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I. Introduction

Abstract

This article presents the outcome of a Delphi statyied out between October 1995 and February
1996. The subject of the study is external souofeghicle propulsion, and its possible role in
achieving more sustainable modes of transportaliba.Delphi study concludes that external
propulsion technologies are unlikely to be the stilie for internal combustion engines. External
sources of power or energy are a potentially me&saving energy, because the weight of vehicles
can be reduced and energy can be produced oneadeate thus boosting efficiency. However,
there is no practical system by which these adgmstaan be realized without putting an unaccep-
table strain on the quality of the transport systé€he costs would be huge; there would be
considerable energy losses; safety problems coidé;and the flexibility of the users is limited.
Electric vehicles could, however, become import&amntographs and quick charging techniques
could become important technologies if battery tebbgy will not improve considerably.

Why external sources of vehicle propulsion?

In 1994, the STD programrhdeveloped several ideas for its need area 'traisjpm’. One of
these was 'external propulsion’, which can be aelieither by means of an external power supply
(such as a cable that tows vehicles forward) aaernal energy supply (such as an overhead line
that provides vehicles with electricity). The premivas that the development of a power or energy
supply system outside the vehicle could lead toresiderable reduction in the production of
poIIutlng emissions and contribute to a more edfititransport system:
First, external propulsion makes possible powamagation on a larger scale. In practice,
this leads to higher efficiency and low emissiohearmful exhaust gases. Moreover, the
emission of these gases can be restricted to reitergial areas.

* Second, the choice of primary fuel is more fldgilvhile the sources of that fuel can be
varied.
* Third, vehicles can be lighter because of theeabe of the prime mover and/or energy

storage. As a rule, the weight of the drive syséexounts for 20-25% of total vehicle
weight. In the case of electric vehicles (EVs)dnge system and energy storage can
represent over 50% of total vehicle weight.

1 In 1993 five government departments in the Ne#imets approved a research programme aimed at datpsustainable

technological development (STD) by:

1 convincing policy makers in government and thelavof business of the necessity to develop suabd@ntech-
nology, and showing them 1) how such a developnoamt actually be undertaken, 2) how a process of
innovation can be set up to that end and 3) hoefiestiveness can be increased;

2. making the "pioneers in technological developthaware of the desirability of using sustainabdselopment
as a guide for R&D activities, andobilizing the efforts of these "pioneers" in fawd this endeavour

3. involving "leaders of public opinion" in thisqaress in order to prepare the way for this devetgmndto in-
troducing the public at large to the concept otausble technology

4. generating popular support for the developmedtapplication of sustainable technology.

The STD programme uséhkistrative processese. exemplary technological ventures that denratesthe possibilities of
more sustainable technology to a wider audienaetly stimulating creativity and helping to buildmmentum in the
direction of more sustainable technology.

Before such an illustrative process can be sethgproblem area must be examined and the mairs yppossible so-
lutions explored. These explorations must targébonty technological options and impediments, Hsb éhe socio-econo-
mic environment in which these technological opiavill be introduced (Vergragt/Jansen, 1993, Vagtvan Grootveld,
1994).

In the STD programme, there are several 'need'asesth as 'housing’, 'food’, 'hygiene’, transgimm', etc; within these
areas, projects are initiated that ultimately leaitlustrative processes
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* And, when in the long term fossil fuels are nader the main energy source, energy ge-
neration on board vehicles could become far mdfedlit than at present.

Because of these potential benefits, external gsapuwas identified by the STD programme as a

highly interesting option.

<exhibit 1 here>

In May 1995, a number of Dutch experts in the afezehicle propulsion were invited to parti-
cipate in a brainstorming session. The result wig af ideas pertaining to the propulsion of ve-
hicles by external power or energy supply. In otdezheck for missing technologies, a search for
patent information was carried out. On the basihiefe patents and the results of the
brainstorming session, a list of 14 technologies drmawn up. These technologies had to be shaped
and evaluated. The Delphi method seemed to be tisé interesting approach for this purpose.

Delphi method

The Delphi method is used to facilitate commun@atn a specific task. The method is charac-
terized by anonymous responses, feedback to thgp g®a whole or to individuals, and the oppor-
tunity for respondents to modify an earlier assesgniThe method is usually conducted via mail
and was originally developed at the RAND Corporatiy Olaf Helmer and Norman Dalkey. The
main goal of the Delphi procedure is to reach cosgs among a number of experts regarding the
issue under investigation. The strength of Delpliis ability to explore, coolly and objectively,
issues that require a personal judgement (Gord@®4,1Sackman, 1975, Porter, 1991).
The Delphi technigue should provide more accuradgrients than those produced by techniques
which involve interacting groups or individuals (Reet al., 1991). There are, however, certain
problems and pitfalls involved in the Delphi tecjue (Webler et al., 1991).
* First of all, there is the selection of expextsich involves such questions as:
- Is all relevant expertise (the various subdisegs) represented by the group of experts?
- What kind of expertise is needed (narrow-mingegerspecialists or experts with a
broad view)?
- How can cultural bias be prevented, (e.qg., bywarking with a specific sub-set of ex-
perts, such as industrial experts, or experts fisin).
Negative as well as positive correlations have lfeend between expertise and the accuracy of
expert meanings; often experts are no more acctiratenonexperts (Woudenberg, 1991).
* Second, the degree of participation requirecheféxperts (often extremely busy people) is often
a problem. The degree of attention given to thestiprenaire will depend on the amount of time the
expert can spare and his/her interest in the subsjatter. The dropout rate of the participants is
often high (Linstone et al., 1975)
* Third, the interpretation of the responses ararésults is that of the Delphi organizers. Allres
ponses are filtered through the intermediary oféhi organizers before they seen by anyone
else (Sackman, 1975).
* And finally, the applicability and efficacy of ¢hDelphi technique for the problem at hand must
be assessed. The Delphi technique is not suitabkeaich and every societal problem in which
long-term future uncertainties play a role. Accogiio Webler (1991), the problems to be tackled
should involve a mixture of scientific evidence awudtial values.

Set-up of the present Delphi study
There were several reasons why a Delphi was theppate method to determine whether the ex-
ternal propulsion of vehicles was a viable optislangside the general merits of the Delphi me-

thod, a number of additional arguments were takemaccount:
- Only experts from the Netherlands had participatethe brainstorming session and they
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represented only a small fraction of world expertisthis area.

- There was a possibility that participants woutdréluctant to reject a new idea proposed
by a foreign guest in a face-to-face meeting.

- It was important to confront the experts withleather's arguments. If experts opinions
differed on the value of certain technologies, @nd be most practical to sort out the
arguments by going over it again.

The questions

Often the right questions are more important thenright answers. This also applies to Delphi
studies. In our case, the Delphi was aimed atfgiag:

- the expected contribution of a technology to@ersustainable transport system

- the expected period of introduction of the teathgy

- the nature of the main obstacles to be overcome
In designing the questionnaire for the first rowvd, examined a number of Delphi studies reported
in the literature. These showed that it was esfpigdamportant to have the experts rank their own
expertise. After the questionnaire had been dragpyit was tested in-house at TNO, after which
further improvements were made.

The experts

Since motor car development is highly globalizégyas necessary to look abroad for experts to
participate in the Delphi study. Moreover, to praveias, the experts should come from different
institutional backgrounds including industry, unsiges, and research institutions. Therefore, we
decided to aim at a panel consisting of an equalloan of European, North American and East
Asian experts, from various institutional backgrdsin

We did not entirely succeed in reaching the targethad set for our expert panel. Of our 45
experts, 29 came from Europe, only 7 from North Aicgeand 9 from the Far East. Together they
represented 15 different countries. Of these egp&® had an industrial background, 11 were with
a university, and 18 were associated with goverrtah@n independent research institutes.

response

Of the 45 questionnaires sent out for the firsnchi25 were completed in such a way the answers
could be processed and the outcome representatll@st For the second round of the Delphi 25
questionnaires were sent out, 20 of which werermetli In the third round, 25 questionnaires were
again sent out, 12 of which were returned. In caispa with studies from the literature, these
response rates are quite good.
There were experts who, when they got a remindeneare frankly skeptical of external propul-
sion technologies. For example, one expert seax anfwhich he refused to participate in the
project because
"after discussing the idea with our experts orcele drive systems we envisage a number
of technical problems involved in the realizatidryour proposals, especially in
passenger cars with the exception of flywheelsg/brid drive systems. Because we feel
that there will be no economical solutions avaitabi the near future, we would rather
not participate in your study"
We had asked the panelists to complete all thetipnes even if they did not consider themselves
experts. However, many questions were left opema# clear from the comments, and occasionally
from the phone conversation, that a perceived dhekpertise was the main reason that some
guestions were not answered.

Profile of the respondents
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Of the 45 experts who were approached, 25 filledaaguestionnaire.

<exhibit 2 here>
In general, we were satisfied with the response|jtett over 50 %. However, it should be noted
that the response from North American and industsiperts was lower. In the case of industrial
experts, this might be due to the general skeptitisvards external propulsion technology,
evinced by these experts. Among those employennsiry there is apparently less scope to
consider technologies that break with traditiomtirauniversities or other research organizations.
It was interesting that all the respondents whotioeed their professional training had a degree in
engineering. Of the 25 respondents, 23 had someel®f supervisory responsibility; four were
even responsible for their entire organization.

<exhibit 3 here>

Although many respondents had a supervisory pasitieey had not lost their contact with research
and technology:

<exhibit 4>
Our respondents were all male, which probably cé&sléhe enormous underrepresentation of
women in engineering.
We concluded that our respondents form a somewdrabgeneous group. Their profile might read:
a middle-aged man with an engineering degree, valsdken relatively successful in his
profession, but has not lost touch with the actwa$ and bolts of vehicle/propulsion technology.

Il. Results: general views on external vehicle pisipn
Expertise

There was considerable variation in the panelestg! of expertise on the various technologies
(figure 1)
<exhibit 5 here>

What was surprising was the fact that 60 % or nobtee panelists had no expertise in 9 of the 14
technologies listed. Of the remaining 5 technolpgét least 60% of the panel did have some
expertise. This striking difference in the leveleapertise reflects the choice we made at the time
the expert panel was selected. As noted aboveglievb that the judgment of this panel is
relevant, even though they have no expert knowlefigenumber of technologies. In our
conclusion we will elaborate on this point.

Sustainable technologies

The main question which concerned us was what madt@ropulsion technologies could be used to
realize a more sustainable transport system. Thétseare given in figure 2.

<exhibit 6 here>

Because of the differences in expertise, we dedidledmpare the assessments of the entire panel
with those of the panelists who claimed to havegreke of expertise in the field.

On the basis of figures 2 and 3, we concludedttiepanelists' level of expertise did not did not
play a significant role in their assessments. it to say that anyone would give the same
answers: although the expertise of the panel diffeonsiderably on various technologies, they
probably belong to a global community of vehiclegrlsion technologists, who hold roughly the
same views on developments relevant to their figkegchnology. It is even possible that panelist
who do not claim to be experts on a specific tetdgyobut still belong to the 'expert community'
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provide a 'sounder' assessment because they wehandered by the 'love of a technologist for his
creation'.
<exhibit 7 here>

Technologies of interest

As is clear from figures 2 and 3, technologies,3 @nd 9 are seen as the most promising ones for
more sustainable vehicle propulsion. Thereforeyéisalts of the Delphi which pertain to these
technologies will be further analyzed. Technolodiesd 14 were ridiculed by some panelists.
Since practically no one believed that they werssjiade, they were not part of the second Delphi
round.
On the basis of the results of the first round,dseided to split technology 6 into linear eleceic
gine for public transport (6a), and linear elecenine for private transport (6b). The results of
these two technologies are given in the next chapte
In the light of the comments of our experts, weidked to analyze the technologies 1, 2, 3, 6, and 9
most thoroughly, to disregard 8 and 14, and tédigreate more consensus on the other
technologies, for example by putting explicit qi@ss to panelists with rather extreme positions.
The results are presented in Chapter Il
Even after the second round, there was no consensiwg clusters of technologies - namely, tech-
nologies 4, 5 and 13 (involving the transmissioreérgy to vehicles by electromagnetic waves)
and technologies 10, 11 and 12 (involving the tmdiasion of momentum by means of differences
in air pressure) There were two reasons for thigr&atwo obtain a consensus:
- A few panelists did not exercise care when tt@ypleted or revised their questionnai-
res. As the number of panelists was relatively Erifab resulted in a somewhat inde-
terminate picture. For example, one respondentfillad out all 'c"s on one page.
- Some panelists took a more positive view of Bjgetechnologies because they did not
assess them as we had requested, i.e., as a wghfwl vehicle propulsion on a fairly
large scale. For example, one panelist gave apasifive assessment of conveyor belts
and towing lines but adde@f course, not for vehicles, but to transport deppay, from
parking lots to downtown areas'

Suggestions for other external propulsion techrietog

Several suggestions were made for other technalalgé might be considered. A number of these
were concerned with electric vehicles (EVs). Suppacitors were suggested as a means of
absorbing peak discharge and recharge currentisatiway batteries could be discharged at close
to the design rate. The use of ultralight materas suggested as a way to reduce electricity
consumption. Several panelists mentioned fuel éellenergy storage, and others suggested hybrid
cars with greatly improved internal combustion @egi (Otto or Stirling).

It was suggested that attention should also bengivether alternative fuels (biomass-derived or
LNG), improved railways and other public transadilities, changes to the tax system, etc. There
was only one suggestion for a kind of propulsiaat tould be seen as 'external' namely using the
potential energy of the vehicle by placing vehitieps above the level of the road way. This idea
might interest road builders, as making junctioighér could conserve some energy that is
otherwise lost during braking. However, it couldydoe used on a fairly small scale.

The suggestions of the experts contributed torpréssion that the panel did prefer the EV
technologies that we had suggested, but not asdéatiies for external propulsion. The fact that so
many of them mentioned hybrid cars, or technolotfiasimproved the EV by improving the
energy source within it, points to a strong prefieeefor EVs that are entirely internally propelled.
Therefore, in the second round we added questiotiseogeneral attitude towards external propul-
sion.
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Further discussion of the general views of the pane

The results of the first Delphi round led us taded that the panel was skeptical about the general
concept of external propulsion. Therefore, our sdddelphi round contained a question on their
overall views on externglropulsion technology.

<exhibit 8 here>

One of the answers given by a panelist in the ffaghd suggested that if after EVs and hybrid cars
were introduced on a large scale, it might therolrermore easy to introduce technologies to
transmit electric energy to driving vehicles. lattkvay, local emissions could be further reduced
and the maximum range of EVs extended. So we ableeplanel:
* Do you think that new internal propulsion systermauch as internal combustion engi-
ne/electric hybrids and fuel cells, can play a iolthe transition process from today's
vehicles to vehicles driven by an external powegrergy source?
The reactions of the panel varied considerably: &penelists had not understood our intention.
Most agreed that after the introduction of EVshtestogies to transmit electricity to driving
vehicles might be introduced successfully. Howesearpnsiderable number of panelists empha-
sized that the need for flexibility would make thigpossible. Moreover, some of them argued, in
the future there will be fuel cells and improvedtédes, and thus no need for these technologies
which involve large investments. It was even argtiad no one is interested in promoting these
technologies; industry in any case, has no platisaindirection.
Therefore, if batteries and fuel cells do imprafere will probably be no need for external propul-
sion. However, if these technologies do not mepeetations, there is one external propulsion
technology that could become viable in the futesgernal electricity transmission to moving
vehicles. As our panel has made clear, pantogrgpbbably overhead, but perhaps in some other
form if safety problems can be solved) are thegsrefl technology.
We decided to reformulate these findings and ptebem to the panel in a third round. This extra
round would also enable us to compare these fisdivith quite different technologies (such as
Stirling engines powered by biomass-derived fuglvas suggested by one panelist), which might
lead to more sustainable modes of transportatibas@ conclusions appear in Chapter IV.

Ill. Results: analysis of prospects and problenteted to the most promising external propulsion
technologies

Electric vehicles (1, 2, 3, 9)

On the basis of the general views on the variousemaof vehicle propulsion put forward during the
first round, the following technologies were sedetfor reconsideration by the respondents:

- Electric Vehicles (EVs) where possible couplea igrid (technology 1)

- EVs with flywheel, recharged at stops (technoldpy

- EVs with batteries, recharged at stops (techryaB)g

- Solar cells on the vehicle itself (technology 9)

We will first examine the qualitative comments lo€ {panel on these technologies, and then analyze

the quantitative data. The panel's general comnvegrts as follows:

1 Electric vehicles coupled to an electricity net (for example, by means of
overhead lines) for longer distances along main roads, and combined with a
battery for local trips.

The basic idea is seen as highly promising, becauwsauld enable electric vehicles to travel longer
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distances. The main obstacle is the infrastructuhéch is considered too complicated and too
expensive for niche markets. On the other hantigiimarket exceeded the niche, it would be
difficult to meet peak load demand. Furthermore, limits to mobility make this technology more
suitable for large vehicles, such as buses an#tdrinan for private cars. It appears to be somgthin
of a utopian dream, except for vehicles that aiteccanected.

Due to the low energy prices, there is no econgréssure to improve the present system of goods
transport. It might be more logical to consider ioygments to the existing railway system. But
here the costs would be higher than those invalveltveloping the batteries that would make such
systems unnecessary. Other problems mentionedvigera pollution (above-ground cables), the
battery technology, and the organization of act@#ise network.

2. Electric vehicles with a high-speed flywheel, which make use of fast
recharging at certain points (e.g., stopsor crossroads).

It was pointed out there have been some commegaéfations of this technology (Oerlikon bus,
Parry tram, NMVB Gent £1950) but only with low-spkelywheels. Problems arose when the
buses got stuck in traffic and could not reachagihg point in time. Nevertheless, the technology
might be an option for urban buses and city taxis.

The development of low-weight flywheels at a readda cost is, however a problem, and no
reliable technology is yet available. The flywhestsuld be expensive, due to the sophisticated
production processes, and the same holds truaddsaarings and the vacuum pumping system
which would be required.

Some panelists questioned the technical advantdgesing flywheels: high, since comparable
power can be delivered by a number of modern hatiehnologies. Only the power in/out
efficiency of flywheels is better than that of lesies. The infrastructure for recharging is even
more sophisticated than for EVs with batteries thd expensive.

3. Technology based on the same principle asin 2, but equipped with a battery
instead of a flywheel.

This technology has been somewhat more succebsfiul2, having been used by the German
Railways (Akkutriebwagen). The trial was ultimatelyspended when it proved to be expensive,
and did not meet functional requirements.

The recharge time, energy storage capacity, batteight, and range are all problems which must
be looked into. Although this solution would be aper than technology 2, it would still be
expensive; the high cost of a sophisticated battgstem remains a major obstacle in the de-
velopment of a battery-powered EV. Another aspemtititoned was the fact that the life span of the
battery would be reduced due to the high chargavgep.

9. Solar cellson the vehicleitself. The vehicleisequipped with a battery, so
that solar energy can be stored during daylight hours.

The power density of panels mounted on the velsi@igot generate a significant portion of the
energy that is required for driving (up to 100 Wjmbherefore, it would make no sense to mount
solar cells directly on passenger vehicles.

While the use of renewable energy is a major gbal,should be done in the most cost-effective
way. This means that panels should be exposedtigykufor as long as possible, i.e., not on a
vehicle which would often be parked in the shaderédver, solar cells have a longer life span than
cars, which makes them more suitable for use osdwun the future, there may be limited
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advances in some applications (air conditioningrduparking), and certain geographical regions.

Figure 4 shows the frequency distribution of theeasments of the technologies 1, 2, 3, and 9 with
respect to environmental sustainability.

<exhibit 9 here>
The frequency distribution is almost identicalliattrecorded during the first round. EVs with bat-
teries (3) make the greatest contribution to emvivental sustainability, directly followed by ve-
hicles coupled to an electricity net (1) and vedsatquipped with solar cells. EVs with a flywheel
(4) were not thought to make any real contributmsustainability. The above ranking becomes
clearer when we exclude those experts with no apegpertise in these fields (figure 5).

<exhibit 10 here>

Figures 6 and 7, show the expected feasibilithesé technologies on a laboratory and commercial
scale.
<exhibit 11 here>

<exhibit 12 here>

Here, too the distribution of responses is nedmiystame as during the first round. Approximately
80 % of the respondents believed that technoldgi@sand 3 could be realized within 10 years. In
the case of vehicles with solar cells (9) there mase variation in the assessments, but 64 % of the
respondents felt that this technology could beizedlwithin a decade.

When it came to realization on a commercial sateut 75 % of the experts saw 2010 as the pro-
bable horizon for vehicles equipped with batte(®sor coupled to an electricity net (1). For the
vehicles with a flywheel (2) or solar cells (9) tharizon was estimated at 2020 and 2030
respectively.

Figure 8 shows the frequency distribution of themudostacles to the realization of the
technologies.

<exhibit 13 here>

Approximately 40% of the respondents mentioned asst major obstacle to the realization of all
the technologies. In the case of EVs with flywh@gland solar cells mounted on the vehicle (4) the
technology itself was seen as a major obstacle.

It is interesting that 20% of the respondents seyamizational problems as an obstacle in the case
vehicles coupled to an electricity net (1).

In round 2, we asked the panel to examine moreslgldse technologies 1, 2, and 3, on the basis of
two open questions:
* Which potential techniques for the disconneaabhnsmission of electric energy to
moving private vehicles (e.g. overhead pantograjole pantograph, etc.) do you consider
the most promising?
* Which potential techniques for intermittent egpetransmission to vehicles at stops
(from every 100 meters up to several kilometers)raost promising? (e.g., overhead
charging, induction charging, etc.)
On the first question, many experts expressed dashto whether this would be a workable
technology for private vehicles. Of the 20 pansligsho returned their second round questionnaire,
4 left this question open; this was interpreted aggative answer, since all these experts took a
negative view of external propulsion in generaliHeanelists explicitly stated that they had no
faith in any of these technologies. The main igsu@lmost all the panelists was safety, and most
people who did express a preference for a spdeiicnology (8 panelists) preferred overhead

Error! Bookmark not define



pantographs. Three panelists expressed a prefef@nsiee pantographs, but two of them indicated
that they were concerned about safety. One papeé&trred power lin€gn ground if safety
aspects can be overcome, otherwise overh&te advantage of side pantographs or ‘'in ground
lines' is that variations in vehicle height are agroblem.

<exhibit 14 here>
In the case of technologies for intermittent endgrggsmission to vehicles, the same general doubts
about practicality were expressed by the panelitst of them expressed a strong preference for
induction charging, on the grounds that this tetbgyowas the most user-friendly. However,
induction charging results in energy loss, andli@ reason some panelists preferred overhead
charging by means of direct connection. Some psisediuggested overhead charging might be used
for trucks and buses, and induction charging faspager cars.

<exhibit 15 here>

Two additional questions on solar cells mountedeinicles were triggered by remarks made
during the first round:

* Solar cells on vehicles are occasionally mergibas a potential alternative. However,

the current power density of solar cells (max. KO/5er vehicle) cannot supply enough

energy to run a conventional car.

- Do you think solar cells might be used in futasethe main source of power for

cars?yes/no

If so, by what sort of technological innovationght this be accomplished?

- Could you mention other applications of soldtscéhat could be used in the vehicle of

the future?
The vast majority (18) were of the opinion thasalells could not be used as the main power
source for cars. The two panelists who answerexityehe first question both added a significant
proviso: if batteries can be improved (both powengity and efficiency). Almost all panelists
considered solar cells a viable option for auxliamctions: cooling cars parked in the sun, fegdin
various electronic systems, etc. Moreover, solds ceuld be used to extend the range of EVs.
However, several panelist felt that solar cells lddae too expensive, and could only be considered
an option if the price were to come down considgrabne panelist said that solar cells could be an
important option, but that they should not be mednin cars, since solar cells last much longer
than passenger cars. Moreover, the surface atbée cofr is limited, and in any case is not ideally
suited for the reception of solar energy.

Linear engine

The general view on technology 6, the linear ele@ngine, was somewhat negative; the positive
views were largely confined to public transportr #os reason, the following distinction was made
in the second round:

6a Linear electric engine for public transport,

6b Linear electric engine for private transport.

The frequency distribution of the estimated envinental sustainability of the linear electric engine
(6) in general, and for public and private trans@a and 6b) is shown in figure 9.

<exhibit 16 here>

The panel estimated that the contribution to soatality, in case of linear engines for public
transport, would be twice as high as in the caggivhte transport. The difference was due mainly
to the panelists' view that this technology wadiagple for railways, but was not inefficient for
vehicle applications.

This conviction is further underlined in figures 48d 11, which shows the expectations with
regard to realization. The majority (52%) of theests said that pilot schemes to test this tech-
nology are already under way, e.g., the magneiatifig system for the Linear Shinkansen of Japan
Railways.
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Most experts (74%) believe that the commercializatibn of the linear electric engine for public
purposes will be a reality by 2010, while 54% badi¢his will happen even before then.
Commercial applications for private transport apgede further away: according to 38 % of the
experts, this will not be practicable before 2020me 31 % do not believe that this technology will
ever be realized.

<exhibit 17 here>
<exhibit 18 here>

The main obstacles to realization are cost (+ 48846) technology (+ 20 %) (see figure 12). Other
specific barriers mentioned are safety and spat@ilems related to the realization of the
infrastructure required for public transport.

<exhibit 19 here>
Conclusions with regard to the most promising exaepropulsion technologies

The results of our analysis of the most promisaahhologies for the external propulsion of
vehicles are clear and unambiguous; The technaagien as most promising were selected
because:
they are closely related to internal propulsiahtelogies, which were preferred
they are suitable for public rather than privatesport
they are suitable for very specific applicatiarsgher than general use.
We will elaborate on this general conclusion intleat chapter.
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IV. General conclusions on the future developméméchnologies for external propulsion of
vehicles

In the third round we asked the panel to commenherfollowing general conclusions:
General conclusions on the future development tEraal propulsion of vehicles.

If the internal combustion engine as a source ofgudor the propulsion of vehicles is ever
replaced by a new and more environmentally souttthigogy, then technologies that use an
external source of power or energy are unlikelpedhe substitute. External sources of power or
energy are a potentially means of saving energyause the weight of vehicles can be reduced and
energy can be produced on a large scale thus bgaficiency. However, there is no practical
system by which these advantages can be realizedwtiputting an unacceptable strain on the
quality of the transport system. The costs of aeresive infrastructure would be huge; there would
be considerable energy losses within the infrasira¢ safety problems could arise; and the
flexibility of the users is limited.

EVs may in a sense be considered 'externally pexpdlecause their energy has been converted in
large-scale, efficient power plants. Alongside ioyad internal combustion engines, battery-
powered electric engines and hybrids will be thénrmpawer sources for the car of the future. In the
short term, there will be no scope for externappision technology, at least not on a large scale.

On a limited scale, however external propulsiommbetogies could play a role in urban areas, e.g.,
to transport people by conveyor belts or cable.ddosvever, these systems will operate as public
transportation systems and not as systems théitdeeiransport by private vehicles. Moreover,
these technologies are intended to reduce trafificoarking problems, especially in downtown
areas, and it is not clear whether they also redaggonmental pollution.

In the long run, it remains doubtful whether extdisnpowered vehicles will play a role in
sustainable private transport. If EVs do captuselzstantial market share, the development of
battery technology (capacity, efficiency, life sparcycles, etc.) will be of great importance. If
battery performance can then be substantially ingaipthe external propulsion of vehicles will be
redundant because there would be no substantiedyegain while flexibility would be reduced. If
battery performance remains the major problem pbgeels, technologies to supply energy to
moving vehicles could become important as a mehastending the range of EVs. This cannot be
accomplished by means of electro-magnetic radiatloa mainly to low efficiencies and safety
problems. Pantographs will be the preferred teadgyplprobably overhead pantographs, in the light
of safety considerations. Direct current enablexpleeto return energy to the grid. The
disadvantage of this technology is that the varlaights of vehicles may present problems, while
the overhead power lines will form an unaesthdément in the landscape. However, pantographs
will not take over the complete energy supply diiekes; they will have their own energy source,
so that overhead lines will only be needed on $igesiections of the road.

Another technology that may become important fosE/quick charging at stops. Expert opinions
differ somewhat on this issue. Because of safetglpms and driver convenience, induction
charging is preferred by many experts. Howeves, tsults in a reduction in efficiency and for this
reason, many others prefer direct charging, by sieédnverhead connections.

Systems which combine internal and external propuilgill probably be introduced first in large
metropolitan areas.

Solar cells mounted on the vehicle, could be useipply additional energy, they could power

various auxiliaries like air conditioning, heatiramd electronic devices while the vehicle is parked
The usefulness of solar cells in extending the eaofd=Vs is restricted, due to the limited amount
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of power that can be generated on the surfaceeafdh In the future, solar cells which are not
mounted on vehicles may be a more promising saufreastainable energy.

The comments of the panelists on these conclusions

Of the twelve panelists who completed the thirdsjoanaire, six responded to our general
conclusions. One panelist felt that these conchssghould have been formulated even more
negatively, since we had not taken into accountahethat an increasing number of households
now own more than one car. This means that housdeltould have an EV for short distances and
an internal combustion engine vehicle (ICEV) farddrips. As a result, there would be no need for
external propulsion on long-distance motorways eéhpanelists said that by and large the conclusi-
ons reflected their personal views. We will deahwtivo comments of a more general nature in the
following chapter.

V. Other technologies for sustainable transpontatio

With regard to our main conclusion, one panelistest that a change in mentality is needed: people
should give up their private cars; public transptiduld be promoted; and the feasibility of such
schemes as multi-user cars that could be rentslbat notice should be looked into. This view is
particularly interesting in the light of the comntenf three other panelists, who focused on the
extra questions in the third round. As one panstated:
(....)'The questions assume that equal range (of vehidlesecessary. It is not! In most
households in the USA and in an increasing numisendere in the OECD, 2+ cars are
owned. (....) Most of these households are wiliingccept one limited range vehicle, with
little compensation. In fact, many view home reghay as so desirable, that they prefer
cars with limited range (160 km) and home rechagginer comparable gasoline cars.'
And according to another:
‘An EV will not replace a normal car with the sataehnical performance. (...) You
cannot compare apples with pears. (...) EVs witlbdid costs are on the market.'
These panelists seem to be saying that changempbrt technology will always be accompanied
by, or even be completely intertwined with, sociaanges. Technological forecasting therefore
makes little sense: to the extent that technolbgieselopments can be foreseen, it is never clear
beforehand which of the developments will actub#yrealized. The need for new transport
technologies is currently changing under the infeeof technological developments themselves,
as well as various other changes in society. Iovation studies the term 'socio-technical chargge' i
often used to describe the interactive processtighwtechnologies and social behavior interact
and develop. This implies that there is in facivay to forecast with any certainty which
technologies will require social changes. The best to gain useful insight is probably social
simulation or social experiment. Social experimenight trigger learning processes, social
learning for the users of vehicles as well asdohnhologists working on vehicles (Elzen/Mulder,
1995).
In the light of these remarks, the answers to tlestions on internal propulsion technologies are
not surprising. Some panelists probably opted foorapromise between the required performance
characteristics of the technology and the charties actually demanded by the public.

An EV which offers about the same performance aeatifamily cars in terms of range, speed,
number of passengers, etc., at about the sameeokilometey will be possible within:
<exhibit 20 here>

An EV which offers about the same performance aeatifamily cars, in terms of range, speed,
number of passengers, etc., at about double thigepkilometerwill be possible within:
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<exhibit 21 here>

An ICEV that uses biomass-derived fuel and offéasut the same performance as current family
cars in terms of range, speed, number of passerggersat about the same cost per kilometat
be possible within:

<exhibit 22 here>

One panelist estimated that biomass-derived foeldvnot be used in ICEVs, but
predicted that within 10 years it would be usedeaaerate electricity for EVs. Another
panelist said that he assumed that this would bsilple within 20 years if:

- there were no tax on biomass-derived fuels

- fossil fuel prices went up

An ICEV that uses biomass-derived fuel and offaessgame performance as current family cars in
terms of range, speed, number of passengersatstbput double the cost per kilometeill be
possible within:

<exhibit 23 here>

One panelist estimated that biomass-derived foeldvnot be used in ICEVS, but
predicted that within 5 years it would be usedédonegate electricity for EVs.

A vehicle which is powered by some other kind aftainable energy (e.g., hydrogen generated by
solar energy), and offers about the same perforenaacurrent family cars in terms of range,
speed, number of passengers, etc., at about theg@nper kilometewill be possible within:

Six panelists did not believe there was any teldgyahat could achieve this. Five
panelists mentioned fuel cells which use hydrogamegated by solar energy and estimated
that these could be realized in 20/20/30/30/50sye@ane panelist predicted that biomass
could be used to fuel gas turbines and Stirlingreegywithin 30 years.

A vehicle which is powered by some other kind dftainable energy (e.g., hydrogen generated by
solar energy), and which offers about the sameopmence as current family cars in terms of
range, speed, number of passengers, etc., at éalole the cost per kilometewill be possible
within:

Four experts doubted whether this could ever beeged, while seven others estimated
that would become possible within 10/10/15/20/2818(10 years. One panelist estimated
that biomass could be used to fuel gas turbinesSéirithg engines within 10 years.

Suggestions for further study

In the course of the project, several panelistsarked somewhat facetiously that what we were
aiming for already existed, in the form of electdiways. Although we cannot foresee all the
implications at this moment, it might be worthwhitestart at the other end by asking ourselves
whether the use of electric railway lines coulcbpémized by admitting private vehicles onto the
tracks. This would probably involve external auttedacontrol of the vehicle, or coupling to trains.
In all probability, the implications of such a dey@ment would be enormous. However, it is im-
possible to say under what - if any - circumstaribesidea could be feasible. In any case, our
Delphi panel is not the appropriate body to pretfietconsequences of such a development.

A second subject for further study might be thesjimlities of battery technology. Although many
of our experts considered this technology crucahe future of the car, they differed considerably
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on the possibilities that might emerge. An extemsivaluation of the potential energy efficiency
and cost of batteries could be extremely valuatliermthe time comes to take decisions on our
future transport system.
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exhibit 1

Technologies:

1.

o

€9

[

<

[

I~

o2

|©

Vehicles, where possible coupled to an electriniy. Electric vehicles, coupled to an electricity
net (e.g. overhead lines) to travel longer distaraleng main roads, combined with a battery for
local traffic.

Electric vehicles with flywheel, recharged at stoplectric vehicles with a high speed flywheel,
that uses fast recharging at certain points (éogsor crossroads).

Electric vehicles with battery, recharged at stdjee same principal as 2, but then equipped with
a battery instead of a flywheel.

Energy transmission by means of micro-waweless electric energy transmission for moving
vehicles, by means of micro-waves.

Energy transmission by means of short wave ramtiatVireless electric energy transmission by
means of high energetic short wave radiation.

Linear electric enginéA transportation system where the vehicle is raod the track is stator in
a linear electric motor.

Towing-line for vehiclesTowing-line that can be coupled to individual \@és, that also can
drive separately.

Conveyor-beltConveyor-belt on which individual vehicles canttasported.

Solar cells on the vehicl®ower generating by solar cells on the vehickfitIhe vehicle will be
equipped with a battery, so that solar energy @aoan be stored all day.

Tunnels with forced air flowThe use of smooth-wall tunnels with a forced mwf with the same
speed as the vehicles, so that the drag resisisizeeo.

Tunnels with forced air flow at high speéthe use of smooth-wall tunnels with a forced kiwf
with a high speed that pushes the vehicles forwards

Tunnels with vacuum at the en@ihe use of tunnels with a vacuum at the end thapgls the
vehicles through the pressure drop.

Power transmission by laseX.laser pointing at a vehicle, where on somehoweation-engine
can provide power.

Waving road-surfaced waving road-surface that pushes vehicles forvear@ wave.
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exhibit 2

number of experts

guestionnaires

approached returned

Europe 29 17
North America 7 2

Far East 9 6
industrial background 16 4
university Background 11 8
government agency or research| 18 13
organization

Total 45 25
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exhibit 3

persons supervised number of responden

0

<10

2
9
10-100 8
>100 2
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exhibit 4

profession: number of respondents
researcher 13

designer 1

production engineer 1

marketeer 1

planner 4

executive 6

other 3

(some mentioned more than 1 profession)
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exhibit 5

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
4.Energy transmission by means of micro-waves.
5.Energy transmission by means of short wave radiat
6.Linear electric engine.

7.Towing-line for vehicles.

8.Conveyor-belt.

9.Solar cells on the vehicle.

10.Tunnels with forced air flow.

11.Tunnels with forced air flow at high speed.
12.Tunnels with vacuum at the end.

13.Power transmission by laser.

14.Waving road-surface.

Expertise levels were explained as follows:

a. major: you are a specialist/expert on the stibjec

b. average: you have some primary knowledge fici,have read a lot on this subject and/or donemiesearch)

c. minor: you have secondary knowledge (i.e., yauehread about this technology in technical/sdienliterature, you
discussed it with colleagues)

d. no special expertise: you know about as mucthisrsubject as any educated newspaper reader.

figure 1: Personal expertise regarding the techgiés

(Note: We know from the various comments thatguastion did not trigger any response, this was
generally a sign that the expert did not posse®apgrtise on the subject).
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exhibit 6

Technologies:

1.Vehicles, where possible coupled to an elecyrivét
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
4.Energy transmission by means of micro-waves
5.Energy transmission by means of short wave riadiat
6.Linear electric engine

7.Towing-line for vehicles

8.Conveyor-belt

9.Solar cells on the vehicle

10.Tunnels with forced air flow

11.Tunnels with forced air flow at high speed
12.Tunnels with vacuum at the end

13.Power transmission by laser

14.Waving road-surface

Environmental Sustainability was explained as fo#o

a. major: might contribute to the solution of allbenvironmental problem that threatens humartence
b. average: might lessen global environmental moislor solve regional environmental problems

c. minor: will only lead to a reduction in localvdronmental problems

d. none: will solve no problems, or else createenmoblems than it solves

figure 2: Importance of technologies for environnaisustainability
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exhibit 7

Technologies:

1.Vehicles, where possible coupled to an elecyrivét
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
4.Energy transmission by means of micro-waves
5.Energy transmission by means of short wave riadiat
6.Linear electric engine

7.Towing-line for vehicles

8.Conveyor-belt

9.Solar cells on the vehicle

10.Tunnels with forced air flow

11.Tunnels with forced air flow at high speed
12.Tunnels with vacuum at the end

13.Power transmission by laser

14.Waving road-surface

Environmental sustainability was explained as foo

a. major: might contribute to the solution of allbenvironmental problem that threatens humartence
b. average: might lessen global environmental moislor solve regional environmental problems

c. minor: will lead to a reduction in local enviroental problems

d. none: will solve no problems, or else createenmoblems than it solves

figure 3: Assessments of panelists with speciattige with regard to the importance of technolsgier environmental
sustainability
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exhibit 8

number of panelists
negative 10
perhaps in specific areas 3
perhaps some specific technologies 4
no answer 3

Error! Bookmark not define



exhibit 9

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
9.Solar cells on the vehicle.

Environmental Sustainability was explained as fofo

a. major; it might contribute to the solution oflabal environmental problem that threatens humdstence
b. average; it might lessen global environmentabfems or solve regional environmental problems

c. minor; it will only lessen local environmentabplems

d. none, it will solve no problems, or create mpreblems than it solves

30 7
52
20 7
107
0 + i) t +
1 2 3 9

technelogy

"ma\ur Oaverage Ominor ®none Bno answer|

figure 4: importance for environmental sustainalilof technologies 1, 2, 3 and 9
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exhibit 10

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
9.Solar cells on the vehicle.

Environmental Sustainability was explained as fofo

a. major; it might contribute to the solution oflabal environmental problem that threatens humdstence
b. average; it might lessen global environmentabfems or solve regional environmental problems

c. minor; it will only lessen local environmentabplems
d. none, it will solve no problems, or create mpreblems than it solves

—
30 7 58
20 7
10 7
&) 9

technelogy

"ma\ur Oaverage Ominor ®none Bno answer|

figure 5, Assessments of panelists with expentigedhnologies 1, 2, 3, and 9 with special refeeettc environmental
sustainability
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exhibit 11

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
9.Solar cells on the vehicle.

percentage

60 7
a0
40 7
30 7
20 7
107
0 t t t
1 2 3 9

technelogy

|.t]Efl:lrE 2000 ® 2000-2005 B 2005-2010 B2010-2020 ®2020-2030 ® 2030-2040 Oatter 2040 @ never Ono answer

figure 6: Expected feasibility of technologies 132and 9 on a laboratory scale
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exhibit 12

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
9.Solar cells on the vehicle.

a8
5 607 u L4 |
]
g a0
o
o
40 7
28
30 7
20 7
10 7
0 t + +
1 2 3 g

technelogy

|.t]Efl:lrE 2000 ® 2000-2005 B 2005-2010 B2010-2020 ®2020-2030 ® 2030-2040 Oatter 2040 @ never Ono answer

figure 7: Expected feasibility of technologie®213, and 9 on a commercial scale
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exhibit 13

Technologies:

1.Vehicles, where possible coupled to an elecyrivdt.
2.Electric vehicles with flywheel, recharged atpsto
3.Electric vehicles with battery, recharged at stop
9.Solar cells on the vehicle.

60 7

a0

percentage

40 7

30 7

20 7

technelogy

|-t|asm knowledge ®technology Dlegisiation B cuture ® costs B personnel B organization & athers Bno answer

figure 8: Main obstacles to the realization of taologies 1, 2, 3, and 9
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exhibit 14
ELECTRICITY TRANSMISSION TO MOVING VEHICLES

number of panelists

overhead pantograph 8

side pantograph 3
in-ground 1
none 4
no answer 4
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exhibit 15
ELECTRICITY TRANSMISSION AT STOPS

number of panelists

induction charging 11
direct overhead charging 3
battery replacement 1
no intermittent charging 1
no answer 4
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exhibit 16

100 T
90 1
80
70 1
o ]
) 60 51
]
g 50 7
ra 40
40
30 7
il
20 1 23
104 24
e ] :
0 f t f
6 Ga =ld]
technology

|'maiur B average Trminor B none ®no answer|

figure 9: Importance for environmental sustainalyilof technology 6 (linear engine), 6a (public) &t (private)
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exhibit 17

100

80 7

B0

707

60 7

a0 7

percentage

40 7

30 7

20 7

figure 10:

12 e
o
23
12 3
Lu)
20 23
15
6 6 o
technology

|. before 2000 ® 2000-2005 O 2005-2010 B2010-2020 ®2020-2030 ¥2030-2040 O after 2040 & never B o answer

Expectations with regard to the realipatof technologies 6, 6a and 6b on a laboratorglec
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exhibit 18

percentage

& Ga 2]
technology

|. betore 2000 ® 2000-2005 5 2005-2010 B2010-2020 ®2020-2050 B2030-2040 Darter 2040 ®never Tno answer

figure 11: Expected realization of technologie$&,and 6b on a commercial scale.
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exhibit 19

percentage

&} o] [<ta]

technelogy

|-t|asm knowledge ®technology Dlegisiation B cuture ® costs B personnel B organization & athers Bno answer

figure 12: Main obstacles to the realization oftiaologies 6, 6a and 6b
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exhibit 20

years

number of panelistg

10

15

20

30

40

R S

50

never
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exhibit 21

years number of panelistg
5

10 3

15

20 2

30

40

50 3

never 4
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exhibit 22

years number of panelistg
5

10 1

15 1

20 6

30

40

50

never 2
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exhibit 23

years number of panelistg
5 3

10 3

15 2

20

30

40

50 1

never 1
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