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Part 1

Uncertainty analysis in LCA
Concepts and tools
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What is uncertainty? (1)

Lots of meanings:
 incomplete information
conflicting information
 linguistic imprecision
variability
errors
 ...



What is uncertainty? (2)

Abundance of typologies and terminologies:
systematic errors, random errors, ...
data uncertainty, model uncertainty, completeness 

uncertainty, ...
scenario uncertainty, parameter uncertainty, 

model uncertainty, ...
uncertainty vs. accuracy vs. variability vs. 

sensitivity vs. ...
 ...



What is uncertainty? (3)

EMBO 8:10 (2007)



How to deal with uncertainty? (1)

Do more research
“recommendation for future research”

Abandon LCA
not exactly ...

 Interpret LCA results very cautiously
of course, but how?

 Involve stakeholders
does this reduce or increase the uncertainty?

 ...



How to deal with uncertainty? (2)

 ...
Rerun the LCA with different data
sounds not very systematic

Use Monte Carlo analyses
please tell me more ...

Use analytical approaches
please tell me more ...

Use less traditional methods
please tell me more ...



Increasing interest in uncertainty in 
LCA (1)

IntJLCA 9:3 (2004)



Increasing interest in uncertainty in 
LCA (2)

JIE 11:1 (2007)



Increasing interest in uncertainty in 
LCA (3)
Case studies
Meier, Maurice et al., Sonneman et al, Rogers et 

al., etc.
Methodological proposals
Huijbregts, Ciroth, Hofstetter, Heijungs & Suh, etc.

Data (LCI, LCIA)
ecoinvent, Guinée et al.,  Goedkoop & Spriensma, 

etc.
Software
GaBi, SimaPro, CMLCA, etc.



Treatment of uncertainties (1)

Four main paradigms:
1. “scientific” approach (more research, better data)
2. “social” approach (stakeholders, agreements)
3. “legal” approach (authoritative bodies)
4. “statistical” approach (Monte Carlo, confidence 

intervals)
What makes 4 special?

1, 2, 3 reduce uncertainty
4 incorporates uncertainty



Treatment of uncertainties (2)

Clin.Chem. 49:11 (2003)

1: input uncertainties

2: processing uncertainties

3: output uncertainties

0: scanning uncertainties



Treatment of uncertainties (3)

General modeling framework for LCA

processinginput output

processinginput output
uncertainties uncertainties uncertainties

several values/choices

distributions

variances

data quality indicators

results for different options

histograms

confidence intervals

significance levels

parameter variation

Monte Carlo

Taylor series

fuzzy sets



Elements in uncertainty handling (1)

Standardization
 terminology (what is the difference between 

sensitivity and uncertainty analysis)
symbols (what do we mean with μ?)
data format (how to report a lognormal 

distribution?)



Elements in uncertainty handling (2)

Education
concepts (what is a significant difference?)
reporting (how many digits?)
value of not reducing but incorporating uncertainty
communication (how to tell?)



Elements in uncertainty handling (3)

Development
approaches (Monte Carlo, bootstrapping, principal 

components analysis, condition number, etc.)
software (with lots of approaches)
databases (which supports lots of approaches)
guidelines (for applying which approach in which 

situation)



Input uncertainties (1)

All data and choices that are input in the LCA 
model
unit process data
selection of technologies
 the LCI model choices
characterization
normalization
weighting
 ...



Input uncertainties (2)

Unit process data
material and energy use
production
emissions
 ...

Example
 the fuel consumption and CO2 emission for one 

km car driving



Input uncertainties (3)

Selection of technologies
geography
 time
 technology
 ...

Example
electricity production



Input uncertainties (4)

The LCI model choices
system boudnaries & cut-off
allocation
attributional/consequential
 linearity
steady-state
ceteris paribus assumption
 ...



Input uncertainties (5)

Characterization
choice of impact categories and characterization 

models
characterization factors
 ...

Example
climate change?
GWP?
GWP100?
GWP100(CH4) = ?



Input uncertainties (6)

Normalization
choice of reference area and period
normalization data
 ...

Weighting
principle
 factors
 ...



Input uncertainties (7)

How to specify?
several values (choices and data)
range (min & max)
probability distribution (empirical, theoretical, 

fuzzy)
DQI/NUSAP
 ...



Input uncertainties (8)

Probability distributions & DQI
example from EcoSpold



Input uncertainties (9)

Probability distributions & DQI
example from CMLCA



Processing uncertainties (1)

The question of LCA methodology:
How to combine input data into output results?

The question of LCA uncertainty 
methodology:
How to combine input uncertainties into output 

uncertainties



Processing uncertainties (2)

Some main schools:
parameter variation
sampling methods
analytical error propagation
 fuzzy sets
Bayesian statistics
expert elicitation
 ...



Processing uncertainties (3)

Parameter variation
 just try a smallest and a largest value
 just take another allocation principle
 just use another impact assessment method
 ...



Processing uncertainties (4)

Sampling methods
create a sample of results
using brute computational force (Monte Carlo)
or using more sophisticated methods (Latin 

hypercube, etc.)



Processing uncertainties (5)

Monte Carlo analysis in 5 steps
1. Consider every input parameter as a stochastic 

variable with a specified probability distribution
 e.g., CO2-emission of electricity production follows a 

normal  distribution with a mean of 1 kg and a standard 
deviation of 0.05 kg

2. Construct the LCA-model with one particular 
realization of every stochastic parameter
 e.g., CO2-emission of electricity production is 0.93 kg



Processing uncertainties (6)

3. Calculate the LCA-results with this particular 
realization
 e.g., CO2-emission of system is 28,636 kg

4. Repeat this for a large number of realisations
 e.g., number of runs N = 1000

5. Investigate statistical properties of the sample of 
LCA-results
 e.g., the mean, the standard deviation, the confidence 

interval, the distribution



Processing uncertainties (7)

Analytical treatment in 2 steps
1. Consider every input parameter as a stochastic 

variable with a specified mean and standard 
deviation (or variance)
 e.g., CO2-emission of electricity production has a mean 

of 1 kg and a standard deviation of 0.05 kg
2. Apply classical rules of error propagation
 e.g., elaborate formula for standard deviation (or 

variance) of CO2-emission of system



Processing uncertainties (8)

Example: area of sheet of paper

Same idea for LCA:
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Processing uncertainties (9)

Fuzzy sets
Benetto, Ardente, Tan, ...

IntJLCA 13:7 (2008)



Output uncertainties (1)

All results that are output of the LCA model
CO2 and other emissions and resources
climate change and other midpoint impact scores
human health and other endpoint scores
ecopoints and other aggregated scores
eco-efficiency and other indicators
contribution analyses
ranking of alternatives
recommendations
 ...



Output uncertainties (2)

Different formats
several values
ranges
standard deviation/variance/geometrical sd
histograms/boxplots
statistical tests
 ...



Output uncertainties (3)

Standard deviation and range
example from EcoSpold



Output uncertainties (3)

Histograms
example from CMLCA



Output uncertainties (4)

Statistical tests
 is the CO2 emission < 120 kg?
with what probability?
 is CO2(A)<CO2(B)?
with what probability?



Sensitivity analysis

Two distinct meanings:
how sensitive is an output result to an input 

change?
which input uncertainty contributes most?



Sensitivity of LCA results (1)

Reference flow: 1000 kWh electricity
 Inventory result: 30,000 kg CO2

10 kWh electricity

1 kg CO2

2 liter fuel

Electricity

production

100 liter fuel

10 kg CO2

498 kWh electricity

Fuel

production



Sensitivity of LCA results (2)

Change “498” into “499” (i.e. 0.2% change)
“30.000” is changed into “60.000” (i.e. 100% 

change)
Magnification of uncertainty by a factor 500 is 

possible in a system that is
small
 linear

Can we understand this?



Sensitivity of LCA results (3)
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Sensitivity as decomposition

 “Key issues”
example with CMLCA



The future of uncertainties (1)

Methods
 further development of concepts
 translation to LCA

Data
LCI databases
LCIA factors

Software
 implementation
electronic exchange formats



The future of uncertainties (2)

 Illustrative cases
 journal requirements

Standardization
Code of Practice
nomenclature, formats

Education
 like today



Part 2

Practical assignment on uncertainty 
analysis with the CMLCA model



Contents

A short introduction to CMLCA
Uncertainty analysis in CMLCA
Sensitivity analysis in CMLCA
Sensitivity of LCA results



A short introduction to CMLCA (1)

CMLCA
Chain Management by Life Cycle Assessment
developed for educational purposes
gradually evolved for scientific research
stable version 4.2
“sneaky preview” of version 5.1
Website http://www.cmlca.eu

51



A short introduction to CMLCA (2)

Some features
 fully based on matrix algebra
 (Heijungs & Suh, The computational structure of LCA, 

Springer, 2002)
LCI, LCIA, but especially strong in interpretation
 (Heijungs et al, Numerical approaches towards life cycle 

interpretation, Int.J.LCA, 2001, 2005)
many more features
 LCC, eco-efficiency, EIOA, hybrid LCA, import/export

52



A short introduction to CMLCA (3)

Life cycle interpretation
uncertainty analysis
 choice between sampling and analytical error 

propagation
 incorporating paired comparisons (correlated results)
 including statistical tests

sensitivity analysis
 perturbation analysis
 key issue analysis

53



Uncertainty analysis in CMLCA (1)

 Input data
coefficients to represent parameter uncertainty
 unit processes (technology matrix & intervention matrix)
 characterization factors
 normalization data
 weighting factors

specification as baseline value + uncertainty 
parameter
 Gaussian (sd)
 uniform (width)
 triangular (width)
 lognormal (phi) 54



Uncertainty analysis in CMLCA (2)

Possibilities
 levels: inventory, characterization, normalization, 

weighting
methods: 1st order Taylor expansion, Monte Carlo

55



Uncertainty analysis in CMLCA (3)

Results
 independent parametric: mean, standard 

deviation, 95% limits, ...
 independent non-parametric: median, quartile 

variation, ...
dependent parametric: t-test with H0: 

mean(A)=mean(B)
dependent non-parametric: t-test with H0: 

median(A)=median(B)
runs of the Monte Carlo simulation

56



Sensitivity analysis in CMLCA (1)

Perturbation analysis
change each coefficient 1% and see how much 

the results change
numerical or analytical

Key issue analysis
decompose uncertainty of result into contributions 

by uncertainties in input data
analytical (or sampling with regression)

57



Sensitivity analysis in CMLCA (2)

 Input data
perturbation analysis: no uncertainty data needed
key issue analysis: same data requirements as for 

uncertainty analysis

58



Sensitivity analysis in CMLCA (3)

Possibilities
 levels: inventory, characterization, normalization, 

weighting
methods:
 perturbation analysis: numerical, 1st order Taylor 

expansion
 key issue analysis: Monte Carlo

59



Sensitivity analysis in CMLCA (4)

Results
perturbation analysis: list of sensitive input 

parameters
key issue analysis: list of parameters of which the 

uncertainty contributes a lot

60



61

Thank you!

Leiden University, Institute of Environmental
Sciences, Department of Industrial Ecology
http://cml.leiden.edu
http://www.cmlca.eu


