relative contribution to the
environmental impact, quantifying how much impact a product or service has in each impact category.

Elementary flow Climate change Ozone layer depletion Eutrophication

CF Result CF Result CF Result
1 kg CO, (carbon dioxide) 1 1
10 gram CH, (methane) 25 0.25
1 gram CFC142b 2310 231 0.07 0.00007
5 gram NO, 0.56 0.0028
Impact Category Indicator Result 3.56 0.00007 0.0028
Unit of the result kg CO, equivalent kg CFC11 equivalent kg P equivalent

« As result from characterization, a unique result for each category is obtained in a common unit: CO2
equivalent for climate change, Chlorofluorocarbon 11 for Ozone layer depletion...

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 76



Optional steps - Normalization UM

How important is a global warming impact of 50 tons CO, eq?

 Normalization. The gquantified impact is compared to a certain reference value, for example the average
environmental impact of a European citizen in one year.

* “Normalizes” against some baseline
— Normalisation based on the total emissions in a county/region, total per-capita, etc.

— Normalisation against one of the other options being studied (A vs B)

« Normalizing based on total effects generally yields negligible values

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 77



Optional steps - Weighting TUmM

Is global warming more important than human toxicity?

« Weighting. Comparative weighting of the impacts against each other

* Impact categories are assigned an importance value, and the resulting figures are used to generate a single
score

« Itis based on value judgement

— Different people in different contexts, regions, time horizon will give different importance to each
impact

« Rarely applied in LCA studies.

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 78



Agenda

History and context

General introduction to Life Cycle Analysis
Phases of a Life Cycle Analysis

<N Definition of Goal and Scope

W4 Inventory analysis

£l Impact assessment

WA [nterpretation

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024

24

31

34

60

68

79

79



Interpretation TUmM

L Evaluation:
» Do the results match the objective and the scope of the study?

= Are there important assumptions that could have a strong influence on the results?

v’ Sensitivity analysis: usually done for allocation procedures. Also in other assumptions such as
efficiencies, lifespan, energy mixes...

= Main conclusions
= Recommendations and decision-making aids discussed

U Reporting: Pay attention to your audience - scientific (whole LCA), non professional audience (partial, or
normalized), ...

QCritical review: mandatory when there is an assertive comparison

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 80



Limitations of Life Cycle Analysis UM

General limitations:

« It requires a lot of data.

« Some industries do not share the data for confidential reasons.

« Data uncertainty.

* No direct dynamic perspective: all flows over the entire life cycle are bundled into timeless indicators.

« Despite the simple method, knowledge of the life cycle assessment is very complex. This complexity is

hidden in standard LCA tools.

« The software seems to give simple answers, but not always RIGHT! Life cycle analysis does not always

(normally) declare a "winner".

Thomas Hamacher, Andrea Cadavid, Thushara Addanki | LCA Theory | 15 August 2024 81
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