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Abstract

Information and Communication Technologies (ICT) have relevant positive and negative impacts on environmental sustainability on various
levels: First-order effects such as increasing electronic waste streams; second-order effects such as improved energy-efficiency of production;
third-order effects such as a product-to-service shift in consumption or rebound effects in transport. In the simulation study described in this
article, all known relevant effects on all three levels were modeled using a System Dynamics approach in combination with scenario techniques
and expert consultations. The prospective study for the European Union with a time-horizon until 2020 revealed great potential for ICT-sup-
ported energy management and for a structural change towards a less material-intensive economy, but strong rebound effects in the transport
sector whenever ICT applications lead to time or cost savings for transport.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Information and Communication Technologies (ICT) have
a great potential to support sustainable development. However,
most of the ICT-related trends, such as the trend towards perva-
sive computing or policies for ‘the information society’, are not
exploiting this potential (Som et al., 2004; Hilty et al., 2006).
On the contrary, there is some risk that ICT will become coun-
terproductive with regard to environmental sustainability (Hilty
et al., 2004a; Köhler and Erdmann, 2004; Wäger et al., 2005;
Widmer et al., 2005; Kräuchi et al., 2005). Systematic ap-
proaches to develop ICT and its application in view of the
goal of sustainable development are therefore essential.
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Political decisions made with regard to ICT or sustainable
development (hopefully taking into account the interactions
between the two fields) must be based on a prospective anal-
ysis of the positive and negative environmental effects of
ICT. Such an analysis would be almost useless if it ignored
the dynamics both of the development of ICT and of its im-
pacts on the socio-economic system and its interactions with
the environment.

For a prospective study in this field, it is therefore more im-
portant to analyse the causal structure of the system than to rely
on time series from the past. Retrospective data, although quan-
titatively exact, may lead to incorrect results if simply extrapo-
lated into the future without considering the causal relationships
accounting for the dynamics of the system. Constructing
a causal model creates at least the opportunity of being ‘roughly
right’ in a medium to long-term perspective e as opposed to
being ‘precisely wrong’ when no causal structure is in place.
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In a project commissioned by the Institute for Prospective
Technological Studies (IPTS) of the European Commission,
the authors developed a System Dynamics model to assess
the impact of ICT on environmental sustainability in the Euro-
pean Union within a time horizon until 2020. It was clear from
the beginning that it would not be realistic to try to forecast the
development (i.e. to describe one most plausible development
path). Instead, we explored possible, internally consistent de-
velopment paths (scenarios) and showed how the development
can be influenced. The final goal of the project was to formu-
late policy recommendations based on new insights about the
relative relevance of ICT application fields for environmental
sustainability.

Environmental sustainability was defined by the contractor
with reference to the following set of environmental indicators,
which had been developed in response to the conclusions of the
European Council in Gothenburg and reported to the Spring
European Council in March 2002 (see also Ruddy, 2005):

� greenhouse gas emissions,
� energy intensity of the economy,
� volume of transport to gross domestic product,
� modal split of transport,
� urban air quality,
� municipal solid waste landfilled or incinerated.

Some simplifications of this set of indicators were admit-
ted during the project. ‘Modal split of transport’ was only
taken into account for passenger transport, but not for freight
transport. The former was done using a time-use approach in
combination with known elasticities of demand, treating vir-
tual forms of mobility (telecommuting, teleconferencing, etc.)
as additional modes of transport. ‘Urban air quality’ was
excluded because this was the only indicator which would
have required relating mass flows to geographic space, a task
which was unrealistic under the given budget constraints.

The basic idea of the model was to build a conceptual
bridge from the use of ICT in a set of economic sectors to
the environmental indicators listed above, accounting for the
following three types of ICT impacts or effects (EITO,
2002; Köhler and Erdmann, 2004):

� ‘First-order’ or ‘primary’ effects: effects of the physical
existence of ICT (environmental impacts of the produc-
tion, use, recycling and disposal of ICT hardware).
� ‘Second order’ or ‘secondary’ effects: indirect environ-

mental effects of ICT due to its power to change processes
(such as production or transport processes), resulting in
a modification (decrease or increase) of their environmen-
tal impacts.
� ‘Third order’ or ‘tertiary’ effects: environmental effects of

the medium- or long-term adaptation of behaviour (e.g.
consumption patterns) or economic structures due to the
stable availability of ICT and the services it provides.

ICT use in each sector considered can, in principle, have
first-, second- and third-order impacts.
Both ICT use in the sectors considered and ICT impacts are
influenced by a number of external factors, such as gross do-
mestic product, population, number of households, labor force,
total number of desk workers, etc. The results of the model are
therefore only valid with respect to the assumptions made
about the development of these external factors. Internally
consistent sets of such assumptions, called scenarios, were
used as a framework to construct and run the model.

This article gives a condensed description of both the meth-
odology used in the project and the main results that were de-
rived. However, due to space restrictions, our description has
to remain quite abstract, with a few exceptions where exam-
ples can be provided. The reader who is interested in a more
comprehensive view is referred to the five original interim
reports (Erdmann and Würtenberger, 2003; Erdmann and
Behrendt, 2003; Goodman and Alakeson, 2003; Hilty et al.,
2004b; Arnfalk, 2004) and the synthesis report (Erdmann
et al., 2004) which are all accessible online. Since these re-
ports add up to a total of 560 pages, the article at hand may
also serve as a guide to the original material.

2. Methodology

The principle challenge of the project was to produce quan-
titative estimates of how environmental indicators might be
influenced by ICT development and application in 2020 and
to formulate policy recommendations on that basis. The time
horizon involved a great degree of uncertainty, not just with
regard to the type of ICT in use and the scale of penetration
of ICT into everyday life in Europe, but also with regard to
a wide range of other factors not directly related to the produc-
tion and use of the technology.

Much of the uncertainty was addressed through the use of
qualitative estimation and validation from experts. Specifi-
cally, the development of scenarios is a qualitative means of
accommodating uncertainty, and in this case formed the basis
for the construction of the simulation model.

The methodology applied can be described by the follow-
ing steps, which were in practice not executed in strict sequen-
tial order because of various interdependencies:

1. Screening for relevance: Identify economic sectors in
which ICT applications have relevant environmental
effects and list the types of applications.

2. Data collection: Collect existing data about environmental
effects of ICT in the selected sectors and for the identified
application types systematically.

3. Scenario building and validation: Create the scenarios
which the model should be able to simulate and test the
plausibility of the scenarios with experts.

4. Model building: Identify the main parts and variables of
the system and their basic causal relationships, design
the structure of the conceptual model, refine the concep-
tual model, implement and test the model.

5. Model validation: Compare the output the model generates
for each scenario with expert judgments and test the
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robustness of the main results, correct the model based on
new insights.

6. Simulation: Select an experimental design and run the
simulation experiments for all scenarios with the final ver-
sion of the model.

7. Evaluation of results: Evaluate the model output with re-
gard to the specific questions the simulation study was in-
tended to answer.

8. Policy recommendations: Evaluate and interpret the re-
sults in the context of the existing political framework
and formulate recommendations for future policies.

Each of the following sections describes one of these steps.

2.1. Screening for relevance

To reduce the complexity of the task, a matrix of economic
sectors and the given environmental indicators was created in
order to identify the combinations of sectors and indicators
(cells of the matrix) that are most sensitive for ICT applica-
tions and therefore most relevant for further consideration.
The sector/indicator combinations were chosen based on liter-
ature reviews and expert discussions. The (slightly simplified)
result is shown in Table 1, which can be explained as follows:

� Transport sector: The most relevant effect of ICT on trans-
port is that it can modify the transport intensity of the
economy (freight or passenger transport per unit of gross
domestic product) and the modal split. Effects on energy
intensity or greenhouse gas emissions are mainly indirect,
i.e. derived from transport intensity and modal split.
� Industry, domestic (private households) and service sector:

In these three sectors, ICT most directly influences how
energy and materials are dealt with. The former implies
an effect on energy intensity, the latter (at the end of all
material products’ life cycles) an effect on municipal solid
waste.
� Agriculture: There is a relevant effect of ICT applications

in agriculture on energy intensity. However, since most of

Table 1

Combinations of economic sectors and environmental indicators considered

most sensitive to ICT applications

Greenhouse

gas emissions

Energy

intensity

Transport

intensity

Modal split

of transport

Municipal

solid waste

Transport

sector

(x) (x) x x

Industry

sector

(x) x x

Domestic

sector

x x

Agriculture (x)

Energy

industry

x

Service

sector

x x

An ‘x’ indicates a most relevant and direct effect, an ‘(x)’ a less relevant or

indirectly covered effect of ICT. An effect may be positive or negative with

regard to the indicator. (Adapted from Erdmann and Behrendt, 2003.)
the energy used for agricultural products is consumed
in the industrial sector (production of fertilizers etc.) and
in the transport sector, the influence of ICT on agriculture
is not treated as a distinct category.
� Energy industry: The supply of energy, in particular elec-

tric energy, is influenced by ICT supporting more decen-
tralized energy supply structures, which may influence
the share of renewable energy sources used and have an
effect on greenhouse gas emissions (mainly CO2) of en-
ergy supply and use.

All chosen sector/indicator combinations (cells marked
with ‘x’) were then searched for ICT applications with poten-
tial environmental effects, including first-, second- and third-
order effects (Erdmann and Wuertemberger, 2003). Based on
this screening, the following list of ICT application types
was compiled (Erdmann and Behrendt, 2003):

� e-business,
� virtual mobility (telework, teleshopping, virtual meetings),
� virtual goods (services partially replacing material goods),
� ICT in waste management,
� intelligent transport systems,
� ICT in energy supply,
� ICT in facility management,
� ICT in production process management.

These types of ICT application were then treated as the
most relevant candidates for further analysis in the succeeding
steps of the project.

2.2. Data collection

An extensive literature search was done to identify:

� trends in ICT development,
� trends in ICT penetration and application (focusing on the

types of applications mentioned above),
� available data in the field of environmental effects of ICT

(quantified first-, second- or third-order effects).

The results were compiled to a comprehensive ‘script’ serv-
ing as a reference for all succeeding steps of the project
(Erdmann and Behrendt, 2003). However, during the modelling
process, additional data had to be collected because the model
revealed data requirements that could not have been antici-
pated in advance. All data that were fed into the model (i.e.
used to set model parameters or to initialize model variables)
are referenced in the fourth interim report (Hilty et al., 2004b).

2.3. Scenario building and validation

Acknowledging the complexity and uncertainty of future
developments, scenario methodology was applied to assess
the future impact of ICT on environmental sustainability.
Three plausible scenarios describing alternative future courses
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of ICT until 2020 were created, taking the complex interac-
tions of economic, social and ecological aspects into account.

The scenario development process identified the most im-
portant factors likely to influence the development and use
of ICT in the future. This process was mainly based on expert
interviews. Out of these factors, the most uncertain ones (clas-
sified as highly unpredictable) were used to create the differ-
ence between the three scenarios called ‘Technocracy’,
‘Government First’ and ‘Stakeholder Democracy’. Table 2
shows a condensed characterisation of the scenarios. The
scenarios are described in detail in the third interim report
(Goodman and Alakeson, 2003).

Assuming that each uncertain factor can be varied over sev-
eral levels, it would easily be possible to create hundreds of
scenarios even from this small set of factors. In order to avoid
combinatorial explosion, scenario development seeks for spe-
cific combinations of factor levels that are viewed as internally
consistent.

To ensure consistency and to validate assumptions, the sce-
narios were discussed and adjusted by a panel of experts.

It was challenging to represent the scenario characteristics
later in the form of quantitative parameter settings of the
model. For some of the scenario characteristics it was possible
to find an operational representation. For example, a ‘‘highly
accepting’’ attitude to ICT was represented by shorter service
lives for ICT (higher churn rates because customers will adopt
new ICT products faster). ‘‘High awareness and interest’’ re-
garding the environment in combination with ‘‘Government
intervention’’ was represented by substantially higher prices
for fossil energy (internalisation of the associated external
costs). However, we must admit that the model had to reduce
the qualitatively rich scenarios to a few parameters that might
not fully reflect what the experts had in mind when they cre-
ated the scenarios.

2.4. Model building

As a first step towards a simulation model, we decomposed
the system under study in the components shown in Fig. 1. The
arrows connecting the boxes denote material flows (solid lines)
or information flows (dashed lines) between these subsystems.

This structure served as the first blueprint for the model.
The box ‘External factors including policies’ at the bottom
was later refined by defining a set of external variables (used
to differentiate between scenarios), the box ‘Environment’ at
the top by defining variables representing the environmental
indicators. The other subsystems were refined to more com-
plex (sub-) models.
This conceptual model structure basically allows for mod-
elling the following effects of ICT on the environment:

� ICT is produced (subsystem ‘ICT industry’).
� ICT is used (subsystem ‘ICT use’).
� ICT supports energy supply management or energy de-

mand management (subsystem ‘Energy’).
� ICT changes transport by offering virtual forms of mobil-

ity and by supporting traffic management (subsystem
‘Transport’)
� ICT changes the production of goods and services by sup-

porting ‘virtual goods’, i.e. services meeting needs that
otherwise would be satisfied by material goods. It also
changes the business processes that are used to supply
all types of goods and services by enabling e-business
(subsystem ‘Goods and Services’).
� ICT supports waste management (e.g. by enabling more

‘intelligent’ recycling systems) and contributes to the
waste stream by its hardware, i.e. it creates electronic
waste (subsystem ‘Waste’).

This structure was derived from the second interim report
(Erdmann and Behrendt, 2003) and covers e at a higher level
of abstraction e the types of ICT applications that were listed
in Section 2.1 of this article.

In the next step, the subsystems were modelled using causal
loop diagrams and integrated into one comprehensive model,
which was then refined to a System Dynamics model and im-
plemented using the ‘Powersim Studio 2003’ simulation sys-
tem. The modelling process is described in more detail in
the fourth report (Hilty et al., 2004b).

To give one example, Fig. 2 shows the causal loop diagram
for the sub-model ‘Waste’, which is the simplest one. This
causal loop diagram is based on the following considerations.

� The municipal solid waste stream grows with the gross
domestic product (GDP), because economic growth im-
plies a higher level of consumption. However, this cor-
relation is modulated by the material intensity of the
economy: If more services are consumed instead of ma-
terial products or if the products are manufactured us-
ing less material, there will be less waste per unit of
GDP. A structural change or dematerialization, resulting
from the sub-model ‘Goods and Services’, could lead to
a ‘decoupling’ of the waste stream from economic
growth.
� ICT itself adds to the stream of electronic waste (e-waste).

The ICT waste stream is derived from the ‘‘ICT Use’’
Table 2

Main characteristics of the three scenarios (Erdmann et al., 2005)

Uncertain Factor ‘Technocracy’ Scenario (A) ‘Government first’ Scenario (B) ‘Stakeholder democracy’ Scenario (C)

Technology Regulation Incentives for innovation Government intervention Stakeholder approach

Attitudes to ICT Moderate, conservative Open and accepting Highly accepting

ICT in business High level of cooperation High level of competition Between A and B

Attitudes to the environment Moderate/controversial High awareness and interest High awareness and interest
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Fig. 1. Decomposing the system under study into subsystems (Hilty et al., 2004b).
sub-model. The ‘Non-ICT e-waste’ is almost impossible to
derive from other sub-models.1

� ICT applications in waste management can contribute to
more effective and efficient recycling of all municipal
waste, e.g. by intelligent sorting technologies and im-
proved waste logistics. If the share of recycled waste in-
creases, it is taken into account that waste is transported
over longer average distances if recycled, because special-
ized recycling facilities are not as close on the average as
landfill sites or incinerators. The transport intensity of the
waste sector is linked to the ‘Transport’’ sub-model as
a component of the overall freight transport demand.
� Waste that will not be recycled is landfilled or incinerated.

Assuming a constant share of incineration in waste treat-
ment, the resulting greenhouse gas emissions (GHG) can
be calculated.

1 We later assumed that it will grow proportionally to ICT waste, because

the borderline between ICT and other electric and electronic devices is ex-

pected to become irrelevant in the future. According to the vision of ‘pervasive

computing’, all electric equipment will be ICT in about 10 years, and even

other, formerly non-electric devices will be made ‘‘smart’’ by embedding

ICT components. Therefore, the assumption that ICT waste will dominate

the future e-waste stream is conservative. It may even include parts of other

waste streams, too, which then will have to be classified as e-waste (Hilty,

2005).
The dashed rectangle around the two variables ‘ICT E-Waste’
and ‘ICT Applications for Waste management’ emphasizes the
‘causal entry points’ of ICT into the waste system.

After refining the ‘Waste’ causal loop diagram, a System
Dynamics model with 43 equations resulted, 37 of them being
needed for auxiliary calculations. The overall model (includ-
ing the other, more complex sub-models as well as the external
variables and the environmental indicators) grew to more than
3000 equations, among which 85% were auxiliary. Running
the model required 60 Megabytes of RAM and 21 s CPU
time for a simulation run of 20 years length on an Intel Pen-
tium M processor with 1.6 GHz clock rate.

2.5. Model validation

A model validation workshop with 10 international experts
in the field of ICT and environment was held on September 18,
2003, at the Swiss Federal Laboratories for Materials Testing
and Research (Empa) in St. Gallen, Switzerland. Descriptions
of the scenarios, input data and simulation results were pre-
sented to the participants and discussed in smaller groups.

First, the participants discussed the input data (values for
external variables and for parameters) which the project
team presented in lists similar to the tables the reader will
find in Chapter 4 and Appendix 1 of the fourth report (Hilty
et al., 2004b). This step was introduced to deal with the
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Fig. 2. Causal loop diagram for the sub-model ‘Waste’ (Hilty et al., 2004b).
uncertainty of a large part of the input data. If the experts
agreed on a parameter, it was assumed to be confirmed by
this procedure. Larger error margins were assumed if the esti-
mates of the experts showed relevant deviations. Example:
The parameter ‘Household Internet Penetration Potential’
was set to ‘between 70% and 99%’ based on the workshop dis-
cussions, because some of the experts believed that Internet
penetration would reach its saturation level at 70% of the pri-
vate households, while others believed that 99% of all house-
holds would finally be reached by the Internet. (We will
explain in the following section of this article how we dealt
with input data uncertainty.) Similar error margins had to be
admitted for a large subset of the model parameters.

Second, the participants were asked to estimate the results
for the environmental indicators for the year 2020 relative to
the levels of 2000 for each scenario. The estimates were
made by groups working on different scenarios. Each group
was supposed to try to find a consensus. The participants
were familiar with the scenarios, but neither with the model
nor with the simulation results.

Using scenario A as an example, Table 3 shows how the
simulation output (calculated for average parameter values
in case of uncertain parameters) compares to the expert esti-
mates for the most important output variables.

Altogether the results were roughly consistent with the ex-
pert judgements. On closer examination, the model seemed to

Table 3

Output comparison for Scenario A

Environmental indicator Expert estimate

for Scenario A

Simulation result

for Scenario A

Total energy consumption 130e200% 129%

Total volume of passenger transport 150% 171%

Total volume of freight transport 160e300% 233%

Total volume of waste generated 100e250% 150%

Volume of e-waste generated 200e500% 485%

The task to solve both by the experts and by the simulation model was to

estimate the level of each environmental indicator in 2020, expressed in %

of its level of the year 2000, under the conditions specified in Scenario A.
underestimate energy consumption slightly and to overesti-
mate passenger transport in scenario A, compared with the ex-
perts’ estimates. Furthermore, it seemed to overestimate
transport and waste (particularly e-waste) in scenario C.

In a third step of the validation workshop, the simulation
results were shown to the participants and discussed in groups
and in the plenary. The aim of this step was to collect argu-
ments for and against the plausibility of the results and iden-
tify potential errors in the model.

The following aspects of the model were changed in reac-
tion to the model validation workshop:

� Correct an error in the calculation of freight transport
development.
� Include a shift of energy consumption from the industrial

to the domestic and service sector, if the former decreases
by a product-to-service shift (not for other causes of
decrease). The idea is that saving energy in industry due
a shift to services must be reflected in the energy demand
of the service sector.
� Introduce a level variable for e-waste which reflects the

fact that there is a stock of ICT at the beginning of simu-
lation which will be waste after a certain delay, depending
on the average useful life of the equipment.
� Correct an error in e-waste calculation.

We could not follow a recommendation to calculate the re-
sults for EU25 instead of EU15 because of a lack of data for the
Acceding Countries. However, this suggestion caused us to in-
clude a section on the enlargement of the EU into the results
discussion for each indicator in the fourth report (Hilty et al.,
2004b).

2.6. Simulation

In order to account for the uncertainty of the parameters,
we created sub-scenarios that exploit parameter uncertainty
to maximize or minimize the environmental indicators. These
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are called ‘worst case’ or ‘best case’ sub-scenarios, respec-
tively. Given an environmental indicator, all parameter values
are selected within their min/max boundaries in such a way
that the indicator is maximized or minimized. We selected
energy as the leading indicator for this optimization. A third
sub-scenario was created by just setting each parameter to
the average of its min and max values, called the ‘mean’
sub-scenario. (This sub-scenario has already been used to cal-
culate the results shown in Table 3.)

Since the goal of the project was to identify and quantify
the impact of ICT on environmental indicators, we introduced
the possibility of freezing ICT development and application in
all sectors at the level of the year 2000 for the purpose of
comparison.

The experimental design for the simulation therefore has
three dimensions:

� Scenario (A, B or C, as described in Section 2.3).
� Sub-scenario (worst case, mean, or best case, using total

energy demand as a leading indicator).
� ‘ICT as expected’ or ‘ICT freeze’ (dynamic development

of ICT according to the respective scenario vs. ICT frozen
at the level of 2000).

This design results in 18 values for each output variable.

2.7. Evaluation and interpretation of the simulation
results

Table 4 shows an example of the simulation output, inte-
grating all three dimensions (i.e. all 18 values per indicator
for the year 2020) in each line of the table. We show only in-
tensities here, i.e. absolute indicators such as greenhouse gas
emissions (GHG) are divided by the gross domestic product
(GDP). Furthermore, we replaced the given indicator ‘munic-
ipal solid waste landfilled or incinerated’ by the more general
indicator ‘material intensity’ for this view. Material intensity is
the total material throughput of the economy divided by GDP.

First, it can be seen that energy intensity, greenhouse gas
intensity and material intensity decrease considerably in all
scenarios and sub-scenarios. The effects express a structural
change towards a relatively ‘dematerialized’ economy.2 In
each case (first three lines of Table 4), the values in parenthe-
ses (‘ICT freeze’) are higher than the regular values, indicating
that ICT has a decreasing (environmentally favorable) effect
on these three indicators: Energy, GHG and material intensity
would be higher if ICT were ‘frozen’.

2 However, this does not imply that the absolute level of environmental

stress would decrease, because the scenarios are associated with considerable

GDP growth which largely compensates or even overcompensates for the

progress in ecological efficiency in our simulation of scenarios A and C.

The only decrease in absolute environmental indicator levels occurs in sce-

nario B e which is characterized by weak GDP growth e and for some indi-

cators also in scenarios A and C under best-case assumptions. This cannot be

derived from the information given in this article; see Hilty et al. (2004b),

Chapter 6, for details.
Second, it can be seen that there is no general decrease of
transport intensity, except for freight transport intensity in sce-
nario B and e only under best-case assumptions e for passen-
ger transport intensity in the same scenario. With a few
exceptions, ICT has an increasing effect on transport intensity.

Such results were then explained by tracing them back to
the causal mechanisms and e finally e to the basic assump-
tions they are based on. In the case of the transport, the expla-
nation can be summarized as follows:

� Freight transport: ICT investments will be made where
higher efficiency decreases the cost per tkm. Since freight
transport is a highly competitive market, it must be as-
sumed that lower production cost will lead to lower prices.
Lower prices will, given the known elasticities of demand
with regard to price in the freight transport market, induce
an increase of demand.
� Passenger transport: ICT will lead to various sorts of time-

saving innovations in passenger traffic (both for private car
and for public transport). Since time cost is a relevant part
of the effective price a consumer pays for a pkm, this im-
mediately leads to an increase in demand, based on the
empirical elasticities embedded in the model.

Results like the ones shown in Table 4 can be evaluated fur-
ther by calculating an ‘ICT impact index’, filtering out what is
invariant across the scenarios and sub-scenarios (see Hilty
et al., 2004b, for more details). More results and explanations
are provided in Section 3 of this article.

2.8. Policy recommendations

Based on the evaluation of the simulation results, the pro-
ject team derived political recommendations. The recommen-
dations were put through an intensive process of consultation
and validation with experts in the field. They suggested mea-
sures that if taken could maximise the environmentally posi-
tive contribution of future ICT to the environmental indicators.

The methodology for setting the simulation results and
other project outputs in a policy context is described in detail
in the fifth interim report (Arnfalk, 2004). We cannot elaborate
on this part of the project methodology here due to space
restrictions.

3. Results

In this section, we summarize the results of our simula-
tion experiments in a highly aggregated form. For more
detailed results, please refer to the synthesis report (Erdmann
et al., 2004) and to the fourth interim report (Hilty et al.,
2004b).

Fig. 3 shows two versions of the simulated development of
the environmental indicators to 2020, both in terms of a relative
increase or decrease on their values in the year 2000. The dark
bars show the results of the simulation for our projected devel-
opment of ICT. The lighter bars show the estimated impacts if
ICT application remained as it was in 2000. The comparison
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Table 4

Simulated values for environmental indicators divided by GDP in the year 2020, expressed in % of the values of the year 2000

% (100% in 2000) A worst A mean A best B worst B mean B best C worst C mean C best

Energy intensity 82.9 (85.0) 76.5 (80.4) 68.5 (77.1) 67.6 (65.8) 62.3 (62.6) 55.4 (60.2) 87.2 (90.2) 79.6 (85.3) 69.6 (81.8)

GHG intensity 79.7 (81.8) 69.7 (74.1) 58.5 (67.3) 65.8 (64.1) 56.9 (58.2) 47.2 (52.6) 83.1 (86.0) 72.0 (78.3) 59.2 (71.2)

Material intensity 80.3 (89.4) 74.9 (84.9) 63.2 (79.9) 65.6 (65.8) 60.1 (62.5) 51.2 (58.9) 80.3 (89.4) 73.1 (84.9) 59.0 (80.0)

Freight transport

intensity

144.9 (139.5) 134.1 (132.6) 112.3 (125.1) 74.1 (56.1) 67.8 (53.2) 55.8 (50.1) 170.3 (165.7) 154.1 (157.6) 123.5 (148.7)

Passenger transport

intensity

103.3 (100.4) 100.4 (98.0) 96.6 (95.6) 106.0 (102.0) 102.4 (98.8) 97.9 (95.8) 118.7 (115.8) 115.1 (113.2) 110.7 (110.4)

The values in parentheses show the results for the ‘ICT freeze’ simulation runs.
of the two gives an impression of the aggregated impact of
ICT. The length of the bars indicates the uncertainty of the re-
sults that is caused both by future scenario variation and data
uncertainty.

As Fig. 3 shows, the variation caused by ICT seems to be
small compared to the overall uncertainty in most cases.

The reason for the low overall impact is that positive and
negative environmental impacts of several ICT applications
cancel each other to a great extent. This observation as
such is one of the most important results of the project,
since it implies that there is no such thing as a ‘‘general
ICT policy for environmental sustainability’’. Instead, a set
of specific ICT-related policies is necessary to unfold the
potential of ICT to support sustainable development e
and to inhibit ICT’s negative environmental impacts at the
same time.
We will give a short description of each indicator and the
most relevant ICT applications in terms of a positive or nega-
tive impact on the indicator.

3.1. Total freight transport

Freight transport is measured as the product of freight
weight and distance transported (measured in tons times kilo-
meters ¼ tkm). Freight transport is closely connected to
changes in the throughput of economic activity as well as in
changes in industrial structure, production/distribution organi-
zation and logistics. The particularly strong growth in road
transport results from its speed and flexibility in meeting
such demands, and also its ability to service out-of-town fac-
tories and shopping centers.
-50% 0% 50% 100% 150% 200%

total freight transport

total passenger transport

private car transport

total energy consumption

RES share in electricity

total GHG emissions

Waste not recycled

Simulated development of environmental indicators

Fig. 3. Simulated development of environmental indicators by 2020 in % increase or decrease of their values in the base year 2000. The length of the bars indicates

the uncertainty of the results that is caused both by future scenario variation and data uncertainty. There are two bars per indicator, the upper (dark) bar showing the

results for the projected ICT development, the lower (light) bar showing the results for the so-called ‘‘ICT freeze’’ simulations (i.e. ICT applications remain at the

level of 2000). Private car transport is included in total passenger transport, but also displayed separately to show the modal split in passenger transport. Abbre-

viations: RES ¼ Renewable Energy Sources, GHG ¼ GreenHouse Gas.
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As shown in Fig. 3, freight transport performance could
more than double under worst-case assumptions, but slightly
decrease under best-case assumptions.

The high uncertainty in the development of freight transport
does not imply that the future impact of ICT on this indicator
is as uncertain, which can be shown by disaggregation. The ef-
fects of five areas of ICT application on freight transport were
considered in the model:

� Supply chain management: higher efficiency due to
ICT.
� Teleshopping: structural changes in freight transport de-

mand (and an effect on passenger transport, see below).
� Virtual goods: ICT as an enabler for a shift from material

goods to services (product servicizing).
� Intelligent Transport Systems (ITS): higher time and space

efficiency of transport.
� Production process management: higher materials, energy,

and time efficiency of production processes.

Supply chain management, production process manage-
ment and virtual goods can avoid a part of freight transport
growth. On the other side, ITS contribute significantly to an
increase in freight transport performance because they make
transport faster, more flexible and cheaper, inducing additional
demand. (This typical rebound effect is represented in the
model by demand elasticities for freight transport.) Less im-
portant are the freight transport effects of teleshopping.

The conclusion from the entirety of our simulation results for
this indicator is that e even under best-case assumptions e ICT
is not the key factor that could stabilize freight transport. There
are other factors e e.g. energy prices e that have much greater
influence on freight transport development. But in connection
with other transport policy elements and guided by them, ICT
can be a relevant factor.

3.2. Total passenger transport

Passenger transport is measured as the product of number
of passengers and distance transported (measured in persons
times kilometers ¼ pkm). Passenger transport is closely con-
nected to individual time use patterns, mobility requirements
and preferences as well as transport infrastructure. The strong
growth in road transport results from its speed and flexibility
in meeting mobility demand, and also its ability to reach out
of town shopping centres and off the beaten track leisure
and holiday destinations.

As can be seen in Fig. 3, total passenger transport per-
formance is expected to increase by roughly 50%e80% be-
tween 2000 and 2020. The increase would be less with no
additional ICT. So the overall future impact of ICT on pas-
senger transport, according to our model, is an increase.

Here again, the overall ICT impact is a result of counteract-
ing effects that have to be separated. ICT has three main inter-
actions with physical passenger transport:
� Virtual mobility (telework, teleshopping, virtual meet-
ings), which mainly serves as a loophole when the time
used for travel tends to exceed an acceptable limit,
� Several applications of ICT that make physical transport

more efficient, including ITS,
� Better possibilities for time utilization during transport due

to ICT (time utilization effect).

Virtual mobility is estimated to avoid additional passenger
transport in the range of 6% to 8% of the future (2020) level,
i.e. of the level we would expect with virtual mobility frozen at
the level of the year 2000. On the other hand, ITS and the time
utilization effect of mobile ICT applications contribute signif-
icantly to passenger transport growth by creating a time re-
bound effect.

3.3. Private car transport

Looking only at private car transport,3 the effect of ICT sur-
prisingly reverses. One of the most unexpected results emerg-
ing from our model was that ICT has e below the line e an
increasing effect on passenger transport in general, but a
decreasing effect on private car transport in particular. Accord-
ing to our simulation, ICT could avoid 10% to 19% of the
expected future (2020) car traffic. Given the increasing effect
on total passenger transport, this implies that ICT would
heavily stimulate the growth of public transport and slow
down the growth of private car transport (which could still
be considerable).

This result is a consequence of two ICT effects represented
in our model:

� ICT-induced time efficiency gains for the user of the future
public transport (ITS for public transport).4

� An ICT-induced time utilization effect that increases the
share of activities the passenger can perform during travel
time, except when driving a car.

These two effects are realized when the physical limits to
the expansion of traffic become relevant. Private car traffic
needs more space per unit of transport than all other modes
of land traffic. In conurbations, where space is rare, the car
is in competition with bus and light rail, which are much
more space efficient. Approaching capacity limits of individ-
ual transport generally slows down traffic, whereas in collec-
tive transport, more users lead to a higher density of the

3 As the most important component of the indicator ‘modal split’, we show

private car passenger transport. The full details of the modal split (including

different types of public transport) are documented in the fourth interim report

(Hilty et al., 2004b).
4 The ITS efficiency potential is assumed to be slightly higher for public

transport than for private cars, because there are more unexploited efficiency

potentials in public transport, in particular regarding customer information,

seamless integration of various systems of public transport, more flexible

and dynamic demand/supply co-ordination, optimum infrastructure utilization,

and electronic payment at minimum transactions costs.
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service in space and time, i.e. greater time efficiency for the
user.

While taking into account these causalities, the model as-
sumes that traffic modes are only changed when there is pres-
sure to do so. This pressure comes from the time budget
constraint, if individual mobility grows. Instead of changing
to a faster mode of transport, it is also possible to better utilize
the time spent in traffic. Different modes of transport offer dif-
ferent time utilization potentials, and ICT development also
creates new potentials. Below the line, public transport grows
faster than private car transport and virtual mobility grows
moderately.

3.4. Total energy consumption

Total energy consumption is closely connected to changes
in the level of economic activity as well as changes in trans-
port patterns and energy consumption by buildings.

As shown in Fig. 3, total future energy consumption could
increase by 37% under worst-case assumptions, but decrease
by 17% under best-case assumptions. Without our projected
development of ICT, both the best- and worst-case values
would be higher, i.e. ICT has a decreasing effect on the future
energy consumption.

The overall effect of ICT on energy consumption is the re-
sult of many effects working in either direction and partially
canceling each other out when aggregated. The main increasing
effects on energy consumption are:

� The overall effect of ICT on freight transport (see Section
3.1).
� ICT’s own electricity demand in the use phase.

The main decreasing effects of ICT on energy consumption
are due to the following areas of application:

� Virtual goods: ICT as an enabler of a shift from material
goods to services.
� ICT-supported facility management, in particular intelli-

gent heating systems.
� ICT-supported production process control.
� ICT-supported supply chain management.

If ICT is to enable a decrease in absolute energy consump-
tion despite strong GDP growth and high employment, it will
be necessary to find a way of promoting the ‘‘energetically
positive’’ impacts of ICT, while inhibiting the negative ones.
There is no simple overall strategy for minimizing energy
demand with ICT.

3.5. Share of renewable energy sources in electricity
generation

The noticeable growth in the share of renewable energy
sources (RES) in electricity generation shown in Fig. 3 is
mainly driven by policy incentives.
ICT enables decentralised electricity generation supporting
renewable energies (RES) and combined heat and power gener-
ation (CHP). The future impact of ICTon RES ranges from a 2%
to 7% increase of the RES share in electricity generation. Under
best-case assumptions, 9.7% of total energy consumption
would be covered by electricity from RES in 2020. Other uses
of RES than power generation are not covered by the model.

3.6. Total greenhouse gas emissions

Total greenhouse gas emissions (GHG) consist of GHG
from electricity production (power generation), from non-elec-
tric heating in the domestic and service sectors, from energy
use in the industrial sector, from transport and from waste in-
cineration. All emissions are calculated based on cumulated
emission factors from the Life Cycle Inventory database
ecoinvent (Ecoinvent, 2003).5 Emissions of non-CO2 GHGs
(CH4, N2O, SF6, HFCs, HCFCs) are converted to CO2-equiv-
alents according to their relative global warming potential.

As shown in Fig. 3 and not surprising, total future GHG
emissions behave in a very similar fashion to total energy con-
sumption, but with lower growth rates than total energy con-
sumption (because of an increasing share of RES, among
other developments).

The impact of ICT on overall GHG emissions is closely
linked to energy consumption, as only energy-related GHG
emissions are considered by the model.

Therefore, the most relevant impacts of ICT on GHG
emissions are the ICT effects on total energy consumption
as mentioned in Section 3.4.

3.7. Waste not recycled

The municipal solid waste (MSW) not recycled is the resid-
ual waste fraction burnt in incinerators or placed in landfill.
Municipal solid waste is generated by households, commercial
activities and other sources whose activities are similar to
those of households. The amount of MSW is closely connected
to the material throughput of the economy as well as to
changes in household consumption patterns. The fraction
that is not recycled depends on technical, economic, legal
and behavioural conditions of recycling.

As shown in Fig. 3, the total physical mass of future MSW
not recycled could increase by 33% under worst-case assump-
tions or decrease by 40% under best-case assumptions. With-
out the projected developments in ICT, the upper value would
be lower. This means that ICT adds significantly to MSW not
recycled if no measures are found to limit the growth of elec-
tronic waste. For ICT waste in particular high growth rates
must be expected because of large numbers of small devices

5 Cumulated emission means that the full supply chain of energy is included,

which yields emission values that are generally higher than the direct emis-

sions. However, the life cycle of the energy supply infrastructure (e.g. con-

struction of refineries and power plants) is excluded from the cumulated

emissions.
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and high churn rates (see also Hilty, 2005; Widmer et al.,
2005).

4. Discussion

In this discussion, we focus on the methodological ap-
proach of the project. A discussion of the results in a policy
context can be found in the fifth interim report (Arnfalk
et al., 2005).

The project reported on in this article demonstrated that it is
possible to model first-, second, and third-order impacts of
ICT on environmental indicators with a ‘classical’ System Dy-
namics approach in combination with scenario techniques and
expert consultations. It was feasible to model aspects of struc-
tural change in the economy, and this was possible even with-
out a structural change in the model in terms of Beck (2005).

However, some limitations of System Dynamics became
apparent during the project. The lack of true modularity
made it almost impossible to control the growing complexity
of the model. The absence of the concept of a (complex) sim-
ulation experiment made it inevitable to mess up the model
with control elements and auxiliary equations. Due to these
limitations of the approach chosen, the model lost almost all
communicative value for discussions, which was contrary to
the original intention.

Nevertheless, this project was the first approach to account
for the complex causation structure of the environmental ef-
fects of ICT in a prospective study; it generated some robust
results that pave the way for future research and decision sup-
port in this field.

The results should not be interpreted as forecasts of the de-
velopment of the environmental indicators, because their abso-
lute values in 2020 greatly depend on the three scenarios
chosen and on many uncertain model parameters. However,
the relative change of the indicators under the influence of
ICT, in particular regarding the combined effects of specific
ICT application areas, turned out to be quite robust when sce-
narios and uncertain parameter were varied to test the sensitiv-
ity. We therefore think that this project contributes to the
general understanding of the environmental impacts of ICT
and provides a useful basis for policy-making in the fields of
ICT and environment.

5. Conclusion

We demonstrated an approach to model impacts of future
ICT on the environment with ‘classical’ System Dynamics
methodology in combination with scenario techniques and ex-
pert consultations.

From the simulation results, it can be concluded that ICT
applications have relevant potential impacts on environmental
sustainability on various levels: First-order effects such as in-
creasing electronic waste streams; second-order effects such as
energy savings by ICT-supported facility management; third-
order effects such as a product-to-service shift leading to
a less material-intensive economy. While the overall impact
of ICT on most environmental indicators seems to be weak,
the impact of specific areas or types of ICT application can
be very relevant in either direction. On an aggregated level,
positive and negative impacts tend to cancel each other out.
For example, ICT-induced higher energy savings in several
areas are nearly compensated by ICT-induced additional en-
ergy consumption in other areas. It is therefore essential to de-
sign policies that encourage environmentally advantageous
areas of ICT application, while inhibiting applications that
tend to increase the speed of resource consumption.

Taking all results into account, the project team identified
various areas where relevant (positive or negative) environ-
mental impacts of future ICT are expected:

� ICT applications supporting a product-to-service shift (vir-
tual goods). Although there are widely diverging opinions
concerning an ICT-supported product-to-service shift and
its potential energy saving and dematerialization effects
until 2020, it is the high potential for change that makes
this issue important. In the model, almost every output
turned out to be directly or indirectly linked to the prod-
uct-to-service shift variables, first of all freight transport,
but also waste and the energy used by the industrial sector.
� ICT applications for heating management (intelligent heat-

ing). ICT has a high potential impact on the rational use of
heating energy. Heating accounts for roughly 30% of total
energy consumption and conservation measures using
physical materials tend only to be applied to the small an-
nual share of buildings that is renovated or newly built.
‘Soft measures’ using ICT (such as intelligent heating sys-
tems) have the advantage of being applicable in all build-
ings, and could therefore have a significant effect.
� ICT applications for passenger transport efficiency. All

ICT applications that make passenger transport more
time efficient (such as intelligent transport systems) will
create a rebound effect leading to more traffic and possibly
more energy consumption. Induced passenger transport
demand has severe environmental consequences in energy
use and greenhouse gas emissions, although ICT contrib-
utes to lowering the energy and GHG intensity of passen-
ger transport.
� ICT applications for mobile work. Mobile work enabled or

supported by pervasive computing and other new forms of
ICT application can have a significant effect on passenger
transport, because it increases the share of time spent in
traffic that people can use productively. This can create
more transport demand, while stimulating public transport
more than private car transport. The effects of ICT on per-
sonal time management and time utilization are probably
the most underestimated indirect impacts of ICT on the en-
vironment, with great potential in either direction.
� ICT applications for freight transport efficiency. All ICT

applications that make freight transport more cost efficient
(i.e. cheaper) will immediately create more freight trans-
port and more energy consumption. There is no evidence
for assuming anything other than a strong price rebound
effect here. By making transport more cost efficient,
ICT creates freight transport demand, with severe
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environmental effects, unless measures are taken to limit
demand of transport.

Although the simulation method applied yields quantitative
results, we focused in this article on the qualitative outcomes.
For any decision-making based on the results of the project re-
ported here, we recommend to focus on substantial numerical
differences and on the arguments produced regarding causa-
tion structures.
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Hilty, L.M., Som, C., Köhler, A., 2004a. Assessing the human, social, and en-

vironmental risks of pervasive computing. Human and Ecological Risk

Assessment 10 (5), 853e874.
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