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PREFACE

In dealing with energy shortage problems around the world,
energy utilization is closely related to technological develop-
ment of fossil fuel-to-fuel conversion processes which provide
alternatives to petroleum. Among the fossil fuel-to-fuel pro-
cesses, several processes of making synthetic gas and oil from
coal have been developed by several agencies. These processes
are characterized by competitiveness and substitutability of
diversified technologies in the same research and development
area, and they have many deleterious effects on society, such as,
resource exhaustion and environmental pollution. Thus alterna-
tive processes of technologies and their effects on human society
should be examined and compared not only from the economic but
from various social points of view as well. Thus, we propose
the sociotechnique (SOTEC) concept for selecting the appropri-
ate technology to the existing society.

To solve the Complex Problematique to which the SOTEC concept
corresponds is a multicriteria problem. IIASA's System and
Decision Sciences Area has recognized the neccessity of coping
with the multicriteria problem. This study is going on at
IIASA and at Kyoto as one of several cooperative studies. This
paper can be seen as a preliminary and modest contribution in
this direction. The results were presented at IFAC Symposium
on Criteria for Selecting Appropriate Technologies under Dif-
ferent Cultural, Technical, and Social Conditions, May 21-23.

1979, Bari, Italy.
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I.INTRODUCTION

Recent research at MIT has pointed out that because utili-
zation of natural gas in place of petroleum has been increasing,
future energy demands will produce a serious shortage of natural
gas itself if recent trends in natural gas use (e.g. 6% per year
rate of increase in the U.S.) persist. On the other hand, new
technologies for nuclear power and solar energy utilization have
not yet been developed with acceptable levels of feasibility.
In consequence, research and development of synthetic gas and oil
produced by gasifying or liquefying coal has recently attreacted
increasing attention. The pﬁrpose of this paper, mainly based
on the study by the MIT group {(Hottel and Eoward [l]), is to
propose a methodology for selecting appropriate technologies for
substitute-energy development under different resource and social
conditions.

Methodology for technology assessment (T.A.) for choosing
the most desirable processes among alternatives has not been well

developed yet. Technology assessment is multiobjective.



The criteria of evaluation are noncommensurate and they are also
often in conflict with each other. And the effects of alternative
processes are still under uncertainty. Thus, we are concerned
with establishing quantitatively the magnitudes of comprehensive
profitability for choosing technological processes under these
circumstances.

Technology assessment has two aspects. One is the necessity
of examining technologies or processes not only technically but
in the context of resource endowment, existing economic and
social conditions and external (or environmental) effects. Thus,
technology assessment is considered to be combined with location
problems inyolved with technology choice.

In regional science, industrial-complex analysis has been
devoted to identifying specific combinations of industrial
activities for which one region is more favorable than another.
(Isard, Schooler and Vietorisz [2]). Here the criterion of choice
is exclusively locational advantages based on cost-revenue
differentials as a result of resource endowment and economic
development.

In contrast to industrial complex analysis, our method is
based on the socio-technique complex.(SOTEC)'concept for technology
assessment. In this concept, the economic advantage of spatial
juxtaposition of substitute-energy processes with other industrial
activities is not necessarily taken into consideration. Instead
the stress is placed on the property of the object, an appropriate-

technology development problem, as a complex problematique.




Another aspect of technonlogy assessment is that development
of expected technological processes is still under uncertainty.
An empirical data base for evaluating alternative processes has
not been well established yet, and conditions surrounding the
technological development yield to unpredicted changes. Thus
assessing preference for technology choice of alternative processes
is a decision problem under uncertainty.

Decision analysis developed by Raiffa([3]), Schlaifer ([4])
and Platt([5][6]) presents a method for assessing the preference
of the decision-maker for possible conseguences of human actions,
and for scaling his judgements concerning the chance of possible
events. The utility concept is utilized for numerical presentation
of his preference in a commensurated term, The expected-utility-
maximization principle is used as the criterion for selecting
alternative technological processes. The MANECON collection of
computer programs for use on a time-sharing system is available
to perform these evaluations. (Schlaifer [7])

Considering these characteristics of technology assessment
and referring to the above-mentioned methodologies, in this paper
a modified decision-analysis device for selecting appropriate
technologies under different economic and social conditions is

applied to the MIT data.

II. PROBLEM SETTING AND METHODOLOGY
The fossil fuel-to-fuel conversion problem is combined with
a complex of resource endowment, transportation facilities,

industrial/societal conditions. The structure of the complex



problematique is described sequentially in a decision-making
flow-chart. In the terminal situation of the decision diagram,
different types of the model can be discerned. (Fig.l) In model
1, the society has rich fossil fuel resources and has been
highly industrialized. Thus this society has existing pipeline
transportation facilities for liquefied natural gas. In model 2,
the society has scarce natural resources and largely depends on
overseas transportation from fossil fuel producing countries.

On the other hand, this society has highly developed heavy-chemical
industries and a great deal of substitute-energy demand; thus

it is well-experienced in tanker transportation. In model 3,

the society has plentiful coal resources but they have not been
highly developed yet. However, if it does not desire to return

to a colonial situation, industrialization must be the main

object of economic policies. A typical society of model 1(M1)
is the U.S.A.. Model 2(M2) is Japan and model 3(M3) is a society
like South Africa Qr Australia which has large unknown possibilities
for development.

In these models, decision-making is under uncertainty: even
the resources-endowment conditions can be changed by unpredicted
discovery of new mines. Marine transportation routes will not
only be compelled to change for international political reasons
but surface transportation may also suffer from deterioration of
international relationships. Economic/societal conditions are
greatly changed by political alteration. The uncertainties included

in each model are taken into consideration as "risk" in assessing

the preference of the model.
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A menu of alternative technological processes for gasifica-
tion and liquefaction of coal is shown in Table 1. The character-
istics of these processes are described in Table 2. The research
and development of these alternative technologies in the future
is also under uncertainty. Forecasting technological development
includes many unpredictable factors. Such uncertain elements
are considered in scaling the judgemental probabilities for each
process.

The procedure for assessing the desirability of the alterna-
tive processes is as follows.

First, basic data for assessing each technological process
is formed in quantitative terms. At this time the characteristics
of the original data require some modifications of the device.

One is that numerical information in compfrable forms for the
assessment is rarely obtainable from original data, and thus the
subjective scale for non-quantified data must be utilized instead
of the objective scale for quantified data. Another modification
is that, because the data is composed of random variables, this
property of the attribute of each process to be assessed is taken
into account in calculating the expected utilities at a’
subsequent stage.

Second, a utility function of coal gasification and liquefac-
tion for each model is assessed. The utility functions with
decreasing positive risk aversion are fitted by the MANECON
computer program SUMEXFIT in the following form. The MANECON
program SUMEXFIT can also calculate parameters of the nonnormalized

preference functions.
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bx

F(x) ==(e ™ -1)-cle ?*-1) (1)

a>0, bc>0

The normalized preference (utility) functions are oktained in the

following form:

F(x) - F(xo)
u(x) = ‘ (2)
F(xl)-F(xO)

The local risk aversion function is

-u" (x) a2e_ax+cb2e_bx
R(x) = = — - (3)
u' (x) ae ¥ + cbe

The conditions a >0 and bc >0 guarantee that the risk aversion
function is decreasing over [-=, ©]. In addition, if b and c
are positive, the risk-aversion function (3) is everywhere
positive; if b and ¢ are negative, the risk-aversion function is

positive to the left of

)k = _ 1 log (-a2/[b2c]) (4)

a-b

are negative tc the right of x* where R(x*) =0. (Schlaifer [7])
Input data for depicting utility curves are derived by assessing
certainty. equivalents with 50-50 chance lottery techniques.

Third, a probability distribution P(x) of the random variable
X in each process is assessed with direct jucdgement. In fact the

value x of the cumulative distribution function P(x<x) is assessed
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for several fractiles of the distribution. Using the MANECON
program CDISPRI, continuous piecewise quadratic distributions
are graphically printed in the form of the mass functions as
well as cumulative functions. Characteristics of the distribu-
tion such as mean, standard deviation, and variance are also
calculated.

Finally, expected value of utility for each process,

E[u(x)]==J:;(x)11hQ dx, is calcuiated with the MANECON program
PREFEVAL. The numerical results for alternative processes are
compared to each other within each model.

The MANECON program was interactively run under IBM CALL/370
with minor modifications. It was known that the computational

works could be economically well done using this package.

I. DATA AND RESULTS

Data for items which characterize the coal gasification and
liquefaction processes are shown in Table 3 and Table 4. The
considerations for each process come from the MIT study above cited.
Using these data along with ones in Table 1 and Table 2, the
‘items for each process are examined altogether and are consolidated
into one attribute for each process. Measures for the considera-
tions summed up for each process are scaled withbsubjective judge-
ment in the range of 0 to 10. The weighting for summing up the
considerations is different according to the importance of each

item for each process in each model.



label

Al

A2

Bl

B2

_1 1_
TABLE 3 Data for Subjective Scale of
Coal Gasification Processes

consideration

Highest noncatalytic methanation in gasifier of any
process developed beyond bench-scale.

Advanced pilot plants developed.

Slurrying of fuel gives the reliable feed to high
pressure system.

Coal cost in price components is large(47.4%).

Coal preparation, hydrogasification and hydrogen
costs requires large investment.

Necessity of disposing of by-product char.

Electric energy need is economically guestiorable.

Difficulties of pretreater temperature control.

Pretreating operation necessary to handle caking
coal produces an extra gas stream and prevents
making full use of the relatively high reactivity
of fresh coal.

Use of air instead of oxygen.

Coal preparation costs less.

Sodium carbonate has an advantageous catalytic effect
on rate of solids gasification.

Molten salt is very corrosive.

Temperature of gasifier is too high for significant
methanation.

The lowest yield of methane.

Energy loss for evolvement of carbon dioxide in
conversion of bicarbonate to carbonate.

Difficulties of process control.
Sulfur and power production as by-products.

Enough background of R & D (a result of a state-of-the
art survey). .

Rapid gasification by entrained flow.

Gasifier methanation is higher than other
oxygen-blown processes.

Temperature of reactor (cyclone gasification chamber)
for steam-oxygen-char is much higher than in other
processes with attendant higher thermal loss in slag.

Lignite is available (low cost).

Many unsolved or questionable technical aspects remain.

Direct use of caking coal(pretreatment cost is low).

Concurrent flow at feed point minimizes loss of evolved
hydrocarbons.

Production of char stream as one of the final products.
Amount of catalytic methanation necessary is much
higher than in hydrogasification processes.

Many unsplved or questionable technical aspects remain.

Coal cost is high (48.2%).

evaluation

(uncertainty)

(uncertainty)

(uncertainty)

+
(uncertainty)

+

+

(uncertainty)
+
+

{uncertainty)

(uncertainty)
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label consideration evaluation
Cl Input of oxygen into a separate reactor requires
considerably less oxygen than in class B processes +

which add it directly to the gasifier.

Development in pilot plant stage. +
Efficiency of noncatalytic methanation (no data). +
Direct coupling of the hydrogen-carbon monoxide supply

to the methanation process is absent, with attendant -

thermal loss.

Costs of oxygen and hydrogen is a large component of -
the price.

Yield of fuel by-products. +

c2 Use of air, with attendant substantial reduction in +
equipment cost.

High noncatalytic methanation in all the processes. +

Direct coupling of the hydrogen supply to the methana- -
tion process is absent, with attendant thermal loss.

In pilot plant stage. +
Requirement of sulfur removal from effluent of
a reducer of iron oxide.

Continuous, high-pressure, large-scale hydrogen
production process by stream-iron technique not well

established. (uncertainty)
Control problem for balanced operation of six fluidized -
beds (3 in gasifier, 3 in steam-iron). (uncertainty)
Hydrogen cost high. -
Coal cost high (53.7%). -
(uncertainty)
Cc3 Use of air instead of oxygen. +

Substantial methanatiog within gasifier and relatively
small amount of catalytic methanation (the highest +
noncatalytic methane yield).

Requirement of sulfur removal from flue gas leaving -
air-blown fluidized bed combustor.

Absence of direct coupling of the hydrogen-producing -
process to the methanation process (thermal loss).

Relatively undeveloped state. -

Remaining unsolved technical aspects. -

Coal cost is less. ' . +
D Use of air instead of oxygen. +
Efficient supply of reaction energay in situ. +
Use of lignite as material, with attendant minimal cost. +

Existence of temperature restriction in gasifier, with -
attendant restriction of usable coal materials.

Regenerator outlet gas contains 3-4% CO and also soz. -
Noncatalytic methane yield is relatively low. -

Difficulty of system control. -
(uncertainty)
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TABLE 4 Data for Subjective Scale of
Coal Liquefaction Processes

consideration

Use of coal tar as solvent with efficient dissolu-
tion capacity. :

Hydrogen recycling system requires less hydrogen.
No catalytic treatment.

Requirement of SO, treatment in effluent stock gas
and ask disposal from residue furnace.

Pilot plant stage of development.

Sulfur as by-product.

Energe production from residue treatment process.
Has solvent recovery plant.

Storage of de-ashed desulfurized liquid stream by
solidification for delayed coking (economically
efficient).

Extract hydrogenation produces high cost.

Has solvent recovery plant.

Utilization of caking coal (low cost of coal material).

Pilot plant stage of development.
Catalytic hydrogenation (high cost of hydrogen).

Dependence on discounted cash flow (DCF) on grade of
coal (high cost of coal material).

Possibility of high return on investment (DCF 18%
for Illinois coal).

Development in bench scale.

evaluation

+

+

(uncertainty)
+

+

(uncertainty)

+
(uncertainty)

(uncertainty)
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consideration

Staging of temperature by multistage fluidized-bed
pyrolysis, which minimizes the loss of hydrocorbons
that occur when cracking is too severe.

Catalytic hydrotreating of oil (high cost of hydrogen).
Utilization of char broduct as boiler fuel for

power generation.

Use of oxygen for reactor (high cost of oxygen).
Minimization of gas products.

High price of o0il product.

Possible utilization of the produced fuel gas and char
as the process fuel for the operation.

Pilot plant stage of development.
Use of asphalt as solvent (suitable for mass supply).
Less efficient dissolution capacity of asphalt.

Operation under air pressure (no requirement of
hydrogen-use for elevating pressure).

Low equipment cost.
Ease of handling and safety of plart.

High yield of liquid products (depending on the carbon
content of coal).

Advanced experiments performed in Japan.
Requirement of sulfur removal.

Use of nitrogen as inactive gas for reactor.

evaluation

+

+
(uncertainty)

+

+
+

+
(uncertainty)

+

+ or
- (model 3)
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Based on the subjectively scaled attributes, utility functions
are assessed. Parameters of the utility functions are shown in
Table 5. The MANECON program PREFEVAL can evaluate and print
out the values of the attributes and the corresponding preferences
for them. Using these results, the utility functions for the
oil-from-coal as well as gas-from-coal conversion processes in
each model are graphically depicted in Fig. 2. The numerical
values of the decreasing risk-aversion functions are also shown

in the Figqure.

The magnitudes of numerical values of the risk-aversion
function R(x) are, in descending order, M3, M2 and M1l for the

gasification process. In model 3, it is supposed that the decision-
maker is most risk-averse in the first half of the whole range

of the attributes and becomes rather risk-prone in the end.

For the liquefaction process, the situation in rodel 3 is same.
However, unlike in the gasification case, the decision-maker in
model 2 is less risk-averse than in model 1. This is due to the
relatively advanced stage of research and development for the

liguefaction process in Japan.

TABLE 5 Parameters of Utility Functions

A ) B c
GAS Ml.’ 0.72720 0.01016 127.9222
M2 0.40636 -0.02179 ~-6.29407
M3 0.34382 -0.27372 -0.01485
OIL M1 0.51448 0.09402 13.88968
M2 0.57441 0.03329 23.72738
M3 0.57615 -0.01800 -7.51167
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GAS M1
preference
1.071 R(2.5)=0.07128
v R(5.0)=0.02112
R(7.5)=0.01201
0.51
' R(9.5)=0.01060
0.0 i 1 i 1 1 1 1 1 R value
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0.8.0 9.0 10.0
GAS M2
preference
1.0t R(2.5)=0.19398
R(5.0)=0.08882
0.5+ R(7.5)=0.02339
R(9.5)=-0.00112
0.0 3 ] 1 L L 1 ) ) N i value
0.01.0 2.0 3.0 4.0 5.06.0 7.0 8.0 9.0 10.0
GAS M3
preference
1.0t R(2.5)=0.31143
R(5.0)=0.21669
0_5_( R(7.5)=0.00523
R(9.5)=-0.15436
0.0 1 1 I S 1 1 L L value

0.01.0 2.0 3.0 4.05.0 6.0 7.0 8.0 9.0 10.0

Fig: 2. Utility functions and their values of risk averse functions.
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preference

1.0}

0.5

i

OIL M2

pref

1.0

0.5

.0 1.0 2.0 3.0 4.0 5.0 6.0

eremnce

7.0 8.0 9.0 10.0

L 1 I i

OIL M3

.0 1.0 2.0 3.0 4.0 5.0 6.0

preference

1.0

=3

7.0 8.0 9.0 10.0

Fig.

o

.0 1.0 2.0 3.0 4.0 5.0 6.0

(contizued)

7.0 8.0 9.0 10.0

value

value

value

R(2.
R(S.
R(7.

R(9.

R(2.
R(5.
R(7.

R(9.

R(2.
R(5.
R(7.

R(9.

5)=0.
0)=0.
5)=0.

5)=0.

5)=0.

14491

11333

10098

09705

.11892

.05837

.03558

27375

0)=0.08852

5)=0.01000

5)=-0.00918

2. Utility functions and their values of risk averse functions.
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The attribute of each process is a random variable, and
its probability distribution function is also assessed with
subjective judgement. Characteristics of the distribution
functions are also calculated and shown in Table 6. Examples
of the probability distributions are graphically shown in Fig. 3.

As seen, among coal gasification processes in model 1,
the mean of the probability distribution, or the mathematical
expectation for the uncertain éuantity of the attribute, is the
highest for process C3. Processes Cl and Al have secondary high
values. In these processes, the degree of uncertainty expressed
in the term of variance is relatively low. The process which has
the highest degree of uncertainty is B2. This is mainly because
of the unestablished status of tﬁéﬁtechnology, uncertainty in
predicting coal prices and the necessity of marketing char
reéiduals. In model 2, the highest value of means is also in
process C3 followed by process Al. The low magnitudes of means
compared with those in model 1 reflect the delayed status of
development of gasification processes in Japan. The numerical
values of variance are generally high in model 2. This is
because of the unpredictability of coal prices which obey external
conditions. In model 3, the pattern of the mean value is almost
the same as in other cases except that process D has a secondary
high value. This is because of the efficiency of the energy
supply system and utilizing air instead of oxygen, which are more
suitable for less developed societies without well-established

heavy-chemical induétry‘complexes. In addition, use of lignite
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TABLE 6 (centinued)
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GASM3C2 TABLE 6 (continued)
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gives more leeway for locational choice. The degrees of uncertainty
in model 3 are sometimes lower than in model 2: in these cases,
locational advantages in coal-producing countries contribute

to this situation.

For coal liquefaction processes, the mean value is the highest
for process A in model 1, and for process E in model 2. The high
values of variancé in model 2 are caused by the same factors
as in the gasification processes in that model. In model 3,
process' A has the highest mean value and process E is secondary.

The variance for each process is often higher than in other

models, and also higher than for gas-from~-coal processes in that
model. This means that, although there is a relatively good
possibility for a 1liquid refinery with high profitability in
coal-producing sites, the decision-making will come from consuming
countries exclusively. Thus, uncertain quantities of the attribute
of each process have a large variance.

The numerical values of the expected utility of the alternative
processes are shown in Table 7, where we see that in model 1,

process C3 has the highest value of the expected utility and

processes Cl and Al are secondary among the gasification processes.
Process A has the highest value and process E is secondary among
the liquefaction processes.

In model 2, the preferred processes of gasification are the
same as in model 1. The high magnitude of the expected utility,
except for more advanced processes in model 1, results from the
fact that, research and development being generally less advanced

in model 2, possible range for high profitability disperses
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TABLE 7 . Expected Utility of Alternative Processes

M1 Preference M2 Preference M3 Preference
GAS Al 0.7517 GAS Al 0.7303 GAS Al  0.7476
A2 0.4933 A2 0.5239 A2 0.5621 -
Bl 0.6518 Bl 0.5994 Bl 0.5872
B2 0.5971 B2 0.6468 ‘B2 0.6616
cl 0.7559 cl 0.7107 cl 0.7656 -
c2 0.6902 c2 0.6963 c2 0.7686
C3 ‘0.7822 c3 - 0.7847 c3 .,0.8042
D '0.6842 D 0.7063 D . 0.7880
OIL A 0.8237 A 0.7233 A .
B 0.7648 B 0.6566 B 8.2233'
C 0.7095 C - 0.6396 c 0.6911
D 0.7037 D 0.6161 " D 0.6346
E 0.7913 E 0.7707 E 0.7642

with relatively high probabilities.

of technology transfer to late-comers,

This stems from the benefit

or the "risk of developers."

For liquefaction processes, the situation is in the opposite,

and process E is most preferable.

In model 3, the situation is about the same as in model 2:

however, process C3 is most preferable, process D is secondary,

and processes Cl and C2 are third for gasification.

For lique-

faction, the order of preference is about the same as in model 1.

The relatively low magnitude of numerical values of expected utility,

compared with model 1, reflects the risk of expectation for high

profitability due to plants being invited, and thus final deci-

sions about them being made by consuming countries.
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V. SUMMARY AND CONCLUDING REMARKS

As assessment of alternative processes of technologies for
substitute-energy from coal has been presented in terms of numeri-
cal expressions of preference. Our main device has been concerned
with quantifying unquantified data in comparative terms. The var-
iables are also uncertain quantities whose probability distribu-
tions can not be obtained from empirical/experimental mass obser-
vations. Thus subjective judgement has been used for assessing
preferences and scaling probabilities of uncertain quantities
of the attributes. As a result, the expected utility concept is
used for final assessment.

The SOTEC concept has been used for structuring the problems
and model classification has been performed according to this
concept.

However, the results are still quite preliminary. As the MIT
study points out, hasty conclusive assertions should be withheld
because the money and time lost in going back to a complex process
abandoned of an early stage are too great. Also, a data base for
evaluation has not been well-established yet. Any process may
have more advantage in large-scale operations than in laboratory
research and pilot plant cperations.

Also, thevmethodology for technology assessment has not been
well developed yet. Although a modified version of decision analysis
has been presented here, a device combining this method with multi-
attribute utility analysis in a hierarchical system of decision
making will be investigated, and development of a revised interactive

computer program for this purpose is expected, 1In addition, impact
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assessment on residential and natural environments as well as on
related industrial combinations in the region for locating fossil
fuel-to-fuel conversion processes has not yet been performed in
well-established quantified terms. Although we have to wait for
such work until the arrangement of a suitable data-base is performed,
methodological elaborations for technology assessment in terms

of environmental control are expected in the near future.

The main directions of further research for technology
assessment include greater utilization of the behaviorial scientific
approach to preference theory. Computer-aided systems design
will also be useful for efficiently calculating preference orders
among alternative technologies in numerical terms. Interactive
man-machine systems especially will contribute to evaluation

procedures.
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