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depth analysis of the future development of each single unit proc-
ess, while still accounting for the requirements of the final sce-
nario integration. Due to its high transparency, the procedure
supports the validation of LCI results. Furthermore, it is well-
suited for incorporation into participatory methods so as to in-
crease their credibility.

Outlook and Future Work. Thus far, the proposed approach is
only applied on a vehicle level not taking into account altera-
tions in demand and use of different transport modes. Future
projects will enhance the approach by tackling uncertainties in
technology assessment of future transport systems. For instance,
environmental interventions involving future maglev technol-
ogy will be assessed so as to account for induced traffic gener-
ated by the introduction of a new transport system.

Keywords: Cornerstone scenarios; formative scenario analysis
(FSA); life cycle inventory analysis (LCI); life cycle modelling;
rail transport; regional transport; scenario modelling; transport;
uncertainty assessment; uncertainty management

DOI: http://dx.doi.org/10.1065/lca2004.10.188

Abstract

Background. Tools and methods able to cope with uncertainties
are essential for improving the credibility of Life Cycle Assess-
ment (LCA) as a decision support tool. Previous approaches
have focussed predominately upon data quality.

Objective and Scope. An epistemological approach is presented
conceptualising uncertainties in a comparative, prospective,
attributional LCA. This is achieved by considering a set of cor-
nerstone scenarios representing future developments of an en-
tire Life Cycle Inventory (LCI) product system. We illustrate the
method using a comparison of future transport systems.

Method. Scenario modelling is organized by means of Formative
Scenario Analysis (FSA), which provides a set of possible and
consistent conerstone scenarios. Unit processes scenarios are gen-
erated  for those unit processes of an LCI product system which
are time dependent and of environmental importance. Unit proc-
ess scenarios are combinations of levels of socio-economic and
technological impact variables. Two core elements of FSA are
applied in LCI scenario modelling. So-called impact matrix analysis
is applied to determine the relationship between unit process spe-
cific socio-economic variables and technology variables. Consist-
ency Analysis is employed to integrate various unit process sce-
narios into the overall cornerstone scenarios, based on pair-wise
ratings of the consistency of the levels of socio-economic impact
variables of all unit processes. Two software applications are em-
ployed which are available from the authors.

Results and Discussion. The study reveals that each possible
level or development of a technology variable is best conceived
of as the impact of a specific socio-economic (sub-) scenario.
This allows for linking possible future technology options within
the socio-economic context of the future development of vari-
ous background processes. In an illustrative case study, the cli-
mate change scores and nitrogen dioxide scores per seat kilo-
metre for three technology options of regional rail transport are
compared. Similar scores are calculated for a future bus alter-
native and an average Swiss car.
The scenarios are deliberately chosen to maximise diversity. That
is, they represent the entire range of future possible develop-
ments. Reference data and the unit process structure are taken
from the Swiss LCA database 'ecoinvent 2000'. The results re-
veal that rail transport remains the best option for future re-
gional transport in Switzerland. In all four assessed scenarios,
two technology options of future rail transport perform consid-
erably better than regional bus transport and car transport.

Conclusions and Recommendations. The case study demon-
strates the general feasibility of the developed approach for
attributional prospective LCA. It allows for a focussed and in-

Introduction

Uncertainty of complex systems is important in strategic
decision making in business and policy-making. Understand-
ing uncertainty and having tools to evaluate uncertainty sup-
port the application of decision support tools such as Life
Cycle Assessment (LCA), as well as improving their cred-
ibility. Uncertainty in decision making has been investigated
in many research fields resulting in various characterisations
of uncertainty. A comprehensive overview is given in van
Asselt (1999).

Funtowicz (1990) distinguished three levels of uncertainty,
which can be identified in the LCA model defined by Hei-
jungs (1992). Firstly, technical uncertainties, which are con-
nected with quality and appropriateness of the data used to
describe the system. Secondly, methodological uncertainties
are caused by the model layout and structure, e.g. the allo-
cation method. Finally, epistemological uncertainties con-
cern the conception of a phenomenon (whether and how a
model represents the system being studied). Alternative ap-
proaches for classifying uncertainty in LCA are given by
Huijbregts (1998a) and Björklund (2002).

Traditionally, the main focus of uncertainty research in LCA
was on technical uncertainties, often referred to as data qual-
ity uncertainties. Probability-based tools have been utilised
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by many authors to assess this type of uncertainty (Kennedy
et al. 1996, Weidema and Suhr-Wesnaes 1996, Coulon et al.
1997, Finnveden and Lindfors 1998, Huijbregts 1998b, Con-
tadini et al. 2002, Huijbregts et al. 2003). In the Swiss Life
Cycle Inventory (LCI) database, 'ecoinvent 2000', the input
data are prepared to allow for the application of Monte Carlo
simulation (Frischknecht et al. 2004).

Epistemological uncertainties, concerned with uncertainty
in the knowledge about the state of the system under inves-
tigation (Kahnemann et al. 1982), have received less atten-
tion. Epistemological uncertainties are particularly impor-
tant for prospective LCA due to the unpredictability of the
future development of the system under investigation. A tool
for addressing epistemological uncertainties is Scenario
Analysis (Godet 1986, Scholz and Tietje 2002, Tietje 2003a).
A general framework for scenario development in LCA has
been proposed by Pesonen (2000) and Weidema (2003a) and
a first, structured framework for scenario-based LCA has
been proposed by Fukushima (2002).

The main goal of this paper is to address epistemological
uncertainty in a prospective, attributional LCA. The key
question with regard to this type of LCA is what the situa-
tion in the future will look like, with results providing a
basis for strategic decisions. A specific procedure is proposed
to generate a set of possible, consistent and diverse corner-
stone scenarios representing future developments of an en-
tire LCI product system.

The proposed procedure employs two core elements of Forma-
tive Scenario Analysis (FSA) and has two steps. Step 1 gener-
ates a set of possible and consistent scenarios for those unit
processes of an LCI product system that exhibit considerable
time dependency and are environmentally relevant. Step 2
applies Consistency Analysis to facilitate the integration of
various unit process scenarios and to select a small set of pos-
sible, consistent and diverse cornerstone scenarios.

A case study is presented to illustrate the applicability and
appropriateness of the developed approach. Climate change
and NOx-emissions per seat kilometre for three technology
options of regional rail transport are calculated and com-
pared. Similar scores are calculated for a future bus alterna-
tive and an average Swiss car.

1 The Principle of Formative Scenario Analysis

The history and applications of scenario analysis are de-
scribed in Pesonen (2000) and Weidema (2003a). Gausemeier
(1996) pointed out two concepts that demarcate scenario
analysis from traditional forecasting approaches (such as
trend analysis, Delphi panel, etc.): multiple futures and sys-
tem thinking. The concept of multiple futures refers to the
way in which scenario analysis provides a set of scenarios,
each representing a possible future state of a considered sys-
tem. 'System thinking' is critical for scenario analysis and
goes beyond the scope of conventional analytical approaches.
The development of the environment of an object or entity
of interest is represented in so-called shell scenarios. In gen-

eral, decision makers cannot control shell scenarios or can
only partly do so.

The term Formative Scenario Analysis (FSA) was introduced
by Scholz (1996) in order to distinguish impact variable based
construction of future states of a system from intuitively and
less transparently defined scenario constructions. The foun-
dation of FSA is a formal description of a scenario s as a
vector, which expresses a certain combination of levels n of
impact variables d:
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In Eq. (1), nik denotes the level of impact variable di for
scenario k. For the sake of simplification of the mathemati-
cal notation we substitute di

nik with λi
ik (denoting the level

of impact variable di). Hence, equation 1 can be expressed
as follows:
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where 1 ≤ k ≤ k0, and k0 is the total number of scenarios. K
denotes the number of impact variables and im  is the total
number of levels (i.e. possible future states) that the i-th
impact variable may exhibit. k0 equals ∏

=
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iλ  denotes
the level of impact variable id for scenario k. For example,
the impact variable d1  named 'fuel type' has two possible
levels, d1

1 = 1  for 'CNG' or d1
2 = 2  for 'diesel'. If then, for

scenario k, fuel type is diesel, 211 =≡ knk dλ .

If we classify epistemological uncertainties in terms of sce-
nario model variables we can distinguish two levels. Level
A comprises truly unknown variables (a variable no hu-
man has ever thought about) and disturbance variables (vari-
ables which will fundamentally change the system under
consideration; e.g. war events). Level B variables may be
classified as known, but the knowledge about the quantita-
tive interrelation of these variables with the rest of the sys-
tem is incomplete.

FSA is a tool that can be used to address Level B variables;
i.e. we assume that the nature of the impact variables of the
system under consideration (e.g. an LCA unit process) is
known. For instance, we know that the variables market
mechanism and behavioural pattern have an influence on a
certain unit process. However, the knowledge of their inter-
action is insufficient to allow for the formulation of quanti-
tative relationships. In the absence of quantitative relation-
ships between variables, conventional sensitivity analysis
based on both fixed model structure and known quantified
relationships of a model is not applicable. Seen in this light,
FSA may be considered as a type of structured sensitivity
analysis for cases characterised by a fixed model structure
(in terms of variables), but unknown quantitative relation-
ships between (parts of) the model variables.
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2 Formative Scenario Analysis in LCI

2.1 Inventory data model

The scenario analysis approach presented here is based on
the inventory matrix approach (Heijungs 1996). A unit proc-
ess is expressed as a vector pj = (a1j,...,amj,b1j,...,bnj)T where
bj = (b1j, = (b1j,...,bnj)T is called the environmental part, and
aj = (a1j,...,amj)T is the technology part. All unit process vec-
tors together define the unit process matrix P:

mi pp ...==
B

A
P (3)

where A is referred to as the technology matrix (Rijckeghem
1967) and B is referred to as the intervention matrix. The
environmental interventions, βββββ, are calculated as follows
(Heijungs and Frischknecht 1998):

αABβ
1 ⋅⋅= − (4)

where ααααα denotes an external supply vector. The inventory
model of transport systems is comprised of specific trans-
port components (vehicle operation, vehicle manufacturing,
maintenance and disposal, as well as infrastructure construc-
tion, operation and disposal) (Spielmann and Scholz 2004).

2.2 Applying formative scenario analysis in LCI

FSA distinguishes between objects of interest (usually under
the control of the decision maker) and shell scenarios (usu-
ally not under the control of the decision maker). This cor-
responds to the formal distinction between foreground and
background systems made in LCI (Frischknecht 1998, Hof-
stetter 1998). Shell scenarios are expressions of 'alternative
futures' accounting for uncertainties in background proc-
esses. Foreground processes account for future technology
alternatives (also called 'options') under the control of the
decision maker. Scenario modelling addresses all options
under various shell scenarios. Out of all technically possible
shell scenarios, FSA then selects a small subset of highly con-
sistent and diverse, so-called cornerstone scenarios.

We generate shell scenarios separately for those unit proc-
esses that exhibit considerable time dependency and that
are environmentally important. These unit process scenarios
are then integrated into the overall cornerstone scenarios.

Each unit process scenario, sk, is split into a technology sce-
nario, st, and a socio-economic scenario, se:
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where T is the number of technology impact variables dt,
1 ≤ t ≤ T, and E is the number of socio-economic impact
variables de, (T + 1) ≤ e ≤ (T + E) such that K = T + E.

So, we have a total of ∏
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0  technology scenarios and a to-
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1
0  socio-economic scenarios. Their product is the

total number of scenarios, k0 = t0e0.

Technology impact variables address consequences of un-
certainties in the unit process specific technology develop-
ment. Socio-economic impact variables express uncertain-
ties in a unit process' environment.

2.3 A procedure for FSA-based scenario modelling

This section presents a two-step, bottom-up procedure for
the generation of LCI cornerstone scenarios by applying el-
ements of FSA. Step 1 comprises four Moves facilitating the
generation of a set of quantified unit process scenarios, based
on unit process specific technology scenarios and socio-eco-
nomic scenarios (Fig. 1). Step 2, consisting of two Moves,
facilitates the synthesis of the various unit process scenarios
generated in Step 1. Finally, a set of two to four possible, con-
sistent and diverse cornerstone scenarios is selected in Step 2.

Section 3 illustrates the proposed procedure for the compari-
son of different options of regional transport.

Step 1: Development of unit process scenarios

Move 1 – Selection of Scenario Impact Variables. The result
of Move 1 is a preliminary list of impact variables for a
selected unit process, pj, that distinguishes between technol-
ogy impact variables and socio-economic impact variables.
In order to develop an exhaustive list of impact variables,
no method or research path is excluded a priori. Compre-
hensive literature studies are usually required, which may
be complemented by expert and stakeholder knowledge. As
outlined in Fig. 1, we recommend the separate generation of
socio-economic, de, and technology impact variables, dt.

Move 2 – Structural Analysis. Structural Analysis assesses
the relation between technology and socio-economic vari-
ables and detects the socio-economic key variables of a unit
process. For this, all impact variables (dt and de) are interre-
lated in a so-called impact matrix (see Table 2 for an exam-
ple). The impact matrix M = (ai,j), i, j = 1,...N, presents the
direct impact of di on dj (Scholz and Tietje 2002). In con-
structing the impact matrix, one has to assess and rate the
direct impact of one impact variable on another. This raises
the question of which scaling is appropriate for the ratings.
There is no definite answer to this question and the actual
selection is arbitrary. For application in LCA-studies we rec-
ommend a three level scale. A relationship between two
impact variables di and dj exists if variable di causally affects
variable dj, or vice versa. Following the assessment and rat-
ing of the direct impacts of all impact vajriables on other
impact variables, activity and passivity scores are calculated
for each impact variable in order to rank the various impact
variables of a unit process and to identify the key impact vari-
ables. The activity score is the sum of all impacts that one
variable has on all others. The passivity score is the sum of all
impacts that other variables have on a variable.

Socio-economic key impact variables are characterised by a
high activity score and a low passivity score. Ideally, the
socio-economic component of the unit process scenario
should be limited to these key variables and each selected
technology variable should be linked to at least one socio-
economic key variable.
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However, in reality it is likely that a certain technology vari-
able, e.g., dt1

, is directly influenced by a socio-economic im-
pact variable, say, de4

, which is not classified as a key impact
variable. In such cases, a MIC-MAC analysis (Godet 1986)
should be performed to assess the indirect relationships of
socio-economic key variables and technology variables. Some-
times a socio-economic key impact variable, de3

, directly influ-
ences another variable, de4

, which in turn directly influences
variable dt1

. Consequently, de4
may then be eliminated, thereby

reducing the number of impact variables and avoiding redun-
dancies (for an example see Section 3).

Move 2 is supported by a software application that is avail-
able from the authors (Tietje 2003c). Results of Move 2 are
a minimal, but satisfying set of socio-economic impact vari-
ables de1

...deq
, q ≤ E that are sufficient and suitable for de-

scribing the current level of the investigated unit process.
For each technology variable, dt, at least one socio-economic
variable de is identified which directly affects its current level.

Move 3 – Unit Process Scenario Construction. The result of
Move 3 is a set of interrelated technology scenarios, st, and
socio-economic scenarios, se. Each socio-economic or tech-
nology variable has at least two possible future levels; their
possible future levels must be linked. For instance, for a given
scenario sk, ( )k

e
k
e

k
t f

211
,λλλ = .

Move 4 – Unit Process Scenario Quantification. Based on
the description of the different levels of technology variables
dt, estimates for changes in the technology vector, aj, and
environmental vector, bj, of a selected unit process, Pj, can
be made (see next section for an example). The results of
Move 4 are a set of adjusted unit process vectors p1

j,...,
pu

j,...,pr
j, with 1 ≤ u ≤ r, representing changes in the level of

technology variables, which in turn correspond to changes
in the level of socio-economic variables. Thus, each adjusted
unit process is determined by a unique combination of socio-
economic variables, representing a unit process' socio-eco-
nomic scenario.

Fig. 1: Procedure for the generation of a set of unit process scenarios
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Step 1 has to be performed separately for each background
unit process included in the scenario modelling, resulting in
various sets of unit process scenarios. In order to determine a
set of cornerstone scenarios representing an entire product life
cycle, scenario integration is required. This is done in Step 2.

Step 2: Unit Process Scenario Integration

Move 5 – Selection of cornerstone scenarios. The results of
Move 5 are a set of cornerstone scenarios, sc, representing
an entire LCI-product system. The selected scenarios are
characterised by a) high consistency scores, b) no inconsist-
encies and c) diversity.

The identification of cornerstone scenarios, sc, is based on
the integration of all Ec unit process specific socio-economic
impact variables, as defined in Step 1, in shell scenarios sSh.
For example, if Ec =10 and each variable only has two lev-
els, we will have 210 different shell scenarios.

Consistency Analysis is applied to reduce the number of pos-
sible shell scenarios and ensure logical consistency of the re-
sulting cornerstone scenarios. To do this, a single consistency
measure, c, is determined for each pair of impact variables
and possible levels (e.g. kn

id and ln
jd ). The consistency scores

are based on expert estimates. Again the question rises as to
which scale is appropriate for the ratings. No definite answer
to this question exists; however, a scale with only a few levels
is generally recommended (Scholz and Tietje 2002). For ap-
plication in LCA-studies we recommend a four level scale:

( ) { } { } { }ji
n
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n
i mlmkddc lk
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In Section 3.3, the various levels are precisely defined. The
overall consistency of a shell scenario can then be calculated
additively as:
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In principle, the overall consistency of a scenario is rated
with regard to its Cadd score. Cmult is used to identify and
remove shell scenarios that exhibit singular inconsistencies,
because a single inconsistency, ( ) 0, =e

j
e
ic λλ , yields an overall

consistency of zero, which is the measure for multiplicative
inconsistency. Thus, for each possible scenario, the multi-
plicative consistency is calculated and any inconsistent sce-
narios are removed. For the remaining consistent scenarios,
a certain minimum consistency score may be defined to fur-
ther reduce the number of cornerstone scenarios. Therefore,
additive consistency is usually employed.

Although Consistency Analysis may drastically reduce the
number of scenarios, too many scenarios may still remain.
Furthermore, scenarios with high consistency scores are often

very similar and only differ in the level of a few impact vari-
ables. We use a simple mathematical algorithm to facilitate
the identification of a small set of diverse and highly consist-
ent cornerstone scenarios (Tietje 2003a). The approach is based
on an additional scenario property, defined as distance ∆ be-
tween two consistent shell scenarios u

Shs  and v
Shs :

∑
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We obtain a small number of consistent scenarios by choosing
a minimum distance ∆min. This means that remaining scenarios
always differ in at least Ec – ∆min impact variables (Ec is the
number of all socio-economic impact variables). Move 5 is
supported by a software application, (Tietje 2003b), which is
available from the authors.

Move 6 – Quantification of Cornerstone scenarios. The fil-
tered cornerstone scenarios represent a combination of lev-
els of socio-economic variables of unit processes tackled in
the scenario modelling. For the quantification of cornerstone
scenarios, we make use of the fact that each unit process
specific socio-economic scenario, sej

, is a subset of an identi-
fied cornerstone scenario; i.e. sej 

⊆
 
sc. Furthermore, as out-

lined in Step 1, each level t
iλ  of a unit process specific tech-

nology variable, dt, is directly linked to a certain level e
iλ  of

a socio-economic variable, de, where the technology scenario
st and the socio-economic scenario se combine to yield the
overall scenario sk. In turn, modifications of a unit process
vector ( )ruu

j ≤≤1p  are linked to certain levels of technol-
ogy variables. Thus, there is an unambiguous link between
an identified cornerstone scenario, u

cs , and a quantified unit
process scenario, u

jp .

Consequently, the calculation of the cumulative environmen-
tal interventions for a complete product system of a future
technology option is straightforward. For each cornerstone
scenario u

cs , selected unit processes jp  in the process ma-
trix P, as described in Section 2, are simply replaced with
quantified unit process scenarios u

jp , (see Move 4, Step 1),
corresponding with a specific combination of levels of socio-
economic impact variables. Using Eq. 4, the environmental
intervention for each scenario can then be calculated.

3 Case Study

3.1 Goal and scope of the case study

Three future regional passenger transport alternatives are
compared: rail, bus and private car. The contractor of the
case study is assumed to be a decision-maker in a regional
Swiss rail company. Three options of future regional rail
transport are considered (low cost, comfort, and ultra light,
with a specific electricity consumption of 1.1E-02, 3.8E-02
and 5.6E-02 kWh/(seat*km), respectively). The goal of the
study is to investigate whether the various options of re-
gional rail transport are environmentally robust options for
regional transport in the year 2020. Robust here means hav-
ing no high environmental impacts in any particular corner-
stone scenario and comparatively low environmental im-
pacts in most cornerstone scenarios.
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We compare the environmental performance of our three
rail transport technology options with each other and with
a regional bus alternative in four different scenarios. In ad-
dition, an average Swiss passenger car for the year 2020
(assuming 80% rural and 20% urban driving conditions) is
modelled and compared. The functional unit is the supply
of regional transport and all data is referenced to a seat kilo-
metre. We investigate emissions of NOx and greenhouse gases
(CO2, CH4 and N2O).

Seven unit processes pj will be examined: Operation Train (j=1),
Manufacturing Train (j=10), Operation Bus (j=30), Manufac-
turing Bus (j=40), Electricity Supply Switzerland (j=80), Ex-
traction, Processing and Transport of Oil and of Gas (j=130
and 140, respectively). From the unit process matrix, P, sup-
plied by the Swiss LCA-database ecoinvent 2000 (Frischknecht
et al. 2004, Spielmann et al. 2004), these processes are likely
to exhibit considerable change in the future.

Unit process p1 ('Operation Train') is treated as a foreground
process. The remaining six unit processes are treated as back-
ground processes and unit process scenarios are separately
developed for each unit process as outlined in Step 1 of the
procedure (see Section 2). In Section 3.2, we illustrate this
procedure for the unit process 'Operation Bus' and present
basic assumptions for the other unit processes. Scenario in-
tegration (Step 2 of the procedure) is illustrated in Section
3.3 and final results for all scenarios and all unit process
scenarios are discussed in Section 4.

3.2 Development of the unit process scenarios operation bus
(Step 1)

Move 1 – Selection of Scenario Variables. Suitable socio-
economic impact variables are derived from Scholz (2000).
Technology impact variables determining future bus opera-
tion are based on our own studies. Table 1 presents the tech-
nology and socio-economic impact variables used.

Move 2 – Structural Analysis. An impact matrix, M, com-
prising both socio-economic and technology impact vari-
ables has been scored using a three-level scale: 0 = no or
little impact; 1 = medium impact; 2 = high impact. The scor-
ing was first performed individually by two authors; they
then discussed any differences and jointly decided on the
final scoring. Table 2 lists the scoring and the resulting ac-
tivity and passivity scores for each variable.

Based on the scorings represented in the impact matrix M,
an impact matrix analysis is performed. Firstly, those socio-
economic impact variables determining the state of the three
technology variables are identified: 'Emission Reduction
Technology' is only affected by 'Significance of Environmen-
tal Issues'. 'Fuel Type' is affected by 'Fuel Price' and 'Signifi-
cance of Environmental Issues'. 'Operating Conditions' is
directly determined by 'Mobility Lifestyle', 'Passenger Trans-
port' and 'Combined Mobility'.

Secondly, key socio-economic variables are identified by their
activity and passivity scores. The impact variables 'Signifi-
cance of Environmental Issues', 'Fuel Price', and 'Transport

Name Description Future levels (levels) 

Technology Impact Variable (dt) 
Compressed Natural Gas (CNG) Fuel Type Fuel used for the operation of bus  
Diesel 

PM-Kat/ Euro 4 
Particle-filter/ Euro 5 

Emission Reduction Technology Technical measures to meet. EURO-Norms 

DeNOx (SCR)/ Euro 5 

Urban: constant travel  
Rural: constant travel. 

Urban: stop and go (S&G) 
Rural: constant travel. 

Operating Conditions Operation mode depending on type of road and traffic 
conditions (trip composition: 20% urban; 80% rural) 

Urban: 50% S&G and 50% constant travel 
Rural: Constant Travel 

Socio-Economic Impact Variable (de) 
Unimportant 

Global 

Significance of Env. Issues  Orientation of environmental awareness and policy  

Global and local 

Decrease 

Slight increase 

Fuel Prices Prices for conventional fossil fuels (diesel and petrol)  

Significant increase 

Promotion of rail & road 

Promotion of rail 

Transport Policy  Promotion of certain means of transport. 

Promotion of road 

Constant 

Slight increase 

Mobility Lifestyle Mobility demand; total amount of passenger kilometres 

Sign. increase 

Combined Mobility  Measures such as park & ride and car sharing Excluded in Step 1,Move 2 

Passenger Transport  Modal split of public and individual transport Excluded in Step 1,Move 2 

Electricity Prices  End-consumer prices of electricity Excluded in Step 1,Move 2 
 

Table 1: Technology impact variables and socio-economic impact variables for the unit process Operation Bus and possible future levels of each variable
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Policy' are above average in activity and below average in
passivity (average score = 3.2). They are potential key vari-
ables of the unit process' environment. However, 'Trans-
port Policy' is not directly linked to any of the technology
variables and, in turn, 'Mobility Lifestyle', 'Passenger Trans-
port' and 'Combined Mobility' are not active variables. Thus,
a second-order impact matrix analysis (MIC-MAC analy-
sis) is performed. Two socio-economic variables ('Passenger
Transport' and 'Combined Mobility') are directly influenced
by, and therefore substituted with, 'Transport Policy'. 'Mobil-
ity Lifestyle' is kept as a socio-economic variable because its
relationship with 'Transport Policy' is ambivalent. We thus
reduce the six socio-economic variables to a functional mini-
mum of four, sufficient for describing the unit process' envi-
ronment. Furthermore, each technology variable is linked to
at least one of the remaining socio-economic impact variables.

Move 3 – Unit Process Scenario Construction. Possible fu-
ture levels of socio-economic and technology impact vari-
ables are listed in column 3 of Table 2. For interrelated tech-
nology and socio-economic impact variables, the future levels
have to be matched. For the unit process 'operation bus',
four socio-economic variables (Transport Policy, Significance
of Environmental Issues, Fuel Price, Mobility Lifestyle) and
three technology variables (Fuel Type, Emission Reduction
Technology, Operating Conditions) are recorded. For the
technology variable Emission Reduction Control, three fu-
ture technologies representing future emission standards are
related to one level of the variable Significance of Environ-
mental Issues. Particle filters, reducing particulate emissions
to below EURO V standards, are assumed to be the domi-
nant technology in a world where both local and global en-
vironmental issues are important. DeNOx technology with
Selective Catalytic Reduction (SCR) is assumed to be intro-
duced if the focus is on global environmental issues, since
they comply with the EURO IV particle standard and allow
for higher engine-out NOx levels and, hence, lower fuel con-
sumption. Finally, for the scenario where the significance of
environmental issues is no longer of any importance, we
assume that vehicles need only comply with EURO IV stand-
ards, which can be achieved by what are referred to as PM-
Kat systems (UBA 2003).

The technology variable Fuel Type is linked to two socio-
economic variables, each with three possible levels. In such
cases, combinations of the levels of socio-economic impact
variables determine the corresponding level of the technol-
ogy variable. Only consistent combinations are taken into
account. For instance, the level 'constant level' of the socio-
economic variable Mobility Lifestyle and the level 'promo-
tion of road transport' of the socio-economic variable Trans-
port Policy are considered to be inconsistent.

Move 4 – Unit Process Scenario Quantification. For the quan-
tification of the corresponding levels of socio economic vari-
ables, educated estimates have been made based on the defini-
tion of the technology variables to which they are linked. Fuel
consumption and emissions of CO2, NOx and total hydro car-
bons (HC), accounting for different future EURO emission
standards and specific driving behaviour on rural and urban
roads, are taken from (Keller et al. 2004). We assume that
2.4% of HC emissions are CH4 and that N2O emissions are
3.30E-05 kg/vkm for all operating conditions (Spielmann et
al. 2004). Effects of particle filters and DeNOx systems on
fuel consumption are taken into account according to Nylund
(2000) and Bárzaga-Castellanos (2001), respectively. For com-
pressed natural gas (CNG) buses, fuel consumption (by mass)
is assumed to be 25% higher compared to diesel (Nylund and
Lawson 2000). CO2, HC and NOx emissions are 55 g/MJ,
0.02 g/kWh and 0.7 g/kWh, respectively, assuming a stoichio-
metric combustion system (Knecht 1999). 90% of HC emis-
sions are CH4, and N2O emissions are 0.021 g/vkm (Nigge
2000). In order to relate the data to the functional unit, seat
kilometre, we assume 50 seats per bus (Maibach et al. 1999).

3.3 Unit process scenario integration (Step 2)

Move 5 – Selection of cornerstone scenarios. We have eight
socio-economic variables, each with two to three levels (Fig. 2).
Pair-wise ratings of the single consistency of the various lev-
els of socio-economic variables are performed. The scoring
was first performed individually by two authors; they then
discussed any differences and jointly decided on the final
scoring. Additive consistency is employed to fill the consist-
ency matrix. A four-level scale has been employed for the
scoring: –1 = inconsistent; 0 = neutral, 1= partially consist-
ent (i.e. a certain level of impact variable de may support a

Impact Variables PT TP EP FP CM SoEI ML ERT OC FT Activity 
Passenger Transport (PT) 0 0 0 0 0 1 0 0 2 0 3 
Transport Policy (TP)  2 0 0 0 2 1 1 1 0 0 7 
Electricity Prices (EP) 0 0 0 0 0 0 0 0 0 0 0 
Fuel Prices (FP) 1 0 1 0 1 0 1 0 0 2 6 
Combined Mobility (CM) 1 0 0 0 0 0 1 0 1 0 3 
Sign. of Environ. Issues (SoEI) 1 1 1 1 1 0 0 2 0 2 9 
Mobility Lifestyle (ML) 0 1 0 0 0 0 0 0 2 0 3 
Emission Reduction 
Technology (ERT) 

0 1 0 0 0 0 0 0 0 0 1 

Operating Conditions (OC) 0 0 0 0 0 0 0 0 0 0 0 
Fuel Type (FT) 0 0 0 0 0 0 0 0 0 0 0 

Passivity 5 3 2 1 4 2 3 3 5 4 32 
Scores: 0 = no or little impact; 1 = medium impact; 2 = high impact 

 

Table 2: Impact matrix M and impact scores for the unit process 'Operation Bus'
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Fig. 2: Cornerstone scenarios and corresponding levels of socio-economic impact variables and technology impact variables for the investigation of future
regional transport alternatives. In addition, the resulting unit process input data is presented for selected unit processes

a Unit Process Indices: 10 = Manufacturing Current Train; 11 = Manufacturing Low Cost Train; 12 = Manufacturing Comfort Train; 13 = Manufacturing Ultra
Light Train; 30 = Operation Bus; 40 = Manufacturing Bus; 80 = Electricity Supply; 130 = Oil Extraction/Processing/Transport; 140 = Natural Gas Extraction/
Processing/Transport

b Unit process vectors are split into two sub-vectors a and b (Section 3). The index numbers presented in the table are illustrative and refer to the following
commodities aij and environmental interventions bij. a1j = diesel; a2j = compressed natural gas (CNG); a3j = heat natural gas, a4j = heat LFO, a5j = heat coal,
a6j = electricity, b1j = CO2, b2j = CH4, b3j = N2O, b4j = NOx. The values of pu

11 and pu
12 refer to one vehicle (MJ/vehicle) and the values of pu

30 refer to one vehicle
kilometre (kg/vkm)
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level of impact variable de2
, but de2

 does not necessarily sup-
port de1

) 2= dependent (i.e. de1
 supports de2

 and de2
supports

de1
). An excerpt of the consistency matrix C, which results in

more than 100 consistent shell scenarios, is shown in Table 3.
Requiring that two cornerstone scenarios have identical lev-
els in at most 5 variables (and hence differ in at least 3 vari-
ables), we arrive at four consistent shell scenarios referred
to as cornerstone scenarios.

Move 6 – Quantification of Cornerstone scenarios. The
quantification of cornerstone scenarios is performed accord-
ing to the procedure outlined in Section 2. Fig. 2 presents
the given label, impact variable levels, and selected result-
ing unit processes vectors pu

j (j = 11, 12, 30) for each cor-
nerstone scenario.

4 Results

The Climate Change (CC) scores (GWP for a time span of
100 years) and NOx per seat kilometre for the three investi-
gated rail options, together with results for bus and car trans-
port, are illustrated in Fig. 3.

Impact Variable  Transport Policy Significance of Environmental Issues (SoEI) Fuel Price (FP) 

 Level a) Ro Ro & Ra Ra v g g&l – + +++ 
v 1 0 0       

g –1 1 –1       

SoEI 

g&l –1 1 1       

– 1 0 0 1 –1 –1    

+ 0 0 0 –1 1 1    

FP 

+++ –1 1 0 –1 1 2    
a The following abbreviations are used for the future levels of the impact variables: 
 Transport policy: Ro = Promotion of road; Ro & Ra = Directed promotion of road & rail; Ra = Promotion of rail 
 Significance of Environmental Issues (SoEI): v = vanished; g = global focus; g&l = global and local focus 
 Fuel Prices (FP): –= decrease; + = slight increase; +++ = significant increase 

 

Table 3: Excerpt from the consistency matrix C. For instance, the future level 'global and local focus' of the impact variable Significance of Environmental
Issues, is not consistent with the level 'road' (indicating a promotion of road) of the impact variable Transport Policy. Consequently a consistency score of
–1 is inserted in this cell of the consistency matrix C

The scores for the 'ultra light train' and the 'low cost train'
are lower than the bus alternative and passenger car. This is
the case for all cornerstone scenarios and for both indica-
tors (CC, NOx). In contrast to buses, the scores for rail trans-
port are dominated by infrastructure expenditures. Pre-com-
bustion scores, representing the electricity contribution, re-
main low even if a change towards fossil electricity (e.g.
scenario Worldwide Environmental Regulation) is made.
Changes in pre-combustion are based on the weight per seat
rather than on the supply mix.

The CNG Bus is more highly ranked than a 'comfort train'
in the scenario Worldwide Environmental Regulation, which
is characterised by a constant traffic flow for buses. The
Climate Change impact of diesel buses, as illustrated in the
remaining scenarios, is only slightly higher than the impact
of a comfort train. However, a different picture arises for
the NOx-performance of diesel buses, with strong variations
among the different scenarios. In the scenario Individual
Satisfaction, the NOx-score of the bus is even worse than
the score for a passenger car. If we only consider direct emis-
sions (due to vehicle travel), the diesel buses score worst in all

Fig. 3: Climate Change and Nitrogen Oxide emission scores for the investigated options and alternatives of regional rail transport in four cornerstone
scenarios (continued on next page)
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scenarios. These results demonstrate the importance of emis-
sion reduction technology for diesel buses. Thus, the results
indicate that rail transport remains the best option for future
regional transport in Switzerland. In particular, ultra light trains
and low cost trains can be considered to be environmentally
robust technology options for future regional transport. In a
real world case study, however, a definite decision would re-
quire further consideration of the load factor.

5 Discussion and Conclusions

The objective of scenario modelling in LCI is to gain insight
into the future development of LCI product systems. Vari-
ous cornerstone scenarios may be used to identify the envi-
ronmentally most robust option. Robust here means having
no high environmental impacts in any particular cornerstone
scenario and comparatively low environmental impacts in
most cornerstone scenarios.

Scenario modelling benefits from two basic principles of the
LCI model. First, we explicitly distinguish between issues
within the influence of the decision maker (foreground proc-
esses), e.g. technology options, and issues that cannot be
directly influenced by the decision maker, but may influence
the investigated options (background processes). Second,
scenario analysis is performed on the unit process level to
account for the heterogeneous nature of a product system.
The distinction made between a scenario's socio-economic
and technology components, allows for the structured de-
velopment and quantification of unit process scenarios and
for increased transparency in a prospective LCA. Similar to
the approach proposed by Fukushima (2002), the structure
of the model permits the re-use of the developed unit proc-
ess scenarios in other studies and is compatible with one of
the most prominent LCI databases, 'ecoinvent 2000'.

The proposed procedure facilitates the generation of a small
set of consistent and diverse cornerstone scenarios, repre-

senting the entire product life cycle. It allows for the investi-
gation of interesting, meaningful and varied future states of
a system in a manner different from that proposed by
Huijbregts (2003).

The socio-economic component of each unit process sce-
nario vector is used for the generation of cornerstone sce-
narios. In contrast to unit process specific technology vari-
ables, socio-economic variables are of a more general nature
and may be used as descriptors for more than one unit proc-
ess. No unit process specific knowledge and skill is needed
to check the pair-wise consistency of the various levels of
socio-economic impact variables.

As demonstrated in the case study, the proposed procedure
is relatively straightforward and supported by two software
applications. It is designed to deal with a number of differ-
ent variables. The interpretation of the results focuses on
the environmental robustness of the investigated options.
For example, if regional train transport shows the best envi-
ronmental performance in all cornerstone scenarios, it is
considered to be an environmentally robust future option
and no further decomposition of the effects of the individual
variables is required. If the results are less clear, then a fur-
ther decomposition may be helpful for the decision maker.

Finally the proposed procedure is well-suited to supporting
participatory methods, in particular to structuring the proc-
ess of scenario modelling. Thus, the procedure improves the
credibility of LCA in the framework of participatory Tech-
nology Assessment (Contadini et al. 2002) and Policy Mak-
ing (Klapwijk 1999). Furthermore, the proposed method
provides a framework for the application of various fore-
casting methods (see e.g. Weidema (2003a) and Pehnt (2003)).
For instance, in order to determine levels of one impact vari-
able, regression analysis may be applied so as to extrapolate
the expected development and trend of the impact variable
under investigation. Participatory methods (e.g. one-to-one
interviews) may also be employed to determine future levels

Fig. 3: Climate Change and Nitrogen Oxide emission scores for the investigated options and alternatives of regional rail transport in four cornerstone
scenarios (continued from prevous page)
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of a certain impact variable. Scenario modelling, as presented
here, provides an appropriate framework for combining
various impact variables describing the future development
of different unit processes and selecting a set of cornerstone
scenarios. It can thus be regarded as a powerful tool for
comprehensive uncertainty management in prospective attri-
butional LCA. Further research will enhance the approach
by tackling uncertainties in technology assessment of future
transport systems. For instance, environmental interventions
involving future maglev technology will be assessed so as to
take into account traffic demand increases induced by a new
transport system.
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