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Thc objective of this paper is-to describe a
‘rasearch program st MIT (USA) for the application
of modern investzent criteria and mathematical
modelling techniques for water resources planiing
in Argentina. The project lasted for two vears
‘and had three principal objectives: (1) to adapt
.modern water resources planning techniques to
Argentina; (2) to train Argentine professionals
in the use of these techniques; and (3) to apply
the techniques to a basin in Argentina for the
purpose of developing alternative management and
development plans for the river responsive tu
l}totnltive economic and social objectives.

In considering the use of systems techniques in
developing countries, the organization of -prigrams
to apply them; the nature of the available tech-
niquea; and applications of them are all of inter-
oot and importance. Accordingly, in this paper -
kay organizational features of the MIT-Argentina .
programn are described; the nature of modern water
rtegources planning methods is outlined; and the
systean of models developed for the case study is
described. Finally, a few tentative conclusions
shout 'the study are presented.

ORGANIZATION OF THE STUDY

The organization of the study was developed
jointly by MIT personnal and Argentine representa-
tives of the State Subsecratariat for Water
Resources cf{ drgentina, a subcabinet agency that
was nevwly created in Argentina in 1970 to bring
together formerly uncgordinated water resources
plananing activities in the Federal government,
Thc qtudy team consisted of fi-'~ MIT professors in
$1v11 Engineering, vepresenting diverse profes-
alanll’backgtounql from hydrology to economics; a
full-time project manager (a recent MIT Ph.D. in
Civil Enginesring); six young Argentine profes~
sicnals who came to MIT as Visiting Research
Enginears for tha duration of the program; and
greduate and undergraduate research assistants,
The eubstantive work of the program was completed
in the perjod from: 1 September, 1970 to 30 Septem-
ber, 1972.:

A pro;rnn'repor: has Been prepared, consisting of
several msin volumes on general methodolcgy,

recommendations for Argentina, and the results of
the case study; and numerous technical appendices
with detailed model formulations and data sour:es.
The report is being translated and reviewed during
the 1972-73 academic year, and it is hoped that it
will be publicly available late ir 1973,

Two organizational aspects of the program will be
of particular interest to this Conference, both
because they reflect the nature of the program well
and because they might serve as models for other
prograns in technology transfer. One aspect is the
training of the group of six young Argentine pro-
fessionals at MIT, and the other is the extensive
contact that took place between MIT and Argentine
professionals in Argentina and the USA,

The presence of the six young professionals as
Visiting Research Engineers at MIT was part of the
teaching function of the project. Each of these
men agreed to come to MIT and then to work for
three years for the Subsecretariat,  thus guaran-
teeing the new agency a corps of well-trained
systems profeassionals. At MIT they took courses ar
par;icipf*ed fully in the development and planning
of the vesearch. The group, consisting of econo-
mists and engineers, 1s now fully capable of fur-
ther developing and utilizing the aystem of models
constructed for the: case study, and:of develc-ing™
other se.s of models for other water resources
planning programs in Argentina. The effect of this
aspect of the program was to ptesen: the Argentine’
government with & "living report.”" To facilitate
the work of these men after their return to Argen-
tina, all of the models developed for the case stuc
wvere designed so that they can be run on computa-
tional ¢quipment currently available in Buenos
Alresn,

The eecond organizational aspact of interest is the
extensive contact that took place between the
research group and the Argentine sponsors of the
contract and otlier Argentine professionals. This
was 31so a planned part of the program, and it took
several forms, One clause in the contrtact provided
for 15 round trips per year for MIT personnel
between Boston and Buenos Aires, These trips were -
used to gather data, to discuss technical questions,
434 0 discusg Argentine p@anggng objectives with



\rgentine decision-makers and their aides. During
me of these trips, the MIT- professors presented

A short course in applied systems technlques for
sater resources planning in Neuquen, Argentina,

In August, 1971, About 40 Argentine professionals
ittended this conference. During other trips,
yumerous visits to the case study basin itself
sere made for field inspections of the river and
Irrigation areas and for discussions with local
ind provincial officials. In the second year of
the contract, when the models had been completed
In their initial forms and the first runs were
sade, a counterpart group of technicians from the
riverine provinces in the case study basin was
formed to review models, assumptions, and the
trial results of the models. In addition Argen-
tine water officials made several trips to MIT to
iecuss the research and to make inputs to the
case study.,

WATER RESOURCES PLANNING METHODS

Vater resources planning methods are many and
yarious., However, two central elements of modern
planning methods in this field can be identified:
nultiobjective planning, and the use of mathe-
natical programming models and hydrologic simu-
lation models in tandem. Both of these techniques
date from the principal research repori1 published
fn 1962, of the Harvard Water Program. )" Mulei-
objective planning will be described first.

Benefit-cost analysis for water resources glanning
was developed after the Second World war.(2) This
snalytic technique focussed on the net contribu~
tions of projects to the mational income. However,
post water resources and other public projects are
undertaken for a variety of social, environmental,
ﬂcfense, and economic and other objectives, so
that a method of &analysis that concentrates on
otly one of these objectives (increasing national
in-ome) leads to less than optimal programs in
soctal terms,(3) This tension 1s resolved when
programs are explicitly planned in terms of their
benefits and costs toward all objectives; in water
regources terminology, this is multiobjective
planning. (It is to be distinguished from the
q@:c fapniliar multipurpose planning. Purposes
are, for example, navigation and water supply; the
objectives to whick these might contribute are
regional income, national income, defense and
others.) -—The theory can be depicted graphically,
as in Figure 1, Here, the objectives are national
{ncome and income gains to a selected, perhaps
underdeveloped, area of a country. Benefits are
net and discounted., Rules for counting regional
income are different than for national income,
since reglonal income includes domestic transfer
payments and national income does not. If one
conceives of a set of social preference curves,
the optimal point for any planning problem is the
tangency between the boundary of the feasible set
of net benefit combinations and the highest
attainable social preference curve., Details can
be found in Marglin (4) or Major (3). Mulrfob-
jective planning has been recommended for all
Tederally financed water projects in the USA (6)
aad a recent UNIDO publication (7) embraces this

approach.

The second aspect of methodology is the combined
use of mathematical programming models and hydro-
logic simulaticn models, River systems and -other
water systems are ccmplex and tend to be sto-
chastic. -Simulation models can be used to analyze
the effects of stochastic hydrology on detailea
represer."ations of proposed system configurati.ns
and operating policies. However, these models are
not adequate by themselves for planning because
they are not useful for preliminary screening of
alternative system configurations to select those
that appear good enough to repay detailed zanalysis.
For this purpose mathematical programming 1is used,
While mathematical srogramming models are not well
suited to the detailed stochastic system represen-
tation provided by simulation models, they are
well adapted to the preliminary screening function.
A water resource system can be represented by a
mathematical programning model, albeit somewhat
crudely, in economic, social, physical, and hydro-
logic terms. The analyst takes advantage of the
formal maximizing capabilities of such a model to
select alternative configurations that are optimal
in terms of alternative objectives and alternative
assumptions about data inputs to the system.

These configurations are then used as starting
points for detailed analysis in a simulation model,

Modern water resources planning methods embrace
criteria and techniques other than those cited
and for these reference can be made to (1) and (4)

THE CASE STUDY

The basin selected for the case study was suggested
by the Argentines. T.e Rio Colorado (Figure 2)
rises from snow-melt runoff in the Andes and runs
for about 900 km through arid country to its mouth
in the Atlantic, about 125 km south of the grain
exporting port of Bahia Blanca. The mean annual
flow of the river is about 120 m3/s. Although this
{6 a small river, the distribution of water in
Argentina is such that, aside from the giant group
of rivers forming the Plate Basin, the Colorado is
one of the largest rivers in the country. The
present population of the basin is not more than
50,000 persons. .-The river runs through parts of.
five Argentine provinces: Mendoza, Rio Negro,
Neuquen, La Pampa, and Buenos Aires Province.

The river, because of the lack of tributaries in
the middle and lower reaches and sparse rainfall
in the basin, is a relatively simple hydrologic
entity, -It can be related by man~-made transfers
to rivers to the north and to the south. To the
porth, exports are possible to aress in the rela-
tively wealthy old province of Mendozs, which has
as & principal iodustry the growing of wine grapes
in irrigated aress. To the south, imports to the
Bio Colorado are possible from points in the Rio
Negro system, "

The principal purposes uf development on the river
at present are for creating and enlarging irrigated
sones and for producing power. The river is not
now regulated, although water is diverted for {rri-

"Suparior numbers.refer to similarly numbered refercnces at the end of this paper."



gation at several sites. The only substantial
long-established irrigation area is at Pedro Luro
near the mouth of the river. Several newer areas
are under development further upstream,

‘The river 1s an interesting case study from the
‘point of view of multiobjective decision-making,
because each of the five.riverine provinces has
Adt.terests somewhat different from those of the
others and:{rom those of the national government,
Since some of the riverine provinces or some areas
'within them have few resources aside from the river;
‘given the historic importance of irrigation to. many
'sreas of Argentina; and given the plans that the
‘separate provinces have for development that would
A€ all brought to fruition require water in excess
ot the capacity of the river; the decision problem
i4s of great practical as well as theoretical
1ntoxnlt.A

HMLTIOBJECTIVES IN THE CASE STUDY
lA subatantial effort was made to investigate the
‘vange of relevant objectives for the develoment .
and vonagement of the Rio Colorado. Two examples
among many can be given. During the short course
mentioned above the MIT team asked the attending
professionals for their views on objectives for
the Rio ColoFado. This produced a list of nine
objectives, As a second example, the existing
¢o¢m1luion for the Rio Colorado, in an important
document (B), 1isted the pofnts of agreement and
tllgreement among the provinces as to the obiec-
z ves of developing and managing the river. The
T team discussed this document with Argentine
professionals and toward the end of the project

made a formal presentation to the coun:erpar: group :

of the provinces as to the MIT tean's interpreta-
tion of each clause of the document. The objec-
ves that were develpped from all sources can be
¢ategorized generally as aspects of the national or
yegional economic development objectives. (For'.
catogorizncionl of objectives see (4) or (6).)

The models developed for the Rio Colorado case
study reflected the planning team's attempt to
irtegrate the objectives of the Argentines with
thae ;echnicnl possibilities of the river, or in
ferms of the' diagrax in Figure 1, the social
references with the net benefit possibilities of
he system. Although detailed numerical illustra-
tions cannot=be given before formal approval of
the progranm, delcxiption of the system of models
uped’ vi}l uake the case c;udy techniques clear,

THE SYSTEM OF. MODELS

A series of three wodels was used to generate the
alternstive programs preszated to the Argentines
as the case study output of the project. Other
models and estimating techniques were used for
lp.ctnl purposes in the research, including the
genetation of data inputs for the three models
usad to develop alternative programs, The series
of models ‘{ntorporates the ideas about objectives
that vere derived from the process described above,
Apd each of the ;inal configurations reflects a
particular mix of objectives.

1

The series of models includes firet a mathematical
programming screening model of the type described
above, The purpose of <his model was to find con=-
figurations that could be tested for hydrologic
feasibility by the second model, the hydrologic
simulation model., The reaults of this model were
utilized in a mixed integer "sequencing" model to
develoup the appropriate scheduling of hydrolopical-
ly feasible projects over time,

The screening model i{s formulated for two purposes,
irrigation water supply and power production, and
in terms of the several dozen potential dams, irri-
gation areas, power stations, and import and export
sites on the river. A steady state hydrology is
assumed: the mean flow historically for each of
three seasons 1s assumed always to prevail in that
season. The number of seasons is determined by the
characteristics of irrigation and power demands,
The non-linear functions in the model are approxi-
mated by piecewise linear functions. Some of the
bencfit and cost functions have curvatures such
that global optima are not guaranteed. Originally
formulated without integer variables, the model was
used for production runs as a mixed integer pro-
gramming model with about 900 variables, including
§ zero-one integer variables representing initial

+ costs for dams, and about 600 constraints., The

model is run using the IBM MPS-X package on the
Harvard-MIT computation center IBM 370/155 computer
system., The cost of a run is about US $70. A large
number of runs was made with this model in one or
arother of its forms during the course of the pro-
Ject.

Objectives were incorporated either into the objec-
tive function or as constraints on the system.

One objective function formulation was to maximize
net discounted national income benefits plus
weighted discounted net regional income benefits
for each of the five provinces, An example of a
constraint formulation of objectives is that in
which an upper limit on power production was used
to reflect the provincial objective of emphasizing
irrigation. Detailed mathodological results of the
use of the mathematical programming model for multi-
objective screening are given in (9).

The mosat promising configurations from the screening’

model, consist/ng of optimally-sized works for pow-
er, irrigation, and {imports and exports, vere run
op the hydrolugic :imulation model of the Rio
Colorado, This permitted these configurations to
be evaluated in terms both of stochastic hydrology
end of the operating policy built into the simula-
tion model, (An operating policy in a model of this
type fulfills such tasks as allocating flows in
years of shortage.) As a result of runs by the
simulation model, the configurations from the -
screening model could be altered to insure that
they vere hydrologically feasible, and the banefits
and costs toward objectives of these hydrologically
feasible’ configurations could be estimated.

The simulation model runs on neasonal (4-month)
flows, and for a rua of 50 ~imulated.yeara costs
Us $10 to operate,

After the hy&rolo;lc feasibility of configurations



is tested on the simulatiod wodel, and any warran-
ted changes in project scale and location are made,
the results are run in a "scquencing model", the
third and last of the three models used to generate
program alternatives for the case astudy.

Optimal scheduling of projects over time 1is a
relatively neglected aspost of water resources
‘planning, It has been common simply to bring pro-
Jects on line when needed to meet various projec-
itions of physical output needs without regard to
ithe effects of scheduling on discounted net bene-
fits. This approach is often referred to in engi-
joeering practice as "staging."” However, for
joptimal planning it is necessary to examine in
Iterms of net benefits not only evc:y configuration
.but elso every potential schedule for implementing
each configuration. This has not been done for
‘water resources planning, but an attempt was made
;4n this study to deal with aspects of the problem
.by building the sequencing model., The purpose of
ithis model is to take the configuration of projects
.: at has been run on the simulation model, and is
;thus hydrologically feasible, and to schedule the
'ptojects optimally in four future time periods
;nking into account benefits over time, budget
conltrnints. constraints on the number of farmers
‘lvuilnble to work new irrigation areas, and project
1ntctre}ationuhips such as the necessity to insure
hat an irtiga;ion area is not built without'a dam
‘;o supply ft. "It 1s the output of this model that
conltitu;es a program alternative for the Rio
Colorado. The sequencing model has about 60 con-
tinuous variables, 120 integer variables, and 110
conatraints depending on the exact configuration
that is being modelled, To get very close to the
optlna}vpo}ufion with this model costs US $15.

OTHER MODELS

In addition to. the three models just described
other models wers built in the course of the re-
search, either for specific purposes relating to
the Rio Colorado study or for general methological
purposes relating to the study of water resources
planning methadology as it applies to Argentina.
Petailed simulation models were built of several
aspects of the Rio Colorado system, including a
snov-melt run-off model and a model of the hydro=-.
logy and econonfcu of sn irrigation area. Another
wodel of interes; is a systems dynamics model based
on Forrester's techniques,! This was used to
‘study migratlon to new irrigation areas in Argen-~
tina. In addition, many other special-purpose
sodels and pregrans were constructed; these are all
lilted *n the relearch reports of the project,

CASE STUDY RESULTS

‘While the alternative programs that were generated
for the Rio Colorado are still under review and
thus are not publicly available, it can be said
that the results of the case stuly pose interesting
questions in socia].choice as between alternatives
vesponsive to different objectives and different
assumptions ac to data inputs. Given objectives
snd assumptions, possible confijurations range

from little or no development of the river to
cnlenﬁinlly ful} devcicpment, including different

combinations and locations of power plants, irri-
gation sites, and imports and exports, In the case
study results Argentine docision-makers have a pic~

" ture of the choices to be made in the Rio Colorado.

Further, with their group of trained professionals
they are in a position to consider any additional
assumptions and objectives that are of interest to
them; and after fnitial development takes place
they will be able to monitor the system continu-
ously with the series of models to assure regular
updating of the development configuration chosen
for the river,

CONCLUSIONS

While it is too early to say dufinitely, it appears
that the MIT-Argentina project might constitute a
successful transfer of systems technology from one
country to another. Argentina is a country at a
middle level of development, but some of the fea-
tures that appear to have been important to the
potential success of the program deacribed here
might serve as models for programs for the transfer
of systems methods to less developed nations.

First, the program was initially proposed by the
bost country, and was jointly structurad by MIT and
Argentine personnel,on the basis of a mutual awvare-
ness of the nature of the specific technology to be
transfcrted

Second because of the reorganization of the host
sountry's water resources planning structure, a
niche for new techniques was available.

Third, the training of host country perronnel and
the systematization of contzcts between MIT and
Argsntine professionals weire both built into the
progras,

Fourth, the MIT team was ¢ genuinely multidisci-
plinary team with intereasts in varicus aspects of
water resources planning and with a sympathy for
host country objectives,

Fifth, lli of the models were constructed with host
country computational capabilities in mind,
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