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Phases of an LCA - Iterative

Not a once through process -
all phases are iterative!

Adjust as you go along

Changes after iteration 
happen in ~100% of studies

Overview of LCA – US EPA
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ISO Life Cycle Inventory Analysis Overview

Source: ISO 14044, Fig. 1
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Step 1: preparing for data collection

Source: ISO 14044, Fig. 1
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Data needs overview

Must know what you are tracking for your inventory

Need data for all inputs and outputs

Level of detail/aggregation may depend on:

 Purpose of study

 Data availability

 Amount of uncertainty/variability

Follow data quality requirements

Remember: data needs and goal/scope are set iteratively
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Inventory scope

We don’t just choose “air emissions” or “water emissions”

 We choose specific emissions of gases or substances

 e.g., CO2, SO2, ..

Can be guided by desired impact categories

 Planned focus on fuel use, climate change, etc.
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Data needs overview

Must know what you are tracking for your inventory

Need data for all inputs and outputs

Level of detail/aggregation may depend on:

 Purpose of study

 Data availability

 Amount of uncertainty/variability

Remember: data needs and goal/scope are set iteratively
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Elementary and product flows

From ISO 14044:

 Energy inputs, raw material inputs, ancillary inputs, other physical inputs

 Products, co-products and waste

 Releases to air, water and soil

 Other environmental aspects (noise, odor, land, resource depletion …)



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 10

Data needs overview

Must know what you are tracking for your inventory

Need data for all inputs and outputs

Level of detail/aggregation may depend on:

 Purpose of study

 Data availability

 Amount of uncertainty

Remember: data needs and goal/scope are set iteratively
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Aggregation: simplest models
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Aggregation or more detail

Level of detail/aggregation may 
depend on:

Purpose of study
Data availability
Amount of uncertainty
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CyC6 prod. 

(life-cycle)

Process engineering example: 

Cyclohexane production process

 Process simulation made in Aspen+

 Crucial unit for the production is the distillation 
column

S5

S2

S15

S12

S6

S7

S8

S13

S9

S11

S10

S16

S14

S17

S19

S18

S20

S3

S4

S23

S21

S1

MIXER

PREHTR

REACTOR

FLASH

SPLIT1

SPLITREC

PUMP

COLUMN

TANK

COMPRESS

RECPUMP

MUL T

MULT2

TANK2

TANK1

MUL T

MULT1

FEEDPUMP

1 year of 

production  

service 



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 14

Process engineering example: 

Cyclohexane production process

 Flow rates of liquid and vapor in the column

 RADFRAC profiles in Aspen+



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 15

Data needs overview

Must know what you are tracking for your 
inventory

Need data for all inputs and outputs

Level of detail/aggregation may depend 
on:

 Purpose of study

 Data availability

 Amount of uncertainty/variability

Remember: data needs and goal/scope 
are set iteratively
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Step 2: Data Collection
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SDP: Data Quality Requirements

Fundamental expectations of needed data

 Temporal

 Geographical

 Technology 

 Sources

 Precision

 Uncertainty

 Completeness

 See ISO 14044 for more

ISO 14044: 4.2.3.6
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Data Quality Requirements: Temporal

What is my year of analysis?

Has the process changed recently? 

Is it likely to change in the near future? 

Have upstream/downstream processes changed?

Has new information arisen recently?

From what year is the data?

 NOT the same as the year of publication!!!

…
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Data Quality Requirements: Geographical

Are you looking for a specific location? A general region? ... 

Why does geography matter?
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Data Quality Requirements: Geographical

Geography could affect:

 Regional emissions factors

 Technology choice

 Operational requirements

 Transportation

 Potential emissions / 
impact of emissions

 Transparency 

 …
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Data Quality: Technology

Different pathways to same product
 Main technology and supporting technologies

Possible criteria:
 Specific company

 Specific technology/technologies

 Average technology mix

 Representative technology 
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Data Quality: Data Sources

Trustworthy source?

Peer reviewed?

Underlying assumptions?

Type of data?

 Measured? 

 Estimated?

 Calculated?

 Aggregated?

Selecting multiple sources (why?)

 Careful! What is the original data source? (may not provide independent data 
points!)

Common data-driven Mistakes

 Using data that is inconsistent with targeted process

 Developing internally inconsistent models

 Treating missing data as zero

 Treating highly uncertain data as zero

 Treating analytical detection limits as detections
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Agenda

Life cycle thinking

Quantitative methods and life cycle cost analysis

The ISO LCA standard

Life cycle inventory

 Data needs and data quality 

 Data sources

 Handling multifunction systems (disaggregation and allocation) 

 Uncertainty

 Input-output LCA

Impact assessment

Conclusions



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 24

Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated
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Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated
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LCA Databases

Don’t despair, you do not need to collect all of your own data for LCAs:

 US NREL LCI Database (broad focus, using extensively, free)

 Simapro databases (broad focus, using extensively under CMU license, $$, includes 

ecoinvent)

 BEES (construction materials, free)

 Athena (building materials, etc. $$)

 GaBi ($$)

 Eco Invent (free)

 JRC EU commission (free) 

 UN Environmental programme: Global LCA Data network (free)

https://www.lcacommons.gov/nrel/search
http://www.ecoinvent.ch/
http://www.nist.gov/el/economics/BEESSoftware.cfm
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UN Environmental programme: Global LCA Data network
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Federal LCA Commons... 

A central point of access to a collection of data repositories for use in Life Cycle Assessment
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US NREL LCI Database
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openLCA available databases: ecoinvent
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SimaPro
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Data Sources - Heart of Tools

All ‘tools’ such as SimaPro are ‘front ends’ to databases

 Aggregate and calculate inventories

 Do impact assessment

The data is the important part

The interface is just there to help

Examine data documentation and metadata to get what you need

33
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Metadata in NREL USLCI
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Metadata in NREL USLCI (continued)
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Metadata in SimaPro
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Metadata in SimaPro (continued)
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Metadata in openLCA
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What you can get from these tools

Key inputs / outputs

Unit process emissions and other inventory data

Life-cycle emissions and other inventory data

Data sources

Impact Assessment

39



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 40

Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated
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Government Sources

Government databases are an excellent source of up-to-date information

There is no central/comprehensive list of where to look. 

 Let’s look at some examples
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U.S. EIA: Fossil Fuel Data

http://www.eia.gov/naturalgas/data.cfm
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U.S. EIA: Fossil Fuel Data (continued)

EIA has an 
enormous amount 
of data on a large 
range energy-
related topics

http://www.eia.gov/dnav/ng/ng_
prod_sum_dcu_NUS_a.htm
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U.S. EPA: eGRID

https://www.epa.gov/energy/e
missions-generation-resource-
integrated-database-egrid
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U.S. EPA: Toxics Release Inventory

http://www2.epa.gov/toxi
cs-release-inventory-tri-
program
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U.S. EPA: Greenhouse Gas Reporting Program

http://www.epa.gov/
ghgreporting/

Note: EPA has 
an enormous 
amount of data 
spread across 
different 
programs
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USDA: Quick Stats 

http://quickstat
s.nass.usda.gov
/
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European Pollutant Release and Transfer Register
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Government Sources

Lots of other sources

Be creative!
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Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated
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Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated
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Academic Literature

Academic literature is an important source of LCA information

 Complete inventories from existing LCA studies

 Inventories from unit processes

 Can be useful even if study relates to a different system

 Reporting of primary data not available elsewhere

 Estimation of difficult parameters

 May not necessarily be an LCA study

 See how similar studies were scoped out

Find using databases, Google Scholar, Web of Science, etc. 

CMU Library – Xiaoju (Julie) Chen is our resource!
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Data sources

Primary Data

LCI Databases 

Government Sources

Industry Reports

Academic Literature

Estimated



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 54

Data “Collection”

LCA rarely is primary data only

 Usually have to use at least some secondary sources!

 Many studies are 100% based on secondary sources

This is usually the longest, most labor intensive part of an LCA study.
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Example: Greenhouse Gas Emissions From Polyethylene 
Plastic Production

Natural gas pre-production

 literature value

Natural gas extraction

 direct from government data

Natural gas processing

 analysis of government data

Steam cracking

 estimated

Polymerization

 from LCA databases and industry reports

End of life?

Posen et al. (2015). Environ. Sci. Technol. 49(1): 93-102
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Step 3: Data Validation
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Data Validation

After collecting data, pause, assess

 Meeting data quality requirements?

 Within range expected?

 Mass balance maintained?

 Comparable to other processes?

 Modification of scope needed?

Results go in your report
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Step 4: data allocation (if needed)

58

ISO 14040: 5.3
ISO 14044: 4.3 
(focus on 4.3.1-
4.3.3 for now)
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Step 4: relating data to unit process

59

ISO 14040: 5.3
ISO 14044: 4.3 
(focus on 4.3.1-
4.3.3 for now)
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Example: Music Delivery Case Study

a SW company decided to study energy and CO2 impacts of downloading music

Goal: Compare methods of delivering music to consumers

 CDs vs. downloads

 Additional distinction for CDs: buy at retail store or online

CO2 impact

 Dematerialization increases environmental performance, partially offset by internet energy 
use

60
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Discussion 

Sensitivity — what parameters could flip result

 Retail with zero customer transport emissions (bicycle/walk)

 5 hours of web browsing for online shopping

 260 MB data transfer (lossless files)

61
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Life Cycle Inventory

63

ISO 14040: 5.3
ISO 14044: 4.3 
(focus on 4.3.1-
4.3.3 for now)
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Structure of a Process-based LCA Model

64
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Typical Unit Processes

For 1 product...

With only one product, obvious and direct connection between that product 
and its input and output flows

65

Input(s) from
Technosphere

Product
+

Function

Emission(s)

Inputs from Nature
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Multifunction systems

May be multiple products / co-products

More importantly, may have multiple functions

Then what?
 The data will still be “overall at the total process level”

 But we inevitably want it by function and/or product 

66
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ISO Ranks Three Options

Disaggregation

 ISO prefers

System expansion

 “Changing the rules” by redefining the system boundary to avoid allocation

 ISO encourages when disaggregation can’t be done

Allocation

 Attributing the input and output flows via some mathematical relationship to the 
various products

 ISO does not prefer

67

ISO 14044:2006, 4.3.4.2
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Disaggregation

Zoom in as far as the data will let you

Does more granularity let you isolate functions?

68
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Do the data let you do this?

69

Input(s) from
Technosphere

Product 1/Function 1

Emission(s)

Inputs from Nature

Input(s) from
Technosphere

Product 2/Function 2

Emission(s)

Inputs from Nature

Disaggregated

Aggregated



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 70

Disaggregation challenge?

Data at this fine level of detail may not exist

Processes may be too intertwined to pull apart

ISO suggests “system expansion” as the fallback approach

If system expansion isn’t possible, ISO grudgingly identifies “allocation” as an 
option

 Different allocation methods give different results

 Caveats, documentation, sensitivity analyses

70
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Allocation Basics

Need to assign inputs and/or outputs to the various products of the system

 If only one product, don’t need to allocate!

 Must be documented/justified

 Generally method (math) is simple – deriving allocation factors

 ***Original in/out must equal sum of allocated values

Use sensitivity analysis to assess effect of alternative allocations

71
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Allocation Steps (from ISO)

1) Try to avoid allocation!
 Disaggregation?

 System expansion?

 If not feasible, then…

2) Allocate by partitioning inputs/outputs to products based on “underlying 
physical relationships”
 Mass, volume, heat content, etc.  

 Allocate proportionately.

3) If allocation cannot be based on physical characteristics, other methods 
can be used
 e.g., by economic value (this is NOT a default choice of method)

 How much is A worth vs. B?  

Generally use consistent allocation across system (not ‘picking and choosing’ 
for each)

Special rules for recycling, etc. we will see later

Use sensitivity analysis to compare allocation methods (mass or energy based 
allocation) 

72
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Allocation examples

Consider a truck transporting different fruits and vegetables.

The truck consumes 5 liters of diesel fuel and emits pollutants

73

Summary info 

Allocation factors and allocation flows of diesel fuel (5 liters) per type of product
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How could we allocate the wastewater, CO2 and 
pollutant to the 2 different products on a mass basis?

Now, assume processes for D and E cannot be 
disentangled… disaggregation is not an option



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 75

Mass Allocation Factors:
Product D – 10 kg/14 kg = 0.71
Product E – 4 kg/14 kg = 0.29
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Avoiding Allocation

Allocation is easy, but not preferred because we are making assumptions 
about physical relationships rather than digging into the process

What we’ll discuss next is system expansion, which is a way to avoid 
allocation by considering the multiple products and functions more broadly.

When disaggregation isn’t feasible…

 Common finding that data don’t exist in enough detail to support disaggregation

 But worth a look!

 ISO says... try “System Expansion” next

 You may be able to shift your system boundary to isolate your targeted function

System expansion is “expanding the product system to include the additional 
functions related to coproducts”

 Little details in the standard ISO

 System expansion adds production of outputs to product systems so that theu can 
be compared on the basis of having equivalent functions. 

76
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What is System Expansion?

Typically easiest to motivate and explain in context of a comparison of systems

Example:

 system producing heat and electric power, each of these products provides a different 
function 

 the ability to provide warmth and the ability to provide power. 

 In a hypothetical analysis based only on a functional unit of electricity, comparing a 
CHP system with a process producing only electricity would be unequal

77
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System expansion

Add an appropriate process to have comparable functions

Function 1 provides power and Function 2 provides heat

 system expansion allows the product systems to be compared by adding processes 
representing the production of heat to the system (making Product B). 

 Note: scope is now different (iterate through SDP)

78
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Substitution approach “Avoided burden”

OR, subtract a process to give comparable functions

Note: this is still “system expansion” even though we are subtracting a 
process

79
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System expansions

Modeled systems provide same functions

Additional functions may represent identical or alternate products, 
technologies or production processes

Consider alternative technology assumptions for system expansion in 
sensitivity analysis

The determining product controls production volumes; dependent product 
cannot control it

 Determining product may or not be target of the LCA

 Only the dependent product can be expanded for.
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Impact allocation Methods: impacts are divided 

Physical allocation (this is what ISO says)

 By energy content of products

 By economic value (to be evaluated carefully)

 By Mass (preferable) 

System Expansion

 Which is the primary product?

 What is the secondary displacing?

Examples

 Process pricing gold and rocks: allocating between gold and rocks on mass basis 
won’t work (economical basis should be used)

 A cow produces milk, meat and skin: allocating on mass basis won’t work 

 Industrial plastic extruder: physical allocation by mass. 
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Uncertainty vs. Variability

Uncertainty: exists because of ignorance or lack of data

 Likely reducible with further study

Variability: exists because of heterogeneity or diversity

 Unlikely to be reducible with more study

We assume they are the same, and call them both uncertainty

And do “uncertainty analysis”

93
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ISO 14040 says…

LCA addresses potential environmental impacts; LCA does not predict 
absolute or precise environmental impacts due to:

 relative expression of potential environmental impacts to a reference unit

 integration of environmental data over space and time

 inherent uncertainty in modelling environmental impacts

 some possible environmental impacts are clearly future impacts

Data quality requirements should address uncertainty of information

 data, models, and assumptions

“Uncertainty analysis and sensitivity analysis shall be done for comparative 
studies intended for public release.”
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Paper vs. plastic

Lave et al compared energy use (electricity only) of 
plastic and paper cups (1995)

Plastic cup consumed ~50% less electricity

 plastic cup: 4,400 kWh = 0.015 TJ

 paper cup:  8,600 kWh = 0.086 TJ

Updated to consider uncertainty (and total energy) 
(Chen, 2017):

 plastic cup: 0.3 – 0.7 TJ

 paper cup:  0.3 – 0.4 TJ

 Original conclusions change

 Overlapping range suggest high potential for ~ same 
energy use, or for lower energy use for paper cup
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Back to the decision context

Use care in using simplistic methods to support decisions

“A decision made without taking uncertainty into account is barely worth 
calling a decision.”  (Wilson, 1985)

Would you really want to redesign a process around the result of a 
deterministic LCA?

Measurement vs. Accounting

 Measurement: observable quantity with an ideal way to measure; limits to precision

 Uncertainty range might be described as +/- 1%

 Could be improved with better measurement tools

 LCI accounting: may lack primary data, raw data leveraged to estimate flows

 Uncertainty ranges likely to be appreciable

 Results roll up many, many processes
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Data or input uncertainty

Measurement uncertainty

Parameter uncertainty

 Survey errors

 Incomplete and missing data

 Unit conversions

Geospatial uncertainty

Temporal uncertainty

 Old data

 Forecasting
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Methods to address uncertainty: qualitative

Discus sources of uncertainty

Textual summary without quantification

Reliability: “All data for key processes are based on measurements (primary 
data), so uncertainty is deemed to be relatively low for this category.”

Completeness: “Various processes include only effects of direct production, 
leading to some cutoff uncertainty.”
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Methods to address uncertainty: semi-quantitative,  
Heuristics

Rule of thumb, preset “rule” for comparisons

 Example: uncertainties of energy and carbon emissions ~20%; other LCI categories 
more uncertain

 Differences <20% … inconclusive

 No solid science behind “20%”, but a useful screening tool

True quantitative better!

Maintain enough significant digits for 
comparison:

0.6 and 1.4, not 1 and 1
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Methods to address uncertainty: quantitative methods

Ranges

Sensitivity analysis

Probabilistic methods and simulation
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Using ranges to understand uncertainty

Use ranges for inputs or outputs

Recommended: use multiple data sources, not single values

Ranges quantitatively represents effects of different assumptions/boundaries 
in underlying data

 helping to show when they matter

Appropriate graphical range representation: “uncertainty bars”

 Linear representation of ranges of results with upper 
and lower bounds - AKA “error bars” in Excel
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Sensitivity analysis

Quantitative method

Assess effect on results from changing a single input

 Change one variable at a time; hold all others constant

Other methods, such as multi-way sensitivity analysis and simulation, can 
show effects of changing more than one variable at a time
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ISO and Sensitivity Analysis

14040:3.31 sensitivity analysis – systematic procedures for estimating 
the effects of the choices made regarding methods and data on the outcome 
of a study

14044:4.3.3.4 Refining the system boundary – “Reflecting the iterative 
nature of LCA, decisions regarding the data to be included shall be based on 
a sensitivity analysis to determine their significance…”

“The sensitivity analysis may result in

 exclusion of life cycle stages or unit processes when lack of significance can be 
shown by the sensitivity analysis,

 exclusion of inputs and outputs that lack significance to the results of the study, or 

 inclusion of new unit processes, inputs and outputs that are shown to be significant 
in the sensitivity analysis.”
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ISO and Sensitivity Analysis

14044:4.3.4.1: Allocation “…Whenever several alternative allocation 
procedures seem applicable, a sensitivity analysis shall be conducted to 
illustrate the consequences of the departure from the selected approach.”

And in LCIA to show impact of different modeling choices (normalization, 
weighting) 

Required for “comparative assertions intended to be disclosed to the public”
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Sensitivity analysis

“By hand” or using sensitivity analysis tools in Matlab, @Risk, Excel (What-If 
analysis), SimaPro (if you have a higher level license than the course license), 
etc.

Applies to inputs and assumptions (parameter choices, allocation methods, 
etc.)

Choose appropriate sensitivity ranges

 What makes sense?

 Not just automatic acceptance of +/-50% defaults
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Depicting sensitivity analysis

Simple hi/lo chart (Excel or 
Matlab)

@Risk, TopRank or other 
software to generate tornado or 
spider type graphs
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Agenda

Life cycle thinking

Quantitative methods and life cycle cost analysis

The ISO LCA standard

Life cycle inventory

 Data needs and data quality 

 Data sources

 Handling multifunction systems (disaggregation and allocation) 

 Uncertainty

 Input-output LCA

Impact assessment

Conclusions
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Life Cycle Inventory

110
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Conceptual View

So far, we have

 process flow diagrams

 input-output based methods

Process flow diagrams are specific, but limited by need to add processes “by 
hand”

IO models are general, but give top-down, comprehensive views of system 
(entire production economy!)

111
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Process Matrix Analysis for Life Cycle Inventory (LCI)

Develops network by selecting most important processes, and combining data 
about their resource use, emissions, etc. to obtain life cycle consumption

Relies on data about specific industrial or manufacturing processes

 Available as industrial data or via simulation

Systematic approach for combining modular process data
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Adding processes

Can add as many processes as you have time/resources to consider

Could expand process boundary to include refining petroleum, and capture 
effects of diesel inputs – adding rows and columns to A and B matrices

 Matrix representation of process flow diagram with interconnected upstream flows

Can use Excel, MATLAB, etc. to manage data and matrix math

Know how to make process matrix models using LCI data

 Would take a long time, and require lots of repeated effort

 US LCI has ~1,000 processes.  Do you really want to build that model?

 Same challenge as before – when to stop adding?

SimaPro, OpenLCA, Gabi have already built these models 

 Complete, comprehensive matrix based versions of these process based databases 
(e.g., US LCI, ecoinvent)

115
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Agenda

Life cycle thinking

Quantitative methods and life cycle cost analysis

The ISO LCA standard

Life cycle inventory

 Data needs and data quality 

 Data sources

 Handling multifunction systems (disaggregation and allocation) 

 Uncertainty

 Input-output LCA

Impact assessment

Conclusions
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Phases of an LCA

Goal and scope definition

Inventory

Impact assessment

Interpretation

117

ISO 14040: Figure 1
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Life Cycle Impact Assessment - LCIA

Impact assessment considers actual effects 
 On humans, ecosystems, and resources

 Not just tracking quantities (tons of emissions, gallons of fuel consumed as a result 
of production)

Indicators of impacts:
 Why do we care about GHG emissions?

 Potential to change our climate

 Why care about sulfur dioxide emissions?
 Potential to acidify rain, waterways

 Why care about particulate emissions?
 Potential to harm health

Impact assessment not new
 Environmental impact assessment

 Risk assessment

 Performance benchmarking, etc. 

Key feature of LCIA:
 Link to a particular functional unit 

 Entire life cycle as a boundary

 Focuses attention on impacts as a function of that specific normalized quantity
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Environmental impact categories: how to choose 

Table reports a typical result of Inventory analysis

Statement “A is always better then B” is not always obvious

 Particularly in different scenarios

In presence of more fluxes (CO2, SO2, oil) which one should be 
chosen? 

Flux Compartment Unit Option A Option B

Carbon dioxide, fossil (CO2) Air Kg 5 2

Sulfur dioxide (SO2) Air Kg 2 5

Oil 10 8
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From LCI to LCIA: the impact categories 

LCI

LCIA
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Impact Categories

Global warming

 Global in scale

 CO2, CH4, N20, as well as 

chlorofluorocarbons and other 

halogenated hydrocarbons

Stratospheric ozone depletion

 Global in scale

 Chlorofluorocarbons and 

other halogenated 

hydrocarbons

Acidification

 Regional or local in scale

 Sulfur oxides, nitrogen 

oxides, hydrochloric acid, 

hydrofluoric acid, ammonia

And more …. See table 
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Impact Assessment Models

Various impact assessment models

 Some are single category

 Cumulative Energy Demand – resource consumption

 IPCC – climate change

 Other models cover wide range of categories

 TRACI – US-focused

 ReCiPe

 Eco-indicator 99

Tools like SimaPro / Gabi / openLCA incorporate many models

Impact assessment model choice

 No need to choose – look at multiple results

 Understand breadth of impacts of your system

 Surprises?

 Convergence of conclusions?

 New avenues of research?

 Particularly useful for comparative LCAs
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Models and Impact categories
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The TRACI LCIA Model

125

TRACI
Tool for the Reduction and 

Assessment of Chemical and 

other environmental Impacts

Ozone Depletion
Global Warming

Human Health Noncancer

Inventory of Stressors

Chemical Emissions

Fossil Fuel Use

Land Use

Water Use

Impact Categories

Ozone Depletion

Global Warming

Acidification

Eutrophication

Smog Formation

Human Health 

Particulate

Cancer

Noncancer

Ecotoxicity

Fossil Fuel Use

Land Use

Water Use

…….

Characterization (e.g., Human Health Noncancer)

0

100

200

300

400

500

600

700

800

Product A Product B Product C

End of Life

Use

Processing

Transportation to

Manufacturing Site

Raw Material Acquisition
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Cause-Effect Chain

Specific to an emissions example

Inventory 

results

Methane release from 
well venting

CH4 mg/m3

Increased radiative 
forcing

Rising sea level
Coral reef damage
Increased severe weather
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Cause-Effect Chain

Specific to an emissions example

Methane 
release from 
well venting

Carbon dioxide 
release from 
well venting

CH4 mg/m3 CO2 mg/m3

Increased radiative 
forcing

Rising sea level
Coral reef damage
Increased severe weather
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Cause-Effect Chain

Specific to an emissions example

Methyl bromide 
release from 
pesticide use

CH3Br mg/m3

Increased 
radiative 
forcing

Rising sea level
Coral reef 
damage
Increased 
severe weather

Increased 
skin cancer

Loss of 
atmospheric 
ozone

Similar chains could 
be drawn for 
resource depletion or 
land use
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Midpoints vs. Endpoints

Typical LCI result is ‘an emission, waste generation, etc.’

An emission creates higher concentrations in environment

Higher concentrations impact people or ecosystems exposed to those 
concentrations – leads to a midpoint

Exposure potentially leads to health effects and damages – these are endpoints

133

Midpoint methods: 
problem-oriented

Endpoint methods: 
damage-oriented
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Environmental impact categories 
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Environmental impact categories 
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From LCI to LCIA: structure of LCIA framework

Final ScoreEndpointMidpointLCI results
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Environmental impact categories : example 

Characterization Factor 
«carbon dioxide, fossil»

= 1 kg CO2 eq. / kg

Characterization factor 
«Methane» = 28 kg CO2 eq. / kg

Result Global Warming Potential 

= 5 x 1 + 0,010 x 28 = 5,28 kg CO2 eq.

Methanecarbon 
dioxide, fossil

Compartment Substance Result unit

Air Carbon dioxide, fossil 5 kg

Air Sulfur dioxide 2 g

Air Methane 10 g

Air Ammonia 5 kg

Water Nitrate 8 kg

Air Nitrogen dioxide 15 g

Air Ethane, 1,1,1,2-tetrafluoro-, HFC-134a 2 g

Soil Carbon dioxide, to soil or biomass stock 1,5 kg
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LCIA is…

Complicated!

Many studies stop at LCI stage (not full LCA)!

Others focus on straightforward impacts

 Cumulative energy demand

 GHG

 Water requirements

LCIA tools (TRACI, ReCiPe, etc.) do most of the work

 No need to be intimidated

 Tools convert detailed inventory information into estimates of associated impacts
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ISO requirements for LCIA - ISO says…

Impact assessment phase evaluates significance of potential environmental 
impacts using LCI results
 Associates inventory data with impact categories and indicators, in order to 

understand impacts

Provides information for Interpretation phase
 Have goal and scope objectives been met?

Impact choices, modelling and evaluation can introduce subjectivity
 Transparency is critical

 Assumptions must be clearly described and reported

Coordinate LCIA with other LCA phases to account for possible omissions and 
sources of uncertainty:
 Is quality of LCI data/results sufficient to conduct LCIA in accordance with goal and 

scope?

 Has system boundary and data cut-off decisions been sufficiently reviewed to 
ensure availability of LCI results necessary to calculate LCIA indicator results?

 Is environmental relevance of LCIA results decreased due to LCI functional unit 
calculation, system wide averaging, aggregation and allocation?

ISO 14040: 
5.4.1 General

ISO 14040: 
4.4.1 General



Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 140

Impact Assessment in the ISO LCA Framework  (LCIA)

Mandatory Elements:

 Selection (impact categories, their indicators, and characterization models)

 Classification (assigning LCI results to categories)

 Characterization (calculation of category results)

 at least get things into correct categories

Optional Elements:

 Normalization 

 (comparing to reference info)

 Grouping 

 (sorting/ranking impact categories)

 Weighting 

 (with numerical factors/value choices)

 Data Quality Analysis 

 (uncertainty/sensitivity)

140
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Selection

Select and explain:

 Impact categories

 Their indicators

 Expected characterization models and methods to be used

ISO says to “choose impact categories consistent with scope” and “reference 
your work”

 No prescribed categories/impacts that must be included (e.g., global warming) 

ISO says impact assessment should encompass “a comprehensive set of 
environmental issues”

 Study should not be narrowly focused

Methods should be geographically relevant to your scope

Climate change, ozone depletion, respiratory inorganics, human toxicity, 
ionizing radiation, ecotoxicity, ozone formation, acidification, terrestrial 
eutrophication, aquatic eutrophication, land use, resource consumption…

Mandatory
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Next, Classification

142

Your inventory 
of flows can 
now be 
organized

Mandatory
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Classification

Taking huge list of inventory flows and making smaller more manageable 
piles

 GHGs all in one pile.  Ozone depleters, etc.

 ‘copy’ (not ‘move’) into these piles

 Why?  Some in several piles, e.g., NOx (toxic, acidic, eutrophication)

143

Mandatory
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Classifying Greenhouse Gases

IPCC (100-year) method Example

Mandatory
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Classifying Energy Demand

Cumulative Energy Demand (CED) LCIA Method

Mandatory
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Classification of Initial Inventory

Where is SO2?

What if one of our flows belonged in two categories?

Mandatory

Flux Compartment Unit Option A Option B

Carbon dioxide, fossil (CO2) Air Kg 5 2

Sulfur dioxide (SO2) Air Kg 2 5

Oil 10 8
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Classification Issues

Depending on scope, you might have no flows (or too few) to classify into 
your LCIA methods

 Ex 1: you want to study global warming but you have no GHG emissions in 
inventory

 Ex 2: your inventory is too narrow to support a robust LCIA effort (e.g., only have 
fossil CO2 emissions not methane, etc.)

If so, “impact results” will be zero or less than expected due to data gaps, not 
representative of product system

This is why process matrix methods are so useful – they basically ensure you 
have sufficient flows (done by SW)

Classification by hand can introduce errors

 Variation in naming conventions

 Scope of methods

 Misclassification

Mostly handled by software, matching by Chemical Abstract System (CAS) 
Numbers

 e.g., formaldehyde is 50-00-0

Many classification issues can be avoided by keeping your scope broad

Mandatory
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Next step: Characterization

Transforms classified flows into impact category indicators via 
characterization factors

 Impact categories could include: resources, ecosystems, human health

 Indicators convert multiple flows (maybe with different units) into a single common 
unit

 Allows for comparison

Characterization factors are available from separate scientific studies on 
impact assessment 

 Not done for a single LCA study

 We’ll use existing factors (and don’t need to create them)

148

Mandatory
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Characterization

GHGs – obvious example.  Use GWP weights! (e.g., CO2-equivalents or CO2e)

 CO2 : 1 kg of CO2 = 1 kg of CO2e

 CH4 : 1 kg of CO2 = 28 kg of CO2e

 N2O : 1 kg of CO2 = 265 kg of CO2e

 Sum up individual effects (units CO2e)

For many studies the only LCIA done is global warming (e.g., “carbon 

footprinting”)

Mandatory
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IPCC 5th Assessment Report

Not just a single set of values!
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LCIA ‘Model’ Example

Should have a comprehensive set of impact categories/ indicators

Your own “values” should not bias your model

151

Source: ISO 14044 (2006)
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Environmental impact categories: how to choose 

Table reports a typical result of Inventory analysis

Statement “A is always better then B” is not always obvious

 Particularly in different scenarios

In presence of more fluxes (CO2, SO2, oil) which one should be chosen? 

Difficult to prefer one over the other

Next step: Summarize LCIA results for GHG and CED

Flux Compartment Unit Option A Option B

Carbon dioxide, fossil (CO2) Air Kg 5 2

Sulfur dioxide (SO2) Air Kg 2 5

Oil 10 8
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LCIA Profile (aka category indicator results)

Summary of all indicator category values

Using IPCC and CED values, our inventory is...

 Recall IPCC GWP of 1 for CO2, CED 45.8 MJ-eq. for crude oil (fossil 
category)
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Exercise: Expand Example Profile

CO2 and Crude oil are done – now add SO2

to the profile using following info 

Flux Compartment Unit Option A Option B

Carbon dioxide, fossil (CO2) Air Kg 5 2

Sulfur dioxide (SO2) Air Kg 2 5

Oil 10 8
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Exercise: Expand Example Profile

Characterization: Acidification Air

Characterization: Human Health – Criteria Air
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Exercise: Expand Example Profile

Characterization: Acidification Air

Characterization: Human Health – Criteria Air

Then, compare results for Options A and B

SO2 kg  H+ moles eq 101            254

SO2 kg  PM10 eq 0.33            0.84
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Is A preferable over B?

It depends (as usual)

 Discuss

Are these results significant? 

 Magnitude

Are they significantly different?

 Uncertainty

Are there model parameters which impact choice? 

 Scenarios

Other things to think about?
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Intermediate Summary

Those are the mandatory elements (selection, classification, characterization)

 Makes sense. If conducting LCIA, need to do at least these things

Many studies are only LCI

Likewise, many studies stop LCIA HERE (i.e., don’t do optional steps)

If stop here, then need to interpret results (as done with inventory step)

 Don’t just discuss numbers, talk about tradeoffs!

Next (optional)

Classification of flows related to specific impact

Characterization of impacts, i.e. calculation of contribution to final score

Normalization

Grouping

Weighting

According to ISO 14040-44

O
p
ti
o
n
a
l Divide the values of the impact category by a reference number 

(year, region, person, …)

Group similar impacts into the same contribution

Assign a specific parameter to weight differently various contribution
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Optional Step – Normalization

“Normalizes” against (divide by) reference value

 Reference values specific to each impact

Provides some perspective

 Global warming impact is 50 tons. Is that significant?

Can be a helpful way to validate results

ISO does not provide these values

 But others have generated values that often used

 Integrated into software

Various ways to normalize:

 Total effect of a person per year

 Total in a country or region

 Total per-capita

 Against another option being studied (A vs B)

Downside – normalizing on total effects generally yields negligible values

 Alternative: adjust scale, normalize against hourly rate? Regional rates? Etc.

161
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Optional Step – Grouping

Sorting and/or ranking the characterized LCIA results (or normalized, 
optional)

 Sorting along dimensions of the values, spatial scales, etc. 

 Ranking based on hierarchy to place the impacts into context with each other 

 (e.g., subjectively-defined high-medium-low impacts)

Relies on value choices and thus is subjective

 Could be inconsistent with what others choose

More useful with multiple impact categories

 Look at these first, then those
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Optional Step – Weighting

Most subjective of optional elements

Weighting factors to allow for rolling up effects to a single (or a few) impact 
scores

Comparative weighting of effects against each other (via relative importance 
of the effect)

163
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Evaluation, Reporting and iteration

Evaluation & reporting

 Last LCIA step

 Include all intermediate profile results

 Transparency

 Gives greatest future utility (comparison to other studies)

Iterate through interpretation

 Are results consistent with goal and scope?

 Is inventory robust enough to support impact assessments?
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LCIA Limitations

Scientific method combined with values

Lack of comprehensive focus/boundary

Category indicators not equally important or precise

Lack of complete data

All of this very subjective compared to LCI

Uncertainty!!

This is a major area of research right now

165
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Agenda

Life cycle thinking

Quantitative methods and life cycle cost analysis

The ISO LCA standard

Life cycle inventory

 Data needs and data quality 

 Data sources

 Handling multifunction systems (disaggregation and allocation) 

 Uncertainty

 Input-output LCA

Impact assessment

Conclusions
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Putting All the Pieces Together

LCA for Big Decisions

 Recall title of LCA book…

Easy to do small scale LCIs/LCAs

 low chance for messing up and it 
mattering

Recall initial LCA examples 
mentioned:  zero emission electric 
vehicles, bottled versus tap water, 
etc.

 Several of these were “big decisions”!

 What have we learned from attacking 
these questions?
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In summary … 

Rigorous attention to data and 
quality

Careful uncertainty assessment

Context/Perspective important

Carefully read and study ISO 
standard

 Can we bring rigorous LCA 

methods to help inform big 
decisions?

 YES
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In conclusion

LCA is a well developed high profile tool

 LCA practice is increasingly  being 
harmonized

 It has a broad spectrum of applications

LCA has clear limitations it is no 
“super-tool2:

 There is a strong need of additional 
tools in the life cycle context

 When augmented by tools that 
monitor economic and social 
performance, LCA supports 
sustainable analysis

LCA and certification are mutually 
supported activities
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Appendix: EPD
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EPD, Feedstock energy e CED per il computo delle energie

Esempio di flussi energetici = Comulative Energy Demand methods
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EPD, Feedstock energy e CED per il computo delle energie

Categorie di impatto Fattori di caratterizzazione Riferimenti

Acidification potential (kg 
SO2 eq.)

AP, CML 2001 non-baseline (fate 
not included), Version: January 

2016.
Hauschild & 

Wenzel (1998)

Eutrophication potential (kg 
PO43- eq.)

EP, CML 2001 baseline (fate not 
included), Version: January 2016. Heijungs et al. 

(1992)

Global warming potential (kg 
CO2 eq.)

GWP100, CML
2001 baseline Version: January 

2016.

IPCC (2013)

Updated January 
2016

Photochemical oxidant formation 
potential (kg NMVOC eq.)

POFP, LOTOS-EUROS as

applied in ReCiPe 2008

Van Zelm et al 
2008

ReCiPe 2008

Water Scarcity Footprint (WSF) (m3 H2O 
eq)

AWARE Method: WULCA
Characterization model for WSF

2015, 2017.
Boulay et al(2017)

Abiotic depletion potential –
Elements 

(kg Sb 
eq.)

ADPelements, CML 2001, 
baseline

Oers, et al (2002)

Abiotic depletion potential –
Fossil fuels

(MJ, net calorific value)

ADPfossil fuels, CML 2001, 
baseline Oers, et al (2002)

https://www.environdec.com/Creating-EPDs/Steps-to-create-an-EPD/Perform-LCA-
study/Characterisation-factors-for-default-impact-assessment-categories/

https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors#downloads
https://www.springer.com/gp/book/9780412808104
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors#downloads
https://openaccess.leidenuniv.nl/handle/1887/8061
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors#downloads
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors#downloads
http://www.ipcc.ch/report/ar5/wg1/
https://www.rivm.nl/en/Topics/L/Life_Cycle_Assessment_LCA/ReCiPe
http://www.wulca-waterlca.org/aware.html
http://www.wulca-waterlca.org/aware.html
http://www.wulca-waterlca.org/aware.html
https://link.springer.com/article/10.1007/s11367-017-1333-8?wt_mc=Internal.Event.1.SEM.ArticleAuthorOnlineFirst
https://www.environdec.com/Creating-EPDs/Steps-to-create-an-EPD/Perform-LCA-study/Characterisation-factors-for-default-impact-assessment-categories/
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EPD, Feedstock energy e CED per il computo delle energie

Da calcolare con il CED –
Comulative Energy Demand 

Da calcolare con ReCiPe 2008 «water deplation»

Flussi di materia ed energia 
uscenti dal sistema prodotto

https://www.environdec.com/Creating-EPDs/

Attenzione alla feedstock
energy nei polimeri!!

https://www.environdec.com/Creating-EPDs/


Process sustainability and LCA – Maurizio Fermeglia Trieste, 15 April, 2021 - slide 174

EPD, Feedstock energy e CED per il computo delle energie

Da calcolare con il modello EDIP 2003 
utilizzando i flussi di rifiuti 

Tipologia di energia e di rifiuti dei 
rifiuti uscenti dal sistema prodotto

https://www.environdec.com/Creating-EPDs/

https://www.environdec.com/Creating-EPDs/

